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Abstract. During the last years, measurements considerably beyond
the conventional “Abbe-Limit” of optical resolution in far field light
microscopy were realized by several light microscopical approaches.
Point spread function (PSF) engineering, spectral precision distance
microscopy (SPDM), and related methods were used to demonstrate
the feasibility of such measurements. SPDM allows the measurement
of position and multiple distances between point-like fluorescent ob-
jects of different spectral signatures far below the optical resolution
criterion as defined by the full width at half maximum of the PSF.
Here, we report a software method to obtain online visualization of
light distribution in the lateral and axial direction of any object de-
tected in a spatially modulated illumination (SMI) microscope. This
strongly facilitates routine application of SMI microscopy. The soft-
ware was developed using Microsoft Visual C++ running on Windows
NT. Furthermore, some aspects of the theoretical limits of the SPDM
method were studied by virtual microscopy. For the case of SMI mi-
croscopy the precision of axial distance measurements was studied,
taking into account photon statistics and image analysis procedures.
The results indicate that even under low fluorescence intensity condi-
tions typical for biological structure research, precise distance mea-
surements in the nanometer range can be determined, and that axial

distances in the order of 40 nm are detectable with such precision.
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distance determinations with a precisi@gtandard deviation

1 Introduction
of the mean distangen the nanometer range, in addition to

In many far field light microscopical applications in the life o7
sciences, it is important to measure positions and mutual dis-the general SPDM approach, methods of “point spread func-
tion engineering” are required. Their goal is to modify the

tances between fluorescent objects situated in thick transpar-"~" ¢ '
ent specimens with high precision. For example, this allows to POt spread functioiiPSH of the microscope systefeorre-
study genome nanostructure in three-dimension@ly) in- sponding to the image of a fluorescent “point-like” objeat
tact cell nuclet-2 The objects are labeled with fluorescent _such a way that a given total fluorescence photon count results

markers having different spectral signatutésThis allows in a maximum precision of position determination of the ob-

one to identify the objects due to their excitation/emission Ject. . .
spectra, or fluorescence lifetimes. The object positions and ~ Here. we describe the experimental setup and the software

their mutual distances are then determined from their coordi- {0 Perform such measurements for the determination of axial
nates in the image data file, e.g. with respect to a given coverdistances between subwavelength sized objects. In the ex-
slip position(spectral precision distance microsco(8PDM) amples shown here, beads were used. In its main part the
and related methog$26-° gxpenmental_setup consists of a spau_ally r_nodulated illumina-
Typically, measurements of small fluorescence labeled bio- 10N (SMI) microscope. Here, the object is placed between
logical object&® have to be performed under conditions of two objectlve§ and is |IIum.|nated by two coherent. laser begms
g of the same intensity which counterpropagate in the object
spacet®? During the measurements, the object slide is
moved step-by-step along the axial direction; at each position

low fluorescence photon statistics which lead to a restricte
accuracy in the determination of their distances. To achieve

Address all correspondence to C. Cremer. E-mail: christoph.cremer@kip.uni-

heidelberg.de 1083-3668/2001/$15.00 © 2001 SPIE

292 Journal of Biomedical Optics ¢ July 2001 < Vol. 6 No. 3



Spatially Modulated Illumination Microscopy

a 2D image(optical sectioh is taken by a charge-coupled For excitation both af\r* laser(\ o,.=488nm) and aKr*

device(CCD) camera. laser (N e= 647 nm) were used. The laser light is guided to
The software for the control of this process was developed the SMI microscope via two polarization-conserving single-

using the development environment “VisuahG-, Version mode glass fibers. Before entering the interferometer of the

6.0” from Microsoft. For practical reasons we decided to re- SMI microscope, the two beams are merged by a beam com-
alize this project in an object oriented way. Besides control- biner. The whole setup is mounted on a breadboard made of
ling of the measuring process, this new application allows the superinvar to minimize thermally induced shifts of the optical
visualization of the collected experimental data stacks imme- components. The optical axis of the two objective lenses has a
diately after the measurement. Therefore a direct and fast in-horizontal orientation, whereas the object slide has a vertical
terpretation of the data by the operator of the system is pos-orientation. As objects, we used PS- and TetraSpeck-beads
sible. (Molecular Probes with several diameters embedded in

In addition, we describe the theoretical shape of the SMI Vectashield mounting medium. Figure 1 shows a 3D represen-
PSF and the principle of the high precision distance determi- tation of a typical 3D-image stack.
nation. This is followed by a characterization of the SMI vir-
tual microscopy simulations and their results.

