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* ABSTRACT =~

- ""Klaassen, Rlchard B. MSEE Purdue Un1ver51ty August 1989 Identlﬁcatlon:

" of Concealed Insect Infestat1ons Usmg a Passwe Ultrasound Monltor Ma_]or

- Professor Eric S. Furgason '

Concealed 1nsect 1nfestat1ons in stored grain are respon51ble for large
"reconomlc losses WorldW1de, and have tradltlonally been difficalt to. detect and‘
v quant1fy A 31mple method of 1nfestatlon detection and quantlﬁcatlon has been“b
_ v'developed taking advantage of the ultrasonlc emissions generated by the feed-"‘
ing act1v1ty of the 1nsects The acoust1c s1gna.ls generated by the 1nsects are
:.characterlzed as bursts of ‘energy 1n the frequency range of 5 to: 7 5 kHz, vary—'
blng with the varlety of seed be1ng examlned These 81gnals can be detectedv»
rellably;byvmonltorlng ) the' seeds -for,j sounds in" a ‘frequ'ency bandj between 30+

- and 50 kHz The‘stage of development of an ins‘ect and -thus the amoun't of

B damage of Whlch the 1nsect is capable, can be- predlcted by studylng a time

":ser1es of these 51gnals A basic 51gnal acquisition procedure has been developed
' ‘Whlch a‘mpl_lﬁes th}e varlatlons in t_he‘ pattern of acoustic signals assoc1ate_d wrth
A: ',difterent stages of larval development ‘for the covvpea Wee‘vil.' A “histogram is
, constru‘cted ,to .,describe the time lntervals between succes”s'ive feeding »events,

and 1s compared to typical hiStograms associated vvith each stage of 'develop— v v

o ment In over 80% of the cases, an, acqulred hlstogram from a cowpea Weev»rl';

v",at a known stage of development was . most similar- to the typ1cal h1stogram

S assoclated W1th 1nsects at the same’ stage of development Us1ng thls correla—' o

tlon to quant1fy an 1nfestat1on could lead to a s1gn1ﬁcant reductlon in the ‘use

of pest1c1des for 1nsect erad1catlon.



'CHAPTER 1

INTRODUCTION

1.1 Motivatlon for this Research
Many species of insects derlve thelr subs1stence from dried plant materlal
‘When such materlal is gathered in large quantities in storage, 1nsects also_
gather to gorge themselves and propagate thelr species on this cornucopia. In
the Unlted States, buyers, sellers, and users of such products lose nine percent"

},of their crops to such pests annually, and losses are much hlgher in other partsz
“of the World ; ‘ ;

These losses could be reduced 1f the grain owners had a means of detectlng_.
and quantlfylng an 1nfestatlon before it caused significant damage. Then
pesticides could be applied at strateglc times for optimum insect control. A
solution for obtalnlng such. information about infestations is to monitor the
grain for ultrasonic emissions generated by the feedlng act1V1ty of the 1nsects
. This research was initiated on the hypothes1s that When an 1nsect thrusts its
mandibles into the r1g1d substrate of a kernel of grain, a burst of ultrasound is
. generated '

In addltlon to determining the presence of the insect, a careful analysis of

the ultrasonic signal can yield much information about the insect. The number
~ of events detected is expected to vary as a function of the number of insects
~ present, since each insect feeds as an invdividual, with no regards to its neighbor.
v Var_iations in the signal may also correspond to changes in the anatomy and -
behavior of the insect as it ages and grows, or to morphol‘ogical or genetic
differences between different species of insects, depending on the structure of
their mouth-parts and their feeding habits.

1.2 An Illustrative Pest: The Cowpea erevil?‘

One grain which is highly nutritious, can be grown worldwide, and is

routinely infested is the cowpea, also called southernpea and blackeyed_pe_a.' -

, ‘The cowpea weevil, Callosobruchus maculatus, is the most significant pest of :



| cowpeéas WOI‘ldWlde An adult of thls specles 1s shown in the photo in Fi 1g 1.

'Although the infestation is 1n1t1ally 1ns1gn1ﬁcantly small in the ﬁeld it groWs .

" ",exponentlally When the grain “is stored. “If these ‘insects” are not properly‘f”

’fcontrolled they are capable of causmg extensive damage t6 the graln, as the o -

example in Flg 2 shows. Often, 30 percent of the grain weight is lost within six -

months, with up to.70 percent of the seeds being infested and v1rtually unfit for R
‘consumption [1].. In N1ger1a alone, approximately ﬁfty mllhon dollars Worth of -
L food is lost to the - cowpea weevil annually. AR )

o The life cycle of the cowpea weevil spans approx1mately one and one—half- /
““ months, and ‘consists of four larval instars, a pupal stage, and the adult stage.
- The . insects - cause all of the seed damage during the larval mstars Each of

”these larval instars lasts on the order of four days, and ends when the larva
- sheds its skin and develops new mouth-parts Except for the steady increase in

' visceral mass during feedmg, all of their anatomlcal development takes place _
;}v_‘abruptly durmg these molts. The size of the larva increases’ geometrlcally with
~ “the stage of larval development as is demonstrated in Table 1. S1m1larly, the
j R amount of damage caused by this insect is estimated to i increase at a geometrlc""
o ‘rate [2]. Several insects at the stage when they 1nﬂ1ct most of thelr damage, '
" ones’ in- the fourth larval instar, are shown in Fig. 3. Note that ﬁrst 1nstar. :
o cowpea WeeV1l larvae are 0. 3% the size of these 1nsects Sy g :

" Table'l. Growth of cowpea weevil larvae, demonstrated through mcreasmg :
SRR average We1ghts at each stage of development [3] Faslont '

o Stageof < A Port1on of Larvala o5 Average Wet

o ‘v""DeveIOpment ) ' L1fespan (Days) . We1ght of- Larvae ,
. Fisthnstar . 0-2 003
e Second Instar . - 3 - 5 it '»:’1;12‘ f
© ThirdTnstar  6-8 440
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cowpea weevil resting on a cowpea
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' Aﬁ,’éxamp}é of the type ofdamage gaﬁéédﬁ by cowpea Weev




‘Figure 3. Three cowpea weevil larvae in theu- fourth instar; the stage of
o development when they cause most of their. damage. o
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Cowpea weevil eggs on cowpeas..

Figure 4.




@.emlssrons could have several modes of generatlon It the insect

o unrnfested seeds for one day': allowmg them 1o lay eggs on the

R . cultures were separated by 1nse"”tiﬁspec1es, 50 only one species of 1nsect could be.i- o

':jff;‘present in_each seed; By rem vrng all but a spec1ﬁc number of eggs from each f‘-,. o
. seed, the number of 1nsects present inside each seed could be: known exactly By

' "-knowrng the" day on. whlch the egg was laid, one could predrct When the egg'

o fwould hatch -and When the insect would be in each of its larval stages The_- R

. exact stage of development of ‘the insect could . be rehably determlned by '_r~-'- o

o ,monrtorrng the sound emissions comlng from an infested seed for a short perrod _ ,'
R every day Every tlme the 1nsect molts, it is. sﬂent for approxrmately one day

e Thus, by countlng molts, one could determrne the exact 1nstar of the 1nsect

1 4 Types of Srgnals Expected from Insects

T

, Based on ‘what is. known about beetles in general one can make several"fz_,_.:' o
- predlctlons about the srgnals recerved from: the1r feedlng actrvﬁ'y These'_" C e

b1tes or

' ;fractures a partlcle from the seed one mrght expect to hear 'a‘
‘ ‘erunch- hke sound." If the 1nsect scrapes at the seed one mlght expel to hear a .
' ".'iprolonged gratlng sound : S

As the 1nsect grows, the parameter expected to change the most Would be '

"':‘iifkip’;the amount of s1gnal energy generated by the 1nsect The size of the msect_

. t the amount of materlal consumed in each b1te

_ ?,1ncreases dramatlcally Chapter four focuses. on one such \arlable, 3
" and the resultlng changes 1n the acoustrc emissions.” But ﬁrst chapte

S f‘“-the llkehhood of detectlng thelr em1ss1ons Flnally, the observat n‘_of the -

mpuls1ve,. T

e .grows at an geometrlc rate W1th respect to. its stage of development as ‘was seen' o

‘vm Table 1. To. increase in s1ze geometrlcally, one Would expect the feedlng to -

S 571,1 flncrease geometrlcally as well Th1s 1ncrease 1n feedmg could be man 1fested two

i{ways as an increase: in- the number of brtes taken out of the bean,__or as _ani_"
~ increase in the s1ze of the bltes For the former case,’ the 1nd1v1dL al acoustic R

,:emlssrons would be expected to: be unchanged throughout the llfespan of the ._ !
: f{_larva, but more of them would be detected For the latter case, the magnltude' '
e of the 1nd1v1dual acoustic srgnals Would be expected to 1ncrease, ‘cor

respondrngi _

o As one’ beg1ns to monltor the acoustlc em1ss1ons generated by”th .
L 7:1ntu1tlon about what- changes to expect as the result of 1nsect—re1ate.3 varlables -
sect age,

1nsects, S

two and_:. . ‘

1 g,-three deal W1th methods of rece1V1ng 1nsect—generated s1gnals, how to. max1mlze>' o




‘progression of the signal characteristics can allow one to draw many conclusions
about the general habits of the insect. ‘A small sampling of these conclusions
shall be discussed in chapter five, along with the general conclusions about this
research. . '



'CHAPTER 2

' 'DETECTING THE INSECT SIGNAL

2.1 Calculatmg the Natural Frequencles of Beans

For an acoustic 51gnal generated by an msect concealed W1th1n a seed thev"-» =

,frequency spectrum of the s1gnal received at the outer. surface of ‘the seed is

greatly - 1nﬂuenced by the natural frequencies of the seed Regardless of the _
spectrum of the original signal, the seed will strongly favor some frequency :
t'components over others. By 1dent1fy1ng these natural resonances, and then
monitoring the seeds for acoust1c energy in these frequency bands, ‘the chances'rr
of detecting pests within the seeds can. be maxrmlzed Whlle m1n1m1z1ng the"
susceptlblhty of the system to no1se ' '

Predlctlng the natural frequenc1es of a bean is no 51mple task These_,. a

frequencles are dependent on the Veloclty of sound in the bean, as Well as the-
_31ze and shape of the bean. Of these, the shape is the most difficult parameter
to describe. Modehng the bean as a. 51mple shape may make the size dlfﬁcult to
describe as well, because the chosen shape may be defined by dimensions which
are not easily obtalned from the actual shape of the bean. Generally speaklng,
however, the maximum length and width of a cowpea cotyledon are 11 mm and -
5.5 mm respectlvely, and ‘the thickness ranges from 1.5 to 2.5 mm across the
- length and width of the cotyledon '

2.1.1 Measurlng the Physmal Constants of Beans

The Veloc1ty of sound in a cowpea cotyledon was measured by placmg a
: constant thickness portion of cotyledon  between two transducers, _.and
’ meaSuring the amount of time required for a pulsed, 40 kHz acoustic signal to
travel_through the material. In making this measurement, a moderate amount

of error was present. This error was associated mostly with the force of

: coupling between the cotyledon and -the transducers, which was difficult to
.;‘regulate The measured values generally fellin a range of 200 to 400 m/ s, Wlth



H“'":.a medlan value of approx1mately 250 m/ s. Th1s same procedure Was applled to _ R

b “a kidney bean cotyledon, and the med1an veloclty in thls substrate Was

'_“Whl(:h causes the d1mens1ons and mass of the seed to change as i
’m01sture ! SR , G e

- :'measured at 340 m/ S

‘ These values of sound veloc1ty are. low compared to other r1g1d substances, o
: but are certa1nly reasonable This ‘can be verlﬁed by exammmg the value of the

" modulus of elasticity and the denS1ty of the cotyledon ‘These parameters are-
.related to the velocity of sound’ by the relatlonshlp descrlbed in Eq 1, [4] -
‘ »-“E—c XP__“ ' Ry

"'In th1s equat1on, c represents the long1tud1nal sound veloclty, p repr_sents the, '

:dens1ty, and E represents the modulus of elast1c1ty Once the velomty and_;__

W

- density are known, then the modulus of elast1c1ty can be compared_ 0 that of.f. S -

s1m1lar mater1als

- The " average dens1t1es of cowpea and kldney bean cotyledons were'-“',

-‘-';measured by calculatlng the rat1o -of ~mass to- Volume of .a: group of 40_.5 -

cotyledons “The skin ‘and eye of each seed were removed so that only the'l

“,cotyledons remained, and then the mass of the group of cotyledons wasf
measured while it was still dry.. The volume was. measured by i 1mmersmg them

: -_-‘1n “water and measurlng the d1Splaced Volume “The. dens1t1es me sured for."

