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Abstract: Despite the availability of various Process Analytical Technolo@sT) for measuring other particle
properties, thie inherit limitations for the measurement of crystal shape haverestricted. This has impacted, in turn,
on the development and implementation of optimisation, monitaicigcontrol of crystal shape and size distributions
within particle formulation and processing systems In recent years, imagitegns have shown to be a very promising
PAT technique for the measurement of crystal growth, but stilingaBg limited as a technique only to provide
two-dimensional information. The idea of using two synchronizedetas to obtain 3D crystal shape was mentioned
previously (Chem Eng Sci 63(5) 1171-1184, 2008) but no quandtatsults were reported. In this paper, a
methodology which can directly image the full three-dimensioredelof crystals has been develope based on the
mathematical principle that if the two-dimensional images of an object#amed from two different angles, the full
three-dimensional crystal shape can be reconstructed. A proaiadutcstudy has been carried out to demonstrate the
potentials in using the system for the three-dimensional measuremeydtaf

Key Words: Stereo imaging, Crystal shape, Three-dimensional shape reconstrimetiga,analyis

process monitoring these techniques cannot give detailed
1. INTRODUCTION information on particle shape though some of these
. . , technigues have been shown to be able to distinguish between
Particle shape is known to be extremely important t0 maRyerent polymorphs with careful spectral data analysis using
pharmaceuticals, biopharmaceuticals, human health prOdUEF%mometricsml]. Overall, the inability in the measurement
and speciality chemicals in solid form. In the pharmaceuticgk particle shape and growth rates in individual faces has
industry, morphology can affect important properties such @geatly restricted the development and implementation of

dry powder density, cohesion, and flowability, which canyqnitoring and control of particle shape for these particle
have major impact on a company's ability to formulate drug. . \1ation and processing systems.

particles _into finished products. Moreover, CryStaéAost recently, several research groups and industrial

morphology can affect drug dissolution, potentially affectin ompanies have found that it is feasible to use on-line

finished product bioavailability and, in extreme, resulting N o-dimensional (2D) imaging for particle shape

the loss of the license to making the drug product. __measurement, and initiated research activites232-
Despite its significant potential importance, the direGh\jings and co-workers carried out research on the
characterisation of particle shape has been quite limitgteasyrement of crystal size and shape distributions using in
largely relying on off-line instruments of methods. For quitgjy, video images [22. Wilkinson et al. from
some time there have been no effective instruments capaglg, osmithKline has developed a prototype on-line
of _prowdlng_ real-time |_n.format|0n on particle Shapenon-invasive microscopy imaging systefd7][[23 for
partlculgrly W',th the _capablllt){ for use during the ProcessINg,qnitoring pharmaceutical crystallisation. AstraZenfzg [
of particles in unit operations such as crystallisationggieq the use of a commercially available imaging probe
precipitation, granulation ar_1d milling (dry or wet). Wh"§t'named as PVM by Lasentf@4]. Other 2D imaging systems
well-developed and studied PAT (process analyticalcp, a5 Py and ISPV[R6]| are also available. Mazzotti
_technology) techniques such as acoustic, and mid and NSAH co-worker designed a flow through microscope
infrared spectroscopy and laser diffraction have been used 3, a mirror configuration, hence the passing particles can
be viewed from two directions. They applied the system to
Support from the China One Thousand Talent Scheme oatgdged. (aj'zc?t:b;ﬁfg‘f:gai{grsltaﬁgogtegttlr&g:éyzit?l ::nzgg],ir\i\vftgsnd
The research has also benefited from early work thatsupported by UK p : 2 g ges,

Engineering and Physical Sciences Research Couri/Cp09541 together with crystal shape structure, to obtain the normal
EP/E045707) and Technology Strategy Bodine/BD059E).



