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Derivative-based image
quality measure

for autofocus in electron
microscopy

M.E.Rudnaya
R.M.M.Mattheij
J.M.L.Maubach

Abstract Automatic focusing methods are based

on an image quality measure, which is a real-

valued estimation of an image’s sharpness. In

this paper we study L1 — or Lo—norm derivative-
based image quality measures. For a bench mark
case these measures turn out to be quadratic,

which implies that after obtaining of at least

three images one can find the position of the op-

timal defocus. The resulting autofocus method

is demonstrated for a reference scanning trans-

mission electron microscopy application.

Keywords Electron microscopy - Autofocus -
Linear image formation - Image quality
measure

1 Introduction

Consider an optical device, such as photocam-
era, telescope, microscope. An image f depends
on a given specimen’s geometry fo and optical
device parameters p

anp’_’f'

The specimen’s geometry is generally unknown.
One of the optical device’s parameters is the de-
focus d. The method of automatic determining
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d, such that the image f has the highest possi-
ble quality (the image is in-focus), is known as
automated focusing or autofocus method.

The existing autofocus methods used for dif-
ferent types of optical devices are usually based
on an Image Quality Measure (IQM)

[

a real-valued estimation of an image’s sharp-
ness. For a through-focus series the ideal IQM
reaches a single optimum (maximum or mini-
mum depending on IQM definition) for the in-
focus image. Existing IQMs can be divided into
five groups, viz. based on the image derivatives
[1,13,27], variance [3,17], autocorrelation [6,14,
24,25], histogram [8,28] or Fourier transform
[2,19,23]. An overview of existing IQMs can be
found in [10,19,20,28]. An autofocus method
can be established in two different ways:

— An amount of images is taken within a wide
defocus range and the IQM optimum is de-
termined (course focusing). Next, the same
procedure is repeated within the smaller de-
focus range around the optimum, found on
the previous step (fine focusing).

— A search method is used (for example, Fib-
bonachi search [10,28], Nelder-Mead[17] or

Powell interpolation-based trust-region method

[18]).

The first approach requires recording of about
20-30 images, which can be time-consuming for
real-world applications. The goal of the second
approach is to minimize the amount of images
necessary to perform the autofocus. The dis-
advantage of this approach is that it requests
an almost perfect (convex) IQM’s shape, which
is often not the case in real-world applications.
The IQM can be noisy (have a lot of minima
and maxima). In this case a search method of-
ten ends up in one of the local maxima, which
can be far away from the actual in-focus posi-
tion.

A number of IQMs were considered and dis-
cussed for different optical devices, such as pho-
tographic and video cameras [4,8], telescopes
[12], different types of light microscopes [1,6,
10,20,22,27,28] and electron microscopes [2,3,
14,16,19,23]. In this paper we use electron mi-
croscopy as a reference application, in particu-
lar scanning transmission electron microscopy
(STEM).

We study derivative-based IQMs. The ad-
vantage of using these measures has been shown



experimentally for scanning electron microscopy
images [16,19]. Some of them are based on L;—
or Ly—norm of an image derivative [1,8,28].
These measures used to be heuristic. Usually
they are based on the assumption that the in-
focus image has a larger difference between neigh-
boring pixels than the defocused one. In this
paper we show analytically how L;— or Ly—norm
derivative-based IQM can be beneficial for a
bench mark case of a Gaussian point spread
function and a Gaussian object. Numerical com-
putations are performed for the case of a STEM
aberration-based point spread function and a
STEM experimental microscopic object. The
numerically obtained IQM is found to be easily
parameterized with a quadratic function just
as for the simple bench mark case of a Gaus-
sian object and a Gaussian point spread func-
tion. The proposed quadratic parametrization
leads to a new autofocus method that requires
recording of at least three images only. The
method is demonstrated for a real-world mi-
croscopy application.

Subsection 1.1 of this paper describes elec-
tron microscopy and its challenges for autofo-
cus methods. Subsection 1.2 explains notation
and conventions. Section 2 gives an introduc-
tion to the linear image formation model. It
describes two approximations of STEM point
spread function: a Gaussian approximation and
an approximation based on microscope’s aber-
rations. In Section 3 we define the L;— and
Lo—norm derivative-based IQMs for one spa-
tial dimension and two spatial dimensions. Four

lemmas are introduced, which demonstrate IQM’s

shape for the simple case of a Gaussian object
and a Gaussian point spread function. Based
on these shapes the choice for L;—norm IQM
is made. Further discretization of this IQM is
presented. Section 4 gives details of numerical
computations. Section 5 presents a new autofo-
cus method based on shape-assumptions. Sec-
tion 6 describes an example of proposed method’s
work on a real microscope. Section 7 provides
discussion and conclusions.

