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Dear 
------1 

As a result of our discussions on 21 August 1973, I am propos
ing a three phase program designed to: 

(1) Establish the effectiveness of electric fish in detecting 
foreign objects at a distance; 

(2) Determine the methods used by electric fish for ranging 
and location; and 

(3) Design equipment systems suitable for replacing electric 
fish in terms of targeting foreign objects. 

I am enclosing a summary of this program. Phase I of the 
program described herein will correspond to "Phase II" of the program 
described \however the tasks have been modified 
somewhat to better serve the needs of the program. The remainder of 
the present contract will be used to assess necessary parameters of the 
electroreceptors system in Gymnarchus and Gna thonemus. Both of these 
fishes would be used in the Phase I and Phase II of the program recom
mended above. 

I am also enclosing a more detailed description of the experi
ments to be performed in P.Qase I of the proposed program and an 
example of the type of experiments that are appropriate in Phase ill. 
Details on Phase II would depend strongly on the results of the Phase I 
investigation. I hope that this proposal meets with your approval. 
Please let me know if you can recommend any added experiments or 
studies which would aid in the development of a prototype hardware 
system. · 

With best wishes1 
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TO DEFINE HARDWARE ANALOGUES 
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PHASE I 

ESTil\tiA TING THE EFFECTIVENESS OF ELECTRIC 

FISH IN DETECTING FOREIGN OBJECTS AT A DISTANCE 

Perform psychophysiological experiments using different kinds 

of electric fish in restricted water so as to estimate their ability to 

identify the existence of foreign objects in this water taking into account 

electrical discontinuities imposed by the boundaries of that water and 

the foreign objects placed within it. Specifically, consider the fish as 

a signal generator and receptor and the use of auxiliary signals which 

replicate the fish's signals and other signals of specific interest. Com

pute the e:-:pected behavior of such fish in open ocean or fresh waters 

given typical boundary conditions with respect to depth, topology, in-. 

homogeneity of the water, temperature, and other applicable parameters. 

Summarize these findings in terms of the ability of these fish to identify 

foreign objects in a harbor or other natural body of water of interest ..• 

foreign objects such as small submarines, torpedoes, scuba divers, 

skin divers, mines, and others. 

l\1ore e:\1>licitly, determine the sensory capability of individual 

electric fish in terms of their ability to sense the existence of foreign 

objects as a function of range, fundamental area, volumetric displace

ment, differential discontinuity, and so forth. In this regard, use a tank 

of water at measured temperature and electrolytic conditionts. Retain 

a fish near one point and insert in the water various objects, discerning 

the different behavior of the fish as these objects are inserted by con

currently monitoring_ the electrical field within the water. Specific levels 

of background noise will be introduced by using a noise generator and 

measuring the noise amplitude in the tank. Experiments will be per

formed under normal and extreme noise conditions. From these results, 

·. 
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calculate the estimated behavior of such a fish in detecting an object in 

an infinite water domain and large scale waters with various boundary ., 
conditions. 

PHASE II 

DETERMINING THE METHODS USED BY 

ELECTRIC FISH FOR RANGlliG AND LOCATION 

Perform detailed experiments wherein the particular character

istics of electric fish are related to their abilities with respect to ranging 

and location. Particular attention will be focused upon the use of phased 

arrays of receptors, the fish's ability to determine incremental time lags 

in the signal, the estimated spectral properties of the sigr~.al, the fish's 

ability to modify the transmitted signal as a reflection of knowledge gained 

from previous receptions, and so forth. Interpret these findings in terms 

of specific schematics and data analysis required to synthesize models 

of the fish's capability, models which when reified would provide signal 

advantage over the state of the art with respect to such a target as described 

above. 

PHASE ill 

DESIGN OF EQUIPMENT SYSTEMS SUITABLE FOR 

REPLICATING ELECTRIC FISH 
' . 

IN TER1!S OF TARGETING FOREIGN OBJECTS 

Design, fabricate and test experimental apparatus suitable for 

replicating the above-referenced models. Perform experiments with 

this apparatus so as to improve its ability in various regards. M:ake 

a specific comparison of this capability to that of an electric fish and 

· estimate the utilily of such an ~pparatus in terms of operational situations. 
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I. \Viii\ T \'/.E IIJ. VB LJ::.O\Itl'-!ED F~10I·.r INVESTIGL\ TIO~ OF ELECTRJ( 
FISIIES 1\I·~D QU:C:STIONS \TliJICJI STILL Hj::ivif.IN 

Electric fishes have specialized electric organs: (1) tr~nsmit"ting . 
T 

orr;::ms which transmit electric sj~naJs modulated and coded in specific way:::: 

and (2) receiving org~ns (clectrorcccptOl·s) which are part of Uw latcraUs 

system r.nd detect either (:i) di:-::(;OlltinuiUG.s in ihe elcetric fielcl gencrr..tcd by 

tlle tJ:·~· C'..-~·····rtr ''P' 1"<"' •rl • t'11r> f'c-] e .. ,,,~ 't"' "Ct·'·re c'n'·r..cl.·,,o· c- •r•to '~"'' fl) . . . ~:.L1~•d.J.l L.l.l~, o .. ~.,:1 •. L_;. "\ •• 1Cl1 -~· .J.,;:, lCu l'-~·_~:. c I ... c. ] \ !-..L..:.. l.l •• ;: .... ) .:. -1 .... , vJ 

clmn~cs in the electric field G;cncr~ ted by the ::mthorb:.·thmic electroreeepto:!:~. 

when the fishes us~ rt passive detecting system and (c) electrical sign::ls 

emiHecl by fi£hcs of the same species or of other species, even nonelectric 

fish which still produce an electric field ret:ulting from their muscular activi 

during swimming. All this 111(:ans that elc~ctric fishes can navig~te, detect, 

locate and identify living or nonorganic matter and can communicate under

water by means of electric signals and/or electromagnetic detection .. The 

electric power invol·1ed is very small. . Some of ihe electric fishes have 

built-in a jannning avoidance system. 11ost of them can extract a signal fro~ 
·---- ----------· 

a noise that is significantly hi:;h~r than. the sign.al itself. 

1 and from the data we ha;e f~~l~--crthe~ -~~i~~t~. 
ists ,~,o::.·l:::, Y:e concluded that unique methods of detection and communication 

are peculiar to some electric fishes, which .could significantly improve our 

technology if propedy applied. 

In the appendiees to this chapter I summarized the results o! the 

research I have dona so far on electric fishes .. 

·. 
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electric fishes \';ere 
cl~.:~::-~c fisces. w~ 

boo~s havi~g some c!-.::::._:Jters or~ electric fishes and d:1ta from our own 
c:-:::.:;:.-:.:-::~::~s. \Vr:; l~.5:t:C: tl:e lo~::-:~c.-:~ o: Si)..::c_~::.c ~is:~cs ~=-AC: pr-~pa: .. cd 
maps showi:.g their habitats. 