mailto:x.z.wang@leeds.ac.uk

distances of individual faces to the crystal centre, hensgnificance. Some microscopic systems are able to provide
constructing 3D shape, of potash alum crystals in a hot-stage information of a particle by scanning many thin sections
reactor. The evolution of these normal distances over tinoé the sampld46]. However, these systems are not practical
then leads to the estimation of the face specific growth ratésr 3D on-line measurements due to the very low speed in
However, the developed method can only be applied to somjeration. Intensive research and development has been
crystals with specified shape features and imaging conditiortarried out to obtain 3D topographical data of objects in
A flow through microscope system was also used to obtainbotics and machine vision areas with the objects at meter or
high quality images with regard to particle sharpri@®.[ millimeter scale. Several optical, non-contact methods have
The boundary curve of the 2D particle projection was used b@en developed for a wide range of applications, such as
estimate 3D shape. In medical and biological areas, miniaturmire methods (shadow and projection), fast-Fourier
CCD cameras were used to develop imaging systems. Gorpassform approaches, stereo imaging etc. Stereo imaging has
et al.[B1] developed a volumetric method, using a binoculathe advantage of providing more direct, unambiguous and
machine vision system with a structured light projector, tquantitative depth information, and it can be used for a very
reconstruct three-dimensional (3D) tumour surfaces (ca. Wide range of applications in academic research, industry and
mm in size) with an accuracy of 0.04 mm in standardaily life in addition to the applications of 3D measurement.
deviation. A imaging system using a flow through cell witiMost approaches to the application of stereo vision utilise the
one camera and two mirrors was developed to obtain 3timan vision system to establish a model for the camera
information of crystals grown from solutio. Another system @ For stereo imaging system, many different
binocular vision system was designed to reconstruct the shaygenera-object geometries have been studied and used for
of mineral and rock particles on a conveyor .[A few specific applications such as the common parallel camer
of three cameras imaging systems were also develapedoptical axes, the converging (nonparallel) camera optical
characterise 3D shape of free-falling particld®0um ~ axes, etc. To extract 3D information from the recorded stereo
4mm) or 3D information of a wound ar. However, image pairs for 3D reconstruction of objects, it is necessary to
all these binocular and three-camera imaging systems are fiod disparities among a series of corresponding points
designed to be used in a reactor for direct measurementbeftween a pair of stereo images taken from the same scene.
crystal size and shape evolution and the objects to Béere are many matching techniques and corresponding
characterised are normally at millimeter scale, hence nalgorithms which can be generally divided into three
being suitable for micron-sized crystals. Interactive systengsitegories: area-based, feature-based, and their combination.
that allow users to control and manipulate real-world objects general, feature-based techniques yield a better match
within a remote real environment are known as teleoperatmore stably and accurately than other techniques. Two types
or telerobotic system§][37]. Such systems are often usedof features commonly used are point-like features such as
in medical applications to confirm diagnosis and makeorners and line segme.

telepresence surgery. Some 2D/3D endoscopes have been, . .
developed for these purposes (see for exafgBi3E-45]) gnchls paper, a proof of concept study is reported to

. i o > . h ials i i h for the 3D
with the most known ones being da Vinci telerobotic surgic emonstrate the potentials in using the system for the 3

M easurements of particles at micron scale. The basic mode of
system[88] and ZEUS" [39). Such systems are controlledthe operation is based on the mathematical principle that if the

by surgeons remotely by viewing virtual surgical site wit D,images of an object are obtained from two different angles,

stereoscopic system and controlling stereoscopic camera ?ﬂg full 3D particle shape can be recovered. In the following
robot surgical armaments. In their papers, Hu ef4al[42] sections, the methodology of 3D stereovision imaging system

developed 2D and 3D surgical imaging device with pan a8 the characterisation of crystal shape is briefly described.

