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Abstract Current systems for photogrammetry analysis reanalyzed interactively. The contributions of this research
ly mainly on two-dimensional visualization methods, parinclude: (a) a new 3D multi-scale reconstruction method
ticularly Scanning Electron Microscopy (SEM). Thefor SEM stereo images; (b) a new visualization module for
absence of three-dimensional information prevents the dmulti-scale inspection, modeling and analysis of micro-
termination of important quantitative features such as locatructures for a variety of materials; and (c) 3D insight into
roughness and precludes a deeper comprehension of #ed better understanding of fracture phenomena for material
failure mechanisms. This paper describes a new multmicro-structures. The feasibility of the proposed method is
scale stereo-photogrammetry system for inspection of frademonstrated on samples of different materials, and a per-
ture surfaces based on SEM images. The system facilitatesmance analysis is applied on the resulting multi-scale
the reconstruction of complete 3D fracture surfaces andodel. The roughness calculation was verified against
provides interactive visualization of the multi-scale strucroughness calculation applied to the optical profilometer.
ture, thus offering better insight into fracture surfaces at

different levels of detail. In particular, a new method ha¥eywords Fracture surfacestereo-photogrammetry

been developed for geometric reconstruction of a 3D texMulti-scale- Multi-resolution- Textured meshes

tured mesh from SEM stereo images. The mesh is repr¥isualization analysis

sented as a 3D geometric multi-resolution structure. The

sampled images are represented in the form of a multi-

scale hierarchical textured structure. Thus, the global shapgroduction

of the sample is represented by a 3D mesh, while its micro

details are represented by textured data. This multi-scale aRhcture mechanismsave been examined and studied for
hierarchical structure allows interactive multi-scale navigaabout two centuries in an attempt to optimize the toughness
tion of the 3D textured mesh. The Regions of Interest (ROQf engineering materials. Over the years, techniques for
can actually be inspected interactively at different scales assessing fracture surfaces have evolved considerably, par-
means obptical or digital zooming Thus, the digital model ticularly with the development of microscope technologies
can be visualized and the behavior of the 3D material can Isich asScanning Electron Microscopy (SEMpday, high
magnifications at high resolutions enable scientists and
engineers to visualize fracture surfaces at a resolution of

M. Khokhlov- A. Fischer { ) _ o 1+20 nm that allows for detailed assessment of the tough-
?Q?"ﬁoh?lz Laboratory, Faculty of Mechanical Engineering, ening vs. weakening failure micro-mechanisms. Neverthe-
Haifa 32000, Israel less, very few research studies have utilized fracture images to
e-mail: meranath@technion.ac.il generate full 3D textured surfaces with multi-scale geometric

. ) representation. Moreover, utilizing a multi-scale approach for
M. Khokhlov- D. Rittel . -
. . . N analysis of fracture surfaces overcomes the difficulty of ac-
Materials Mechanics Center, Faculty of Mechanical Engineering, . . T .
Technion, quiring high resolution images that cover the entire area of a
Haifa 32000, Israel surface. With this approach, lower resolution images can
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represent an entire area, while high resolution images repffeacture surface. Therefore, a method that includes simulta-
sent only a few Regions of Interest (ROI). The availability oheous representation of global features and fine details
full 3D pictures can pave the way for the assessment & needed for reconstructing textured meshes from SEM
guantitative features such as local roughness on a large spaitiahges.
scale, a capability that is currently unavailable. Moreover,
such images can provide better qualitative comprehension $fereo-Matching on SEM Imag8gveral methods can be
the crack path and its relation to the micro-mechanisms aeised to generate stereo-photogrammetry of 3D fracture sur-
failure. faces from SEM images3f9]. These 3D reconstruction
This paper describes a new multi-scale stereo-photogtgmmemethods can be used to extract profiles and examine rough-
system for inspection of fracture surfaces from SEMess, local toughness, fracture energy and critical crack tip
images. It includes a new method for modeling fractur@pening. This approach has provided good results for com-
surfaces that reconstructs 3D multi-scale textured meshes. Tgiex textures characteristic of fracture surfaces. In this paper
resulting model allows better understanding of a fractureve apply matching on SEM images to find the best similar-
surface and its material characteristics. The method incorpty between patterns (Fig(b)).
rates knowledge and algorithms from interdisciplinary fields,
e.g. stereo-photogrammetry, multi-resolution mesh recomeconstruction of 3D Meshé&tereo-photogrammetry
struction, texture mapping and multi-scale analysis. The stayeelds a cloud of 3D points from which a mesh is recon-
of the art for these techniques is described in the followingtructed 10, 11]. Mesh construction can be difficult, espe-
section. cially in complex real 3D cases where the resulting mesh is
not unique and well defined 2, 13]. Nonetheless, because
stereo-photogrammetry is a 2.5D problem, an object can be

