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Introduction

This document is a user’s manual for the FandPLimitTool V1.2 and MUMDesignTool V1.0. It
provides detailed instructions for performing five specific calculations which are representative of
the types of calculations that can be performed with this application. Moreover, it provides detailed
information about how to use the MUMDesignTool to design the focal plane spacing for a multifocal
plane microscopy (MUM) setup [1].

Consider the following terminology which will be used multiple times throughout this
document.

FLAM: fundamental localization accuracy measure
PLAM: practical localization accuracy measure
FREM: fundamental resolution measure

PREM: practical resolution measure

What is new?

We have added several new features to the FandPLimitTool V1.2 which make it more powerful
and faster than its previous version (V1.1). The new features are listed as follows and each option
will be discussed in detail later.

e A new software module ‘the MUMDesignTool’ is incorporated with the package which
provides tools to design the focal plane spacing for multifocal plane microscopy.

o New functionality that allows the calculation of the 3D resolution measure.

e A new function called "vary a parameter” is added to the software which allows users to
calculate and plot the limits of accuracy for a range of different experimental parameters.

o New functionality that allows simulating single molecule model and data images.

e New functionality that allows determining limits of accuracy in the presence of stochastic
signal amplification, i.e. when using an electron multiplying CCD (EMCCD) detector.

o The code is significantly optimized. The software therefore runs much faster than the
previous version.

e Exporting tools are enhanced and user can now export the results, parameters, simulated
model and data images and graphs as text, image and LaTex report files, respectively.

e Summary of all input parameters can be explored within the software.

e Enhanced user interface design.

e A console window and a log file to facilitate bug reporting.

Software overview

The FandPLimitTool allows users to determine the fundamental and practical limits of 2D and
3D localization accuracy and resolution for a variety of imaging conditions. The software has been
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built using object oriented programming methodologies and has been designed for flexibility to
accommodate new models and numerical calculation routines in the future.

Each calculation supported by this application requires a different set of parameters. The
parameters are divided into two categories: Required parameters, and Advanced parameters.

Required parameters are those parameters that specify the imaging conditions under which the
calculations are to be performed. Users must provide values for these parameters before a
calculation can proceed. These parameters by default are visible to the user when software starts.
They can also be accessed by clicking the Required Parameters option under the Parameters Menu or
through its shortcut Ctrl+U. Although default values are always provided for all required
parameters, users must modify the fields to suit their desired imaging conditions.

mRequlred Parameters i o || B FandPLimitToDI EI = @

File  Export View Parameters Tools  Help
2D Localization Accuracy - Airy

Fundamental Limit .
Select a problem scenario

Fundamental input:

2D Locslizstion Accuracy - Ay Fundamental Limit b
Mumerical aperture = 1.45

Wavelength = 069 microns Perform calculations

Photon detection rate = 10000 photonsis

Exposure time = 013 seconds

|7 | Calculate Limits of Accuracy Calculate Model Image Simulate Data Images

Parameters to he estimated
’7 V| =0 V| oy0 V| Photon detection rate ‘

“ary a Parameter

Advanced parameters, on the other hand, are optional inputs that govern the numerical routines
involved in performing the required calculations. These parameters are optional; the default values
supplied for these inputs will work for typical imaging conditions. Advanced parameters can be
accessed by clicking the Advanced Parameters option under the Parameters Menu or through its
shortcut Ctrl+N. For details about specifying values for advanced parameters, please refer to
Section 1 to Section 5.

Clicking the Parameter Summary option under the View Menu or hitting Ctrl+P provides a
summary of the required and advanced parameters in a plane text format. This helps to
conveniently review and save the parameters as a text file. In addition, clicking the Console option
under the View Menu shows a console window in which the details of calculations will be listed.
This console window is also helpful for bug reporting purposes.

To calculate the limits of accuracy after specifying all desired parameters, click the Calculate
Limits of Accuracy button. When the calculations are completed, a Results window will be brought
into view displaying the results. The Results window can be accessed at any time by clicking the
Results option under the View Menu or through its shortcut Ctrl+R.

Similarly, to calculate a model image after specifying all desired parameters press the Calculate
Model Image. A model image is an image profile that is devoid of stochasticity and noise. To
simulate realizations of this model image, press the Simulate Data Images button. Note that the
simulated data images are corrupted by stochasticity and noise. For instance, depending on the
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desired set of parameters, the image can be corrupted by extraneous noise sources such as
background, readout or stochastic signal amplification.

Finally, clicking the MUMDesignTool option under the Tools Menu or hitting Ctrl+M calls the
MUMDesignTool application which will be discussed in detail later in this tutorial.

Before you begin

Before following this tutorial, please make sure that the software has been correctly installed
and started. Please refer to the FandPLimitTool - Installation Guide for instructions on installing and
starting the application.

(WARNING) User defined functions

The Advanced Inputs Window has fields where the user is required to select which function to
use to perform a certain part of the calculation. In the options available for such fields, the “User
Defined” option is also often available. This option allows the user to specify the names of their own
custom function for performing the associated part of the calculation.

However, in the executable version of the program, this option is not fully supported. Users
cannot specify the names of their own functions for the user defined options as such functions will
not have been compiled along with the original program to generate the executable and therefore
will not be recognized by the executable version of the program.
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1. 2D-localization accuracy measure

This section provides an example of how to use the FandPLimitTool to calculate the accuracy
with which the 2D location of an object can be estimated from its image (PLAM). The object is
assumed to be in focus with respect to the objective lens and the image of the object is assumed to
be an Airy profile.

The calculation takes into account the stochastic nature of the photon detection processes and
assumes the photons detected from the object to be Poisson distributed. In addition, the calculation
also takes into account extraneous noise sources - in particular the background component which is
modeled as additive Poisson noise, the readout noise of the detector which is modeled as
independent, additive Gaussian noise and the stochastic signal amplification noise which is present
in EMCCD detectors [3].

It is assumed that the pixels are rectangular in shape with no dead space between any two
pixels. Further, the region of interest (ROI) containing the image of the object is assumed to be a
rectangular array of pixels. The object is assumed to be in the center of this rectangular pixel array
and the location of the object is specified with respect to the object space. Refer to [2] for details on
determining the 2D localization accuracy in single molecule microscopy.

1.1. Summary of imaging conditions

The following table summarizes the imaging conditions under which the calculations are
performed.

Property Value

Numerical aperture 1.45

Wavelength 0.69 um

Photon detection rate 10,000 photons/second
Exposure time 0.13 seconds
Magnification 100 X

Location of object in ROI 0.585 um, 0.585 um
Pixel size 13umx 13 um

ROI Size 9 pixels x 9 pixels

Background level (Poisson rate)

1000 photons/pixel/second

Gaussian noise mean

Oe

Gaussian noise standard deviation 8e rms
Use EM unchecked
EM gain 100

EM model Geometric

Table 1.1.1: 2D Localization Accuracy - Summary of imaging conditions
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1.2. Providing required parameters

11

Step 1: Select the problem scenario of “2D Localization Accuracy - Airy: Pixelated with Poisson +
Gaussian Noise” from the Calculate pull-down menu in the main application window.

.Reqwred Parameters [=] [=]

2D Localization Accuracy - Airy
Pixelated with Poisson + Gaussian Noise

— Fundamental input:

Mumerical aperture = [1 .45

Wavelength = 069 microns
Photon detection rate = (10000 photonsds
Exposure time = 043 seconds

= =]

— Additional input
Magnification = 100

-------------------- Location parameters ---—---—--—------—-

w0 = 0325 Microns

w0 = 0325 microns

Pixelstion parameters -—
Pixel size [height, width] = [13, 13]
ROl size [height, width] = [5, 5]

mictons X microns

no. of pixels X no. of pixels

— Extraneous noise source(s)

Background level (Poisson rate) = 1000 photonzipixelis

Standard deviation = & e-hixel

Electron muttiplication parameters -

[Tuse EM  EM gain = |2 00a2

EM model = | Zeametric

— Parameters to be estimated

%0 Alpha*
Phaton detection rate

Eackground level

—

=

20 Localization Accuracy - Airy: Fundamental Limit
20 Locslization Accuracy - Air

Pixelated with Poizson Moise

20 Localization Accuracy - Gaussian Symmetric: Fundamental Limit

20 Localization Accuracy - Gaussian Symmetric: Pixelated with Poisson Noise

20 Localization Accuracy - Gaussian Symmetric: Pixelated with Poisson + Gaussian Moise

20 Localizstion Accuracy - Gaussian Asymmetric: Fundamertal Limit

20 Localization Accuracy - Gaussian Asymmetric: Pixelsted with Poisson Moise

20 Localization Accuracy - Gaussian Asymmetric: Pixelsted with Poisson + Gaussian Moise

3D Localization Accuracy - Born-Wolf Model: Fundamentsal Limit

3D Localization Accuracy - Born-Wolf Model: Pixelsted with Poisson Moise

3D Localization Accuracy - Born-Wolf Model: Pixelsted with Poizson + Gaussian Noise

2D Resolution Accuracy - Gaussian Symmetric Model: Pixelsted with Poizson Moize (Symmetric Parametetization)

20 Resolution Accuracy - Gaussian Symmetric Model: Pixelsted with Poizson + Gaussian Moise (Symmetric Parameterization)
20 Resolution Accuracy - Gaussian Symmetric Model Pixelsted with Poisson Moise (Aymmetric Parameterization)

20 Resolution Accuracy - Gaussian Symmetric Model Pixelsted with Poisson + Gaussian Moise (asymmetric Parameterization)

.| 2D Resolution Accuracy - Gaussian Symmetric Model. Pixelsted with Poisson Moise (Cartesian Parameterization)

20 Resolution Accuracy - Gaussian Symmetric Model Pixelated with Poisson + Gaussian Moise (Cartesian Parameterization)
2D Resolution Accuracy - Alry Model: Fundamentsl Limit (Symmetric Parameterization)
20 Resolution Accuracy - Airy Model Pixelated with Poisson Moise (Symmetric Parameterization)

m

il

2D Localization Accuracy - Airy: Pixelated with Poisson + Gaussian Moise

— Perform calculations

Calculate Model Image Simulate Data Images

I

[ Calculate Limits of Accuracy l [

*Alpha = 2 ¥ pi ® numerical aperture
Fuvavelencth, pi = 31416 (spprox.)

Wary a Parameter

Figure 1.2.1: Selecting the 2D Localization Accuracy calculate type
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Step 2: The required parameters window, which is visible by default, will be updated
accordingly. If this window is not visible, access it by clicking the Required Parameters option under
the Parameters Menu in the main application window.

nREquirEd Parameters =] == =]

2D Localization Accuracy - Airy
Pi: with Poi + ian Noise

— Fundamental input:
Mumerical aperture = [1.45
Wavelength = 0.69 thicrons
Photon detection rate = 10000 photonsss

Exposure time = 013 seconds

— Additional input

Magnification = 100

-------------------- Location parameters —---—---eeeemeeeeon

=0 = 0323 microns

w0 = 0.325 microns

Pixel size [height, wicth] = [13,13]  microns X microns

ROl size [height, width] = [, 3] no. of pixels X no. of pixels

— Extraneous noise sourcels)

Background level (Poisson rate) = 1000 photonsipixells

Standard devistion = |3 &-Jpixel u FandPLimitToal E = @
------------ Electron muttiplication parameters ——----—---- File  Export  View Taols  Help
[JuseEM  EM gain = |2 002 Required Parameters... Ctrl+U
Select a problem ¢
EM model = | Geametric Advanced Parameters.., Ctrl+M -
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Figure 1.2.2: Required parameters window (2D Localization)

Step 3: In the - Fundamental inputs - section of the window, enter the values for the various
fields as follows: Numerical aperture = 1.45, Wavelength = 0.69, Photon detection rate = 10000, and
Exposure time = 0.13.

Step 4: In the - Additional inputs - section of the window, enter the values for the various fields
as follows: Magnification = 100, xo= 13x4.5/100, yo = 13x4.5/100, Pixel size = [13, 13], and ROI size =
[9, 9].

Remark 1: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13
um, is (4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate
values are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 um x
13x4.5/100 um.

Step 5: In the - Extraneous noise sources - section of the window, enter the values for the
various fields as follows: Background level = 1000 and Standard deviation = 8.
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Remark 2: In case that the localization accuracy is required for an EMCCD detector, the Use EM checkbox
should be checked and the desired value for the electron multiplication gain should entered in the EM gain
field. The default electron multiplication model is Geometric. However, different electron multiplication
models, e.g. High gain and Gaussian, can be chosen from the EM model combo box based on the requirements.
By holding the mouse pointer on the EM model combo box, a brief description of each option is shown on a
tool tip text. For more information about different electron multiplication models consult [3].

