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Dynamic speckle technique as a leaf contamination sensor
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The phenomenon of laser speckle yields information about physical, chemical or biological activity in time for
various objects (e.g. fruits, seeds, coatings) through statistical description of speckle dynamics. The paper introduces
analysis of dynamic speckle patterns as an effective leaf contamination sensor by non-destructive whole-field
characterization of the tested samples with high spatial and temporal resolution. More specifically, the paper presents
the results of two test experiments in order to detect any variation of activity related to increase of humidity or treatment
by chemical agents. In total, time sequences of 256 images of speckle patterns were recorded and processed by
pointwise implementation of correlation-based algorithms. The experiments proved the ability of this approach to

differentiate between differently treated leaves.
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INTRODUCTION

Coherent illumination of a diffuse object yields
a randomly varying speckle pattern[1] in case of
physical, chemical or biological activity within the
object. This phenomenon can be used for non-
invasive whole-field detection and visualization of
processes in biological samples through statistical
description of laser speckle dynamics [2]. The main
advantage of this approach is ability to perform
distant measurements with high spatial and
temporal resolution without requirement for
sophisticated equipment. Speckle fluctuations can
be easily seen with a bare eye but a comprehensive
statistical analysis is required to retrieve relevant
information [3]. Usage of modern 2D optical
sensors to register time sequences of speckle
patterns provides large amount of data for accurate
estimation of both first and second statistical
moments of the recorded intensity data [1, 3] that
can be used to characterize activity of samples.
Dynamic laser speckle has been applied to study
perfusion of blood flow in human tissues in
medicine [4-5], bacterial response in biology [6],
plant development processes [7], seeds viability [8],
as well as for quality assessment of fruits and
control of pasty products [11-13].

Here we reported the results of test experiments
conducted to prove the efficiency of dynamic

* To whom all correspondence should be sent:
E-mail: estoykova@iomt.bas.bg

speckle technique for detection of changes on a leaf
surface after applying a chemical agent. For the
purpose, randomly varying speckle patterns of laser
light, reflected from the leaf surface, were recorded
as time sequences. They were used to calculate
spatial distributions of temporal correlation and
structure functions across the leaf surface and to
evaluate the undergoing activity in time. The results
proved the ability of this approach to differentiate
between differently treated leaves.

EXPERIMENTAL AND DATA PROCESSING

In the set-up for acquisition and storage of
dynamic speckle patterns (Fig. 1) an expanded
beam from a He-Ne laser (632.8 nm and 3.2 mW)
illuminated the leaf sample placed on a horizontal
stage through a ground glass diffuser. The set-up
was positioned on a vibration insulated table. An
optical axis of a CCD camera, adjusted to focus the
sample, was normal to its surface. The camera
recorded regularly a sequence of 8-bit encoded
images at sampling frequency chosen to provide at
least 10-20 points within the width of the temporal
auto-correlation function which characterized
intensity fluctuations due to sample activity.

We made two test experiments. In the first one,
a pea leaf was placed on a sheet of paper. Two
separate acquisitions of speckle patterns were
carried on under different humidity conditions. In
the second experiment three leaves (Tradescantia
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Fig. 1. Set-up for acquisition and storage of dynamic
speckle patterns: 1 — He-Ne laser, 2 — beam expander, 3
— ground glass diffuser, 4 — sample, 5 — vibration
insulated table, 6 — CCD camera, 7 — PC.

albiflora) were placed next to each other in a petri
dish. Two drops of acid (HNOs, 0.01%) and two
drops of alkali (NaOH, 0.01%) water solutions
were squeezed at the cut endings of the stems and
at the middle parts of two of the leaves
respectively; no chemical agent was applied to the
third leaf. The leaves were fixed by sticking their
tips with a plastic tape to the petri dish. The stem
ending and the tip of the leaf without treatment
were also fixed to the dish by a plastic tape to
prevent penetration of the chemical agents from the
other leaves.