Overview projected in 2D without loss of information. Thus, meshing
is much simpler than in 3D and can be handled as a terrain
Multi-scale Material Structure mapping problem I4]. The two classical meshing

approaches are Delaunay triangulativ jand grid-based
Materials are characterized by complex multi-scale structumeshing 16]. In the current study, a grid-based method is
al geometry and complex behavior and exhibit differentised to reconstruct the quad mesh.
architectures at different levels of hierarchy 7). In the
micro-structures of fracture surfaces, the material architetexture Mapping on Meshdgxture mapping, required for
ture and texture differ significantly with respect to shaperealistic visualization of 3D surfaces, involves applying a
texture and direction, depending on the surface site. Mor@D textured image on the reconstructed 3D mesh. Texture
over, due to heterogeneous characteristics, the mechaniocapping, one of the leading techniques in high quality
properties of a material may vary significantly at differenimage synthesisl[], can enhance the fine details of scan
micro-scale levels, even in a small area. Therefore, visualimages while requiring only a relatively small increase in
zation of 3D multi-scale micro-structures can serve as eomputation. Mapping a 2D texture onto a 3D surface
basis for analyzing the behavior and exploring the propertigequires parameterization of the polygonal mesh. [In
of different materials. The following section summarizeghe proposed method, a given image of the micro-structure

various visualization techniques. surface is mapped on the 3D mesh to yield a 3D represen-
tation. Though texture mapping is considered a complex
Visualization of 3D Multi-Scale Micro-Structures problem, in this case the problem is simplified because the

geometry of the samples has 0-genus and is 2.5D. The
Fracture Surface AnalysiSurface roughness, a commonresulting textured mesh contains both global information
mechanical property, can be analyzed either via differemf the 3D shape and fine micro structure details.
material cross-sections or through statistical analysis of the
entire tested sample area. One of the state-of-the-art meMulti-Scale ModelingVulti-scale modeling is applied in
ods for profile analysis is the FRASTA meth@], [which  mechanical computations such as finite element analysis to
makes it possible to analyze the mechanical behavior of @eate models with more details and to acquire information
surface through a predefined profile. Nevertheless, the laek previously unavailable scales and sub-scales. The use of a
of explicit 3D information requires assumptions and intermulti-scale approach for analysis of fracture surfaces over-
pretations about the missing data. A significant advance icomes the time and space complexities of acquiring high
surface analysigl] focuses on 3D reconstruction of fracture resolution images for an entire surface area of the sample.
surfaces. However, this method reproduces only a globabwer resolution images are acquired for the entire area,
shape of the surface, and ignores the fine details of thehile high resolution images are used only for a few
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Regions of Interest (ROIs) that can be changed dynamicalMulti-Scale Material Analysi$laterial properties analyses

in space and scale. In this study, the entire model is initiallgre used to examine the multi-scale surface behavior of the

reconstructed and visualized at a lower scale level. Whenexplored material22]. Surface roughness can be analyzed

higher scale is required for specific ROIs, the system searaither through different material cross-sections or by statis-

lessly switches to a higher resolution model. In cases whetieal analysis of the entire tested sample area. For some

high resolution information partially overlaps the ROI areanaterials, surface architecture and texture differ significant-

at the lower resolution, a fusion of different resolutions caty at different scales with respect to shape, texture and

be visualized. directionality. Therefore, a multi-scale structure is crucial
for analyzing material behavior and exploring material prop-

