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On-machine and in-process surface metrology for precision manufacturing
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On-machine and in-process surface metrology are important for quality control in manufacturing of precision surfaces. The classifications, requirements and tasks of on-machine and in-process surface metrology are addressed. The state-of-the-art on-machine and in-process measurement systems and sensor technologies are presented. Error separation algorithms for removing machine tool errors, which is specially required in on-machine and in-process surface metrology, are overviewed, followed by a discussion on calibration and traceability. Advanced techniques on sampling strategies, measurement systems-machine tools interface, data flow and analysis as well as feedbacks for compensation manufacturing are then demonstrated. Future challenges and developing trends are also discussed.

Introduction

As an important discipline of manufacturing metrology, surface metrology is defined by Whitehouse as the measurement of the deviations of a workpiece from its intended shape specified in the design drawing [START_REF] Whitehouse | Handbook of Surface and Nanometrology[END_REF]. Surface metrology includes the measurement of surface texture and surface form errors, specified, for example, by roundness, straightness, together defined here as surface topography [START_REF] Leach | Basics of precision engineering[END_REF]. Since the function and performance of a workpiece, as an element in a machine or a mechanical system, are strongly influenced by its surface topography, surface metrology is an essential operation in manufacturing of the workpiece. Both the instrumentation and characterization technologies of surface metrology have been well established over the long history of manufacturing. A large variety of commercially-available surface measuring instruments, from the mechanical stylus profilers [START_REF] Whitehouse | Comparison Between Stylus and Optical Methods for Measuring Surfaces[END_REF] to the noncontact optical instruments [START_REF] Hocken | Optical Metrology of Surfaces[END_REF] [START_REF] Leach | Optical measurement of surface topography[END_REF] to scanning probe microscopes [START_REF] Danzebrink | Advances in Scanning Force Microscopy for Dimensional Metrology[END_REF], can be selected to examine the surface of a workpiece for acquiring cross-sectional profile or areal topography data of the surface. Software associated with the instruments or stand-alone software packages can be employed to calculate the surface parameters defined by international standards for quantitative characterization of the surface [START_REF] De Chiffre | Quantitative Characterisation of Surface Texture[END_REF] [START_REF] Jiang | Technological shifts in surface metrology[END_REF]. A calibration and verification infrastructure has also been developed to support surface metrology [START_REF] Leach | Calibration and verification of areal surface texture measuring instruments[END_REF], although the relevant international standards are still under development. In addition, surface metrology has been expanded to cover complex surfaces, such as structured surfaces [45] and freeform surfaces [START_REF] Savio | Metrology of freeform shaped parts[END_REF] [START_REF] Fang | Manufacturing and Measurement of Freeform Optics[END_REF].

Surface metrology is an important part of post-manufacturing inspection of a manufactured workpiece, which is typically carried out in an environmentally well-controlled metrology room, to determine whether the surface parameters of the workpiece meet the designed requirements for the purpose of quality control of the workpiece. On the other hand, as stated by

McKeown, the maximum efficiency of quality control occurs when the measurement is carried out at the closest possible point to the manufacturing process, e.g. on-machine and in-process surface metrology [START_REF] Mckeown | In-situ metrology and machine based interferometry for shape determination[END_REF]. This kind of practice has long been observed in precision manufacturing of telescope mirrors, due to the tight tolerances of surface parameters and the large mirror size [START_REF] Shore | Precision Engineering for Astronomy and Gravity Science[END_REF] [START_REF] Davis | Advances in diamond generating for 8.4 meter telescope mirrors[END_REF] [START_REF] Graves | Precision Optics Manufacturing and Control for Next-Generation Large Telescopes[END_REF]. For instance, the process chain of manufacturing a 4.2 m off-axis aspheric telescope mirror was composed of casting, generating, grinding, polishing and figuring process stages [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF]. Different measuring instruments, including laser trackers, IR and visible deflectometetry and computer generated hologram (CGH) null interferometry were employed to acquire the surface form error data at different stages of the process chain. Meanwhile, the surface waviness and roughness data were acquired by subaperture deflectometry and temporal phase-shifting interferometry, respectively, in the polishing and figuring stages. The measurement data were employed in the compensation machining to ensure that the mirror surface satisfies the required form and roughness tolerances.

In addition to quality control of workpieces, on-machine and inprocess surface metrology are also effective for control of manufacture through optimizing the manufacturing process and the machine tool settings, based on the fact that the surface texture is representative of the process characteristics and the surface form errors are footprints of the machine tool imperfections; i.e. vibration, geometric error motions and thermal distortion [START_REF] Whitehouse | Handbook of Surface and Nanometrology[END_REF] [START_REF] Jiang | Technological shifts in surface metrology[END_REF]. It is becoming more feasible to implement surface metrology on the machine tool and in the manufacturing process with improvements in the stability of the machine tool [START_REF] Goch | In-situ and In-process Metrology for Optical Surfaces[END_REF]. In recent years, on-machine and in-process surface metrology is playing an increasingly important role in the process chain of traditional manufacturing that is composed of cutting, grinding and polishing for precision workpieces with complex shapes and/or extremely tight tolerances, such as freeform optics in head-up displays, large roll moulds for roll-to-roll replication and turbine blades of airplanes [START_REF] Takaya | In-Process and On-Machine Measurement of Machining Accuracy for Process and Product Quality Management: A Review[END_REF][108] [START_REF] Chen | Implementation and verification of a four-probe motion error measurement system for a large-scale roll lathe used in hybrid manufacturing[END_REF]. Similar trends are observed in the non-traditional manufacturing processes, such as additive manufacturing [START_REF] Schmidt | Laser Based Additive Manufacturing in Industry and Academia[END_REF] and nano-scale manufacturing [START_REF] Fang | Nanomanufacturing-Perspective and Applications[END_REF] [START_REF] Fang | Recent advances in micro/nano-cutting: effect of tool edge and material properties[END_REF].

The classifications, tasks, and requirements of on-machine and in-process surface metrology for precision manufacturing, as well as the associated measuring instruments and sensor technologies, are presented in this paper, as a complement to the past CIRP keynote papers on measurement of surfaces. Error separation algorithms for compensation of kinematic or dynamic errors of the machine tools are overviewed, followed by a discussion on the issues of calibration and traceability. The data flow in the manufacturing and measurement system, from both software and hardware points of view, will then be reviewed. It should be noted that the measurement of dimensions and surface integrity, although both important aspects dominating the function of workpiece surfaces, will not be covered in this paper. Since inprocess is the ideal case of on-machine condition, it is treated as an independent term in the title of the paper to emphasize the importance of in-process surface metrology.

General issues 2.1 Classifications

In addition to "on-machine" and "in-process", the terms "in-situ" and "in-line/on-line" are frequently used to describe the condition of a measurement activity, not limited to measurement of workpiece surface, in manufacturing metrology. However, there are no clear classifications for these terms. This can often lead to confusion and misunderstanding when specifying a manufacturing metrology activity. For example, "in-situ" is used as synonymous of "on-machine" and "in-process" in some manufacturing papers. One of the motivations of this paper is thus to classify these terms as shown in Fig. 1, so that they can be used distinguishably and properly in CIRP and in the manufacturing engineering community.

In-process

On-machine controlled environment of measurement. The measuring instruments can then be categorized into two groups from the point of view of environmental condition: those that are placed in the metrology room and those that are not. The measurement of the workpiece surface carried out in the metrology room can be classified as "ex-situ" surface metrology, since the measurement environment is different from the manufacturing environment. Meanwhile, the corresponding "in-situ" surface metrology can be referred to as:  In-situ surface metrology: measurement of the workpiece surface is carried out on the same work floor and in the same manufacturing environment, without isolating the workpiece from the manufacturing environment. Measuring instruments outside the metrology room can also be categorized into two groups in terms of their locations with respect to the production line. Some of them are placed outside the production line. It is necessary to move the workpiece out of the line for the measurement of its surface by one or more of the instruments then return back to the line for further manufacturing when necessary. Such a measurement can be classified as "off-line" surface metrology. Meanwhile, the corresponding "in-line" or "on-line" surface metrology can be
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Post-process referred to as:  In-line/On-line surface metrology: measurement of the workpiece surface carried out on a production line without moving the workpiece outside the production line. When looking at the surface metrology carried out in the production line, the workpiece can either be measured when it is mounted on the machine or when it is moved out of the machine. A workpiece is typically manufactured from the raw material to the final product by a manufacturing chain composed of a number of fundamental manufacturing processes, such as casting, forming, turning, grinding and polishing. Each fundamental process is carried out by using a manufacturing machine. It should be noted that a machining activity can be iterative where the same fundamental process is repeated for a couple of cycles on the same machine, e.g. for compensation machining. In this paper, the term "process" is referred to the fundamental process instead of the entire process chain or the iterative process cycles for avoiding any possible ambiguity in the classification.

As illustrated in Fig. 2, the machines are arranged in a production line based on the process chain of manufacturing in a factory where the environmental conditions, such as temperature, vibration and humidity, may not be strictly controlled. On the other hand, surface measuring instruments are located in different places in the factory for measurement of the workpiece. In many factories, there is a metrology room that is environmentally isolated from the factory floor for a better The latter can be classified as "off-machine" surface metrology and the former can be classified and referred to as:  On-machine surface metrology: measurement of the workpiece surface carried out on a manufacturing machine where the workpiece is manufactured.

It should be noted that the above classifications have been made based on where the surface measurement of the workpiece is carried out. On the other hand, for on-machine surface metrology, since the measurement is carried out on the manufacturing machine, it is necessary to identify it with respect to the manufacturing process that is implemented on the same machine. As shown in Fig. 3, on-machine surface metrology can be conducted before the manufacturing process, which can be classified as "pre-process" on-machine surface metrology. It can also be conducted after the manufacturing process, which can be classified as "post-process" on-machine surface metrology. These two can be grouped as "off-process" on-machine or simply "offprocess" surface metrology. The corresponding "in-process" surface metrology, which is classified as another subcategory of on-machine surface metrology, can then be referred to as: Surface metrology carried out in the on-machine condition will be included in this paper. Although in-process belongs to the onmachine condition, it is treated as an independent term to emphasize the importance of in-process surface metrology, since it is the ideal case of on-machine surface metrology.

It should be noted that the above terms are employed to describe the measurement conditions in not only the fields of manufacturing and production engineering but also other fields of science and technology. The terms "in-situ" and "in-line/online" are used in a large number of fields, most popular in physics, chemistry, materials science and optics. On the other hand, the terms "on-machine" and "in-process" are most recognized in the fields of manufacturing and production engineering, which are the targeted fields for this keynote paper.

Tasks and requirements

Fig. 4. Schematic example of an on-machine surface metrology system. Fig. 4 is a schematic of an on-machine surface metrology system. The most straightforward task of on-machine surface metrology is to replace conventional post-manufacturing inspection of the workpiece surface made on a stand-alone surface measuring instrument. Since on-machine inspection is made soon after the manufacturing process, and without moving the workpiece from the machine, the time interval from the end of the manufacturing process to the start of the inspection can be shortened to improve the inspection efficiency. The first step for this task is to integrate the surface measuring instrument with the machine tool; typically to mount the instrument on the machine tool. Taking into consideration the limited space of the machine tool and the accessibility of the workpiece surface, the measuring instrument usually needs to be compact. Moreover, it is often difficult to mount a complete commercial stand-alone measuring instrument, either full-field or probe-scan (see definitions in Section 3); rather only a part of the instrument can be mounted on the machine tool. The slide, spindle and numerical control (NC) controller of the machine tool then become important elements of the measurement system for on-machine surface metrology. For a probe-scan surface profiler, usually only the height (Z) sensor of the instrument is mounted and the scan motion with respect to the workpiece surface in the XY-plane is provided by the slide and spindle of the machine tool. It is thus required to make use of the position data of the slide and spindle from the NC controller of the machine, or directly from the output of the rotary and linear encoders of the spindle and the slide, for constructing the topography data of the workpiece surface. Before mapping the workpiece surface, there is a necessary step to identify the position of the sensor within the machine tool coordinate system. An artefact or a workpiece with a known shape and a known position in the machine tool coordinate system is required for this purpose. It is also required to establish specific sampling strategies for probe-scan measurement systems based on the machine tool configuration and the shape of the workpiece.

On-machine inspection can be carried out simultaneously with the machining operation, which is referred to as in-process inspection. Since no additional time is taken for the inspection, the maximum inspection efficiency can be obtained. In this case, the sensor head is required to be robust enough to the potentially severe machining environment, which is typically associated with machining fluid, produced chips, vibration and high temperatures. The measurement speed of the sensor head is required to be high enough so that it can follow the machining operation. The physical interference of the sensor head with the machining tool must be prevented. These requirements make in-process inspection of the workpiece surface difficult.

A significant difference between on-machine surface metrology and off-machine measurement by using a stand-alone surface measuring instrument is the resulting machine tool errors, including spindle/slide motion errors, thermal deformations and vibration. The alignment error of the sensor head on the machine tool is also an additional error source. Reduction and separation of such errors from the on-machine surface measurement results, as well as the related calibration and traceability issues, must also be considered.

Another task of on-machine surface metrology is for compensation machining (Fig. 5). The surface measurement data are fed back to the NC controller with a modified tool path, so that the deviations, i.e. the machining errors of the workpiece surface from the designed nominal shape, can be reduced. The surface metrology for this task can be carried out post-process or more ideally in-process. In either case, it is required to transfer the measurement data into the machine tool coordinate system and then make a comparison with the designed shape. If the designed shape is not provided by a set of discrete data but by a CAD model, modelling of the measurement data is then required to match with the CAD model so that the machining errors can be identified for compensation machining. Additional work on interfaces with the NC controller, from the point of view of both hardware and software, is thus required for compensation machining. On the other hand, the in-process surface metrology for this task is also subject to the same requirements for the onmachine inspection discussed above. Since a manufacturing process is basically started from an initial workpiece alignment, this is often the first task of onmachine surface metrology. As discussed above, the surface of a workpiece is generated in a process chain composed of multiple manufacturing processes. The workpiece is machined to a certain shape in one process and is then machined to a modified shape in the next process, where modifications must be made based on the previous shape. The first operation for the next process is thus to align or to locate the workpiece accurately in the coordinate system of the corresponding machine tool so that the consequent machining can be accurately carried out over the existing shape. This can be realized by positioning the workpiece on the machine tool by "pre-process" on-machine surface metrology (Fig. 6). For this task, the coordinate system for the on-machine surface metrology is required to be consistent with that of the machine tool. The measurement is required to have enough resolution and accuracy in both vertical and lateral directions so that precision positioning of the workpiece is possible.