tilt for mi”"."a”y invasive_surgery._queve_r, these imaging].hen the stereo imaging system is developed with some case
_systems still h_ave S|gn|_f|_c_ant limitations n term_s of the'rstudies. Finally, concluding remarks are made.
image processing capabilities and how to link the information
for shape monitoring and control. In fact at the moment the THE METHODOL OGY
are mainly used to display information to operators and store
data onto hard drive. Nevertheless, we believe that with thé&
active research activities internationally and the great interd

from instrument companies and end-users, before long t

ure 1 shows the development flowchart for the
onstruction of 3D crystal images from 2D stereo images
en by a stereo imaging system. A two-camera system is
image processing capabilities will improve significantly, thu§"0P0sed, which places two cameras at a pre-defined angle
stereo angle). The two cameras focus on the same sample

opening up new commercial opportunities for on-lin | ih the identical ¢ The st
monitoring and control of crystal size distributions based of'uMe Wi € ldentical camera paramelers. ihe stereo
the shape evolution. image pairs can be obtained via these two cameras when

Despite th | h and devel i shuttering at a synchronised instant. The obtained stereo
espite the several research and developmen programrnﬁgge frames are processed using a multi-scale segmentation

mternatlonall)’:, ‘f.’I" thet .V\;ng tonzgartlcle_5|zeAﬁ1rr]1d S;]ag Igorithm [[4] or other pre-processing methods. Using
measurements 1S restricted 1o 'maging. oug orner/edge detectiof#t$-51], the corners and edges of the

shape IS a_Iready a major step from the trad't'on%rystals from the processed images can be identified. A
characterisation of particles based only on a volumgs, o hased matching algorithm (see for exarf#8h Ean
equivalent diameter of a sphere, being able to measure

shape will be of much greater scientific and industria used to identify the corresponding left and right features



(corners, edges). The 3D coordinates of crystal shape can tpeirs are stored onto a PC for further image analysis and 3D
be reconstructed with the identified corresponding corners mgconstruction.

edges using a stereo triangulation algoritf8|[B3. The Technique to use stereo cameras (wo cameras) for the

obtained 3D crystal shape information can be further used ig-,nstruction of 3D vision is directly related to human vision
obtain other useful data. For example, the dynamic changeQkiem, j.e. two cameras mimics our left and right eyes and
3D shape of crystals with time, can be used to estimate Crysij o construction software mimics the fast image processing
face growth rates and derive facet growth kinetics (e.9. faGgtor prain. The stereovision technique has been widely used
growth rate as a function of supersaturation). in machine vision such as vehicle and person identification,
product manufacturing etc. though most of them positioned
two cameras in parallel. In chemical processing area,

Stereo imaging system stereovision systems for 3D reconstruction of particles in
ﬂ reactors at micron size scale are still rare because of the
- technique challenges when the object size is reduced from

2D stereo images taken from a| millimeters or meters to microns. The proposed stereovision
reactor or static crystals 3D imaging system in this paper is to face the challenges and

ﬂ provide a practical tool for 3D reconstruction of micron-sized

particles in reactors. A typical built-up stereo imaging system
(Figure 3) includes a 3D imaging block (two cameras with
two telecentric lenses), a light souredight controller with

LL strobe pulse for synchronising cameras and lights, a reactor,
and a PC with image acquisition software and image
processing. The imaging system has a spatial resolution of
lL 3.45um with the current selection of cameras and lenses. The
system can capture up to 6 frames per second with each image
having a resolution d2448x205Q

Multi-scale segmentation and crystg
pair identification

Correspondence of edges/corners

Reconstruction of 3D shape from th
identified edges/corners

| ssss
ai%2
! I
Further use of 3D crystal shape informatiq o= Image acquisition
g : interface
imaging
block

Fig 1. Flowchart of 2D stereo image measurement and g8atrshape
reconstruction

. Reactor
Stereovision
imaging block ~ Cameral / LED »
light o — ==
— -'\L Z e i'\f& ED light - ..
e - =2 e
circulator | 3 A R
\ Lo [ L
Camera 2 ‘:lj_:__ Ny US| = scurcge conwoller
Fig. 3. 3D imaging system
Strobe control Light 4. 3D SHAPE RECONSTRUCTION FROM 2D
/ pulse source STEREO IMAGES
With the recorded image pairs, each image is undertaken
several image processing steps including pre-processing such
PC Stereo images as the adjustment of image contrast, edge/corner extraction,
IV and the identification of edge/corner correspondence for 3D
reconstruction. Using the multi-scale segmentation method
Fig 2. Schematic drawing of the stereovision imaging system , the Crystals from each |mage of an |mage pa”'S can be
3. EXPERIMENTAL STUDY identified and numbered for further processing to obtain 3D