Multi-Resolution Geometric Data Structufédne multi-  erties at different sites and different scales.

resolution approach is used for decomposition of geometric

models at hierarchical levels of details8[. A multi-

resolution representation comprises a hierarchy of intermgpproach

diate geometric models. This approach facilitates: (a) rapid

model compression and simplification; (b) fast, progressivghe objective of this research has been to develop an auto-

and view-dependent rendering; (c) data transmission; amdatic 3D system for inspection that creates multi-scale

(d) level of detail control. The method described 18][ models from SEM stereo images. A schematic representa-

utilizes a Hierarchical Space Decomposition Modetion of the proposed system is depicted in Fig.The

(HSDM) based on an octree data struct@@, [where the feasibility of the system is demonstrated on several fracture

set of original points in each voxel is replaced by a represurfaces scanned by a SEM.

sentative vertex that is later used for connectivity graph The proposed algorithm is based on the following

calculation and further mesh reconstruction. The positiogtages:

of the representative vertex is defined as a centroid of the

sampled points for each cell, and the operation can &

considered as low-pass filtering of the input data. Thus,

the process becomes more robust and stable with respect

to sample noise. The HSDM resolution can be changed

during visualization, showing the scanned sample at differ-

ent levels of details. As the resolution becomes lower,

reconstruction and visualization get faster.

Reconstructing a 3D multi-resolution mesh with multi-
scale textureThe reconstruction algorithm is applied on
stereo images at different scales from a variety of sites to
compute the 3D clouds of points and reconstruct the 3D
ROIs meshes. Then, a multi-resolution mesh is comput-
ed that integrates the ROIs meshes. Finally, multi-scale
texture mapping is applied on the multi-resolution mesh.
b. Generating intermediate levels in the hierarchical
structure.

Navigating via the scales and visualizing the fracture
surface at different ROIs. The multi-scale textured mesh
enables visualization of the surface behavior at different
scales. Moreover, the user can interactively select ROIs
by zooming in/out interactively. The zooming can be
optical or digital.

Multi-Scale Texture Mappin§imilar to one-scale texture
mapping (section 2.3), multi-scale texture mapping is res
quired for realistic 3D surface visualization of the recon-
structed multi-scale mesR1]. For an ROI that is directly
reconstructed from scanned SEM images, the texture is
defined by one of these images. In cases where an ROl is
calculated from 3D meshes at a lower scale, digital zooming
is applied and the texture is up-scaled according to th&he proposed SEM-based inspection system allows automatic
required ROI resolution. and high-precision inspection of fracture surfaces at sub-micro

Fig. 1 The proposed system for
multi-scale stereo-
photogrammetry inspection of
fracture surfaces

Fractured model Scanning electron Sets of stereo images Reconstructed surface Fine surface
microscope (SEM) with texture details

SEM
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levels to provide material and mechanical engineers with
improved understanding of fracture phenomena and feedback.

The inspection process is demonstrated inEig.

In this paper, the proposed multi-scale method has been

evaluated as follows:

Stage 1 SEM stereo image acquisition

Stage 2 Calculating the correlation between patterns - the

Sets of stereo images are sampled for recon-
structing the 3D meshes. These sets include dif-
ferent materials in order to test system robustnesStage 3

and performance.

matching process

Stereo images are processed to detect pattern

similarities, thus providing the basis for matching

Inspection of fracture surface for

micro-structure design and analysis
v

Scanning of fracture surface

Repeat for different scales

by SEM
v

3D cloud of point extraction
from stereo images

v

3D mesh reconstruction

v

Texture mapping on 3D

Analysis results feedback

model

v

Create multi-scale model
utilizing hierarchical data
structure

Generate intermediate
scales
for seamless transition

v

Analyze multi-scale fracture
surface model and detect
micro/nano features

Fig. 2 Proposed inspection system from SEM images

SEM

[23] each individual pixel in the SEM images
acquired in previous stage. In our system, each
pixel is represented by a region that includes it.
Similarity between the representative regions is
calculated. Three main parameters were used in
this process: pattern-window, searched window
and features location on SEM image (F8).

