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Feasibility of Insect Identification Based on Spectral
Fringes Produced by Clear Wings

Meng Li

Abstract—Due to the growing awareness that insects’ diversity
and populations are in decline, there is an increased need for moni-
toring insects. Entomological lidars and photonic sensors can moni-
tor and remotely identify flying insects based on their backscattered
signal in terms of oscillations-, polarization-, and spectral content.
The backscattered light from insects is predominantly oscillatory
and derives from the wings. This part of the signal is also more
coherent and co-polarized than the light reflected from the insect’s
abdomen. Clear membranes can display soap-bubble colors due
to thin-film interference, a feature that can be associated with the
thickness of the wing. A hyperspectral camera can capture these
wing interference patterns with hundreds of spectral bands and
accurately identify the wing thickness. Here we investigate whether
the spectral fringes can provide complementary information to aid
remote species identification. We demonstrate that we can extract
wing thickness and modulation depth information from spectral
fringes of 87 species of common insect pollinators in Skane, Sweden.
The modulation depth of a fringe provides information related to in-
sect wing thickness homogeneity, wrinkledness, or anti-reflectance
features. Our results show that examined species display distinct
modulation and wing thickness, and therefore such features can be
used to improve the specificity of species identification of photonics
Ssensors.

Index Terms—Spectral fringe, insect, pollinator, entomological
lidar, wing thickness, hyperspectral, thin-film.

1. INTRODUCTION

NSECT habitats and populations are adversely affected by
human-driven disturbances and global warming [1], [2],
[3]. Despite the fact that insects have high resilience and an
incredible capacity to reproduce, there has been a decline in
insect populations [4] and diversity [5], [6] over the years.
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Insects are essential to our ecosystems [7]. They are a key part
of the food chain and play an important role in pollination.
They also help to control pests and can be used as indicators of
environmental health. The decrease in diversity and population
of pollinators has negative effects on ecosystem functioning [8]
and agricultural production [9]. To protect and manage wild
pollinators, it is crucial to be able to monitor insects’ diversity
and distribution. Additionally, monitoring will enable predicting
changes in insect population sizes in response to management
strategies for the landscape [10], [11].

However, it remains a challenge to monitor insects using
conventional catch-based survey methods. Adult insects, which
are usually the main target for monitoring [12], [13], [14], are
only present for a short period of time and appear at a specific
time of the day and year. Consequently, insects captured with
conventional catch-based methods come with strong biases [15].
Baits or pheromones used in traps are also generally designed to
attract certain species. Methods based on catching and identify-
ing species of insects are also very labor-intensive and require
an experienced taxonomist. Genetic methods have recently been
used to identify trapped insect species, but they could not report
values in insect abundance [16].

Compared to conventional trap-based methods, laser remote
sensing [17], [18] can provide unbiased data on insect activity
and flux in situ with very high spatial and temporal resolution
[19]. Such information could be used to monitor pests [20],
track the spread of disease vectors [21], and monitor and man-
age agricultural pests or pollinators [22]. Machine vision and
imaging-based techniques have been reported in combination
with traps [23], [24], but focusing challenges imply that recog-
nition of anatomical details is difficult for free-flying insects
[25]. Fortunately, methods based on wing beat oscillation-,
polarization- and spectral- features of the insects can retrieve
signals regardless of focus on insects appearing sparsely in time
and space [17], [21].

Insect species have distinct wing beat frequencies and distinct
compositions of overtones. These signals have been demon-
strated to enable species discrimination in flight chambers [26],
[27], and multiple groups of insects have been differentiated in
the field based on their oscillatory properties [10], [28].