— Extraneous noise source(s)

Background level (Poisson rate) = 1000 photonshixelfs

UseEM  EMgain = 20062

Etd model = | Geometric v;
— Parameters to he ggtimated«{ High gain "Geornetric”: standard geornetric electron multiplication
X "High gain": exponential electron multiplication
V| x0 | Alpha® Gaussian ! A b
# e ) (Use anbywith high EM gain)
0 Photon detection rate "Gaussian" Gaussian approximation of output of electran multiplication,
{Use onkywhen signal is high)

tAlpha = 2 x pi ¥ numerical aperture

f wavelength, pi = 3.1416 (apprax.) VI Gl ML

Figure 1.2.3: Electron multiplication parameters

Step 6: In the - Parameters to be estimated - section of the window, ensure that all check- boxes
for all parameters are checked.

Step 7: To improve screen clarity, close the Required parameters window.

Remark 3: Closing the window is not in any way required by the application for the calculations to be
performed and is only a suggestion in order to reduce the number of open windows and hence improve
screen clarity. You can access the window again at any time by clicking the Required Parameters option

under the Parameters Menu in the main application window.

1.3. Providing advanced parameters

NOTE: All inputs in the Advanced Parameters window are optional. The default values provided have
been found to work adequately for typical imaging conditions.

Step 1: Access the advanced parameters window by clicking the Advanced Parameters option
under the Parameters Menu in the main window.
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. Advanced Parameters
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Figure 1.3.1: Advanced parameters window (2D Localization)

Step 2: In the - Model profile calculations - section of window, access the Pixel integration

method pull-down menu and select “Trapezoidal”.

Step 3: Click the Additional parameters button next to the Pixel integration method pull-down
menu. In the dialog box that appears, enter values for fields as follows: XGridding = 13, YGridding =

13. Click OK when done.

. Advanced Pararmeters

2D Localization Accuracy - Airy

Model profile calculation

Pizelated with Poisson + Gaussian Noise

[&] [=]l= =]

Piel integration method | Trapezoidal

Background type : | Constart

v. Additional parameters
v. Additional parameters

u Trapezo.. EIE@

# Griding

W Gridding

13

Figure 1.3.2: Pixel Integration Trapezoidal options

Step 4: Access the Background type pull-down menu and select “Constant”. There are no
additional parameters to be accessed via the Additional parameters button for the “Constant” option.

Step 5: In the - Fisher information matrix calculations - section of the window, access the Single

integration method and select “Trapezoidal”.

Step 6: Click on the Additional parameters button next to the Single integration method pull-
down menu. In the dialog box that appears, enter Step size = 0.05.
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Single integration method | Trapezoidal

Double integration method © Trapezaidal

Limits of summation [lower limit, upper limit] = M5

Limits of integration [Iovwer limit, upper limit] = 172

- ] Additional parameters
m Additional parameters

use_defautt = |

use_defaut - J

u Trapeza.., EIE@
Step size

Figure 1.3.3: FIM Single Integration Trapezoidal options

Step 7: Access the Double integration method pull-down menu in the - Fisher information
matrix calculations - section of the window and select “Trapezoidal”.

Figher infarmation matrix calculation

Single integration method © Trapezaidal

Double integration method : | Trapezoidal

Limits of summation [lower imt, upper imit] = ki

Limits of integration [Iowet limit, Lpper limi] = 72

- | | Additionsl parameters
- | | Additional parameters

use_defautt ¥ |

use_defautt ¥

B Trapero.. [ = | @ w25

H Griclding

N Gricoling

13

Figure 1.3.4: FIM Double Integration Trapezoidal options

Step 8: Click on the Additional parameters button next to the Double integration method pull-
down menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13.

Step 9: The - Fisher information matrix calculations - section has a subsection titled - Noise
factor calculation parameters - . Enter values Limits of summation = [1, 3000] and Limits of

integration = [-5000, 5000] in this subsection.

Remark 4: The limits of integration and summation are initially set to default values which are
automatically calculated based on the imaging conditions. It is possible specify these limits by changing the
value of the combo box to the right of the limits of integration and summation fields.

— Fisher information matrix calculation

Single integration method © | Trapezaidal

Double integration method : Trapezoidal

- | Additional parameters
-] Additional parameters

Limits of summation [lower limit, upper limit] = [1, 3000]

Limitz of integration [loweer limit, upper limit] = |Fr2

specity &l

use_default

Figure 1.3.5: Noise factor calculation parameters

Step 10: To improve screen clarity, close the Advanced parameters window.
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Remark 5: Closing the window is not in any way required by the application for the calculations to be
performed and is only a suggestion in order to reduce the number of open windows and hence improve
screen clarity. You can access the window again at any time by clicking the Advanced Parameters option
under the Parameters Menu in the main application window.

1.4. Viewing and saving the parameter summary

NOTE: This is a new feature of the FandPlimitTool V1.2. Typically it is necessary to save the required and
advanced parameters for later developments and to keep track of calculations. This new feature provides a
summary of the required and advanced parameters in a plane text format.

Step 1: Access the required inputs summary window by hitting the Parameter Summary option
under View Menu.

. Pararneter Surnrmary (2] [=ole =]

— Summary

Localization Accuracy 2D Airy Pixelated Poisson  «
Ganssian

Baszic Inputs:

MNumerical Aparture = 1.4F
Wawelength = 0.63 microns
Exposure time Imterval = [0,0.13] =

m

Magnification = 100

Pixel Dimensions = [13,13] microns

Photon Detection Rate = 10000 photons/s
Model parameters = [0.325,0.325,613. 2033]
Background Noise = L0O00 photons/s/p
Readout Noise = 8 e-/p

Advanced Inputs:
Pizel Integ. Fume. = Trapezoidal
Pizel Inteq. Gridding = [13,13]

B FandPLimitTool =llE =

File  Export Parameters  Tools  Help

Parameter Surnmary... Cirl +P

Results... Ctrl +R

2D Localizatid Galssian Moise A
Cansole.. 1

Select a pnt

Perfarm calculations

Calculate Limits of Accuracy ] [ Calculate Model Image ] I Simulate Data Images

Figure 1.4.1: Viewing and saving the parameter summary (2D Localization)

Step 2: You will see the summary of the required and advanced parameters in a plane text
format. This summary can be saved on the disc as a .txt file by hitting the Save as text button.

1.5. Executing the task and viewing results

Step 1: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate button text will change to Calculating ... and the application will temporarily
become unresponsive while the calculations are being performed. During the calculation, a console
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window will be shown to inform the user about the different steps of the calculation. This console
window will also display errors and warnings, if there is any, which is very useful for bug reporting
purposes.

NOTE: The calculation could indeed take half an hour to complete depending on the hardware capabilities
of the platform on which the application is being executed.

Warning EI (=] @

‘WwWaARMIMG: This calculation may take a long time to complete. &re you sure
you want to continue?

B randpLimitTaal = (o= [=

File  Export  ‘iew Parameters Tools  Help

Select a problem scenario

2D Localization Accuracy - Airy: Pixelsted with Poisson + Gaussian Noise -

Perfarm calculations

‘ Calculating | | Calculate Model Image ‘ | Sirulate Data Images |

e o] o =)

Figure 1.5.1: Calculation and Final confirmation

Step 2: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy and the Results window will be brought in focus. In addition, the
console window will be hidden when the calculation is over. The console window can be accessed
any time by selecting the Console option under the View Menu.

Results EI =] @

2D Localization Accuracy - firy
Pixzelated with Poisson + Gaussian Noise

Results : Limit of the accuracy of
w0 = 6.349 nanometers
v = 6349 nanometers
Alphe* = |0.00085611inanometers
Photon detection rate = 7465808 photons/z

Background level = 302715 |photonsixeliz

*alpha = 2 x pi x numerical aperture [ wavelength
pi= 31416 (approx.)

Figure 1.5.2: 2D localization accuracy Results window
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2. Varying a parameter (multivalue mode)

Multivalue Mode is a new functionality designed for the calculation and visualization of the
fundamental and practical limits on the 2D and 3D localization accuracy and resolution for a range
of parameter values. This section provides an example of how to use the Multivalue Mode to
calculate the 2D PLAM for a range of an input parameter. We assume that user has applied all the
steps in Section 1 (2D-Localization Accuracy Limit).

2.1. Providing inputs for the multivalue mode

Step 1: Access the multivalue mode window by toggling the Vary a Parameter button at the
bottom of the Required Parameters window.

— Extraneous noise source(s)

Backaround level (Poizzon rate) = 1000 photonsixelis ! Fultivalue Mode EI E @

2D Localization Accuracy - Airy
Pixelated with Poisson + Gaussian Noise

____________ Electron muttiplication parameters ------------ Multivalue parameter

[[JuseEM  EMgain= 2 n0a2 Parameter: Photon detection rate x|

EM model = | Geometric alues: [100 200 300 400 500 600

Units: phatonsfz
Example: 10:1:13 or [1011 12 13]

— Parameters to be estimated

wl Alpha® Backaround level
L Phaton detection rate Auto-center image for each calculation

*Alpha = 2 x pi x numerical aperture _ l Results l
Fuvavelenoth, pi = 3.1416 (approx.) Wary a Pararneter

Plat

Figure 2.1.1: Multivalue Mode setting window

Step 2: In the - Multivalue parameter - section of window, access the Parameter pull-down
menu and select “Photon detection rate”.

Step 3: In the Values field, enter 100:100:1000. This will automatically define a vector
containing [100 200 300 400 500 600 700 800 900 1000].

Step 4: check the Auto-center image for each calculation checkbox. This will automatically
center the particle in the ROL.

Step 5: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate Limits of Accuracy button text will change to Calculating ... and the application
will temporarily become unresponsive while the calculations are being performed. In addition the
console window will become visible.

NOTE: The calculation could indeed take a couple of hours to complete depending on the number of data
points and hardware capabilities of the platform on which the application is being executed.



Varying a parameter (multivalue mode)

Step 6: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy.

NOTE: Steps 5 and 6 are explained in more details in Section 1.5 (Executing the task and viewing results).

2.2. Plotting the limit of accuracy versus a parameter value

Step 1: In the Multivalue Mode window, click the Plot button. This will open the Multivalue
Plot Window shown in the following figure.

B vuttival = | = || @ | = ||| Multivalue Plot =R B=R ===
Photon detection rate Limit of accuracy of x0 vs Photon detection rate
(photonsis)
100 - 0es
200
0 5 0
00 2
600 i=
00 £ 0w
800 i
400 B
1000 x> 0.03
&
- ]
]
& 0.02
5
E 0.01
o
0 200 400 600 800 1000
Photon detection rate (photons/s)
Select plot
’7Lim'rt of accuracy of x0 vs Photon detection rate '.

Figure 2.2.1: Multivalue results and plot windows

Step 2: In the Multivalue Plot window, access the Select Plot pull-down menu and select “Limit
of accuracy of x0 vs Photon detection rate”. A plot of the limit of accuracy of x0 versus the photon
detection rate will be shown as illustrated in the above figure.

Step 3: In the Multivalue Mode window, click the Results button. This will open the Multivalue
Results Window shown in the above figure. The selected values for the parameter will then be
shown in a list box. Clicking different lines of this list box will show the corresponding results in the
Results Window.
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3. Simulating and visualizing model and data images

Another new feature of the FandPLimitTool V1.2 is that user can now simulate and visualize
model and data images of a single molecule associated with a desired problem scenario and a
specific set of parameters. A model image is in fact the image profile of a single molecule (or two
single molecules in case of a resolution problem) in the absence of stochasticity and extraneous
noise. A simulated data image, on the other hand, is a realization of a model image and is corrupted
by stochasticity and extraneous noise sources such as background, readout and stochastic signal
amplification. The following sections provide examples for calculating and visualizing model and
data images, respectively. We assume that user has applied all the steps in Section 1 (2D-
Localization Accuracy Limit).

3.1. Calculate a model image

NOTE: For some of the problem scenarios (mostly fundamental limits), a model image may not be
available. In such cases, the Calculate Model Image button will be grayed out and as such a model image
cannot be calculated.

B FandpLimitTool [F=R(NcR(F=2)

File  Export  Miew Parameters Tools  Help

Select a problem scenario:

2D Localization Accuracy - Airy: Fundamental Limit x|

Perform calculations

Calculate Limits of Accuracy Calculate Model Image Simulate Data Images

Figure 3.1.1: Unavailable model and data images

Step 1: If a model image is available for current problem scenario, in the main application
window, click the Calculate Model Image button. The Calculate Model Image button text will change
to Calculating Model Image ... and the application will temporarily become unresponsive while the
calculations are being performed.
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FandPLimitTool

File  Export  Miew Parameters Tools  Help

Select a problem scenario:

20 Localization Accuracy - Airy: Pixelsted with Pois=on Moise

Perform calculations

e o] = e

| Calculate Limits of Accuracy | |

Calculate Model Image

Simulate Data Images |

| Calculate a (deterministic) model image

given the model parameters,

FandPLimitTaal

File  Export View Pararmeters Tools  Help

Select a problem scenario:

20 Localization Accuracy - Airy, Pixelsted with Pois=on Moise

Perform calculations

el =] & =

Calculate Limits of Accuracy | | Calculating Model Irmage ...