shape information. The central coordinates of the numbered
The schematic diagram of a stereo imaging system is showfystals are calculated. The paired crystals between the two
in Figure 2. The system can be composed of a reactor fafages in an image pairs can then be found by comparing the
crystallization processes under a controlled heating ag@ntral coordinates of the numbered crystals in each image.
cooling conditions, and a stereovision imaging system fathe identified crystal pairs will be further processed to
capturing stereo image frames. The recorded stereo imageonstruct 3D shape. According to the different features



from different crystal shapes such as needle-like, plate-like91um, which is about 1% from the real length of 1Q00.
rod-like etc., the corner correspondence between tltecan be seen that it will present significant error if the 2D
identified crystal pairs can be established. This method céength of 850um (representing a 15% error of the real line
avoid the search of the whole image to obtain the matchihgth of 1000 um) for this line is used for further crystal
corners, hence improving processing speed and quality  characterisation. Furthermore, at the extreme configuration of

For 3D reconstruction from 2D stereo images, in addition l%line.that pargllels to the camera optic axis, the line length on
stereo matching to obtain the correspondence of the identifiddD image will be close to zero.

crystals corners in the paired images taken from the same

scene, the reconstruction of an object from the calculated
correspondence can be achieved by using the triangulation 180
method[52][53]. For the 3D coordinates of a corner, the 3C mu
coordinates (XY, 2) of this corner is a function of the (a) (b) @ (C)
coordinates of the two 2D images, (¥, X2, Y»), stereo angle -
(a), the total distance (L) between a subject and camera, ott
properties such as resolutiar) { magnification(A) etc. 0

(Xl Yl Z) = f(Xll y1; X21 y21 a, o, A: L7 "') (1) -
In the current imaging configurations of the cameras an '

-500  -400 rﬁE‘IEI VZE‘IEI VWE‘ID EI WEID ZEID BEID AEID EEIIEI
(depth)
lenses, the stereo angle between the two camera optic axes is
fixed at 22 degrees and the total distance L including the lens _ o , _
4. Reconstruction of a line with a length o6@ficrons: (a) 2D image of

working distance, lens length and camera flange focﬁl\g . S ) i e
: ’ e line; (b) identified end points of the line; (@constructed | 3D
distance, has a value of 147.726 mm. The magnification &ﬁc'ge (b) identified end points of the fine; (@constructed fine in

the lenses, A, is 2 times with a resolution ¢ of 4.65um. The
obtained equation for the calculation of 3D coordinates of a
corner or point from the two 2D images is as follows. For the image pairs captured from a plate-like crystal in a
X a; O 0 1r1by reactor (Figure 5(a)), the application of the multi-scale
0 a0 ]H
0 0 azs3llbg

Y 2 segmentation method and the crystal pairs identification

7 procedure will identify the crystal pairs (Figure 5(b)) for
further processing. Based on the features of a plate-like

crystal, a parallel fitting procedure is applied to the identified

where crystal pairs to obtain the 2D coordinates of the
a corresponding corners (Figure 5(c)). Again, due to the
b [sinz ] plate-like crystal is not orientated perpendicular to the camera
! 3) optic axis, the reconstructed crystal (Figure 5(d)) has larger
length and width, hence larger area comparing to those from

pure 2D calculations.

For an ideal crystal of L-glutamic acid (LGA}form, the
same crystal pair identification procedure can be applied to
[a10 + (x1 + x3) S] the original 2D images (Figure 6(a)) and the identified crystal
a A . . .
1 . pairs were then processed with edge/corner detection and
Q22| = Y13 (4) correspondence search. The reconstructed 3D shape of the
33 azo + (%, — xl)% LGA a-form crystal is shown_ in Figure 6(b). Note that with
_ the help of crystal symmetrical features, the whole crystal
with a0 = 74 mm and @ = 54.5 mm. The reconstruct8® shape of LGA a-form can be established from the
particles are then used calculate particle shape descriptorgeconstructed 3D shape which only represents a half of the
and also perform classification and clusterfgarticles. real crystal in 3D space.