. :: }cowpeas and k1dney beans Were 1300 -and 1335 kg/rn respectlvely These

_i',values are sub_]ect to a moderate amount of error, dependlng on the hlum1d1ty of

.:‘.g_the surroundlng env1ronment Th1s is the result of the seeds be1ng hydroph1llc,, ;

, hus, by -
: '%’ricomparmg the hardness of beans to other substances, Whlle also. comparmg the','i-"‘:,
values calculated for the modulus of: elasticity, one can verlfy the. veloc1ty of

The modulus of elast1c1ty 1nd1cates the hardness of a substanc

'W-‘“’;.sound Equatlon “one gives a resultmg “modulus - of - approx1mately

B 107 kg/m sec) for the " cowpea and 15 4 % 107 kg/m sec?) for the'.fﬁ _'

absorbs,:'_" S

- "k1dney bean. These values are sllghtly h1gher than that for cork [5] 1nd1cat1ng _, ) o o

e 1__"that these cotyledons are harder than cork, and the values’ are shghtly lower

. ';‘1nd1cat10ns seem to be correct Thus, 250 m/s and 340 ‘m/s are

'\_A':_;than that for dry spaghettl, [6], 1nd1cat1ng that these cotyledons are softer‘fthan- .

. {,.~-spaghett1 “In addltlon, ‘because the modulus s h1gher for kidney beans than
BER cowpeas, krdney beans must be harder ‘than cowpeas Indeed each of these

values” for the speed of sound 1Il cowpea and kldney bean ¥
'frespectlvely T AT e TR s R
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2 1 2 A Slmple Model for the Bean

~The bean has a rather comphcated shape, one that is not easﬂy analyzed 1n'.". -
”terms of sound propagatlon characteristics. The shape of a typical bean is
shown in F1g 5, Where it can be seen that the shape could be descrlbed as tWo_
shells placed in contact W1th each other around the edges, leav1ng an air cav1ty-
in the center Each shell is comprised mostly of a homogeneous cotyledon, the_
characterlstlcs of. Wh1ch are expected to determ1ne the natural frequenc1es of the .
bean . : L

Several models were cons1dered as representatlons of a- cotyledon One
pos31b1hty was to model it. as a thin. plate or shell, elther curved or ﬁat square
~or c1rcular, W1th the sound travehng as transverse waves or lamb waves.
Although a bean cotyledon has the appearance of a curved. plate or shell, the
~assumption that the plate i 1s thin is inappropriate. ‘Typically, for a plate to be,_'
- thin, its depth should be on the order of one-tenth of its length and width, or
~ less, [7]. The dimensions listed above 1nd1cate that these shells are too th1ck to
be modeled as anythlng "thin",

Because a bean.is somewhat rounded and hollow in the center, it could be =
modeled as a. hollow sphere. . However, because of the split between the two.
‘cotyledons, sound is reflected at the boundaries, and the bean does not exh1b1t.‘- o
the resonances expected from such a sphere, [7] o _

*'The ‘most appropriate simple ‘model for the cotyledon of 2 bean is a sohd‘ o
" rectangular block. Then the simple model for a whole bean would be two solid
blocks with simple supports at the edges. With .this model, the natural
frequencies of an isolated cotyledon: can be predicted using Eq. 2, [8]: '

. ’ ‘ y 1/2
' . c Ny
’ f(nx,nyﬂ,nz)v = 'é' [_

Ik

2
+

2
-+

2
n,

: Iz_

Dy

ly

© Where —‘(nx, ny, nz) represents the mode number, and lx, ly, and 1, “are the

estimated length, width, and thickness of the cotyledon The parameter c

. }represents the velocity of sound in the cotyledon

R Although the model used to estimate the natural frequenc1es of the bean
~ was rather simple, finding the solutions to Eq. 2 was not.” The length, width
* and thickness were approx1mated to be 11 mm, 5.5 mm, and 2'mm respectively.

= _'These values were obta1ned by est1mat1ng the mean values for a typical cowpea,

- and measurements differing by as much as 0.5 mm m1ght be found by others

- examlnlng the same bean. An even greater difference could be expected for"

g measurements on d1ﬁ'erent beans, due to the d1ﬁerences in bean 51ze o
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The valld1ty of Eq 2 for pred1ct1ng the resonances 1n a. rectangular block ‘_ ‘

- ”Cowpea cotyledons were carved 1nto rectangular shapes of known d1mens1ons so-

- that the mater1al under test Would match the model as closely as poss1b1e, and .

‘the s1gnal was supphed by a cowpea weev1l res1d1ng W1th1n the bean.. The'

_s1gnals Were received usmg a Massa 40 kHz transducer, 9], (see Append1x A),f‘ :

 and were’ exammed to see Wh1ch frequenc1es Were favored by the block of

:fcot:vledon PRI L R IR

_ | The transducer was' not selectlve to the narrow band of frequenc1es at 40' :
kHz in this test because the seed port1ons were placed on the face of the 40 kHz
: _transducer, and the sound was d1rectly coupled W1th the p1ezoelectr1c element -
: ThlS point was demonstrated by placmg brass and alummum rods of known.

: "dlmens1ons ‘and physmal propertles agalnst the face, which Were exc1ted by a

broad band acoust1c n01se _source, Jlnghng keys In this test the natural--

frequenC1es of the rods were detected and noth1ng Was detected at 40kHz

. The resonances of the carved block of. cotyledon materlal Were measured" N

e and compared to the normal modes of v1brat1on for a rectangular block The ‘.

natural resonances measured corresponded d1rectly to the. lowest order modes’v

B - 'for a rectangular block: w1th a, sound veloc1ty of 250 m/s, as shown in Flg 6.

The measured frequency for each’ mode present was within 8% of the pred1cted

, value Thls is a relatlvely small error when one cons1ders that the block was
B not exactly rectangular, and’ that the- insect has created a small cav1ty 1ns1de the ,
g tblock S0 that the block is not entlrely solid. ' : :

o In sp1te of ‘the curved edges ‘and vary1ng th1ckness of a cotyledon, the

, natural frequenc1es calculated for a’ block of similar size and ‘material constants
" agreed with the measured values for ‘the cotyledon. An example of the
1 frequenc1es recorded in a cotyledon and the corresponding predlcted values can-

' ' :be seen in Fig. 7. The correlat1on between the predicted and measured valuesis. -

fairly- repeatable, the érror ' is generally within 10%," and varies ‘with the
" "-coupling force and transducer position on the seed. These results indicate that

~the rece1ved signals ‘were the result of the resonance of sound waves travehng
- along the length and width of the cowpea. The lowest order mode for a half

. cowpea typ1cally had a natural frequency of about 12 15 kHz and h1gher order» o
: v'gmodes between 18 and 75 kHz g . .

- ~ Whole cowpeas exh1b1ted a lowest order frequency of about two—th1rds that ‘
"of a half cowpea, as demonstrated in Fig. 8. This is most likely the result of o

| ~ the coupllng between the halves They are not coupled Well enough for the seed
to react to a sound source as a spher01d but they are coupled Well enough for .
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' one half to act’ asa’ mechamcal load for the other. Th1s slows the response of anz:’.
' ,1nd1v1dual cotyledon, wh1ch in turn lowers the resonant frequenc1es

The resonances- recorded for the kidney bean were similar- to those for the

cowpea In addition to the sound velocity being higher in kldney beans than )
cowpeas, as mentloned above, the dimensions of the k1dney bean are also larger’4
than those of the cowpea, (16 x 7 x 2.5 mm). As a result, frequencles of the
' lowest order modes observed in a whole kidney bean were typically very s s1mllar'
- to: those observed in the cowpea. This was expected because the ratio of sound*
: veloc1ty to cotyledon length in the kldney bean is roughly equal to that rat1o for;

the cowpea .

v The h1gher order modes were - more . prom1nent in the kldney bean,'-_
‘ however, :than - in the cowpea. - This: is expected to be the case becausei .
‘ attenuatlon typlcally increases with frequency, and is generally hlgher for softer :

) mater1als Because the cowpea is somewhat softer than the kldney bean, the_” ,.

magnitudes of the hlgher order frequency components should be expected to :
‘ drop oﬂ' more rapldly in the cowpea, than in the k1dney bean §

2.2 Determlmng the Slgnal Source -

The ultrasonlc emissions from cowpea weevils res1d1ng in cowpeas and bean:
weevils in cowpeas and kldney beans were examined in an effort to deternnne
‘ the properties of the sounds generated by the insects. To acquire an
undistorted Waveform representing these sounds; a wide band ultrasonic. -

transducer, made by Industrial Quallty, Inc., [10], was placed in contact w1th. o

~ the seed hous1ng the insect, (see Appendlx A). Sounds were recorded in the _

‘ “frequency range of 1 to 500 kHz. A typical signal generated by a cowpea weev1l'_ L

in a cowpea placed against the transducer is shown in Fig. 9. The observed

signals were characterized by bursts of energy in the frequency range of 5to 75

kHz, skewed towards the lower frequenc1es These observed spectra agreed with

what was predlcted in the above discussion. Each burst lasted on the order of

several tenths of a mllhsecona, and they were separated by intervals of s1lence
last1ng between several milliseconds and hundreds of seconds, depending mostly
on the insect age. Two narrow frequency bands which consistently contained
131gn1ﬁcant amounts of energy were 7.5 - 12.5 kHz, and 30 - 50 kHz. Neghglble
amounts of energy were recorded in the frequency bands of 1 - 5 kHz and 75 -
150 -kHz. = ' ‘ :

The rece1ved signals were determmed to be the result of feed1ng act1v1ty
'TlllS conclus1on was based on two sets of observations. First, by shaving away _
enough of the seed to observe the activity of the larva, it was determ1ned that -



.‘ Transdiicer voltage representmg the typlcal acoustlc pressures
gt ?-resultmg from a feedlng event of a concealed msec -in-a cowpea.




- no s1gnal was generated by he general movement of the 1nsect [11] The 31gnals.-7,
" were. generated only When ‘the 1nsect appeared to be feedlng on, the seed.
) 'Second no signal was generated durlng the perlods when the 1nsect does not
feed These per1ods 1nclude the’ embryonlc, pupal and adult: stages, as well as -

a the moltlng perlod precedlng each larval 1nstar '

Although the movements of the insect Were brleﬂy observed as descrlbed'

o -above, the mandibles.of the insect were hidden from view, and the exact mode

_' of feedlng could not be determined. However, because the s1gnals rece1ved were
- short. 1mpuls1ve bursts rather than prolonged scraping sounds, the 31gnal wasv,

assumed to be the result of a fracture of the bean For this to ‘be the case; the

E spectrum of the slgnal would reﬂect the 1mpulse response of the seed. hous1ng
- the . insect,: and would be 1ndependent of insect, anatomy Observatlons

.."’._supported th1s theory for the. insects examlned The s1gnals recorded from,‘

g 5e1ther 1nsect species feeding on a cowpea were. typ1cally very. s1m1lar, as shown:f

- 1n F1g 10 However, _markedly d1ﬁerent 31gnals were:' recorded from the same‘[
o ;»specles of 1nsect “the bean weevil, feedlng in two specles of beans wh1ch Were_ L
L ;A’expected to. have d1ﬂerent 1mpulse responses, as demonstrated in Flg 11. These

results were typlcal the observed spectrum was mostly a function of the’ species

- of seed- hous1ng the insect, and was not influenced: by differences in the species .