Sirmulate Data Images

Figure 3.1.2: Calculate a model image

Step 2: When the calculation is completed, the Calculating Model Image ... button text will change

back to Calculate Model Image and the display tool will be brought in focus.

Windowe 1ac: 105 : ¥ Adj. Pixel :0 Orig. Pixel :100
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Open Zoom Tool
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\ |
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Figure 3.1.3: Model image viewer

Step 3: In the viewer window, you can visualize the model image and change the visual effects.
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NOTE: The viewer belongs to our previously developed Microscopy Image Analysis Tool (MIATool). For
more information please see [4].

Remark 6: In case that the Show Model functionality is used together with the Multivalue Mode, the
viewer will show a stack of images associated with the different values of the Multivalued parameter. In this
case, user can visualize the different model images by scrolling the slider to the left in the Viewer Slider
window, as shown below. The current value of the parameter (e.g. Magnification = 150) will also be shown in
the viewer window (see below).

B window 1 6y 11 Adj. Pixel 561 Orig. Pixe| :101 fore ) || Bl viewsr Sider1 = [o|[@ =

File Edit VWiew Insert Tools Desktop ‘Window Help El
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—
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Display
Stancare A
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Sinle -
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Free Dim
1

Apply

|
Save Overlay |
|

|

|

| Open Player

| Open Zoom Tool |
| open Montage Tool |

- -

1 1 Mare:

Figure 3.1.4: Model image viewer in Multivalue Mode

Step 4: To improve screen clarity, close the Model Image Viewer using the standard exit
buttons on any of the viewer windows.

3.2. Simulate data images

NOTE: For some of the problem scenarios (mostly fundamental limits), a data image may not be available.
In such cases, the Simulate Data Images button will be grayed out and as such a data image cannot be
simulated (this is shown in Figure 3.1.1).

Step 1: If a data image is available for current problem scenario, in the main application window,
click the Simulate Data Images button. This will present a dialog box to enter the desired number of
data images (i.e. realizations) of current model.
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Figure 3.2.1: Enter the number of data images

Step 2: Enter the desired number of data images. Click OK to proceed. The Simulate Data Images
button text will change to Simulating X Data Images ..., where X is the number of desired images

specified by user. The application will temporarily become unresponsive while the calculations are

being performed.

& FandPLimitTaal

File Export View Parareters Tools

Select a problem scenario:

Perform calculations

Help
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Figure 3.2.2: Simulating data images

Step 3: When the calculation is completed, the Simulating X Data Images ... button text will change

back to Simulate Data Images and the display tool will be brought in focus.

Step 4: In the viewer window, you can visualize the data images and change the visual effects.
You can also visualize different realization by scrolling the slider to the right in the Viewer Slider window.

NOTE: The viewer belongs to our previously developed Microscopy Image Analysis Tool (MIATool). For

more information please see [4].

Remark 7: In case that the Simulate Data Images functionality is used together with the Multivalue
Mode, the viewer will show a stack of data images associated with the different values of the Multivalued
parameter. In this case, user can visualize images that correspond to different model by scrolling the slider to
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the left in the Viewer Slider window, as shown below. On the other hand, different realizations (data
images) of a specific model can be accessed using the slider to the right (see below).

B Window 1x: 1y 3 Adj. Pixel 119562 Orig. Pixel :113 ForE |z || B viewer Slider 1 = EErx=]
File Edit View Insert Tools Desktop Window Help ~
Dade RO EL-@ 08| a3 5 35
FmS =
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1
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Figure 3.2.3: Simulated image viewer in Multivalue Mode
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4. Saving and loading the settings

User can conveniently save and load the software settings which include the current problem
scenario, required and advanced parameters, etc., into and from the disk, respectively. This
functionality is useful for retrieving the adjustments and results of a specific calculation after
closing and reopening the software. We next briefly describe how to make use of this important
functionality.

4.1. Saving the settings

Step 1: To save the settings, click the Save Settings option under the File Menu or use the shortcut
Ctrl+S (see below). This will present a dialog box to enter a file name. The file extension is .fim.
Enter your desired name and click Save.

& FandPLimitTool = =R

Export  View Parameters Tools  Help
Load Settings..  Ctrl+L
Save Settings.., Ctrl+5 -
i Fixelsted with Poizson + Gaussian Moise -
Exit: Cirl+0) -
Perform calculations

|7 l Calculate Limits of Accuracy l l Calculate Madel Image l l Sirulate Data Images

Figure 4.1.1: Saving and loading the settings

4.2. Loading the settings

Step 1: To load the settings, click the Load Settings option under the File Menu or use the shortcut
Ctrl+L (see Figure 4.1.1). This will present a dialog box to choose the desired file with extension
fim. Select a previously saved setting and press Open.
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5. Exporting results, parameters, images and report

The FandPLimitTool V1.2 provides very flexible tools for exporting the results of calculations,
simulated images and even a report file. More specifically, user can export the results and
parameters of a desired problem scenario, the simulated model and data images and a LeTex report
that can be generated when performing a multivale calculation (i.e. when varying a parameter). The
simulated model and data images can also be exported when varying a parameter. In such cases, a
sequence of images will be exported. In this section, we discuss different steps of exporting various
results.

5.1. Exporting the results and parameters

NOTE: To export the desired outputs such as results, images and a report, appropriate calculations has to
be performed prior to exporting. If the results, model and data images and a LeTex report are not available,
the corresponding menu options under the Export Menu will be grayed out (see below). After the
appropriate calculation is performed the corresponding menu option becomes accessible.

& FandpLimitTool =] @ (==
File Wiew  Parameters Tools  Help

Results and Pararneters...

Se
todel and Data Images... -
® LaTex Repart... ad

All
|7 l Calculate Limits of Accuracy l Calculate Model Image Sirmulate Data Images

Figure 5.1.1: Exporting is not available

Step 1: Perform either a standard (see e.g. Section 1) or a multivalue (see Section 2) calculation
for the limits of accuracy. Once the calculation is performed and the results are available within the
software, the Results and Parameters option under the Export Menu becomes accessible.

Step 2: Select the Results and Parameters option under the Export Menu (see figure below). This
will present a folder browser.

Step 3: Select a folder name in which you would like to save the results and parameters and click
OK. The results and parameters will be saved as two independent text files in the specified folder.
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Figure 5.1.2: Exporting the results and parameters

NOTE: Depending on the type of calculation (i.e. singlevalue and multivalue), the exported results text file
may include one value or multiple values for the limit of accuracy of each parameter. An example for the
exported text file for a multivalue calculation is shown below.

Photon detection rate,x0,y0,Photon detection rate .
100,0,021005,0,021005,27.735
200,0.0148535,0. 014853 ,309, 2232
300,0.012127,0.012127,48. 0384
400,0,000503,0,010503,55.47
500,0.0083535,0,0083035,62. 0174
600,0. 0085754 ,0.0085754 ,67.93568
F00,0.00759355,0.,00750353,73,.3700
800,0.0074265,0,0074265,78.4465
900,0.0070018,0.0070018,85., 205
1000,0.0066425,0. 0066425, 87, 7055

Localization Accuracy 20 Afry Fundamental Limit
Basic Inputs:

Mumerical Aparture = 1.45

wavelength = 0.6% microns

Exposure time Interval = [0,0.13] s
Magnification = 100

Photon Detection Rate = 1000 photons/s

mModel parameters = [0.325,0.325,13.2038]

Advanced Inputs:
There are no advanced inputs for this calculate type.

4
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Figure 5.1.3: An example for the exported results and parameters
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5.2. Exporting the model and data images

Step 1: Exporting the model images is available upon performing at least one of the three
different actions which are the calculation of the limits of accuracy (see e.g. Section 1), the
calculation of a model image (see Section 3.1) and the simulation of data images (see Section 3.2).
On the other hand, both model and data images can be exported only after simulating data images.
Once one of the mentioned calculations is performed, the Model and Data Images option under the
Export Menu becomes accessible.

Step 2: Select the Model and Data Images option under the Export Menu (see figure below). This
will present a folder browser.

Step 3: Select a folder name in which you would like to save the simulated model and data
images and click OK. The model and data images will be saved within two separate folders under
the specified folder.

NOTE: Depending on the type of calculation (i.e. singlevalue or multivalue), the exported model and data
image folders may contain a sequence of images.
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Figure 5.2.1: Exporting the model and data images

5.3. Exporting a LeTex report

NOTE: A LeTex report can be generated only after performing a multivale calculation (i.e.
calculating the limits of accuracy when varying a parameter).



Exporting results, parameters, images and report

Step 1: Perform a multivalue calculation for the limits of accuracy (see Section 2). Once the
calculation is performed and the results are available within the software, the LeTex Report option
under the Export Menu becomes accessible.

Step 2: Select the LeTex Report option under the Export Menu (see figure below). This will
present a folder browser.
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Figure 5.3.1: Exporting a LaTex report

Step 3: Select a folder in which you would like to save the LaTex report and click OK. A .tex file
together with several .eps images will be saved within a folder named LaTex Report under the
specified folder.

5.4. Exporting everything simultaneously

NOTE: If all the required calculations are performed, the export All... option becomes available and user
can export everything simultaneously.

Step 1: Select the All... option under the Export Menu. This will present a folder browser.

Step 2: Select a folder name in which you would like to export all the results including the limits
of accuracy, the simulated model and data images and the LaTex report, and then click OK.
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6. Console window, log file and bug reporting

The FandPLimitTool V1.2 is equipped with a new console window and a log file. The console
window, which can be accessed directly within the software, not only can provide users with the
details of calculations in real-time, but also is very useful for identifying warning, errors and
reporting bugs. The information that are shown in the console window are also stored in a log file.

6.1. The console window

As mentioned earlier, during the long calculations a console window is automatically displayed
to inform the user about different steps of the calculation. This console window can also display
errors and warnings, if there is any, which is very useful for bug reporting purposes.

Step 1: To access the console window at any time, select the Console option under the View
Menu.

Step 2: To hide the console window, simply close it using the standard close button. Note that
closing the console window will not stop storing the information in the log file.

& FandPLimitTool =n E=R==
File  Export Pararneters Tools  Help
Pararmeter Surnmary.., Ctrl+P
Select a pr
pri Results... Ctrl+R
20 Localizatii Gauzsian Moise hd

Console..,

Perform calculations

Calculate Limits of Accuracy | | Calculate Model Image | | Simulate Data Images

Console f= = = || 22

Figure 6.1.1: Console window

6.2. The log file and bug reporting

The information that are displayed in the console window are also stored in a log file
“fandp_log.mia” in the following path:



Console window, log file and bug reporting

C:\Users\{username}\AppData\Roaming\FandPLimitTool
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Figure 6.2.1: Log file

To report a bug (that leads to an error or warning), please send this log file to us. More
information about the current versions of the FandPLimitTool and the MUMDesignTool, their
homepages and licensing can be found in the corresponding About windows (e.g. see below).
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Figure 6.2.2: About the FandPLimitTool
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7. The MUMDesignTool

This section describes how to use the MUMDesignTool, a new software module in the new
version of the FandPLimitTool, to calculate and plot the Fisher information matrix (FIM) and the
PLAM [1] along the z-axis. The MUMDesignTool is developed to help in designing the plane spacing
for a multifocal plane microscopy (MUM) setup including up to 10 focal planes.

The MUMDesignTool provides two working modes. The Rapid Mode takes into account the
stochastic nature of the photon detection processes and assumes that the observed data is Poisson
distributed [1]. However, this mode does not take into consideration other extraneous noise
sources such as the background, readout and stochastic signal amplification. This mode yields a fast
approach for the calculation of the FIM and the PLAM, and allows changing the number of focal
planes and their spacings in real-time. In addition, the Precise Mode takes into account the
extraneous noise sources, such as the background noise which is independently Poisson
distributed, the readout noise which is modeled as independent additive Gaussian noise [2], and in
case of using an EMCCD detector, the stochastic electron multiplication noise that is modeled as a
branching process [3].

It is assumed that the pixels are rectangular in shape with no dead space between any two
pixels. Further, the ROIs containing the images of the object are assumed to be rectangular arrays of
pixels. The object is assumed to be in the center of this rectangular pixel array and the location of
the object is specified with respect to the object space. Refer to [1] for more details regarding the
design of focal plane spacing for a MUM setup.

7.1. Summary of simulation conditions

The following table summarizes the imaging conditions under which the calculations are
performed.