The tasks and corresponding requirements for on-machine surface metrology are summarized in Table 1. Fig. 7 shows the technology chain for surface metrology. Most of the technologies require specific modifications for on-machine conditions, which will be presented in the following sections. Surface characterization will not be included in this paper since it is basically common for on-machine and off-machine metrology and has already been covered in [START_REF] De Chiffre | Quantitative Characterisation of Surface Texture[END_REF][111] [START_REF] Wyant | Dynamic Interferometry[END_REF].

Workpiece

Workpiece after alignment Diagnosis of the manufacturing process and the machine tool is also a task of on-machine surface metrology. For each stage in the process chain, the workpiece surface is machined by a specific material removal or additive mechanism. A specific topography pattern, often called the "process mark" or "process signature", is left on the surface by the process. For most processes, the tool mark is sensitive to the process parameters and the machine tool conditions, which can thus be diagnosed from measurement of the irregularities from the process mark on the surface. The diagnosis can be made more efficiently and frequently through

On-machine measurement systems

The on-machine measurement systems to be presented in this section are listed in Fig. 8 with a brief summary of the major types of surfaces and environment that the systems can be applied for.

Surface form interferometry (for optical surfaces, in stabilized environment) Fringe projection (for diffuse surfaces, in on-machine surface metrology of the workpiece itself, without using an additional artefact, or moving the workpiece from the machine tool. For this task, it is required to establish the relationship between the surface irregularities, the process Full-field systems

3D surface vision uncontrolled environment)

Fringe reflection (for specular surfaces, in uncontrolled environment) parameters and machine tool conditions.

Table 1 Tasks and requirements for on-machine surface metrology. Measurement systems for on-machine and in-process surface metrology can be classified into full-field systems and probe-scan systems. In an on-machine full-field system, which is usually an optical system, a light beam is projected onto a certain area of the workpiece surface for capturing the three-dimensional (3D) topographic information over an area, which is often referred to as the field of view of the system. In an optical microscope for fullfield texture measurement, an objective lens is employed to collect the light beam from a small area to improve the lateral resolution. In an on-machine probe-scan system, a 1D or 2D probe, either contact or noncontact, is moved by the machine tool axes for scanning the workpiece surface in a point-by-point or a continuous-path mode. Surface texture measurement can be realized by scanning a mechanical or optical stylus with a small footprint. Table 2 shows the features of the two kinds of systems in terms of machine tool integration, workpiece flexibility, measurement speed, cost and uncertainty sources. Table 2 Features of on-machine full-field and probe-scan systems.

On-machine measurement systems

Probe

Full-field systems

 Difficult-to-mount on machine tool due to large instrument size.  Instrument size proportional to measurement area of workpiece surface  Short measurement time but high instrument cost  Uncertainty sources: machine tool vibrations, air disturbances, calibration errors, etc.

Probescan systems

 Easy-to-mount on machine tool due to small probe size  Flexible in workpiece shapes and measurement areas  Low probe cost but long measurement time and requirement on interaction with NC controller of machine tool  Uncertainty sources: motion errors of machine axes, probe alignment errors, thermal drift, vibration, etc.

3.1

On-machine full-field measurement systems

On-machine full-field systems for surface form

On-machine full-field measurement of the surface form of a precision workpiece can be carried out by a surface form interferometry system or a 3D surface vision system (Table 3). Surface interferometry, most often Fizeau or Twyman-Green interferometry, has long been employed for ex-situ testing of optics for its high form measurement accuracy. When applying surface interferometry on a machine tool, it is important to reduce the influence of environmental disturbances, such as machine vibration and air turbulence, which is typically more significant under on-machine conditions, for stabilizing and analyzing the interferograms. On the other hand, although substantial improvements in the performance of 3D surface vision systems has been achieved in recent years, with advances in camera and image processing technologies, the form measurement accuracy is still much lower than that of surface interferometry systems. How to realize accurate calibration on a machine tool is another important issue for on-machine applications of a 3D vision system. In surface interferometry, an interferogram, which is a stationary interference fringe field corresponding to the distribution of optical path difference (OPD) between the workpiece surface and a reference surface, is generated based on two-beam interference. An intensity image of the interferogram is captured by an image sensor for analysing the height information of the workpiece surface in terms of light wavelengths [START_REF] Yang | A review on interferometry for geometric measurement[END_REF]. Due to the limitation in the frame rate of the image sensor, it takes a certain period of shutter time, typically ranging from 0.2 ms to 10 ms [266], for the camera to capture the data frame over the field of view of the image sensor. Any changes in the interferogram, i.e. the OPD distribution during the shutter time, which can be caused by air turbulence and machine vibration, will thus result in a change of the captured data frame and, consequently, an error in the surface form measurement.

Therefore, vibration and air turbulence for on-machine surface form interferometry must be stabilized within the frame rate. The Fizeau interferometer is the most used surface interferometer for ex-situ measurement of flat workpieces as the dead path can be made small so the sensitivity to air temperature-and pressure effects is minimal [START_REF] Yang | A review on interferometry for geometric measurement[END_REF]. The Fizeau interferometer can also be extended for measurement of spherical and aspherical surfaces. In a Fizeau interferometer, the reference path is common with the measurement path, except for the non-common measurement path that is twice the surface separation between the reference flat and the workpiece. In an ex-situ measurement, a nearly common-path configuration is typically taken by setting a small surface separation, which makes it easier to achieve a stable interferogram than other types of interferometers [START_REF] Nomura | On-machine shape measurement of workpiece surface with Fizeau interferometer[END_REF].

Fig. 9 shows one of the first on-machine applications of interferometry by using a Fizeau configuration [START_REF] Nomura | On-machine shape measurement of workpiece surface with Fizeau interferometer[END_REF]. The interferometer was mounted at a position on the machine bed to measure the diamond-turned flat workpiece. After the machining, the tool, which was located between the interferometer and the workpiece, was moved away so that the form could be measured. This configuration required a large surface separation between the workpiece and the reference flat of the interferometer, which could be realized by the long coherence length of the laser source, but, the large surface separation significantly increased the noncommon path length between the reference and the measurement beams. This is a major difference from an ex-situ Fizeau interferometry system, where a nearly common-path configuration is achievable. For this reason, the on-machine interferogram became sensitive to environmental disturbances. To reduce the influence of vibration, the machine was isolated from outside vibration by using air suspensions. During the measurement, the machine was completely stopped and was covered with a vinyl sheet for further reduction of the influence of vibration and air turbulence. Under this condition, a data frame could be captured with a stability of 1/20 wavelength (). The phase-shifting technique has become a well-adopted analysis technique of interferograms for calculating the surface height information, with a high vertical resolution in almost all kinds of interferometers [START_REF] Yang | A review on interferometry for geometric measurement[END_REF]. In a phase-shifting interferometer (PSI), the reference surface is stepped by an actuator, often piezoelectric (PZT), with a fraction of a wavelength for recording a set of data frames of interferograms (typically three or four) with precise phase shifts. A vertical resolution of better than 1/1000 can be achieved and the form measurement accuracy can be very close to that of the reference flat in a well-controlled ex-situ environment. However, under on-machine conditions, incorrect phase shifts between the recorded data frames can be caused by the machine vibration and air turbulence, resulting in large measurement errors of surface form. It should be noted that the phase shift is sensitive to both high-frequency and lowfrequency disturbances, since it takes a relatively long time, typically tens of seconds, to capture the set of the phase-shifted be generated by the CGH to match the measured surface, not only flat and spherical, but also aspheric surfaces can be measured on the machine by such a CGH common-path interferometer. Fig. 11 shows an on-machine common-path interferometry system for a horizontal surface grinding machine [START_REF] Kino | Interferometric testing for off-axis aspherical mirrors with computer-generated holograms[END_REF]. A vertical configuration was used for the measurement system, where the interferometer was mounted on a stand independent from the machine to measure the aspherical workpiece surface that was located about 10 m below the interferometer. The first order diffracted beam generated at the CGH was projected on to the workpiece. The zeroth order diffracted beam transmitted by the CGH was passed to a smaller reference mirror mounted on the table of the machine beside the workpiece. The on-machine measurement system has been applied for grinding the segments of a 3.8 m telescope primary mirror. data frames.

For the above reason, a motivation for anti-vibration and air turbulence in on-machine surface form interferometry is for stabilization of the phase shifts between the data frames for the phase-shifting analysis. This can be done by using the single-shot often called a dynamic interferometer [START_REF] Brock | surface metrology, especially for feedback of the measurement data to the compensation machining process[END_REF]. A Twyman-Green dynamic interferometer has been commercialized for on-machine surface metrology [228]. Owing to the compact Twyman-Green configuration and the robust single-shot phase measurement method to environmental disturbances, the interferometer can be directly mounted on the tool post, side by side with the cutting tool, for easy access to the workpiece without special vibration isolation and air turbulence control (Fig. 10).

Reference mirror

Aspheric mirror workpiece Grinding wheel The actively stabilized PSI is also effective for on-machine surface form metrology [START_REF] Yamauchi | Measurement of air turbulence for on-machine interferometry[END_REF]. In this method, the phases at each phase step are actively stabilized by either changing the frequency of a diode laser source through its injection current, or by changing the position of the reference mirror with a PZT actuator based on the measurement result of workpiece vibration by an embedded common-path displacement interferometer [START_REF] Yoshino | Laser diode feedback interferometer for stabilization and displacement measurements[END_REF] [START_REF] Yamaguchi | Active phase-shifting interferometers for shape and deformation measurements[END_REF].

A more ideal way of reducing the effects of vibration and air turbulence for on-machine surface form interferometry is to employ a common-path interferometer [START_REF] Wyant | Advances in Interferometric Metrology[END_REF] or a simplified near common-path configuration [110][251]. In a common-path interferometer, the reference beam and the measurement beam travel along the same path. In an on-machine zone-plate interferometer, a zone-plate [START_REF] Nomura | Shape measurement of workpiece surface with zoneplate interferometer during machine running[END_REF], which is a CGH with circular diffraction structures, serves as a beam splitter to divide the illumination beam into the zeroth and the first order beams, working as the reference beam and the measurement beam, respectively. Since the reference and measurement paths are common, the generated interferograms are only minimally influenced by machine vibration and air disturbances. It has been demonstrated that stable interferograms were obtained when a spherical workpiece was being rotated by the spindle at a rotational speed of 900 rpm, which was the same as the speed for cutting the workpiece [START_REF] Nomura | Shape measurement of workpiece surface with zoneplate interferometer during machine running[END_REF]. Since an asymmetric wavefront can Fig. 11. An on-machine common-path interferometry system for a horizontal surface grinding machine [START_REF] Kino | Interferometric testing for off-axis aspherical mirrors with computer-generated holograms[END_REF].

In addition to the above approaches associated with modifications of the hardware and configuration of an interferometer, reduction of machine vibration and airturbulence for on-machine surface interferometry was also attempted from the approach of software compensation with a standard interferometry configuration. A spatial phase measurement method associated with a fast Fourier transform (FFT) algorithm was developed for a Twyman-Green interferometer mounted an injection molding machine for onmachine surface measurement of a mold insert (Fig. 12) [START_REF] Schmitt | Measurement Technology for the Machine-Integrated Determination of Form Deviations in Optical Surfaces[END_REF]. 

On-machine 3D surface vision

Stereo vision is the most popular vision technology for 3D measurement based on 2D stereoscopic images [START_REF] Chen | Dynamic 3D surface profilometry using a novel colour pattern encoded with a multiple triangular model[END_REF]. Stereo vision can be categorized as active and passive vision systems, which respectively operate with or without active illumination of the workpiece surface.

Passive stereo vision (stereo photogrammetry)

In passive stereo vision, also called stereo photogrammetry, the 3D topographic information of a number of points on the surface x R (y R ) Camera2

Image sensors Lenses X w min w max

M(x, y, z)

Measured workpiece is reconstructed from images taken by two or more digital cameras. Fig. 13 shows the simplest case with two identical cameras. Each of the cameras has a lens of a focal length f and a CCD or COMS image sensor of width S. A pinhole camera model is employed for simplicity of description. The cameras with a lateral separation of b, called the baseline length, are employed to take a pair of stereoscopic images of the surface over the same field of view of D (the maximum field of view Dmax is shown in the figure). Then a pair of image points ML and MR are matched in the two images corresponding to the same surface point M on the workpiece, which is referred to as binocular stereo matching. The 3D coordinates (x, y, z) of point M can thus be obtained from the 2D coordinates (xL, yL) and (xR, yR) of the image points, based on the principle of triangulation [START_REF] Gao | Measurement technologies for precision positioning[END_REF], with the information of the baseline length b and the focal length f of the cameras. Note that the coordinates in the Y-direction are not shown in the figure for clarity. wmax and wmin are referred to as the maximum and minimum working distances, respectively. The difference between wmax and wmin is referred to as the measurement range in the Z-direction. All the surface points in this range are visible to both the cameras, which are referred to as binocularly visible points and, therefore, can be detected by stereo photogrammetry.

Since the binocular stereo matching is only possible for well textured surface regions and/or surface points with clear features, such as edges and corners, one possible application of onmachine stereo photogrammetry is for tool wear measurement (although it is possible to apply a pattern to allow smooth surfaces to be measured [START_REF] Sims-Waterhouse | Verification of micro-scale photogrammetry for smooth three-dimensional object[END_REF]). Niranjan et. al. mounted a camera on a high-speed lathe to measure the 3D contour of crater wear of an uncoated carbide tool inset on high carbon alloy steel [START_REF] Prasad | Tool wear evaluation by stereo vision and prediction by artificial neural network[END_REF]. The pair of stereo images were acquired by moving the tool to two different positions. The on-machine vision system could distinguish a crater wear with a 39 μm depth. Stepped patterns with varying depths of 150, 300 and 450 m, which were ground on a cuboidal block, were used to calibrate the vision system.

S S

accuracy better than 5 mm with respect to the surfaces to be machined [START_REF] Zatarain | Raw part characterisation and automated alignment by means of a photogrammetric approach[END_REF]. A camera was mounted on the tool holder of the machine. The pair of stereo images of the workpiece mounted with artificial targets were obtained by moving the camera with the machine slides to two different positions. A self-calibration technique was developed for the system [START_REF] Mendikute | Self-calibration technique for on-machine spindle-mounted vision systems[END_REF].

Active stereo vision (fringe projection)

To make the stereo matching effective at all points on the workpiece surface for 3D surface topography measurement, it is necessary to employ a laser or a structured light pattern to actively illuminate the surface, which is referred to as active stereo vision. In structured light stereo vision, one of the cameras in Fig. 13 is replaced with a projector that generates a spatially varying 2D structured illumination pattern on the surface. A distorted image of the projected structured light pattern, corresponding to the 3D surface topography, is formed at the image plane of the camera. The 3D surface topography can be reconstructed from single-or multi-shot techniques [START_REF] Chen | Dynamic 3D surface profilometry using a novel colour pattern encoded with a multiple triangular model[END_REF], based on the same triangulation principle as in Fig. 13.