_of 1nsect

, Although most of the signal energy is cons1stently contained in the above
mentloned frequency band of 5 to 75 kHz, the shape of the spectrum can vary

’_slgnlﬁcantly Any variable which could mﬂuence the 1mpulse response of the -

* seed would be expected to change the shape of the spectrum ‘The most obvious

* “variables are the size and shape of the cotyledons. As was d1scussed above,

~_these directly affect the natural resonances of the bean. Another such variable
+ - is the position of the transducer with respect to the seed Th1s is- demonstrated

B ‘“M.,m Flg 12, where the same event was recorded on oppos1te sides of a seed, ’
- .";.'yleldlng substantlally dlﬁ'erent magnitude spectra Other p0581ble var1ablesr _
 “include the position of the insect inside the seed, the moisture ‘content of the

: seed and flaws in the seed, such as breakage or damage from past 1nfestat1ons _
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 omapTERs

AN ELECTRONIC SYSTEM FOR INSECT DETECTION

3 1 Choosmg a System for Slgnal Receptlon

Several opt1ons are ava1lable for the design of acoust1c s1gnal receivers.
However, several characteristics assoc1ated with . the 1nsect-generated s1gnal
must be con31derea to maximize the rel1ab1llty of the system Variations in the
- signal spectral characterlstms result from var1at10ns in the natural frequenc1es
" of beans Var1at1ons in" the amount of rece1ved s1gnal energy result from
- phys1cal growth of the insect and the d1stance between the insect and the :
: transducer - The var1at10n _in the spectral characterlstlcs can 1ncrease the

dlfﬁculty of pos1t1vely 1dent1fy1ng the signal as belng 1nsect—generated The

var1atlons in signal energy 1ncrease the d1ﬁ"iculty of pred1ct1ng the amount of
gain’ needed at the system 1nput For this research a s1mple system was
de51gned and constructed keeplng in mrnd the potent1al problems assoclated‘
with these s1gnals _The system - des1gned and constructed for this research_
-certalnly has room for improvement, but at the cost of 1ncreased cornplex1ty

A system was constructed which would take into account the above
mentioned constraints, and allow a computer to store and analyze the signals.
~ This patented device, [13], shown in the schematics of Figs. 13 - 20, made use of

a h1ghly sensitive transducer and. a high gain input stage to maximize
sens1t1v1ty to the signal. This ampliﬁer was followed by a filter which passed
only the frequencies which were expected to contain energy. resultmg from
‘insect activity. The next stage was a full-wave rectifier and low pass filter

B which acted as an envelope detector/demodulator This type of system was

used because the s1gnals were modeled as the physical response of a seed to an
_impulsive signal, as was discussed in Chapter Two. Thus, once the signal was
' "recelved the spectral properties of the signal contained no information, and the
signal could ‘be transformed back to an 1mpuls1ve form in a lower frequency
band. These band-limited impulses could then be monitored with an audio



\ c1rcu1t for 1mmed1ate feedback to the system operator, or with the analog to
Py d1g1tal converter of a computer to allow for a detalled analys1s of the s1gnals

3 2 Extra.ctmg the Slgnal from the Nmse

The first problem taken under cons1derat1on was that of extractlng the
"s1gnal from the no1se " This can be difficult because the the 1nsects generate -

25

very little s1gnal energy ThlS should be expected because the 1nsect larvae are

extremely small,” much smaller than the seed _that houses’ them, as was
- demonstrated by Fig. 3 and Table 1. For th1s reason the system must have

- h1gh sens1t1v1ty to acoustic s1gnals Of course, when one 1ncreases the ‘sensitivity

:brof a system to a 10W energy s1gnal system sens1t1v1ty increases to background

; "i'fi‘,n01se as Well ‘To minimize the effects of noise, the: spectral propert1es of the
e insect and noise s1gnals must be compared and. the system should be des1gned _

EE to extract the s1gnal from the no1se

e In most locat1ons Where graln is stored and tested acoustlc background
‘noise s dommated by energy in the audlble frequency range Typlcal noise
f."sources at these locations 1nc1ude englnes and rotatmg mach1nery operatmg at
hundreds to. thousands of revolutlons per m1nute, veh1cle movement and
“human and’ animal- vo1ces, 1o hst a few. These noise sources seldom contain
’ jenergy at frequenc1es above 20 kHz Thus envuonments ‘which seem relatlvely

| noisy by standards of human percept1on are often relat1vely qu1et at h1gher .

‘frequencles Because 51gnals generated by insects in cowpeas and” k1dney beans

o ”conta1n s1gn1ﬁcant amounts of energy at frequenc1es above this’ aud1ble range,'
“ . the suscept1b111ty of the receiver to noise could be kept low s1mply by selectively

monltorlng the frequenc1es Where little noise is present The beneﬁts of such a

B ’lfsystem could eas1ly be lost,; however, in certain environments. Acoust1c noise at
 the frequenc1es above 20 kHz can be generated by forceful’ metal to-metal

o contact or by damaglng rigid structures

i
1

o One problem Whlch can be more dlfﬁcult to’ avo1d is that of electr1cal n01se
8 ,‘:Electrlcal noise in the frequency range of 20 to 75" kHz is often caused by the
3 frults of modern technology, such as computers or ﬂuorescent lights.; This noise
'E'can generally be _eliminated" by properly sh1eld1ng the transducer ‘and seeds -
under exam1nat1on Of course, electr1eal noise can only be: reduced to a certain

"degree, before thermal noise - places a hard l1m1t on the m1n1mum s1gnal, -

»‘magn1tude Wh1ch can’be detected



o In addltlon to m1n1m1z1ng the recelved n01se, 1t Was equally 1mportant to_ ‘»
- max1m1ze ‘the recelved s1gnal ‘energy - from the 1nsects Th1s was’ done by;
mechanlcally coupllng the ultrasonic transducer with, the bean housmg the:
E ‘ ‘insect, Though they did not need to ‘be in direct contact the amount,_of s1gnal '
g energy recelved ‘was: max1m1zed When the d1stance between the 1nsect and_f"
transducer Was mlnlmlzed ' S :

3 3 Des1gn1ng a System for Slgnal Receptlon

e A transducer was, selected which ‘would minimize susceptlblhty to n01se,,j
Wlllle maxunlzlng sensrt1V1ty to . 1nsect—generated 51gnals - The . transducer:,
j"selected ‘was a2 40 kHz narrow- band miniature air ultrasonlc transducer ‘

manufactured by Massa Products Corporatlon, :(see Appendlx A) A narrow
band .air transducer was chosen because of 1ts h1gh degree of sens1t1v1ty to
- ‘acoustlc energy Its center frequency of 40 kHz was. chosen because that was 1n\_
L the center of one of the frequency bands Wh1ch cons1stently contal ed‘
’ : 51gn1ﬁcant amounts of s1gnal energy, as ‘was dlscussed in Chapter TWO Th1s
center frequency, however, was not of cr1t1cal 1mportance because When the seed .
o was’ placed in- mechanlcal contact with the transducer, the sound was d1rectly> :
SER coupled to the p1ezoelectr1c element and the transducer was not nearly so -
N dlscrlmlnatmg in the frequencles it received. The desired ehmlnatlon of broad
_band noise could then be ach1eved in the later stages of the system, 1n the form'
ofabandpass ﬁlter : L o R ’ S

R The first stage “of- the electronlc receiver was a low-no1se, “high-gain
N 'preampllﬁer ‘The duty of this circuit was to add enough energy to the signal so
. ‘__v'.;that any noise added by later stagés of the system Would be inconsequential.
.- The amount of galn used at ‘this stage was limited by the magmtude of the
thermal noise.. The 1nput impedance was set at 4000 Ohms to match the
o 1mpedance of the transducer ‘With thls input 1mpedance, the RMS voltage of
v » the thermal noise Wlthm the frequency band to be exammed was typlcally on
‘the order of one mrcrovolt at the preampllﬁer 1nput ThlS value was calculated :

. tykus1ngEq3 [14]: o S R DU PER ‘
- Vius ~VaRB - @)

o Where k was.the Boltzmann constant T was the temperature of 300 Kelv1n, R
L was the 1nput 1mpedance in Ohms, and B was the bandwidth of: several tens of
}klloHertz Thus, any transducer 51gnal of lessor magnltude could not ‘be
dlscrlmmated from no1se ' o i : '

The magn1tudes of the transducer s1gnals generated by the feed1ng act1v1ty :

e »:_:_':«tj'of the youngest larvae were seldom more than an. order of magmtude greater
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_i-than the noise voltages, so a large amount of gam was needed at th1s stage
';'-'Older larvae generated far more s1gnal energy, enough that they could eas1ly>_
B ‘drlve the prev1ously requ1red h1gh—ga1n amphﬁer 1nto saturatlon :

: :1nsects, a preamphﬁer W1th 3 lower gam was used ‘at the system 1nput~ Tn- all ‘

":'"four dlfferent preamphﬁers Were used for 1nsects W1th gams rang1ng from 73 dB' o

el A'ave been used, in thls laboratory system, the operator was respons1ble forrp
"“fjdec1d1ng Wh1ch amphﬁer to use based on the characterlst1cs of the output

e ‘strong enough to be easily’ processed it Was ﬁltered to remove energy wh1ch Wast;_',;

assumed to be noise.
'typlcally do. not contaln energy from 1nsect s1gnals
) "f‘env1ronment 1n wh1ch th1s part1cular system Was to be used Was W ) ,
S Ziand had very little: acoustic n01se, ‘a high' pass ﬁlter was- “used’ 'W, h'a cutoff L
f"frequency of 1 kHz. This c1rcu1t is shown in’ F1g 17, Although the

Because “th

Thls refers .to- energy in: the frequency bandswhlchf;} '

ystem was‘. o

» not spec1ﬁcally deS1gned to have any. spec1ﬁc upper frequency l1m1 ,-_!s,

R 100 kHz were: heav1ly attenuated by the preamphﬁers Acoust1c no1se
“'if'b_tthls frequency range Were generally very Weak and seldom Was
: "'1ved The resultlng system was hlghly Sen51t1ve to 1nsect s1gnal
‘.tually no 1nsect energy was dlscarded by this ﬁlter 'v"',‘Other syst
S cannot count on’ the luxury of & low noise envu‘onment erl need to r
“filter: e1ther w1th a bandpass ﬁlter Whlch Would be least favorable t
"‘noisé spectrum, or with an external noise . sensor Whlch could b

1--subtract no1se from the 31gnal

-"Followmg the h1gh pass ﬁlter, ‘the system uses a' full-'.‘
',"passﬁlter to’ demodulate the’ s1gnal Whlch are’ shown in Flgs 18 an
E cutoﬁ' frequency of the low pass ﬁlter was set’ at 5 kHz for maX1mal
- of 1l rectlﬁed s1gnal Whlle still allow1ng fo 'ax1mal d1ﬁ'erent1at1c
. v,:';"separate slgnals occurrlng 1n rap1d successmn : The result1ng output
L stage’ resembled an’ apparently random serles of 1mpul' :
o _ band—l1m1ted to 5 kHz _ ‘ L S
, o The ﬁnal stage of the system Was a comparator, sho n i
’:'ipurpose of this C1rcu1t was to- recognlze and d1scard the peaks wh
: ""-»small to have been generated by the 1nsect and Were assumed to-

gnals’ over
signals’" in -
any Tioise
5, because
ems “which
epla‘ce"’this' o
o the local
e used to,

ifier and low-

d 19, The
sm'OOthing ’
n between N
from th1s'

, Of» ege‘r‘g‘y,v, : o

‘ i ':declslon threshold was. operator adjustable, us1ng the squelch control located 1n

ontrol 31m ‘

- ‘the full Wave rectlﬁer, as Was shown 1n F1g 18 Th, B

l ‘ ’v"-_.added a
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preamplifier for insect detector circuit, amplifies sivgnal
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Figure 15. Very low gain preampliﬁer for insect detector circuit, amplifies
‘ signal by 31 dB. ‘ '
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Figure 16. Booster amplifier which can be inserted in the insect detector
circuit following low gain preamplifier for a total gain of 73 dB.
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Figure 20. Comparator circuit for insect detector cireuit, which prov1des a
relatively noise-free signal at the circuit output
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‘DC oﬂset to the s1gnal so that the largeslr noise peak Would be _]ust under the'
comparator threshold. The resistance in the comparator feedback loop Was also

ad_]ustable, which had the eﬁ'ect of controlhng the amplitude of the output

signal. - This effect was a direct result of the impulsive nature of the signal
- applied to 1ts terminals. This feature allowed the operator to adjust the system

output to’ be W1th1n the allowed 1 range of the signal recordlng system. followrng '
the recelver “Ounce the adJustments Were ‘made to this c1rcu1t they were left ‘
und1sturbed so that any changes in the recorded s1gnal would be a direct result
of changes in. the 1nsect—generated signal. The only ad_]ustment made Dby the
operator to offset changes in insect 31gnal power Was the exchange of ,
preamphﬁers, which was routmely documented ' '