2. S~:.::.:; -:::. .. o:;~(;'-.: ~~SC~505 of ~h~ Cl~c-:.:·:.c fisl~es \Ve!~e studitZ!d. \'!/e fou~d a 
c·..:.::o :o:- ~!:z ~:c~=--l~!te s!·::.:-1 c!~~~::..:;e cf :z:cc-:::-c?!-.or;;.s {?~bl. X::::~~re .. 

(. 

... 

J~.::.;:.:.:::y 196~} (a cancer-type of skin disease). 

C'-·· . .-··--~-~~- C-."')---:"-4"\· ...... ,;: ...., ... .._~ ... v, ·."-"••,,/ .:>, ....,~.....,.., •• - .... '-'••~•w 1 carapo was studied . 

·::~: :..· J.,.. ~ ,..., ... ,. : ~ ~ ., -.-- "" ........ ~-- .. - - -___ _. ... v .... v.c...-"-~-- ~,.~ ... \,.; ... ~~ .. ~ ... u •• ~ ,- ~ ~,..,...,!~ o·"!" ......... ~ ..... "---'""·-: o-·- .. c-:~-.-""1.--o· ........ ::~-\'. t...:: .. __ ....... ~.......... .. ···~ ~J.""frw,l.. .... c .4 .:;<lr!.:> ...... '-•••'"' ... ··-.• :"~•.:. .... 
-::::-o-: ... ~·~:,...,.; ... rr) - .... d o.:o .... ~, 
- .;::. .... ..; • .;;.. ....... ,j <:;...... • "'"·"""' elc~:~oreccpto~s in tl:e s!<::7. o: Elcc:~c?l:0~1.:S 
'·-: .. ·.·-- ·--· .... ,....t1 .. ~.,, -!·~oc:- ... :·\i·-.,...: ... ,..._ ..... -,..._··~-.;.:,...""" \, .. : .... ~ ""~.:,...: ,....o-----·- ... - ... :,..; ... _.· 
\--'-..;;..w....:. •• vvw .. .._J -u.;. w.:. t:J•• ..: ...... ~ ... :-~- c 6 ~.~-~v ... '-··· v~J""""' "'- ~·•v\,;..a. w • .-. ....... ~,OJ• 

?: .... :.::,:.-:.:c::o_6~~::,!~s \Ve~~ tz.:~~;-.. v.r:.::: a :\~kc:: ?~~s~-i::t~~i~~ence =.:c:-c-

':'~:.-= ~J-:J\: v~ c::: .. ~o~~::.~ a.:-,'- :-;:oc.~ .. r-~:.o:l c: t:-:~ cl2~::-ic sig~al.s e::r.i.i~t~d ~y 
:;.:-::c-::.. ... :.c .::.s:-.\;s \·1~-:c st~:.:~~C: ::.:-.~ cl:.ssii'~cd. ~31cct:-o~::o:-~s electricus, 
.::::~-::.-:.:.·~;_:.; carapo, Sternarchus albifrons, Eigenmannia troscheli, 
C:::;.:.::o::.::-:-.. :.:.:; petersii, Gnathonemus curvirostris, Gymnarchus niloticus 
~---' '~"-=~~.,--",_-.,-~··- electr·1·cus ) :., .... ·---·~..,.-'c:"' _,.,..;) .. es-="- ..... !:>y :;·~ec ..... " .. -.=-~.s\,., .. ; --•tt.. -·---c:... ... -...~ ... .__. ... 1..4- w..::. • ..... ~u- ..... c;... .. ,. ·• .,. .. ' \...; -•••.:; .......,_ ..... .L'- • • .., .. t.;~ 

-----':-··~ ,~ : _ _ ,__~ ·::J··o ... """',.:l·---s o·'"''·e ·c,~·· "'cc~· . .:..-•,.,.. Co-··,.,..,.., ........ e C'!"' ':""\--~ ;:J .... -., •• w .... ~w ......... i. •• c -. lw.~iiW\.::"""' ••b .;., ~..... ar,JW .. % A ··-~\ot;;;-. 4.£4oC• '=••""" ·- 4-J.;;... .. ~ 

1: ----:- ... ·.: .. :0 _ __ .,., -:::>-.... o .... os-i-'7 ~- ""'=·;c1orry ... -~ '-\..,; ...... ~~ ... .; 1-. ... i .. -.e, -rr. ~ ..... ,.., .. s·l~ ... 'n e...:~-.. ·o ..... , ..: ... .._..~_;.....~-~- ... .,;,;,. • ...,\.. - """ \.:.._ .:> .... ,;, ..... ...t.J..;. - c c- ...... ~v -- - ... ""l. .... ~ "--

::?e:..~ga:r:'lC:::1 Press, 1965. 

S. 3~::s.vior experi.:nents were performed with Ster::archus albifrons, 
:s:~~~::-o::::>horus electricus, and Gymnarchus n11oncus. 

7. ?:-ocf was brougt.t about the co~r::lu::.lca:lou. ability of electric fishes. 
'I'1:~i:::- ser.si:ivity to electric ar.ci :r:agnctic s~i:nuli ws.s checked. 

S. :S~:2.c~ weas:.::-c::-.en:.s \verc r.1aCc of tl;~i~ Cisch::.:-ge.; a:1d ct;rves \'.'ere 
t:'~ccd for t;~e Elcc\.ro~l'lor-t!s ~s:ablis:;.i:lg ti~c voltage .. pca.k po\ver .. a~d 

c:.v~r.:g.; ~ower o~· its C:Ls.:~arge. Curves w ::;re traced also .for voltage 
..... --: .... s• .~.·- .... ,..,.~·no~ L":S:.."S -r::a.' ........ -•..,-• ''/"':,...,.. .... of r·l·-~-.,.,.,s • c.c;..:;..,L.,4 '- '==•4QL.• 4 44 4!\: U. 4 Q.bc.l.•••~t. II t=•i:)lo4.. .;:)f.f.\;; e ; 

9. ::Sx?cri::-~cr.:s were pc::-formcd, a::d the c:"fcct of de cu::-~·cn~s on the cle:\-:t::-ic 
sig::als of c:.cctric fishes has b.:::cn e.st~bEshcd :·or Electrophorus, 
S~c~n~=-c!:~s~ G:,':-nn:l.:-cb.t.:S 1 G~~-:hor:c~t!s. and :\I~ .. l~~:cr-~rus. 
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. 
':':~~ ~r:~c-t of :.:-.!.ic!'lol:.::ccs:e:::"::.~c c:: ·~l:c b~ .. ~i~ of S" ... c:-:1~!--c11us \V~s ~ invcsti-
g.:::c~. Tl1e c~~::~e i:l its b~:.:u\·io~ u:~d frc(iUC::cy :.r.c! ~=•1pli~uci~ o:· tl':e 
s~gn:::.l cmit:cd by the fish were s~ud:.eci. Tl-.c ~ccli6:1tion effect .:Lt low 
tr;"o•'"''1 - ... #r .,..:...,.-. r-::oor-) •-. ..-""' ...... ~·,·-~e o.: ·'n" "'-n1• ,.,.., ... c.,.. o·1 S+c-n..,.,...#.;.., .• -" ... v """' .......... """' .L•J.b.L. \"" \,., L.'t,;•""•~-'\,;,0- c..;.~ww. \;_. .6. '-• t: ""-• h n W.&. • • "" .. ' "'""""' l..,; •• w.::. 