In complement to oscillation signatures of detected insects,
we explore if multiple polarization- or spectral bands could
increase the number of discernable species. Detailed spectral
information from insect bodies can be used to differentiate
insect species, sex, and age [29], [30]. Oscillatory signals from
free-flying insects can be expanded to discriminate co- and
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de-polarized backscatter both in caged environments [20],
[26], [27] and in situ [31]. This allows for the discrimination
of coherent specular and incoherent diffuse scattering. If the
wavelength resonates with the wing membrane thickness,
rapid specular flashes appear on the scattered waveform,
and consequently, a large number of harmonics appear. Both
polarized recordings with photonic sensor environments on
insects in cages [20], [26], [27] and lidar field recordings
[31] show that most of the scattered signals from insects is
oscillatory and specular, and WIPs account for most of the
optical signature (~80%) of free-flying clear winged insects
[31]. Flat clear wings of insects can exhibit reflectance 50 times
more than a diffuse white at the resonant wavelength [31]. This
is far brighter than any diffuse light reflected from vegetation or
the sky background. Insect sensors [18], [19], [32] or lidars [20],
[31], [33] with dual- or multiple wavelength bands are, therefore
highly sensitive to Wing Interference Patterns (WIPs) and could
potentially distinguish species based on wing thickness. Like
some polarimetric insect vision systems, polarimetric lidars
can also further enhance contrast for resonant backscatter from
WIPs against the natural environment [31].

For clear-winged insect pollinators, a dominant spectral fea-
ture is thus the spectral fringe produced from their thin wing
membrane associated with the wing thickness, also known as
WIPs. This feature is stable over time and generations, according
to studies on museum specimens [34]. Studies on WIPs suggest
that the variation is low within species but high among species
[35], [36]; thus, wing thickness could be the ideal parameter for
discerning species.

Morphological data of insects could improve the interpreta-
tion of oscillatory signals [37], whereas differences in nano-
and micro-surface structures could improve specificity in mul-
tispectral systems [38]. Allometric relationships between insect
size and the morphology of their wings are known for a range of
species [39], [40], [41], and allometric relationships are typically
hard to alter. However, the relationship between wing area and
wing thickness is not well studied. It is interesting to study al-
lometry to understand how insects make morphological changes
in order to maintain the same performance despite their size
differences and whether wing thickness scales allometrically
with wing size for biomechanical reasons or if it is locked by
species interactions or sexual selection.

In this study, we investigated if spectral fringes could provide
information complementary to improving remote insect identi-
fication in optical sensing. Specifically, we captured the spectral
fringes and measured the wing thickness of 87 species belonging
to the most important groups of distinct insect pollinators: bees,
wasps, and flies. The aim was to examine the feasibility of using
fringe information to improve the remote identification of more
species with lidar or other optical techniques by recording both
wing-beat modulation and spectral information simultaneously.

II. MATERIALS AND METHODS

The Lund University Biological Museum provided 87 species
of pollinators representing 8 families from two insect orders
(Hymenoptera and Diptera) with 1 specimen of each. These
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species of bees, wasps, and flies were selected as they are
important pollinators and are difficult to identify for amateurs.
They also have clear and flat wings, increasing the feasibility of
using spectral fringes for identification. The species included in
this study are presented in Table I.

The experimental setup is shown in Fig. 1. A hyperspectral
camera with 288 spectral bands from 0.95 um to 2.5 pm was
used to capture the spectral fringes from the wings [42]. Melanin
contribution from the wings can be neglected in this wavelength
region. A 150 W broadband halogen lamp was used to illuminate
the wings, and two ultra-broadband polarizers [43] were used to
capture co- and de-polarized reflectance. The angle of incidence
and observation were £56°. The objective of the camera had an
aperture of @20 mm, and a working distance of 30 cm (forming
a light cone of 3.8°). Mirrored spheres were used to image the
size and position of the light source [44], [45]; the reflection
of the light source on the spheres provides information on the
convolution of the light cone from the source (15°) and cone
received by the camera. All hyperspectral data were calibrated
to a diffused grey reflectance standard with 50% reflectance
(Spectralon); a specular pixel calibrated to such a diffused
standard will exceed 100% diffuse reflectance. All samples were
mounted on black neoprene with horizontal wing surfaces. Black
neoprene was used to reduce the background light. One wing
of each specimen was scanned, and sexual dimorphism was not
taken into consideration in this study. We only scanned one wing
because most specimens did not have both their wings spread, as
it is not a common procedure in preparing and storing specimens
of Hymenoptera and Diptera orders of insect specimens.