As an early application, Giusti et. al. employed fringe projection for tool wear measurement on an NC lathe [START_REF] Giusti | On-Line Sensing of Flank and Crater Wear of Cutting Tools[END_REF]. The flank wear and the crater wear of a cutting tool insert could be measured with vertical resolutions of 10 μm and 20 μm, respectively. Commercial fringe projection systems have been developed for surface flatness measurement of flat rolled steel strips on hot or cold strip mills [START_REF] Molleda | On-Line Flatness Measurement in the Steelmaking Industry[END_REF]. A vertical resolution of 1 mm can be achieved for a maximum strip speed of 20 m/s and a maximum strip temperature of 1100 ℃ [START_REF]Measuring Systems in Hot Strip Mills[END_REF]. Fringe projection has also been applied to in-process surface metrology in metal additive manufacturing. Fig. 14 shows a typical setup of in-process fringe projection in laser powder bed fusion manufacturing (LPBF) [START_REF] Zhang | In situ surface topography of laser powder bed fusion using fringe projection[END_REF]. The lateral resolution of the employed fringe projection system was 10 m achieved by using a digital camera with pixel numbers of 4096 × 2160 and a 50 mm lens. The camera was aligned approximately 200 mm above the powder bed, providing a field of view of 28 × 15 mm. On-machine stereo photogrammetry can also be employed to perform the task of initial workpiece alignment, where the 3D position of the workpiece in the machine tool coordinate system is identified from the 3D coordinates of clear surface features or additional artefacts mounted on the surface. Yamazaki et. al. mounted such a system on the frame of a five-axis machining centre to identify the 3D edges of a workpiece from which the 3D position of the workpiece is recognized in the machine tool coordinate system with an accuracy of 1 mm, so that machining setup modelling and tool path generation can be made to prevent possible collisions in the machining process [START_REF] Tian | Quick 3D Modeling of Machining Environment by Means of On-machine Stereo Vision with Digital Decomposition[END_REF]. Zatarain et. al. developed a spindle-mounted stereo photogrammetry system for initial alignment of large cast and welded raw workpieces on a milling machine, where the excess material of the raw workpiece with respect to the final shape had to be distributed with an One of the most significant drawbacks of stereo vision techniques, either active or passive, is the low resolutions in both vertical and horizontal directions due to the triangulation configuration and the limitation in the resolution of the CCD or COMS image sensor [118]. A 1 m vertical resolution and a 10 m lateral resolution has been achieved in a state-of-the-art small volume fringe projection 3D surface vision system with a 1408 × 1408 pixel CMOS image sensor by reducing the horizontal field of view and the vertical range to be approximately 12 mm × 12 mm and 3 mm, respectively [118]. However, the resolutions get worse when the horizontal field of view and the vertical measurement range become larger. This resolution issue is a major obstacle to apply the stereo vision techniques to high-precision on-machine surface metrology.

Fringe reflection (fringe deflectometry)

In stereo vision, all the surface points of the workpiece must be imaged at the image plane of the camera. This requires an workpiece incident ray on the surface to be diffusely reflected at each of the surface points so that a part of the reflected light from the point can be collected by the lens of the camera for the image formation. A different technique of 3D surface vision, such as the fringe reflection vision (also called fringe deflectometry) shown in Fig. 15, is therefore necessary for measurement of a workpiece surface with specular reflection, where an incident ray on the surface is only scattered in one direction following the law of reflection. Fringe deflectometry can be realized by removing the projection lens in a fringe projection system. A series of encoded fringe patterns displayed on a light screen, which can be a liquid crystal display (LCD) or a rear projection screen associated with a projector, are observed by the camera after the fringe patterns are reflected by a workpiece surface with specular reflection [START_REF] Perard | Three-dimensional measurement of specular freeform surfaces with a structured-lighting reflection technique[END_REF]. The images of the fringe patterns will be distorted by the slope variations of the surface. Differing from stereo vision, where the surface height information is directly obtained based on the principle of triangulation, the distorted images in fringe reflection are decoded to obtain the surface slope information based on the law of reflection from which the surface height is calculated by a mathematical integration process. This technique can be traced back to slope methods, such as the Foucault knife edge test, the Hartmann or Hartmann-Shack tests, the Moire reflection method and the grating reflection method. It is also analogous to laser autocollimation [START_REF] Ennos | High Accuracy Profile Measurement of Quasi-Conical Mirror Surfaces by Laser Autocollimation[END_REF], where a laser beam is scanned over a mirror surface to detect the local surface slope for surface profile measurement.

Image sensor fringe, resulting in an improvement of resolution and a reduction of measurement uncertainty. A stereo deflectometry method with two cameras was also proposed to solve the problem of ambiguity in identification of the surface normals. Such a system could reach a repeatability of local slope measurement down to a few arc-seconds. The measurement accuracy could reach to the sub-micrometre range on a field of view of 100 mm and even higher for a smaller field of view. This has expanded the applications of fringe deflectometry systems into measurement of precision workpieces with specular reflection surfaces, such as aspheric or freeform optics, including progressive eyeglass lenses where the surface curvature is of interest [START_REF] Häusler | Deflectometry vs[END_REF].

Whilst a deflectometry system is sensitive to the local slopes of the surface, it is insensitive to the vertical position of the surface, i.e., changes of vertical position caused by vibration. For example, it was demonstrated that a PMD can work stably under vibration with amplitudes up to several wavelengths [START_REF] Faber | Deflectometry challenges interferometry -the competition gets tougher! Proceedings of SPIE[END_REF]. This is a significant advantage for applications in on-machine surface metrology. The PDM has been miniaturized by using a 20.1 inch TFT monitor as the light screen, so that it could be used inside the limited working space of a diamond turning machine, as shown in Fig. 16 [START_REF] Faber | Two Approaches to use Phase Measuring Deflectometry in Ultra Precision Machine Tools[END_REF]. The miniaturization also limited the field of view and the maximum slope measurement range to be 25 mm in diameter and ±10º, respectively. The lateral resolution of the system was 25 μm per pixel, for a working distance of 120 mm. The PDM can be mounted on the B-axis and on the machine frame with switchable measurement and stand-by positions. By using the Caxis of the machine to reposition the workpiece between several single measurement sequences, the field of view and slope measurement range can be increased. Perard and Beyerer developed one of the first fringe deflectometry systems for measurement of small waviness components and curvature errors of freeform surfaces with specular reflection based on the fact that fringe reflection vision is particularly sensitive to slope variations of the surface [START_REF] Perard | Three-dimensional measurement of specular freeform surfaces with a structured-lighting reflection technique[END_REF]. A grey-code of binary fringe patterns was employed in the system to reduce the occurrence of decoding errors and to avoid the phase unwrapping problem that occurs with the spatial phase shifting methods. However, the performance of the system was also limited by the simple binary coding and encoding methods. Consequently, it was difficult to detect a surface variation on a polished metal plate with a depth of 15 m and a lateral dimension of 2.5 cm.

The performance of fringe deflectometry has been significantly improved by implementing the phase shifting technique [START_REF] Häusler | Deflectometry vs[END_REF]. In this phase modulation deflectometry or phase measuring defectometry (PMD), N (typically four) sets of sinusoidal fringe patterns with a phase shift of 2/N are projected onto the workpiece surface. The local slope at a surface point can be obtained by identifying the corresponding screen pixel coordinate from the N intensity values recorded by a camera pixel, based on a phase shifting algorithm. Sinusoidal fringes rather than binary fringe patterns are adopted since a sinusoidal fringe does not change its phase even at a defocused position of the camera [START_REF] Knauer | Phase Measuring Deflectometry: A New Approach to Measure Specular Freeform Surfaces[END_REF]. This makes it possible to focus the camera on the workpiece surface, while capturing a high contrast image of the Surface deflectometry was further optimized based on the concept of a computerized reverse Hartmann model for onmachine measurement of large concave aspheric mirrors, such as solar collectors and primary mirrors for astronomical telescopes [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF]. The light screen and the camera are placed close together and near the centre of curvature of the mirror. This is near astigmatic condition where the sensitivity to the camera position information and that to the camera lens distortion are greatly reduced. In addition, a small camera aperture is employed so that each camera pixel only receives the light from a small number (three to five) of screen pixels. Consequently, the screen size is reduced to approximately equal to twice the product of the aspheric slope (the gradient of the aspheric departure) and the radius of curvature. A smaller screen size leads to smaller pixels and, therefore, provides a higher sensitivity and accuracy of screen pixel coordinates. With careful calibration, the system can achieve measurement accuracy comparable with interferometric methods in the mid-spatial frequency range of the surface [START_REF] Lowman | Measurement of large on-axis and off-axis mirrors using software configurable optical test system[END_REF]. The system was mounted in the fabrication/inspection facility of the 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope (DKIST) to measure the polished mirror surface for the task of compensation machining [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF]. A LCD display and two cameras were employed to generate the fringe patterns and capture the reflected fringes, respectively. In addition to the phase shifting method, a line-scan method has also been implemented, in which only one line of screen pixels is lit up as a line source along the x or y directions at each time [START_REF] Su | Software configurable optical test system: a computerized reverse Hartmann test[END_REF]. Based on the reverse Hartmann model, the surface x or y slope at a certain surface point can be determined without the ambiguity in mapping the relationship between the surface points and the corresponding screen pixels. By lighting up the screen pixels line-by-line in x and then in y, the full mirror surface slope map can be obtained. This method has been utilized in an infrared (IR) deflectometry system, where a heated tungsten filament wire was employed as the infrared line source and a micro bolometer array as the camera. The IR system is effective for measurement of the ground glass mirror surfaces that are diffuse for visible wavelength light. It has been demonstrated that the ground surface of the DKIST mirror could reach to a 1 m form accuracy after compensation grinding, based on the measurement results by the IR system [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF].

As a recent application of on-machine fringe deflectometry, an alignment/positioning method for optical freeform workpieces has been proposed to improve the accuracy of remounting the workpiece on a five-axis ultra-precision machine for compensation machining (Fig. 17). Sinusoidal fringe patterns with a pitch of 7.68 mm were generated from a 9.7 inch LCD display with a pixel size of 96 m. The phase similarity and phase range of the fringes were used to obtain the six degree-offreedom position information of a re-mounted cubic phase plate surface with a sag value of 31.25 μm and an aperture of 20 mm. The angular and linear positioning accuracy were identified to be 0.005° and 5 μm, respectively [START_REF] Zhang | Novel method of positioning optical freeform surfaces based on fringe deflectometry[END_REF]. A similar application has been reported for alignment of multi-segmented mirrors on a polishing machine [START_REF] Choi | Simultaneous multisegmented mirror orientation test system using a digital aperture based on sheared Fourier analysis[END_REF]. A CMOS camera captured images of reflected 2D sinusoidal patterns from seven multi-segmented mirrors for measurement of the surface orientations of the mirror segments with a resolution of 0.16 arcseconds in a time of 0.07 s, based on which the alignment of each mirror segment was carried out. microscopy, focus variation microscopy, and confocal microscopy, have the potential to be employed for on-machine measurement.

In 3D optical microscopy, the magnification of the surface area in the lateral directions is made by using the objective as an imaging lens. This is basically the same as 2D optical microscopy that has been employed for on-machine measurement of edge contour profile, such as a tool [START_REF] Zhang | Effect of apex offset inconsistency on hole straightness deviation in deep hole gun drilling of Inconel 718[END_REF], a micro-hole [START_REF] Nasrollahi | Two-Side Laser Processing Method for Producing High Aspect Ratio Microholes[END_REF] or a die coater slit [START_REF] Gao | Precision nanometrology-sensors and measuring systems for precision manufacturing[END_REF]. The lateral resolution is determined by the size of the field of view and the number of the camera pixels or by the diffraction limit, depending on the aperture used. For making the measurement along the vertical direction, it is generally necessary to mechanically scan the objective along the vertical direction by using an actuator, or to electronically scan the wavelength of the light source, for the camera to take a series of images of the surface. For example, in focus variation microscopy, the objective with a small depth of field is vertically moved along the optical axis by using a scanner, while the images of the surface are continuously captured. Due to the limited depth of focus, only the in-focus areas of the surface are sharply imaged, based on which the height information of the surface can be obtained [START_REF] Danzl | Focus Variation -A New Technology for High Resolution Optical 3D Surface Metrology[END_REF].

In coherence scanning interferometry, the interferogram images from a vertically scanning interference objective such as a Mirau objective are continuously captured and the surface height at a point can be obtained by identifying the vertical position of the objective where the envelope peak position of fringes, i.e., the minimum optical path difference between the reference path and the measurement path, is reached at the corresponding image pixel [START_REF] Groot | Determination of fringe order in white-light interference microscopy[END_REF]. Similar to the phase-shifting surface form interferometer described in section 3.1.1.1, where the reference surface is moved along the optical axis by a piezoelectric actuator, a 3D optical microscope is sensitive to vibration of the microscope with respect to the workpiece surface [START_REF] Kong | Portable inspection of precision surfaces by phaseshifting interferometry with automatic suppression of phase-shift errors[END_REF]. Taking into consideration the nanometric height resolution of 3D optical microscopy, anti-vibration is thus the most important issue when it is implemented for on-machine measurement.

Based on the fact that a 3D optical microscopes has the possibility to be more compact due to its smaller fields of view compared with a full-field system for surface form, there are some unique anti-vibration methods, either passive or active, that can be employed for on-machine optical microscopy. One way of passive anti-vibration is to increase the stability of the microscope by mounting it on a rigid position of the machine tool. For example, a white-light scanning interferometer can be mounted on the rigid Z-slide of a grinding machine, next to the workpiece spindle or the grinding wheel [START_REF] Yan | Nano precision on-machine profiling of curved diamond cutting tools using a white-light interferometer[END_REF]. If the measurement is carried out when the operation of the grinding wheel is stopped, a mechanically stable condition can be achieved. Measurement based on fringe deflectometry is influenced by the fringe pattern accuracy, the intrinsic parameters of the camera (such as the pixel number, the lens distortion and aberration), and the relative positions of the light screen, the camera and the measured surface. Calibration is thus an important procedure before the use of a fringe reflection system for on-machine measurement, especially the calibration of the light screen, the workpiece and the camera under the machine coordinate system.

On-machine 3D microscopy for surface texture

Optical microscopy is the only full-field technology that can be used for 3D measurement of surface texture on the microscopic scale under on-machine conditions [START_REF] Chen | 3-D Micro surface profilometry employing novel mirau-based lateral scanning interferometry[END_REF] [START_REF] Li | Autostereoscopy-based three-dimensional on-machine measuring system for micro-structured surfaces[END_REF]. Most of the existing 3D optical microscopy techniques [START_REF] Hocken | Optical Metrology of Surfaces[END_REF][134], such as interference Fig. 18. A point source microscope located on the workpiece surface for passive anti-vibration (modified from [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF]).