albifrons' was studied. Cor:l?=.:.~iso:: wi~?l the z.n~ic!'loli::cc.stcrasc is :::::lclc. 
(?'-p.J=.' p::.'cscnted at the AAAS meeting, university of California in 
3.:::~:-\:~l(;J~; cc:.:~i~~or wi:b D::'. :VI. 3a.slO\V;, ur~i.ve::-sity of r:c-vt~ii. Only the 
ex?~;;,~i::H~n:s co:1c::.:.ctcd in o1.:.r la.bor~to~7 are ~entioncd here. Dr. M. 
3.:..s:o'.v· cc::C~c:2G o-;:1:c~ c:.:~~::-::-."le::~s O:l :(!l:.:y":·::;l: c..::C otl-:.er f:.s~l at ~1-.e 
u~-::.vc:~sity of H.::::.waii, his results are presented as first par:: of the 
- ,... - -.... ,_ , "· ~ - - ..... - ---~ ~-~ ...... -· --- ':Ill ,..• 2 ~ ~ .... ""- ... - b - - "'! ~ .~ = ) 
.,.:..~.~...;;.;... --• .:--._.•..J ._.~.:. • .~-c. 1:' .. ~.i:)~ .... t.:::.... v .6..IC::'-c ....... \;.;• .;..;;;vv. 

:2. J-. ~-,y:?o-::-.cs~s ~~o~t the \\!c.y elect1 ... cr~c~p~o~s of tl1.e el·~ctric fishes \'."Ork 
v.rc_~ ~~, .... :.=-.~~~" ~:·.c. e:)~:-:r~~::.::c.-:~s v.r~:.-~ G~v:.:;;.::~ ~o ?:. .... cv~ tl:~ ~ypc·~~1c.sis. 

C::..:c:.::~. \--:le C.:::-:..;.o~st!"'=.te\i 

~c:.~:-.::::.! ;;:-c.d:.2:-.t of a~oc-: 
only h~lf as ser.si:ive. 

cle..::t!'·:.;t~::c z..::~ ::::z..g::e:lc ::c!Gs v:c::e cc::
~::.:~ Gymnarchus niloticus is sensitive to a 
0. CS ·..;.v/ c=:., z.::.:: Sternarchus albifrons is 

I • 

·.... 

!5. Ar:. cxplana.tio:u. i:1 similar ter:r.s v:as given of experiments i:1 which 
Gy~-::1:::..:."'ccus niloticus and Sternarchus albifrons were trained to 

0 s ~· ~ .. '"1 , 1 ... .L' , .L.. .. b. I 'J • • 00 •• • 

~ • ~~a :::ec.~cr.:.ls:r:s ava1 au_e I or 1.t:e .. oc:..1.:.Qn o:: o· Jects oy eJ.eC .. ~lc llS:l · 
a:-~ ~\;v!.c\ved. · It is conclt:.C.ed f:-0::1 t!:c :--es~l:s of a c:ri~ic~l c:-:pc.:-i~~~::t 
ti:::.:i: Gymna1·chus niloticus can detect objects by the disturbance of its 

. . . . 

loca.-::.on is shown. The effect of the receptors of the perturbing field due 
to c:.n o:,jcct depencs 0:1 the electrical properties of the rece.._:Jtors. !n · 
c:::a:·~!~c::::e cases, the s~i::1ul~tio:: o: th~ reccp~o:-s is pl'Oporticr.~l ci!l-£~r 
to the po:ential or to its second de::-ivative. Graphs are given showing. 
t~e effect of z.n object 0:1 the potential a.:1d 0:1 its seco::d derivative <1rounc! 
the surface of the fish. 

6 

~ .-. 4.._...r"'"'._--.---~-·..-·--.· · ... ,_.- ~--·--. _ _.. • ...._... ........... _ _..._ ...... ---4 ... _.. ____ .... __ .__. ___ -..~-- ---.-~ --·--... -- ... ------··,..--.. --_ .... _._ ... _ 



·-

18. E:qJcrimcnts are described using Gymnarchus niloticus which (a) con
firm that the mechanism of object location employs the detection of the 
distortion of the electric field produced by discontinuities in this field, 
and (b) indicate the limits of the sensitivity of the fish. 

· 19. The detection of the second derivative mode of its own emitted signals 
appears to be the most probable one operating in Gymnarchus. The ex
perimentally determined limits of detection are discussed in relation to 
the random noise in the receptors circuit. It is concluded that both spatial 
and temporal integration are likely to be employed. 

~0. r:::~ ::::~cs::~:=s : .. o~ c!Jjcc: !oc.:.:ic:: &::d fo:- :-es~onsa to direc~ cu:-re::ts 
,.,. ..... ~ "'"""'·---":"··~-=- ... : - ... :- c- ..... c~, ..... , .. ~ -~ ........ .,.· ..... :\ -~-- "":l. r~~-~·.,.;·or- - ... e ,.,.~a..,_ ..... ._,.,, c..• \;;. "-''"-' ... •·;.;~ .. \;;"•• .Lt. •::a u ...... •\.4'-"-.;:'- ~ •• g. .. .... ~ :;,w. ..... \,; "'""''-"\;:r"' :, ~· . ;:-'• uo.u.;..J 

c~Jo:~z..~:.::g i:l ~o~:. cz..ses. 

sig!1a..ls si::-... ila:- ~o the or;.es er.::i-.:ed by elec-.ric fisl'les in underwa:er 

~.:;-..,·~~~ 3. :-\;C~p~O~ S)~s:c:-.. '1 ~l:c..~ CS..:l i:::cg~a~a -tl"-.~ SCCO:l~ 

~e;:;:·:.v:.·~~·vc of :~a o::-i~i~::i: s~6~.al a:: =::::~:. ... 0\t~:::e::t ct s!.;::::..!-ic-~oisc ~~.::::.o 
_,_-."'-----~a-~:_.;,.""",-.-.~--.·-~"""·~-= -="' ... -.. --..-:--"'~-.~.: ,,~: ... ~ -:.-:":)""·-o ........... ,.. ... -~-:..._ .:o:::.'j~!:' 
~...., _...,t,J-...,.,. - ·- .::;, .v "-~'- '-'··~.J\,;""""\,;'-• -..--..~\.,;- ..... ~.;; ...... .-; ......... \,;;;:•\;;:;;'- .. • .... c;..C··\;.;•·ttt.. •• ._._....,.;;;~6 
_ ........ ~ -- -- :":) ..... "' ,. .. l.e 1 ...:s e 1 ec"'"'l.-. .;"'"'"'err ... a·o,..s -·,.,a' m-rr ... e"'l·c rece;v- ...... e - ....... e ~.;-.-.. ••• .:..; •• o.;; ... ~.; • ... ~... • ... ... ~.,; ...... 6• .. • • ..... ~ ""eo'• ~ .. o;;.,.. .:. ... 