III. RESULTS

When a clear insect wing is illuminated by a white light
source, different wavelengths of light are attenuated or resonant
depending on the membrane thickness, which results in the soap
bubble color patterns appearing on the wing that are visible in
both RGB and false-color images shown in Fig. 2(a), (b). The
red and blue arrows in Fig. 2(b), (c) illustrate the incident- and
captured ray paths and polarizations. Dots on the red and blue
arrows in Fig. 2(b) indicate that incident and capture light are
both horizontally polarized, whereby an co-polarized image is
acquired. The dots and smaller arrows on the red and blue arrows
in Fig. 2(c) show the incident light is horizontally polarized,
and the captured light is vertically polarized, as the polarization
directions are perpendicular, the signal captured by the camera is
de-polarized. Specular pixels from the wings are only present in
the co-polarized false-color image shown in Fig. 2(b), not in the
de-polarized image shown in Fig. 2(c), which indicates the light
reflected from the wing membrane is a coherent phenomena.

As different wavelengths either resonate in forward- or
backscattering depending on the wing thickness, the spectral
profile of each wing pixel display a spectral fringe [46]. Exam-
ples of a thicker and a thinner wing pixel highlighted by two
arrows in Fig. 2(b) have corresponding spectral fringes shown
in Fig. 2(d). The effective fringe shown in Fig. 2(d) of the
entire wing acquired by spatially averaging all wing pixels. Wing
thickness is calculated for all 3 fringes shown in Fig. 2(d) by a
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(a) The experimental configuration used for hyperspectral imaging. The illuminator was equipped with a large wire grid polarizer, and another linear

polarizer was placed in front of the camera. This analyzer can be rotated to alternate between capturing co- and de-polarized reflectance. (b) The order of objects
included in each scan were: Chrome spheres, teflon spheres, a flat grey diffuse standard, and insects mounted on black neoprene.
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Fig. 2. (a) Soap bubble colors on the wing are more visible when the insect
wing is placed against a black background. (b-c) Two false-color images were
generated for co- and de-polarizations. The orange and green circles in (b-c)
correspond to two wing pixels from a thicker and thinner region of the wing; Blue
colored reflectance spectrum in (d) corresponds to the effective wing reflectance
integrated over the whole wing. Value 28, 48, and 65% describe how modulated
its corresponding fringe. (e) Reflectance maxima are illustrated with closed
circles, and minima are illustrated with open circles from (d).

linear fitting method with extremum numbers (Fig. 2(e)) [46].
The two selected pixels in Fig. 2(b), (c) with different thicknesses
display different colors (thicker: pink, thinner: green, in this
particular false color visualization); the thin pixel fringe has a
larger modulation depth than thick pixel (see Fig. 2(d)), and the
thick fringe is more fringed than the thin fringe in the spectral
window. Modulation depth (M) measures how pronounced the

fringe effect is for a given wing. If modulation depth approach
zero, the accuracy of wing thickness estimation would vanish.
The mean- and standard deviation of reflectance are considered
in the spectral domain. The modulation depth is expressed as:

o () p(F)
M= o (Fy) - p(Ry)

where R is measured reflectance and F is computed fringe, A is
the wavelength, o is the standard deviation, and y is the mean of
the sample. Based on the Fresnel equation and thin-film physics,
its reflectance fringe F(A) can be expressed as [47],

4R,sin? (2mdy/n? — sin26/1.)
(1 — Ry)? + 4R,sin? (2rdv/n? — sin20 /1)

where n is the refractive index of the chitin, d is the thickness
of the wing, 0 is the incident angle to the wing membrane, A
is the wavelength, and r is the reflection coefficient by Fresnel
equations. The refractive index of the cuticle is expressed as
[46]:

ey

F(hd) = b)

n = ko +k1/)~2 3)

where kg = 1.517 and k; = 8800 nm?. For S-polarization
(electric field is perpendicular to the plane of incidence), the
reflection coefficient R, is expressed as:

2
R. — cost) — v/n? — sin2f @
* \ cosh + v/nZ — sin20

The reflectance from P-polarization should be absent in our
case since we measure at the Brewster angle. The crossed
de-polarized P-polarized signal thus only captures multiple scat-
tered lights from veins; as can be seen in Fig. 2(c), (d) this contri-
bution is minimal compared to the fringed coherent reflectance.
Thus fringes are horizontally co-polarized (S-polarization) as
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TABLE I
LIST OF THE 87 SPECIES OF INSECT POLLINATORS STUDIED
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Family Genus Specie (:;’é) ({,Z) (m/lin’)
. barbilabris 0.95 36 28.4
Andrenidae Andrena carantonica 1.23 21 322
cineraria 1.49 14 31.2

clarkella 1.00 22 39.0

denticulata 1.10 24 159

flavipes 0.94 15 18.9

Sfucata 1.13 23 19.3

fulva 0.74 27 28.8

fuscipes 1.05 21 15.8

haemorrhoa 0.82 22 249

hattorfiana 1.02 17 37.4

helvola 0.66 31 304

lapponica 1.10 16 12.7

lathyri 1.30 17 24.7

inutul 049 | 47 8.69

nigroaenea 0.74 20 25.7

praecox 0.79 38 24.7

ruficrus 0.39 49 12.4

semilaevis 0.57 22 9.57

subopaca 0.45 45 10.8

tibialis 1.21 18 51.0

vaga panzer 1.43 28 323

wilkella 079 | 32 18.5

Apis mellifera 1.07 14 28.9

bicornis 0.98 20 17.8

bohemicus 1.86 11 68.3

campestris 1.98 10 45.7

listi i 2.33 12 559

hortorum 1.79 12 69.6

humilis 2.67 11 51.6

hypnorum 1.24 11 38.7

Jonellus 0.94 16 20.7

. lapidarius 2.49 9 81.2
Apidac Bombus magnus 186 | 9 66.9
muscorum 231 8 81.3

pascuorum 1.54 9 49.1

pratorum 2.29 15 50.8

ruderarius 2.35 11 51.5

rupestris 3.79 18 117

soroeensis 2.63 14 69.9

sporadicus 1.28 11 78.8

terrestris 2.37 10 51.7

veteranus 1.32 6 51.0

0.69 10 6.65

brevicornis 0.73 18 6.36

. C i 1.42 11 7.09
Colletidac Hylaeus confusus | 102 | 41 | 686
gibbus 0.50 37 10.0

hyali 0.62 35 5.01

Sfulvicorne 0.49 36 9.99

leucopus 0.41 17 6.31

. morio 0.48 25 12.8
Halictidae L l quadrinotatum | 0.60 56 10.9
sexstrigatum 0.51 35 3.04

villosulum 0.82 | 22 10.4

centuncularis 1.16 14 21.6

circumcincta 1.56 20 32.0

Megachile la; apa.da 1.99 17 39.2

Megachilidac lapp.omca 1.14 18 15.9
versicolor 1.25 16 22.2

willughbiella 1.44 16 25.9

Osmia caerulescens 1.34 13 10.3

leaiana 0.96 24 12.5

Episyrphus balteatus 0.94 12 19.3

Eupeodes corollae 0.81 18 22.7

Mel, mellinum 0.52 39 12.0

Syrphidae Scaeva pyrastri 1.17 15 49.1
Sphaerophoria scripta 0.57 41 11.4

Syrphus ribesii 0.85 | 30 15.8

- vitripennis 0.87 18 273

Tabanidae Tabanus bovinus 1.13 7 98.8
claripennis 0.93 31 16.7

nigricornis 1.07 15 25.8

Ancistrocerus oviventris 1.39 16 17.4

parietinus 1.08 18 26.8

parietum 0.75 15 26.1

trifasciatus 1.02 18 31.8

Dolichovespula saxonica 1.61 16 48.5

. coronatus 1.19 18 283
Vespidae Eumenes notatus 109 | 20 [ 179
Odynerus spinipes 1.45 20 259

) allobrogus 0.83 29 13.1

Symmorphus bifasciatus__| 035 | 26 9.08

Vespa crabro 2.18 18 65.4

ermanica 1.20 23 327

Vespula rufa 1.44 15 59.0

vulgaris 1.42 16 47.2

shown in Fig. 2(b), (c), (d); therefore, only reflection coefficient
rs was used in developing the fringe model in (2).