For a real needle-like crystal (a line segment in theory) ghe typical stereo images of a sugar crystal are shown in
shown in Figure 4(a), the real length of the line is 1000 Figure 7(a). After performing crystal pair identification,
However, it can only measure as 10@® on a 2D image edge/corner detection and correspondence of the left and right
when the line is at an orientation perpendicular to the caménaages, the coordinates of the corresponding corners on left
optic axis. In the current case, the line has a length ofiB50 and right images were used to obtain the 3D shape of a sugar
on the 2D image, which indicates that the line has an anglea{stal (Figure 7(b)). Again, the crystal symmetry can help to
~60 degree against the optic axis. With the crystal padstablish the whole 3D structure.

identification and edge/corner detection, the coordinates of

the end points for the paired lines on the 2D image (for

example, Figure 4(b)) can be used to reconstruct the 3D

coordinates of the end points of the line, hence the line in real

space (Figure 4(c)). The reconstructed 3D line has a length of
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Fig 5. Reconstruction of a plate-like crystal grown fromusion in a reactor
(a) original image pairs; (b) identified crystal @air(c) feature-based
edge/corner detection and correspondence; (d) reooted plate-like
crystal in 3D space

(@)

Fig 6. Reconstruction of a crystal of L-glutamic acid alpbarf: (a) original
2D images; (b) reconstructed crystal in 3D space

(b)

Fig 7. (a) Typical stereo image pairs of a sugar crystal, (ln=tcucted
shape of a sugar crystal at two orientations

The typical images of potash alum crystals are illustrated in
Figure 8(a) (left and right images). Using crystal pair
identification and edge/corner detection with some false
corners were manually removed. The corners for
correspondence processing were obtaamshown in Figure
8(b). With the corner coordinates, stereo triangulation can be
usedto calculate the correspondiB coordinates. After that

the 3D shape of the crystal was reconstruetedhown in
Figure 9(b). For comparison purpose, the nine surfaces of the
potash alum crystal in the 2D image were shown in Figure
9(a), each associated with a letter from A to I. The crystal size
in x, y and z directions were estimated from the 3D
coordinates as 580, 588 and Ri¥, respectively.

Fig 8 Image pairs of a potash alum crystal (a) original imabg<dgrner
detection



(5]
(6]
(7]
(8]
(9]
[10]
[11]
N [12]

Fig 9. Individual faces of a potash alum crystal: (a) crysteh 2D image; (b)

reconstructed 3D crystal with two orientations (Nindeses on the top part [13]

of the crystal: one {100} face A; four {110} faces- B, D, F, H; and four

{111} faces-C, E, G, |)

5. CONLUDING REMARKS [14]

Most of the existing imaging systems can only record 2D
images and some 3D systems in machine vision and medical
applications are only suitable for large objects and/or thes
visualisation of 3D images as an assistant to remote
micro-surgery. The 3D stereovision imaging system
presented in this paper is particularly designed to record and
reconstruct 3D shape of particles at micron size scale in
reactors. The technique uses two cameras and two telecemntrég
lenses to image different facets of a particle, and toen
reconstruct the 3D shape. The reconstruction of 3D crysé%
shape from 2D stereo images can involve the following steps:
raw stereo image pre-processing; corner/edge detection;
correspondence establishment and triangulation for 3JE8l
calculations. The obtained 3D crystal shape can be used to
characterise crystal properties such as face growth rates,
shape factor, surface area, volume and size distribution. The
case studies demonstrated that the instrument, together Wi
the developed methodology, is potentially very useful for
process and product quality monitoring and control gbg;
crystallisation processes in academic research and industrial
applications including pharmaceuticals, aghemicals, dyes
and pigments, food, detergents and formulation additives.

REFERENCES
(1]

(21]

K. R. Lee, Zuber, G., Katrincic, L., Chemometrigproach to the (22]
determination of polymorphism of a drug compound bfyaied

spectroscopy, Vol. 26, No. 2, 135-147, 2000.