Property Value

Number of focal planes 2

Photon detection rate 10,000 photons/second
Photon count percentage [50, 50] %

Object medium refractive index 1.515

Numerical aperture 1.45

Wavelength 0.69 um

Exposure time 0.1 seconds
Magnification 100 X

Location of object in ROI 0.585 um, 0.585 um
Pixel size 13 um x 13 um

ROI Size 9 pixels x 9 pixels
Defocus start -2 um

Defocus increment 0.05 um

Defocus end 2 um

Table 7.1.1: Summary of simulation parameters for the MUMDesignTool
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7.2. Providing the inputs and configuring the MUMDesignTool

Step 1: Access the Configure Setting - MUM Design Tool window by clicking the
MUMDesignTool option under Tools Menu in the main application window or through its shortcut
Ctrl+M.

nCanigurE Settings - MUMDesignToal & |l=all=2|=]
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— Sirnulation parameter:

Mumber of focal planes = |2 v:
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I Caloulate Limits of Accuracy ] ’ Calculate Model Image l I Simulate Data Images
Done I

Figure 7.2.1: The MUMDesignTool configuration window

Step 2: In the - Simulation parameters - section of the window, enter the values for the various
fields as follows: Number of focal planes = 2, Total photon count = 10000, Photon count percentage =
[50, 50], Immersion medium refractive index = 1.515, Numerical aperture = 1.45, Wavelength = 0.69,
Exposure time = 0.1, Magnification = 100, xo = 13x4.5/100, y, = 13x4.5/100, Pixel size = [13, 13], and
ROI size = [9, 9].

Note: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13 um, is
(4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate values
are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 um x 13x4.5/100

um.

Step 3: In the - Defocus range - section of the window, enter the values for the various fields as
follows: Defocus start = -2, Defocus increment = 0.05, Defocus end = 2.

Step 4: In the configure setting - MUM Design Tool window, click the Done button. The Done
button text will change to Calculation in progress ... and the application will temporarily become
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unresponsive while the calculations are being performed. During the calculation, a console window
will be shown to inform the user about the different steps of the calculation. This console window
will also display errors and warnings, if there is any, which is very useful for bug reporting

purposes.

NOTE: The calculation could indeed take half an hour to complete depending on the hardware capabilities
of the platform on which the application is being executed.

Defocus range

Defocus start = -1 microns
Defocus increment = 0.1 microns
Defocus end = |1 microns

Mumber of objects §data points = 21

| Calculation in progress . ‘

Console EI = @
MLIMD i 1n
ADesign mo

aal: mo

m

Figure 7.2.2: MUMDesignTool calculation in progress

Step 5: When the calculation is completed, the MUMDesignTool (Rapid Mode) window will be
brought in focus (more details about this window will be discussed in the next section).

7.3. Designing the plane spacing using the Rapid Mode

Figure 7.3.1 shows the main window of the MUMDesignTool. The - Simulation summary -
section of the window represents a summary of the simulation parameters. The - Focal plane offset
- section of the window includes a pull-down menu for selecting the number of focal planes as well
as 10 slides to change the plane spacings. Note that these settings can be performed in real-time.
The right-hand side panels, which show the FIM and PLAM along the z-axis for the MUM setup, will
be updated automatically by changing the plane spacing and other parameters.

The - PDR - section of the window assists us with choosing the total photon detection rate of the
setup as well as the photon percentage for each focal plane. Changing the number of planes will
automatically update the photon percentages to be consistent with the total photon detection rate.
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The - Display options - section of the window provides controls for better calculation and
visualization of the FIM and PLAM, and also provides tools for exporting the results. For instance,
using radio buttons zo, Xo and yo, user can switch the FIM and PLAM plots to visualize the behavior
of the corresponding coordinate along the z-axis. The embedded checkboxes help to hide or show
different curves within the figures and enhance the visibility. Moreover, a desired region in the plot
can be highlighted using other controls in this panel.

The Reset button in this panel resets the MUMDesignTool by recalling the Configure Setting -
MUMDesignTool Window. The Split windows button shows the FIM and PLAM plots in new
decoupled windows. Also, the Export button exports both the results as .txt files and the plots as .pdf
files. Finally, the Precise Mode button runs the precise mode calculation of the MUMDesignTool to
provide accurate results for the behavior of the FIM and PLAM curves (This function will be
discussed in detail later).

We next give an example for designing the focal plane spacing for a 3-plane MUM setup using the
strong coupling spacing scenario (for more information see [1]). We assume that user has applied
the steps in Section 7.2 (Providing the inputs and configuring the MUMDesignTool). Here are the
steps:

H MUMDesignTool (Rapid Mode) EI@
File  Help
— Simulation surmmary
Refractive index = 1_515 -
Tube Length = 160 (mm) 4000 T T T 3 T T T 15.8
Munerical aperture = 1.4E A : : Focal plang 1
Wavelength = 0.69 (microns) L E H p
Exposure time = 0.1 {seconds) 38001 : : Focal plane 2 [{18.9
Magmi fication = 100 Focal plane 3 =)
& 30001 i : Focal plane 4 [|18.3 £
—————————— Location parameters —-------- £ ¥ i [=1
®D = 0.328 (microns) = ] : — Sum line =
§0 = 0.325 {microms) = 28001 120 B
- = z
T g
— = 20001 1224 3
— Limit ruler.  — Focal plane offset = g
E
2 Mumber of focal planes: 4 - E 1600 T 258 2
Inf B b
[ 2 1 3 05 | microns 2] 5
= - — =
- 3 4 v 1 |microns = 1000 31.6 g
1 —
0 v[| 15 |microns ;
* 00t : 447
5 0 microns
7 0 |microns -2 -1 0 1 2 3 4
R E—— O 28 e T )
g 0 |microns 180 T T 3 T T
0 |microns : :
- 10 160+
— Display option: — PDR = L
Max: = fiD
- . =
Switch plots: @) z0 (%0 () y0 10000 - S 120+
Visibilty: [7] Sum  [F] Flx ¥ oo Z
Plane lines: [7]1 (]2 [7] 3 [Z]4 ] 5 & 100
s[77[F]e ]3] 10 sttty &
o L
Plane markers: (7)1 (] 2 [¥]3 [¥]4 ] 5 = = 0
87 e [F]s @10 £z .
iEw moder | Sum ling - s
Highlight recion: Showr E 401
& o e os 5] ] ol
[ Resst [ eqoom | Phten (%) n . ! i . L !
l Precise Mote H Splt windows | [25, 25, 25, 25] -3 -2 -1 u] 1 2 3 4
Object z-position ()

Figure 7.3.1: MUMDesignTool Rapid Mode (main window)
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Step 1: In the - Focal plane offset - section of the window select “3” from the Number of focal
planes pull-down menu.

(1
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Figure 7.3.2: Changing the number of focal planes in real-time

Step 2: You will see an alert stating that “Photon count percentages have been reset”. Click OK to
proceed.

Step 3: In the - Focal plane offset - section of the window set the value of the plane spacing
slider 2 to be equal to “0.6 microns”. Also, set the value of the plane spacing slider 3 to be equal to
“1.2 microns”. This will overlap the zero of the z0-FIM of each focal plane with the local maximum of
that of the adjacent focal plane (for more information see [1]). As a result, the FIM and PLAM curves
will be updated.

Step 4: In the - Display options - section of the window, select “Sum line” from the View mode
pull-down menu. This will update the FIM such that only the sum line data points will be visible.

Step 5: In the - Display options - section of the window, change the right-hand side field of
Highlight region to “0.6” and check the “Show” checkbox. This will highlight the region between
plane 1 and plane 2 for better visualization.

Step 6: In the - Limit ruler - section of the window, set the z0 slider to 19 nm. At this step, you
will see the z elements of the FIM and PLAM curves.

Step 7: To see the xo elements of the FIM and PLAM curves, in the - Display options - section,
select the x0 radio button. The FIM and PLAM curves will be updated accordingly as can be seen in
the following figure.
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Figure 7.3.3: The lateral elements of FIM and PLAM (MUMDesignTool Rapid Mode)

Step 8: To save the calculated data points and the plots click the Export button in the - Display
options - section. You will be asked to select a folder.
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Figure 7.3.4: Exporting the MUMDesignTool results



MUMDesignTool

Step 9: In the Browse For Folder window, select a folder and click the OK button. This will
export the results as text files and the plots as pdf files.

7.4. Precise Mode

Once user has designed the plane spacing using the Rapid Mode, the next step is to verify
whether the designed spacing is appropriate in the presence of extraneous noise sources. This
verification is performed using the Precise Mode of the MUMDesignTool. We next provide an
example for this verification step.

Step 1: Click the Precise Mode button in the - Display options - section to calculate the accurate
FIM and PLAMs along the z-axis considering the extraneous noise parameters. This will load the
Noise Parameter Setting (Precise Mode) window as shown below.
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Figure 7.4.1: Entering the noise parameters

Step 2: In Noise Parameter Setting (Precise Mode) window, select the “Poisson + Gaussian +
Branching” option in the Noise Type drop down menu. This will consider background, readout and
branching noise for the calculations. This option is suitable when using an EMCCD detector.

NOTE: Holding the mouse pointer on this drop down menu will give a brief explanation (as a tool tip text)
about the suitable option for different types of detectors (see Figure 7.4.1).

Step 3: Enter the values Background noise = [35 60 85], the Readout noise std = [8 5 7], the EM
gain = [250 100 110] and the EM model = [1 1 1]. Click OK when done. The Precise Mode button text
will change to Calculating ... and the application will temporarily become unresponsive while the
calculations are being performed (see figure below). The console window will also be displayed.

NOTE: The calculation could indeed take an hour to complete depending on the hardware capabilities of
the platform on which the application is being executed.
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Figure 7.4.2: Calculation procedure in the Precise Mode

Remark 8: Each element in the Background noise, Readout noise std, EM gain and EM model vectors
corresponds to one of the focal planes. For example, in the above case, the vectors have 3 elements associated
with the 3 focal planes. For more information about the different EM models see [3].

Step 4: When the calculation is completed, the Calculating ... button text will change back to
Precise Mode and the MUMDesignTool (Precise Mode) window will be brought in focus (see
figure below).
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Figure 7.4.3: MUMDesignTool Precise Mode
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8. 3D-Localization accuracy measure (Born-Wolf Model)

This section provides an example of how to use the FandPLimitTool to calculate the accuracy
with which the 3D location of an object can be estimated from its image (PLAM). The image of the
object is assumed to be a 3D Point Spread Function profile.

The calculation takes into account the stochastic nature of the photon detection processes and
assumes the photons detected from the object to be Poisson distributed. In addition, the calculation
also takes into account extraneous noise sources - in particular the background component which is
modeled as Poisson noise [1], the readout noise of the detector which is modeled as independent,
additive Gaussian noise [2] and the electron multiplication noise of an EMCCD detector which is
modeled as a branching process [3].

It is assumed that the pixels are rectangular in shape with no dead space between any two
pixels. Further, the ROI containing the image of the object is assumed to be a rectangular array of
pixels. The object is assumed to be in the center of this rectangular pixel array and the location of
the object is specified with respect to the object space.

Refer to [5] for details on determining the 3D localization accuracy in single molecule
microscopy.

8.1. Summary of imaging conditions

The following table summarizes the imaging conditions under which the calculations are
performed.

Property Value

Z, 0.5 um

Object medium refractive index 1.515

Numerical aperture 13

Wavelength 0.52 um

Photon detection rate 10,000 photons/second
Exposure time 0.13 seconds
Magnification 100 X

Location of object in ROI 0.585 um, 0.585 um
Pixel size 13 um x 13 um

ROI Size 9 pixels x 9 pixels
Background level (Poisson rate) 1000 photons/pixel/second
Gaussian noise mean Oe

Gaussian noise standard deviation 8e rms

Use EM unchecked

EM gain 100

EM model Geometric

Table 8.1.1: 3D Localization Accuracy - Summary of imaging conditions
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8.2. Providing required parameters

Step 1: Select the calculation option “3D Localization Accuracy - Airy: Pixelated with Poisson +
Gaussian Noise” from the Calculate pull-down menu in the main application window.

Step 2: The required parameters window should be visible by default. If it is not visible, access it
by clicking the Required Parameters option under the Parameters Menu.

