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ABSTRACT Crawling and scraping activity of three stored-product pests, Sitophilus oryzae (L.)
(Coleoptera: Curculionidae),Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), and Stego-
bium paniceum (L.) (Coleoptera: Anobiidae), and two urban pests, Blattella germanica (L.) (Blat-
todea: Blattellidae) and Cimex lectulariusL. (Hemiptera: Cimicidae), were monitored individually by
infrared sensors, microphones, and a piezoelectric sensor in a small arena to evaluate effects of insect
locomotory behavior and size on the ability of an inexpensively constructed instrument to detect
insects and distinguish among different species. Adults of all species could be detected when crawling
or scraping. The smallest insects in the study, Þrst-fourth-instar C. lectularius nymphs, could not be
detected easily when crawling, but could be detected when scraping. Sound and vibration sensors
detected brief, 3Ð10-ms impulses from all tested species, often grouped in distinctive trains (bursts),
typical of impulses in previous acoustic detection experiments. To consider the potential for targeting
or focusing detection on particular species of interest, indicators were developed to assess the
likelihood of detection of C. lectularius. Statistically signiÞcant differences were found between C.
lectularius and other species in distributions of three measured variables: infrared signal durations,
sound impulse-burst durations, and sound pressure levels (energy) of impulses that best matched an
averaged spectrum (proÞle) of scraping behavior. Thus, there is potential that signals collected by an
inexpensive, polymodal-sensor instrument could be used in automated trapping systems to detect a
targeted species, 0.1 mg or larger, in environments where servicing of traps is difÞcult or when
timeliness of trapping information is important.
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Insect traps are highly varied in purpose, cost, and
information they provide deployers (Epsky et al.
2008). Automated traps could be of particular beneÞt
in circumstances where insect inspection is labor-
intensive or servicing of traps is difÞcult (California
Department of Food and Agriculture 2005, Wang et al.
2009), or when control measures could be enhanced
by timely identiÞcation of an early infestation (Man-
kin et al. 2006). Efforts have been conducted by nu-
merous researchers, including contributions from
Spangler (1985), Shuman et al. (1997, 2004), Arbogast

et al. (2000), Engel and Wyttenbach (2001),Tauber
and Eberl (2003), Fleurat-Lessard et al. (2006), From-
molt et al. (2008), Dankert et al. (2009), and Siriwar-
dena et al. (2010), to develop electronics, signal anal-
yses, and decision tools for automated detection and
monitoring. Widespread adoption of such technology
for insect trapping has been limited, however, by fac-
tors such as high costs of instrumentation, high com-
plexity, and uncertain reliability of automated detec-
tion technology and software, and by the signiÞcant
training and understanding required to install and
service automated traps and then to interpret the
information they provide.

For this report, we addressed factors of instrumen-
tation costs and complexity that have limited the in-
corporation of electronic and information technology
into insect traps. An insect monitoring instrument was
constructed using readily available infrared, acoustic,
and vibration sensors and inexpensive high-gain am-
pliÞers. Movements of different-sized stored-product
and urban insect pests were monitored in a small arena
to determine typical ranges of amplitudes, spectral
patterns, and temporal patterns of detected signals.
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Three types of movement were analyzed separately to
consider whether visually distinctive activities pro-
duced correspondingly distinctive sounds: wriggling
(rapid turningwithoutnetmovement inanydirection,
or returning to an upright position after a fall), scrap-
ing (shufßing or other activities that involve tangen-
tial, frictional contact and movement across the arena
surface), and crawling (running, walking, or tapping
of feet, primarily involving normal or vertical impacts
on the arena surface). The sound, vibration, and in-
frared signals were examined for their potential to
distinguish among the different species tested using
readily available signal processing software.

Insects tested in this study included adults of three
stored-product pests (Hagstrum and Subramanyam
2006, Phillips and Throne 2010)Ñrice weevil, Sitophi-
lus oryzae (L.) (Coleoptera: Curculionidae); red ßour
beetle, Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae); and drugstore beetle, Stegobium
paniceum (L.) (Coleoptera: Anobiidae)Ñlisted in or-
der of decreasing size (Table 1), and adults of two
urban insect pestsÑGerman cockroach, Blattella ger-
manica (L.) (Blattodea: Blattellidae) (Schal and Ham-
ilton 1990), and bed bug, Cimex lectularius L.
(Hemiptera: Cimicidae) (Usinger 1966, Anderson et
al. 2009). To consider the effects of size on detect-
ability, unfed instars 1Ð5, as well as fed Þfth instars of
C. lectularius nymphs also were bioassayed. The oc-
currence of different combinations of sound, vibra-
tion, and infrared signal features then was used to
assess the likelihood that a particular species, in this
case, C. lectularius, was detected in the arena.