3 Setup Control

3.1 Structure of the Software

2 Microscopical Setup Since the software and the source code of the application,
respectively, have an object oriented structure, the structure of
the experimental setup can be retrieved in the source code
again. This means that each physical obj&€€D camera,
stepper motor control box, piezo control has associated
iyvith its own software object. Thus the task for each of these
software objects is to control only the respective hardware
object. These control software objects provide certain func-
tions and methods which are called from other user interface
objects. The user interface objects provide the interaction with
S T . I . the user. Therefore each control software object is associated
axial direction; it is called the illumination point spread func- .~ = . . .

with its own hardware object on the one side and its own user

tlorjrﬂgu?l;lagggnwiii. are situated in the space between theinterface object on the other side. The user interface objects
) P again are represented by dialog boxes visible to the user.

two opposite objective lenses are mounted between a conven- All these objects in turn are embedded in one object which

tional object slide and a cover slip. As mentioned above, to L S -
._represents the main window of the application. Aside from

carry out the measurements they can be moved along the axial, . ! - -
his, there are more objects, e.g. for displaying the histogram

d|rect|.on (prov[dmg optical secnomn)gusmg a p|ezoglectr|c or the profiles(see below. The whole structure of the appli-

stage; altematively, the phase of the standing light field can be cation follows the so-called document/view architecture, i.e

varied by a piezoelectrically adjustable mirror. The minimal . L " . P
objects containing “document data” and respective hardware

step size of the object stage is 10 nm; that of the mirror stage control methods are separated from objects providing interac-
is 1 nm; the position resolution is 1 and 0.05 nm, respectively. P J P 9

The piezoelectric object stage itself is attached to a stepper
motor powered object stage for the macroscopic movement of
the object slide; this provides lateral translation for searching
for suitable objects and moving the object slide in or out of
the interspace between the objectives.

For the detection of the emitted fluorescence light, on one
side between the focusing lens and the objective, one mirror is
replaced by a dichroic beamsplitter. Since the objectives were
designed according to infinite optics, the collimated detection
light beam is focused onto the CCD chip of a cooled color
CCD camera by a respective tube lens. The detection light
path is the same as in an epifluorescence microscope. Conse-
quently, the effective PSF of the system is given by the prod-
uct of the illumination PSF and the detection PSF; the latter
corresponds to the PSF in the epifluorescent microscopy case
(compare Figure 4 for an experimental examplae order to
improve contrast, a blocking filter is installed in front of the
camera to prevent passing of residual excitation light.

The CCD camera is connected via a fiber optical link to a
PCI b_oard in a personal comput@tC) which is running un- Fig. 1 3D representation of a SMI measurement of yellow-green and
der Windows NT. The control boxes of the stepper motors and dark red PS beads with a diameter of 170 nm illuminated with two
the piezo stages are connected to the same PC via serial portdaser lines (\=488 and 647 nm).

The general design of the microscopical SMI setup used here
has been described elsewh&ré?3Briefly, in its central part it
consists of a rectangular interferometer stretched by a 50:50
beam splitter. Each of the two collimated, vertically polarized
laser beams for the fluorescence excitation has a diameter o
about 15 mm and is focused into the back focal plane of two
opposite objective lenses. This configuration leads to a
“standing wave field” between the objectives with plane
waves and air® modulation of the laser intensity along the
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tion with the user and representation of the document data.photon statistics. During the real-time visualization, a histo-
For more details see Refs. 14-16 or the documentation ofgram of the image data can be displayed which is also up-
Microsoft’'s Visual C++, Version 6.0. dated in real-timgsee Figure 2