.Required Parameters (=] [=o]=3[=]

3D Localization Accuracy - Born-Wolf Model
Pi: with Poi: + ian Noise

— Fundamental input

0= 001 microns
Chject medium refractive index = |1.515
Mumerical sperture = |1.45
Wavelength = 069 microns
Photon detection rate = 110000 photonssz

Exposure time = (013 seconds

— Additional input
P 2D Localization Accuracy - Airy, Fundamental Limit -

Magnification = 100 2D Localization Accuracy - Airy. Pixelsted with Poisson Moise
2D Localization Accuracy - Airy. Pixelsted with Poisson + Gaussian Moise
2D Localization Accuracy - Gaussian Symmetric: Fundamental Limit

x0=0.325 microns 2D Localization Accuracy - Gaussian Symmetric: Pixelated with Poizson Noise
y0= 0325 microns 20 Localization Accuracy - Gaussian Symmetric: Pixelated with Poisson + Gaussian Moise

-------------------- Location parameters ----------m--m---—--

m

2D Localization Accuracy - Gaussian Asymmetric: Fundamental Limit
2D Localization Accuracy - Gaussian Asymmetric: Pixelated with Poisson Moise

Fixel size [height, width] = [13,13] micrans X microns 2D Localization Accuracy - Gaussian Asymmetric: Pixelated with Poisson + Gaussian Noise

RO size [height, width] = [3, 5] no. of pixels ¥ no. of pixels 30 Localization &ccuracy - Born2wWolf Model: Fundamental Limit
3D Localization Accuracy - Born-wiolf Model: Pixelated with Pois=on Moise

— Extraneous noise source(s) §

2D Resolution &ccuracy - Gaussian Symmetric Modet Pixelated with Poisson Moise [Symmetric Parameterization]

20 Resolution Accuracy - Gaussian Symmetric Model Pixelated with Poiszon + Gaussian Moize (Symmetric Parameterization)

-- Readout (Faussian) noise parameters -- | 2D Re=olution Accuracy - Gaussian Symmetric Model Pixelated with Poisson Moise (Aymmetric Parameterization)) —
Standard deviation = 8 a-ixel . 2D Re=solution Accuracy - Gaussian Symmettic Model Pixelated with Poisson + Gaussian Moise (Asymmetric Parameterization) E

.| 2D Resoltion Accuracy - Gaussian Symmettic Model Pixelated with Poisson Moise (Cartesian Parametetization)

Background level (Poisson rate) = 1000 photonshixels

Eicciipplitit piectixgloaiacicrs Fi 2D Resolution Accuracy - Gaussian Symmettic Model Pixelated with Poisson + Gaussian Moise (Cartesian Parameterization)
D Use EM  EM gain= 2 0052 20 Resnlution Accuracy - Airy Model Fundamental Limit (Symmetric Parameterization)
EM model = |Geometric 2D Resolution &Accuracy - Alry Model Pixelated with Poiz=on MNoize (Symmetric Parameterization) 57
30 Localization Accuracy - Born-wolf Model Pixelsted with Poizson + Gaussian Moise ol

— Parameters to be estimated
x*0 0 Background level
v [¥] Photan dctection rate I Calculate Limits of Accuracy ] [ Calculate Model Image ] [ Simulate Data Images

“ary a Parameter

— Perform calculations

Figure 8.2.1: 3D Localization Accuracy problem scenario and its required parameters window

Step 3: In the - Fundamental inputs - section of the window, enter the values for the various
fields as follows: zo = 0.5, Object medium refractive index = 1.515, Numerical aperture = 1.3,
Wavelength = 0.52, Photon detection rate = 10000, and Exposure time = 0.13.

Step 4: In the - Additional inputs - section of the window enter the values for the various fields
as follows: Magnification = 100, xo= 13x4.5/100, yo = 13x4.5/100, Pixel size = [13, 13], and ROI size =

[9,9].

Remark 9: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13
um, is (4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate
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values are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 um x
13x4.5/100 um.

Step 5: In the - Extraneous noise sources - section of the window, enter the values for the
various fields as follows: Background level = 1000 and Standard deviation = 8.

Remark 10: In case that the localization accuracy is required for an EMCCD detector, the Use EM checkbox
should be checked and the desired value for the electron multiplication gain should entered in the EM gain
field. For more information see Remark 2.

Step 6: In the - Parameters to be estimated - section of the window, ensure that all check-boxes
for all parameters are checked.

8.3. Providing advanced parameters

NOTE: All inputs in the Advanced Parameters window are optional. The default values provided have
been found to work adequately for typical imaging conditions.

Step 1: Access the advanced parameters window by clicking the Advanced Parameters option
under the Parameters Menu.

u.&dvanced Parameters [=] == | =]

3D Localization Accuracy - Born-Wolf Model
Pizelated with Poisson + Gaussian Noise

— Advanced fundamental inputs

Alpha* = [13.2035 Updste analytically

— Maodel profile calculations

Pixel integration method © | Trapezoidal - Addtionsl parameters
hodel integration method : Trapezoidal v. Additional parameters
Background type © | Constant - Additional parameters

— Fisher information rmatrix calculations

B FandPLimitTaal

Single integration method : | Trapezoidal ~ | | Additional parameters File Export “iew Tools  Help
Double irtegration method || Trapezoidal - | [ dsltional parameters Required Parameters Ctrl +U

Select a problemn ¢
P Advanced Parameters.., Ctrl+M
- 30 Localization & couracy = oorm =0 mOGET FIEE—IEn vyii OSSO +

Limits of summation [loveer limit, upper limit] = B2 use_default -

Limits of integration [lower limit, upper limit] = 2 use_dstaut Ferform calculations

Trapezoidal integration step size = 0.03

Calculate Limits of Accuracy l ’ Calculate Mo

=hlpha = 2 x pi x numerical aperture § wavelength; pi= 31416 (approx.)

Figure 8.3.1: 3D Localization Accuracy advanced parameters window

Step 2: The Advanced parameters window contains an - Advanced fundamental inputs - section.
The default value of the field in this section can be left unchanged.
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Step 3: In the - Model profile calculations - section of the window, access the Pixel integration
method pull-down menu and select “Trapezoidal”.

— Advanced fundamental inputs

Alpha* = 132035 Update analytically u Trapeza... E' [=] @
. ¥ Gricldiny
— Maodel profile calculations .
Pizelintegration method | | Trapezoidal vl [ Additional parameters ]
= Y Gridding
Madel integration method | | Trapezoidal - [ Additional parameters ] 13

Background type :  Constant v.[ Additional parameters ]

Figure 8.3.2: Pixel Integration Trapezoidal options

Step 4: Click the Additional parameters button next to the Pixel integration method pull-down

menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13. Click OK
when done.

Step 5: Access the Model integration method pull-down menu in the same section of the window
and select “Trapezoidal”.

Pizelated with Poisson + Gaussian Noise

{Born Wolf Model) B Trapezo. [ = | & [
— Advanced fundamental inputs Step size
Alpha® = 132038 Updste analytically m
5 Lovwer limit
— Muodel profile calculations 0
Pixel integration method ©  Trapezoidal - [ Adlditional parametars ]
: Upper limit
Madel integration method ! Trapezoidal - [ Additional parameters ] 1
Background type | Constant - [ Additional parameters ]

Figure 8.3.3: Model Integration Trapezoidal options

Step 6: Click the Additional parameters button next to the Model integration method pull-down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 7: Access the Background type pull-down menu and select “Constant”. There are no

additional parameters to be accessed via the Additional parameters button for the “Constant”
option.

Step 8: In the - Fisher information matrix calculations - section of the window, access the Single
integration method pull-down menu and select “Trapezoidal”.



MUMDesignTool

— Fisher information matrix calculations

n Trapezo.. EI =] @

Single integration method | Trapezoidal - I Addtional parameters I

Step size
Double integration method | Trapezoidal - I Addtional parameters I m
Li lirmit
-------------------- Maise factor calculstion parameters -—----------m-mmnm Dower L
Limits of summation [lower limit, upper limit] = i use_defaut +
Limits of intearation [lower limit, upper imit] = MoA use_defaut Upper limt

1
Trapezoidal integration step size = 0.05

*Alpha = 2 x pi x numerical aperture 5 wavelength; pi = 31416 (approx.]

Figure 8.3.4: FIM Single Integration Trapezoidal options

Step 9: Click the Additional parameters button next to the Single integration method pull- down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 10: Access the Double integration method pull-down menu in the same section of the
window and select “Trapezoidal”.

— Fisher information matrix calculations

o Trapezo.., =
Single integration method : Trapezoidal - I Additional parameters J . P E @

Double integration method | Trapezoidal « | [ additional parameters | }Efidding
-------------------- Moize factor calculstion parameters ——--——-———————- o
Y Gridding
Limitz of summation [loveer limit, upper limit] = -0 usze_default - 13

Limit= of integration [lovwer limit, upper limit] = 72 use_defaut -

Trapezoidal integration step size = 0.05

*Alpha = 2 % pi x numerical aperure [ wavelength; pi=3141B6 (approx.)

Figure 8.3.5: FIM Double Integration Trapezoidal options

Step 11: Click on the Additional parameters button next to the Double integration method pull-
down menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13.

Step 12: The - Fisher information matrix calculations - section has a subsection titled - Noise
factor calculation parameters - . Enter the following values in this subsection: Limits of summation =
[1, 3000], Limits of integration = [-5000, 5000] and Trapezoidal integration step size = 0.05.

Remark 11: The limits of integration and summation are initially set to default values which are

automatically calculated based on the imaging conditions. It is possible specify these limits by changing the
value of the combo box to the right of the limits of integration and summation fields.
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8.4. Executing the task and viewing results

Step 1: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate button text will change to Calculating ... and the application will temporarily
become unresponsive while the calculations are being performed. During the calculation, a console
window will be shown to inform the user about the different steps of the calculation.

NOTE: The calculation could indeed take half an hour to complete depending on the hardware capabilities
of the platform on which the application is being executed.

Warning EI = @

WARNING: This calculation may take a long time to complete. Are you sure
you want to continue?

B randPLimitToal S| [all ===

File  Export View Parameters Tools  Help

Select a problem scenario:

3D Localization Accuracy - Born-Walf Model: Pixelated with Poiszon + Gaussian Moise b

Pedorm calculations

‘ Calculating ... ‘ | Calculate Model Image | | Simulate Data Images |

Console EI [=] @

Figure 8.4.1: Calculation and Final confirmation

Step 2: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy and the Results window will be brought in focus. In addition, the
console window will be hidden when the calculation is over. The console window can be accessed
any time by selecting the Console option under the View Menu.
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B =T

3D Localization Accuracy - Born-Wolf Model
Pixelated with Poisson + Gaussian Noise

— Results : Limit of the accuracy of
w0 = 63512 nanometers
yil = 6.3512  |nanometers
70 = (1522174 nanometers

Phaton detection rate = 0.67233  |photons/s

Eackaround level = 938036 phatonsiixels

Figure 8.4.2: 3D localization Accuracy results window
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2D-Resolution measure

This section provides an example of how to use the FandPLimitTool to calculate the accuracy

with which the 2D location of two objects can be resolved from their image (PREM). The objects are
assumed to be in focus with respect to the objective lens and the image of each object is assumed to
be an Airy profile.

The calculation takes into account the stochastic nature of the photon detection processes and

assumes the photons detected from the object to be Poisson distributed. In addition, the calculation
also takes into account extraneous noise sources - in particular the background component which is
modeled as additive Poisson noise, the readout noise of the detector which is modeled as
independent, additive Gaussian noise [2] and the electron multiplication noise of an EMCCD
detector which is modeled as a branching process [3].

It is assumed that the pixels are rectangular in shape with no dead space between any two

pixels. Further, the ROI containing the image of the objects is assumed to be a rectangular array of
pixels. The midpoint between the objects is assumed to be at the center of this rectangular pixel
array and the location of the midpoint between the objects is specified with respect to the object
space.

Refer to [6] for details or determining the 2D resolution accuracy in single molecule microscopy.

9.1. Summary of imaging conditions

The following table summarizes the imaging conditions under which the calculations are

performed.
Property Object 1 Object 2
Numerical aperture 1.3 1.3
Wavelength 0.52 um 0.52 um
Photon detection rate 10,000 photons/second 10,000 photons/second
d 0.1 um
phi /4 radians
Exposure time 0.13 seconds
Magpnification 100 X
Location of object in ROI 0.585 um, 0.585 um
Pixel size 13umx 13 um
ROI Size 9 pixels x 9 pixels
Background level (Poisson rate) 1000 photons/pixel/second 1000 photons/pixel/second
Gaussian noise mean Oe
Gaussian noise standard deviation 8e rms
Use EM unchecked
EM gain 100
EM model Geometric

Table 9.1.1: 2D Resolution Accuracy - Summary of imaging conditions
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9.2. Providing required parameters

Step 1: Select the calculation option “2D Resolution Accuracy - Airy: Pixelated with Poisson +
Gaussian Noise (Symmetric Parameterization)” from the Calculate pull-down menu in the main
application window.

