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J General Preface to the Series

•+ l]c_;juscit i_ Ji- I¢,=_¢ri)t_s_iblefor one ICXlbOOkIcl¢nvcr tltc _11(_l¢I_clcli)f
biology while rem_dnlzlg_ufffcicmly up Io dzlte, die Inslltute of Ilit_logy
proposed thi__¢ri_sso th=LII¢_lCh=Jr__llldt_llld¢llt_*c;inI¢;ifn _l_)_ltJl_¢i_nil_c;llll

" d_vclopnlenls.'rite cnlhu._i;tsticaccc:ptanc_¢ff'_tLtdJcshi _|iol_y' sllolvsth;tt
Ih_books arcprllvidin_ lltllh¢_rJl_Lt[w:viewsof bitflnJ_iczllI¢lpic_,

The J_LTLLT_.'_L)f I]1_ _,c='ic_ JrzchldC IJl_ _lll_Zlll_()rl _ivcrl I¢) rtlctlt(l(l% II1_! _lectcd

.1 listof books forJ'L_rlilcrre_tdin__nd. v.llereverpo:_sibJe,su_gestlonsfbr p_'z_cfic,I
work.

[{c_td_rs'cnnlnlcrlls _ill lie wclc(_nl_dby the I:'dla¢_tionOJ'fi¢cr¢ff the
hlslJlu£c.

IOn2 Inslit_tle oJ"I][olo_!)'
4[ OLIcL'n'sG=tle
Lond()rl S;V? 511U

Preface

_ciCntil_cencluiryinto Ihcs_n_;eofhc;Irin_ is ;tsdeeply rlmteclincll_irlc_rirl_;Irld
pllysics=z_inanztton_),,plly,_i_d_yzzndpsycll_)logy.I:*;t¢h;tpprn;_¢hIi;_sbrouLdll
its own lern]jnort),_y_lndc_)rlCepl_;ltnd ]1j_ ,',(mlc_lil]t,:sdfi'liCtlll Ihr t]l_ 131)rl-
specJzdJsllo o[ll;lin Itcl=:arpiclurcc_l"Ih¢_¢Lhjecl.This ht_nki_a_tlrve)'ld'scver_d
of Ih__VCllLIC_ol'[lllercsl cnJIcCrllcd"_JlllIh_ _¢11s_o_'h¢_lrhlg_lndi_inlclld_d _¢_
¢lrrify s_lneof Ihccsl;Lhlishcdprinciples,The,b(_ok is direclcd I*_sllldcnt_;iff
medicineandbi0l_y, bill 1Ihink il wilJbeol'JnlcrcstI¢_ent_irlccrs;rodpossibly
tllos¢ill Volv¢_(Iill Ihc cr_zll]v__lpPI]c_lljc)rl_¢)f:_(_tlnd,

I,¢)ndorl.19_2 M.E.I¢.
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1 Sound and Sound Waves

I*V_ L iC 111(_word *5ouRd + to ma+ln mid[tory _;ansaticm mid il_i physicaE C+ILI+I_. II i_;

dl_ thillg Ihal ix h¢_lrd_ oCCtlrrill_] tilt irc]y in the ]1lind of t]t¢_ li_il¢llCr I_nd. at the

_i;ima lime. il i_; [I distllrl_;mca ill the _ir th;ll exists ill il..i o_n ri_ilt, SouNd

!_ possessessuhjactrvcqualities:¢on=dity,loudness,discord,ate,wltilasilllUllmlcously
having dal_nitaI'req,e_cics.intcn_hynnd velocily. It ispropr.st:dIhereforc.hl

,_ order Io zlvoid umhig.ily, to speak ol'sOtllt d lvcl t,(*._when di_cu_si]]g lhe physic;d
phcRofflan;t =Hid I(1 rcsaz'v_ 'SOlllld* I_r Ihe SellS(l_ p]lCIlOlllCll=li _(itlnd W=I'*'es

lhan, =LYe lhe ob:icrw=blc Ch[ll1_Cs in life ;lit Ilrld Olllar nicdi;l, which prnducc
sound in Ilia JisIUll_t,

Coll_.[dcr Ihe ;l{li(lll ¢)1_ ;I Ioud_illc;lkcr u_ ;i slltlrc¢ ()r soilrld w;lv¢_; whJcll

prop;lg;lle lh tOllg]1 ;1_I_COIIS medium sucJl ;is ;lit, A_; Ilia coflc Of lhc _pc_Ika_ is

driw'l forwz_rdlhe=firinfrmll ixdisp}acadforwnrd;ind ;i_it isdrivenbacktile ;air

returns. Air l110]ectlle_ poSSess ]11a_*_and _o reqllira time to accdcrilta u.dcr =in
;ippllcd force. 011 tile f=_rw=lrd stroke air in cont_lal Ivilh lhe c()n¢ dlercl'orc

111oves lOw;ird_ llte fir in llle next Izl)'cr C;ll]_iill_ cmnprc_si¢)n.On lhc relllrll

. stroke I]IC layel_ move Zlp_trl prodllciltg r;ircl_lclJllfl "]'ii¢ b_lllds ofcmnllrcssion

ling rz]ref_ictiOll InLns/_:_ J'r_m l;=ycrto layer (lutw;ird_, f_-_111 dle Sollrce ;llld

conSlllllt¢ Ii sollrld wave ('Fig I-l),

IiI '| |,:_/_.:'?':::': " I....