J. Calderon de Anda, X. Z. Wang, X. Lai, and K.Rbberts,

Classifying organic crystals via in-process image anasysisthe use
of monitoring charts to follow polymorphic and morplgitmal

changes, Journal of Process Contka). 15, No. 7, 785-797, Oct,
2005.

J. Calderon de Anda, X. Z. Wang, X. Lai, K. J. Rdb, K. H. Jennings,
M. J. Wilkinson, D. Watson, and D. Roberts, Real-tintedpct

morphology monitoring in crystallization using imaginghteique,

AIChE Journal, Vol. 51, No. 5, 1406-1414, May, 2005.

J. Calderon de Anda, X. Z. Wang, and K. J. Robévislti-scale

segmentation image analysis for the in-process monitofipgrticle

(2] (23]

[3] [24]

[25]
(4]

shape with batch crystallisers, Chemical Engineeringrge, Vol. 60,
No. 4, 1053-1065, Feb, 2005.

M. Kempkes, J. Eggers, and M. Mazzotti, Measurementadiqgte
size and shape byFBRMand in situ microscopy, Chemical
Engineering Science, Vol. 63, No. 19, 4656-46758200

Lasentec In¢http://www.lasentec.coin

R. F. Li, R. Penchev, V. Ramachandran, K. J. Reb&tZ. Wang, R.
J. Tweedie, A. Prior, J. W. Gerritsen, and F. M. Hudrarticle shape
characterisation via image analysis: from laboratory istudo
in-process measurements using an in situ particle vieysters,
Organic Process Research & Development, Vol. 12887, Jun,
2008.

R. F. Li, G. B. Thomson, G. White, X. Z. WangCl.De Anda, and K.
J. Roberts, Integration of crystal morphology modeling an-line
shape measurement, AIChE Journal, Vol. 52, No. 6, 2395, Jun,
2006.

MessTechnik Schwartz GmHHttp://www.mis-duesseldorf.de/

D. B. Patience, and J. B. Rawlings, Particle-shamnitoring and
control in crystallization processes, AIChE Journal, Val, No. 9,
2125-2130, Sep, 2001.

Perdixthttp://www.perdix.nl/frames.htrl

H. Y. Qu, M. Louhi-Kultanen, and J. Kallas, Imdi image analysis on
the effects of additives in batch cooling crystalii@at Journal of
Crystal Growth, Vol. 289, No. 1, 286-294, Mar, 2006

J. Scholl, D. Bonalumi, L. Vicum, M. Mazzotti, aMi Muller, In situ
monitoring and modeling of the solvent-mediated polyshar
transformation of L-glutamic acid, Crystal Growth & Dgsi Vol. 6,
No. 4, 881-891, Apr, 2006.

X. Z. Wang, J. Calderon De Anda, and K. J. RtsheReal-time
measurement of the growth rates of individual crystaétfa using
imaging and image analysis: a feasibility study on reesthped
crystals of L-glutamic acid, Chemical Engineering Resh &
Design, Vol. 85A, 921-927, 2007.

X. Z. Wang, J. Calderon De Anda, K. J. Roberts, RLIFG. B.
Thomson, and G. White, Advances in on-line monitoring eontrol
of the morphological and polymorphic forms of organiystals
grown from solution (paper downloadable from
|www.kona.org.jp/html/about/index2005.htf#ONA, Vol. 23, 69-85,
2005.

X. Z. Wang, K. J. Roberts, and C. Y. Ma, Crystal growthsuezment
using 2D and 3D imaging and the perspectives for shapgoto
Chemical Engineering Science, Vol. 63, No. 5, 11784, 2008.

M. J. Wilkinson, Jennings, K. H., Hardy, M., Namvasive video
imaging for interrogating pharmaceutical crystallizatiprocesses,
Microscopy and Microanalysis, Vol. 6, No. 2, 996-92300.