The modulation depth was calculated for 3 example fringes
shown in Fig. 2(d) with their values shown in the same plot; the
effective fringe (whole wing) has the lowest modulation, and it
is attenuated towards the shorter wavelengths. To investigate
the reasons for the decrease in the modulation depth of the
effective fringe compared to individual specular wing pixels
(for example, thick and thin fringes), the wing thickness and
modulation depth were calculated and documented for all wing
pixels for the same wing shown in Fig. 2(b) and in Table I. Instead
of the peak-valley fitting in Fig. 2(e) [46], the fringe model
F(Xx) in (2) was used to determine wing thickness for all wing
pixels. Fringe model F(A,d) was first used to generate multiple
(1000) computed fringes with wing thicknesses 0.35 ym<d<4
pm, the modulation of F(A,d) is always 100% because it lacks
bias terms. Each computed fringe F(A,d) was then compared
to the measured fringe R(A) from a wing pixel, according to the
correlation, C, in (5). We then introduced a fit quality parameter,

0 in (6):
C (R, F(d))
_ Jo.35 (Fra — p(Fra)) (R — p(Ry))
$ s (Fua — 1 (B ) POh [ g5 (Re — 1 (R,))P 00

&)

Q) = C(R.F) (c (gf,gf))z ©)

Here the spectral derivatives are used to ignore slope differ-
ences. The squared power is needed to avoid double negative
correlation coefficients.

Wing thickness and modulation of all wing pixels from the
example wing shown in Fig. 2 were estimated and presented
as a wing thickness map, and a wing modulation depth map in
Fig. 3(a). The wing thickness map example shows that wings
are generally thicker around the frontal edges (costal margin)
and thinner near the rear edge (anal margin). It is important to
note that the membrane thickness in Fig. 3 is based on the thin
film principle and does not describe vein thicknesses. However,
vein pixels also have very low modulation depth, as shown in
Fig. 3(a), and their influence on the effective fringe is relatively
small.

The density plot of thicknesses and modulation in Fig. 3(b)
shows that there is a large variation in wing thickness across
the wing. The thickness histogram reveals specific thickness
preferences; for example, thickness at 1.0 ym and 1.2 pm is
more dominant than wing thickness at 1.1 pm. A relevant ques-
tion is if these nanoscale thicknesses are quantized. Studies of
chitin polymers in lobster’s exoskeletons [48] displayed specific
folding and curling preferences of the chitin polymer.

The density plot in Fig. 3(b) also shows that the fringes of
a large amount of wing pixels display high modulation depths.
The fringes with high modulation also correspond to specific
prominent wing thicknesses (see Fig. 3(a)). Thicker wing pixels
produce narrow spectral fringes than thin wing pixels. Thus,
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(a) Wing thickness and modulation depth maps of the same example wing shown in Fig. 2. (b) Wing thickness and modulation distribution and histograms.

Yellow arrows indicate the location of medians in both wing thickness and modulation. Blue arrows indicate the position of effective wing thickness and modulation
calculated and presented in Fig. 2. The effective fringe modulation is lower than the median of all fringes.
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Fig. 4. Effective wing thickness and modulation depth were investigated for
a large selection of insect species while each family of insects is color-coded.

fringes across the wing surface are more likely to interfere con-
structively with thin wings and for long wavelengths. Examples
where fringe resonance modes are out of phase are shown in
Fig. 2(d) with thick and thin fringes. Consequently, the effective
modulation is reduced.

The effective wing thickness, d.f, and modulation were then
estimated for 87 species of Hymenoptera (bees and wasps)
and Diptera (mainly hover flies), see Table I. This estimation
was based on the effective fringe from their entire wings (the
effective fringe for S. ribesii is shown in Fig. 2(d). All 87
studied individuals were museum specimens, each representing
a different species, belonging to 8 different families. The ef-
fective modulation depth was investigated for all specimens and
color-coded at the family level (not spread of individual species).
Note that modulation values are valid only for the spectral
window of our instrument. In Fig. 4, it can be seen that the
insect family Apidae, which includes, for example, honeybees

and bumblebees, and the family Megachilidae, which includes
mason bees and leafcutter bees, display a wide variation in wing
thickness and low modulation. We find that Vespidae, the family
comprising wasps, has a wide wing thickness distribution and a
medium degree of modulation depth among all studied species.
Only one specimen of Tabanidae, a horsefly, was investigated,
and it displayed a low degree of modulation depth. The rest of
the insect families display a high degree of modulation depth.