Materials and Methods

Insects, Bioassay Arena, and Sensors. The insects
tested in this study covered a 10-fold range of weights,

and approximately a Þve-fold range of body and leg
sizes (Tables 1 and 2). Their different locomotory
activities produced acoustic and vibrational signals of
variable patterns with a �10-fold range of amplitudes,
enabling comprehensive analysis of the range and sen-
sitivity of the insect detection instrument. Adult T.
castaneum, S. oryzae, and S. paniceum were obtained
from rearing facilities at the Center for Medical, Ag-
ricultural, and Veterinary Entomology (CMAVE).
Adult male C. lectularius and B. germanica were ob-
tained from rearing facilities at North Carolina State
University (NCSU) and the University of Florida
(UF). Instars 1Ð5 of C. lectularius nymphs were ob-
tained from the UF rearing facility.

Bioassays were conducted in a 150- by 20- by 15-mm
arena whose four vertical walls were constructed from
transparent, 1-mm-thick acrylic. A 150- by 20-mm by
2-mm piece of acrylic formed the base (Fig. 1). Two
15-mm-diameter holes (dotted circles in Fig. 1) were
cut into the base so that they centered over two om-
nidirectional, electret condenser microphones (6 mm
in diameter, 1.3 mm in height, �45-dB sensitivity;
model WM-63-PR, Panasonic Corp., Osaka, Japan)
mounted 32 mm apart on a customized circuit board
(ExpressPCB, Mulino, OR). Plastic Þlm was stretched
over the holes to increase the effective sensitivity of
the microphones to crawling movements that insects
of all tested species were observed to perform. Two
pairs of infrared emitters and matched phototransistor
detectors (model 276-142, Radio Shack, Ft. Worth,
TX) were mounted on the circuit board, positioned so
that each emitter pointed directly across two arena
walls to its matching detector, 20 mm opposite. The
spacing between emitters (and detectors) was 8.5 mm,
and both pairs were mounted 4 mm above the arena
ßoor.

Table 1. Mean body length, width, and thickness, and mean lengths of femurs and tibias of three adults of each species in arena
bioassays, ordered by increasing body length

Species

Dimensions (mm)

Body Front leg Middle leg Rear leg

Length Width Height Femur Tibia Femur Tibia Femur Tibia

S. paniceum 2.80 � 0.07 1.22 � 0.03 1.06 � 0.03 0.51 � 0.01 0.48 � 0.01 0.52 � 0.01 0.48 � 0.02 0.50 � 0.00 0.48 � 0.01
T. castaneum 3.69 � 0.02 1.23 � 0.03 0.86 � 0.02 0.54 � 0.01 0.50 � 0.00 0.58 � 0.02 0.55 � 0.01 0.71 � 0.01 0.64 � 0.02
C. lectularius 4.15 � 0.06 2.66 � 0.08 0.67 � 0.04 1.02 � 0.04 1.05 � 0.13 0.94 � 0.03 0.92 � 0.02 1.07 � 0.02 1.32 � 0.02
S. oryzae 4.19 � 0.01 1.19 � 0.04 0.95 � 0.00 1.03 � 0.03 0.74 � 0.01 0.77 � 0.03 0.50 � 0.00 0.88 � 0.04 0.57 � 0.01
B. germanica 11.34 � 0.55 4.15 � 0.00 2.16 � 0.17 1.94 � 0.06 1.60 � 0.06 2.60 � 0.06 2.66 � 0.00 3.10 � 0.15 4.15 � 0.2

Table 2. Mean weights, body lengths, widths, and thicknesses, and mean lengths of femurs and tibias of three C. lectularius nymphs
tested in arena bioassays, ordered by increasing body length

Instar; wt
(mg)

Dimensions (mm)

Body Front leg Middle leg Rear leg

Length Width Ht Femur Tibia Femur Tibia Femur Tibia

1; 0.08 � 0.01 1.23 � 0.05 0.73 � 0.01 0.26 � 0.01 0.38 � 0.00 0.35 � 0.00 0.38 � 0.00 0.36 � 0.01 0.39 � 0.01 0.44 � 0.01
2; 0.17 � 0.01 1.48 � 0.01 0.78 � 0.05 0.27 � 0.02 0.39 � 0.01 0.36 � 0.02 0.39 � 0.02 0.39 � 0.02 0.39 � 0.01 0.48 � 0.03
3; 0.28 � 0.01 2.49 � 0.25 1.39 � 0.06 0.55 � 0.03 0.65 � 0.05 0.57 � 0.01 0.57 � 0.01 0.63 � 0.03 0.65 � 0.04 0.84 � 0.05
4; 0.54 � 0.12 3.06 � 0.17 1.79 � 0.12 0.67 � 0.07 0.78 � 0.04 0.70 � 0.01 0.71 � 0.04 0.75 � 0.01 0.80 � 0.00 1.03 � 0.05
5; 1.15 � 0.24 3.61 � 0.06 2.17 � 0.01 0.6 � 0.00 0.84 � 0.04 0.8 � 0.00 0.88 � 0.06 0.85 � 0.01 1.01 � 0.01 1.2 � 0.00
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A piezoelectric sensor (15 by 30 mm, 15 mV/�m
displacement; Measurement Specialties Corp., Hamp-
ton, VA) was positioned horizontally at one end of the
arena base. The sensor housing was clamped to the
base with adhesive tape, enabling the piezoelectric
element to ßoat �1 mm above the base. Insects could
crawl on the piezoelectric element or underneath on
the ßoor, dorsally scraping the bottom of the element.