... -. o -~ - ... e .. ' ~ ... ; o: - .. - b - o , - e · · ,.., · · - • • -- - - : • - · · : ·· -.~;;C ......... ~ uuc:.o. ... O:l .;. a.u c::.;:;, ... u~e n \'{ w •• aerwe>. .. er ~o ... a.l.oS ..... ~~lng-recelVi. .... j:; 
::O"':.r:.:.: .. ·~--..,J _, ......... . 

23. The electric organs of Sternarchus albifrons, a South American fresh 
water weak electric fish, have been studied with emphasis on electro
receptors. The morphological and physiological characteristics of 
electroreceptors, ampullary and tuberous, were investigated. Special 
instrumentation required for establishing the role of these electrorecep
tors in object location, detection and identification has been dev-eloped. 

24. \Ve have recorded with microelectrodes the autonomous autorhythmic 
electrical activity of the tonic asynchronous ampullary electroreceptors 
of the South American weak fresh water electric fish, Sternarchus albifrons. 
We have also recorded the electrical activity from the asynchronous 
phasic tuberous el~ctroreceptors and of the synchronous and asynchronous 
ampullary elcctroreceptors of the same electric fish, Sternarchus 
albifrons. Preliminary measurements have been made. The auto
rhythmic P.ctivity of the ampullary electroreceptors has been demonstrated. 
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The electroreccptors are part of the complex latcralis line system of 
the electric fishes. 

25. The other lateralis line system sensory receptors, like mechanical 
receptors and displacement receptors, have been discussed as part of 
a general hybrid object detection, location and identification and recogni
tion system of the fish. 

26. A study of the anesthetizing effect of tricaine-methanesulfonate (l\1S222= 
FINQUEL) on Sternarchus albifrons has been undertaken by plotting time 
for the anesthesia and recovery for different specimens. The anaesthetic 
does effect the pulse-rate and pulse-shape of the discharge of this fish. 
Anaesthetic other than "Finquel" which does not affect the electric fish's 
electric organ pulse repetition rate has been found. Also, the effect of 
D-tubocurarl.ne and the cow1ter-effect of neostigmine has been assessed 
for Sternarchus albifrons. Finally, some improvements in the micro
electrode recording instrumentation have been made. 

27. \Ve obtained some specimens of the African weak fresh water electric 
fish Gymnarchus niloticus. They are supposed to be the .most sensitive 
of all the weak electric fishes known. Together with two specimens about 
one foot long, we received a number of baby Gymnarchus niloticus about 
two inches long. The baby electric fish were infected with a Saprolegnia 
fungus and could not be saved, but we fixed a number of them in buffered 
formaldehyde and one of them has been cut and mounted in paraffin for 
histological studies of the electric organs. Preliminary measurements 
have been made on the communication capability of adult Gymnarchus 
niloticus. 

28. The electric discharge of Malapterurus electricus, an African fresh 
water strong electric fish, has been measured in and out of water. Its 
electric organ can discharge bursts of impulses of 100 to 350 volts and 
currents to about 40 rnA. In general they can put an electric power of 
about 1000 watts per kilogram of electric tissue (1 watt electric power 
per gram of electric tissue). From our investigation, it can be con
cluded that electric fishes could use their electric organs (transmitting 
and receiving) for navig::-~tion and communication- in other words, under
water object detection, location and identification using an electromag
netic system of detection. 

£ 

30. The physical analogs of tonic and phasic electroreceptors nave been 
established. Both are represented by a generator connected to res is
tances and cctpacitances in series and in parallel. The difference 

a 
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between tonic and phasic electroreceptors is that the first ones have 
one resistance in series with the generator whereas the phasic electro
receptors have a c~pacitance. The tonic elcctroreceptors seem to be 
predominant, maybe like five-to-one, compared to the phasic electro
receptors. The electroreceptors seem to act, to a certain extent, in
dependently of the main electric transmitting organ; at least two out of 
three different types of electrorcccptors are asynchronous and only one 
type of electrorcceptor will synchronize with the main electric organ. 
It has been found that the complete denervation of the transmitting electric 
organ does not stop the activity of the asynchronous electroreceptors (both 
phasic and tonic). The fish is still capable of responding to conductive 
and nonconductive objects placed near the fish's body. It may affect the 
total capability in determining certain movements or impair, to a certain 
extent, its sensitivity in object recognition. Some of the synchronous 
tonic units are connected to one and the same nerve trunk part of the 
acoustico·-rateralis system but connected to specialized big nuclei in the 
brain. 

The most strH::ing fact about fresh water weak electric fish, besides 
their spontaneous electric organ, is that all of them are provided with 
a highly developed Iateralis line system. Related to this acoustico-
lRteralis system is an enlargement of the cerebellum, especially in 
G:n"!ln:!..rchus nilotict!S and in mormyrids. The unusual importance of the 
lateralis sysfem in these fish, compared with other teleosts, is not due to an 
incre~se number of "ordinary" lateral line sensory organs, but rather to 
the existence of a great number of specialized sensory organs within this 
same system. This is supporting our hypothesis about a hybrid comple~ 
underwater object detection, location and identification system used by 
electric fishes in recognition of prey, predators, and navigation in general. 
It is recommended that the other lateralis line systems from different 
fresh water weak electric fishes should be studied with the aim to find 
out their role in object detection and navigation. 
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II. CONDITIO!\TING TECHNIQUES APPLICABLE TO THE ELECTRIC 
RESPONSE AND DEliA VIOR OF SELECTED ELECTRIC FISHES 

Summary 

A study described in this section is desig-ned to identify the type of 
conditioning techniques {operant or respondent) applicable to the electric 
responses of selected electric fishes, with padicular attention to those 
procedures which can be used to assess the "dynamic range" of the re
sponse 'viLh respect to major electrical parameters. Several additional 
behavioral studies of electric fishes are also described in some detail. 

Introduction 

It was mentioned in previous sections of this report that certain fish 
possess organs capable of generating electrical discharges; and, at least 
some of these, have electric receptors that are capable of detecting and 
discriminating among different patterns of discharge. Tins study is focused 
on determining the e:·:te~1t to which the electrical responses of selected specie; 
can be brought under the control of respondent (classical, Pavlovian) and/or 
oper?nt (instrumental, Thor;ndikian) conditioning techniques. (Skinner, 1 . 
and Keller and Schoenfeld. )2 The results ·will then be examined to determine 
whether or not significant relationships exist between the type of conditionir.; 
operations which are applicable to a particular response and physiological 
data concerning the structure of the organ, the type of tissue from which it 
was probably derived, the type of neural innervation and control evidenced, 
its electrical characteristics, and its functioning. 