1.1 Electron microscopy

Electron microscopy is a powerful tool in semi-
conductor industry, life and material sciences.
The electron microscope uses electrons instead
of photons used in light microscopy. The wave-
length of electrons is much smaller than the

wavelength of photons, which makes it possible
to achieve much higher magnifications.

The simplest Transmission Electron Micro-
scope (TEM) is an analogue of a light micro-
scope. [llumination coming from an electron gun
is concentrated on a specimen with a condenser
lens. The electrons transmitted through a spec-
imen are focused by an objective lens into a
magnified intermediate image, which is enlarged
by a projector lenses [5]. In a Scanning Elec-
tron Microscope (SEM) a fine probe of elec-
trons is focused at the surface of a specimen and
scanned across it. A current of emitted elec-
trons is collected, amplified and used to modu-
late the brightness of a cathode-ray tube [26]. A
Scanning Transmission Electron Microscope is
a combination of SEM and TEM. A fine probe
of electrons is scanned over a specimen and
transmitted electrons are being collected to form
an image signal. The resolution in electron mi-
croscopy is limited by aberrations of the mag-
netic lens, but not by the wavelength, as in light
microscopy.

The defocus has to be adjusted regularly
during the image recording process in the elec-
tron microscope. It has to do with regular oper-
ations such as inserting a new specimen, chang-
ing the stage position or magnification. Other
possible reasons are for instance instabilities
of the electron microscope or environment and
magnetic nature of some specimens. Electron
microscopy is a challenging case for an auto-
focus method. A signal-to-noise ratio in elec-
tron microscopy imagery is much worse than in
light microscopy. A recording of a single image
can be time consuming (especially in STEM),
which makes the method much slower. Due to
instabilities of environment the image geome-
try changes in time. Specimen drift and con-
tamination might take place, which makes the
method’s work more difficult.

1.2 Notation and Conventions

Convolution of two functions f1, fo € La(£2) is

(f1* f2)(x) == /Qfl(x')fg(x—x’)dx’.

We say f € La(£2) is normalized if

/Q f(x)dx = 1.



The L1— and Lo— norms are

b= i [ e a=12
(9]

The spatial coordinates are written as

I — f(x)]

rEeR,
for one-dimensional case (1-d) and as
x = [z,y]" € R?

for two-dimensional case (2-d). In 1-d the nor-
malized Gaussian function with standard devi-
ation |o| is

1 _(e—pw)?

g(x,0,p) = me 22, 0 #0.

The 2-d analogous is
G(x,0,p) = g(x, 00, ta) g (Y, Oy y), (1)

where o = [0, 0y]T, p = [, py]”

2 Modelling

Let

folx) € Ly(R),  fo(x) = 0. (2)

be the 1-d object function that describes a spec-
imen’s geometry image. Due to the linear image
formation model [3,7] the microscope’s image is
a function

f(x,p) = (fo(x) * h(z,p))(x) + €(x), 3)

where p € R™ is a vector of microscope’s pa-
rameters, h is a normalized Point Spread Func-
tion (PSF) that describes electron or light beam,
€ is additive noise. The function h is generally
unknown. In 2-d the object function that de-
scribes a specimen’s geometry image is

Fy(x) € La(R?), Fo(x) > 0. (4)

Due to the linear image formation model [3,7]
the microscope’s image is a function

F(x,p) = (Fo(x) * H(x,p))(x) + €(x),

where H is a PSF.

In microscopy PSF is often approximated
with a Gaussian function [3,13]. Gaussian stan-
dard deviation |o| is proportional to microscope’s
defocus d. The smaller |o| is the better the im-
age f describes the object fj. Ideally, if we as-
sume o = 0, Gaussian PSF becomes a delta

()

function and f = fy. However, in the real-
world situation the PSF standard deviation is
bounded by microscopes physical limits o =
Omin > 0. In electron microscopy o, # oy
in (1) if astigmatism aberration is present [3];
0y = 0y = o corresponds to astigmatism-free
situation, which is usually the case in light mi-
croscopy [13].