If the workpiece is rigid enough compared to the mass of the microscope, another way to achieve anti-vibration is to directly mount the microscope on the workpiece surface. In this case, the relative position of the microscope with respect to the workpiece surface does not change even in the presence of machine vibration. Fig. 18 shows an on-machine optical microscope specifically designed and implemented for surface texture measurement in polishing of large telescope mirrors [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF]. A point source microscope (PSM) with low mass and compact size was developed for this purpose. The microscope was coupled through its circular base to a ring jig sitting on the mirror surface via three nylon balls. This makes a stiff connection between the microscope and the measured surface. With the assistance of the on-machine microscopy, a 4.2 diameter large mirror has been super-polished to surface with an Sq of 0.1 nm [START_REF] Oh | Fabrication and testing of 4.2 m off-axis aspheric primary mirror of Daniel K. Inouye Solar Telescope[END_REF].

For active anti-vibration, it is necessary to measure the relative displacement between the objective and the workpiece surface in real time. As shown in Fig. 19, this can be carried out by using an external reference displacement laser interferometer by attaching a micro-prism on the objective, as demonstrated by Chen et al. [START_REF] Chen | In-situ scanning white light interferometry employing dual-sensing configuration and active fringelocking strategy[END_REF]. A better way is to embed an internal reference displacement interferometer that has a common path and is coaxial with the measurement beam of the microscope so that the Abbe error [START_REF] Gao | Measurement technologies for precision positioning[END_REF] can be minimized. This is analogous to the concept for actively stabilized PSI discussed in Section 3.1.1.1. Schmit et al. presented two designs based on this concept for coherence scanning interferometry, as shown in Fig. 19 [START_REF] Schmit | White-light interferometry with reference signal[END_REF]. In the first design, a part of the measurement beam is divided by a beam splitter for use in the internal reference displacement interferometer, where the light is passed through a narrow bandwidth filter (NBF) and received by a photodetector (PD1). Although this design is simple and inexpensive, the filter needs to be judiciously selected to provide enough spatial coherence to cover the entire range of the objective scan. The low signal level of the reference interferometer is another drawback of this design.

Chen, et al. simplified this type of design [START_REF] Chen | In-situ scanning white light interferometry employing dual-sensing configuration and active fringelocking strategy[END_REF]. Instead of using an additional high coherence source, a narrowband-pass filter with a annular aperture was inserted in to the illumination path of a white-light source so that the low-coherence light passes through the central circular region, while the high coherence light passes through the outside annular region. A band-pass filter of 452 nm with bandwidth of 5 nm was employed to generate a coherence length of 40 μm in the experiment.

On-machine probe-scan systems

An on-machine probe-scan system for surface metrology is established by combining a probe (a 1D or 2D displacement sensor or a slope sensor) and the moving axes of a machine tool. The surface topography height information is provided by the probe itself while the lateral positions of the measuring points are determined by the machine axes that scan the probe over the workpiece surface in a point-by-point or a continuous-path mode. The height measurement range can also be extended by utilizing the positioning capability of the machine axis that is co-axial with the probe axis. Compared with on-machine full-field measurement systems, on-machine probe-scan systems are more flexible in terms of measurable shapes and sizes of workpiece. However, in addition to vibration, the mounting/alignment errors of the probe as well as the error motions of the machine axes have to be taken into account as the major sources of measurement uncertainty [START_REF] Li | Calibration of an interferometric on-machine probing system on an ultra-precision turning machine[END_REF]. Thermal drift of the probe output and thermal expansion of the workpiece and the machine tool are also uncertainty sources due to the time-consuming scan operation.

Probes for on-machine surface metrology

There are a large variety of probes that have already been employed or have the potential to be employed for on-machine surface metrology. Some are shown in Fig. 20 and will be presented in this section, with the exception of on-machine tactile probing systems that have been reviewed by Weckenmann et al. [START_REF] Weckenmann | Probing systems in dimensional metrology[END_REF] and are widely used in various types of precision machine tools [START_REF] Heidenhain | Touch Probes for Machine Tools[END_REF] [START_REF]Probing systems for CNC machine tools[END_REF]. The probes can be categorized as contact and noncontact types, each having its own advantages and limitations. For example, the major advantage of a contact-type probe is its robustness to surface properties, making it even possible for in-process metrology [START_REF] Shiraishi | Scope of in-process measurement, monitoring and control techniques in machining process -Part 2: Inprocess techniques for workpieces[END_REF]. A further advantage is the simple-to-understand probe-surface interaction that makes traceability of contact probes easier to achieve than optical probes. However, the possible damage to the surface and the slow speed are the main drawbacks of such probes.

The resolution and range of a probe in the height direction is determined by that of the length measurement transducer of the probe. The resolution in the lateral directions is determined by the geometry of the probe tip for a contact-type probe, the size of the capacitance sensing area for a capacitive sensor, or the light spot diameter/diffraction limit for an optical probe.

Contact-type probes

As indicated by Tyler, the laser tracker is a portable 'frameless' coordinate measuring machine that can be used for workpiece inspection of large workpieces [START_REF] Estler | Large-Scale Metrology-An Update[END_REF] as well as for machine tool calibration [2]. In the measurement, a retroreflector is usually transported manually by an operator to points of interest on the workpiece surface. Due to this labour-intensive and timeconsuming operation, the number of measurement points is limited. Laser trackers are, therefore, often employed for the task of positioning/aligning a workpiece on a machine tool, e.g. an aircraft fuselage on a drilling machine [START_REF] Marsh | Laser Tracker Assisted Aircraft Machining and Assembly[END_REF] or an aircraft wing in a milling machine [START_REF] Lei | An automated in-situ alignment approach for finish machining assembly interfaces of large-scale components[END_REF]. In telescope mirror manufacturing, where the measurement time is not a critical issue, laser trackers can be employed to measure the surface form of a rough ground or polished mirror for guiding the fabrication process until an interferometric testing is applicable to the mirror [START_REF] Burge | Alternate surface measurements for GMT primary mirror segments[END_REF]. In the measurement of such a concave mirror, the laser tracker should be mounted as close as possible to the centre of curvature of the mirror so that the line of sight is normal to the mirror surface, and the influence of the angle encoder measurement errors of the tracker, which is the largest uncertainty source for the measurement, can be minimised [START_REF] Martin | Manufacture of a 1.7 m prototype of the GMT primary mirror segments[END_REF]. For this purpose, the laser tracker was mounted approximately 22 m above the surface of a 8.4 m large off-axis mirror resting on the polishing turntable [START_REF] Zobrist | Accuracy of laser tracker measurements of the GMT 8.4 m off-axis mirror segments[END_REF]. Since the distance between the tracker and the spheremounted retroreflector (SMR) is measured by a distancemeasuring interferometer (DMI), the measurement over such a long distance is significantly influenced by variations in refractive index due to environmental disturbances, as well as by the relative error motions between the tracker and the mirror surface caused by thermal expansion and vibration. An external reference system, including four stand-alone DMIs, mounted on the same platform with the laser tracker was thus added to detect four fixed retroreflectors at the edge of the mirror for compensation. A motor-driven mechanism was also developed to move the SMR over the surface of the mirror under computer control for scanning the surface over 250 points, where the lateral position of the SMR was detected by using another laser tracker. The surface form measurement accuracy of the 8.4 m mirror was confirmed to be 0.87 m rms after further calibration of the angular errors [START_REF] Zobrist | Accuracy of laser tracker measurements of the GMT 8.4 m off-axis mirror segments[END_REF].

In a contact-type displacement gauge, also referred to as a dial gauge [START_REF] Weckenmann | Probing systems in dimensional metrology[END_REF] or a length gauge [START_REF] Heidenhain | Length Gauges[END_REF], the probe tip is kept in contact with the surface by applying a contact force (measuring force) to the probe shaft. The displacement of the probe shaft along the probe axis is measured by a length measurement transducer. In a conventional contact-type displacement gauge used for comparative measurement of the dimensions of a workpiece, a spring is typically used to push the probe shaft guided by a ball bearing against the workpiece surface for producing the measuring force, where the displacement is measured by a linear variable differential transformer (LVDT) [START_REF] Gmbh | Inductive Probe[END_REF]. The force is equal to the product of the displacement and the spring constant, and can be up to 1 N. Such a probe has the advantage of high stability and is suitable for making discrete-point scans over workpieces of hard materials, such as ceramics. The force can be controlled to be constant by using an integral motor to actuate the probe shaft, while the displacement measurement range and resolution can be improved by using a linear encoder [START_REF] Heidenhain | Length Gauges[END_REF]. For on-machine measurement of optical surfaces, where much smaller measuring forces are required, McKeown demonstrated a probe design in which the probe shaft was supported by an air bearing that can produce frictionless movement of the shaft and make it possible to generate small measuring forces [START_REF] Mckeown | The Role of Precision Engineering in Manufacturing of the Future[END_REF]. This has become the most common design of on-machine displacement gauges for ultra-precision applications [START_REF] Nagaike | Ultra-precision On-machine Measurement System for Aspheric Optical Elements[END_REF][218] [START_REF] Chen | Profile error compensation in ultra-precision grinding of aspheric surfaces with onmachine measurement[END_REF]. Fig. 21 shows an air bearing probe for alignment of a remounted workpiece [START_REF] Zhang | Compensation strategy for machining optical freeform surfaces by the combined on-and off-machine measurement[END_REF]. The low viscosity of the air bearing reduces the anti-vibration performance of the probe as well as the scan speed, especially for on-machine measurement of microstructures [START_REF] Lee | Experimental investigation of an air-bearing displacement sensor for onmachine surface form measurement of micro-structures[END_REF]. Some commercially available on-machine air bearing probes are listed in Table 4. In addition to those in the table, Olympus Corporation has developed an ultra-low force air bearing probe based a self-weight method, with a measuring force of 0.05 mN, so that a 2 m diameter diamond stylus can be used for onmachine measurement of micro-optics used in endoscopes, without damaging the surface [START_REF] Nagaike | Ultra-precision On-machine Measurement System for Aspheric Optical Elements[END_REF]. The probe has been applied for profile measurement of microstructures [START_REF] Xu | Surface Form Measurement and Analysis of a Cylindrical Workpiece with Microstructures[END_REF][246] and gears with large surface slopes [START_REF] Xu | Pitch deviation measurement of an involute spur gear by a rotary profiling system[END_REF]. Active force feedback control is another approach to reduce the measuring force in a stylus profiler. A force sensor integrated fast tool servo (FTS), which is referred to as the FS-FTS, has been developed to conduct FTS diamond turning, including onmachine measurement of micro-structured surfaces on a diamond turning machine [START_REF] Noh | Fabrication of Large-area Micro-lens Arrays with Fast Tool Control[END_REF] [START_REF] Lee | Precision Measurement of Micro-lens Profile by Using a Force-controlled Diamond Cutting Tool on an Ultra-Precision Lathe[END_REF]. By using the FS-FTS, the diamond cutting tool, which has been conventionally only used for fabrication of microstructures, is employed as a forcecontrolled measuring stylus to measure the cross-sectional profile of the fabricated microstructures with a constant measuring force of 0.15 mN by the same diamond tool, without using an additional surface measuring instrument (Fig. 22) [START_REF] Gao | Precision tool setting for fabrication of a microstructure array[END_REF]. Such measurement technology was also used for on-machine measurement of cutting edge contours of single point diamond tools [START_REF] Chen | Self-evaluation of the cutting edge contour of a microdiamond tool with a force sensor integrated fast tool servo on an ultra-precision lathe[END_REF][25] and initial surface form of brittle workpieces [START_REF] Chen | Ductile cutting of silicon microstructures with surface inclination measurement and compensation by using a force sensor integrated single point diamond tool[END_REF] as well as for in-process measurement and repair of defective microstructures [START_REF] Chen | An in-process measurement method for repair of defective microstructures by using a fast tool servo with a force sensor[END_REF].

The measuring force can be further decreased in an AFM, together with an improvement in the lateral resolution, due to the low force atomic interaction between the silicon cantilever tip and the surface [START_REF] Danzebrink | Advances in Scanning Force Microscopy for Dimensional Metrology[END_REF]. A robust AFM head that can track the cantilever tip against the workpiece surface with a constant force of 0.1 N has been developed for on-machine measurement. The pre-loaded PZT actuator for servo-controlling the AFM cantilever had a stiffness of 100 N/m and a stroke of 53 m. The high stiffness of the PZT actuator made it possible to mount the scale of a linear encoder with a resolution of 0.5 nm together with the AFM cantilever [START_REF] Gao | Surface profile measurement of a sinusoidal grid using an atomic force microscope on a diamond turning machine[END_REF]. The high level of robustness of the linear encoder to electromagnetic noise was important for use of the AFM-head on a diamond turning machine for micro-structured surface measurement (Fig. 23). A spiral scanning path was generated by the spindle and the X-slide. Similar on-machine AFM measurements have been carried out for the 3D cutting edge profile of diamond tools [START_REF] Jang | Establishment of a measuring station on a diamond turning machine for in-process cutting edge inspection of single point diamond micro-tools[END_REF].

Scan range

beam is incident onto the surface with a large angle of incidence, the lateral position of the light spot on the surface changes with the displacement in the height direction, which is an uncertainty factor for surface metrology. In contrast, a diffuse-type laser triangulation sensor for diffuse reflection surfaces has a vertical incident configuration and a large tolerance to surface angles, so is more suited for on-machine surface metrology [START_REF] Nishikawa | Non-contact type onmachine measurement system for turbine blade[END_REF].

Recent advances in CCD/CMOS technology and sub-pixel resolution algorithms have improved the performance of laser triangulation sensors in terms of measuring range, resolution and speed. A vertical resolution of 0.1 m can be achieved over a range of 1 mm and a bandwidth of 100 kHz. In particular, 2D laser triangulation, also referred to as laser line triangulation [START_REF]Laser profile sensors[END_REF], has been developed for profile measurement of both specular and diffuse reflection surfaces. In such a 2D sensor, a line-shaped laser beam is incident onto the target surface to detect the height information, i.e. the profile along the illuminated surface line. This also significantly simplifies the scan and reduces the time for 3D surface topography measurement [1] [START_REF] Yang | Modeling and Calibration of the Galvanometric Laser Scanning Three-Dimensional Measurement System[END_REF]. For example, a maximum lateral range of 180 mm can be detected by a longrange diffuse-type sensor [117]. The large working distance, up to several hundreds of millimetres, makes it possible to measure workpieces at elevated temperatures [START_REF] Ghiotti | Enhancing the accuracy of high-speed laser triangulation measurement of freeform parts at elevated temperature[END_REF].