. These questions are of considerable interest in behavior science. 
Viewed as operational definitions (Feigl3 and Frank4) the two sets of con
ditioning operations subsumed respectively by the labels, "operant condition
ing" and "respondent conditioning", are clearly different. The controversy it 
the literature of the last decade or so concerning the kinds of learning which 
exist has not usually been at the level of experimental procedures and re
sults (i.e., of operational definitions) here assumed. Instead it has con
cerned such questions as the possibility of reducing both types of conditiof'..ing 
to a common, usually unobservable, intervening or mediating process; with 
the nature of the postulated process; or, with the type of theoretical formula
tion (Estes, Koch, et. al. )5 considered most promising by the particular 
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o:-.ly !o s~l~::-~ ::-o~ t:"lc re;lcrto!.:-c of the org~:-.isr:l a response tr:..::.:t is :"e:Lc;!ilJ' 
co::=.:::.o:-.cC: z:.::d c::.sy to \\'Or~ .. : \V!.th ~l ... ec.o::-d, c:~:::..u.~izc, etc)~ a:--.d o~c l'':~~c!: ·\viil 
r: • • C - . - • ,. ( . • .L • ' 0 ~ " " ... • - • ..,. .- • • - - .... b r .... • '" S : - - • '"' ._ """' - -.-. ..,.. .""\ •1- ,_ ': ~ a~- v:---:;c...~:.:~.~ .. ::: ~ne ~...-~:-cs:: ... c. c~~~1""r::t ... -.."lu .. .:.3 --\.::.g., ) c<-~ ··~~ \.4 ... '-"v ...... v. ~_, .. \,; 
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The fi:-st process~ reir..force::J.ent i:l f::e p:::-esenee of sD streng-thens 
~~.s:;:,c::se :--z.te i:1c~cz.ses C::\"~:1 

~~ :1:~ absar:ce o: the r.:.Qg::at .{i.e.~ :yooo~~..,:":l~,D. O ... ~:J..:~' ....--~:--
-·· .... \;;; iiJ c n"'"" ..... o&.). .. ..... .::.... v~ 

II . . . II 
c~\.:r-::e .. :.s gener-~.:1zc:.~:..cn.. ':'ne s~co::·d process serves to 
~--··.;-,., ..... ·":.·· ..... ........ __ ,... __ ·:-, .. ;~ ···-- :::1 ... _,..,_ ....... _:- ..... 
-···-··.:.--·-·• - t.:..::."-JV .... w ••• .::) ••• ... _c: w- \..v ... l... ••• i..... .... 

::~c~.:.5s~s O?.:::'c::~:ng ccn~~=:-e::-t!y~ tl'"l~ ::~i:-:1=..! !ea:'r:s to ~cspo~d 
:.~ ;::~ prese~ce of !he Cisc:':.::;.i:-.. ::::ivc s::.::1~~us ~nd no-: to :-cs~c::d 
·-: ... _~.~-.~~"!\.-.c ..... T-- 5 :""'"""':"--- ~,.-. ;" .... ..:..oo-:. ....... -::-~41 -;:.· ..... ;,- . ._") .. , ..__:-_:,...., __ -·.::> ~ --- - ..... '- ...... __ .,;. .. '· ~.:.l~ ;..~~ .. \..:- ····""" co .. \.ollL..u~..t.:::""""' .-.... -'---· 

:-.~cu~~-O~~Cars 
~.; ~!-.\:: s.v. 

with the brighter of -:wo lig::::s 

of 
genc:::·al p:-occc~~c \'lhich - .. ,..:'A c..\,; possible. 

-..... Ins:cac of :ne~ely wi:h_oldir.g sB (c. g.~ food) for responses 
,._,..,,._ .... c;L;;. ,. ~-"::"-· .. """'-33 . ,·-~ .1 .. 't ..... ~ .. _ ......... - "'"' ....... .. , • 
......... -... oJ , ~.;:,.......... pu:1.::. •• ec ;:, .... ~ ..... ~.;.,.~o .• ;:,C.:.::. oy c~as::.:1g 
the fis:1 away fro:-:1 the food wi-;;h a wire for!-: o.nd, on occo.sio::.s, 
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fo:-:,. 11 Put"l:sl:inc; ~cs~o::.scs m:Jdc i~ t!:c :lbscncc oi tl1c 
~. 

C:..sc~i.;:~i:-.:.l~:_\rC S~~:::ul~.5 ~i. C. i:: t!:e; 5- C0!1ditiO!:) is gc:lc:·=.!:y 
to be c;. voidc C.: • .... 

T ... · ..... ---·o~: ........... ~::;::~'-!--: ,: •. J.,c o ... -,...~.! ... :-r: "'o 
- - - -·~-- .... J ....... ::t -

~- -· _. .. "" .. ··-,;:, i..:::c~csi:-:..!J!~, 11 C:=c::o~:::.l" s:.C.c effects. 

-:;, .. ·- ~ - -·. - ...... 
- ........ -..J•····.:,) -··· ......... . 

.;:. ........... -·-

:~c:-.::v;..~£ c:..· ~-~~.:.:.;~:~::6 .:;~~:::~:·_;_.:; 
. . . 

r ._ .. ,.. .. .,.,._ - • ..,. .. ~ ..- .-...... • •• •"' ,. ~ - ;:'• ····--.) •·-o-·• •....,. ....... · .. ........ -.: ......... ... ·: .... -.... ": .. -' : ... _,. ___ ,._., 
.. ...;; .... _'tt.J_ "'-"•••.::. ;,;, ............... _ ... ...,J., ••• .::J.,\w- ..... -:::~ ::r:·o\::..:~~=-.:c;::~ o: ~ 
::.cz~~:ve r~::~:o:-ccr . 

._. , . . . ,.. , . . 35 ... -""".,.., ... --.·t ":)"*#"-4 """""'...., os-'"·r-

..., .. ~'"""'-• •• -·- ~-·~ -\....·•~ Uv ~ . .. . , . ... " 

.;..:.,~.:. .. ::.-..~ -~~:::·~.:.;.~~-~2. 
~"---~---..._.: ........ ~ -~-.:.,... ~,... """'"""' __ _ 
---~:; ._ .. ....,._ •• ..;"- .. ...,..,..j ;..v '-4\.J;j::J 

• .. · ... ~ ?-:._ ... :--... :::_·· .... ·.-. : ... :-.~~:~. r""'· ... -~.:.=-- ..... "": ___ : .. ,-...:- ~··-c-~-· \''" ... ~--:....-:..~·.-..--:::-·c..· 
-:---- ---- --·~ ·-... -~ ·---"'"""-"'""''-- ~ --- "-"-~ ~·-"'-"·• ~··'-"J -.,.. • ....,_...,~ 

.. : .......... -~.~ - .. -.. ·.~=.--:= r.~ -:"'·.-'"'-:. '::::.:..' ._ ...... ,.. ... -:,;-..,,~ ,;.,.'""""::_ ~ •. -,· •. ·.·_:o::.:: ::::·:::-.-:_: ... ~!:_:_: 
~"""'• •••Q 4J-- •'-''-..., .._, .. ;::,.,_._ .. ..,"-"~ \W IJ -..J-w ,;; V.,J.;,..'-t...... ..... ~;:, a- _ _, -·--- _ --
:::/ :;:.,..::,.:.:;:::.:; ,:::.::. .. :::z :: .. z ?:-~z~!::=.-~~:.o:~ c: ~ ~one c: o:1e of seve:~al -.... -........... - .. -. ') ~ ·- .. 

V\_;._.....,,...., ~ ... -...\,; -··'- - !!" ........ ···~- .. ~-v ..... ~.,j1"""-'•·...,~.::. 