A Gaussian PSF is a rough approximation
of a microscope’s PSF, which is, however, easier
to use for analytical computations. Further we
give an overview of a classical alternative, more
accurate model [7]. In Section 4 this model is
used for numerical computations.

The wave function that enters the specimen
is given in a frequency space by assuming a
fully coherent point source of electrons in the
far field

B(u7 p) = A(u)e—ix(u,p)7 (6)

where u = [u,v]" are frequency coordinates.
Here the aperture function A is

]T

1, if Ju] < qo
0, elswise,

Aw) = { ™
and the wave aberration function y is defined
as in [7]

(8)

x(u,p) := 71')\|u|2 X

(d-+ ZXIu*C, + Cycos(2(0 — 6u))).

where A, d, Cy, C,, ¢, represent the wavelength,
the defocus, the spherical aberration, the two-
fold astigmatism amplitude and the two-fold
astigmatism rotation angle respectively. The elec-
tron wavelength ) is related to the electron en-
ergy E, the speed of light ¢ and the electron’s
rest mass mg [7]

P (9)

E@2mc® + E)
The aperture radius go in (7) controls the con-
vergence semi angle ag of the beam by

o

The PSF is the intensity of a scanning probe,
that is the inverse Fourier transform of the wave
function (6)

h(x,p) = |3 BII, (11)

where C is a normalization constant (h is nor-
malized). The conditions when the image reaches



its highest quality are known as Scherzer condi-
tions [21]. For incoherent image formation they
are given in [7] as

1 6X
qsh = X(a) )

N

(12)

dsp = —(1.5C )2, (13)

The tolerable defocus error is defined as in [2]

where t is the specimen’s thickness and w is the
depth of field defined in [5] as

for the pixel width §. We consider the tolera-
ble defocus error as the lower bound set by the
depth of field

]

o= oo (14)

3 Image Quality Measure

In this section we provide four lemmas, that
correspond to 1-d or 2-d and L1— or L2—norm
derivative-based IQMs. While in real life the
image is always a function in 2-d we provide
definitions and lemmas for 1-d, in order to achieve
a better understanding of IQM’s behavior. The
proofs of all lemmas in this section are given in
the appendix. The lemmas assume noise-free
image formation, i.e. e = 0 in (3) and (5).

In 1-d we define the L;—norm derivative-
based IQM

1
1 (p) = S%(p), (15)
where
51(p) := ||z — O f(x, P)|,-

Lemma 1 In 1-d for a Gaussian object func-
tion

fo(x) = g(x, 05, pis)

and for a Gaussian PSF forp=o
h(z,0) = g(x,0,0)

the IQM (15) is

ri(o) = E(U2 + af).

; (16)

In Lemma 1 we show that the IQM is pro-
portional to the PSF standard deviations. It
means that for the fixed object geometry (o5 =
const) IQM reaches its minimum for the in-
focus image (image obtained for ¢ = omin)-
Also, it changes monotonically according to |o]|.
Thus, it satisfies properties of ideal IQM for
the bench mark case of a Gaussian PSF and
a Gaussian object. It is important to note that
IQM also depends on . It shows that IQM val-
ues are always comparative but not absolute,
i.e. if we shift the microscope stage without
changing microscopic parameters p and investi-
gate a Gaussian particle with a different width
ol # o5 the IQM values will be different. This
is one of the reasons why in real-world applica-
tions one obtains a number of images in order to
find IQM optimum for a given specimen’s area,
instead of using the knowledge about IQM op-
timal values from the different specimen areas.

In 1-d we define Lo—norm derivative-based
QM

1
= —_— 17
T’2(p) Sg/g(p) ( )
where
s2(p) == |z — 0. f(x,P)|7,-

Lemma 2 In I-d for a Gaussian object func-
tion

fole) = g(@, 05, pis)

and for a Gaussian PSF forp=o
h(z,0) = g(z,0,0)

the IQM (17) is

r2(0) =2(2m)3 (0* + o)

In 2-d we define L1 —norm derivative-based
IQM

1 1
R = + . 18
P = ot e (18)
where
Sen(p) 1= x — 8. F(x, D), (19)
Sy (p) 1= [x — 8, F(x, P (20)



Lemma 3 In 2-d for a Gaussian object func-
tion with 5 == (04,5, 0y.s)7 and pg := [lz s, Hy.s

Fo(x) = G(x, 05, 1)

and for a Gaussian PSF for p = o := [0, 0,]"
H(x,0) =G(x,0,0)

the derivative-based IQM (18) is

T
Ri(o) = 5 (07 + 0y + 05, +07,)-
In STEM astigmatism aberration of magnetic
lens leads to o, # oy. For astigmatism-free case
oy = 0y = 0, thus
7r

Ri(o) = 5(202+0§7s+0§7s). (21)

In 2-d we define Lo—norm derivative-based
QM

1 1

+ . (22)

(e ST.)