The output of the receiver Was AC coupled to many. types of dev1ces Th1s '
“was - ~done to protect the ‘audio. amplifiers and recorders, and to keep fromj

Wast1ng valuable bits in the range of the analog to d1g1tal converter. The value

of the. couphng component was chosen, keeping in mmd the typ1cal input
. 1mpedances of the follow1ng dev1ces, »to refraln from attenuatlng the 51gnal‘
not1ceably

3 4 Methods of Momtormg and Recordlng the Slgna.l

: Once the s1gnal was sensed it Was made available 1mmed1ately as feedback
" to the system operator, and it was stored so that it could be analyzed at a later
date. These two functions were carr1ed out. in. several ways. The operator_v
could monltor the signal in its audio form 51mply by applying the system ‘
output to the terminals of an audio amphﬁer and speaker, or the operator could
mon1tor the s1gnal visually by d1splay1ng the voltages on an oscilloscope screen.
" The signal data could be stored on several types of media for later analysis, '
including the paper of a strip chart recorder; the magnetic tape of an audio
~recorder, the down-loaded 1 memory of a high-speed digital oscilloscope, or in the
memory of a computer using a analog to digital converter. The benefits and
drawbacks of each of these methods are discussed in the following paragraphs '

- Each burst of sonie energy recelved by the transducer was represented by a
5 kHz band-limited burst of energy at the system output. Thus, with the aid of .
- any standard audio amplifier and speaker, the output could be used as an
~audible indicatiOn of the acoustic activity at the transducer. This was used as a
- quick test of the environmental noise before the insect was placed near the
' transducer, and as a quick test of insect activity. Certalnly, it was also needed -
‘as a real time indicator for system malfunctions. While data was being
recorded for later analys1s, the signal could be simultaneously broadcast to the
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f,operator Who Would 1mmed1ately be alerted to any unusual s1gnal For 1ts~ o
' purposes, this monitoring method was. extremely beneﬁclal ‘The only draWback o

ot was that when the operator heard 2 burst of energy, occas1onally 1t would be

' ﬂf_dlﬂ-lcult to- distinguish - an 1nsect-generated event from n01se However more

: v-'often than not the noise was eas1ly dlstmgulshable

"For those ‘cases when one ‘was not sure 1f a signal was the result of

: "'*g:‘:,background noise or an 1nsect an- osc1lloscope may prowde some additional
- 1ns1ght Insect-generated s1gnals often. took - on typlcal characterlstlcs and

‘ _resembled the s1gnal exhibited in Fig. 9. Then the demodulated vers1on of the
- ‘signal also took ot “typical characterlstlcs Slgnals Wh1ch did not ﬁt in these -

, 'typlcal 31gnal molds could then be assumed to be caused by outside n01se

For most of the data analys1s, the system output s1gnal was measured Wll’;h~'_— N

T-an analog to d1g1tal converter, (ADC) and the values could be stored in the'_
Ui computer memory The ADC used twelve bits of resolut1on, or 4096 levels S

‘,Because the s1gnal contalned energy ‘at frequencles at least as hlgh as 5 kHz,

.»(the low pass filter was a s1ngle-pole ﬁlter with a 5 kHz corner) the sampling

| o f‘rate needed to be relat1vely h1gh The max1mum sampl1ng rate of the ADC 25
kHz, was. chosen S0 that the most: accurate representatlon of the s1gnal could be

g acquu'ed Wlth th1s h1gh of a samphng rate, one megabyte of memory could be g

i filled i in only 40 seconds, so orly brief perlods of data could be stored In an

"eﬁort to save more’ data for analys1s, the data was’ compressed by '] programmlng o
: the computer to act as a peak detector ‘Then the only data recorded was’ the :

S A“’magmtude of the peaks and the tlme at which they occurred The program _

-""fwhlch collects the raw. data, PEAKTIME BAS along W1th the!- Assemblyi.'
o language subroutme which it calls, PT. ASM ‘and the program to convert the
" -data into real t1mes and- magmtudes, PK. BAS are llsted in Append1x B This
: _technlque was effectlve, because the insect 51gnals ‘were: modeled asia series of
g "1mpulses, and thls type of* data could completely describe such a band—llm1ted '

o »f1mpulse as was output. by the: system The-drawback of this storage technlque o
- was that -any output 31gnal that d1d not resemble a’ band—l1m1ted 1mpulse was .-

: ?"then m1srepresented

: If one wanted to’ closely examine 1nd1v1dual events, the output s1gnal could o
" be captured by a dlgltal oscllloscope Then the frequency characterlstlcs of the -

i 's1gnal could be analyzed up to about 1 l\/ﬂ-lz Thls data could be dumped to. the

o memory” of a- computer for future use. The maln draWback ‘of thls storage-

| techn1que was that only a- feW seconds of - data could be saved before all'_,
) "ava1lable memory was’ ﬁlled ' ‘ .- 5 i
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o One method was avallable to store a lengthy, detalled version  of the _
"output signal. This was to record the signal on magnetic tape via an audio -
recorder Then' the exact shape of the output could easﬂy be recorded up to the _
- 20 kHz components From this tape, individual events could be chosen for an
’1n—depth analy31s from an extended perlod of data This technlque, however,
»-Was time consumlng and tedlous, so it could only be used for a few events

_ By usmg a strip. chart recorder to monltor the s1gnals, the operator could :
‘, ,obtaln an instant representatlon of an. extended perlod of data which could be
eas1ly 1nterpreted Although this device generally can only handle frequencies
—.as high as 100 Hz, it does indicate when the each burst of energy occurs, and it

~ gives a rough indication of the magnitude of the event. Because of its slow o

response, this device represents all signals as impulses, like the computerized
.. peak detector described above. The greatest benefit of this device is that it
records long perlods of data 111 a way that can be visually 1nterpreted
‘ unmedlately ‘ ;

_ For the vast’ majorlty of tests, the signal was monitored in real tlme by the
operator, usmg ‘the audio amphﬁer and speaker. Most of the data analysis was
performed using the analog to digital converter of the computer, which was .
~ programmed as a peak detector ‘These two methods were certainly the most
. convenlent and efficient in terms of operator effort. Extensive use of any of the
other ‘methods would require extreme amounts of time spent by the operator or
- would require far more equipment than was readily available. | ‘



CHAPTER 4

' CHARACTERISTICS OF INSECT SIGNALS

4. 1 Dlscussmn of Slgnal Varlatlons

‘ As each msect is a unique 1nd1v1dual each should be expected to feed in 1ts
}own unique way. However, ‘the s1m11ar1t1es 111 anatomy,_physwlogy, and '
. instinct, exhlblted by insects of the same specles, d1ctate certain s1mllar1t1es in
| 'feedlng hab1ts Along the same lines of reasoning, the differences between
species of msects, or the d1ﬁerences between insects of the same ‘species at
- various stages of development should dictate certam dlfferences in thelr feedlng'
‘ hab1ts Because the1r feeding act1v1ty is betrayed by an acoust1c s1gnal one' _
~might expect to detect variations  in feedlng habits 51mply by analyzmg the
sounds which the insects emit. These variations can be correlated with -
' dlﬁ'erences in the spec1es or the stage of development of concealed 1nsects

.'s'ources The rate at whlch acoustlc events are received should d1rectly'
correspond to the rate at whlch the insect feeds. Similarly, t the way in which
“the insect fractures the seed should also influence when events are recelved‘
Changes in the environment surroundlng the insect could elicit a response from

the- 1nsect in the form of altered feeding behavior. Insects can be expected to

detect a wide variety of - stlmull, including changes in the surrounding

- “temperature, illumination, sounds, movements, or toxins in the air. If the

- insect considers these variations to be cause for alarm, the 1nsect may cease all -

- activity until ‘it believes the danger has past. If the variations facilitate the
_1nternal processes of the insect, such as digestion, the rate of feeding mayv
“increase.

The cOrrespondence hetween the events detected and the way an insect

fractures a seed is an interesting example. If an insect bites' off a portlon of seed
- in one clean fracture, a s1ngle isolated event should be detected. If the first

| 'fracture of the bite does- not completely free the particle of food, the muscular
reflexes of the insect may cause additional fractures. Assumlng that eachv o -

fracture would generate an acoustlc event, thls scenario would generate several '



' 'if,a successive events, w1th a rate determlned by the reﬂex actlon of the _]aw muscles_. .
',of the 1nsect : He ’ ' FERE

4 2 Observatlons of' Varlatlons SR

Slgnals generated by cowpea weev1ls were monltored for extended per1ods ‘

E of t1me us1ng the system descrlbed in Chapter Three Several cause and effect
e 7vrelat10nsh1ps were . observed between changes in the env1ronment and - the-

feeding  activity of the insect. - Changes in." the surroundmg temperature_.:

: »produced changes in the feedlng rate of the insect. This is normal in cold~
“blooded spec1es, all activity. slows -as temperature decreases 1If the temperature. :

0‘.‘,-~>gets too - high, however, this also inhibits act1v1ty ‘Two. types of stimuli - "

appeared to indicate to the 1nsect ‘that some form of- danger Was present

o foastmg a shadow over the seed, or any movement of the seed caused the 1nsect o
b ~to qu1t generatmg acoustic s1gnals for a short per1od of time. Several m1nut_es

S after: any such d1sturbance, the " insect typlcally resumed norrr al feeding

: act1V1ty These reactions to stlmull were common to all 1nsects tested and no
. i"‘correlatlon was observed between aspects of its : response, and the ag= or spec1es :
L of 1nsect present o “ ' '

e Two parameters were found to consrstently vary as a functlon of 1nsect -
-f]‘“}age, the magn1tude of 1nd1v1dual events and the rate of feedlng Ce rtalnly the__ '

“_Lmagmtudes of the feedmg events 1ncreases cons1derably w1th 1nsect age, as was L

’*fnoted in - prev1ous chapters However, the magn1tude of the recelvad acoust1c~"
) s1gnal falls oﬂ' proport1onally to the square of the distance between ‘the insect

' f’and the transducer ‘Thus, unless the exact locat1on of the insect is knOWn, one :

can’ not pred1ct the amount of 31gnal energy generated by the 1nsect Th1s-~'

Sy f_problem would be most apparent for the case where a large group of seeds’ were;'?f il

if’jbelng monitored S1multaneously us1ng a s1ngle transducer In thls case,. if a' e
”.-”low-magmtude 31gnal was recorded one would not know if a young, 1nsect was- -

i 'the s1gnal some’ d1stance away

_-"generatlng the s1gnal near the transducer, or 1f an older 1nsect wasy generatmg

The feed1ng rate, or-. more accurately, the number of acoust1c lievents :

! detected over a- g1ven time interval, increases w1th the stage of development of

e “insects present as shown in. F1g 22, [15]. Because this relatlonshlp

b ';kcould be used to quantlfy the level of 1nfestatxon

the larva, as’ shown in F1g 21 However, one cannot expect 1o 31mply count the

~'number of events per “hour and draw conclus1ons about the age of concealed o
:,’:’1nsects This is’ ‘because the number of eVents 1ncreases W1th th iEnumber of

_ fl1near, 1f
. “one’ could first identify- the -age of the 1nsects present then th1s relat1onsh1p' '
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The feedlng pattern was also d1scovered to change as the 1nsect aged

o Tnese changes can be observed in the ﬁve-second series of feed1ng events shown
“for three stages of development of the cowpea weevil in Fig. 23. - The series- for:
the fourth 1nstar insect is more than just a simple random serles of events.

'Events seem to be separated most often by 1ntervals of s1lence last1ng e1ther one_\
-’.’,half or one tenth of a second The second or thlrd 1nstar msects seldom exh1b1t

a per1od of sﬂence last1ng as short ‘as one tenth of a second. A typlcal five- .

N _second ser1es of events is not shown for a first instar insect because only one or
two events would occur.in this interval, whlch is. not enough to ~demonstrate
. any. pattern Perlods of s1lence lastlng on the order of one—half second are.

"}' hypothes1zed to correspond to the time needed for the 1nsect to- repos1t1on 1ts>t
e mandlbles between b1tes, [16]. If this is the case, then ‘the. per1od of s1lence.,
lastlng one-tenth of a second or less are most l1kely caused by multlple fractures‘ ’
- of the seed. dur1ng a s1ngle bite. These would be more . common for older k
L 1nsects, wh1ch are expected to be able to take larger b1tes out of the seed ‘

B The changes in the feedlng patterns were documented by notmg the length, :

of each tlme interval of no act1v1ty between success1ve feedlng events ‘Time
N ?1ntervals of certaln lengths ‘were noted more often than other lengths, ana these;, '
common 1ntervals changed as the insect aged A great degree of - success was, |
g '”achleved in using’ these, variations to 1dent1fy the age of the cowpea weevil.

