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¢h

Development started in 2003, formerly as part of unrealized project of

NANOMET group joining European metrology institutes working on the
field of nanometrology.

Due to lack of software that would be transparent enough, CMI started
developement in a small group (Petr Klapetek, David Necas), that was

extended by many other developers in next years.
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Gwyddion

Open source software for SPM data analysis

Gwyddion works on GNU/Linux, Microsoft Windows, Mac OS X and
FreeBSD operating systems on common architectures, all systems can be
used also for developement. Its graphical user interface is based on Gtk+

and port to other systems supported by Gtk+ should be possible.

Gwyddion 1s Free and Open Source software, covered by GNU General
Public License. It aims to provide multiplatform modular program for 2D

data analysis that could be easily extended by modules and plug-ins. |
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Basic structure
R
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Gwyddion relies on the GLib utility library for portability and uses GLib
object system GObject for its own objects. Graphical user interface is
implemented with the Gtk+ toolkit, with a fair amount of Gwyddion
specific extension widgets.

Gwyddion can be divided into four main components:

1. libraries, providing basic and advanced data processing routines,
graphical user inreface elements and other utility functions and objects,

2. the application, quite small and simple, serving primarily as a glue
connecting the other components together in a common graphical
interface,

3. modules, technically run-time loaded libraries, that provide most of
the actual functionality and present it to the user, they often extensively
use library methods, |

4. plug-ins, standalone programs that are more independent of
Gwyddion than modules, both technically and legally.
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™ Basic structure
I

The libgwyddion library defines some core interfaces, like GwySerializable for
data-like objects, GwyContainer, GwySIUnit etc.

The libprocess library defines two basic objects: GwyDataField. representing
two-dimensional data and GwyDataLine, representing one-dimensional data.
There are many process and analysis functions implemented for these objects.

The libdraw library provides colour handling and elementary data rendering
functions (gradients, selections).

The libgwydgets library is a collection of Gwyddion-specific Gtk+ widgets, like
GwyDataView, GwyDataWindow, GwyGraph

The libgwymodule library deals with module administrative, loading and act as a i
proxy in their usage.

The libgwyapp library contains main application related functions (loading,
saving, etc.).
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™ Basic structure

- data processing modules provide functions for processing of two-dimensional
data arrays (e.g. Fast Fourier Transform module), or changing the graphical
presentation of data (e.g. shading module). Data processing modules usually get
data (i.e. two-dimensional field of SPM data), possibly ask for processing options
and do the requested data processing. More interactive functions are typically
better implemented as tool modules.

- file loading and saving modules handle import and export of foreign file
formats, also the Gwyddion native file format 1s handled by a module.

- graph modules operate on one-dimensional data (graphs), e.g. profiles obtained
by Profile selection tool. An example 1s Function fit module.

- tool modules provide tools operating on two-dimensional data directly in 4
application data windows. They have typically more interactive interface than i
processing modules and allow to select objects on the data with mouse. Examples ~
include Read value or Three-point leveling tools.
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M User interface

Tt & | Gwydd 8 X = OX

187ym Main window (toolbox)
Edit

Data Process
Graph

Meta

= View

2P Icons: selected processing modules (also

HEom from Data process), namely for most

AREE frequently used operations

@] [

O N E 14.1um . .

cown |[B2m37um r2m 7} Graph modules: fitting, measuring, export

R b

LEZALA Tools: processing modules using mouse

gl %[ - : -

5 é selections (using current DataWindow 1

o interactively). |
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M | User interface

DEMOS_05 SM2 Data browser
Channels | Graphs | Spectra Displays the structure of currently

focused file (container).

There can be more data in single file,
representing more 2D measurements,

. T diferent processing stages, graphs,
spectra etc.

Data can be added to container using
drag and drop mechanism.
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User interface

Data window
Key part of Gwyddion — displaying 2D data
in false color representation.

Ability to change color scale, pixel
chip_b_ar [Linearized 21171 Gy dion) representation, make mouse selections etc.

40 60

* Pixelwise Square

Physically Square

Blend2
Caribbean
Cold

DFit

Gray
Green-Viglet
Gwyddion. net

| | Lines 1
Olive [
Remove Mask Ctri+K B Rainbow:? :
Mask Color.. Red
Fix Zero Sky
U4 Remove Presentation  Shift+Ctri+K B T spectral
Level Ctri+L Spring
Zoom 1:1
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User interface

i

Graph window

Displaying 1D data, graphs, profiles,
extracted spectra. Limited processing
possibilities, namely for measurement and
fitting functions.

£ Profiles
(Graph/| Data | curves |
20 o
3 — Profile 1
3 — Profile 2
19_5 — Profile 3
lS—;
E 3
= 1
= 3
173
E :
15—5 g i
15 3 T |
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII e
a 10 20 30 40 50 &0
¥ [m]
M| BB B Ll [pa5107 um. 193333 pm y
= #a
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User interface
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Spectra

Using spectroscopy tool the graphs
associated to certain points in 2D data
(like spectra for F/D or I/V curves) can
be displayed or extracted into graphs.