It should be noted that the infrared sensors detected
only those insects that entered the infrared beam, the
piezoelectric sensor detected primarily the insects
that contacted it, and each microphone detected pri-
marily the insects that crawled over the plastic Þlm
above it. In several bioassays, an infrared receiver and
a microphone detected the insect simultaneously, and
in bioassays with B. germanica or S. oryzae, the move-
ments were vigorous enough to excite vibrations in the
piezoelectric sensor without direct contact. In these
instances, vibrations were induced where the piezo-
electric element was attached to the arena base.
Signal Amplification andRecording. Integrated cir-

cuits (nine total), capacitors (20), potentiometers
(10), and resistors (40), were mounted and connected
on the circuit board (Fig. 2) to provide user-adjustable
ampliÞcation of the sensor-produced signals. The mi-

crophone signals were combined by subtracting one
from the other, as in Aubin et al. (2000), to cancel
background noise detected at both sensors and enable
ampliÞcation primarily of signals recorded at the mi-
crophone over which the insect was moving. As a
result, it was possible to conduct tests in a typical ofÞce
or laboratory environment by using a 100-Hz, high-
pass Þlter to reduce low-frequency background noise,
and by screening out speech using spectral proÞle
techniques described under Digital Signal Processing.

An output connector was mounted on the circuit
board with a matching cable that transmitted the in-
frared-, sound-, and vibration-sensor signals to a gen-
eral-purpose data acquisition system (�10 V, 14-bit:
USB-6009, National Instruments, Austin, TX). The am-
pliÞcationsof the infrared, sound, andvibration signals
were set initially at levels that enabled detection of
signals typically produced byB. germanica adults with-
out exceeding the maximum input to the data acqui-
sition system. These settings were used for the entire
study.

Signals were collected at a sampling rate of 10 kHz
and stored on computer using SignalExpress 2.0 (Lab-
VIEW, National Instruments) software. A custom pro-
gram, written in Matlab 7.7 (The MathWorks, Natick,
MA), converted the digitized signals from .txt- or
.tdms-format to .wav-format.

Bioassays were conducted for 30-s periods, begin-
ning when an insect initiated movement after transfer
by forceps to the center of the arena. TheB. germanica
and S. paniceum usually escaped rapidly from an open
arena, so the top was secured with plastic Þlm after
these insects were transferred. The insects were mon-
itored with a video camera (model HDR-SR1, Sony,
Tokyo, Japan) after transfer, and in initial studies,
insects that did not move toward a sensor within 1 min
after being placed in the arena were discarded and

Fig. 1. Relative positions of microphone and infrared and
piezoelectric sensors in bioassay arena.

Fig. 2. Diagram of arena sensor circuits (IR, infrared; Amp, ampliÞer; Preamp, preampliÞer; Buffer, voltage buffer for
transfer from high to low impedance; Diff Amp, differential ampliÞer).
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replaced, as well as those that were not detected by
two or more sensors within 30 s. This procedure usu-
ally worked well for B. germanica, S. paniceum, and S.
oryzae but resulted in failure of many tests with C.
lectularius and T. castaneum, which often avoided the
sensors or ceased movement for long periods. A re-
vised procedure was implemented to reduce the num-
ber of failed tests by using a recording options feature
of the SignalExpress software that triggered a 30-s
period of recording beginning when the signal from
any sensor exceeded a preset threshold. In these tests,
the thresholds were set at 10% of maximum amplitude
at the sound and vibration sensors.

Bioassays were conducted in several ofÞces and
laboratories at NCSU and CMAVE with different lev-
els of background noise. In general, although we
avoided testing during periods of extreme noise, the
effects of background noise were minimal, due to
subtraction of signals of one microphone from those of
the other.

Ultimately, signals were collected and analyzed
from 30 separate C. lectularius, 15 B. germanica, eight
S. oryzae, six T. castaneum, and Þve S. paniceum adults,
and 10 each of ÞrstÐÞfth-instar C. lectularius nymphs.
In a signiÞcant fraction of trials with ÞrstÐfourth in-
stars, the crawling movements of the nymphs after
initial triggering of a recording were too weak to
produce sounds or vibrations adequate for feature
identiÞcation analysis (see below). Consequently, to
obtain enough replications for feature identiÞcation
analyses, we merged the records from ÞrstÐfourth-
instar bioassays together into a single category.