3.2 Hardware Control and Real-Time Visualization 3.3 Acquisition Process

The task of the control software is, apart from providing the Afterwards, the acquisition process can be started. Before do-
visualization of the measured data, to control and coordinate ing this, some further parameters can be set or modified. This
all electronic components, i.e. stepper motors, CCD camera,means that the scan modebject or mirror scanning step
and piezo stages. size and start and end positions of the chosen piezo stage, and
As mentioned above, the stepper motors are used for mac-the number of images to acquire had to be specified. Addi-
roscopic translations of the object slide. This can be done by tionally, in order to perform repetitive measurements, the
manually actuating a joystick attached to the control box of number of repetitions of the acquisition process can be set.
the stepper motors. Nevertheless, control by the PC is re- After switching the application into the acquisition mode,
quired: It is used to set the speed and software limits of the i.e. starting the acquisition process, the object itself, or the
moving area of the stepper motors. The latter is needed in phase of the standing light field, is successively moved to the
order to avoid a crash of the object slide on the objectives. defined positions. At each position a 2D imagempare Fig-
Furthermore, the stepper motors can be prompted by the PCure 3 is taken by the CCD camera and stored one after an-
software to move the object slide to certain positions manu- other in the PC memory. Consequently, a 3D-image stack con-
ally put in or assigned before. Finally, the joystick can be taining the axial intensity distribution of the objects in the
deactivated to avoid unintended moving of the object stage, third dimension is produced. Usually, we select 300—400 2D
for example during the measuring procésse below. images and a step size of 20 nm. The total acquisition time for
For the microscopic positioning of the object slide, the one 3D image takes about 2 min in the present scenario.
piezo driven object stage is applied. The position of this stage
as well as the position of the piezoelectrically driven mirror . .. .
stage can be varied by manually actuating the positions of two 4 Vls.uallz.atlc.)n O.f the Ax'?‘l and Lateral
slides displayed in a dialog box of the control software. Dur- Intensity Distribution (Profile)
ing the performance of the measuring process, either the po-After the acquisition procedure is finished, the application
sition of the object stage or the position of the mirror stage is switches into the display mode as shown in Figurériin

automatically set. window of the control softwane Here, a display of a lateral,
Two important parameters of the CCD camera are the in- two-dimensional optical section of a 3D data stack with a
tegration time and the region of interd®Ol). We can dis- number of fluorescent objectbead$ can be seerjcurrent

tinguish two camera operation modes: In the first mode, a (2D-) imagd. The icons on the lower side of the window
short integration time is sefabout 100 msand the entire provide some basic actions of the program like loading or
CCD chip is used for acquisition; i.e. the ROI is equal to the saving program parameters or image data and display dialog
entire CCD chip. This mode is used for real-time visualization boxes for hardware contrd]lCCD camera, stepper motors,
of the objects on the object slide and thus for the search of piezo stages Besides this, dialog boxes indicating the histo-
objects which seem to be suitable for the three-dimensional gram of the displayed optical section and displaying of the
(3D) acquisition and measuring process. When such objectsaxial or lateral intensity distribution and statistical parameters
have been found, the second mode is applied: To savecan be shown. The buttons on the left side can be used to load
memory, an ROI around the objects is defined; usually we parameters from PC memory to the camera and to switch the
choose a size of 6464 or 128<128 pixels. Generally, the  camera to real-time visualization, to start a new acquisition
size of the ROI can be set arbitrarily. Furthermore, the inte- procedure, or to navigate through the recorded 3D-image
gration time is increased up to typically 500 ms to improve stack.
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Fig. 2 Histogram of the currently displayed image data for red (left) and green channel (right). The markers indicate the intensity range displayed
in the main window of the software (Figure 3). To change this range, the markers can be shifted.
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Fig. 3 Main window of the control software. The display shows one lateral 2D image (optical section) from the 3D-image stack presented in Figure
2 containing 300 2D images. The white square (ROI) can be moved by dragging the mouse; it specifies the region used for displaying the axial
intensity distribution (z profile) through the image stack (compare Figure 4) or for indicating the region used for statistical evaluation.