{-_'Slmllar var1at1ons were “observed for other spec1es as they aged The bean -

“" vweev1l exh1b1ted variations in common intervals of silence nearly 1dent1cal to
' those exhlblted by the: cowpea weevil, indicating that, these varlatlons may be’

: ‘used to - 1dent1fy the “age of bean. weevils as well However, because these* a

'var1at1ons were not identical to those of the cowpea weev1l they may also be
“used to 1dent1fy the species of insect. In a preliminary tr1al fourth instar
_.1nsects of these two species could be d1ﬁ"erent1ated with. 86% ‘accuracy by

: compar1ng the common 1ntervals Verlfylng the appl1cab1hty of this test for: c

speC1es 1dent1ﬁcat10n is left as an exerclse for the reader

o Fut1le attempts were made in exammlng several other parameters to see 1f |
' any additional information could be extracted from the acoustic signals. The

relative magn1tudes of the signals were studied, but no predlctable pattern of
: ""change was observed for any variable - associated: “with. the insect. The

'j]combmatlon of magnltudes and tlme intervals between success1ve events were B

examlned For example, when a relatlvely large event was detected the pattern

,' of the events 1mmed1ately follow1ng were studied. ‘Also noted was the response. '

of the insect -toa disturbance over the lifespan. of the insect. Again, no

_ -predlctable var1atlons 1n the 31gnals were observed for any varlable assomated‘
et with the 1nsect ' ARNEE o
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Figure 23. . Five second series of events recorded at three stages of
e development of a cowpea weevil lar’va.



4 3 Feedmg Patterns of Insect Larvae

A The tlme 1ntervals between each acoustrc event was. recorded and ana]y
'1n -an eﬁort to: 1dent1fy the stage of larval development The length of thesei'

: tlme 1ntervals ranged frorn 0.01 :t0.1000. seconds, and- dependlng on’ the age of
o the 1nsect certaln 1ntervals were noted more frequently than others These o

*.,1ntervals were. grouped accordlng to  their length and a hlstogram was_'

‘v-_xconstructed to exh1b1t how frequently dlﬁerent 1ntervals were- recorded over 4
f'"ﬁfteen mrnute perrod The range of poss1ble 1ntervals ‘Was. d1v1ded into 80 b1nsf‘

ot ass1gned toa b1n accordmg to Eq 4.

o based on a logarlthmlc scale, and a measured t1me 1nterval of duratlon At was .

Bm Number = Integer [1610810(At)] + 33

.For example, any mterval in the range of 0. 0100 to 0 0115 seconds would count'”

: as an- occurrence for b1n one, and any 1nterval 1n the range of 100 to 115‘? )

’seconds would count as an occurrence for b1n 65

Notrceable d1fferences were observed between the hlstograms for 1nsects af e

: V'V'F-dlﬁ"erent stages of development ‘The younger 1nsects exhrblted a hrstogram*
SN w1th a srngle humped dlstrlbutlon, wh1le the older 1nsects exhlblted a two-

humped dlstrlbutlon These dlfferences in dlstrlbutlons were observed for both

; the cowpea weevﬂ res1d1ng in cowpeas, and the bean weevrl resrdlng in cowpeasf :
and kldney beans These dlﬁerences were even notlced in the case when more

: than one insect was present The. data from the prehmlnary tests showrng thesev

= -drstrrbutlons are exhlbrted 1n Flg 24,

The broad con31stency in: the d1str1butlon of trme 1ntervals 1nd1cated thatf _ ',
: thrs _parameter. could be used to 1dent1fy the stage of development of. the 1nsects*_ ‘
‘ V'present before -any other 1nformat10n is gathered However, before thlS‘ o

_‘ * technique could be used, -several other causes of- feedlng pattern var1at10n,;
needed to be. cucumvented ‘Although the progression of variation of . the
o 1 d1str1but10n of time 1ntervals was very. consistent for.the’ msects tested, the rate :

- of progressron was. not. Two parameters could have a s1gn1ﬁcant 1mpact on
" how late .in the life of the: 1nsect certain changes were observed: increasing ‘the =

Vlrriv_surroundlng temperature, and changing the threshold  for - 31gnal detection.
L -Increasmg the surrounding temperature, which i increases the feeding rate of the
2 insect, also accelerates the progressmn of- change in the dlstrlbutlon of the_

““hlstogram of t1me 1ntervals Increasrng the temperature also 1ncreased the
Wmagnrtudes of the acoustic signals. In- fact, the magnltude ‘of ‘the events

‘ "*"vf.»,changed as a functlon of an 1ndeterm1nate number of variables. ThlS caused a

. :;f;;lvproblem, because 1ncreasmg the ‘number- of events- the system -can detect;f i
N ':;,‘changes the dlstrlbutlon towards that correspondxng to an older 1nsect ‘
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., By varylng erther of the two above mentioned- parameters, temperature or
threshold the hrstogram of a younger 1nsect could be made to take on. the
_ characterlstlcs assoclated Wlth an older 1nsect or the h1stogram of an’ ‘older
~ insect. could be made to. look like that of a younger 1nsect An. example of the

”former case is shown in Frg 25. The cause of this is hypothe51zed to be the |

secondary fractures of the seed assoclated with a smgle feeding event. ‘Recall

o that as the 1nsect grows. older, it is expected to take larger brtes, Whlcll would
S result 1n more secondary fractures, which' in turn result in acoustlc events}*
E separated by periods lastlng approxunately one—tenth of a second Assumlng‘

; 'that not all secondary events are of the same magnrtude, by ralsrng the 1nput
B threshold the frequency of one—tenth second intervals Would be decreased This
dlrectly accounts for the changes in the d1str1butlon as a function of threshold :

| . For this hypothes1s to be correct, the d1ﬁerence between the relatlve amplltudes
~of each fracture during an 1nd1v1dual feedlng event Would need to be small for~ B

: older 1nsects, but larger for the younger 1nsects

The threshold for deteCtIOD of the acoustlc events could not be heldi‘—"'. o

vconstant for -all insects belng tested. The reason for thrs, as d1scussed in

Chapter Two, has to do W1th the wide range of s1gnal magnrtudes generated byv

the insect as it ages, in’ addltxon to the other causes of var1at1on 1n 31gnal
magnltude - This wide range -of magnltudes puts extreme demands on the
: dynamlc range of the electronlc receiver. As a result if a system was desrgned
. to prowde a strong output for the Weak 51gnals of the youngest 1nsects, then the

system Would receive an extremely large number of events from the older
o 1nsects, 1nclud1ng many secondary events such as echos, ‘which Would distort the -

~ time interval histogram.  To provide the operator with- discrete options for the.
threshold of detection, the four preamphﬁers described in Chapter Three were
constructed ‘and an algorlthm was derived to compare the magnitudes of the -

V srgnals recelved with each. Then the operator could select the appropriate I

preampllﬁer for the magnitude of signals being received, and the computer,:

. could set a threshold at a level of the analog-to—dlgrtal converter approprlate for
o the preamphﬁer

The timing and magnltudes of the rece1ved s1gnals were also 1nﬂuenced by :

, "'vﬂany disturbance sensed by the 1nsect as was. mentioned above Often, no
signals were rece1ved immediately after a disturbance. After a mrnute or two,

~ “the insect began eatmg agaln, and the rate of occurrence: of -ultrasonic events ,1
. soon returned to normal. The magnltudes of the received 31gnals began at a
“lower level, and after'seyeralmln_utes returned to their typrcal values. -
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phee hsted in Appendlx B.

C 1ved standard test1ng procedure To overcome the problem of varratlon,'

,gnrtude,v the input: threshold was ad_]usted to. a level relative: to the largest;:":'
' ; :exact discrete threshold level could be selected by the computer at:
o "“'.,the stage of._,'the analog-to-dlgltal converter To overcome the problem of the

The varratlons descrlbed above were c1rcumvented by usmg an,; emplrlcally: B

reactlon of the 1nsect to a dlsturbance, data was 1gnored for a. brlef perlod af er |
: l.the 1nsect was handled By ad_]ustlng the relatlve threshold and the length of PR
'*f"the pause before testlng, the dlﬁ'erences in the feed1ng patterns could be:'

-maxxmlzed w1th ‘respect to the’ stage of development of ‘the 1nsect Thev;‘ )
computer program performlng the tasks as descrlbed below, PROCSG BAS 1s‘, :

- Based on observatlon, 1 uwas‘ determlned that feedlng act1v1ty had‘,‘
A-""cons1stently returned to normal” within " four mlnutes after the insect ‘was’
":";handled Thus, durmg the first four minutes after the 1nfested seed was placed"

- om the transducer, the feedlng patterns were 1gnored Durlng “this perlodf L

o the magnltudes of the-: largest 31gnals generated by the 1nsect ThlS 1nformat10n ‘

however, ‘not all data Was drscarded The s1gnals were monltored to° determ e"’f‘f:_"'_',

as needed before a relatlve threshold could be set

: "feedxng event was chosen because th1s maxrmlzed ‘the varlatlon between the" E

L ‘patterns generated by 1nsects at the four stages of development The largest; '
' event was 1gnored in- case an abnormal event was detected 1f no abnormal_

R 'event was detected then the largest events were approx1mately equlvalent For’j S

"the next ten m1nutes, the feedlng events were recorded for the purpose of\:._»;'»
L -'_’constructlng the tlme 1nterval hlstogram Once the threshold was set the tlme o

"'3'-.'.1nterval hlstogram exhlblted a predlctable d1str1but10n, varylng w1th the age of -
-the insect. ‘ : ” , :

A typlcal hlstogram dlstnbutlon was emplrlcally derlved for each stage of B

ilarval development (each mstar), of the cowpea ‘weevil, such' that the entry in .

: f:_each bin represented the typical percentage of occurrences of- each tlme interval
range, wrth respect to the total number of 1ntervals recorded Each bin of -the
’hlstogram was 1nterpreted as a’ separate dimension in an 80 dlmenswnal space R

. A relatlve threshold of one—thl 'd the magmtude of the second largest,'

- of real numbers. Thus the hlstogram became a vector wrth an entry in eachof

3 vv80 d1mens1ons defined by the- frequency of occurrence. of each range. of time

l‘.: . 1ntervals. This’ standard vector for each larval 1nstar ‘was normahzed w1th'
e '?"jrespect to. the Euclidean norm, ' and was saved for. comparison. . Then, _when a
- new data vector, (the normahzed hlstogl‘am), 13 calculated for a cowpea weevil f

el of unknown age, the standard vector havmg the mlmmum dxstance from thls e

. '\/:/'
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B :"i_’f«new data vector, (measured us1ng t ! Euchdean metr1c [17 ]), 1nd1cates th'e stage '
“oof development of the unknown 1nsect i SARE ST P I

j ‘Usmg the four standard normahzed vectors shown in Flg 26 the stage of
rval development was predlcted for cowpea weev1ls in 117 cases The method
- _'descr1bed above correctly 1dent1ﬁed the 1nstar of the 1nsect in 83% of the cases,
S correct stage of development For example, a conservat1ve pred1ctlon, deﬁned -
‘as'a predlctron g1v1ng the correct instar or one 1nstar older than the true age of
o the insect; was made a in 96% of the cases. Most-of the errors were. made when
_["f_~_pred1ct1ng the age of an insect that was near the start or end of the molting -
L h:process The computer program performmg these tasks, PROJECTN BAS, is
hsted in Appendlx B T R : : :

4 4 Condltlons Affectmg the Accuracy of Predlctlng Insect Age .