For analyses of the effects of insect size on signal
features, the body and leg sizes of three nymphs of
each instar were measured using a stereo microscope
(model X100, Olympus, Center Valley, PA) at mag-
niÞcations between 16 and 50, and weights were mea-
sured with a microbalance (model UMT2, Mettler,
Columbus, OH). It should be noted that the weights
of C. lectularius nymphs and adults can increase 1.5Ð
5-fold immediately after feeding (Usinger 1966), and
these measurements were taken from individuals that
did not have expanded abdomens indicative of recent
feeding.
Digital Signal Processing and Feature Identifica-
tion. Playbacks and signal overviews were performed
using Raven 1.3 software (Charif et al. 2008) to discard
intervals of background noise, talking, and other ex-
traneous signals, and to identify signal features that
distinguished different pest species. The acoustic and
vibrational records of all tested species contained
groups (trains) of brief, 3Ð10-ms impulses or ticks,
similar to those described in previous insect acoustic
detection studies (Zhang et al. 2003a,b; Mankin et al.
2008a,b). Trains of Þve or more impulses separated by
�1-s intervals usually corresponded to separate passes
of the insect across a sensor and were designated as
bursts (Mankin et al. 2008a,b). The temporal patterns
and spectral features of impulses and impulse trains
detected in the acoustic and vibrational recordings
were analyzed with custom-written software Digitize,

Analyze, and Visualize Insect Sounds (DAVIS) Man-
kin 1994, Mankin et al. 2000).

Based on video monitoring and initial overviews of
the infrared-, acoustic-, and vibration-sensor signals,
analyses were conducted on acoustic signals associ-
ated with distinctive wriggling, scraping, and crawling
behaviors that individuals of different species per-
formed at different rates during bioassays. Individuals
of all the tested species performed all of these behav-
iors, but T. castaneum, for example, produced a pre-
ponderance of wriggling behaviors, B. germanica
crawled or ran primarily, andC. lectularius individuals
scraped or shufßed more often than they crawled.

Three different proÞles (averaged spectra of a se-
ries of insect sound impulses, see Mankin et al. 2000,
Mankin and Benshemesh 2006) were calculated for
analysis of sounds recorded during different behav-
iors. A proÞle of signals produced during wriggling
behavior by a T. castaneum adult was calculated from
107 impulses recorded during a 2-s period free of
background noise. A proÞle of signals produced by a
scraping C. lectularius adult was calculated from 62
impulses recorded in 4 s. A proÞle of signals produced
by a crawling B. germanica adult was calculated from
38 impulses recorded in a 5-s interval. For each proÞle,
the spectrum of each impulse was constructed from a
6-ms time slice centered on the peak amplitude (Man-
kin et al. (2000).

Further analyses also were conducted on scraping
vibrations produced by C. lectularius nymphs and
adults. The piezoelectric sensor had greater sensitivity
than the microphone; consequently, it detected more
reliably the weak sounds produced by ÞrstÐfourth
instars. The signals detected by the sound and vibra-
tion sensors from C. lectularius nymphs and adults
otherwise were similar in spectral and temporal pat-
tern. Three additional proÞles were calculated for
analysis of scraping vibrations produced by C. lectu-
larius Þrst instars (178 impulses in a 23-s period), third
instars (300 impulses in 8 s), and adults (64 impulses
in 12 s).

The full set of records recorded by microphone
from adult stored-product and urban pest species was
analyzed in DAVIS by using the wriggling, scraping,
and crawling proÞles, discarding impulses whose spec-
tra failed to match any proÞle within an empirically
determined difference threshold, Ts (Mankin et al.
2008a). The impulse occurrence times were labeled by
DAVIS according to which of the three proÞles they
matched best, and were saved in an impulse-sequence
spreadsheet. The C. lectularius nymph and adult sig-
nals recorded with the vibration sensor were analyzed
similarly, by using the Þrst-instar, third-instar, and
adult scraping vibration proÞles.
Automated Assessment of Likelihood of C. lectu-

lariusDetection. A goal of the study was to identify
easily measured features in signals from different
sensors that could be used to automate detection of
individuals of different species. The species, C.
lectularius,was selected as an example of a potential
target of interest that might be detected even when
other species could enter the arena. Several char-
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acteristics of the signals were considered, including
the durations of infrared signals and sound impulse
bursts, the rates of impulses within sound impulse
bursts, and impulse sound pressure levels (Mankin
et al. 2000). Preliminary analyses of the bioassay
results suggested that, for each 30-s bioassay, the
magnitudes of the median infrared signal duration,
MIRD (s), the longest impulse burst duration, LIBD
(s), and the mean sound pressure level of sound
impulses that matched the C. lectularius scraping
proÞle, SPLC (dB), were distributed nonuniformly
across species, and consequently were candidates
for acoustic indicators that could automate assess-
ment of detection likelihood.