By dragging the mouse over the currently displayed image, which of the three color channels of the CCD camée,
one can set the position of a ROI which is used to generate agreen, blug¢the axial intensity distribution is to be displayed.
1D plot containing the axialz) intensity distribution around Figure 4 shows such a typical plot. The ROI marked on the
its center: Every point of this plot corresponds to the intensity current image can be used for statistical evaluation, too. In
in the corresponding 2D-ROI image; its value is computed by this case, the minimum and maximum intensity values and
calculating the mean intensity over the selected ROI; an op- their respective coordinates in the imageack including the
tion can be used to subtract from this the mean value over mean value and standard deviation of the selected region are
each entire 2D image. Additionally, one can select the size of calculated. The user can choose a color channel and decide
the ROI(1x1, 2X2, pixels, ..., whole imageand decide for whether to get the statistical values of the ROI in the current
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Fig. 4 Intensity distribution along the z direction (along the optical axis of the objective lenses). Each value in the graph relates to one 2D image
(optical section) of the 3D-image stack and represents the mean value out of a ROI like that marked in Figure 3. Here, the axial intensity distribution
of one PS bead at position (x=29; y=49), illuminated with one laser (\=647 nm), along a 33 ROI is shown.
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2D @mage or to take into account all 2D images of the whole D 91= Zmaxo— ZmaxLs 3
3D-image stack.
Alter_nati_vely, if “x"or “y” are choser_l in the dialog bo>$ Doy = Zgy— Zo1 - (4)
shown in Figure 4, one can define a horizontal or vertical line
in the current image by dragging the mouse. In these modeS,Both definitions are, theoretica"y, Valld, moreover, the two
the corresponding and respective profile is displayed. procedures are the same if it is supposed #Hal=2,. But,
These online tools are very convenient to evaluate the ac-from the practical and experimental point of view, while
quired data. An important criterion is indicated by the modu- €valuating Eq(4), the oscillation parameter is determined and
lation of thez profile curve(Figure 4. The modulation de- all the axial data information is used. Instead, measuwzjfpg
pends strongly on the object siZ&) If the object is too large, ~ [s€€ Eq(3)], only the data in a small region around the global
i.e. its diameter is much larger than the distance between twomaximum of PSE, (FWHM~80 nm have to be considered.
neighbored modulation fringes, the modulation is canceled Using the relation in Eq(3), a lower precision in distance
out. In this case, the shape of the modulated axial intensity determination was observedata not shown In the follow-
distribution merges into a conventional intensity distribution, ing, only Eq.(4) will be used for the virtual evaluation of the
like that in an epifluorescence microscop2) If the object SMI microscope precision in two point-like distance determi-
size is considerably smaller than the fringe half-width, a nation.
strong modulation is obtained. Both computer simulations and
experimental observatiotfsindicated that by analysis of the
modulation contrastcompare Figure 4 a size estimate con- 6 SMI Virtual Microscopy Simulations

siderably belowA/2 is possible. The virtual microscopy simulations shown here were realized

to study the precision limits in axial distance measurements of
5 Principle of Spatially Modulated Illumination the SMI microscope due to photon noise and image analysis
Microscopy Distance Measurements evaluation: To do so, the simulations were made varying the

After the performance of the measuring process and selectiontotal number of photons detected per object; especially low

of intensity distributions in regions of interest, the collected Photon counts conditions were analyzed.

data are used to calculate the distances between the detected TWO independent point-like objects can be represented

objects. To understand how to obtain the distance information Mathematically by two Dirac delta functiorithe computer

from the data, a short description of the theoretical intensity representation of a Dirac delta function is a voxel-like pulse

distribution follows. with a maximum value equal to 255 in graysgadéuated in
SMI microscopy is characterized by a fringe interference the positionP;(x;,y1,21),Pa(X2,Y2,2,) respectively:

pattern produced by two laser beams focused into the back

focal plane of two opposite objective lens84® The PSF of P1(2)= 8(X—Xy2),Y = Y1(2),27 Z1(2))- ()

this system can be written in the following way: The objects visualized by two independent channels of the
2mn(z—120)\2 virtual SMI microscope are the results of the convolution of a
™(z—z, ) . )
PSRy =PSFp| cos ) ’ (1) D|rap delta function .and. the S.MI PSBee Figure b Thus the

A two independent point-like objects are represented by the SMI

wherez is the axial coordinatez, is a phase constant,is the PSF ce.ntelreq”;n the ﬁ’%'ngl(g’ylb‘zl) and ZZ(XZ’yZ’E?)'
wavelength of the excitation light is the index of refraction respectively. The axial distand;, between the two objects
of the mounting medium, an®Skp, is the epifluorescent detected in the two independent channels was evaluated using

PSF of a conventional light microscope. The axial SMI PSF & adaptation function in order to obtaig, andzo, . The test
(PSF) can be evaluatéiand is given by adaptation function was given by the SFSE [see Eq(2)],
z whereA, B, K, z,, andz,,,, were the unknown parameters of