_ , The above technlque accurately pred1cted insect age under varlous
o -i,condltlons Tests on insect cultures maintained at different. temperatures, at 70
o “and ‘80 degrees Fahrenhelt y1elded similar accuracies. Although each stage of
"'development lasted several days, data could be recorded at any t1me durlng a

stage of development “without los1ng the h1gh accuracy, (W1th the poss1ble
».'exceptlon ‘of one or two hours before and after each molt) The varlatlons -

vobserved between the: h1stograms of insects at d1fferent ages was also apparent

) ,%for the case Where more than one 1nsect was present Although 1ncr’ 1sing the

: iﬂpopulatlon tends to obscure the feedmg patterns, the age. of the 1nsect can still
“be determlned for’ moderate S1zed 1nfestat1ons “The ‘main- drawback of us1ng

- S thlstechnlque for the case’ When more than one: insect is. present 1s that” ‘the

‘?‘s1gnals of younger 1nsects would be obscured by the oldest insect present This

isa: d1rect -result of the smaller _‘magmtudes of the events generati d by thel .
younger 1nsects, as well as tnelr smv";‘ller number Of events S

The above successes were recorded for the cowpea weevrl feedmg in "

, c ‘ peas The bean weevrl exhrblted similar® feedlng patterns, but order to _
S “'1dent1fy the” stage of - development ‘of thls insect, a new grou f typ'ipal o
: ‘_f»"fhlstograms Would need to der1ved ‘The' most notable dlﬂ'erence : Ween “the _
- "‘“two insects was that for the cowpea weev1l a plurahty of events Were separated_;
P by 1ntervals of approx1mately 0. 5 seconds, whereas for the bean ‘ eev1l ‘the ’

" : “most, common time 1nterval was closer to 0. 4 seconds Anothe :
B -.Af.ji'd1f_r"erence Was ‘that the bean weeV1l had a lower percentage of events sep‘arated o
7‘by a pause lastmg longer than one—half second Th1s result is mostl‘

- "_i"when one counts the number of events over ‘a ﬁxed perlod The

not1ceable '
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',typlcally generates approxrmately four tlmes -more events than the cowpea;

weevil, Wlthout s1gn1ﬁcantly decreasing - the length of the most common

,1ntervals Although these: dlﬂerences in the 1nterval d1str1but10ns were hardly }
3'7}not1ceable to the naked eye, they Were enough that the age of the ‘bean weev1l

g could not be predlcted accurately usmg the same: typlcal hlstograms as Were,

e ,used for' the conea weevil.  With some further development these dlfferences -

" could be used in a. scheme to 1dent1fy the specles of 1nsect present




'...:.?_‘igThese experlments have shown that one can determlne 1f a’ cowpea weev111

o or. bean Weev1l 1nfestat1on is:. present by detect1ng the ultrasonlc .emissions

;..assoclated W1th the feedlng act1v1ty of the 1nsects Based on thls conclu51on,f‘ ﬁ

one_; would expect that. any 1nsect that feeds on dry plant rnaterlal could be'ﬂ’

:"-i‘detected by monltorlng its ultrasonlc em1ssmns Thus far some other proven'v‘

" apphcatlons mclude the detect1on of the lessor graln borer feedmg in®

e subterranean term1te feed1ng in soft p1ne [15]

"heat the

'-‘;angoum01s graln moth feed1ng 1n Wheat the r1ce WeeV1l feedlng in corn, _and they S

.-The fact that the frequency spe vra, of the s1gnals recelved from the cowpea' o
sely correlated w1th the specles of seed,l

,Weev1l and bean weevil - were ¢

: ~‘-'_housmg the 1nsect than the spec1es £ 1‘nsect 1nd1cated that the rece1ved 81gnal

: - was actually the response of the seed to an 1mpuls1ve event Slmllarly, any_,ﬁ :
‘~1nsect Whrch feeds on grain by fracturmg ‘the rigid substrate Would be expected'_‘ "

e ,to generate a frequency spectrum correspond1ng to the. 1mpulse response of the

seed hous1ng the 1nsect Thus, glven ‘the species of seed in a partlcular storage‘

o un1t “one can automatlcally know whlch frequency band to monltor for the

| '_optlmum detect1on of insects. Another poss1ble, though" as ‘of yet untested.

.‘:f-‘apphcatlon of th1s result is that the spec1es of seed being rnonltored could be .

. 1dent1ﬁed by the frequency spectrum generated by 1nsects housed in the gra1n ‘

’ Whether the latter appllcatlon has- any value has’ not yet been establ1shed

The stage of development of cowpea weevils can be accurately determlned"l
‘/us1ng the testing procedure and the. d1str1but10n of time: intervals between
feeding events, as' was described in Chapter Four: Once one knows the stage of

?:'development of the cowpea weevil, the size of the 1nfestatlon can be determlned

- usmg the linear: relatlonshlp between the number of events detected and the

L number of insects. present From th1s 1nformatlon, one can predlct the amount

o of graln an: infestation w1ll consume

- Although these tests were conducted by placlng a s1ngle bean aga1nst the »
S transducer, results 1nd1cate that ultrasonlc lnsect detectron Wlll be pract1cal on?‘. .
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L _‘:‘a larger scale A system 31m11ar to that descrlbed in- Chapter Three, except w1th' '
’ !
“a 40 kHz narrow- band filter at’ the 1nput has been able to detect’ one insect

o 3‘system, even better results are expected

' ‘hidden in-a’ contalner of 100 seeds, [18] “With moderate alteratlons to th1s B

Extendmg the technrque der1ved in these experrments to a more pract1cal"

E_level would be relatwely 51mple Random samples of seeds could be selected‘, o :

| ilfrom a large volume of stored graln in the same Way samples are taken for the -

* conventional - means of v1sual 1nspect10n A s1ngle “person could “then
; '.ultrasonlcally 1nspect llterally thousands of seeds in a short. perlod of - time,

‘which represents a major. 1mprovement over the conventronal method With a
’ ,”,”‘11ttle more development however, the: system ‘could be automated even further -

' i vby developlng a series of probes Wh1ch could be lowered 1nto the graln elevator,,,’,» o
- which would then sample the: graln at specified locatlons ~Then;| the ent1rev -" :

‘ ff'volume of stored graln could ‘be monltored contmuously - }." ' . l S

The beneﬁts of such a system Would greatly outwelgh the 1n1t1al costs, by :

: lreduclng 31multaneously losses 1nﬂ1cted by 1nsects, costs spent on pestlcldes, and

"concerns regardlng the- overuse of pestlo1des Once an 1nfestat10n has been
detected and quant1ﬁed _this’ 1nformat10n can’ be used to determme the amount

SRONE of damage a glven 1nfestat10n could achieve." From this 1nformat10n, one can

“'make  an.’ educated dec1s1on on whlch optlon would ‘be ‘more economlcal

S 'fumlgatmg the 1nsects to halt further damage, or to av01d purchasmg and -

o of 3"development R

”.'_’iapplylng pest1c1des to fumlgate 1nsects Whlch are at a relatlvely har" less stage »
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" Appendix A: Transducer Specification Sheets

The followrng are photocoples of the manufacturer S orlglnal speclﬁcatlon;
' : ’sheets for the transducers used for the experlments descrlbed in this thesis. The

1ﬁrst transducer descrlbed was manufactured by Massa Products Corporatlon
‘ "Thls 1s the narrow band “highly sensitive air transducer, which was . used to,_,.- :
» fdetect the s1gnals from concealed insects for extended perlods of tlme The
~ second transducer was manufactured by Industrial Quality Inc. Th1s is the

: Wlde 'band transducer which was used to measure the spectral propertles of )

: ,sound emltted by concealed 1nsects
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e

AL Massa :P}o'dli'c'ts_ Corporation

v Massa
, | Products )
W‘ ] Corporation

: 280 'Lincvol‘thtree‘t', Hiﬁgham, Ma'ssac'huse'tvts 02043 -
Tel:(617)749-4800 - Twx:710-348-6932 .

MODELSE-5240
o EA5275

| 'U_LT'RASQ'NIQ,TRANSQUCER.,

" preliminary data sheet "

= De's_cfiptiori
E-152/40

The Massa Model E-152/40 is a minialure air ultrasonic:trans-
ducer having many applications in‘short range sensing and remote
control- where non-contact is desired. The transducer operates at
40 kHz, its fundamental resonant frequency, thereby producing a .

“relatively broad directional response, free -of minor lobes. The
housing and diaphram are one piece and inade from stainless steel
to provide high resistance lo corrosive atmospheres. Each trans-

. ducer is provided with 2 feet of twisted pair cable potted at.in the

© back of the housing. Other lengths of cable o¢ different terminations

~ are available on special order. An external horn may be attached
1o reduce the beam angle for highly directional-applications and
maximum range. ) : . .

E-152/75 -

Thia Massa Model E-152/75 is physically the same as the E-152/
40 but Operates at 75kHz. Operation at 75 kHz permiits better resol-
ution and performance in short range applications.”

'~ MassaProducts Corporation is aleading designer and manufac-
*“‘turer of a wide variety of electroacoustic transducers and systems .
ifor use in air and underwater, with over 35 years of specialized ex-

- perienca in this field. ‘ . S



el

OUTUNEDIMENSIONS - &

v 000 00 -}

- 397 020 Q1 MAX
1o on -

_J?m

Z HOUSING. ST STEEL

TMILUME TERS )

TRANSMITTING RESPONSE

Curvs . R, . L, E R - L
A N < AVAMS. o - R‘

o vy N T ..
€ 8 4k - .4V _E LB+ . 200" dmH 32V
° C 200 dmH 10V

€. 500 13mH 32V o -

A - ot S IR

)

s

Bvs tudara 1N
B va uDar ot it

D38 a0 e s
’ Froquoney kHr

. RECEIVING RESPONSE
CURVE R, Iy '
A .

’ %R’;’Lv vfin.w, 'g ;:xw"m :};}_ L |

0Bvs ¥ voiubar

Lo 170
35740 45
Frequancy aH»

IMPEDANCE: -, =
" 2000 4mH-
. 2000 4

15K 11 amH

SN

RIS

IR
JUNT TUNED




. .A,2 IvIndus'tri"lallf’Quality"I:nc. K

1 NDUSTRIAL
Q UALITY |

. INC -
’ NEW PRODUCT BULLETIN

IQI Model 501 Dynamrc Surface Dlsplacement Transducer :
( with marchmg preamplifier (unity gain) and shleld)

FOR HIGH FIDELITY ACOUSTIC EMISSION (AE)
AND ULTRASONIC SIGNAL DETECTION s

- Model 501 Transducer bemg placed
-~ Lin shleld/amplg/'er housing (a top view "
of the conical transducer element and.

* backing is at theright) ..

 The Model 501 Transducer is a new, :hrgh sensxtxvrty, flat response transducer that provxdes faithful .
- measurement of minute normal surf: placements. The sensitivity | is comparable to that ofa normally_'_ .
“used piezoelectric transducer. Howev s
~flat frequency response over the range 50kHz to IMHz. The. frequency response begins to approach that -
-of a capacitive transducer (see voltage/time response curves). The new Model 501 Transducer prowdes o

. much higher sensitivity than a capacitive transducer and is more versatlle in terms of object surface_. o
condmon requrrements for transducer placement and operatron L : :

f"APPLICATIONS AE momtonng of structural components , : T
R Comparison calibration (as secondary standard) for AE or ultrasomc transducers. R
Calibration of complete AE measurement system: SR

High fidelity ultrasonic detection in solids.
‘ Cahbratron of complete ultrasomc spectroscopy system

'RESPONSE: -~ Amplitude response flat within +3dB, SOkHz o IMHZ R ot
e Dlsplacement sensmvrty. 2X10 V/m nommal S :

PUL VOUTAGE-av © -
\ AGE =

OUTPUT. VOL TAGE<~Y

[} 20 @ 8 1) .'ll,ﬂ .
n-: e

VoIlage/sze response of NBS Ca: T ‘Voltage/T ime response forthecon‘ al, .-
“pacitive, Standard Transducer fora .. 7 piezoelectric transducer confguranon

step: force event (breaking a glass . - used inthe IQF-501 Transducer fora -
caprl[an ona Iarge steel block) R S similar step force event. . 7. :
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Model 501 Transducer offers.the exceptionai feature of very = =



' Dimensions . Cylindrical . Cylindrical
' : D Yin(44cm) dia. 0 . 6in. (15.2cm) dia. |
- 1.%4in (3.2cm) high .. 27%in(7.3cm) high
) Contact size' O;-:060in‘(l.5mm) DR ' —- -
Wexg.ht SN 100z (283) "'»2502(708g) . '
-'.Constructxon . " Brass, plezoceramrc plastlc alummum electromc cnrcurt .
Electrical ST T Sl baners, Type NEDA 16044 -

‘Output Impedance: 50 ohms, BNC }Connector
- Maximum Output Voltage: 2 volts, peak to'peak. .