A confocal probe is another possible choice of an on-machine optical probe [116] [START_REF] Du | Full area covered 3D profile measurement of special-shaped optics based on a new prototype non-contact profiler[END_REF]. The insensitivity to the reflectivity of 

Noncontact-type probes

Although a noncontact probe is sensitive to surface properties, which is its biggest weakness for on-machine surface metrology, it has the advantage of making relatively fast measurement without damaging the surface. Capacitive and laser triangulation sensors are the two most well-used noncontact-type probes for on-machine surface metrology. The sensor technologies for both types of probe are well established and commercial products are provided by a number of sensor manufacturers.

A capacitive sensor can reach sub-nanometric vertical resolution over a range of the order of 100 m [START_REF] Gao | Measurement technologies for precision positioning[END_REF]. It can only measure flat or nearly flat surfaces and is limited to measurement of slowly varying surface form deviations, such as roundness, straightness and flatness. In addition, since the measurement range and the working distance are small, parallelism between the sensor scan axis and the workpiece surface must be carefully aligned to keep the interval variation between the probe end and the surface within the measurement range and to avoid possible collision. In contrast, a laser triangulation sensor, as an optical sensor, has a longer range and a much larger working distance, making the alignment of the probe on the machine tool easier. However, similar to a capacitance sensor, a specular laser triangulation sensor can only measure flat or nearly flat surfaces [103] [START_REF] Koike | In-situ measurement by using a measurement-fused machining system[END_REF], although some designs can minimise the influence of the slope angle of the surface [START_REF] Gao | Development of an optical probe for profile measurement of mirror surfaces[END_REF] [START_REF] Osawa | Cutting edge height measurement of a rotary cutting tool by a laser displacement sensor[END_REF]. Moreover, since the laser workpiece surface makes it possible to measure both specular and diffuse reflection surfaces. Keferstein et al. have integrated a chromatic confocal probe with a measurement range of 1 mm and a repeatability of 0.1 m into a grinding machine [START_REF] Keferstein | Process monitoring in non-circular grinding with optical sensor[END_REF]. As the probe was mounted on to the grinding wheel head, the measurement range of the probe could be extended to the full stroke of the slide moving the wheel head, by synchronizing the probe signal with the linear encoder signal of the slide. New As a similar sensor technology, various types of autofocus sensors [START_REF] Kohno | High precision optical surface sensor[END_REF][51] [START_REF] Sawano | On-Machine Optical Surface Profile Measuring System for Nano-Machining[END_REF][168] also have the capability for onmachine surface metrology. In addition to displacement sensors, it is possible to scan an optical angle/slope sensor for on-machine surface metrology. In the so-called laser autocollimation or laser deflectometry method, a thin laser beam is scanned over the workpiece surface to obtain the local slope of the surface at each Workpiece Tool post scan position [START_REF] Ennos | High Accuracy Profile Measurement of Quasi-Conical Mirror Surfaces by Laser Autocollimation[END_REF]. The surface topography can be obtained from a mathematic integration of the slope data. Since the variation between the sensor head and the workpiece surface does not influence the slope measurement, laser autocollimation is more robust to machine vibration and thermal drift [START_REF] Gao | Precision measurement of multi-degree-offreedom spindle errors using two-dimensional slope sensors[END_REF]. On-machine measurement of microstructures can be made by using slope sensors with a focused laser beam [START_REF] Gao | On-machine measurement of a cylindrical surface with sinusoidal micro-structures by an optical slope sensor[END_REF]. The scanning electrostatic force microscope (EFM) is a promising tool for noncontact measurement of submicrometric structures [START_REF] Gao | A noncontact scanning electrostatic force microscope for surface profile measurement[END_REF], which are difficult for a capacitive sensor or an optical sensor due to their limited lateral resolutions. The tip-to-sample distance in EFM is on the order of 100 nm during the scanning, which is more than ten times larger than that in a scanning tunnelling microscope (STM) [START_REF] Weckenmann | Long range 3D scanning tunneling microscopy[END_REF][82] and is large enough to avoid collision of the tip with the sample surface. In addition, pneumatic sensors [START_REF] Grandy | Pneumatic non-contact roughness assessment of moving surfaces[END_REF] and ultrasonic sensors [START_REF] Stöbener | Application of an in situ measuring system for the compensation of wall thickness variations during turning of thin-walled rings[END_REF] are other types of noncontact sensors for on-machine surface metrology.

Error compensation and separation in machine tool integration

Several important sources of errors should be taken into consideration when integrating a probe into a machine tool for on-machine probe-scan surface metrology.

The first issue is the Abbe error. Fig. 25 shows a simple model of the integration of a probe on a rotary grinding machine. The probe is mounted on to the grinding wheel (tool) head to carry out the Z-direction measurement. The probe scan motion in the XY plane is made by the spindle and the X-slide. If the measurement range of the probe is not enough to detect the surface height variation, the range can be extended by using the Z-slide of the machine to move the probe along the Z-axis. However, in this case, due to the large Abbe offset between the probe axis and the Z-axis, even a small tilt error motion of the Zslide will cause a large Abbe error [START_REF] Gao | Measurement technologies for precision positioning[END_REF]. One way to compensate for the Abbe error is based on a measurement of the slide tilt error motion. A better solution is to select a probe with a large enough measurement range so that the use of the Z-slide for the Z-direction measurement can be avoided [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF].

was automatically located at the spindle centre, was employed for the centering alignment [START_REF] Gao | Surface profile measurement of a sinusoidal grid using an atomic force microscope on a diamond turning machine[END_REF]. A simplified method, which does not require the use of a precision reference sphere and information of its accurate location, has also been proposed for alignment of a contact-type displacement probe [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF]. In this method, the probe position with respect to the machine spindle can be obtained from the probe readings at four rotational positions of the reference ball.

The angular alignment error, which is the tilt angle of the probe axis with respect to the machine Z-axis, will cause a cosine error, which can be a large measurement uncertainty factor over a large range. As shown in Fig. 26, the orientation of an on-machine optical sensor is identified by utilizing an eccentric plate [START_REF] Keferstein | Process monitoring in non-circular grinding with optical sensor[END_REF]. A simple and accurate method has also been demonstrated for onmachine identification of the angular alignment error of a contact-type displacement sensor [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF]. In an on-machine probe-scan system, it is necessary to scan the probe with the machine axes. The motion errors (scan errors) of the machine axes along the probe axis [START_REF] Gao | Measurement and compensation of error motions of a diamond turning machine[END_REF], which are referred to as scan errors here for simplicity, will directly change the position of the probe with respect to the workpiece surface, resulting in a reading error in the probe output [START_REF] Li | Kinematics Error Compensation for a Surface Measurement Probe on an Ultra-Precision Turning Machine[END_REF]. The repeatable and lowfrequency components of the scan errors can be compensated based on the measurement result of the errors that can be obtained prior to surface metrology. Compared with a full-field measurement system, it usually takes longer for the probe to scan over the workpiece surface. The measurement is thus more influenced by the machine errors caused by external disturbances, the probe, such as the slide error and the spindle error, also has the same impact on the probe as the external disturbances.
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Machine errors (thermal error, vibration, scan errors of machine axes) Fig. [START_REF] Chen | On-machine measurement of microtool wear and cutting edge chipping by using a diamond edge artifact[END_REF] Error sources in integration of probe into machine tool.

The second issue is the accurate alignment/setting of a probe on a machine tool. Alignment error of the probe can be identified by using the probe to detect a precision sphere with an accurate location on the machine tool. Although this method is effective for S-Polarization Objective Workpiece Scan Optical-skid Optical-stylus many cases, it is subject to the availability of the precision reference sphere. There are some cases that do not satisfy this condition. For example, it is difficult to accurately mount a microsphere on the centre of the spindle of a diamond turning machine to allow centering alignment of the cantilever tip of an onmachine AFM with respect to the spindle centre. A micro-bump generated by a facing cut on the diamond turning machine, which Fig. [START_REF] Chen | Implementation and verification of a four-probe motion error measurement system for a large-scale roll lathe used in hybrid manufacturing[END_REF] Optical skid method for roughness measurement [START_REF] Kiyono | Optical skid method for surface roughness measurement[END_REF].

It is more difficult to compensate for influences of machine vibration due to its random nature and wide bandwidth. The same can be said for the non-repeatable components of the machine scan errors. To compensate for such errors in onmachine surface texture measurement, it is possible to employ the traditional skid-datum method that has long been employed in mechanical surface profilers [START_REF] Whitehouse | Handbook of Surface and Nanometrology[END_REF]. In this method, a skid with a large radius, which only senses the vibration and scan errors by spatially filtering out the surface texture information composed of higher spatial-frequency components, is used in combination with the stylus for error compensation. The same concept has been applied for a wide range STM [124] [START_REF] Shan | Development of a millimeter-scale scanning tunneling microscope[END_REF]. As shown in Fig. 27, a more ideal skid-datum can be realized optically by coaxially combining a large reference beam and a focused measurement beam to detect the same part of the workpiece surface [185][123].

In on-machine surface form measurement, the multi-probe method, based on the concept of error-separation [START_REF] Evans | Self-Calibration: Reversal, Redundancy, Error Separation, and 'Absolute Testing[END_REF], is an effective way to compensate for both repeatable and nonrepeatable machine errors, including thermal errors and vibration. In a multi-probe method, multiple probes are employed to scan the workpiece surface simultaneously. A set of simultaneous equations are established using the outputs of the probes, each containing the surface profile information and the machine error information. The latter can be removed in a differential output based on the equations, from which the surface profile can be reconstructed. Since the invention of three displacement probe method, for roundness measurement by Aoki and Ozono [7], an extension to three-probe straightness measurement by Whitehouse [START_REF] Whitehouse | Some theoretical aspects of error separation techniques in surface metrology[END_REF], the three-probe method has been extensively developed for the measurement of roundness [START_REF] Kakino | In situ measurement of cylindricity[END_REF][209] [START_REF] Moore | Design considerations in multiprobe roundness measurement[END_REF] and straightness [START_REF] Li | High-resolution error separation technique for insitu straightness measurement of machine tools and workpieces[END_REF][41] [START_REF] Weichert | Implementation of straightness measurements at the Nanometer Comparator[END_REF]. Tanaka et al. simplified the system for straightness measurement by using two displacement probes, based on the assumption of small tilt error motion of the slide [START_REF] Tanaka | Application of a New Straightness Measurement Method to Large Machine Tool[END_REF]. Kiyono et al have improved the profile reconstruction algorithm for the measurement of edge profiles [122][67]. Angle/slope sensors have been employed for construction of the multi-probe systems [START_REF] Glenn | Robust, angstrom level circularity profilometry[END_REF][121] [START_REF] Gao | A compact and sensitive twodimensional angle probe for flatness measurement of large silicon wafers[END_REF]. Recently, multi-probe methods have been applied for on-machine measurement of large rolls cut by drum roll lathes [START_REF] Lee | Precision measurement of carriage slide motion error of a drum roll lathe[END_REF] [START_REF] Lee | Precision evaluation of surface form error of a large-scale roll workpiece on a drum roll lathe[END_REF].

It should be noted that the measurable spatial wavelength by a multi-probe system is limited by its probe arrangement. It is typically lower than that restricted by the probe size, which is the case in a single-probe system. This is because that certain harmonic components of the workpiece profile will be lost in the profile reconstruction process, which is referred to as the harmonic loss problem [239][170][68]. This is one of the significant shortcomings of multi-probe methods and must be treated carefully when designing the probe configuration. The number of lost harmonics can be reduced to some extent by employing asymmetric probe configurations and/or increasing the number of probes [START_REF] Zhang | Four-Point Method of Roundness and Spindle Error Measurements[END_REF]. On the other hand, Gao et al. have proposed a mixed method to completely solve this problem by using multiple displacement and angle sensors [START_REF] Gao | A new multiprobe method of roundness measurements[END_REF] with the simplest configuration shown in Fig. 28 [START_REF] Gao | High-accuracy roundness measurement by a new error separation method[END_REF].

Y Displacement P Workpiece largest error source for straightness measurement for long workpieces. This is an even more critical problem when a multiprobe system is used for flatness measurement where more probes are needed and it is necessary to align the probes on different lines of the workpiece surface except some special cases [START_REF] Gao | A compact and sensitive twodimensional angle probe for flatness measurement of large silicon wafers[END_REF]. A self-calibration technique, in which two probe-units of the three-probe method are employed, has been proposed to accurately identify the zero-difference of probes for measurement of cylinder straightness [START_REF] Gao | Precision measurement of cylinder straightness using a scanning multi-probe system[END_REF]. The technique has been improved to measure and compensate for the variations of the zero-difference caused by thermal drift of the probe outputs during the scanning [START_REF] Gao | An improved three-probe method for precision measurement of straightness[END_REF]. Another way to compensate for the influence of probe zero-difference, is to employ an external autocollimator to measure the tilt scan motion [START_REF] Elster | Coupled Distance Sensor Systems for High-Accuracy Topography Measurement: Accounting for Scanning Stage and Systematic Sensor Errors[END_REF] [START_REF] Weichert | Implementation of straightness measurements at the Nanometer Comparator[END_REF].

Because a probe has a certain physical size, it becomes difficult to arrange multiple probes in a conventional multi-probe configuration to detect the same workpiece surface, if the workpiece is small. Although there has been research to construct multi-probe systems with probe intervals on the order of 100 m for small workpiece measurement [START_REF] Makosch | Surface profile measurement with a scanning differential ac interferometer[END_REF][152], a more practical way is to establish an independent multi-probe system with a flat artefact for error-separation in measurement of the machine errors [START_REF] Adachi | Precision profiling method insensitive to vertical vibrations[END_REF][72] [START_REF] Shibuya | A spiral scanning probe system for micro-aspheric surface profile measurement[END_REF]. Since the multi-probe system is independent from the surface measurement probe, the restriction on the probe size can be avoided.

In some applications, the workpiece itself can be the most significant error source. For example, in-line form measurement of hot forged complex workpieces is challenged by the elevated temperature of the workpiece and special thermal shielding of sensors is required, as well as temperature-controlled metrology frames [START_REF] Ghiotti | Enhancing the accuracy of high-speed laser triangulation measurement of freeform parts at elevated temperature[END_REF] [START_REF] Schöch | High-speed measurement of complex shaped parts at elevated temperature by laser triangulation[END_REF].