£ m71_ori.par [£ (Forward)] 1:1 (Gwyddion)

t: Point Spectroscopy

. . _‘ nlx[nm]ly[nm]lL 6
B 1 a3 390 3
2 757 467 -
3 713 727 E
4 4 100 740 2_5
q — E
: o Z03
116.9 nm, 53.7 nm): 1.150 nm 7 i E ’
5 B30 900 ; [
10 380 830 '4_5
11 303 953 =
12 67.7 Q?U;I -‘ql||||||||_|2|||||||||(|J|||||||||£|||||||||4
b Options = [V]
Hide o Apply
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Ml User interface

Mask Presentation

Selected area (not necessarily Data representation not related

contiguous) used as input or output directly to z-values (shading,

from data processing modules. edge detection). Modules still use
real data behind.
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User interface

3D data display

OpenGL widget showing data in
pseudo3D view. Only for export,
can be disabled at compile time.

& 3D Detail 2 % |

A
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M | User interface

L

Metadata

Data related to measurement, if
Highpass 0 known and understood from file
Image data Height

Line direction Trace format'

Lowpass 0

Name Value

Frame direction Down

Mumber of lines 512
Offline planefit  Full
Plane fit 221 609 -72375 2
Realtime Planefit Line

Samps/line 512

Scan line Main

Scan size 1000 nm
Start context oL

WVersion OxN423010F

‘ L{jgave H |__|ﬂew H ﬁgelete H I Close ‘
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Advanced data processing algorithms

&

Gwyddion features many different algorithms and is able to perform all
the basic tasks in SPM data visualisation, processing, direct or
statistical analysis.

Here we discuss more in detail the following sets of data processing
tools, that are a bit more advanced:

- tip convolution effect related algorithms
- fractal analysis

- grain and particle analysis

- scripting interface |
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Tip related functions
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Functions related to AFM tip convolution effect
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Tip related functions
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Tip related functions
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0 nm
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Blind tip estimation algorithm results
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MI Tip related functions
I _

Surface reconstruction

Certainty map

16.3 um
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M Fractal analysis
BN

Fractal analysis: determining fractal dimension D, or Hurst
exponent .

m (*) Fractal Dimension e ® 1 . IOgN (I)
D, =1lim .

O Cube counting /-0 IO B

— Linear fit

Interpolation type: 15

| Linear v ‘

Method:

: 10
| Cube counting v l

Fit Area =
From: minirmum
To: maximum 5

where Df= 3-H

Result

Partitioning: 249

Cube counting: 245

Tn'angulatinn: 249 TTT T T T T T T T T T[T T T T T T T T[T T T T IT T T [ TTTTTTTTT

Power spectrum: 2.56 -5 -4 -3 -2 -1 0
X

| Hecompute | | Reset | | anncel ‘ | @QK ‘
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M| Fractal analysis

Set of methods for determining the fractal dimension from
height fields. Tested on simulated data (using fBm).




Fractal analysis

Cube counting and triangulation method efficiency

3,01

2,81

D estimated

2,01
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M| Fractal analysis

Partitioning and PSDF method efficiency

3,0_ ) 3,0_ I I I ' I I I |
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Image segmentation: thresholding vs watershed algorithm

0.0um 0.5 1.0 1.5 20 25 3.0 3.5

| - Equivalent disc radius

Particle analysis

[T 79um

— Equivalent disc radius

Graph | Data |Curves |
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= ]
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™ Particle analysis

.

[ © Grain Distributions=— v 4 x
P Position :
7 value Particle statistical functions and quantities:
Minimum value
Maximum value
Mean value
Median value

mostly optimized for small aspect ratio particles

< Area
Projected area

or spherical particle, however, “boundary”

Surface area
Equivalent square side

quantities can be used for higher aspect ratio

Equivalent disc radius

Area ahove half-height

particles as well.

< Volume

Zero hasis volume
Grain minimum hasis volume

Laplacian background basis v... :

o

< Boundary
Projected houndary length
Minimum bounding size
Minimum bounding direction

Maximum bounding size
Maximum bounding direction
b slope - M
Options
() Export raw data

® Plot graphs
7 Fixres. = | ! |_204 2|
‘ fglear ‘ ‘ °gance| ‘ l <ok l
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Particle analysis

L
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™ Particle analysis
EEeese———

Special statistical functions and quantities can be easily developed both
using C and Python libraries.