"-""~-·--: ... ,:> '- ..... ~tt.J • ..; 

~~~~=-~t ~:.==-~ '!')}~, ~\,::..i~!Ji1y 3.r1d :-:8.;. ... :-~s 42 ~C~pt~C ;::-:: :v:ov;:. .. ;:.:-
=...:.:-.-:c~~\;;z_~)= 43 n :;:::.; .. ~-::2..~ ::;.::,:·:·· :~~:-.:-.:.~~ :.:..; :v ~.:.;s ~ 3.; :..~:=::.-~c:"'~' ::-.. : ... ~z-

,~ .. _ ..... 
-··"""' 

........ -.. --.. .. .. .';."'_- ·--• ~., ........... 0 ... w ... . 
,. -.. - ,. ......... _._.. 

. . 
~- .... _ ....... . 
_..__•J"'"'"""'-

...................... 

.......... j ..;\,., : ..:,:.· 
•.. 

..... -.• ........... ..... 
,;.. ..... - """.- ..... - , ... 1 ~ ,..._ -- •• :i" 
........ ._.j ... V .. I,...e:.J .;..;.. ... u fo:: c!cc:.sic~-::-.ak:::~ st~dies b)' s~:,stitctin_1 :.y-~o o:. .. 

:-._ ... .. ·~ :::·-···--.· .. 1·-=---.... ~- -:.--..... '.::::~' ,.. ...... • 
- -··"-" .., ........................ ~ ~· ~..::;.\W&•""""\.;; ,.., J ....... ~ 

"' .. .. . .. 
:-:.c:.~.3 c.~~:~:. .. a; .. : s~:..:--.. -..~.:.:. ::-. ":~ ... :.=~ 
·;: ... ~ .s~::-.:~:~,;,s -z.~s.::::co:; ;s~) p=.:.::- J. '! .... ""') ..... \,; 

S:::1:~rla::d {e. g., :Refs. 44 
c:"-ss cf gco:.r...et::-ic ::.J::.::-~s 

: a::d 45) trz..i.:ed octopi ~o a-:tack 0:1e 

{e.~-, 
,. .... .~ .... ~~-:- .... --c~,_ ....... _ c·--:~r""' '- c -·~""'·---~,":),-' 
w- .. t.c;...;..;"'-•"'"'0 ~ .... ~.,.. ..... ~.. ~~;.j.:Ji \C• c• • • '-"""~~··o•-..;;.:>/. E'e used foe~ :o 
:--~:.:-..:o: ... ~~ "correct" res~o:ls~s· ~::d,· in some staciic~ .. 
~·.·.-~~.·.:- -... ·~ .... ~''c..··-·-.. ·· .. ·c.-.· -.. ·o -o ~oc..: ··c- n: ... "'o--... :-:. ..... -•• r-s------- -- ·~ ... ~ .... J.. ..,.. • • •"•"- • • \:;\.,;.i- \;:' ;.Ju •• ~\;.::t. 

. '. . . t ' 
~o c.~sc:-~r:1~n~ e ce:'.'tcc~ 

~: .. O:J-:::=- :lppro::.ch r-espor:sc \VZ-3 :--ei.::o:. ... ced \Vi:h iood; ~n in~c:-r~c~.: 
choice received :::-.e :lO-food-wi;;~e-:o:-:::.-trcc:.tmcn~~ mer:.-::~o::eC. 

I. 
• 

r.ucnt. Brlch st:.cf:. response -~ttcnu=.tcs the s~gn::1.l by soilic l"nO\'/:-. 
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(i. c. ~ rcuc:-.cs :.. St!i)~c;..t11r·c.sl:old vz:.lt;c), tl-le z.ni~!~l ::.·c~u='r:S 
.. -.... ...; ...... 

• -· r.J"' 

r.J..~::.~ prvce~ur\~ :s 
~:·.;..:,;· .. :-.:-~ ·~:..;;. .. io~sl:l 

... ,. ..... - .. - .. • _""':. -.- -.: ... ,~ --- .. , ;a·.·.·-·-.:-.·.- -. '! .... , •\-:r_"" -~·,too ..... •~· ,.. .... ,.· 
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!o 

s~:-:!o:::=.ztz 40), tl:e 11
::: ;:;t:-:oc o: :::.:.:'1:.::1~1 c!;:-~::_:;~s. a~d !he 

I; . . • • • • . . II ,, .. , . • 46) - . . 
:-.~~::~:a~ oz s~r:~~ c:..:"::)~O:'z.:~~o:'l \ V\ oo='.v·o:.~t~ , l\: v1as e::l~.;.oycc. 

::.:,.· ::.:::-:.:z:r 47 -~o :-: • .:: :.:::.::.:-::; ::..::..::~-~:.:::-:r :::-.:~.::s:-.c:~s ·- l:::.:::::.::s. • 

-..... ~·--. -_ ... -
WI• ~-··-,;;;,,.,.,.;;)~ 

... _ .... ~ .. :-.... .:...\. ..... 0 ·-... -· -- ~.......... 

.-.....- .... - ~ ... , 
"""' .... _~ ...... .A. 

cc:.-
s~:-~1i::g a::d ?crl~2.ps b~yo::.~ t!-lc ca;Jacity of some species of 
..... ~:. ... .::,;.-,-_:, .. ..., ____ .;:, ....... - ....... 

• ..~- "'-".-v.:....:.._. 

. .. .. . ..... .:::.:-.· .. ::_::.:: .:...:.:-.. -.~~:.::.;:.:,::, -: .. r:..:"':.~~~ . ....... -_____ .;, 

r·-.r: .... ,. 52) 
\.:' .t..,; ... 't., 

. . . 
a.apcc:s c: c.car:~\:":5 l:l r~~e, 

r:""'---- .:--.,,.., ..... :· .... :·:- .... -~ 
- •• ~ •\,.;to....~ ... w.~ •• J .._,_ 

usir:g tl:is ~pp::::-oacr. s:-:.o~;lc be cxplo:::-ed whenever operz.~t p:-o-. 

\
,.,,, ....... C:i.scrirr. i::~.:.::.o~ 

C.et~rr:li!'l::tion of :::.bsolute a!1d differen-::.::..1 :b.re:.;ho:d.s . 

& • -; "' , • "'\""" ,..... 1 ~ • 4. .. ... 

r ... :l ex~~.::r1.:::er.~ 1.:.c ... ucec ;,n ...... c.....,leary s s~uay o: 1ntcrocu1::r t::::-;...r:s:cr 
?::-ov:.ces ~ recer.t e:-:z.rr:.plc of the usc of ::-csnonc!c:J.! tcc::r~ic~~cs fer 
-~:-~r.::s~:c:c: r:lcr.st:.r~;:r.-:e::.i:.s i:l fish. The :ypic~~ Pavlovian {P~vlov 36)_ 
--:--~~~.~ ... ~ .:--·· ,.;:,..""-~ ........ : .... ~.•-:o~ ~ ......... ;,.,;-,.,· 
_.,J..._._ .. -.. •• .. v. "-•..:>""- ............ -.- ..... ·• '-• -·•••••o fol~owir:,;; 

... 
• 

......... 
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"'-·'-~· - .... v ... 
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~ .... ~ -· . . . ~- ~ .. 
:~~ ::.~.:-- e~~c:.:::~ DJ' ~ -::..l.Jt.-S~OC~ :..s 

~ .. , __ :_: .......... -':.....- _, ... __ ""\ .. :-. ...... ___ ...., " 
...JJ ~.~ ........ .... J.~ ••• ~ ~--'-'- .. '· .... ~..,- v .. J ... r :\;:::;;,:,rz.~ ~~.~=:~:c::-

lu:-e (S:_.. ), a co::C:i.tio::ed r.:dlex .developed, 
. .. .. .-.. - ·,. .. ···'"-- .... ~ ........ '---
• • ·• ·~ .... :- -- ~ "7io .... - ~ • .._ ... _. ~ • • "'.~ ~ I - ... '·. ~ ' - .... . :l 
--- - \o...•" ... ~"'-·-- ... v ................ \,.. \_. 1 - ... v ....... . . .. " ~ . .. 
.::;::.3~ :.s c. c..e:c\: .. c::z:~:c:-. ~:l n~C;~ .. , ;.'a:e, 

. . . -. . ,.. - "'" .. '"':. "': - - . . . ···-· '""··-··ci w ·~· ··""'-- ... 
---~.:.:~ 

. . ::: ... c:-:. :.:~ -:-- ___ ,.. _____ 53) 
:.\...J •• -..;_ ................ . . . . 

~· .... - --~ 
,. -.. --- - ,... ·- - -...... - - ·- -
c.. •• --·· '--•., ......... '-' •• --·· ....... -.:. 

z2~o::d lt::-e (~2 )., as s:-:~".'1:'1 ··o:: -::-:e r:.~:-.:t siC: a of 'the di~6=-:::n. By 
:~: ... .::z~=--~:::-.g :..,:; :::o:-1~., :. c., ·vt:t::c~!.·s:~:,c:..:, i.:: c ~z.::Co::: .s~~:.:l:::c;:: 

with the reg~:lar cor.c!itioni:1g trials, the cor.aitioned respo:1se to L1 
i.:; Z~:'a::.g::.e::.e-:: \~,:~:.:~ :::z..~ to ~2 c:.:.::-.:.:.r .. i£::~s .. ~=-J.c! ~~e ~~s:. cc:-:.~s -:v 
: .... ~Z:?v:;.C: C:.!sc~i~i~a~ively -:o t!:e t\V'Q lures. 
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'c,."'!· ... , :o- --.,..-:.,.... .-: ~ , "''"'-• o.-..c .......... ~..:.:.:-'~· a~ .. o •• C:l.;.;.. •• ::;cs 
to st:ch st~:nuli <lS ?istol shots, 
z.nC: Earris 42 ~n.vestir•:.tc:d the 

=> pi:::.:. reflex to sour.d in tl1~ 
at leas~ :.s good rcpc:.::.bil~ty as ir. ;i.h~ r.or:m::l h.ur:1an 
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III. PROPOSED BEHAVIORAL STUDY OF ELECTRIC FISHES \VITH 
EMPHASIS ON OBJECT DETECTION, LOCATION, AND IDENTIFI
CATION (PHASE I) 

Three different kind of experiments are proposed with the aim 