. S§,2(P)

where
Se2(p) = |Ix — 0. F(x, )|},

Sy2(p) = |x — 9,F(x,p)|l7,.

Lemma 4 In 2-d for a Gaussian object func-

tion with o g 1= [osﬁm,os,y]T and pg = [usyx,usyy]T

Fo(x) = G(x,05, )
and for a Gaussian PSF for p = o := [0, 0,]T
H(x,0)=_G(x,0,0)

the derivative-based image quality measure (22)
18

Ra(0) = 6472 (04 + 05,2) (0 + 05,y ¥
((U;C + Us,:c)2 + (Uy + US,y)2)'

For astigmatism-free case o, = oy = o, thus

Ry(o) = 647r2(0 +052)(0 +05y) X

(0 +050)? + (0 + 05y)%)- (23)

In numerical computations of Section 4 we fo-
cus at the Ly —norm derivative-based IQM (21),
because it can be represented as a quadratic
function of PSF standard deviation. This sim-
plifies the situation in comparison with Ls—norm
IQM, which is shown to be the fourth order
polynomial of PSF standard deviation (23). In
the following subsection we explain discretiza-
tion of L;—norm derivative-based IQM (18).

]T

3.1 IQM discretization

In real-world applications the recorded images
are always discrete. In this subsection we dis-
cuss how to compute Li-norm derivative-based
IQM for discrete images. In the remain we ne-
glect the vector of microscope’s parameters in
the notation of the image, i.e. we use x — F(x)
instead of (x,p) — F(x,p) in (5). Also, we use
Sz, Sy, R instead of Sy 1, 5,1, R1 in (18)-(20).
Let image domain be given as

X:= [xmin7xmax] X [ymm, ymaac]7
which means

F(x)=0, Vx¢X

We consider an N x M piecewise constant equi-
sized pixel discretization of X with pixel dimen-
sions
5 = Tmaxr — Tmin 5 = Ymaz — Ymin

x N ) Y M .
For most real-world applications the pixel di-
mensions are equal § = §, = ¢,. The discretiza-

tion of the image domain for z;—x;—1 = 05, yi—
Yi—1 = (Sy is
6
Zmin+§:x1<...<lﬂn:xmaaz7§a (24)
5 1)
ymin+§:y1<...<yn:ymax_§' (25)

Forie{l,...,N}, je€{l,...,M} we define

FZL',j = F(x“y]) (26)

The microscopy images are discrete images that
can be represented by a matrix

F= ((Fm)iv=1)gj\i1

(27)

We approximate the image derivative

oF L | Flx+ Az,y) — F(x,y)
Let Ax = kb,, k€N, then

oF . 1

%(zi;yj) = mmﬂw - Fijl.

We approximate IQM with the Riemann sum
. 1
Sz = ;%%k—%lek,j - Fijl,

or the discrete IQM is defined

_ 1)
Sy = A Zj: |Fitr,; — Fijl, (28)



Table 1 Summarization of numerical computations
with a Gaussian object and a Gaussian PSF.

Computation  Pixel difference  Noise amplitude

N k €max
1. 1 0
2. 1 0.001
3. 3 0.001
4. 30 0.001

- é

Sy =+ > |Fijek — Fijl, (29)

4,
_ 1 1
2 2

527

Analogically in 1-d

5= %Z|f¢+k—fz‘|a (31)

_ 1

If we ignore % in front of the sum and set

pizel difference parameter k = 1, the formula
(28) coincides with derivative-based IQM def-
inition in [8,28], known as Absolute gradient
sharpness measure. In this paper we use (30) in-
stead in order to obtain quadratic parametriza-
tion of IQM. Parameter & in (28) can be ad-
justed to make the IQM less noise-sensitive.
In the case of very noisy imaginary it can be
used in combination with image denoising tech-
niques, such as [11,15] or [9].