The resulting data represents the 3D surface
points.

Calculate the meshes from the 3D points

Once 3D surface points have been created for
each individual scale, 3D meshes are calculated
out of these 3D points. Then, the texture has been
applied to each created mesh. The texture is need-
ed in order to receive visually realistic-looking
surfaces.

Stage 4 Reconstruction of 3D multi-scale model

A hierarchical multi-resolution model is recon-
structed from the resulted meshes. The resulted
meshes are represented in a hierarchical grid-
based data structure, e.g. octr@d]] Stereo
images for different scales are stored in a hierar-
chical multi-scale data structure. The images are
mapped onto the multi-resolution mesh using tex-
ture mapping.

The feasibility of the proposed inspection
method is demonstrated on sets of SEM stereo
images taken for different materials and at var-
ious regions of interest. The inspection system
has been tested for robustness, sensitivity to
different fracture surfaces and degree of detall
on the textural and structural levels. Fractogra-
phy experts can use the interactive interface to
analyze the performance of the multi-scale in-
spection system. This analysis module includes
verification of reconstruction, quality and preci-
sion, multi-scale system behavior and detection
of fine details.

Implementation

The implementation stage includes the following steps:

a. Extracting 3D points from stereo images.

b. Computing 3D meshes from the SEM stereo images.

c. Texture mapping of the images on the resulting meshes.
d. Multi-scale modeling of fracture surface.

Extracting 3D Points from Stereo Images

3D points are extracted from stereo images by applying
stereo matching?f]. The stereo images are defined as the
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Direction of the rays

Tilt angle 20’

My(xy.y) My(x2.y)

(a)

(b) @

Fig. 3 The stereo matching @arth magmanaterial: &) and two SEM imagesj+(c) with marked matching featurgsittern-windowdenoted by
green frame within theearched-windowlenoted by red frame

source imagand thetarget image A pattern-windowof  algorithm is O(R), where A is the number otemplate
the source images defined according to texture behav-pixels Therefore the template should be as small as
ior, i.e. levels of detail and irregularitfthe pixel of practicable. For image-processing applications in which
interestis located in the middle of thpattern window the brightness of the image and template can vary due
Features with a high level of detail are correlated to # lighting and exposure conditions, the images can be
small pattern-window Increasing the window size pro- first normalized.
duces a higher level of smoothing and matching, which Figure 3 schematically depicts the reconstruction pro-
is less accurate and less sensitive to sharp changesciess. The matching featurpsittern-windowis denoted
the surface. Thesearched-winde of the target image by a green frame within theearched-windowdenoted
contains thepattern-window,and therefore should be by a red frame (Fig3(b) and (c)). These parameters are
larger than thepattern-windowand also defined accord- important for the matching process. Point M has two
ing to the texture behavior. projections (M and M) from two different directions

In pattern recognitiongross-correlationis a measure of projection (or2view®). If these two points and the
of pattern similarity between gemplateand an image. angle 2 between the views are known, computing the
In our case, thetemplateis defined as thepattern- depth 2z-valu@ of point M is straightforward. In the
window, while the image as thsearched-windowThe  scanning process, the tilt axis should be located in the
cross-correlation will be high where themplateand middle of the image to minimize image aberrations and
image regionsare highly similar. The cross-correlation distortion effects. Otherwise, the aberrations produced
algorithm for images is described g5 26]. We used by SEM scanning should be taken into consideration
Matlab R2009a 47] for calculating the cross correla- during stereo matching computation. The output is a
tion. The time complexity of the cross-correlationcloud of 3D surface pointsl]].