Specifics of the observed object required to
estimate activity at each point of the leaf surface. If
N patterns of size N, x N, are acquired for time T at

a sampling rate 1/Ar=N/Tand a pixel period A,
N, x N, time sequences of 8-bit encoded intensities
Ly, = I(kAIA,nAL)  k =12..N,,[ =12..N ,

n=12..N are formed. They allow for building a
point wise estimate of a given statistical measure by
averaging over 7. We processed the data by
correlation based algorithms which yield a set of
2D activity maps at increasing time lags and spatial
resolution limited by the pixel period. We assume
that the short-time activity within the sample is
described by the 2D spatial distribution of the
normalized temporal correlation function (NTCF),
which is a function of the time lag, t=mA¢ at a
point with spatial coordinates (x, y) and has a
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radius of correlation T, zrc(kA,lA) which may

vary from point to point. The estimate R, of R

norm

is calculated from the series /,,, as

~ X N=m — _
Rnorm(kal,m)z G(knjl) ’E)(]kl,n _Iklxlkl,n-f—m _Ikl)
(1)
. 1 _ 1 ~ _
with , =——— and U(k,l)zﬁ nz:l([”’” ~L,f,

- 1N _ - .
1, :WZ["[’” , where 0(k,/) and I, are the estimates
n=1

of the variance and the mean of the intensity
fluctuations in time at the point (kA,/A).

Theoretically R, gives degree of correlation

and decreases with the time lag t=mAr. Fully
correlated state with zero activity corresponds to 1.
The point wise processing yields a set of 2D spatial
maps of activity at increasing time lags starting
fromt, =At+ and going up to 1, =MAtwith
M < N . Although these maps are obtained for the
averaging time interval T, they provide information
about temporal scales of activity within this interval
and in the different spatial regions of the sample.
Using normalized correlation-based algorithms
ensures spatial characterization of activity that is

independent of illumination and reflectivity
variation across the object surface.
RESULTS AND DISCUSSION

The results from the first test experiment are
shown in Fig. 2 and Fig. 3, which give 2D gray-
scale maps of the NTCF at four different lags for a
pea leaf at normal (Fig. 2) and increased (Fig. 3)
humidity. All maps were obtained after averaging
over a sequence of N =170 images with N xN =

600x500; the gray scale varies from -0.25 to 1.0.
The intensity for the leaf region in the speckle
patterns is considerably lower than for the
surrounding sheet of paper, but the latter exhibits
practically zero fluctuations with exception of the
shadow zone. The shadow in Fig. 2 is cast by the
stem of the leaf whereas in Fig. 3 it is caused by
one of the leaf petals. Observation of activity in this
zone is an indicator of microscopic changes of the
leaf surface. As a whole, more or less uniform
activity across the leaf surface is observed. As it
should be expected, the processes within the leaf
sample are going much faster and the correlation
time is much shorter at increased humidity.
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Fig. 2. Gray scale maps from -0.25to 1 of a
normalized temporal correlation function of speckle
fluctuations of a pea leaf at different time lags
between the processed patterns at normal humidity.

Fig. 3. Gray scale maps from -0.25 to 1 of a
normalized temporal correlation function of speckle
fluctuations of a pea leaf at different time lags
between the processed patterns at increased
humidity.

In the second experiment, fluctuations in
intensity were observed also on the surface of the
petri dish around the leaves due to its inevitable
wetting by gradual spreading of the drops of acid
and alkali solutions around and beneath the treated
leaves. The reflectivity of leaves was much lower
in comparison to the surrounding area. This means
that the spread of speckle fluctuations in the region
of the leaf is also lower than in the remaining part
of the petri dish. As has been mentioned above,
using of a normalized estimator solves the problem
with the signal-dependent variance in a speckle
pattern. To focus on the changes only in the region
of interest — the surface of the leaves — we
introduced a threshold value of intensity and
calculated a binary mask which kept only the

intensities below the threshold. We processed 7
sequences of 256 images that were recorded within
two days at Ar =1.5 s. We noticed a substantial
change in mean intensity on the second day that
could not be explained only by increase of intensity
within the laser spot. Figure 4 presents two
distributions of the mean value estimate I, after

averaging over 256 speckle patterns. The moments
of recording the time sequences for both presented
maps differ with 20 hours. The first map shows
strongly varying reflectivity across the Ieaf
samples, the intensity range is practically the same
for the three leaves and the drops of the acid and
alkali solutions at the middle part of the treated
leaves are clearly seen. In Fig. 4 the leaf without

Fig. 4. Gray-scale maps from 0 to 100 of the mean
intensity distribution calculated from 256 8-bit
encoded speckle patterns at 0 h (left) and 20 h

(right) after picking the leaves; top leaf — without
treatment, middle leaf — with two drops of acid
water solution, bottom leaf — with two drops of

alkali water solution.

the treatment is at the top, the leaf treated with an
acid solution — in the middle, and the leaf treated
with alkali solution — at the bottom of the map.
After 20 hours the reflectivity of the leaf with the
acid treatment strongly increases all over its surface
with exception of the area in the proximity of its
fixed tip, and the contours of the drop remains only
on the leaf with alkali treatment. Characterization
of activity in this experiment was made by using a
NTCF. To visualize better the spread of
fluctuations in different regions we used a temporal
structure function estimated as