4 Numerical computations

In this section we describe three numerical com-
putations: 1) Numerically computed 1QMs for
the bench mark case of a Gaussian object and a
Gaussian PSF are compared with analytical ob-
servations of Section 3 with and without adding
noise; 2) Numerically computed IQMs of real
microscopic object image and aberration-based
PSF described in Section 2 are accurately pa-
rameterized with quadratic curve; 3) IQMs of
experimental STEM focus series with different
pixel difference parameter k are computed and
discussed.

4.1 Numerical computations for a Gaussian
object and a Gaussian PSF

We consider a Gaussian object in 1-d with stan-
dard deviation o5 = 0.5. The image domain

Noise amplitude = 0

Pixel difference k=1

=== Numerical result
#  Analytical result
0.8f
0.6
=
o
0.41
0.2}
0 .
-2 - 0 1 2
PSF standard deviation
(a)
Noise amplitude =0.001
Pixel difference k=1
OW: . povs ¥
L 4 2o '3
0.8F @ ) ". .
s OQ“‘
*
0.6 ‘o .
= L4 o
(o4 .
- *
L * *
0.4 °
3 g
- S
0.2 %
% v
.0
(3
o . - .
-2 -1 0 1 2
PSF standard deviation
(b)
Noise amplitude =0.001
Pixel difference k=3
w ¢ Numerical result
$’ R
0.8} 0 ‘.0'
LN *
- &»
06t “ &
s A 3
*
o * Y4
0.4f S ;
% *
* &
*
0.2 % Y
« ¢
0 v/ ‘
-2 -1 0 1 2
PSF standard deviation
(c)
Noise amplitude =0.001
Pixel difference k=30
.
% &
08F % N
% S
% s
06r % '..‘ 1
= %
& % &
0.4r % 4
0.2}
0
-2 -1 0 1 2
PSF standard deviation
(d)

Fig. 1 Numerical computations of IQMs for a Gaussian
object and a Gaussian PSF in 1-d.



Fig. 2 Numerically computed STEM PSF's for different defocus values.

Table 2 Parameter values used for numerical compu-
tations.

Notation = Parameter Physical Value
Cs Spherical aberration  1.07 mm
E Electron energy 300 keV
A Electron wavelength 1.9 x 1072 nm
qsh Scherzer aperture 5.3 nm
dsh Scherzer defocus -55.2 nm
ag Semi angle 10.2 mrad
de Tolerable error 9.2 nm
60X 107"

T T T T T
# Numerical computations
Quadratic fitting

6.85F

6.8

6.75F

6.7

IQM

6.651

6.6

6.55F

6.5

6.45— . . , . . . .
-800 -600 -400 -200 0 200 400 600 800
Defocus

Fig. 3 IQM for STEM image of carbon cross grating
and aberration-based PSF is fitted with quadratic func-
tion.

X = [-10,10] is discretized for N = 10000
data points. We consider Gaussian PSF stan-
dard deviation o € [—2;2]. Totally 100 1-d im-
ages are computed numerically according to the
linear image formation model (3) for o chang-
ing within the given interval. For every image
IQM is computed according to (32).

We consider a white additive noise in linear
image formation (3) with an amplitude €,qz-
Totally four numerical computations are per-
formed for different values of pixel difference
parameter k and €,,4,. The values are summa-
rized in Table 1. The results of four computa-
tions are shown in Figure 1.

In the first computation IQM is estimated
via (16) as well. Figure 1(a) shows IQM com-
puted numerically and analytically. Numerical
and analytical values coincide with the least

squares difference of only 2.62 x 1078, The noise
amplitude €,,,. = 0, and IQM has a perfect
quadratic shape.

In the second computation the noise ampli-
tude €4 = 0.001. The resulting IQM is shown
in Figure 1(b). As a consequence of the noise
presence in the images the IQM function be-
comes noisy as well (it has a lot of local minima
and maxima). A local optimum search method,
such as Fibbonachi search [10, 28], Nelder-Mead
[17] or Powell interpolation-based trust-region
method [18], might have difficulties in finding
the global optimum of such a function. Also,
the IQM function changes its shape: It does
not look like quadratic, but like a Gaussian.
Increasing the value of k in the third computa-
tion reduces the noise amplitude in IQM. How-
ever, that Gaussian shape is still present. In the
last computation k is increased further, and the
IQM has a perfect quadratic shape.