B Required Parameters (=] [E= =]

2D Resolution Accuracy - Airy
Pixelated with Poisson + Gaussian Noise

Symmetric Parameterization
Ohject selection
r @ Chject 1 (0) Ohject 2

— Fundarmental inputs - Object 1

Mumerical aperture = 1 .3

Wavelength = 051 microns
Photon detection rate = 10000 |photonsds
d** =05 mictans
phi** = 07854  radians
Exposure time** = 013 SECONGS
30 Localization Accuracy - Bornwolf Maodel: Fundamentsl Limt -
— Additional input 30 Localization Accuracy - BornWalf Model: Pixelated with Poizson Moise

30 Localization Accuracy - Born-wolf Model: Pixelsted with Poizson + Gaussian Noise

20 Resolution Accuracy - Gaussian Symmetric Model: Pixelsted with Poizzon Moize (Symmetric Parameterization)

-------------------- Location parsmeters -—--—--------—-— 20 Resolution Accuracy - Gaussian Symmetric Madel: Pixelsted with Poisson + Gaussian Moize (Symmetric Parameterization)
x* = 0325 |microns 20 Resolution Accuracy - Gaussian Symmetric Model: Pixelsted with Poisson Moise (Aymmetric Parameterization)

20 Resolution Accuracy - Gaussian Symmetric Model: Pixelsted with Poisson + Gaussian Moize (Asymmetric Parameterization)

2D Resolution Accuracy - Gaussian Symmetric Madel: Pixelsted with Poiszon Moize (Cartesian Parameterization)

Magnification?®* = 100

™ = 0325 |microns

"""""""""" Pixelation paratmeters --—-—-----------o- 20 Resolution Accuracy - Gaussian Symmetric Madel: Pixelsted with Paisson + Gaussian Noize (Cartesian Parameterization)
Pixel size [height, wicdth]* = [13, 13] |microns X microns 2D Resolution Accuracy - Airy Model: Fundamertal Limit (Symimetric Parameterization)
ROl size [height, wicth]™ = [5, 5] no. of pixels ¥ no. of pixels 2D Resalution Accuracy - Airy Model: Pixelated with Poisson Moise (Symmetric Parameterization)
2D Resolutio n+ ] Etric Parsme L
— Extraneous noise source(S) - Object 1 ) 2D Resolution Accuracy - Ary Model: Fundamertal Limit (Asymmetric Parameterization) 3
2D Resolution Accuracy - Airy Model: Pixelated with Poisson Maise (Asymmetric Parameterization)
Eackoround level (Poisson rate) = 1000 photonsfpixelis —| 2D Resalution Accuracy - Alry Model: Pixelated with Poisson + Gaussian Moise (Aymmetric Parameterization) L.
____________ Reatoul (GaUSSian) NOiSe Parameters —— - . 2D Resolution Accuracy - Airy Model: Fundamertal Limit (Cartesian Parameterization) E|

2D Resolution Accuracy - Alry Model: Pixelated with Poisson Moize [(Cattesian Parameterization)

Standard deviation* = |G - pizel Fi
Andare ceviEton S 2D Resolution Accuracy - Alry Model: Pixelated with Poisson + Gaussian Moige (Cartesian Parametetization) —
"""""" Electron multiplicstion parameters -————— 30 Resolution Accuracy - Bornawiolf Model: Fundamental Limit (Symmetric Parameterization)
[ Lse Bt EM gain** =|2 0oz 3D Resolution Accuracy - Born-wWiolf Model: Pixelated with Poisson Moise (Symmetric Parameterization) -
20 Resolution Accurscy - Airy Modet Pizelated with Poisson + Gaussian Moise (Symmetric Parameterization) i

EM model = | Geometric

— Perform calculations

Parameters to he estimated
’7 x £ d phi ‘

** Yalues apply to both objects.
R 4 ‘Vary a Parameter

[ Calculate Limits of Accuracy ] I Calculate Model Image ] [ Sirnulate Data Images

Figure 9.2.1: 2D Resolution Accuracy calculate type and its required parameters window

Step 2: The required parameters window, which is visible by default, will be updated
accordingly. If this window is not visible, access it by clicking the Required Parameters option under
the Parameters Menu in the main application window.

Step 3: In the - Object selection - section of the Required parameters window, select “Object
1”.

Step 4: In the - Fundamental inputs - Object 1 - section of the window, enter the values for the
various fields as follows: Numerical aperture = 1.3, Wavelength = 0.52, Photon detection rate =
10000, d = 0.1, phi = pi/4 and Exposure time = 0.13.



2D-Resolution measure

Step 5: In the - Additional inputs - section of the window, enter the values for the various fields
as follows: Magnification = 100, sx = 13x4.5/100, sy = 13x4.5/100, Pixel size = [13, 13], and ROI size =
[9, 9].

Remark 12: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13
um, is (4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate
values are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 um x
13x4.5/100 um.

Step 6: In the - Extraneous noise sources - Object 1 - section of the window, enter the values for
the various fields as follows: Background level = 1000 and Standard deviation = 8.

Remark 13: In case that the localization accuracy is required for an EMCCD detector, the Use EM checkbox
should be checked and the desired value for the electron multiplication gain should entered in the EM gain
field. For more information see Remark 2.

Step 7: In the - Object selection - section of the Required parameters window, select “Object
2”. Then repeat steps 4 and 6 for the Object 2.

Step 8: In the - Parameters to be estimated - section of the window, ensure that all check-boxes
for all parameters are checked.

9.3. Providing advanced parameters

NOTE: All inputs in the Advanced Parameters window are optional. The default values provided have
been found to work adequately for typical imaging conditions.

Step 1: Access the advanced parameters window by clicking the Advanced Parameters option
under the Parameters Menu.

B 2dvanced Parameters = o] @ | =]

2D Resolution Accuracy - Airy
Pixelated with Poisson + Gaussian Noise
Symmetric Parameterization

— Muodel profile caloulations

Aditionsl parameters
Additional parameters u FandPLimitToaol

Pixel irtegration method | Trapezoidal

Background type : Constant

File  Export ‘u"iewTooIs Help

— Fisher infarmation matrix calculations )
Required Parameters.., Ctrl+U

-
-
) ) . . Select a problem g
Single integration method . | Trapezoidal - Additional parameters Advanced Parameters.., Ctrl+M
= 20 Resolution Scouracy = Siry MOnEL FIREEED WrT Fossun + SEuss
- Additional parameters

Double irtegration method Trapezoidal
Perform calculations

Limits of summation [lowwer limit, upper limit] = k7L usze_default ¥ l Calculate Limits of Accuracy ] l Calculate Mo

Limits of integration [lovwer limit, upper limit] = (R0 use_default vl

Figure 9.3.1: 2D Resolution Accuracy advanced parameters window



MUMDesignTool

Step 2: In the - Model profile calculations - section of window, access the Pixel integration
method pull-down menu and select “Trapezoidal”.

n.ﬂ.dvanced Parameters = == |[=]
Trapezo.. : =] :
2D Resolution Accuracy - Airy u E
Pixelated with Poisson + Gaussian Noise ¥ Gridding
Symmetric Parameterization E
Model profile calculation
- N Gridding
Pixel integration method © | Trapezaidal - Additionsl parameters 13
Background type | Constant v | [ addtionsl parameters
-

Figure 9.3.2: Pixel Integration Trapezoidal options

Step 3: Click the Additional parameters button next to the Pixel integration method pull-down

menu. In the dialog box that appears, enter values for fields as follows: XGridding = 13, YGridding =
13. Click OK when done.

Step 4: Access the Background type pull-down menu and select “Constant”. There are no
additional parameters to be accessed via the Additional parameters button for the “Constant” option.

Step 5: In the - Fisher information matrix calculations - section of the window, access the Single
integration method and select “Trapezoidal”.

— Fisher information matrix calculation ——
B Tropero.. [ = | = [l
Eingle integration method © | Trapezaidal - Additional parameters
= Step size
Double integrstion method @ | Trapezoidal - Additional parameters E
-------------------- Moise factor calculation parameters --aeememaecececaeeee
Litnits of summation [lower limit, upper limit] = k72 use_default -
Limits of integration [lower limit, upper limit] = kA uzse_default =

Figure 9.3.3: FIM Single Integration Trapezoidal options

Step 6: Click on the Additional parameters button next to the Single integration method pull-
down menu. In the dialog box that appears, enter Step size = 0.05.

Step 7: Access the Double integration method pull-down menu in the - Fisher information
matrix calculations - section of the window and select “Trapezoidal”.

Step 8: Click on the Additional parameters button next to the Double integration method pull-
down menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13.
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— Fisher information matrix calculation

Trapezao.. EI = @

Single integration method | Trapezoidal - | Additional parameters |
. . ] ¥ Gricdi
Double integration method & | Trapezoidal - Additional parameters Tieing
____________________ Moise factor calculation parameters —------------—-——- ¥ Gricding
Limits of summstion [lower limit, wpper limit] = U2 use_default + 13

Limits of integration I lirmit lirmit] = |52
imits of integration [lovwer limit, upper limit] uze_default = | carcel |

Figure 9.3.4: FIM Double Integration Trapezoidal options

Step 9: The - Fisher information matrix calculations - section has a subsection titled - Noise
factor calculation parameters - . Enter values Limits of summation = [1, 3000] and Limits of
integration = [-5000, 5000] in this subsection.

Remark 14: The limits of integration and summation are initially set to default values which are
automatically calculated based on the imaging conditions. It is possible specify these limits by changing the
value of the combo box to the right of the limits of integration and summation fields.

9.4. Executing the task and viewing results

Step 1: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate button text will change to Calculating ... and the application will temporarily
become unresponsive while the calculations are being performed.

FandPLimitTo Bl Warning ] @ =) @ [
File  Export
WARNING: Thiz calculation may take a long time to complete, Are you sure
Select a prob pou want to continue?
20 Resolution A -
Ferform cg
| Calculating ... ‘ | Calculate Model Image | | Simulate Data Images |

Console

=] o] @ ]

m

P
F
F
F
P
P
P
P
P
P
F
F

Figure 9.4.1: Calculation and Final confirmation
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NOTE: During the calculation, a console window will be shown to inform the user about the different steps
of the calculation. The calculation could indeed take half an hour to complete depending on the hardware
capabilities of the platform on which the application is being executed.

Step 2: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy and the Results window will be brought in focus. In addition, the
console window will be hidden when the calculation is over. The console window can be accessed
any time by selecting the Console option under the View Menu.

B Results o @ |3

2D Resolution Accuracy - Airy
Pixelated with Poisson + Gaussian MNoise
Symmetric Parameterization

— Results : Limit of the accuracy of
zx = 08668 | manometers
sy = [3.9669  nanometers
d=[11731 |nanometers

phi = [0.023825 radians

Figure 9.4.2: Results window (2D Resolution)
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10. 3D-Resolution measure (Born-Wolf Model)

This section provides an example of how to use the FandPLimitTool to calculate the accuracy
with which the 3D location of two objects can be resolved from their image (PREM). The image of
each object is assumed to be 3D Point Spread Function.

The calculation takes into account the stochastic nature of the photon detection processes and
assumes the photons detected from the object to be Poisson distributed. In addition, the calculation
also takes into account extraneous noise sources - in particular the background component which is
modeled as additive Poisson noise, the readout noise of the detector which is modeled as
independent, additive Gaussian noise [2] and the electron multiplication noise of an EMCCD
detector which is modeled as a branching process [3].

It is assumed that the pixels are rectangular in shape with no dead space between any two
pixels. Further, the ROIs containing the images of the object are assumed to be rectangular arrays of
pixels. The object is assumed to be in the center of this rectangular pixel array and the location of
the object is specified with respect to the object space.

Refer to [6] for details on 3D resolution accuracy in single molecule microscopy.

10.1. Summary of imaging conditions

The following table summarizes the imaging conditions under which the calculations are
performed.

Property Object 1 Object 2 ‘
Numerical aperture 1.3 1.3

Wavelength 0.52 um 0.52 um

Photon detection rate 10,000 photons/second 10,000 photons/second
Object medium refractive index 1.515

d 0.1 um

phi /4 radians

omega 1t/3 radians

Exposure time 0.13 seconds

Magpnification 100 X

Location of object in ROI (sx, sy) 0.585 um, 0.585 um

Axial location of object (sz) 0oum

Pixel size 13umx 13 um

ROI Size 9 pixels x 9 pixels

Background level (Poisson rate) 1000 photons/pixel/second 1000 photons/pixel/second
Gaussian noise mean Oe

Gaussian noise standard deviation 8e rms

Use EM unchecked

EM gain 100

EM model Geometric

Table 10.1.1: 3D Resolution Accuracy - Summary of imaging conditions
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10.2. Providing required parameters

Step 1: Select the calculation option “3D Resolution Accuracy - Point Spread Function (Born-
Wolf Model): Pixelated with Poisson + Gaussian Noise” from the Calculate pull-down menu in the

main application window.

Step 2: The required parameters window, which is visible by default, will be updated
accordingly. If this window is not visible, access it by clicking the Required Parameters option under

the Parameters Menu in the main application window.

Step 3: In the - Object selection - section of the Required parameters window, select “Object

1”.

. Required Parameters

3D Resolution Accuracy - Born-\Wolf Model
Pixelated with Poisson + Gaussian Noise

[] [=l=|[=]

Symmetric Parameterization
Object selection
r (@ Object 1 (7] Object 2

— Fundamental inputs - Ohject 1
MNumerical aperture = [1.3

Wavelsngth = 052 microns
Photon detection rate = 10000 photonsds
Immerzion medium ref. index** = 1 515
o* =05 mictons
phi** = |0.7854 radianz
omega™ = [1.5708 radians
Exposure time** = (013 seconds

— Additional input:
Magnification® = 100
--------------- Location parameters ---------------

sx* = 0325 |microns
sy = 0325 microns
Fz* =10 ticrons

Pixel size [height, wicth]™ = [13,13] microns X microns

ROl size [height, width] = [5, 5]

no. of pixels X no. of pixels

— Extraneous noise source(s) - Object 1

Background level (Poisson rate) = 1000 photonsspixelis

[F] Use Em=  Em gaire* = |2 0052

EM model™ = | Geometric

— Parameters to be estimated

-3 sy 54 d phi omega
|:| Photon detection rate 1 |:| Photon detection rate 2
|:| Background level

= Walues apply to both objects.