SEM
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The normalized cross-correlation function is defined as

follows:
Dwsn= ! owen= o —# o e
QUVE g BUONZ [ VON=2 Image; %Image,, Templatg o /oTempIate;\,n
S T e Toen %imagay 2 Templ Y Templatgy *
iom=  jpwe= IMage; %image, — Templatgyujonr % Templatgy
here Texture Mapping on a Mesh

& Image,, is the mean othe imagein the region that After the 3D mesh is reconstructed, the image of the micro-

overlaps theéemplate structure surface can be mapped to form a 3D representation
& templateis the mean of the template of the textured mesh. The new 3D model contains both
& NtTemplate size global information about the 3D shape and fine details of

its micro-structure in the form of texture. Figérehows an
example of a reconstructed fracture surface, Figepicts
Reconstruction of a Mesh from Cloud of Points the surface of biological material and FRyillustrates a
fracture surface for high purity alumina material.
Mesh reconstruction is difficult, especially in complex real
3D cases where triangulation is not unique and well defined
[12, 28]. Nonetheless, because stereo-photogrammetry ishulti-scale Modeling of Fracture Surface
2.5D problem, an object can be projected in 2D without loss
of information, and the meshing can be handled as a terrairthe reconstruction process is applied on each sampled
mapping problem14]. Figure 4 depicts reconstruction of region scanned by a SEM, and a 3D mesh is created for
the quad mesh. each ROI. The ROIs are defined in a variety of sizes, sites
In the case of outliers, filtering is applied on the 3Dand scales according to material analysis requirements. Af-
mesh. As a result, isolated sharp peaks are eliminate@r that, the multi-scale meshes are integrated into a single
and the mesh is smoothed and assumes the behavior ofmalti-resolution mesh. Intermediate levels can be calculated
topographic map. The filtering process is demonstrated iior regions in which the transition between two consecutive
Fig. 5. levels is not sufficiently smooth. Such intermediate levels

Fig. 4 A quad mesh recon-
structed from 3D points

1000 R\ -
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(a) = The main stages of the multi-scaleoming-outoperation
3 ; 30 are as follows:
50 ; g : .
4 Moo & Mark the zooming areaand thezooming-out
o 100 4] magnification
% g 10 & For the minimal ROI that contains tkeoming area
§ e Y 0 + If the ROI magnificationis lower than or equal to
> 200 the zooming magnificatigrreplace the mesh of the
:'%’u 10 ROI with the current mesh, in the overlapped area.
E 950 + Otherwise, apply the digitatooming-outto the
-20 zooming magnification.
300 !
-30 The resulting structure is composed of meshes at different
350 50 100 150 200 resolutions. The algorithm should preserve C1 continuity.
Image X Coordinate

(b)

Image Y Coordinte

- 6 Profile Analysis

u Profiles contain explicit information (e.g. roughness) about

2 the physics of the fracture. A profile can be computed in any

0 desired direction to analyze the roughness of a surface. The
profile is obtained by computing the intersection of the

-2 surface with a given plane. Its curvature can then be ana-

L3 lyzed, and subsequently the profile itself can be analyzed.
Extracting a profile from a surface is straightforward in our

-6 case because the surface is in 2.5 dimensions. Figure

8 shows an example of profile extraction following a specific
direction.

-10

50 100 150 200 e

Examples and Performance Analysis

Image X Coordinte

Fig. 5 A colored depth map of the mesta) fwith outliers; andlf)  The proposed method has been demonstrated on several
after filtering and smoothing samples. The performance of the resulting multi-scale model
has been analyzed for each sample on each scale separately.
o In the examples, we decided to compromise by using the
are procgs;ed as dllgltal reconstructgd scale levels (anaé?ﬁallest tilt angle possible to process the data (5 deg is
gous todigital zooming and are an inherent part of the adequate for that purpose), since larger angles will result

multi-resolution mesh. In our system a hierarchical mult|Tn a loss of focus and/or depth of field. While this can be

resolution structure in the form of a tree has been deﬁ”egorrected on most SEMs. we did not want to induce this
The multi-scale concept and an example are depicted i{i‘nd of optical preconditioning to the raw data.
Figs.9 and 10.

The main stages of the multi-scal@oming-inoperation

are as follows: The Error Functions

& Mark the zooming-in areaand thezooming-in The following error functions were evaluated:
magnification

& For each ROI that is included in tkeoming area a. Depth error (z value) with respect to tilt angle;

b. Depth error (z value) with respect to image disparity:
+ If the ROI magnificatioris higher than or equal to
the zooming magnificatigrreplace the mesh of the
ROI with the current mesh, in the overlapped area& The tilt angle! [in radians].