N

S(k’l’m) =XAm Z(Ikl,n _[kl,n+m)2
=0 @

The results for N = 256 and for four of the
acquired sequences of speckle patterns are shown in
Fig. 5 where the first two columns give the NTCF
maps whereas the other two — the structure function
maps at 3 s and 6 s time lags respectively. The first
row corresponds to the sequence of images
recorded immediately after picking the leaves.
According to the NTCF the activity close to the
stems and inside the drops with chemical agents is
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higher. One hour later (second row in Fig. 5) the
maps corresponding to the acid treatment show the

Fig. 5. Gray-scale maps from -0.25 to 1 of NTCF at
time lag 3 s (1* column) and 6 s (2" column); gray-
scale maps from 0 to 60 of a structure function at
time lag 3 s (3™ column) and 6 s (4™ column). The
maps are calculated from time sequences of 256 8-bit
encoded speckle patterns acquired at 0 h (1% row), 1
h (2™ row), 20 h (3™ row), 21 h (4™ row) after
picking the leaves.

most considerable change: the drop is spread to a
larger area in which reflectivity increases. The third
and the fourth row in Fig. 5 present the same maps
on the next day. The activity strongly decreases and
has more uniform distribution. The leaf with the
acid treatment shows less variation in time and
much higher reflectivity than the other two leaves.
The drop with alkali solution is still traceable as a
zone of increased activity for the third leaf.
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CONCLUSION

In summary, we checked the ability of dynamic
speckle technique to detect changes on the leaf
surface as a result of humidity variation or
application of a chemical agent. We obtained
encouraging results fromn the performed test
experiments with point wise correlation-based
algorithms. The calculated 2D gray-scale maps of
temporal correlation or structure functions visualize
the activity across the surface of the sample and
indicate clearly the regions that have undergone
different treatment.
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AHAJIN3 HA U3MEHAIIU CE CIIEK'BJI KAPTUHU KATO HEPA3PYIITABAIIIA CEH30PHA
TEXHUKA 3A 3AMBPCABAHE HA JINCTA HA PACTEHUA
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(Pe3rome)

SIBEHMETO NTa3epeH CIEeKbI MO3BOJSABA MPOCIEAIBAHE HA CKOPOCTTA HA NPOTWYAHE HA (OU3WYHU, XUMHYHH WA
OHMOJIOTUYHU TIPOIIECH B pa3IMYHH OOCKTH KaTO HAIPHMEp IUIOAOBE, CEMEHA, TIOKPUTHSA U PYTU Ype3 CTATUCTUICCKO
olMICaHWe Ha JMHAMHUKaTa Ha CIEKBJI KapTHHATa BBPXY IMOBBPXHOCTTA Ha Te3n oOekTH. Hacrosmara paboTa BeBEXIa
aHalM3a Ha M3MEHSIIIU CE BHB BPEMETO CIEKBI KapTHHHU KaTO Hepa3pyllaBalla CeH30pHA TEXHUKA 3a 3aMbPCSIBAHUS Ha
JHCTa Ha pacTeHUs. XapaKTep3upaHeTo Ha oOpa3muTe ce M3BHPINBA MapajelHo IO IIaTa UM IMOBBPXHOCT C BHCOKA
MIPOCTPAaHCTBEHA W BpeMeBa pasjenuTeiHa crnocoOHOCT. [lo-KOHKpeTHO padoTara IMpeAcTaBsi pPe3yJTaTUTEe OT JBa
TECTOBH EKCIEPHUMEHTa 3a YCTAaHOBSBaHE HAa IMPOMSHA B CKOPOCTTa HA MPOIECHUTE BCIEACBHE Ha HM3MEHEHHE Ha
BIQXXHOCTTA U Ha XMUMUYHO BB37eicTBre. KaTo 1510, cepun oT 256 m300pakeHUsT HA CIEKbJI KApTUHU C€ 3aIUCBaT
HIOCJIE/IOBATENIHO BBB BPEMETO M ce 00paboTBaT upe3 KOpelaloHHO-0a3upaHy aliTOPUTMHU, MIPHUJIaraHy 3a BCSKA TOYKa
oT obOpasena. ExciepuMeHTHTE MOTBBPIKIABAT [TOTEHIIMANIA HA TO3H TOAXO0/ 32 pa3iMdyaBaHe Ha JIKCTA, ITOJUI0KEHH Ha
pa3MYHO Bb3/IEUCTBHE.
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