Calibration and traceability

Traceability is defined in [105] as "the property of a measurement result whereby the result can be related to a reference through a documented unbroken chain of calibrations, each contributing to the measurement uncertainty" (see also [88][43]). For on-machine and in-process measurements, this implies that for traceability to be demonstrated, a number of calibration steps have to be taken. Calibration is defined as "an operation that, under specified conditions, in a first step, establishes a relation between the quantity values with measurement uncertainties provided by measurement standards and corresponding indications with associated measurement uncertainties and, in a second step, uses this information to establish a relation for obtaining a measurement result from an indication" [105] [START_REF] Carmignato | Calibration[END_REF]. More simply put, calibration is the comparison process needed at each stage of a traceability chain.

In the case of on-machine and in-process metrology, calibration is often given little explicit attention and/or neglected as a whole, as in a process under potentially harsh circumstances (environment, speed, etc.), it is difficult to measure or make a reference standard to use for comparison. The aim of both
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Angle sensor X calibration and traceability is that, in the end, an uncertainty can be attributed to a measurement, or a quantified tolerance to a manufactured product.

As indicated in section 2, in a manufacturing line or process, there is often a machine that has moving axes to move the
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machining element along the surface that has to be created or processed. Then there is the produced surface that can be Fig. 28 The orthogonal mixed method using a pair of displacement and angle sensors for error separation in roundness measurement [START_REF] Gao | High-accuracy roundness measurement by a new error separation method[END_REF].

When a multi-probe method is employed for straightness measurement, the difference between the unknown zero-values of the probes (zero-difference) will introduce a parabolic error term in the reconstructed probe measurement, which is the measured directly as soon as it is processed, or at a later stage, still on machine, off machine in the same room, or off machine in a separate measurement room. For all these aspects, measurement systems and methods are available that have potentially unique properties when it comes to traceability and uncertainty estimation. In this section, an overview is given of available routes to traceability for the various aspects of onmachine and in-process measurement.

Machine metrology traceability

Calibration of machines, especially machine tools is reviewed in detail elsewhere [START_REF] Schwenke | Geometric error measurement and compensation of machines-an update[END_REF], both for traditional machine tools [START_REF] Nakamoto | Recent advances in multiaxis control and multitasking machining[END_REF] and for dedicated machines, such as those for the production of large-scale optical surfaces [START_REF] Peng | Nanometer precision fabrication for large scale optical surfaces[END_REF] and roll-to-roll applications [133].

In these cases, the traceability is, directly or indirectly, provided by laser interferometer systems, that can be calibrated against a primary length standard [START_REF] Schellekens | Accuracy of Commercially Available Laser Measurement Systems[END_REF]. In the direct cases, the displacements of the axes are directly measured by laser interferometer systems; in the indirect cases, the displacements of the axes are measured by linear scales, that have in turn been calibrated using laser interferometer systems [START_REF] Sawabe | A new vacuum interferometric comparator for calibrating the fine linear encoders and scales[END_REF]. In lithographic processes, there is no immediate requirement for inprocess measurements, and the accuracy depends on the displacement measurements and the correction for geometric deviations [START_REF] Gao | Measurement technologies for precision positioning[END_REF]. However, in material-removing processes, the surface of the final product is significantly affected by other aspects, e.g. straightness and squareness of the axes, temperature variations, tool shape and wear, and vibration. This is especially the case for machined surfaces, which is why additional onmachine and in-process surface measurements are needed and their traceability must be considered separately.

2 Machining element traceability

An important factor that determines the condition of a machined surface is the shape or structure of the machining element, i.e. the element that shapes the surface and determines the surface state in terms of form and texture. An example is the monitoring of tool wear in turning. This can be monitored onmachine and in-process in various ways, e.g. by binocular vision [START_REF] Zhu | Online tool wear condition monitoring using binocular vision[END_REF], by knife-edge interferometry [START_REF] Jeon | Knife-edge interferometry for cutting tool wear monitoring[END_REF] or by acoustic emission sensors [9]. Grinding wheel wear has been monitored in-process by laser triangulation [START_REF][END_REF] and imaging [START_REF] Fan | On-line non-contact system for grinding wheel wear measurement[END_REF]. Typically for these methods, little attention is paid to uncertainty and traceability. This is understandable as these methods are mainly used as process indicators and the process parameters are not easily connected to the resulting surface properties. In addition, the optical interaction with a machined surface is highly complex and non-linear, resulting in empirical methods being employed rather than deterministic models.

Machined surface metrology traceability

As it is the manufactured surface that ultimately matters, the traceability of the metrology used for monitoring and/or measuring the surface directly is most relevant. In this section, the traceability and calibration considerations for three typical and common surface measurement parameters will be discussed: texture, flatness and aspherical form.

Traceability of texture measurements

Surface texture is characterized in parameters that are standardized for the profile and areal cases in ISO 4287 [101] and ISO 25178-2 [99] respectively. Apart from the standardised parameter definitions, the filtering and probing conditions are essential, as given in ISO 4288 [102] and 25178-3 [100]. Also, it is worth mentioning that the mechanical surface is the reference surface [100] [START_REF] Leach | Calibration and verification of areal surface texture measuring instruments[END_REF].

These specification standards, requirements and interpretations mean that the traceability, and the uncertainty estimation, of texture (parameter) measurements can be complex [START_REF] Haitjema | Uncertainty in measurement of surface topography[END_REF] [START_REF] Leach | A metrological characteristics approach to uncertainty in surface metrology[END_REF]. Even in ideal environmental conditions on dedicated stand-alone measurement equipment, uncertainties of better that 1% are difficult to achieve [START_REF] Haitjema | Uncertainty in measurement of surface topography[END_REF], while a 5-10% uncertainty is already an optimistic estimate for optical profile measurements [START_REF] Tosello | An international comparison of surface texture parameters quantification on polymer artefacts using optical instruments[END_REF]. Methods and standards to calibrate surface texture measuring instruments are extensively described elsewhere [START_REF] Leach | Calibration and verification of areal surface texture measuring instruments[END_REF].

Mechanical texture measurements can generally only be carried out when the process is temporally stopped and there is time for the probe to scan the surface without being disturbed. An example is given by Kwon [START_REF] Kwon | A novel approach to quantifying tool wear and tool life measurements for optimal tool management[END_REF], who monitors tool wear by temporarily stopping the process and allowing a mechanical probe to perform a traditional texture measurement, see Fig. 29.

In a process, an optical surface measuring system is often preferred as it can be much faster and the process does not need to be interrupted. Here, a distinction must be made between methods that measure the topography and derive texture parameters from the topography, and methods that measure an integral quantity. For the topography-measuring methods, all calibration methods and principles as described elsewhere apply [START_REF] Leach | Calibration and verification of areal surface texture measuring instruments[END_REF], however, for the integral methods, the route to traceability is less straightforward. A typical example of the latter can by found with Inasaki [START_REF] Inasaki | In-process measurement of surface roughness during cylindrical grinding process[END_REF], who measures surface texture by measuring the reflectance of a laser beam by an optical fibre probe during a cylindrical grinding process (Fig. 30). The probe is calibrated off-line by a number of test surfaces having Ra values that are determined by a mechanical stylus instrument. Typically, cut-off lengths and uncertainties are not specified, however, the non-linear calibration curve suggests some 5% uncertainty. Classical well-established methods of fast optical texture measurement are the measurement of either the specularly reflected part of a (laser) beam directed at a surface, and/or the diffusely reflected part, also called total integrated scatter (TIS). These methods that were reviewed by Vorburger [START_REF] Vorburger | Optical techniques for on-line measurement of surface topography[END_REF], are fundamentally limited to smooth surfaces (i.e. the features must be much smaller than the source wavelength) and have not essentially changed over the decades. All these methods have a traceability issue in the sense that they are essentially modelbased, and the texture parameters cannot be calculated from the definition. A common route to a limited form of traceability is the manufacturing of a range of surfaces with different textures; measure these off-line with established instruments, and take these as calibration references for the optical measurements that were taken during the manufacturing of these artefacts. In such a way, a calibration curve can be established that relates the texture to a scattering parameter, assuming that the manufacturing process varies with some linearity in the height and width of the texture peaks and valleys. This methodology can more generally be used for machined products and surfaces [START_REF] Woodward | Traceable in-process measurement (TIM) -Producing dimensional transfer artefacts for the assessment of workshop machine tool performance[END_REF].

A typical related method is speckle correlation [START_REF] Persson | Surface roughness measurement on machined surfaces using angular speckle correlation[END_REF]. The surface is illuminated with coherent light at an angle using a laser and a single image is taken of the surface. The contrast in the image is directly related to the surface texture. A refinement of the method is in changing the angle or wavelength and correlating the images. The method can be calibrated using reference surfaces with calibrated texture parameters, and it claims to be able to determine Ra values up to 6 µm. Calibration curves suggest a reproducibility of about 10%.

With related methods, such as image-based defect-detection methods, it can be even more difficult to relate to the concept of traceability and uncertainty [START_REF] Takahashi | In-process measurement method for detection and discrimination of silicon wafer surface defects by laser scattered defect pattern[END_REF].

Traceability of nominally flat surface measurements

The manufacture of traditional surface plates is carried out in an iterative process where the surface is measured off-machine, e.g. using electronic levels, after which it is machined according to the obtained flatness map [START_REF] Haitjema | Evaluation of surface plate flatness measurements[END_REF]. The traceability and uncertainty of this method was evaluated in detail elsewhere [START_REF] Haitjema | Uncertainty propagation in surface plate measurements[END_REF]. A system that is more appropriate for in-process measurement for plates up to 200 mm × 200 mm, based on pattern projection, was proposed by Fan [START_REF] Fan | An optical flatness measurement system for mediumsized surface plates[END_REF]. In this case, a system calibration takes place using a gauge block, sine bar, and an overall comparison with a CMM measurement. For optical surfaces, measurement using a Fizeau interferometer, as illustrated in Fig. 9, is a logical choice. For on-machine and in-process measurement, it is advantageous if the measurement can be done using a single image. This can be carried out using the carrier-fringe technique introduced by Takeda [START_REF] Takeda | Spatial-carrier fringe-pattern analysis and its applications to precision interferometry and profilometry: An overview[END_REF], or by phase-shifting the interferograms in an instantaneous way [START_REF] Brock | surface metrology, especially for feedback of the measurement data to the compensation machining process[END_REF]; see also section 3.1.1.1. The measured flatness deviations can be considered as directly traceable to the metre definition if a He-Ne laser is used as the light source [START_REF] Stone | Advice from the CCL on the use of unstabilized lasers as standards of wavelength: The heliumneon laser at 633 nm[END_REF]. Regarding the traceability to 'absolute flatness', several reversal techniques are available [START_REF] Evans | Test optics error removal[END_REF][24] For less demanding applications, pattern projection methods can be used, as was done by Walecki [START_REF] Walecki | Fast in-line surface topography metrology enabling stress calculation for solar cell manufacturing for throughput in excess of 2000 wafers per hour[END_REF], who integrated a calibration platform in his set-up for high-throughput wafer processing for solar cell manufacturing.

Traceability of aspheric surface measurements

Rahman [START_REF] Rahman | Development of an on-machine profile measurement system in ELID grinding for machining aspheric surface with software compensation[END_REF] describes a CMM-like on-machine mechanical profile measuring system that is used on a grinding machine for aspherical surfaces. The workpiece can be measured when the process is temporarily stopped. Much attention is paid to monitoring the grinding wheel diameter and appropriately correcting the machine tool path. After production, the 'real' profile is measured off-line using a profile measuring instrument. Suzuki [START_REF] Suzuki | Development of a 45° tilted on-machine measuring system for small optical parts[END_REF] developed a 45° tilted on-machine measuring system for small optical workpieces. The uncertainty is estimated from the measurement of a sphere with a known radius, and from a comparison with a, hopefully calibrated, form measuring instrument. Xi [START_REF] Xi | Profile error compensation in cross-grinding mode for large-diameter aspheric mirrors[END_REF] has developed a correction method for the grinding wheel position, for grinding a 800 mm diameter aspheric mirror, reducing the profile error from 65 µm to 8 µm. Also here, a sphere is used to confirm the obtained improvement.

Data processing and feedback

Data flow

Data flow (also called stream processing or reactive programming) is a software paradigm describing how data streams are processed using computing into useful information, e.g a measurement result. The central element of the concept is the data, which flows through several steps (Fig. 31). This model is naturally described by flowchart diagrams and allows for a simple description of parallel and sequential processes with focus on data. The flow of data from one processing step to the next and can split and merge down this stream.

Data flow in manufacturing metrology begins with the readout of sensors, where physical quantities are converted into a digital representation. The data flow models how this representation is further processed to gain information, such as an indication of the measured quantity value, and in the right context, eventually leads to increased knowledge and added value [START_REF] Kunzmann | Productive Metrology -Adding Value to Manufacture[END_REF] [START_REF] Savio | Economic benefits of metrology in manufacturing[END_REF].

As an example, the measuring process can be modeled by a data flow, i.e. data flows through processes as partition, extraction, filtration, association, collection and construction [START_REF]Geometrical product specifications (GPS) -General concepts -Part 1: Model for geometrical specification and verification[END_REF]. In this sequential model, processes are applied on measured coordinates and/or other data structures that describe a geometry. Even if data processing is often not explicitly described in literature, it is always inherent to digital metrology systems. Actually, as in other domains, where numerical data processing is employed, its importance is growing since more data is available and adequate algorithms and computing power exist, e.g. big data analytics and machine learning. An example of a fairly complex dataflow including data fusion, adjustment, filtration, etc. is described in [START_REF] Ghiotti | Enhancing the accuracy of high-speed laser triangulation measurement of freeform parts at elevated temperature[END_REF]. They use eight light-sectioning sensors in a complementary setup [START_REF] Weckenmann | Multisensor data fusion in dimensional metrology[END_REF] to measure complex shaped workpieces. A specific adjustment procedure to increase the system accuracy was developed, enabling the evaluation of multiple geometrical parameters and eventually achieving holistic form measurements [START_REF] Schöch | Enhancing multisensor data fusion on light sectioning coordinate measuring systems for the inprocess inspection of freeform shaped parts[END_REF].

In this system, the data flow is parallelized during the first steps, where coordinates in image coordinate systems are obtained by CCD sensors and on-camera FPGA (field-programmable gate array) processing, i.e. laser line coordinates are extracted from the image of each sensor on the camera (Fig. 31). Thus, in this example, dataflow is not only parallelized but also distributed over multiple distinct computing systems. After calibration information is applied and coordinates are converted to a metric system, measurement data is then fused and filtered to obtain a complete profile of a workpiece. Subsequently, each two consecutive sections are meshed together to obtain a 3D surface representation. Note that this last step is already executed while B acquisition is in process. Moreover, it processes in a time-sliced manner, i.e. the next section can already be meshed into the 3D model, even if meshing of the previous contour is not yet finished. By this high degree of parallelization and high-speed sensors, over one million spatial coordinates can be processed per second [START_REF] Ghiotti | Enhancing the accuracy of high-speed laser triangulation measurement of freeform parts at elevated temperature[END_REF].