L. L. Simon, T. Merz, S. Dubuis, A. Lieb, and Kungerbuhler,
In-situ monitoring of pharmaceutical and specialty cloafsi
crystallization  processes using endoscopy-stroboscopy and
multivariate image analysis, Chemical Engineering Refea%
Design, Vol. 90, 1847-1855, 2012.

K. Patchigolla, and D. Wilkinson, Crystal shapg®m@acterization of
dry samples using microscopic and dynamic image analysisclarti
& Particle Systems Characterization, Vol. 26, 178;12009.

C. Y. Ma, and X. Z. Wang, Model identificatioof crystal facet
growth kinetics in morphological population balancedelmg of
Lglutamic acid crystallization and experimental vatidn, Chemical
Engineering Science, Vol. 70, 22-30, 2012.

S. N. Black, and D. L. Gray, Sensors and Sciém&rystallisation of
Pharmaceuticals, in 7th World Congress of Chem. Eng., éBcbtl
2005.

P. A. Larsen, J. B. Rawlings, and N. J. Ferrier, Nibdesed object
recognition to measure crystal size and shape distitafrom in situ
video images, Chemical Engineering Science, Vol. 630141441,
2007.

M. J. Wilkinson, K. H. Jennings, R. Plant, R. Lagand B. Drayson,
Particle size and shape measured for process monitorimg usi
high-speed image analysis, in Particulate Systems Asalysi
Harrogate, UK, 2003.

B. W. Reed, J. V. Hokanson, O. S. Hamann, and TMéhtague,
System for acquiring an image od a multi-phase fhyidneasuring
backscattered light, US, 1998.

D. Kluitmann, F. H. Schwartz, and T. Zoeller\ice for determining
the particle properties of particles contained inluad f medium,
especially the morphology, shape and size by use ofiilting light,



http://www.lasentec.com/
http://www.mts-duesseldorf.de/
http://www.perdix.nl/frames.html
http://www.kona.org.jp/html/about/index2005.html)

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

(44]

(45]

[46]

CCD camera and appropriate filters to improve imagetrast

Germany, 2002.

J. W. Gerritsen, and G. J. Brinks, Inrichting en weéde voor het
vastleggen van optische gegevens van een dispehgeé\&therlands,
2005.

J. Eggers, M. Kempkes, J. Cornel, M. Mazzotti, |. Kosskijrand E.

Verdurand, Monitoring size and shape during cootingstallization

of ascorbic acid, Chemical Engineering Science, %4l. 163-171,
2009.

S. Schorsch, T. Vetter, and M. Mazzotti, Measymultidimensional
particle size distributions during crystallization, ebdfical

Engineering Science, Vol. 77, 130-142, 2012.

C. Y. Ma, J. Wan, and X. Z. Wang, Faceted dlorate estimation of
potash alum crystals grown from solution in a hot-staeggetor,

Powder Technology, Vol. 227, 96-103, 2012.

C. Borchert, E. Temmel, H. Eisenschmidt,
Seidel-Morgenstern, and K. Sundmacher,
identification of face specific crystal growth ratdrom crystal
populations, Crystal Growth & Design, Vol. 14, 952-92014.

D. Gorpas, K. Politopoulos, and D. Yova, A bin@uhachine vision

H. Lorenx,

system for three-dimensional surface measurement of smatitgbje

Computerized Medical Imaging and Graphics, Vol. 825-637,

2007.

M. Kempkes, T. Vetter, and M. Mazzotti, Measuretr@8D particle
size distributions by stereoscopic imaging, Chemical Eeging

Science, Vol. 65, 1362-1273, 2010.

T. Helgason, J. Lee, M. Smith, A. T. Moeller, ThoFgeirsson, V.
Hofer, J. Pilz, and J. A. Benediktsson, Apparatus asthod for

analysis of size, form and angularity and for compusit! analysis of
mineral and rock particles, Canada, 2006.

B. Bujak, and M. Bottlinger, Three-dimensional aserement of
particle shapes, Particle & Particulate Systems Chaisation, Vol.

25, 293-297, 2008.