4.2 Numerical computations for a microscopic
object image and an aberration-based PSF

In the second computation experimental in-focus
STEM image of carbon cross grating is used as
an object function. The carbon cross-grating
specimen is designed for microscope calibra-
tion. The example of carbon cross grating STEM
image is shown in Figure 4. The computed PSF
is based on the aberration model described in
Section 2. For the computation the realistic phys-
ical values listed in Table 2 are used. We con-
sider astigmatism-free situation C, = 0. A few
numerically computed PSFs for different defo-
cus values are shown in Figure 2. The IQM is
computed for images obtained according to lin-
ear image formation model (5) for the noise-free
situation € = 0. In order to speed up the com-
putations the convolution is carried out in the
Fourier space

F =§ RS [H]). (33)

In (33) § denotes fourier transform and F~! de-
notes inverse fourier transform. Figure 3 shows



) Defocus = -2.35 um

-

) Defocus = -1.45 um

’_

(c) Defocus = -12 um (c) Defocus = -0.45 um

(d) Defocus = -4 um (d) Defocus = -0.05 um

Fig. 5 Images from experimental focus series obtained
at magnification 100000 .

computed IQM. IQM reaches its minimum at
the position of Scherzer defocus (13). The nu-
(e) Defocus = 0 pum merically obtained IQM can be accurately fit-
ted with the quadratic function, though the ob-
ject function deviates from a Gaussian object
and the PSF deviates from a Gaussian PSF.

Fig. 4 Images from experimental focus series obtained
at magnification 10000 x.



IQM for experimental focus series
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IQM for experimental focus series
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Fig. 6 IQMs for experimental microscopic focus series fitted with quadratic curves.
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Fig. 7 1QMs for experimental microscopic focus series for pixel difference k = 2 and k = 20 fitted with quadratic

curves for.

4.3 Numerical computations for STEM
through-focus series

For numerical computations in this subsection
we use three experimental STEM focus series of
carbon cross-grating images. The first two se-

ries are obtained at the magnification of 10000 x .

The series are recorded for two different defocus
intervals of [—5;5] wm (fine focus series) and
[—20;20] pm (course focus series). Each series
consists of 21 images. Some examples of these
images are shown in Figure 4.

The computed IQMs for the two series are
shown in Figure 6(a) and Figure 6(b). The pixel
difference parameter £ = 1. The IQM of the fine
series is accurately fitted with a quadratic curve
(Figure 6(a)), while the IQM of the course se-
ries behaves differently than a quadratic curve
outside the interval of [—5; 5] um (Figure 6(b)).
It has a Gaussian behavior similar to one ob-
served in numerical computations of Subsection
4.1 (Figure 1). Because the images are obtained
from a real-world machine they are definitely
effected by noise, which could be one of the
reasons for such a behavior. Further we com-
pute IQM for the course series with k£ = 10.
The result is shown in Figure 6(c). The shape

is closer to quadratic curve, but still single data
points have unstable behavior. This behavior
deals with the nature of the images in the series.
For instance, observing three images obtained
at —16, —14, —12 um (Figure 4) we see that the
image at —14 um has less details then images
at —16 and —12 pm, i.e. it looks less sharp. As
a consequence IQM has a local maximum at
—14 pm (Figure 6(c)). This phenomenon could
be explained by the fact that far away from
ideal defocus some other details of the specimen
(probably, from different specimen heights) be-
come visible. For example, the image at —16
um has some details that the other images in
the figure do not have: We can observe small
spots in the crosses of the grids and some varia-
tions at the surface levels. This type of phenom-
ena can also deal with specimen, environment
or machine instabilities, such as instabilities of
electron beam.

Further the IQM is computed for experi-
mental cross-grating focus series obtained at
magnification 100000x. The images examples
are shown in Figure 5. According to (14) at the
higher magnifications the image quality is more
sensitive to the change of defocus parameter.
We can see that the image at only -2.35 pum
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defocus is totally out of focus. The IQMs for
different pixel difference parameter values are
shown in Figure 7. Behavior similar to one in
the previous computation takes place. We ob-
serve that increasing pixel difference parameter
k leads to quadratic shape of IQM.

5 Autofocus method

In Section 2, Lemma 3 we have shown that for
certain assumptions the derivative-base IQM
can be expressed as

R(0) = 5207 + 02, +07,).