Toconsideraninitialexampleofthefeasibilityofusing
the detection instrument for automated assessment, we
constructed an indicator (Mankin et al. 2007) for each
nonuniformly distributed signal feature above and
summed the three indicators to obtain an overall assess-
ment of the likelihood of C. lectularius detection, i.e.,

iMRD

� � 1 if MIRD � MIRDmin

0 if MIRD � MIRDmin and � MIRDmax

�1 if MIRD � MIRDmax,
�

iLIBD � ��1 if LIBD � LIBDmax

0 otherwise, and �
iSPLC � �1 if SPLC � SPLCmax

0 otherwise. � [1]

iCL � �low if iMIRD � iLIBD � iSPLC � 1
medium if iMIRD � iLIBD � iSPLC � 1
high if iMIRD � iLIBD � iSPLC � 1,

�
[2]

where iMIRD is the indicator variable for median infrared
signal duration (MIRD), MIRDmin and
MIRDmax are lower and upper MIRD threshold values,
respectively; iLIBD is the indicator value for longest im-
pulse burst duration (LIBD), and LIBDmax is the LIBD
upper threshold value; iSPLC is the indicator variable for
the mean sound pressure level of sound impulses that
matched the C. lectularius scraping proÞle (SPLC), and
SPLCmax is the upper SPLC threshold value; and iCL is
the indicator variable for the likelihood that a C. lectu-
larius is detected in the arena, taking the values low,
medium, and high. The selections of these particular indi-
cators and thresholds are described more completely in
Results. It should be noted that other indicators and
thresholds might be preferable if the goal was to detect
a species other than C. lectularius.

Finally, the distributions of low, medium, and high

likelihood of C. lectularius detection were compared
across bioassays with or without C. lectularius using
the Wilcoxon two-sample exact test (Proc
NPAR1WAY, SAS Institute 2004) under the null hy-
pothesis that the distributions were independent of
whether the arena contained a C. lectularius.

Results

Observations of the bioassays during recordings
from all tested species revealed frequent occurrences

Fig. 3. Examples of separate 3-s intervals of signals produced by individual C. lectularius, B. germanica, and T. castaneum
adults during 30-s recordings of sound, vibration, and infrared signals. A 1-s impulse burst is shown in the B. germanica sound
trace.
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of wriggling, scraping, and crawling movements that
produced distinctive acoustic and vibrational signals.
Examples of each behavior are shown in Fig. 3. The
signals in the three columns were from three separate
3-s intervals in a 30-s bioassay of a scraping C. lectu-
larius, a running B. germanica, and a wriggling T. cas-
taneum. In the T. castaneum bioassay, the beetle never
crossed the infrared beam, and the signal displayed is
from the last 3 s of the recording.

At least one adult of all species except T. castaneum
triggered infrared signals during their bioassays by
crawling on the arena base or walls. None of the C.
lectularius nymphs, however, crossed the infrared
beam during their bioassays. They were too short to
reach the bottom of the sensor Þeld of view (Table 2),
and they never climbed high enough on a wall.

All of the species tested in the arena produced at
least a few sound-impulse and vibration-impulse
bursts similar to those in Fig. 3. During many of the
observed crawling periods, including the sound trace
fromB. germanica in Fig. 3, individual steps or footfalls
often were distinguishable as short, high-amplitude
ticks. More steps were observed from the larger, B.
germanica, S. oryzae, and C. lectularius adults, than
from the smaller, T. castaneum and S. paniceum adults
and theC. lectularius nymphs. The smallest, ÞrstÐthird
instars sometimes did not trigger the microphone
while crawling, especially the Þrst instars, but usually
triggered a signal if they performed wriggling or scrap-
ing behaviors on a microphone or vibration sensor.

The behaviors observed most frequently in the
arena were intermittent crawling and resting, exam-
ples typical of which are shown in Fig. 4, recorded
from an S. oryzae. Particularly vigorous activity by an
insect near the center of the arena often triggered
sounds and vibrations simultaneously. The B. ger-
manica triggered vibrations whenever they ran or
crawled quickly anywhere in the arena. Signals col-
lected simultaneously with the sound and vibration

sensors from a crawling S. paniceum adult are dis-
played in Fig. 5, where impulse trains in the traces
from each sensor are expanded in 0.3-s insets. Indi-
vidual steps or other impacts appear distinctly in the
impulse train in the sound inset, but equivalent im-
pacts are not easily discerned in the vibration inset
because the durations of impulses were longer than
the intervals between them. ProÞles of the vibration
impulses (mean of 113), and sound impulses (mean of
104) are displayed in Fig. 6. Only minor differences
appear in the spectral patterns of the proÞles except
in a range between 400 and 800 Hz, where the relative
signal level was higher for the vibration than the sound
proÞle.