S. M. Boersma, F. A. van den Heuvel, A. F. Colemd R. E. M.
Scholtens, Photogrammetric wound measurement with e-tamera
vision system, International Archives of Photogrammetiy Remote
Sensing, Vol. 33, No. B5/1, 84-91, 2000.

S. Nedevschi, C. Vancea, T. Marita, and T. G@fline extrinsic
parameters calibration for stereovision systems used inarfige
detection vehicle applications, IEEE Trans. Intelafsp. Syst., Vol.
8, No. 4, 651-660, 2007.

O. Schreer, P. Kauff, and T. Sikora, 3D Videmnunication:

Algorithms, concepts and real-time systems in human regént

communications, UK: John Wiley and Sons, 2005.

G. H. Ballantyne, and F. Moll, The da Vincilembotic surgical
system: the virtual operative field and telepresenagery, Surgical
Clinics of North America, Vol. 83, No. 6, 1293 -13@2003.

S. E. Butner, and M. Ghodoussi, A real-time systeneiesurgery, in
Proceedings of International conference on distetbutomputing
systems, USA, 2001, pp. 236-243.

K. Hasegawa, and Y. Sato, Endoscope System for-Spged 3D
Measurement, Systems and Computers in Japan, VoIN828,
271-279, 1999.

T. Hu, P. K. Allen, and D. L. Fowler, In-Viv@an/Tilt Endoscope with
Integrated Light Source, in IEEE/RSJ International @mrice on
Intelligent Robots and Systems (IROS), USA, 2007.

T. Hu, P. K. Allen, T. Nadkarni, N. J. Hogle, dai>. L. Fowler,
Insertable Stereoscopic 3D Surgical Imaging Device Réh and Tilt,
in Medicine Meets Virtual Reality (MMVR) 16, USA, 2008.

U. D. A. Mueller-Richter, A. Limberger, P. Wabh&. W. Ruprecht,
W. Spitzer, and M. Schilling, Possibilities and limibais of current
stereo-endoscopy, Surg Endosc, Vol. 18,947, 2004.

D. Stoyanov, A. Darzi, and G. Z. Yang, A piiaat approach towards
accurate dense 3D depth recovery for robotic lapapisurgery,
Computer Aided Surgery, Vol. 10, No. 4, 1298, 2005.

N. Taffinder, S. G. T. Smith, J. Huber, R. C.Rassell, and A. Darzi,
The effect of a second-generation 3D endoscope olaplaeoscopic
precision of novices and experienced surgeons, Surgsendol. 13,
10871092, 1999.

M. R. Singh, J. Chakraborty, N. Nere, H.-H. §uB. Bordawekar, and
3D crystal
identification using

D. Ramkrishna, Image-analysis-based method for
morphology measurement and polymorph
confocal microscopy, Crystal Growth & Design, Vol. 32353748,
2012.

[47]

(48]

[49]
[50]
[51]
[52]

(53]

Image-based in situ

J. F. Cardenas-Garcia, H. G. Yao, and S. Zhgbggeconstruction of
objects using stereo imaging, Optics and Lasers in Engggérol.
22,193-213, 1995.

G. Karimian, A. A. Raie, and K. Faez, A newi@gnt stereo line
segment matching algorithm based on more effective usagee o
photometric, geometric and structural information, IEMGERSs. Inf.
& Syst., Vol. E89-D, No. 7, 2012-2020, 2006.

J. Canny, A computational approach to edge detectEEE Trans.
Patt. Recog. and Mach. Intell, Vol. 36, 961 - 100836.

R. C. Gonzalez, and R. E. Woods, Digital imagecpssing, 2nd ed
ed., Upper Saddle River: Prentice Hall, 2002.

C. Harris, and M. Stephens, A combined corner egige detector, in
The 4th Alvey Vision Conference, 1988, pp. 1432.

R. Hartley, and A. Zisserman, Multiple view georgeih computer
vision, Cambridge: Cambridge University Press, 2003.

E. Trucco, and A. Verri, Introductory Techniguler 3-D Computer
\Mision, New Jersey: Prentice Hall, 1998.