In general, the standard deviation o of a PSF
can be expressed as a linear function of the ma-
chine defocus d. This means that the derivative-
base IQM can be parameterized as a quadratic
curve with three unknown parameters [a, b, ar
R(d) = a(d — &)% +b. (34)
The numerical computations of Section 4 show
that this observation might also hold for real-
world microscopic objects and PSFs different
from Gaussians. Assume, we have obtained three
microscopic images with defocus values dy, ds, d3.
The values of IQMs computed for the three im-

ages are R1, Ry, R3 correspondingly. Parametriza-

tion (34) leads to attempt to estimate the ideal

defocus position d = ¢ from the three data
points

Ry Zd(dl —C) —l—é

Rs Zd(d2—5)2+b =

Ry =a(ds —&)? +b

d2—d? d3—d3
1 Ry—R; ~ Ry—Rs
— ds—dy -
R2—R; R3z—Ro>

(35)

The above observation leads to an algorithm
for a new autofocus method:

1. Choose Ad > d..
2. Compute

R1 = R(dl)

for the current microscope state dy and for
two other microscope states do = dy — Ad <
di <dy + Ad=ds

3. We estimate a new point d = ¢ according to
(35).

4. For d4 = d we compute
R4 = R(d4).

We set n = 4.

5. We fit n given points with a curve of three
parameters (34). For this purpose the linear
regression can be used. For

R(d) = fo + frd + Bod”

we consider

1 dl dl ﬁO Rl
......... g l=1...
—_—— N — — N——

P B R

By means of projection
PT’P3 =P’R

we obtain a linear system of three equations
with three unknowns, compute 3 and ob-
tain dn+1 = én+1.

6. If |é, — ént1] < de, stop. Elsewise R,11 =
R(¢n+1) and go to the previous step.

The last three steps of the algorithm are op-
tional. They are required mainly if very accu-
rate focusing is needed. The main goal of this
paper is to try to estimate the in-focus image
position from three preliminary obtained im-
ages (steps 1-3). Experiments with the method
are presented in the following section.

6 Real-world application

The method is implemented in a prototype FEI
Tecnai F20 STEM. One example of an appli-
cation run is shown in Figure 8. The initial
position of the machine defocus is dy = —3
pm, which corresponds to the left lower im-
age in Figure 8. The defocus step Ad = 5 um
is chosen. The two intermediate images with
d2=d1—Ad=—8,umandd3=d1+Ad=2
pum are obtained (upper raw of Figure 8). The
position of the in-focus image is computed from
the given three images with (35) and corre-
sponds to dy = 0.3 um, which is within the de-
focus error for the given machine settings. The
improvements of the image quality are visible
in Figure 8.
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Fig. 8 Image improvement by a test application implemented in a prototype FEI Tecnai F20 STEM.

7 Discussion and conclusions

This paper proposes IQM-based autofocus method

that requires recording of only at least three
images, while standard autofocus technique re-
quires recording of about 10-15 images. The
method is applied to a STEM reference case.
The method is based on a specific but general
enough assumption on the shape of IQM, so
that it can be used for other types of optical de-
vices. The work of the method depends on the
choice of input parameters, such as initial defo-
cus value dy, defocus shift Ad and pixel differ-
ence k. Considering o, # o, and a parameter-
ized quadratic function in two-parameter space
the method could be extended for the purpose
of simultaneous autofocus and two-fold astig-
matism correction in electron microscopy.

Appendix - proofs of lemmas

Derivatives of a Gaussian function in 1-d

(z—p)

o2

dg(w,0,pn) = — g(x, 0, ). (36)

and in 2-d
T — g
azG(xa g, p’) = _(0_72M)G(x’ g, “)7
9yG(y, o, p) = —(‘U%@)G(y,a,u)- (37)
Yy

The convolution of two Gaussian function is a
Gaussian again:

(9(x, 01, 1) * g(x, 02, p2)) () =

g(xa \/ J% + Ugv,ufl + N’2)' (38)

The integrals similar to a Gaussian integral are

(o)
225 dp = ﬁ2—m(g)2n+1,
0 n! 2

o 2 !
/ e W dy = %a2”+2, neN.  (39)
0

Lemma 1 In I1-d for a Gaussian object func-
tion

fo(z) = g(z, 05, p1s)
and for a Gaussian PSF forp =o

Wz, 0) = g(x,0,0)
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the IQM (15) is Proof Analogically to Lemma 1
T 4o Cs
ri(o) = =(0c" +03). 2 _ —Hs
1( ) 2( ) (aibf) - ( +0_2)Qg ( O'2+O'§,‘LLS),

which leads to
Proof According to linear image formation model

+oo
(3) and (38) we obtain s2(0) := / (0pf)?dx =
f:g(IE, 0—2+0—§7N5)' Jo0
@) o ST T o pa)di =

Then the absolute value of the image derivative o (024 02)2 9 50 Hs -
is 1 0 (z—ps)?