Otherwise, apply the digitzboming-irto thezoom- & The pixel disparityPixel_disparity{in pixels].
ing magnification. & The pixel sizePixel_sizdin mm].

The following parameters are defined:

I+
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Fig. 6 Reconstruction of the
model: @) the SEM image.h)
3D textured-mesh; and)(the
guad mesh (arbitrary units)

& The height Z of each computed 3D poin; fin mm].

& The height errotz[in mm]

Depth error with respect to tilt angle
Z; can be computed from the following equation:

Pixel disparity; &ixelsize

qlat # -
Zi 2sina

SEM

Then thel z can be calculated:

" Pixel_disparity; ®ixel_size
| i
dZa" # 2 sinatana da
n dz da
2 # z # tana

In our case) 05! and"! 00.5! (8.73e&3[rad]).
Substituting in the above equations, the height eétrig
10%.
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Fig. 7 Biological material (X18): & SEM image; i) the recon-
structed surface

Depth error with respect to image disparity

The disparity error resulting from image resolution isFig. 8 Fracture surface of high purity alumina (X800) & SEM
assumed not higher than one pixel. Due to differenimage; andlf) 3D surface
tested scales used in fracture SEM analysis, typical

pixel-sizevalues vary between #/pixel and 0.00%/pixel.  x3200. The dark areas refer to the optical zooming of the
Typicaltilt angleis "5&. Therefore the depth error is given asseM, while the light areas refer to the digital zooming.
follows: Figure 12 shows the images faluctile stegl with a
0:03#' dz Pixeldisparity’ ' 5:7# smooth transition between the areas of the optical and the
digital zooming. As expected, the optical zooming provides

The low boundary of the depth error relates to the highnore details than the digital zooming. The features can be
scale (0.0055/pixel) and the high boundary of the depthidentified clearly at different scales.

error relates to the low scale $Ipixel). It is important to Figure 13 presents the 3D textured meshes dactile
note here that the distortion error caused by SEM imagingteel In 3D as well, there is a smooth transition between the
system was disregarded. areas of the optical and digital zooming, though this is not
guaranteed and should be handled in the future by the
Examples: Multi-scale Textured Mesh reconstruction algorithm that integrates the multi-scale

meshes. The 3D features can be identified clearly at differ-
The proposed multi-scale approach was tested on seveedlt scales.
material samples, and the fractographic images were gener-Figure 14 presents the typical fracture surfaces and the
ated at different scales. Samplesio€tile broken steednd  corresponding 3D textured meshes fctile steelat a
brittle materialwere scanned at zooms of x800, x1600 and&zoom of x3200. The meshes (red lines) are shown on the

SEM
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Fig. 9 Hierarchical image data
structure: 4) tree concept;h)
image-based multi-scale repre-
sentation of fracture surface.
Dashed window depicts the se-
lected Region of Interest (ROI)

Fig. 10 Multi-scale representa-
tion of 3D fracture surface of
high purity alumina materiala)
top view of high-magnification
(X200)- (selected ROIs) and
low-magnification (x100)- tex-
tured meshespj 3D of high-
magnification (X200)- (selected
ROIs) and low-magnification
(X100)- textured meshes;)(top
view of high-magnification
(X400)- (selected ROIs) and
low-magnification(X200)- tex-
tured meshesdj 3D of high-
magnification (X400)- (selected
ROIs) and low-magnification
(X200)- textured meshes
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Fig. 11 Magma material x500- a textured mesh and an extracted profile

textured surface. When the images and the meshes shown inFigure15(a)shows images frora brittle material Again

Figs. 12(c) and 13(c) are enlarged, the smooth transitionthere is a smooth transition between the areas of the optical
between the areas of the optical and digital zooming iand the digital zooming. As expected, the optical zooming
clearly evident. Again the 3D features can be easilprovides more details relative to the digital zooming. The
identified. features can be identified clearly at different scales. Figure

Fig. 12 Ductile steel fractured
surface: Zooming of an image

@)(c)
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Fig. 13 Ductile steel fractured surface- Zooming of the textured mas(c)