; 'The Model 501 Transducer is fumrshed wrth a shreld and-amatched preamphf'er ‘The preamphﬁer hasa o
* unity'gain (approximately) and provides a low output impedance (50 ohms) that permits the use of cables =~
up to. 50ft {(about I5m). long, -as needed, performance is limited by the cable only 10 the extent of the

" intrinsi¢ atténuation of the- cable. The use of ‘battery power and the shreld mmrmrze the possrbrlmes of )
~‘electrically mduced 1nterference , -

63

. SPECIFICATIONS: ' Transducer Head . =~ Shield, Cover, Preamplifier .

New concepts of transducer desrgn have produced a devrce that s free of any. srgmﬁcant resonances in the -

working range. The contact area'is small(0.060in; 1.Smm); this gives freedom from the aperture effectand ~
its attendant nulls and loss.of high frequencies. The wear plate and other resonant structures have been
" eliminated. The conical shape of the piezoceramic element intimately coupled toan 1mpedance matched -

backing of extended physical size effectively. eliminates resonances of the element itself. The large size

- andlossy character of the backing minimize coherent reflections back into the element. Extensrons ofthe
backmg in the radial direction as well as in the axial direction resultin an improved mechamcal lmpedance _
match between the element and the backing, The combined effect. of all these design features isa-

transducer that faxthfully reproduces displacement wavefonns on the: surface of a structure

\ »REFERENCE;S:' “Improved Pnezoelectnc Transducer for Acoustrc Emrssron Slgnal Reception
s S T. Proctor, Abstract KK 4, J. Acoust. Soc Am Vol. 68. Suppl l(FaI] 1980)

An Improved Piezoelectric Acoustrc Emrssron Transducer T Proctor J Acoust
y Soc Am 1982 o ~ : . :

To place orders or to obtain further information™"

" Contact: | Indistrial Quality, lnc S R ST

S T P0SBoX 2397 e e o
Gaithersburg, MD 70879 0397 i

- USA - _

: Telephone:-30!_-948-0332‘ ol




}.AppgﬁdixfB:v" Go,mptiter;,Progr;ams- L

The followmg programs were used to acqulre and analyze the s1gnals gen—f o

| erated by concealed 1nsects The first program hsted PEAKTIME BAS Was:f"

k 'used to store the raw 31gnals, These signals were detected using the second pro-- .-

gram, PT. ASM Whlch gathered the data by monltorlng an.analog to- d1g1tal g

N converter, and sav1ng the peak voltages The purpose of the. th1rd program, .
. PK. BAS, Was to convert the raw data stored by PEAKTII\/[E .BAS into’ real
S numbers Whlch could :be easﬂy mterpreted The fourth: program,

PROCSG BAS;: Was a. procedure which maxumzed the . dlfferences between s1g—‘ ; S
' 'V"’.jnals recorded from msects at different. stages of development TlllS program

| used the results from PK.BAS to generate 80 d1mens1onal real vectors describ-
~ing - the “time ' intervals between . successive feeding “events. Flnally, o
St 'PROJECTN BAS was the program which examlned the vectors created by
- PROCSG BAS and 1dent1ﬁed the stage of development of the concealed 1nsect .

B B 1 PEAKTM BAS ooooo0'oo'o.ioe';"f:,‘.’.ﬁi’;;o‘o oooooo v.’oo»-voo.‘oog_o‘.u‘-»o';o,oofo».‘o;o-:.n;o:;..;o‘o'r:uoo‘no“oe_-v:65“ SN
.:_,B 2 PT.ASM.ciciciiiresinenioesesiansenns ierisessesseniiertensesessasses SRRt .|
B3 PKBAS s iiesesssiissesssesassssssiasssssssssiessssssssisssssssssssesissssasensosess T 1
B4 PROC5G BAS..,;..;-,,,;.,.;;'._.,._.'..'..‘...,‘{.';...:.__,..-.'....:.f.‘...‘,",;..v.:'_.';';;...v.f.“,‘v.,f..l..i.....__;’.‘.’.‘.-...‘...;'._._.74‘

‘B.5 PROJECTNBAS ............ ST AURE P I LI SR | S ‘5







' B.1 Program PEAKTIME.BAS

1000 REM
1001 REM

1002 REM
1003 REM

1004 REM
1005 REM
1006 REM

1007 REM

1008 REM
1009 REM
1030 REM

Program: PEAKTIME.BAS |

Calls PT.ASM subroutine . . .

By Rich Klaassen 9/88 Language: BASIC
Program to input data from a/d board to file.
Samples continuously at 25 kHz, for length of

time specified by user. Integer Data is stored

as A/D magnitude output, and time, represented by

-number of cycles decremented, with timing marks

placed every 2.6 seconds (2°16 decrements). Data '

can be converted to real time using PK.BAS program.

1040 DIM. dpk%(16000)
1050 input "How many minutes of, data? ,a
1052 a%=int(a*23+.5)
1054 if 2%<1 then a%=
1060 print "Press any key to begin taking data.”
1070 if inkey$=""' then 1070
1075 print "Sampling data--please do not disturb"
1080 CALL pt(a%,dpk%:(0))
1085 sound 2000,3
1087 if inkey$<>"" then 1087
1090 INPUT "File name? ",f$
1100 if f$="n" then 1240
1110 OPEN "O",#1,f$
1150 goto 1210
1160 if dpk%(l)+dpk%(1+1) 0 then 1240
1210 print #1,dpk%(i),dpk%(i-+1)

1220 i=i+2

1230 goto 1160
1240 CLOSE #1

1245 stop
1250 end

T 65 ‘



~ COMMENT*

e
LA

ie B,z ]fj’l.vr'_'ogram PTASM

 TITLE SPECIAL ADC SAMPLING PROGRAM (PT ASM)

- This program drwes the TECMAR a/d module located __ .
at I/0 address 1808 decxmal Its speclal purpose is to
~sample insects’ sounds for 15 minutes at 25 kHz, savmg,

“-data’ correspondmg to peak magnitudes and tlme delays

v‘between them. *

5 Equ Ates used l’ocally.‘ |

FCB_PTR = EQUOSCH ~  ;Pointer to File Control Block
ADDR EQUI808 - s S UL

3 Macro for I/O output to «ti‘ln'e‘r: and A/D board. o
“OPDMACRO VAL IOP
. MOV - AL,VAL _ R
-MOV DX, JOP = - R
OUT  DXAL . T

R StOrage 'se‘g'r‘nventv fo_i'_'samp’led data. '

STORE SEGMENT PARA PUBLIC 'CODE’



e

STORE ENDS
i |

,Current code segment la..‘beled,i: "CODE'’ for. link_er.‘” _ o

_‘PT CODE - SEGMENT PARA PUBLIC 'CODE’
'+ ASSUME CS:PT_CODE :
~ PUBLIC PT

PT PROC FAR

- JMP PSTART

;o LOca‘l' variable storage.

PEAK . DW 0 .  jreserve space for inpu’t' peak';: 3
THRESH  DW 2 jtrigger threshold i |
PEA_KI o DB 0 . lag to mark if peak has been found
IR RE AP R o sl last dip below THRESH
e VALUE DB 0 . ‘Storage for.low byte B P
_NUM_LOOPS DW 0 ' ;Number of loops for 15 min. of data,,v:'-t L
@ 25 kHz samplmg rate. o e

5 Pl'_vogl"_a'.m' start

PSTART: = PUSH BP _' Save BP
- .- MOV  BP,SP ;Save SP
. PUSH ES |

MOV - SL[BP]+48

MOV AX[ST]




o 6 :

MOV NUM_LOOPS,AX
"~ MOV SL[BP|+8

~ 5 ' Load CX with loop value -

e 5 Sétupb_’b‘oar'd for continuous operation’at 25 kHz o

3 :
‘CLI . - Dlsa.ble mterrupts, _
_OPD  128,ADDR-H4 » - ;jControl byte
 OPD 23, ADDR+9 e ' ,ma.ster mode. select '_ :
OPD  0,ADDR+S ;1 MHz clock |
OPD128,ADDR+8 o ;bed divide
OPD 5,ADDR+9 RN ‘v,counter5 SRR .
OPD49,ADDR+8 & S ;repétitive »cotm‘t, ) i .
OPD11,ADDR+8 P T e
'OPD58,ADDR+8 -~ jcountson b before TC
 OPDOADDR48 . ;o
S OPD112 ADDR+9 = -~ load b and arm for countmg i
OPDO ADDR+5 Lt sseleet channel 0 B 'f :
: QPD 1_32 ADDR+4 e ',external start conversxon enab
MOV ¢ DX ADDR+5 B L e
CING AL, DX R f-.-"f;-r?es‘ét_ st'atus byte S
INC DX T ' L :
~ IN: AL,DX - :
3 o }’decrement thh LOOP lnstructlon

ADCV MOV~ i DX;ADDR-H B Status reglster address )
STAT IN ‘AL,DX = ;Getstatus byte : : '
: AND AL SOH ;Conversion when bit 7 goes hlgh
JZ STA.T : R If blt 7 not set go ba.ck ’ '
LIN AL,'DX". | o o
- “AND ~AL,40H - S stest for ovérr"u‘n'v i
JNZ FINISH: . ;if overrun--quit -

7



...‘-,_.-1’,;'INC DX
. IN AL, DX
MOV VALUE AL .
'_-"INCDX"" o B
JIN. ALDX . sget hi byte
MOV AHAL CoE
'MOV. '~ AL,VALUE = )
;i‘CM‘P- AXTHRESH __ jis input below threshold?
o dL RPEAK C yes-check peak ﬂag, save- data. -
CMP - AX, PEAK - . sno-is. input. a.bove prev. pea.k"'_
o JLe NEXT L ,no-get next data ST Lo
NPEAK MOV PEAK AX L ,yes-save new peak and contmue
o MOV PEAKll ,set peak flag : ‘ '
JMP NEXT R ,next da.ta. LR e i
RPEAK -CMP PEAKI [ ' ha.s peak occurred since. last sa.ve’
3T NEXT - en . jno-get next da.ta S I
VIM,OV o AX PEAK . S ,yes-restore pea.k to save .
MO [SI] AL_ . ;Storelo byte ' :
-I“NC_SI L Inerement to next location
MOV . [SI], | Store hi byte
INC SI I SR
- MOV [SI] CLj . jsave tir’n_”irvlg’in‘fo, o v
INesT ST E S
MOV mucHy
INC SI - o
~ MOV  PEAKL,0
. MOV AX,THRESH. | (R |
S VADDAX 10 - ‘,set next pea.k a.bove THRESH Jlttel';.’:
S MoV PEAKAX R o
NEXT LOOP ' A.DCV . Go ba.ck 1f not done ’

- INC SI B ;miu-k leop, vs_ta.rtegein.
o ._.Mov AX,NUM_LOOPS
MOV - [SI},AL o
.~ INC SI
MOV [ST,AH



- INC.SI

;Restore interrupts

Restore registers
sreturn to basu:—nothmg passed

. ,nothmg lost

'DECNUM_LOOPS.
- - JNZ ADCV
"FINISH STI
R o
© . POPES
POPBP
RET 4
~PT  ENDP
 PT_CODE. ENDS"
END - |
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_;,_‘B 3 Program PK BAS

. H1000 REM;-.‘Program PK. BAS " 08/28/88
1010.REM By Rich Klaassen Language BASIC-

. 'v1050.,REM" ' program to. take data from a peaktlme file and

1100 REM convert it to. Magmtudes ‘and times. Saves data as .-
1200 REM “real numbers, times as the time in seconds at Wthh
~ 1201'REM - -the event occurred; magnltudes as the dlgltlzed value =
- 1202 REM ‘_.obtalned from the A/ D, scaled accordlng to the users’
1203 REM . w1shes s

- 13000REM:~ .~
. 1310.dim dpk%(sooo)
" 1410 dim times(8000) -

_’ 1500 INPUT" 'Flle name? f$ S RN
1505 REM - N e S

1510 REM denve ﬁlename for resultlng data '

1520 REM -
71600 f1$— 1mes Ll
1610 REM

1620 REM get scahng factor

" 1630 REM

- 1650 input 'Magnltude Multlpher"’ . ,mult
g 1660 REM -

.. '1700 OPEN "I" A, f$

1800 OPEN "Q","#2 f1$
- 1900i=0" .

2000 t=0" L
o 2050 if EOF(I) then 3650
SRR 2100 input #1, dpk%(l) d%
712200 if dpk%(1)<>0 then goto 2592
12202 REM :

9204 REM 1f tlme marker encountered 1ncrement base tune | o
- 2206 REM - e st

2210 t=t42. 6087
- v;.;,ig,2300 1f d% -1 then 3650 '



;2305 goto 2050

2590 rem.