- - _ 2,7 02+;2 dr =

— s - / (x — ps)e i dx

sl = e ot /o7 R ) 7+ )

1 oo e
iFs"urther the L;—norm of the image derivative m /0 22 o2 do.
Then according to (39)

+oo
s1(0) = [ 10alde = |
-0 $2(0) = —————,
4\/m(0? + 02)2
Tz —p
\/ﬁiﬂ 0% + 02, ps)dr = thus
1 1
s z—pg)? o _ 3 2 2
;d(_ /l ($ _ /J/s)e_ 2((g2+o)§)dx+ TQ(U) T 52/3(p) - 2(27T)3 (U + Us)'
V2r(o? +02)2 oo 2
400  (a—us)? Lemma 3 In 2-d for a Gaussian object func-
/ (x — ps)e > oD da). tion with o5 == [04.5,0y.s|T and py = [fas, py.s) T
Hs
Substitute 2’ = W = do’ = (xQ_T;;)d Fo(x) = G(x, 05, 1)
then and for a Gaussian PSF for p = o := [0, 0,]7
1
Sl(U)Zm(U +03)x H(x,0)=G(x,0,0)

0 ) too the derivative-based IQM (18) is
(—/ e " da’ —|—/ e " dx’)
+oo 0 Rl (0.) —

™
=gz +oy+0l,+0l,).
or
NG Proof According to the linear image formation
51(0) = ———s, model
(02 4+ 02)
and as a consequence F(x,0) = //7%2 G(x',0)G(x — X, o, p)dx" =
L T o 2
o) = gy = 5l T os) (92,02,0) (2, Toe, 100 ) (2)

?emma 2 In I-d for a Gaussian object func- (g(y, 0,,0) % g(y, Us,y7ﬂs,y)) (y) =
ion

fo(z) = g(z, 0, ps) 9(, \ 0%+ 0% 0 Hs,2)9 (Y \/ Oy 03y Hsy)-

Then the absolute values of 2-d image deriva-
tives
h(z,0) = g(x,0,0) 0.F| = |z

iﬂg(l‘, \/02 +U2l;,us 93)
the IQM (17) is oito

s,z

1
ra(0) = 2(27)3 (0% + 02). 9(Ys (/02 + 02 5 lsy)s

and for a Gaussian PSF forp=o
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Y — Hs,
|2+52y|g
o

9(y, \/ 0'5 + U?,y, sy

and as a consequence from Lemma 1

Sm,l(aza Uy) = S(Ux)/ g(ya \/ 05 + U?,y, ,u's,y)dy
R
\/ o2 + 03,17 Ms,:c)dx

|0y F| =

\/0-2+0-5;c7/j/6:c X

%A%mw=mm¢g@

or

’/T(O',E + O’E,y)
then
1 1

R(o) + =

7 e T @)
_ ﬁ( 25240452 42 )
=50z + oy + 05, +o5,)
Lemma 4 In 2-d for a Gaussian object func-
tion with o5 == [0 5,05, and py = [ts 2, ps.y] "
FO(X) = G(X7 Os, IJ’s)
and for a Gaussian PSF for p = o := [04,0,]7
H(x,0)=_G(x,0,0)

the derivative-based image quality measure (22)
18

Ry(o) = 647T2(Uac + 05.0)(0y + 0s,y) X
(o2 + Us,:c)Q + (oy + US,y)Q

Proof Analogically to Lemma 3
Bt fo o o)
9y, \[02 402, 1),

= e e[ o)
9 (W \[02 + 02 1),

and as a consequence from Lemma 2

(0uF)?

(0, F)

Sz,Q(Uza Uy) =

82(01)/ G2 (Y, \[02 + 02, prsy)dy =
R

1 1

4y/m(02 + 02 ,)B/2) 2 /7 /r n Ug’y’

Sy2(0z,04) =

SQ(Uy)/ 92(99 ,/02+05x,u5,m)d:c:
R

1 1
4/m(of +03,) 02 2\/myJo2 + 02, ,
then
1 1
Rlo)=—+—=5 =
Sia Sia

6471'2(% +05,2)(0y + 0s,y) X
((oz + Us,z)2 + (Uy + Us,y)Q)-
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