Similarly, minor differences appear in comparisons
of the spectral patterns of sounds by different species
performing crawling, wriggling, and scraping behav-
iors, as seen in the spectral proÞles of Fig. 7. The
crawling sounds produced by B. germanica are very
similar to the S. paniceum crawling sounds in Fig. 6.
The sounds produced by a wriggling T. castaneum and
a scraping C. lectularius have slightly greater energy
than in the crawling signals at frequencies between
800 and 3,000 Hz, but these differences are not enough
to reliably distinguish the three behaviors. Conse-
quently, when the sound impulses from all insects
were tested against the three proÞles in Fig. 7 by using
DAVIS, multiple matches of each proÞle were found
in each recording.

Although wriggling was visually distinctive as a be-
havior, the similarity of the wriggling and scraping
spectra in Fig. 7, and the Þnding that adults of all tested
species produced multiple sounds that matched wrig-
gling, scraping, and crawling proÞles, suggested that
wriggling and scraping were acoustically indistin-
guishable and led us to focus subsequent analyses
primarily on crawling and scraping behaviors. For C.
lectularius, we focused analysis primarily on scraping
behaviors, given that the crawling sounds produced by

Fig. 4. Traces of sounds, vibrations, and infrared signals detected over a 32-s period from an adult S. oryzae in bioassay
arena.
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small nymphs did not always produce analyzable sig-
nals.

An effect of insect size is seen in Fig. 8 in compar-
isons of proÞles of scraping vibrations produced by a
C. lectularius Þrst instar, third instar, and adult. The
adult produced relatively lower frequency impulses
than the Þrst instar. Also, in comparisons across C.
lectularius stages, the mean vibration level of impulses
that best matched the Þrst-instar scraping proÞle was
lower for instars 1Ð4 (69.8 � 1.2 dB, N � 6) and
Þfth-instar nymphs (69.4 � 0.5 dB, N � 8) than for
adults (77.1 � 2.3 dB, N � 10) under the WallerÐ
Duncan K-ratio test (F � 6.59; df � 2, 21; P � 0.006)
(SAS Institute 2004). The fraction of impulses that
matched the adult proÞle was signiÞcantly lower for
instars 1Ð4 (0.16 � 0.05,N� 6) than for the Þfth-instar
nymphs (0.48 � 0.08, N � 8) and the adults (0.48 �
0.05, N � 10) under the WallerÐDuncan K-ratio test
(F � 5.82; df � 2, 21; P � 0.01) (SAS Institute 2004).

Given the observed similarities of sound and vibra-
tion spectra, and the observed similarities of sound
spectra from adults of different insect species per-

forming different behaviors, it did not seem likely that
these could be used to distinguish among the different
species in the arena. We therefore considered
whether signals from different species might be dis-
tinguished on the basis of other signal features, in-
cluding those from the infrared sensors.
Signal Feature Analyses. Several easily measured

characteristics of the signals were tested as potential
features for distinguishing among the different insect
species in the arena, including median infrared signal
duration,MIRD; longest impulse burst duration,LIBD;
and magnitude of C. lectularius proÞle sound pressure
level, SPLC. The magnitudes of these signal measures
were not distributed uniformly across species, as can
be seen in the MIRD, LIBD, and SPLC columns of
Tables 3, 4, and 5; consequently, it was feasible to set
thresholds for indicators, iMIRD, iLIBD, and iSPLC, that
assessed the likelihood of C. lectularius detection (see

Fig. 5. Comparison of vibrations and sounds recorded simultaneously from an S. paniceum adult, with insets showing 0.3-s
expansions of impulse bursts recorded from each sensor.

Fig. 6. Spectral proÞles of signals of a crawling S. pani-
ceum adult detected by sound and vibration sensors.

Fig. 7. Spectral proÞles of sounds associated with wrig-
gling, scraping or shufßing, and crawling or running. Sound
pressure levels of theC. lectularius scraping proÞle were used
in assessing likelihood of C. lectularius detection (iCL).
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equations 1 and 2). The MIRD of C. lectularius was
typically �MIRDmin � 0.2 s and exceeded MIRDmax �
0.75 s in only one of 30 tests. TheLIBD ofC. lectularius
exceeded LIBDmax � 10 s in only four tests, and the
SPLC exceeded SPLCmax � 70 dB in only two tests.
The magnitudes of these signal features were often
outside such thresholds in bioassays with other spe-
cies.

The values of iMIRD, iLIBD, and iSPLC based on the
above thresholds of MIRDmin, MIRDmax, LIBDmax,
and SPLCmax, and the resultant assessments of the
likelihood of C. lectularius detection, iCL, are listed in
the last four columns of Tables 3Ð5. Inspection of the
tables suggests that the three indicators distinguish
individually between the presence of C. lectularius
and other insects less reliably than does the sum of the
indicators, iCL.Considering values of iCL and iMIRD for
example, more than 50% of theC. lectularius tests were
ranked hign for iCL, and similarly were ranked at the
highest level of iMIRD. However, �10% of tests with
other species were ranked hign for iCL, although 50%
of other species tests were ranked at the highest level
of iMIRD, a considerably higher fraction of false posi-
tives. The indicator for iMIRD is not sufÞcient by itself
to distinguish between species in the arena, and sim-
ilar arguments can be presented for iLIBD, and iSPLC.