2 the fit.
sinc{ z Zmax> .co§K(z—zp)]|, (2 In these simulations, a least-square fit algorithm was used.
B In each simulation the average total numbgy, of detected

where A is a positive constantz,,, is the position of the ~ photons per object was fixed. The values determined were the
global maximum of thePSE,, B is a constant proportional to ~ mean and the standard deviation. Equatiénwas used after
the full width at half maximum(FWHM) of the epifluores-  adding appropriate Poisson noise corresponding to the num-
cence PSF, and =27n(z—2z)/\. It should be noted that the ~ berNyy, of photons registered per object to each of the objects.
parameter, contains information about the fringe oscillating This procedure was repeated 40 times with each “true” axial
pattern; thus it can be arbitrarily assumed to be equal to one ofdistance. Additionally, simulations were performed whisgg
the relative maxima or minima positions of tRSF, . was varied.

To obtain high precisiongstandard deviations in the one A different kind of simulation was realizeddata not
nanometer rangen distance measurements, it is important to  Shown taking into account the digitization procedufeln
define respective distance determination algorithms. Let us this case the distance between the two points was not constant

co

PSE~A

call P, P, the two point-like objectszmax1, Zmaxz: Zo1 @aNdZgy but changed every time in the following way:

are the values of the parameters,, and z, relative to the

point spread function of the two objects. Therefore the axial D2y = Zpp+ dyi — (Zoa + dyi),

distanceD,; betweenP; andP, can be defined in the follow- (6)
ing ways: i=1,...,40; 0O=d;<l; 0=dy<l1,
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Fig. 5 Schematic example of SMI virtual microscopy: A point-like ob-
ject (Dirac delta function visualized here by a narrow Gaussian) is
convoluted with the SMI PSF.

whered;,); were produced by a random number generator.
The evaluated distand®, and its errorAD4 were calculated
in the following way:

1 o .
Dy=meanDay), ADg=\/75 2 (Dai—Day)?,
(7)
whereD y; is the result of the fit evaluation of the true distance

D, . The results of this kind of simulation will be published
elsewhere.

7 Results of the Simulations

Spatially Modulated Illumination Microscopy

Table 1 Virtual axial SMI distance determination mean * standard
deviation (SD); the “true” distances D assumed between the two ob-
jects were 40 and 600 nm, respectively. The number N, of photons
detected was assumed to be 125 and 65 000. For each distance n=40
object pairs were analyzed.

SMI distance Dy/nm

Non D=600.0 nm D=40.0 nm
125 599.7+6.8 38.8+8.5
250 601.1x4.3 39.6+5.5
500 600.4%3.1 39.1+3.8
750 5909.5+2.8 40.7+3.3

1250 600.1x£2.5 38.9+2.9

2500 599.7+1.3 40.5+1.8

5000 599.67+0.93 40.72+1.2

10 000 599.84+0.74 40.13+0.77
17 500 600.12+0.54 39.84+0.68
25 000 599.81+0.46 39.87+0.52
32 500 599.89+0.39 39.91+0.43
65 000 599.72+0.37 40.02+0.31

equal to 80 nm. In Table 1 the mean detected distance values
and their standard deviations are shown for several values of
Npn; the considered distances between the peaks \ere
=40 andD =600nm*

The data presented in Table 1 show that SMI microscopy
allows to obtain axial distance measurements with high pre-
cision even if a low number of photor8,, is detected. In
fact, a total number of photons for each object detected equal
to Np,=5000is sufficient to reach a precision of 0.9 nm.

In good agreement with other reports regarding both theo-
retical analysis and virtual microscopy simulations, the stan-
dard deviation in SMI distance determination is approxi-
mately proportional td./y/N,,*° One may note, however, that
the SMI virtual microscopy simulation allows one to give
precise estimates of the standard deviati¢8B) for each
photon couniN,, in dependence of the special SMI-PSF and
image analysis used. As expected, the SD strongly increases
at lower photon counts, whereas for high photon counts the

For these simulations the voxel sizes were chosen to be thechanges become extremely sm@ke Table 1L

same as in a real SMI microscope; here X000x20 nn?
were used. The “true” distances assumed wBre 600 nm
andD =40 nm, respectively. For calculating convenience, the
two independent point-like objects, detected by two different