€| ~ Projected boundary length v A x €| +  Grain spacing v A x
Graph | Data Curves Graph | Data Curves
10 g O Projected boundarylength| 30 ]
= O .
83 ]
3 o .
E _ 20
E 3 P
---.J_‘= 4—§ ] E g
3 10
25 - 3
= m O ]
3 - .
0 E#jﬁ . !
] IIIIIII‘IIIIII||||||||||||||||||||III||||||||II|IIIIIIIII||||||||II|IIIIIIIII 0 i
0.0 01 0.2 03 0.4 05 06 0.7 08 IIIIIIIII||II|I||||||IIIIII||||||||||II|IIIIII||||||IIIIIII|||I||I|I||IIIIIIIII
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Fgq lum] radius [10°8] g
U 53] E 0790 0m. 7208 RIS B]]E Jrworee oamorw
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Mi Particle analysis
I

0.00 um

Tip convolution effects on measured particles — 247
: : : ‘ : : B 0 nm

[ 7.9 pm

Correlation search for
nanoparticles based on its
spherical center

0.00 pm

0.00 253 nm .

7.6 um

Average particle shape 1nm
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M High aspect ratio particles

¥ & X : : : 00um02 04 06 08 10 12 14 18 18

- Grain Measure

5.2nm

v Position : 2ear
Center x position EXC 458.6 nm
Center y position ;J/c 1.008 um
P Value ; |
~ Area : .
Projected area Eﬂg 98.37 x 1015 m?
surface area 5145 98.39 x 1015 m?
Equivalent square side ;aeq 313.6 nm
Equivalent disc radius éfeq 177.0nm
Area above half-height éﬂh 1.072 x 1015 m? o o
< Volume :
Zero hasis volume ;Vg 37.76 x 10024 m?
Grain minimum basis volume EVmin 514.55 X 1024 m3 .. . .
Laplacian background basis volume V|_ 17.81 x 10024 m?3 Inleldual parthIG propertles for
< Boundary : :
Projected boundary length ;ng 6.142 um Carbon nanOtube
Minimum bounding size éDmin 152.2 nm ‘
Minimum bounding direction §¢Jmin 8.3 deg ‘
Maximum bounding size EDm@ 1.822 um
Maximum bounding direction éfpmaxé -82.0 deg
b clana L v

E

#
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< MI Nanoparticle measurement uncertainties
IS

0.00 ym 0.05 0.10

0.00 4.8 nm

Calibration of carbon nanotubes,
or fullerenes (here C60),

0.05 prepared from dispersion

0.10 §&

0.7 nm

Graph curve: [ Profile 1 ] Plroﬁ\e 1
Ancton: [ Cile () al | Analysis results:

3.5—§ l 1{‘ . .
/> Hf-l‘ Nl‘ height:

[x,¥,] 0 0.8 0.2 nm

y [nm]

Parameter Error J '

o G ecEs width:
32 # 4 nm
Ronge: (1575 to [7a01 o oo A T .
[ &t |[[seve |[xconcel|[ @Pox |
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C60 AFM measurement

0 —-10.5 keV

-10.5 keV

0.0 nm 2.0

0.77 nm

-0.38 nm
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Constant force (small,
repulsive) simulated AFM
image with silicon tip.

Large forces again cause
big tip structural changes,
similarily to DFT
calculations.

Height/lateral size values
averaged for different
forces:

H: 0.97 = 0.08 nm
W:1.92 = 0.12 nm

d .




PyGwy interface
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Gwyddion provides a Python binding of nearly all the library functions.
Data processing or visualization modules can be therefore written also in
Python. This is a recommended method for writing simple modules (if not
in C). Former plug-in interface won't be supported in future.

Moreover, there is a batch scripting suport using Python language and
Python inferface supported in Gwyddion. For this, a Python console can be
used.
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T PyGwy interface

.

Example of very simple processing module (invert) using Pygwy

import gwy

plugin menu = "/Correct Data/Invert"
plugin type = "PROCESS"
def run{() :

key = gwy.gwy app data browser get current
(gwy.APP_DATA FIELD KEY)
gwy.gwy app undo gcheckpointv(gwy.data, key)

d = gwy.gwy app data browser get current (gwy.APP DATA FIELD)

d.invert (0, 0, 1)
d.data changed()
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PyGwy console

B O pygwy Console 060 ®
= & I

—— ——

Open Save Save As Execute
Lfimport gy
2 import gwyutils
3 import math
4
3
B c = gwy_app_data browser_get_current | APP_CONTAINER)
7d = gwy app _data browser_get_current [APP_DATA_FIELD)
B
9d. resample|l1024, 1024, INTERPOLATION BILINEAR)

10 mask = d.new_alike(0)
11 mask. Fil1(1)

13 for 1 im range(10):
14 if (i==0): comtinue

15 val = math.pow(2, 1)
16 m=10

17 n=1=ao

18 a=0.0

19 sum = 0.8

20 while (m < 1024} :
21 while (n < 1024):
22 sum 4= d.area _get_rmsimask, m, n, wval, val)
23 n += val

24 a+=1

5 m += val

26 sum J= a
27 print strival)+" "+str{sum)

29 print "1624.0 "+strid.get_rms())
30

~Command

[ )
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Future directions

.
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- Version 3.0 — simplified and improved.

- 3D calibration, uncertainty propagation and evaluation
- Nonequidistant measurements, general 3D data
- Improved graphs

- More modules dedicated to specific tasks?
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