Fig. 8. Spectral proÞles of vibrations produced by a C.
lectularius Þrst instar, third instar, and adult.

Table 3. Features of C. lectularius sounds considered for au-
tomated species identification (median infrared signal duration,
MIRD; longest impulse burst duration, LIBD; and magnitude of C.
lectularius profile sound pressure level, SPLC); their associated
indicator values (iMIRD, iLIBD, and iSPLC); and the assessed likeli-
hood of C. lectularius detection in arena, iCL, arranged in order of
increasing likelihood, iCL, and SPLC

MIRD
(s)

LIBD
(s)

SPLC
(dB)

iMIRD iLIBD iSPLC iCL

0.825 3 59.91 �1 0 1 low

0.352 3 55.13 0 0 1 medium

0.21 4 60.12 0 0 1 medium

0.553 4 62.82 0 0 1 medium

0.169 19 63.57 1 �1 1 medium

0 15 63.82 1 �1 1 medium

0 17 64.5 1 �1 1 medium

0.546 9 64.76 0 0 1 medium

0.569 5 64.88 0 0 1 medium

0.598 9 64.94 0 0 1 medium

0.585 4 65.7 0 0 1 medium

0 14 67.01 1 �1 1 medium

0 5 70 1 0 0 medium

0 5 71.67 1 0 0 medium

0 5 61.15 1 0 1 high

0 3 62.48 1 0 1 high

0 5 62.54 1 0 1 high

0 3 62.93 1 0 1 high

0 9 63.7 1 0 1 high

0 7 63.8 1 0 1 high

0.175 2 64.32 1 0 1 high

0 6 64.68 1 0 1 high

0.171 8 65.39 1 0 1 high

0.022 7 65.49 1 0 1 high

0 4 65.55 1 0 1 high

0 3 65.69 1 0 1 high

0 6 66.17 1 0 1 high

0 2 67.63 1 0 1 high

0.195 1 68.34 1 0 1 high

0 3 68.62 1 0 1 high

Table 4. Signal features of B. germanica sounds (see Table 3);
their associated indicator values (iMIRD, iLIBD, and iSPLC); and the
assessed likelihood of C. lectularius detection in arena, iCL, ar-
ranged in order of increasing likelihood, iCL, and SPLC

MIRD
(s)

LIBD
(s)

SPLC
(dB)

iMIRD iLIBD iSPLC iCL

1.208 5 65.37 �1 0 1 low

0.888 9 66.73 �1 0 1 low

0.762 7 67.76 �1 0 1 low

0.875 8 68.59 �1 0 1 low

0.586 9 70.01 0 0 0 low

0.504 5 70.32 0 0 0 low

0.577 6 71.07 0 0 0 low

0.442 3 72.05 0 0 0 low

0.993 4 73.13 �1 0 0 low

0.633 7 73.3 0 0 0 low

0.717 3 73.45 0 0 0 low

0.963 5 73.7 �1 0 0 low

0.641 5 74.04 0 0 0 low

0.925 3 74.07 �1 0 0 low

0 3 65.4 1 0 1 high

Table 5. Signal features of stored product insect sounds (see
Table 3); their indicator values (iMIRD, iLIBD, and iSPLC); and the
assessed likelihood of C. lectularius detection in arena, iCL, ar-
ranged in order of increasing likelihood, iCL, and SPLC

Species
MIRD

(s)
LIBD
(s)

SPLC
(dB)

iMIRD iLIBD iSPLC iCL

S. oryzae 0.203 21 66.24 0 �1 1 low

S. oryzae 0.3 10 67.33 0 �1 1 low

S. paniceum 0.317 6 70.28 0 0 0 low

S. oryzae 0.308 8 71.34 0 0 0 low

S. paniceum 0.243 8 72.18 0 0 0 low

T. castaneum 0 29 61.56 1 �1 1 medium

S. oryzae 0 14 63.86 1 �1 1 medium

S. oryzae 0.31 9 64.48 0 0 1 medium

T. castaneum 0 29 65.45 1 �1 1 medium

S. oryzae 0 14 65.48 1 �1 1 medium

S. paniceum 0.232 5 65.91 0 0 1 medium

T. castaneum 0 29 66.29 1 �1 1 medium

T. castaneum 0 20 66.94 1 �1 1 medium

T. castaneum 0 23 67.04 1 �1 1 medium

S. paniceum 0.229 4 67.61 0 0 1 medium

T. castaneum 0 33 67.65 1 �1 1 medium

S. oryzae 0.145 14 69.91 1 �1 1 medium

S. paniceum 0.184 3 67.22 1 0 1 high

S. oryzae 0.187 2 68.49 1 0 1 high
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Using the Wilcoxon two-sample exact test (SAS
Institute 2004) to compare values of iCL in bioassays
where C. lectularius or another species was present in
the arena, the probability that iCLwas independent of
C. lectularius presence in the arena was P� 0.001 (S �
1319.5, Z� 4.9225, N� 30). That is, the results do not
support a null hypothesis that tests with and without
C. lectularius produce the same distribution of values
of the C. lectularius detection likelihood indicator, icl,
and suggest, instead that icl is associated with the
presence or absence of C. lectularius in the arena.