SMI distance determination as described abovdXfei600
nm was carried out fob=40 nm, too. The results shown in
Table 1 indicate that under the assumptions made, no signifi-
cant differences in the standard deviations of axial distance

channels, were supposed to have the same absorptiontletermination are recognizable if the distance between the

emission wavelength=488 nm(one of the wavelengths used
in the real SMI microscopesuch a condition may be experi-
mentally realized, e.qg. by fluorescence lifetime discrimination.

peaks is changed fro® =600to 40 nm. In this simulation
algorithm, any noise factors except photon statistics were not
taken into account. Figure 6 shows an example for the virtual

In the simulation presented here, the FWHM of the PSF was microscopy simulation of two spectral signature channels

equal to 600 nm and the FWHM of the oscillating fringes was

(D=40 nm.

Journal of Biomedical Optics ¢ July 2001 * Vol. 6 No. 3 297



Albrecht et al.
4OON‘Jh
350
300
50
200
150
10
50
o

0g i)
40 ,
-
30
Wk
5[
mr
150
100
S0F

0

Daer=40+03 1m

im0 W0 3w

I

K00
{nm)

R B

Fig. 6 Virtual axial SMI distance determination. Ordinate: axial object
intensity in each channel (for object 1 and for object 2); abscissa: axial
position (z/nm). The total number of photons registered per object is
Nph=165 000. In this case a “true” distance of D=40 nm between the
peaks was assumed. A distance Dy, of (40.0=0.3) nm was deter-
mined by the virtual microscopy distance determination algorithm.
The two closely overlapping axial intensity curves indicate the simu-
lated axial intensity distribution and the adaptation function, respec-
tively.

8 Summary and Outlook

Here we present the realization of a software for SMI micros-
copy which allows online visualization of the intensity distri-
butions in the axial and lateral direction for any fluorescent
object marked interactively in one of the lateral optical sec-
tions. Additionally, statistical parameters can be calculated.
This accelerates considerably the potential use of SMI micros-
copy in biological routine applications, e.g. in genome nano-
structure research and generally in molecular cell biology.
Furthermore, results of SPDM using SMI microscopy are

presented. Here the precision of axial distance measurements

was considered using an absolute distance of 600(iren
close to the optical resolution limit given by the Rayleigh
criterium), and an absolute axial distance of 40 ften times
less than the optical resolutiprin both cases, two different

channels were assumed for the two objects, corresponding to 8.

objects with different spectral signatures’*'°The simula-

tion results showed that under the assumptions used here the
error in distance determination does not increase when de- 4

creasing the distance between the point-like objects. In par-
ticular, the virtual SPDM SMI simulations shown here indi-

cate that absolute distance measurements down to the 10 nm

range with a standard deviation of 1 nm are feasible. To
achieve this, a minimum of about 5000 photons have to be
detected per object, assuming a “zero” background in the
region of interest studied.

298 Journal of Biomedical Optics * July 2001 < Vol. 6 No. 3

A precision of distance determination in the range of a few
nm may even be realized with less than 1000 detected pho-
tons. This provides a way to perform high precision distance
measurements even under very adverse photon count condi-
tions, such as encountered in time resolved living cell
studies?*

Using the SPDM method, distances considerably below
100 nm with standard deviations in the range of 10 nm and
better can be obtained using also other microscopical meth-
ods, such as conventional microscopy confocal laser scan-
ning microscopy? However, virtual microscopy simulations
(data not shownindicate that conventional PSFas in epi-
fluorescence or confocal microscomo not allow nanometer
distance measurements at low photon counts and with nano-
meter precision, whereas this, however, should be possible
using PSF engineered microscopy, such as*4BJED, 2
and SMI microscopy®

For example, it is important to measure small condensation
changes in specific genes in human cell nutféiSuch mea-
surements are possible by spectral precision distance micros-
copy using different spectral signaturesr even using one
spectral signature only, by analyzing the SMI-intensity modu-
lation; in this context, the online visualization procedure de-
scribed here allows an immediate visual access. A quantitative
evaluation procedure of the axial intensity distributoal-
lows also quantitatively valid size determination, down to a
small fraction of the exciting wavelength used.

In the future, we may upgrade the software to a variety of
different scanning modes, e.g. a lateral scanning during the
acquisition process using the stepper motors for automatic
measurements of large areas on the object slide. Because of
the object oriented structure of the source code, further im-
provements will be easy to realize.
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