“any a Parameter

—

Fi

2D Resolution Accuracy - Gaussian Symmetric Model: Pixelated with Poizson Noize (Symmetric Parameterization)

20 Resolution Accuracy - Gaussian Symmetric Model: Pixelated with Poizzon + Gaussian Moise (Symmetric Parameterization)
20 Resolution Accuracy - Gaussian Symmetric Model Pixelsted with Poisson Moise (Symmetric Parameterization)

20 Resoltion Accuracy - Gaussian Symmetric Modet Pixelsted with Poisson + Gaussian Moise (Asymmetric Parameterization)
2D Resolution Accuracy - Gaussian Symmetric Model Pizelsted with Poisson Moise (Cartesian Parameterization)

20 Resolution Accuracy - Gaussian Symmetric Model Pixelsted with Poisson + Gaussian Moise (Cartesian Parameterization)
2D Resolution Accuracy - Ay Model Fundamental Limit (Symmetric Parameterization)

2D Resolution Accuracy - Airy Model: Pixelated with Poisson Moise (Symmetric Parameterization)

20 Resolution Accuracy - Ay Model: Pixelated with Poisson + Gaussian Hoise (Symmetric Parameterization)

2D Resolution Accuracy - Ay Model: Fundamental Limit (Asymimetric Parameterization)

2D Resolution Accuracy - Ay Model: Pixelsted with Poizson Maise (Asymmetric Parameterization)

2D Resolution Accuracy - Ay Model: Pixelated with Poisson + Gaussian Moise (Aymmetric Parameterization)

20 Resolution Accuracy - Ay Model: Fundamental Limit (Cartesian Parameterization)

20 Resolution Accuracy - Alry Model: Pizelated with Poizson Moise (Cartesian Parameterization)

20 Resolution Accuracy - Alry Model: Pizelated with Poizson + Gaussian Moise (Cartesian Parameterization)

3D Resolution Accuracy - Born-wolf Model: Fundamental Limit (Symmetric Parameterization)

3D Resolution Accuracy - Born-wWolf Model Pizelsted with Poisson Noise (Symmetric Parameterization)

g uitiic y alf Fi: wvith P n+
3D Localization Accuracy - Multi-focal: Pixelsted with Possion Moise
30 Localization Accuracy - Multi-focal: Pixelated with Pozsion + Gaussian MNoise

m

3D Resolution Accuracy - BornWolf Model: Pixelsted with Poisson + Gaussian Moise (Symmetric Parameterization)

Perform calculations

l Calculate Limits of Accuracy l I Calculate Model Image ] l Simulate Data Images

Figure 10.2.1: 3D Resolution Accuracy calculate type and its required parameters window

Step 4: In the - Fundamental inputs - Object 1 - section of the window, enter the values for the

various fields as follows: Numerical aperture = 1.3, Wavelength = 0.52, Photon detection rate
10000, Object medium refractive index = 1.515, d = 0.1, phi = pi/4, omega = pi/3 and Exposure time

0.13.
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Step 5: In the - Additional inputs - section of the window, enter the values for the various fields
as follows: Magnification = 100, sx = 13x4.5/100, sy = 13x4.5/100, sz = 0, Pixel size = [13, 13], and ROI
size = [9, 9].

Remark 15: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13
um, is (4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate

values are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 um x
13x4.5/100 um.

Step 6: In the - Extraneous noise sources - Object 1 - section of the window, enter the values for
the various fields as follows: Background level = 1000 and Standard deviation = 8.

Step 7: In the - Plane selection - section of the Required parameters window, select “Object 2”.
Then repeat steps 4 and 6 for the Object 2.

10.3. Providing advanced parameters

NOTE: All inputs in the Advanced Parameters window are optional. The default values provided have
been found to work adequately for typical imaging conditions.

-Advanced Parameters [ == |£|

3D Resolution Accuracy - Born-Wolf Model
Pixelated with Poisson + Gaussian Noise
Symmetric Parameterization

Ohject selection
’7 @ Ohject 1 () Ohject 2 ‘

— &dvanced fundamental inputs (Ohject 1)

Alpha* = 15705 Update analytically

— Model profile calculations

- Addtional parameters
Mocel integration method © | Trapezoidal v- Addtional parameters
Background type - Canstant v- Additional parameters
-
—

Pizel integration methad | | Trapezoidal

— Fisher information matrix calculation

— B FandPLimitToal
Additional parameters
File  Export  View Tools  Help
Addtional parameters

Single integration method | Trapezoidal

Diouble integration method : Trapezoidal

Required Pararmeters... Ctrl+U
———————————————————— Moise factor calculation parameters -——-—-—-—---—-—-— Select a prablem ¢

o ) o o 1 P Advanced Parameters.,,  Ctl+M

Limitz af sumithation [ower imit, upper imt] = M uze_default il 3D Resolution ACCUFSICY - SUMT-WSUIT WIOGEL PLOETEIEN WRIT PURSE0M + |
Limitz of integration [lower limit, upper limit] = |12 uze_default = 2
= ! Perform calculations
Trapezoidal integration step size = 005

Calculate Limits of Accuracy ] l Calculate Mc

*Alpha = 2 x pi x numerical aperture §vwavelenogth; pi = 31416 (approx.)

#halues apply to both objects.

Figure 10.3.1: 3D Resolution Accuracy advanced parameters window

Step 1: Access the advanced parameters window by clicking the Advanced Parameters option
under the Parameters Menu.
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Step 2: Skip the - Object selection - and - Advanced fundamental inputs (Object 1) - sections of

the window. Their fields do not need to be changed as they are automatically calculated from the
values entered in the Required Inputs window.

Step 3: In the - Model profile calculations - section of window, access the Pixel integration
method pull-down menu and select “Trapezoidal”.

— Advanced fundamental inputs (Ohject 1) - -
nTrapezo...E' =] @
Alpha* = 15703 Update analytically
H Gridding
— Mlodel profile calculations E
PFixelintegration method © | Trapezoidal - Additional parameters ¥ Gridding
rodel integration method & Trapezoidal v- Additional parameters 13
Eackground type Constant ~ | [ addtionsl parameters

Figure 10.3.2: Pixel Integration Trapezoidal options

Step 4: Click the Additional parameters button next to the Pixel integration method pull-down

menu. In the dialog box that appears, enter values for fields as follows: XGridding = 13, YGridding =
13. Click OK when done.

Step 5: Access the Model integration method pull-down menu in the same section of the window
and select “Trapezoidal”.

(Object selection

(@) Chiject 1 () Dhject 2 ‘

n Trapeza.. EIF@

— Advanced fundamental inputs (Object 1)

Step Size
Alpha* = 13.708 Updste analytically m
Loweer Limit
— Wodel profile calculations 0

Fizel integration method . Trapezoidal

v- Additional parameters Upper Limit
Trapezoidal - Additional parameters 1
=

Background type & Constart Additional parameters

Moclel integration method ©

Figure 10.3.3: Model Integration Trapezoidal options

Step 6: Click the Additional parameters button next to the Model integration method pull-down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 7: Access the Background type pull-down menu and select “Constant”. There are no
additional parameters to be accessed via the Additional parameters button for the “Constant” option.
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Step 8: In the - Fisher information matrix calculations - section of the window, access the Single
integration method pull-down menu and select “Trapezoidal”.

— Fisher information matrix calculations

Single integration method @

Trapezoidal vj ll Trapezo... EIIEIIEI
Double integration method | Trapezoidal v: Step size
-------------------- Moize factor calculation paratteters —mmemeemmeememeeeea- m
Limits of summation [lovwer limit, upper limit] = A uze_detault v: Lowver limit
Limits of irtegration [lower limit, upper limit] = M2 use_defautt v: .
Trapezoidal integration step size = 005 Upper limit
1

*ilpha = 2 x pi x numerical aperture [ wavelength; pi= 31416 (approx.)

=alues apply to bath objects.

Figure 10.3.4: FIM Single Integration Trapezoidal options

Step 9: Click the Additional parameters button next to the Single integration method pull- down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 10: Access the Double integration method pull-down menu in the same section of the
window and select “Trapezoidal”.

— Fisher inforrmation matrix calculations

r — |
Single integration method © | Trapezoidsl - B Tepezo. [ = | B sl
Double integration methad © | Trapezcidal v: }?.Sridding
———————————————————— Moize factor calculstion parameters -
Limits ot summation [loveer limit, upper ] = use_detautt v: \:SG"ddi”g
Limits of integration [lower limit, upper limit] = [t

use_default

Trapezoidal integration step size = [0.05

*Alpha = 2 % pi x numerical aperture L wavelendgth;

pi = 31416 (appros.)

= talues apply to both ohbjects.

Figure 10.3.5: FIM Double Integration Trapezoidal options

Step 11: Click on the Additional parameters button next to the Double integration method pull-
down menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13.

Step 12: The - Fisher information matrix calculations - section has a subsection titled - Noise

factor calculation parameters - . Enter the following values in this subsection: Limits of summation =
[1, 3000], Limits of integration = [-5000, 5000] and Trapezoidal integration step size = 0.05.

Remark 16: The limits of integration and summation are initially set to default values which are

automatically calculated based on the imaging conditions. It is possible specify these limits by changing the
value of the combo box to the right of the limits of integration and summation fields.
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10.4. Executing the task and viewing results

Step 1: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate button text will change to Calculating ... and the application will temporarily
become unresponsive while the calculations are being performed.

NOTE: The calculation could indeed take half an hour to complete depending on the hardware capabilities
of the platform on which the application is being executed.

B FencPlimitTol B warning e

File  Export  Wiew Para
WARMIMG: This calculation may take a long time to complete. Are pou sure
| inLe?
Select a problem scenari e QR D G

X

3D Resolution Accuracy - Bo

Perform calculations

Calculating ... l l Calculate Model Image l [ Simulate Data Images ]

Figure 10.4.1: Calculation and Final confirmation (3D Resolution)

Step 2: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy and the Results window will be brought in focus.

. Results EIE@

3D Resolution Accuracy - Born-Wolf Model
Pixelated with Poisson + Gaussian Noise
Symmetric Parameterization

— Results : Limit of the accuracy of

zx = 43352  nanometers
gy = 43882 nanometers
=7 = 33121041 nanameters
o= [41.7225 nanometers
phi = 0017309 radians
omegs = 129584231 radians
WEN
REL

REL

Figure 10.4.2: Results window (3D Resolution)



3D-Localization accuracy measure - Multifocal Plane

11. 3D-Localization accuracy measure - Multifocal Plane

This section provides an example of how to use the FandPLimitTool to calculate the accuracy
with which the 3D location of an object can be estimated from the images acquired by a 2-plane
MUM setup (PLAM). The images of the object are assumed to be 3D Point Spread Function profiles.

The calculation takes into account the stochastic nature of the photon detection processes and
assumes the photons detected from the object to be Poisson distributed. In addition, the calculation
also takes into account extraneous noise sources - in particular the background component which is
modeled as additive Poisson noise, the readout noise of the detector which is modeled as
independent, additive Gaussian noise and the electron multiplication noise which in modeled as a
branching process.

It is assumed that the pixels are rectangular in shape with no dead space between any two
pixels. Further, the ROIs containing the images of the object are assumed to be rectangular arrays of
pixels. The object is assumed to be in the center of this rectangular pixel array and the location of
the object is specified with respect to the object space. Moreover, it is assumed that the photon
detection process at each detector is independent of that of other detectors. Refer to [1] and [7] for
details on determining the 3D localization accuracy in multifocal plane microscopy (MUM).

11.1. Summary of imaging conditions

The following table summarizes the imaging conditions under which the calculations are
performed.

Property Plane 1 Plane 2
Zy 0.5 um

Alpha 15.708

Object medium refractive index 1.515

Numerical aperture 1.3

Wavelength 0.52 um

Photon detection rate

10,000 photons/second

Exposure time

0.13 seconds

Magpnification 100 X

Photon detection rate ratio [0.5, 0.5]

Focal plane distance [0, 0.5] um
Location of object in ROI 0.585 um, 0.585 um
Pixel size 13 um x 13 um

ROI Size 9 pixels x 9 pixels

Background level (Poisson rate)

25 photons/pixel/second

25 photons/pixel/second

Gaussian noise standard deviation

8e rms

Use EM unchecked
EM gain 100
EM model Geometric

Table 11.1.1: 3D Localization Accuracy (MUM) - Summary of imaging conditions
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11.2. Providing required parameters

Step 1: Select the calculation option “3D Localization Accuracy - Multifocal: Pixelated with

Poisson + Gaussian Noise” from the Calculate pull-down menu in the main application window.