Data flow and measurement data processing are not only supportive, but crucial for the resulting information, e.g. a measured quantity value. For example, the use of inappropriate filter parameters would result in distorted results and valuable information can be lost. If appropriate data processing is applied, digital processing is effective and enables an information gain that would not be possible by manual methods.

Most data processing is carried out in the digital domain nowadays. This allows evaluation of many data in an automated fashion in little time. Thus, digitalization leads to an increasing quantity of measurement data and to applicability of sophisticated data processing algorithms. Since the exponential result, the whole surface of the workpiece can be scanned. In some cases, additional sensor motion axes can be added for specific scan/sampling strategies. David and Burge developed a system by adding a rotary stage to swing-arm sensor for measurement of large-sized aspheric workpieces on a grinding/polishing machine, where the axis of rotation of the arm passes through the centre of curvature of the workpiece [5]. A sensor is mounted at the end of the arm that swings along an arc line across the centre of the aspheric workpiece. By scanning the arc lines at different angular positions of the turntable of the grinding/polishing machine, a scanning pattern could be obtained in which the arc lines cross with each other. The crossing height information was employed to stitch the scans for reconstruction of the surface topography [START_REF] Su | Swing arm optical CMM: self calibration with dual probe shear test[END_REF].

Scanning Slice Scanning Trajectory Z increase of computing power per monetary unit can only be B retained by parallelization of computation, also known as Moore's + Law, future data processing for metrology systems will inevitably contain certain parallelized processes.

….

Workpiece Y How geometry is described digitally or how measurement data is structured during the processing, e.g. in clear text or binary format, is extensively described in [START_REF] Zhao | Information modeling for interoperable dimensional metrology[END_REF].

Sampling Strategies

In a measurement scenario, the sampling strategy is one of the factors contributing to the measurement uncertainty, especially when the sampling location is sparse to save time, e.g. measuring with a touch-trigger probe on a CMM [START_REF] Choi | Sampling uncertainty in coordinate measurement data analysis[END_REF]. To obtain a balance of low measurement uncertainty and high measurement efficiency, an advanced sampling strategy is most desirable such as adaptive sampling according to different surface curvature [START_REF] Edgeworth | Adaptive sampling for coordinate metrology[END_REF]. ElKott et al. [START_REF] Elkott | Isoparametric line sampling for the inspection planning of sculptured surfaces[END_REF] proposed several non-uniform rational B-spline (NURBS) surface parameter-based algorithms for the measurement of freeform surfaces. NURBS parameters, surface patch size, and surface patch mean curvature are used as the criteria in the sampling process. Ainsworth et al. [4] presented a CAD-based approach for the planning of a CMM measurement path, which uses a recursive subdivision algorithm to sample the surfaces along with their isoparametric lines. Chord length, minimum sampling density, and surface parameterization are the criteria used to guide the process. The work presented by ElKott and Veldhuis [START_REF] Elkott | Isoparametric line sampling for the inspection planning of sculptured surfaces[END_REF] adopted the sampling of surface isoparametric curves, which are used to construct substitute geometry for the Scanning Radius …. g X Fig. 32. Scanning strategy of the on-machine metrology [START_REF] Liu | An autonomous multisensor in situ metrology system for enabling high dynamic range measurement of 3D surfaces on precision machine tools[END_REF].

Interfaces

For on-machine surface metrology, it is necessary to connect the elements of the measurement system, including the surface measuring probe/instrument, the personal computer (PC), the machine tool NC controller and the user with appropriate hardware, software and user interfaces, for acquisition of the surface measurement data and for feedback of the compensation data. The interfaces can be significantly different from those used for off-machine surface metrology due to the interaction with the machine tool and/or the NC controller. turning machine, it is efficient to employ the spiral scan/sampling strategy by synchronizing the motions of the X linear axis and the C spindle axis [START_REF] Gao | Surface profile measurement of a sinusoidal grid using an atomic force microscope on a diamond turning machine[END_REF]. A similar strategy can be employed in a threeaxis rotary surface grinding machine [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF]. Liu et al. [START_REF] Liu | An autonomous multisensor in situ metrology system for enabling high dynamic range measurement of 3D surfaces on precision machine tools[END_REF] utilized a sampling strategy for a 2D laser triangulation sensor on an ultra-precision polishing machine with three linear axes (X, Y, Z), three rotational axes (A, B, C) and a spindle axis (H). As shown in Fig. 32, the scanning strategy consists of rotational motion of the B axis and linear motions of the X, Y and Z axes. The A axis has a fixed angle to ensure that the laser sensor is perpendicular to the X-Y plane. The laser sensor is rotated around the B axis and a scanning slice can be generated. The workpiece is moved along the X, Y and Z axes, combined with the scanning of the B axis. As a Fig. 33 shows the interfaces in an NC controller integrated probe-scan system for workpiece setting and inspection [START_REF]Probing systems for CNC machine tools[END_REF]. After receiving the measurement command from the controller, the probe, which is stored in the tool magazine of the automatic tool changer (ATC), is mounted on the machine tool spindle for measurement of the workpiece surface. A wireless interface, either optical or radio, is employed for transmission of the signals between the probe and the controller through a receiver unit. For a touch trigger probe, the receiver is connected to the input of the controller for the high-speed skip function. Once the controller has received the triggered signal from the probe, the controller Machine axes automatically captures the coordinates of the probe position via the encoders of the machine tool axes. Renishaw has also developed a high-speed optical interface that processes data from the receiver and provides input/output communication with the machine tool for a contact probe in continuous-path mode [START_REF] Marshall | Development of high-speed on-machine 3D scanning system[END_REF] [START_REF]Probing systems for CNC machine tools[END_REF]. On-machine macro software packages are installed and resident on the controller so that on-machine programming can be performed at the controller using traditional G-code, through a graphical user interface for acquisition of the measurement data and generation of the NC feedback data to the process control. Table 5 shows the specifications of commercial wireless interfaces for on-machine probes [START_REF]Probing systems for CNC machine tools[END_REF].

Table 5 Wireless interfaces for on-machine probes [START_REF]Probing systems for CNC machine tools[END_REF].

interpolator was employed to connect it with the PC. Similar to an off-machine system, FPGA, digital signal processor (DSP) and programming logic controllers (PLCs) can be employed to improve the processing speed of the interfaces between the probe, the PC and the machine tool encoder outputs [227] [START_REF] Liu | System integration for on-machine measurement using a capacitive LVDT-like contact sensor[END_REF].

Recently, with the development of open controller architecture (Open CNC) [START_REF] Pritschow | Open Controller Architecture -Past, Present and Future[END_REF], it has become an easy and general operation for a PC to access the NC controller for obtaining machine axis positions and for uploading NC data in a large variety of userspecific applications [START_REF] Blaser | Adaptive learning control for thermal error compensation of 5-axis machine tools[END_REF][86] [95][193] [START_REF] Uekita | On-machine dimensional measurement of large parts by compensating for volumetric errors of machine tools[END_REF]. Software interfaces, such as application programing interfaces, are provided by controller vendors for this purpose [57]. The standard hardware interfaces equipped in a NC controller for communication with a PC include, not only point-to-point interfaces such as RS-232C, optical fiber and USB, but also the Ethernet network interface [57] [START_REF] Jokanović | Communication with CNC machine through DNC interface[END_REF]. More sensors and measuring instruments for surface metrology, such as laser displacement sensors [116][117] and fullfield 3D systems [START_REF] Keyence | 3D Interference Measurement Sensor[END_REF][118], are now equipped with Ethernet interface in responding to the requirements of industrial Internet of Things (IoT). In an industrial Ethernet network as shown in Fig. 35 the hardware connections and software communications between machine tools, PCs and sensors/instruments can be seamlessly realized through the Ethernet interfaces. This will expand the flexibility and possibility of on-machine surface metrology for future manufacturing. It is often necessary to employ a PC which has better flexibility in data acquisition and processing for user-specific on-machine measurement tasks. It used to be a challenge to transfer the data of machine axis positions to a PC, since the electronics and hardware interfaces of a machine tool, including those of the encoders, are often not open for users to access [START_REF] Liu | An autonomous multisensor in situ metrology system for enabling high dynamic range measurement of 3D surfaces on precision machine tools[END_REF]. Fig. 34 shows the interfaces connecting a PC and an ultra-precision grinding machine in a customized system by Olympus for onmachine surface metrology of endoscope optics [START_REF] Nagaike | Ultra-precision On-machine Measurement System for Aspheric Optical Elements[END_REF]. With the assistance from the machine tool manufacturer, a signal interpolator with a 32 bit digital output was added between the encoder read head and the encoder serial interface of the NC controller for each of the X, Y and Z-machine axes to receive the sinusoidal voltage output signals of the encoder. A digital I/O board was employed as the interface connecting the interpolator and the PC. The surface form data were analyzed in the PC by using Windows-based CAD/CAM software packages to produce the error compensation data. The compensation data were then fed back to the NC controller via a serial RS-232C interface, which is one of the standard interfaces of NC controllers, to carry out compensation machining by direct numerical control (DNC) [10] [START_REF] Jokanović | Communication with CNC machine through DNC interface[END_REF]. In Fig. 34, since the air bearing probe had a linear encoder as the length measurement transducer, the same Analysis of the measured data is carried out to extract feedback information to correct the machined workpiece on machine, and/or to control the manufacturing key-characteristics using statistical process control (SPC) techniques on machine. Fig. 36 summarizes the needs of on-machine measurements. The aim of on-machine surface metrology is to furnish measured data to derive fine-machining parameters for compensation machining the workpiece. Therefore, this feedback needs parameters that can be adjusted in value. The adjustable parameters can be merged according to their effects on compensation machining. Table 6 summarizes the links between the fine-machining parameters and the workpiece errors [START_REF] Thomas | Statistical investigation of modal parameters of cutting tools in dry turning[END_REF]. Table 6. Link between machining parameters and workpiece errors.

Data analysis and modeling

Data analysis

Tool Cutting parameters

Tool path Compensation matrix Tool-setting dimension description of the workpiece machined by the model will be more realistic if the number of its parameters is increased. The optimization residuals give an indication of the description quality of the real surface. The latter make it possible to derive the association uncertainties of the model at the measured points [START_REF] Mailhe | Geometrical checking by virtual gauge, including measurement uncertainties[END_REF]. Another way is the use of surfaces created from curves (Bspline, NURBS) [30][81] or surfaces modeled by poles (Bezier, Coons, etc.) [START_REF] Farin | Curves and surfaces for computer-aided geometric design: a practical guide[END_REF]]. An artefact standard used for data exchange between software in industry allows the description of a freeform surface using B-spline paths. When the model becomes complex in size (data) or geometry, it is possible to choose a discrete model. In this case, Delaunay triangulation and structured tessellation surface methods can be used. The STL file format can be used to describe the nominal model with a geometrical approximation [12]. The best fit of this discrete model to the set of measured points needs segmentation [START_REF] Schnabel | Efficient RANSAC for point-cloud shape detection[END_REF], registration of 3D point clouds [START_REF] Weckenmann | Multisensor data fusion in dimensional metrology[END_REF] and alignment methods [START_REF] Diez | Hierarchical normal space sampling to speed up point cloud coarse matching[END_REF]. The most used alignment method is iterative closest point. These nominal CNC offsets Workpiece moving X: strong link x: weak link models can take into account the position and orientation deviations and the intrinsic deviation and the local deviations. As As shown in Fig. 36, on-machine measurement should be used to check, in-line, manufacturing key-characteristics (roughness, waviness, form, size, position, orientation or others). Generally, statistical process control (SPC) software is employed to do this task [START_REF] Gregor | Statistical process control of multivariate processes[END_REF]. After the end of machining on the machine-tool, manufacturing key-characteristics of the workpiece are measured to check if the workpiece continues in the process or if the workpiece is rejected from the production. These key characteristics are derived from the surface deviation.

Deviation calculations

To derive the shape deviations, a model and a set of measures are necessary [START_REF] Suh | Geometric error measurement of spiral bevel gears using a virtual gear model for STEP-NC[END_REF]. Moreover, optimization methods are used to approximate the deviations between the model and the manufactured surface. Mathematical methods used for this treatment, are detailed and summarized in numerous papers (least-squares method, maximum inscribed elements and minimum circumscribed element, minimum zone) [START_REF] Anthony | Reference software for finding Chebyshev best-fit geometric also increasing. The unique capability of a 2D laser triangulation sensor for measurement of a sectional profile of a workpiece [7] elements[END_REF][111] [START_REF] Linares | Modelling and traceability for computationally-intensive precision engineering and metrology[END_REF]. The model can either represent the nominal surface (geometric objective expected to satisfy a user function) or model the surface with systematic defects expected during manufacturing (form defect, waviness, etc.). The first set of models are used to check the surface or geometrical specifications. This checking operation can be done including the uncertainties. The second is, generally, employed to give information for compensation machining the workpiece [START_REF] Azzam | Adaptation of machining toolpath to distorted geometries: application to remove a constant thickness on rough casting prosthesis[END_REF][10] [START_REF] Wang | Absolute surface metrology by shear rotation with position error correction[END_REF]. Fig. 37 summarizes these two sets of models (Nominal model, Adaptive model). The nominal model can be specified by an analytical equation in the case of a simple shape or by a set of equations for a complex shape described in a discrete manner. In addition, the latter modeling is used when the specification models comes from a CAD system.

shown in Fig. 37, the discrete models are able to model the local deviation of the real surface using a small part of the discrete element. The limitations of parametric or analytical models is correlated to their mathematical complexity and their difficulty to filter the measured data for local deviations [START_REF] Lecompte | Technological form defects identification using discrete cosine transform method[END_REF]. This impediment can be overcome by the use of adaptive models. Eigen shape basis sets were proposed to take into account the form deviations of the surface [START_REF] Farin | Curves and surfaces for computer-aided geometric design: a practical guide[END_REF].

It is also possible to use multi-scale approaches based on discrete Fourier equations. Theses complete the description of the surface with local deviations, such as undulations and roughness. A discrete cosine transform method was proposed to model the surface deviations. This is the sum of cosine functions, where each term has a specific frequency. This description is based on independent basis vectors [START_REF] Jiang | Technological shifts in surface metrology[END_REF].

In the same way, discrete modal decomposition (DMD) decomposes a signal (measured set of points) within a spectral basis built from Eigen modes. The numerical solution of the differential equation of an element vibration gives the modes' vector space. The set of point coordinates is projected on this vector space Q. The contribution of each vector Qi is computed by the Moore-Penrose method [START_REF] Goïc | Multiscale roughness analysis of engineering surfaces: A comparison of methods for the investigation of functional correlations[END_REF]. These analytical models include of a set of parameters describing an elementary geometric deviation. The deviation (machine tool axis motion) Fig. 38. Real-time feedback to compensation machining (modified from [START_REF] Uda | In-process measurement and workpiece-referred form accuracy control[END_REF]).