to assess the ability of electric fishes to detect, locate and identify objects 

underwater. The first system is designed to use as a subject, a weak 

fresh-v:ater African electric fish Gymnarclms niloticus. A maze has been 

designed (Figure 1) to be built in a water tank of 12 feet in diameter and 

4 feet in height. The maze has two channels supported by bars on the tank. 

The fish located at C will be presented with a stimulus in the form of 

objects (metallic, nonmetallic, mngnetic and nonmagnetic) of different 

sizes either moved from D to E or from E to D. The reaction of the fish 

and its choice of the channel will indicate how well the subject would detect 

different objects of different textures and sizes. The fishes are freely 

swimming. The second system, (Figure 2) is designed to prove the ability 

of electric fishes to avoid obstacles like fine aluminum wire or nylon thread. 

The African electric fish Gymnarchus niloticus and the South-American 

electric fish Sternarchus albifrons would be used. Both fishes are blind and 

use their electric transmitting-receiving system for navigation. Gymn'!rchu~ 

has a very steady frequency (around 300 Hz) and Sternarchus has a steady 

frequency (around 750 Hz) provided the ·water temperature is held constant. 

The fishes would be presented with stimuli (attractants and repellents) and 

their behavior "\'till be monitored by filming it. The fishes are freely swim

ming. The third system is designed for variable rate of pulses electric 

fish species like the South American fish Gymnotus carapo or the African 

fish Gnathoncmus petersii. The subject will be confined to plexiglass tube 

with holes and two electrodes (at the head and at the tail). The impulses 

emitted by these fishes will be amplified and monitored witl1 an oscillo-.. 
scope and a frequency counter. Objects (mebllic and nonmetallic) of 
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different sizes would be presented from different distances and their effect 

on the fishes pulse rate will be recorded. Graphs will be plotted relati~g 

material, size, and distance to the pulse rate as compared with the steady

state pulse rate. These fishes increase U1e pulse rate when an object 

disturbs their electric field generated by the transmitting organ and re

ceived by the electroreceptors in the skin of the fish. 

It is hoped that these three sets of experiments will show the 

sensitivity and range of detection of different objects by electric fishes. 
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IV. AN EY~MPLE OF HARD\VARE ANALOGUE EXPERIMENT TO 
SI11ULATE OBJECT DETECTION BY ELECTRIC FISH (PHASE lli) 

It is possible to simulate an equivalent sensory system of electric 

fishes responding to different stimuli underwater. A system with a double 

feect':Jack ·mechanism can be envisaged: (1) one represented by a. constant 

frequency electric field transmitting system operating on the phase-syn

chronous electroreceptors responding to discontinuities in the electric 

field or to changes in the phase relationship transmitter-receptor; and 

(2) another one represented by a variable frequency transmitting system 

responding to disturbances in the field between transmitter and receptor 

with a change of the frequency· of the transmitting electric organ. To this 

we could add an independent dual autorhythmic receptor system: (a) re

sponding with the increase or decrease of the authorhythmic frequency 

depending on movement direction of the disturbance in the electric field; 

and (b) responding with a change in the latency depending on the magnitude 

of the disturbance, and also distinguishing between conductive and non

conductive objects. 

A simulation of the electric fish object detection system would 
... 

make it possible to find out how models of the physical analogs of the 

sensors could be integrated in object or organism location, detection 

and identification. The range and sensitivity of the system could be assess

ed and improvements could be made. As a first step toward this simulation 

we present a measurement plan for an experiment in Phase III of our 

investigation, to build and check the first of the above mentioned mech

anisms for detecting, locating, and identifying objects underwater by 

means of a phase detector system se~1sitive to changes produced by dis

continuities in the electromagnetic field. 
" Systems and equipment for detection and location of objects in a sea-

water or freshwater medium have to be designed from the standpoint that the 
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.. 
-medium is lossy and has a high dielectric constant. Consequently, the 

wavelength of a signal transmitt€d through the water medium is different 

that that of a signal of. the same frequency transmitted through free space. 

Attenuation and scattering are also different from the values for free space. 

The advantage of using a phase comparison, position determin

ing system is evident because the precision of our measurements depend 

on the phase measurement precision capabilities independently of the 

frequency used. This gives us the possibility of using low frequency com

bined with a highly accurate phase measurement. 

In free space we have the well-known relation between the speed 

of light c, the frequency of an electromagnetic wave being propagated f, 

and its v.ravelength 

c = f · >. (for all >e. in free space) 

In sea,vater, this formula cannot be used because the propagation 

velocity of an electromagnetic wave is different than the value of c in free 

space. Moreover, the propagation velocity in water changes with frequency 

and is not a constant. It is represented by the relation 

- 2 
s = F '.,\' where S = Function (.,\ ) 

** s = speed of propagation in water dependent on t~e electrolyte medium. 

f = frequency (Hz) 

.,\' = wavelength in water (meters) 

The signal travels a distance D in the time T where: 

D T=s 
~ 

• * Taken from D. L. Nichols reports from the U.S. Navy Underwater 