Step 2: The required parameters window, which is visible by default, will be updated
accordingly. If this window is not visible, access it by clicking the Required Parameters option under

the Parameters Menu in the main application window.

Step 3: In the - Plane selection - section of the Required parameters window, select “Plane 1”.

Step 4: In the - Fundamental inputs - Plane 1 - section of the window, enter the values for the
various fields as follows: zy = 0.5, Alpha = 15.708, Object medium refractive index = 1.515, Numerical
aperture = 1.3, Wavelength = 0.52, Photon detection rate = 10000, and Exposure time = 0.13.

B Required Parameters [&] &= =]

3D Localization Accuracy - Multi-focal

Pi with Poi + Noise
Plane selection
r @ Flane 1 ) Plane 2
— Fundamental input
=03 microns
Alpha® = 15708 |[1imicrons
Immetrsion medium ref. index™ = 11.515
Mumerical aperture®* = 1.3
Wavelength** = 052 microns
Photon detection rete®* = |5000 photonsss
Exposure time** = |1 seconds

— Additional input
Magnification® = 100
Photon detect. rate retio® = [0.5,05]
Focal plane distance® = [0, 0.5]

--------------- Location parameters ------—------—

microns | Auto-center

micrans

0% = 0.325
w0 = 0.325

Pixel size [height, wickh]* = [13,13] mictons X microns

ROl size [height, wickh]®™ = [5, 5] no. of pixels X no. of pixels

— Extraneous noise source(s) - Plane 1

Background level (Poisson rate) = (25 photonsfixelis

[ Use Bt=  En gain™ = |2 0082

Ebd model** = | Geometric

— Parameters to be estimated

=0 z0
bl Photon detection rate

Backoround level

- i

20 Resolution Accuracy -
20 Resolution Accuracy -
20 Resolution Accuracy -
20 Resolution Accuracy -
20 Resolution Accuracy -
20 Resolution Accurscy -
20 Resolution Accurscy -
20 Resolution Accurscy -
20 Resolution Accurscy -
2D Resolution Accuracy -
2D Resolution Accuracy -
2D Resolution Accuracy -
2D Resolution Accuracy -
2D Resolution Accuracy -
2D Resolution Accuracy -
3D Resolution Accuracy -
3D Resolution Accuracy -
3D Resolution Accuracy -
3D Localization Accuracy - Muli

30 Localization Accuracy - Multi-focal: Pixelsted with Possion + Gaussian Moise

— Perform calculations

Gaussian Symmetric Model: Pixelsted with Poisson Moise (Symmetric Parameterization)

Gaussisn Symmettic Model: Pixelsted with Poisson + Gaussian Moise (Symmetric Parameterization)
Gaussisn Symmettic Model: Pixelsted with Poisson Moise (Symmetric Parameterization)

Gaussisn Symmettic Model: Pixelsted with Poisson + Gaussian Moise (Ssymmetric Parameterization)
Gaussisn Symmettic Model: Pixelsted with Poisson Moise (Cartesian Parameterization)

Gaussian Symmettic Model: Pixelsted with Poizson + Gaussian Moise (Cartesian Parameterization)
Airy Model Fundamental Limit (Symmetric Parameterization)

Airy Model Pizelated with Poisson Maoise (Symmetric Parameterization)

Airy Model: Pixelated with Poisson + Gaussian Moize (Symmetric Parameterization)

Ajry Model Fundamental Limit (&symmetric Parameterization)

Ajry Model Pizelsted with Poisson Moise (Asymmetric Parameterization)

Airy Model Pizelsted with Poisson + Gaussian Noise (Aymmetric Parameterization)

Airy Model Fundamental Limit (Cartesian Parameterization)

Airy Model Pizelsted with Poisson Noise (Cartesian Parameterization)

Airy Model Pizelsted with Poisson + Gaussian Noise (Cartesian Parameterization)

Born-wiolf Modsl: Fundamertal Limit (Symmetric Parameterization)

Born-wiolf Model: Pixelated with Poizson Moise (Symmetric Parameterization)

Born-wiolf Model: Pixelsted with Poisson + Gaussian Moise (Symmetric Parameterization)

cal. Pixelated with Possion Moise

5=

m,

[ Calculate Limits of Accuracy ] [

Calculate Model Image Sirnulate Data Images

I

= %Walues apply to both objects.

Wary a Parameter

Figure 11.2.1: 3D Localization Accuracy (MUM) calculate type and its required parameters window

Step 5: In the - Additional inputs - section of the window, enter the values for the various fields
as follows: Magnification = 100, Photon detection rate ratio = [0.5, 0.5], Focal plane distance = [0, 0.5],
xo=13x4.5/100, yo = 13x4.5/100, Pixel size = [13, 13], and ROI size = [9, 9].



3D-Localization accuracy measure - Multifocal Plane

Remark 17: The center of a 9 pixels x 9 pixels pixel array where the dimensions of each pixel is 13 um x 13

um, is (4.5 x 13)um x (4.5 x 13)um. To convert this location coordinates to the object space, the coordinate

values are divided by the magnification. Hence the location coordinates are specified as 13x4.5/100 ym x
13x4.5/100 um.

Step 6: In the - Extraneous noise sources - Plane 1 - section of the window, enter the values for
the various fields as follows: Background level = 25 and Standard deviation = 8.

Step 7: In the - Plane selection - section of the Required parameters window, select “Plane 2”.
Then repeat step 6 for Plane 2.

Remark 18: In case that the localization accuracy is required for an EMCCD detector, the Use EM checkbox
should be checked and the desired value for the electron multiplication gain should entered in the EM gain
field. For more information see Remark 2.

Step 8: In the - Parameters to be estimated - section of the window, ensure that all check-boxes
for all parameters are checked.

11.3. Providing advanced parameters
been found to work adequately for typical imaging conditions.

NOTE: All inputs in the Advanced Parameters window are optional. The default values provided have

Step 1: Access the advanced parameters window by clicking the Advanced Parameters option
under the Parameters Menu.

n Advanced Parameters

= (o= | &]
3D Localization Accuracy - Multi-focal

Pixelated with Poisson + Gaussian Noise
— Advanced fundamental inputs

Alphat = 152,708 Update analytically

— Model prafile calculation

Single integration method @

Pixel integration method : Trapezaidal Adolitional perameters
Madel integration method | Trapezoidal Additional parameters
Background type | | Constant Additional parameters
— Fisher information matrix calculations

B FandPLimitTonl
Trapezoidal

Additional parameters
Double irtegration method :

File  Export \u‘iewTools Help
Additional parameters

Trapezoidal

-
-
-
-
-

Required Parameters.., Ctrl+ll
Select a problern <
P Advanced Parameters.. Ctrl+M
"""""""""" . 30 Localization Accuracy = muit-TOCE! FITEREIED Wi PSSO + Sa0s
Limits of summation [lower limit, upper limit] = R uze_defautt -
1 Perfarm calculations
Limits of integration [lower limit, upper limit] = RUA uze_default -
Trapezoidal integration step size = 0.05 l Calculate Limits of Accuracy l [ Calculate Mo
*Alpha = 2 % pi © numerical sperture §wavelenoth; pi= 31416 (spprox.)

Figure 11.3.1: 3D Localization Accuracy (MUM) advanced parameters window
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Step 2: The Advanced parameters window contains an - Advanced fundamental inputs - section
The default value of the field in this section can be left unchanged.

Step 3: In the - Model profile calculations - section of window, access the Pixel integration
method pull-down menu and select “Trapezoidal”.

— Adwanced fundamental inputs
n Trapezo.., EI =] @
Alpha* = 15705 Updste analytically
¥ Gridding
— Maodel profile calculation £l
Fixel integrstion method : - Trapezoidal + | [ addtional parameters  Gricding
y £
Model integration method : Trapezoical - Additional parameters
Background type | Lser Defined | [ addtional parameters

Figure 11.3.2: Pixel Integration Trapezoidal options

Step 4: Click the Additional parameters button next to the Pixel integration method pull-down

menu. In the dialog box that appears, enter values for fields as follows: XGridding = 13, YGridding =
13. Click OK when done.

Step 5: Access the Model integration method pull-down menu in the same section of the window
and select “Trapezoidal”.

3D Localization Accuracy - Multi-focal n Tiw = :
: = ° _ | pEZD...
Pizelated with Poisson + Gaussian Noise
— Advanced fundamental inputs Step Size
Alpha* = 15703 Update analytically
Lowver Limit
— Muodel profile calculations 0
Pizel integration method ©  Trapezoidal v- Additional parameters Upper Limit
Model integration method - Trapezaids v- Additional parameters !
Background type :  Liser Defined | Additionsl parameters

Figure 11.3.3: Model Integration Trapezoidal options

Step 6: Click the Additional parameters button next to the Model integration method pull-down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 7: Access the Background type pull-down menu and select “Constant”. There are no
additional parameters to be accessed via the Additional parameters button for the “Constant” option.
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Step 8: In the - Fisher information matrix calculations - section of the window, access the Single
integration method pull-down menu and select “Trapezoidal”.

— Fisher information matrix calculation

- B ropero.. o | © e
Single integrstion method © Trapezaidal | | Additional parameters
Double integrstion method © | Trapezaidal | | Additional parameters Steplsize)
-------------------- Moize factor calculation parameters —--m-eemmameaeeeaa-
_ . o o 1 Lavwver limit
Limitz of summation [lower limit, upper limit] = R use_default - o

Limitz of integration [lower limit, upper imit] = Fis use_default -

Upper linit
Trapezoidal integration step size = 0.05 1

Figure 11.3.4: FIM Single Integration Trapezoidal options

*iloha = 2 x pi x numerical sperture ! wavelength;

Step 9: Click the Additional parameters button next to the Single integration method pull- down

menu. In the dialog box that appears, enter the values Step size = 0.0005, Lower limit = 0, and Upper
limit = 1. Click OK when done.

Step 10: Access the Double integration method pull-down menu in the same section of the
window and select “Trapezoidal”.

— Fisher infarmation rmatrix calculations

Single integration method ©

Trapezoidal - Additional parameters
Double integration method © | Trapezaidal v. Additional parameters

| uTrapezo...El = @

- ¥ Gridding
Limits of summation [lovwer limit, upgper limit] = k2 use_default - E
Limit= of integration [lower imit, upper imi] = [F52 uze_default -
= - ' Gricding
Trapezoidal integration step size = 0.05 13

*hlnha = 2 x pi 2 numerical aperture Dwavelength;

Figure 11.3.5: FIM Double Integration Trapezoidal options

Step 11: Click on the Additional parameters button next to the Double integration method pull-
down menu. In the dialog box that appears, enter the values XGridding = 13 and YGridding = 13.

Step 12: The - Fisher information matrix calculations - section has a subsection titled - Noise
factor calculation parameters - . Enter the following values in this subsection: Limits of summation =
[1, 3000], Limits of integration = [-5000, 5000] and Trapezoidal integration step size = 0.05.

Remark 20: The limits of integration and summation are initially set to default values which are

automatically calculated based on the imaging conditions. It is possible specify these limits by changing the
value of the combo box to the right of the limits of integration and summation fields.



MUMDesignTool

11.4. Executing the task and viewing results

Step 1: In the main application window, click the Calculate Limits of Accuracy button. This will
present a dialog box warning that the calculation may take a long time to complete. Click Yes to
proceed. The Calculate button text will change to Calculating ... and the application will temporarily
become unresponsive while the calculations are being performed. During the calculation, a console
window will be shown to inform the user about the different steps of the calculation.

NOTE: The calculation could indeed take half an hour to complete depending on the hardware capabilities
of the platform on which the application is being executed.

B FandPLimitToal | [o] = 2@1 & Consale
g

File  Export  \iew Parameters To Warning EI = @

Select a problem scenario:
- X N WARMIMG: This calculation may take a long time to complete. Are pou sure
30 Localization Accuracy - Multi-focal: Pix

you want to continue?
[{a]

Calculating ... I CACUTETE WIO0ET Mage I SITUTETE Data mage

Perform calculations

Figure 11.4.1: Calculation and Final confirmation (3D localization MUM)

Step 2: When the calculation is completed, the Calculating ... button text will change back to
Calculate Limits of Accuracy and the Results window will be brought in focus. In addition, the
console window will be hidden when the calculation is over.

Results EI =] @

3D Localization Accuracy - Multi-focal
Pixelated with Poisson + Gaussian Noise

— Results : Limit of the accuracy of
w0 = 23687 nanometers
y = 23587 nanometers
0= 127615 |nanometers

Photon detection rate = |0.29457  phatansss

Background level = 577887 |phatonsfixelis

Figure 11.4.2: Results window (3D localization MUM)
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