Feedback to compensation machining

It is possible to apply real-time feedback with the results of onmachine surface metrology to compensate the machining process if the measurement is carried out under an in-process condition. Fig. 38 shows a simple model of real-time feedback in 2D cutting [START_REF] Uda | In-process measurement and workpiece-referred form accuracy control[END_REF]. The sensor output detecting the machined area of the surface is employed to control the depth-of-cut for real-time compensation of the influence of machine errors. A similar concept has been practiced in milling, turning or boring operations with feedback from contact stylus [START_REF] Park | An in-process flatness error measurement and compensatory control system[END_REF], capacitive 

Fast tool servo controller

Roughness Waviness Form Size Position Orientation X X X X X X X x X X X X X X x X X X X X X x X X x X X [START_REF] Garbini | Surface profile measurement during turning using fringe-field capacitive profilometry[END_REF], eddy-current [START_REF] Fan | In-process dimensional control of the workpiece during turning[END_REF] and optical sensors [START_REF] Kim | In-process control of cylindricity in boring operations[END_REF]. The real-time feedback method has the advantage of high efficiency, since the measurement and compensation machining are carried out at the same time. However, compensation errors are unavoidable due to the interval between the positions of tool and on-machine probe as well as the delay caused by the limited bandwidth of the machine axis motions and the limited response speed of the feedback control system [START_REF] Uda | In-process measurement and workpiece-referred form accuracy control[END_REF]. It is therefore sometimes necessary for the user to develop an additional fast tool servo system for the compensation machining as shown in Fig. 38. In addition, the availability of sensors for in-process surface metrology is an obstacle. Alternatively, the feedback used with on-machine surface metrology for compensation machining is often carried out independently in intermediate steps. In such a non-real-time compensation approach, on-machine surface metrology is carried out off-process after the initial machining and the measurement result is fed back to compensation machining. The surface after compensation machining is then measured again to determine whether the next round of compensation machining is necessary or not. The combination of compensation machining and offprocess measurement is repeated until the surface error is within the designed tolerance. Mounting, demounting and remounting operations for the on-machine probe are often associated because the probe is typically not permanently mounted on the machine tool due to the limited space and harsh environment during machining. The non-real-time compensation approach is more time-consuming on one hand but more practical on the other hand, compared with the real-time approach, because off-process measurement is much easier to carry out. The feedback strategy of the on-machine measurement results in the compensation machining being more flexible, which can be carried out by 1) editing the program of the machine NC to generate a compensation tool path [START_REF] Azzam | Adaptation of machining toolpath to distorted geometries: application to remove a constant thickness on rough casting prosthesis[END_REF][10] [START_REF] Thomas | Statistical investigation of modal parameters of cutting tools in dry turning[END_REF], 2) changing the NC offset [START_REF] Pairel | The pilot dimensions method: Reconciling Steering and Conformity in Workshops[END_REF][233] and/or moving the workpiece [START_REF] Li | Responsive fixture design using dynamic product inspection and monitoring technologies for the precision machining of large-scale aerospace parts[END_REF] to adjust its position or orientation in the machining space, 3) modifying the tool setting to displace the cutting point of the tool path [START_REF] Pairel | The pilot dimensions method: Reconciling Steering and Conformity in Workshops[END_REF], or 4) adding a tool positioning system, such as a fast too servo, to control the depth-of-cut [START_REF] Gao | Precision nanofabrication and evaluation of a large area sinusoidal grid surface for a surface encoder[END_REF]. Mirror radial position mm Fig. 39. On-machine measurement and compensation grinding of a SiC aspheric mirror workpiece through feedback to machine NC [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF].

Fig. 39 shows the results of compensation grinding of a silicon carbide (SiC) aspheric mirror of on a three-axis rotary surface grinding machine by feeding back to the machine NC controller [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF], which is the most utilised feedback strategy. The mirror was designed to have a concave aspheric shape with a sag of approximately 35 mm over an 800 mm diameter. A grinding wheel path for compensation grinding was generated in the NC of the grinding machine, based on the feedback from the results of off-process measurement by a contact-type displacement sensor, with a range of 60 mm associated with a scan motion along the radial direction of the mirror generated by the X-axis slide. A large machining error, up to approximately 45 m, was confirmed at the outer area of the mirror after the initial grinding, due to the wear of the grinding wheel caused by the hard SiC material. The machining error was reduced to approximately 2 m after five repeated measurement and compensation machining operations. The alignment time for the re-mounted length sensor was less than 20 minutes with a fast alignment method [START_REF] Shimizu | Fabrication of large-size SiC mirror with precision aspheric profile for artificial satellite[END_REF]. A similar feedback strategy is used in grinding of aspheric moulds [START_REF] Nagaike | Ultra-precision On-machine Measurement System for Aspheric Optical Elements[END_REF][218] [START_REF] Chen | Profile error compensation in ultra-precision grinding of aspheric surfaces with onmachine measurement[END_REF], cutting of freeform surfaces [START_REF] Zhang | Compensation strategy for machining optical freeform surfaces by the combined on-and off-machine measurement[END_REF], machining of thin-walled blade workpieces [START_REF] Zhang | An adaptive approach to error compensation by on-machine measurement for precision machining of thin-walled blade[END_REF],and many other processes.

In Fig. 40, a different feedback strategy was employed on a fiveaxis cutting machine, where micro vee-grooves were cut on a retro-reflection mirror surface by fly cutting [START_REF] Zhang | High angular accuracy manufacture method of micro v-grooves based on tool alignment by on machine measurement[END_REF]. An air bearing probe was mounted on the B-axis to make off-process measurement of the surface form of the machined vee-grooves by moving the probe and the workpiece along the X and Z slides of the machine, respectively, from which the deviation of the veegroove included angle could be identified. The measurement results were then fed back to align the tool position and orientation for the compensation cutting. The angular deviation was reduced from 1° to 0.006° after the compensation cutting.

Air bearing probe Fig. 40. On-machine measurement and compensation cutting of veegrooves through feedback to adjustment of tool position and orientation [START_REF] Zhang | High angular accuracy manufacture method of micro v-grooves based on tool alignment by on machine measurement[END_REF].

Feedback of the measured information to compensation machining of micro-structures is a challenging task due to the critical requirement on the positioning accuracy of the tool. Chen et al. demonstrated the possibility of repairing defective microstructure elements on a large-area roll mould by using a FS-FTS [START_REF] Chen | An in-process measurement method for repair of defective microstructures by using a fast tool servo with a force sensor[END_REF]. The occurrence and the position of a defective element could be detected during the cutting process by the force sensor, and the sectional profile of the element could be characterized after the process, by using the tool itself as a force-controlled stylus probe. The defective element could then be accurately corrected in a subsequent repair cutting process through the feedback of the measured information to the FS-FTS and the machine tool NC controller for generating the repair tool path.

Conclusions

On-machine surface metrology plays an important role for precision manufacturing in a number of tasks. The first task is for initial alignment and/or positioning of a workpiece on the machine tool, which is the first step in a manufacturing process. The most straightforward task of on-machine surface metrology is to replace the conventional post-manufacturing inspection of the workpiece surface made on an off-machine and stand-alone surface measuring instrument. The on-machine results can also be employed for the task of compensation machining, and that of process and machine tool diagnosis. Each of the tasks has common and special requirements for both the measurement system and the data analysis/feedback process. The measurement systems for on-machine surface metrology can be classified into full-field systems and probe-scan systems. Each have their own advantages and disadvantages. The former, which is usually an optical system, such as a surface interferometer, can accomplish the measurement in a short time without interactions with the machine tools and, therefore, with less influences from the machine kinematic errors. However, the measurable sizes and shapes of targets are limited and the system is susceptible to machine vibration and typically expensive. For these reasons, such a system is limited to some special manufacturing processes, such as large telescope mirror manufacturing. Significant advances have been achieved in onmachine 3D surface vision systems, with the progress in image sensing technologies. Especially, fringe reflection systems have demonstrated performance comparable to traditional interferometric systems, while being more cost-effective and robust to environment disturbances. It should be noted that the accuracy of a 3D surface vision system is largely determined by the calibration of the system. Development of accurate and effective on-machine calibration technologies of such systems remains as an important part of future work for traceable and more accurately manufactured workpieces.

Meanwhile, a probe-scan system, which is composed of a measuring probe and the associated scan motions provided by the axes of machine tools, does not have a limitation in measuring range and is, therefore, adaptable to the workpiece size. A variety of probes, either contact or noncontact, can be selected for advancement in industrial Ethernet and wireless interfaces, onmachine surface metrology will become an IoT-based activity to play a fundamental role in future manufacturing. To realize these goals, comprehensive standardization work on both hardware, such as the mountings, interfaces and NC controllers, and software, such NC codes for sensor output acquisition, surface error analysis, embedded calibration methods and automatic compensation tool path generation, is essential.
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  Fig.9. Schematic of a Fizeau interferometer on a diamond turning machine (modified from[START_REF] Nomura | On-machine shape measurement of workpiece surface with Fizeau interferometer[END_REF]).

  measurement method, where the set of phase-shifted data frames are captured simultaneously. Such an interferometer is CGH Aperture Photodetector

Fig. 10 .

 10 Fig. 10. An on-machine Twyman-Green dynamic interferometer [228].
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 12 Fig.12. An on-machine Twyman-Green interferometer with a fast Fourier transform (FFT) algorithm for an injection molding machine[START_REF] Schmitt | Measurement Technology for the Machine-Integrated Determination of Form Deviations in Optical Surfaces[END_REF].
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 13 Fig. 13. Principle of passive stereo vision (stereo photogrammetry).
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 14 Fig. 14. A typical fringe projection system for in-process surface metrology in laser powder bed fusion additive manufacturing.
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 15 Fig. 15. Principle of fringe reflection vision (fringe deflectometry).
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 16 Fig.[START_REF] Bryan | International status of thermal error research[END_REF]. Fully machine integrated setup of a PMD in stand-by position (left) and in measurement position (right) (modified from[START_REF] Faber | Two Approaches to use Phase Measuring Deflectometry in Ultra Precision Machine Tools[END_REF]).
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 17 Fig.17. An on-machine fringe deflectometry system for alignment of a freeform workpiece[START_REF] Zhang | Novel method of positioning optical freeform surfaces based on fringe deflectometry[END_REF].
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 19 Fig. 19. External and internal reference displacement interferometers in 3D microscopy for active anti-vibration (modified from [200][22]).
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 20 Fig. 20. Probes for on-machine surface metrology.
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 21 Fig. 21. An on-machine air bearing probe [259].
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 22 Fig.22. FS-FTS used for on-machine measurement of micro-structured surface (modified from[START_REF] Gao | Precision tool setting for fabrication of a microstructure array[END_REF]).
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 23 Fig. 23. An on-machine AFM head with a linear encoder [60].

24 ,

 24 confocal technologies are being developed to further improve the robustness and the performance of confocal probes. As shown in Fig. Takaya et al. have demonstrated the possibility of using a fluorescent confocal microscope to measure the surface of a tool covered with a cutting fluid layer based on sensing fluorescent emission from the cutting fluid excitation by focused laser light[START_REF] Takaya | Measurement of a tool wear profile using confocal fluorescence microscopy of the cutting fluid layer[END_REF]. The method has been applied to measure submerged metallic micro-workpieces[START_REF] Mikulewitsch | Geometry Measurement of Submerged Metallic Micro-Parts Using Confocal Fluorescence Microscopy[END_REF]. Chen et al. have showed a new chromatic confocal configuration by using a mode-locked femtosecond laser source that can further improve the vertical resolution of the probe[START_REF] Chen | A chromatic confocal probe with a mode-locked femtosecond laser source[END_REF].
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 24 Fig. 24 A confocal probe for measurement of a tool's surface covered with a cutting fluid layer based on sensing fluorescent emission [221].
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 26 Fig.[START_REF] Chen | Ductile cutting of silicon microstructures with surface inclination measurement and compensation by using a force sensor integrated single point diamond tool[END_REF] Angular alignment error identification of an optical sensor[START_REF] Keferstein | Process monitoring in non-circular grinding with optical sensor[END_REF].
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 29 Fig. 29. On-machine surface metrology for roughness measurements as proposed by Kwon [130].
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 30 Fig. 30. In-process surface metrology as proposed by Inasaki [97].
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 31 Fig. 31. Example of the high-level dataflow concept for a multi-sensor CMS. (a) laser line extraction in image coordinates; (b) lens distortion correction and transformation to laser plane coordinates; (c) 2D registration; (d) 2D data fusion; (e) 3D data fusion; (f) data sectioning in workpiece datums; (g) meshing; (h) extraction of application-specific parameters [203].

  Both curvature change and accuracy of substitute geometry are used to determine the locations of the sampled many of the off-machine sampling strategies are applicable for on-machine surface metrology by using CAD/CAM software to generation NC codes of the sampling path[START_REF] Murase | Automation of on-machine measurement based on 3D CAD model of product[END_REF], it is controller Servo drives output Workpiece important to plan the sampling strategy based on the machine tool configuration. For example, on a T-base three-axis diamond

Fig. 33 .

 33 Fig. 33. Interfaces in an NC controller integrated probe-scan system.
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 35 Fig. 35. Ethernet interfaces for next generation on-machine surface metrology network.
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 34 Fig.34. Interfaces in a PC-based on-machine surface metrology system (modified from[START_REF] Nagaike | Ultra-precision On-machine Measurement System for Aspheric Optical Elements[END_REF]).
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 36 Fig. 36. Data analysis for on-machine surface metrology.
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 37 Fig. 37. Link deviations and models.

  Bezier, B-spline, Coons, etc) Delaunay triangulation, structured tessellation surface Probe output

Table 3

 3 Features of on-machine full-field systems for surface forms.

Table 4

 4 Commercially available on-machine air bearing probes.

		Lion	Moore	Toshiba
		Precision	Nanotech	Machine
		[150]	[171]	[227]
	Force mechanism,	air pressure,	air pressure,	air pressure,
	shaft bearing, measuring force	air bearing, 2 mN	air bearing, 1 mN	air bearing, 0.5 mN
	Length transducer, range, resolution	capacitive sensor, 0.5 mm, 1 nm	LVDT, 1 mm, 0.1 nm	Laser interferometer, 1 mm, 0.038 nm
	Probe tip	R=3.175 mm diamond half sphere	R=1 or R=2 mm ruby sphere	R=0.25mm ruby sphere
	Maximum surface angle	N/A	±60°	±72.5°
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