All scatter points in Fig. 4 show a trend that thin wings display
higher modulation depths; this could be explained by three rea-
sons: 1) the modulation could be damped due to wrinkled wings,
2) nanostructures on some wings can induce anti reflectance
effect by gradient refractive index interfaces [46], 3) fringes
from a thicker wing are narrow in the spectral domain, thus
more likely to get out of phase due to thickness heterogeneity
causing the reduction in modulation depth, whereas fringes from
athin wing are less sensitive to phase displacement. This can also
explain why the effective fringe modulation is getting higher in
the longer wavelengths (see Fig. 2(d) effective fringe). We found
the last explanation most plausible.

The relation between wing thickness and wing area was inves-
tigated for all species and presented in Fig. 5. A squared power
relation of wing area, A (mm?), and effective wing thickness degr.
(pm) indicate allometric scaling, which is illustrated with a grey
linein Fig. 5, with a scaling factor of 17 [16-19, confidence inter-
val]. However, the relationship is better described by the relation
colored in red, with a scaling factor of 23 [21-26, confidence
interval] and a power relation of 1.2 [1.0-1.3] instead of squared.
The result in Fig. 5 shows there is a 74% R? ajd. correlation
between wing area and wing thickness (described by the power
relation), the correlation described by the squared relation is only
41% R?,jq.; the thickness is not scaling allometrically with wing
area. Moreover, the power relation seemingly fails to describe all
families; for example, the family Colletidae displays a range of
thicknesses with a negligible change in wing areas. This means
the scaling relation between wing area and thickness could be
family specific, and despite the correlation area alone could not
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Fig. 5. Effective wing thickness and wing area relation was investigated, they
show a strong correlation.

explain thickness variations. This encourages improved speci-
ficity by acquiring fringes.

IV. DISCUSSION

Our results suggest that the wing thickness of these groups
of pollinators ranges from ~0.5 to 2 ym. We found that some
insect families do produce strong modulated effective fringes
even when the signals from the whole wings are integrated,
in particular when the wing membrane is thin. This effect
could yield complementary information in addition to wing
beat modulation, or it could be used to employ strategically
resonant wavelengths in order to improve detection range or
signal-to-noise. We also found that pixel modulation depth for
examined insects is always lower than 100%, which implies that
accurate thickness assessment is not possible by Newton rings
color-coding and RGB imaging in previous studies (computer
generated newton series scale of two-beam interference colors),
thus multi- or hyperspectral methods are needed.

For many species of Apidae, especially species of bumblebees
(genus Bombus), the wing segments are not in a single plane and
display a large thickness variation across the wings, and this
attenuates modulation depth. The species in the families An-
drenidae (e.g., ground-nesting bees), Colletidae (e.g., plasterer
bees), Halictidae (e.g., sweat bees), and Syrphidae (e.g., hover
flies) displayed high modulation depth. Insect species with thin
wings (~0.5 to 1 um) will have a higher potential to be detected
from a long distance with its relatively high modulation depth, as
fringes of thin membranes are also less sensitive to the damping
of modulation due to the resonance modes getting out of phase.
Effective fringes also become broader at longer wavelength
regions and become hard to get out of phase, resulting in an in-
crease in the effective modulation depth. This motivates infrared
methods to capture this effect. The wing thickness strongly (74%
Rzajd) correlated to wing area, but such relation scaling can
differ between families.

During this initial survey, we only measured 1 specimen of
each species, and we did not study the sexual dimorphism among
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species. WIPs play a role in the mating choice for some species
[36], [49], [50]. Hence, sexual selection based on WIPs might
prevent wing thickness from scaling allometrically with wing
size. In the future, we will assess within-species variation by
measuring multiple specimens of each species, sex, and distinct
size. Despite our small sample size, we have provided realistic
expectations of the thickness and effective modulation of exam-
ined 87 species of insect pollinators. Effective wing thickness,
together with the fringe model, provide essential information to
assist the development of photonics sensors; by placing sensors’
laser band at the resonant wavelength of WIPs to maximize
the retrieved signal magnitude and contrast for targeted insect
specie. Our data will prove crucial for designing optical sen-
sors for insect monitoring. Distinctness of wing thickness and
modulation between insect families opens up the possibility for
remote species identification using WIPs.
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