(b) and(c) show the image and the 3D textured mesh oBhow the image and 3D textured meshbadiftle steelat
brittle materialat a zoom of x800. Figuré5(d)and(e) a zoom of x1600. In this example as well, there is a

Fig. 14 Ductile steel fractographs x3200. The light and the dark areas represent the digital and optical zooming respgetyeifre(image
and textured mesh with the digital and optical zoomiog:(d) The mesh (red grid) is demonstrated on the image and the textured mesh with the

digital and optical zooming

SEM
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Fig. 15 Brittle steel fractographsa) Image zooming - x800 and x1600; an image and a textured nigs(t)(x800; d)+(e) x1600
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Fig. 16 Brittle steel x1600:4) a textured mesh and the profile plane; Fig. 18 Magma x500: &)

(b) the profile a textured mesh and the profile plang);, (

the profile

smooth transition between the areas of the optical and,, pe defined interactively. Verification of the digital profile
digital zooming, and the 3D features can be identifiedsih 4 measured profile is beyond the scope of this paper.
clearly at different scales. The proposed method has been demonstrated on several
samples. The performance of the resulting multi-scale model
has been analyzed for each sample on each scale separately.
In our examples, we decided to compromise by using the
) i ) . smallest tilt angle possible to process the data (5 deg is
E_xtra<_:t|on of a profile from a textureo_i mesh in a given dequate for that purpose), since larger angles will result
direction was tested on several material samples, and t €4 loss of focus and/or depth of field. While this can be

images were scanned at different scales. The method dBrrected on most SEMs, we did not want to induce optical
demonstrated on samplesiwoittle steel(x1600) Tungsten reconditioning of that kind to the raw data
heavy alloy (x800), Magma (x500) and 99.5% aluminump )

(x400). Figuresl5, 16, 17, 18 and 19 show the textured
mesh and a plane (upper figure), where the plane represents
the pre-defined direction. The resulting profile is obtained
by intersecting the plane and the textured mesh (lower
figure). With the proposed system the direction of a profile

Examples: Profiles Extracted from Textured Meshes

Fig. 17 Tungsten heavy alloy x800a) a textured mesh and the Fig. 19 99.5% aluminum x400:a) a textured mesh and the profile
profile plane; Ip) the profile plane; b) the profile

SEM
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Fig. 20 Roughness results measured using multi-scale photogrammet- .

fic SEM system. Each sub-figure shows the reconstructed surface, thi9- 20 (continued)
reconstructed surface with the plane fitted (used for detilting) and the

detilted surface (used for roughness calculati@).dughness results

calculated for Alumina Ra0.8 specimen with x400 magnificatio)n; (

roughness results calculated for Alumina Ra0.8 specimen with x1600

magnification
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Verification: Estimation of the Accuracy of Roughness & The proposed inspection system creates a new interac-

Measurements tive 3D digital and virtual environment by applying data
fusion between the real multi-scale images and the dig-

In order to validate the roughness results measured on ital computed 3D mesh.

Multi-scale Stereo-Photogrametric SEM System, we pe& The profilometric analysis can be applied interactively

formed roughness measurements for the analyzed specimen, on the textured meshes in any given direction and the 1D

using optical profilometry (Wyko NT1100 optical interfer-  profiles can be subsequently analyzed.

ometer, Veeco, USA) on a polished alumina sample. Th& The 3D model will yield better insight about fracture

surface roughness Sa measured in optical profilometer was surfaces and provide reliable and valuable feedback for

Sa00.8$. In Multi-scale Stereo-Photogrametric SEM, two  engineers and scientists.

scales were used for the evaluation, namely x400 (300& The system roughness measurements were shown to be

300$ field of view on specimen) and x1600 (70#$0ield similar to optical profilometer roughness measurements.

of view on specimen). Since, some tilt to the specimen was In addition, the system is able to conduct roughness

introduced to the tested specimen during measurement, the measurements not only on polished surfaces but also

reconstructed 3D surfaces wéde-tilted® by subtracting a on fracture surfaces.

fitted plane to the resulted 3D surface. Then, the roughne
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