:32592 rem Calculate t1me, unless magnltude is under 005 volts

2504rem

i 2800 if t1mes(1)>0 then t1mes(1) 65536—t1mes( )
3400 i=i41

13600 goto 2050

3660 dpk%(l)

I ‘§f40__10,re\m. Hhae

. 4050.rem
L ;4120 ﬂag— ) e

‘ '4215 1f ﬂag—l ‘then- goto 4400 _ A
4220 if tlmes(J —|—2) t1mes(1 +1)> 004 then goto 4300

“% 4940 if times(j+4)-times(j--3)>>.004 then goto 4300
L 4246 if t1mes(_]-|-4)< 00002 then goto- 4300
4250 flag=1 |

- 4260 ‘goto 4400

.. 4290 goto 4400

2600 rem “if dpk%(1)<20 then 2050
2700 tlmes(l) d% ‘

o 2900 if t11nes(1)<0 then t1mes(1)—-t1mes(1)
23000 t1mes(1)—t1mes(1) / 25000 -I—t ’

3650 times(i)= t |
4000 rem -
' 4020 rem Part II--check for n01se if four or more events are B

: 4030 rem" Wlthln 4/1 1000 second of’ nelghbormg events, 1n serles,
/4040 rem . . assume it’s nmse Otherw1se save in ﬁle R

! 74210 1f t1mes(3+1)-t1mes(_1)> 004 then goto 4270 1 L ’

4230 if times(j+3)-times(j-+2)>>.004 then goto 4300

| 42704 flag=0'then 4300
. 4280 flag=0 7 i

- 4300 m——dpk%() | Cw T e R
/4305 m=m *mult- Ry e o
4310 print #2, m,tlmes(J) o

E 7;»7.’,}."_',«;34400 J=j+1. o el e
- 4500if J<(1+1) then 4210' ol

s 4700 CLOSE #1,#?




5800 stop
5900 end
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- _":7.4._ |

| B 4 Program PROCSG. BAS

1000 rem

- 1010 rem,v~ '

- 1100 rem’

© 1105 Tem

1110 rem -
. 1120 rem
1200 rem

_‘ 1310 rem :

»Program 'PROC5G.BAS ,' 02/25/88 |

"vProgram to take data from a times file and count the
~number of events correspondlng to the time elapsed

By Rich Klaassen ‘Language: Basm

between successive events, the logarlthmlc scale’ of
2 tlme is d1v1ded 1nto 80 partltlons '

© 1350 dim f4$(20)
_ 1400 dim n(92)
©. 1405 lg10—16/log(10)

, 1410 rem . R :
" 1420 rem names of ﬁles to be: operated on are stored 1n another ﬁle i Lo d'
1430 rem get thls ﬁle o ‘ ' B
1440 rem o " L '
1450 input Output ﬁle—hst? f5$
1460 open "O",#5, £5$ ‘

':"11500 INPUT "Files’ 1nput ﬁles? ,f $uon
- 1510 open "I',#3, £3$ e

o 1837 input-"Filename Extension? ,ex$ -
1540 if mid$(ex$,1 ,1)="." then ex$—-m1d$(ex$ 2 3)

1548 ex$="""+mid$(ex$,1. 8

.~ 1550 on error goto 0
. 1551 1nput #3 f4$ -

1555 1$_

,b : ‘1560 rem if at end of thls d1rectory, change d1rectory i
1570 if mid$(f4$,1,2)<>"cd" then:goto 1600
1580 d1r$—m1d$(f4$ 4 10) | L

1585 print d1r$

1590 goto 1550
-~ 1600 lprint -

1605 f4$——m1d$(f4$ 1, 10) R N R
’,1607onerrorgot00 e IR S SR




1608 mid$(£4$,3,1)=i$
1610 f1$=dir$+f4$
1612 rem .- L : v
1613 rem open rﬁlé to determine largest peak.

1614 rem.

o 1620 on error goto 8000 :
71,630 OPEN !T",#1,f1$

1640 on error goto 0

1650.print f1$ - -

0 1660 rem

' :166‘1-'»rem' “find largest peak in first two minutes of aqtivity :
1662 rem - (or in first 50 events, whichever is later.) -
11663 oversh%=0 ' ’ : ’
~ 1664 ntot1%=0
1665 time=0
1666 largem==0
1667 largem1=0: :
11670.if EOF(1) then 1790
1680-input #1,m,t1
1686 if largem=—0 then tlme—t1-|—360
1687 if ntot19<150 then 1690
1688 if t1>time then 1790
1690.if m=0 then goto 1790
1695 ntot1%==ntot1%+1"
1700 if m<largem then 1750 .
1710 largeml—largem '
1720 largem— ,
1730 if m>4094 then oversh% oversh%—i—l
1740 goto 1670 |
1750 if m<largem1 then 1670
' 1760 largeml=—m
_ 1770 if m>4094 then oversh% oversh%+1
- 1780 goto 1670 o

| 1790 rem B

1791 rem. Invalid data 1f more than 1% overshoot,”» -
- -1792 rem ’ ’

1793 close #1

1794 oversh% 6vefsh%-
L 1795 lpnnt f4$ ntotl%,oversh%,largem,largeml



o 1796 1f oversh%<1 then 1800 ,
1797 if ntotl%/oversh%<100 then 3670
‘1798 rem .o o . - o
P 1799 rem Adjust signal magmtude accordlng to preamp

1800 s—(largem1*.00035663)+.065240
© 1810 if 1$="u" ‘then s=s/36.5
. 1820 if i$=="1" then s=s/610

1825 if i$="h" then s=s/2820

1830 if i$="m" then s=5/4150 oy
1840 if i$="U" then s=s/36.5

1850 if i$—"L" then s=s/610 =~
- 1855 if i$=" 'H" then s=s/2820
S0 - 1860 if i$="M" then s—s/4150 i
i v.-"'1865 rem ‘
1866 tem Set 51gnal threshold SRR
1870 s=s/3 . L
1880 i$="u"
. 1885:d=36.5 N
1890 if s> 0024 ‘then 1950 -
1900’ 1$—"l" e :
1910 d=610 e
1930 if s> 0003 then 1950
o1932i$="n"

o 1933d= 2820 A
. 1934'if'$>.00015 then 1950

o 1935i%="m"

1940 d=24150" SR -
1950 thresh=((s*d)- 065240)/ 00035663
1960 on error-goto 0 ~

1965 mid$(f4$,3 1)_1$

1970 f1$=dir$+f4$
;i""1975 lprmt f4$ thresh
e 1980:0 on error’ goto 8200
1890 OPEN "I',#41, f1$
el 1995 on error goto 0
"-.\';\‘-‘1,.2050 fori=1to82 -




Co20e1t1=0
. 2100-t0=t1 .

2130 if. EOF(l) then’ 3100

2160 input #1,m;t1

~ 2170 if m<thresh then 2130
2200 if m=0 ‘then goto 3100
- 2220 rem, calculate sums -
3 "2240 dtl= t1 t0 -

iR 2380 if dt1>0 then goto 2420

' 2400 dtl— 00008 N ST
_2420 J%—lnt(log(dtl)*lg10)+35 PR
2430 if %<1 then j%=

2440 if"j%>82’then'j% 82

 2660° n(j%)=n(j%)+1 -

2670 ‘ntot=ntot+1

. -’3080 goto 2100

- 3000 rém -

3100; rem . normahze Wlth respect to total number of events for thls data ﬁle

o 3105 l"em’ only keep data between dt .01 to 1000 sec.

3110 rem .
3200 if ntot<1 then 3660

3210 £2$=mid$(t4$,1 8)+ex$ .
_+ 3230 if thresh>>13 then prlnt #5 28
. 3310 OPEN"0"#2, f2$
= '53410 forJ% 3to82

- 3420 n(J%)—— (J%)/ntot

- 3428 print #2, n(J%)_ -

3430 next j%
~ 3500 lprint ntot

3646 rem

3650 close #2

3660 CLOSE #1 .

3670 if EOF(3) then goto 3690 .
. 3680 goto 1550 .

. 3690 close: #3 #5

R ‘3800 stop ,

. '8010 rem Snbroutine to correct for nonexistent files, to ﬁnd-largeSt_»'peak" ,



8025 rem o
U .8030 if 1$— m' then resume 3670»,
8040 if i$=
_,8042 if. i$ ey
o 8044 if i$—"H" then i$="M" =
e "2’:58050"1f 1$__','1" then i $—v"H" v
© 7 8060 if i$="L" then 1$_’"H"v T
e e =
o 8080 if 1$—— U then 1$_‘"L" i
8100 resume 1607 o

8206 rem"

SRR T.:'8240 ifig=" 'M then" resume 3670 o
. 8242:4f i$="h" then 8327
8244 if i$="H"then 8327 "

8250 if i$

8260 if i L ERER

L 8970 retn “assuine 1$— u , U" SR

S ’8300 goto 8330

L :‘?,__'8325 1f thresh>4095 then resume 3670 RS
C _"8326 goto 8330

,'Y'M" then resume 3670'”_‘{ -
"h!" then 1$——"M" e

8200 rem .

L 8202 rem"_." ; Subroutme to correct for nonex1stent ﬁles, to ﬁnd a new

<8204 rern ﬁle which will still allow for threshold dlscrlmmatlon

o 8g25rem :
" ‘8230 if 1$—. m then resume 3670

" then 8310 |
" then 8310

g 8280 1$—"l" cot i e ST
8290 thresh= (610/36 5)*(thresh+182 93) 182 93 RN
- 8295 if thresh>4095 then Tesume 3670 i

o _‘28320 thresh—(2820/610)*(thresh+182 93) 182 93 U e

- 8327 i$="m'

- '8328 thresh= (4150/2820)*(thresh+182 93) 182 93,_?5 SRR
R ’:8329 if thresh>4095 then resume 3670 ' o
L8330 if: 1$—"m":‘f,hen 8340 ' Eh
8335 if thresh<(13. then 8200
' 8340 resume 1960 .
- 9900 end S

o g



L B 5 Progra.m PROJECTN BAS

1000 rem. Program PRO.]ECTN BAS 03/02/89 by Rich Klaassen; :

- 1100 rem, : .
1200 rem . program to find the pro_]ectlon of data vectors onto .
©1300.rem bas1s vectors calculated using PROCSG BAS program.
1500 rem - : :
1600 dim a(80 80) b(80) (80) f2$(50), ave(80)

1610‘input "File of vectors?"',f2$ . =

1700 input "File of filenames? ",f1$

1710 input "how many vectors? ",n%

1720 mp'ut‘ 'Average vector? ",{3$

1800 open T, #1,118
1900 open "T",#2,f2$

1910 open "I'",#3,f3%
11920 for i%=1 to 80.
11930 input #3,ave(i%)

1940 next i% .

2000 for i%=1 to 80"

2020 for %=1 to n%

2100 - input #2,a(j%,1%)

2110 next j% |

2200 next i%
2300 close #2

2400 input #1,f2$

2420 lprint f2$

2440 f2$=mid$(f2$,1,12)

2500 open "I",#2,f2$
2550 mag= ’0' _
2600 for %=1 to 80

- 2700 input #2,b(i%)

2750 mag—-mag+b(1%) 2

2800 next 1% . :

2805 mag——sqr(mag)
2810 close» #2

- .,779



: "2820 for 1% 11080
o 2830 b(i%)= b(l%)/mag
2840 next i% |

2850 mag=0

2860 for %=1 to 80 :
2870 b(i%)= b(l%) ave(l%) 2
g 2875 mag—mag+b(1%) 2.
2880 next 1% :
L 2890imag:_s_qr(mag.) Co
2900 for i%=1ton%
3000 for j%=1 to 80

3100 c(l%)_c(l%)+a(l%,3%)*b(J%)/mag o

3200 next i%

3300 next. 1%

3415 n1=-1" 2 »
3420 for i%=1to n% - '
3425 “if: c(1%)<n1 then 3430

3426 nl——c(l%) o

3427 n2%_l%

3430 next 1%

' 3440 Iprint n2%

3500 for 1% = -1 to n%

3600 o(i%)= 0

3700 next i%

3800 if EOF(I) then 4000
3900 goto 2400 '

. ,"4000 close: #1

v 4100 stop
5200 end» '
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