Sound Laboratory, New London, Connecticut. 
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s. ;s dependent of i ~nd 'A'. With respect to time zero the phase of the 

~rated signal advances through the angle 2'iT fT. The received signal th"e'l·e{ore 

; behand the signal at the signal gcne'rator by 217" fT. If this phase lag could 

:neasured, the range could .be calculated. The basic equation for phase-

nparison distance n1easurement is 

p =21T!T = 2 ;rf 
D 

--s-
.ere P is the measured phase diffe1·ence between the reference signal and the 

gnal which has traversed the distance to be measured. In terms of the 

.stance traveled, sP p >..' 
D= --

21Tf 217' 

>base measurement can be based on: (1} the multiplication of two cosines 

or sines) and integration over one period of the function; or, {2) by deterrnining 

:he instants at which the reference and_text signal cross zero in the same direction 

~'"ld measuring the time be tween the zero crossings. The phase angle is then 

217"£ T, where Tis the tim.e between zero crossings. 

We have chosen some hypothetical parameters for a phase disturbance 

detection and location system. The values chosen may have to be modified 

according to our findings during checking, experimenting, and making measure-

ments in a scaled model in fresh water, sea water, and mixed fresh and sea'\vater .• 

The parameters for our system that have to be scaled down are: 

Transmitter: f = frequency = chosen between 5000 Hz and 1000 Hz 

..(. = length of the antenna made of a water colun'ln in sea water = 
bet\veen 22 m and 50 m 

p = enclplates for the antenna feeding between 25 and 50 em diam. , 

silver silver chloride plates on Monel-n1ctal 1/S in. thickness; 

plates \Vill be fed by coa~dal cable in a coppertubc 112 in. diam., 

I I 
lo . 

1 16 in. wall thickness sprayed with a teflon co~ling of minimum 1 32 in. thickness. 

Transmitter power '~ffective deli vcrcd at the endplates = 1 kW. Transn1ittcr 
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>be in a scr(~cncd ro01n, double copper mesh, with a good ground to an 

cndcnt ground. Transmitter has lo be crystal controlled . 

. ntenna depth = 3 to 5 m under the s~trfac.:e of sea level. 

teceivers: Instead of dipole antennas, low-loss loroids will be used, tuned 

to between 5000 Hz and 1000 Hz frequency fed into matched lines 

and to low-noise linear amplifiers. The a1nplifiers have to be non-

phase distort type. Phase active networks connected to the ampli-

!ier v.d.ll correct.for exact 180° phase opposition of the toroids 1 

output. The output from the phase-corrective networks will be 

fed into a variable high-gain (decade amplifier} differential 

amplifier where the output will be monitored by a scope and a 

' null detector. Differences of 0. OOlo/o may be possible to be 

detected at the highest gain.· 

Scaled Model: George Swain::: tried·an experimental toroidal antenna 

scaled to small diameters for frequencies of 1. 5, 

Z. 0, 3. 0, 4. 0 and 7. 0 1v1Fiz in a solution of NaCl 

. of 0. 285 moles per liter and a conductivity of 

Z. 8 mhos per meter at zso C in a tank 3. 5 min 

diameter and . 55 em deep. 

George R. Swain: Antennas in or at the Surface of a Conducting Mediun1 at 

"LF, Report EE-116 of the E. E. S. Univ. of New Mexico, Albaqucrque, 

·• M. (1964). 
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.. 
t is proposed to use a plastic tank 12 ft. in diameter and 4 ft. deep fo; 

ed down experiment with fresh and seawater. 

We will increase the frequency to ~100 kHz corresponding to a wavelength 

<,rater of 2. 25 m; also ten times smaller than one of the hypothetical values. 

~ endplates of the antenna will be 8 em in diam.eter {about 1/10 of the surface 

the hypothetical plates}. The power of the transmitter will be decreased 

100 W at the end plates. Antenna should b~ submerged to a depth of from 

'to 50 em. 

Receiver antenna will be made of corresponding toroids for the frequency 

£ 400 kHz. The ratio of the attenuation between a signal of 5000 Hz at 22 m 

nd 400 KHz at 2. 2 m distance will be calculated and the factor applied to the 

·esults of the measure1nent. 

A piece of cotton filled, cotton covered, and partly isolated cotton body 

with a volume of one- tenth that of a human body and with similar conductance 

will be used to find out "th~ phase deviation produced in the field in different 

positions between the transmitter and the receiver antennas at different depths. 

A device for making artificial measurable waves on the water surface 

will be used to produce scaled down waves. 

A random-noise generator will be usedJo simulate natural noise which 

will be added to the signal for different S/N ratios. Polarization and position 

change of the toroids will be checked to find out if it is possible to reduce 

the unwanted effects of water movement and noise. 

The te1nperature and the salinity with respect to the conductivity of the 

water will be continuously monitored and recorded during experiments. 

Receiver and tran!:ilnitter antenna will be checked under steady positions 

and sn"lall movements to determine the effect of moving the antennas on the 
I. 
• 
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.. 
)nse of th~ system. Q-factor of the toroicls in air, fresh water, and -
·ater ·will be measured. The ratio b_ehvecn deviation produced by waves 

'or noise and the one produced by the object \vill be determined in order 

ecide if a full- scale experiment is warranted. 

'.:~ .. ~~ ~ 
(~{;;_{!:>:. 

§ 1--------------. 

PU,rf A I t.-: 
•• f1;1 '~ a c·" 

... _ .. ____ ,._ ........ --··--- -- . -- . --- ... t-------' 

rl-'~::: 
D;:t:c· 

- ~---~-~-;~_-!_~,_~~-· _;-------1.. 

Simplified Block-Diagram of an Underwater Phase-Detector 
System Used to Detect and Locate Objects 
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Proposed experimental set-up for demonstration of the "System for Detection 
and Location of Objects in a Seawater or Freshwater Medium." 
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