Discussion

The size and species of the insects and the nature of
the movements they performed all affected the signals
detected by the sensors in the bioassays. The walls
were too slippery for C. lectularius nymphs and T.
castaneum adults to crawl on easily, for example, and
these insects also were too short to crawl across the
infrared beam at the 4-mm height set in this study. If
these sensors were to be incorporated into a practical
insect trap, either multiple infrared sensor pairs would
be placed at different heights, or the height would be
set at the expected crawling height of the target insect.
For the sound or vibration sensors, the trap geometry
and substrate surface could be selected carefully to
optimize the likelihood that the target insect con-
tacted the sensors and produced easily detected
movements. If C. lectularius is the target insect, for
example, a rough or fabric trap surface may be pref-
erable to a hard, slippery surface (Usinger 1966).

The smallest insect reliably detected with the pi-
ezoelectric sensor was the 0.17Ð0.3-mg secondÐthird-
instar nymph, similar in size toCryptolestes ferrugineus
(Stephens) adults that were bioassayed in Mankin et
al. (1997). An effect of insect size on the amplitudes
and rates of sounds and vibrations that are produced
has been observed frequently in previous studies
(Vick et al. 1988, Pittendrigh et al. 1997, Mankin et al.
1997, Goerlitz et al. 2008). In a small arena or trap with
Þxed ampliÞcation of acoustic or vibrational signals,
the amplitude or sound pressure level is thus an easily
measured signal feature that can be used to target
particular species.

The effects of different behaviors on the signal spec-
tra in Fig. 7 were probably the result of differences
in the relative contribution of normal forces (direct
vertical impacts) and tangential forces (sideways fric-
tional forces) in the movements of the insects during
these behaviors. The frictional forces of scraping be-
haviors produce sounds with a broader, higher fre-
quency spectrum than the direct impacts caused by
steps (e.g., Ekimov and Sabatier 2006). The magni-
tudes of the steps and scrapes are known to be sig-
niÞcantly affected by the substrate surface as well
(e.g., Silva et al. 2010).

It should be noted that many of the insects trans-
ferred into the arena performed a variety of escape
(Hiraguchi and Yamaguchi, 2000), exploratory (Du-
rier and Rivault 2003), or death-feigning (Miyatake et
al. 2008) behaviors that were not detected by any of

the sensors. SigniÞcant customizations of a monitoring
arena structure and sensor placement would be re-
quired to maximize detection of a particular targeted
species. Likewise, careful attention to the behavioral
patterns of target insects as well as attractive and
repellent stimuli may be necessary to employ these
sensors most effectively in an insect trap. In the case
of C. lectularius, our knowledge of attractive and re-
pellent stimuli is limited (Anderson et al. 2009, Wang
et al. 2009), but attractants are known forB. germanica
and many stored product insect species. This suggests
that if an insect other thanC. lectulariuswere targeted,
the speciÞc indicators estimated for its detection like-
lihood would need to be customized.

Initially, we expected that the intervals between
impulses (steps) during crawling activities might be
distributed nonuniformly across different species.
However, signiÞcant variation was observed both
among individuals and species, and the impulse-inter-
val feature was subsequently dropped from further
analysis. Others also have found a wide variety in the
speeds of various crawling activities among individuals
of a given species, e.g., Li et al. (2009) with crawling
rates of Diabrotica virgifera virgifera LeConte adults.
Complete analysis of the different gaits and behaviors
of different insects would require a more comprehen-
sive array of sensors, such as those used for human gait
analysis (Best and Begg 2006), with a concomitant
increase in instrumentation costs.

The costs of the instrumentation were considerably
lower than equivalent commercial instrumentation.
The greatest single component expense was the am-
pliÞer circuit board, �$100. The total of the resistors,
potentiometers, capacitors, integrated circuits, and
miscellaneous switches and connections was less than
$100. The total of the sensors was less than $30. Al-
though we used a laptop computer connected to the
instrument to collect and analyze the signals, low-cost
technology is available to transmit the signals wire-
lessly to a remote location instead. Even allowing for
nonrecurring engineering design and prototyping
costs, we estimate that the total component costs are
two orders of magnitude less than for some of the
original instrumentation developed for automated in-
sect detection (Shuman et al. 1993) and movement
analysis (Gorczyca and Hall 1987), but they still ex-
ceed the typical costs of a pheromone or pitfall trap.
Nevertheless, the additional beneÞts of timely notiÞ-
cation may outweigh these additional costs in a variety
of urban insect and stored product insect management
environments.
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