Direction ol travel

..........i!|.....| 1
I I

Wovelem3ft_

Fig. l-I Sound w;:v¢_,

TII_ first ass_nlial for tlt_ cxlstanca Of';I _o1411dWIIVe is ;l Ittcdillln to _llppclr I it;

lJlCrC c;]n hc 11o sound ivi_vas in _ v_IClltll]], _'Jl¢ ¢_*_SCllli_llrcqtllra111¢lll o_" lll_



2 SOUNDWAVESIN M]!Db_, § 1.2

ineditlm ls i.Idslit'_l, - the illl)leCllles must rcbOtlJId ;ll]er di_pl_l_elllCllt. /I//

Stlb_t;ineml pos_e_isenough ekl_tleity It_ stlpparl :_olll}d w_l',,es.

L_, I I_laslit'ill'

]lll_l;lllCe_ SlI¢II ;1_steL'l, _lir _lnd rllid_ef ;ire i_bvit)u_ly eillslJe Ill/C_lll_;ttll]ey
bclnIv¢ '_l_l_tiC_llly+Willl _l xvidei'_1ii_e ol'del_lrnling I'0ret_. _A_IIeri_llS_ll_ll _ltl IL.;id

ill_ IVllX _ll'Cnoted more I_lr titbit pl;isti_ity. Pl;isl_e IIl_lleri_lls yidd p_rNl[llll_nd_

demonstrable ehlsl[cJly [[ Ihe dcft_rnlin_ lbree is snl_dl _nough. The Ir_lrlsJliall
betweel_ eklSlleJty and pklsticity occur_ ;tt lllt_ i,lusli_ IJtnil for tile Ill,lie ri_li. The

l'orc¢_ _lssoehlPrd_Villl :iollnll wn'ecs _lre/_ener_llly wdl belaw the el;l_liC llnlil or

Mea_urelln,lll of l'lasticily EI;,_tieJly is llle;isured directly by recordh_g Ihe

I't-_lClJoi1_11dt_lbrlllalion _;lll_ed Ily _1knowii tilrce. 11is expressed ;is Ih_ nlfld Ii [11_
of ellis II_il _*'.]'lie qullrllily tJ_pellds on tile lll_l_ll_r o[dcroFnlilliOll, Wllt_lJl_F_Ior

eX_llllplC* the Illllteri_l] is I)¢111i)1' sqllt_e_'ed. Slnee _Ollnd w;ive_; in'corve
conlpre_SlOll _llld _lf_l_l¢liOll llle rc_leV_lnl_l;t_tie _[)lllt_llll i:i tile _llllk_llfl(_ll/llA'Of

ohl_lieity where:

Th_bulkmodulus(K) = Pressl_re dlfl_:rene¢ (N In':)

17r_lctional ¢Jl_llL/Ieill vOlllnle [dlnlensiollless)

Tile illlltS or" K ilre diLlS _ I11"!__1 large v_lru¢ indicates Ill_ll tht: nllllerJ;d is

reklt[Wly ineampresslble. Tile _ttlos of tile btdk modtlli for ;tir: wz_ter: steel arc
roughly l:i0 _ : l0 H,

I.Z2 The._l_l'edafsomMwtlv_'s

A SOlllld wave travels steadily tlWtly from ils source, l'h¢ speed depellds bodl
on tile elIlsti¢ity _llld tile density o£ tile mediunl.

Vclocily= (Btdkn'odulus)'inm_-'

This rdationship holds lbr gllses, litltdd_ II0d solkls, Velocities afsamld w+_+,esill
V_lriOIISSll_Stilnce_ ;1l'¢ _]iven ill I:ig. J-_. Tile import_l_t v_llut_st i/I collnect ion

with Ilearin_, are tho_¢ fat _l[r(around 340 m s-') and sea W_lI_/l"(_lbnUl 1500 m
s-I). _'111_gXIlCtVgJoCit) _dt_pl/Ads or] t _111_Cr_ltill_ _llld oth¢l" filet o i's. i'_s 11_eller_d

rule sound waves travel more slmdy in g_.ses IIitln in IklUids , and more slowly in

li<luld_ tlnm _olid_ hut there nre eXCClltialls. Hydrogen and heli,m supporl
velocities grc_ter tlmn in same Iiqtzids_ tills is partly attributable to their
extremely low densities;.

I_]_'t'l,rt_ftl'tllperulure _otllld W_lVeveloCily increases widl tenlpet;tltll'e, lTar
ex_lnlple, air al 21FC conducts SOtllld waves 4% f_lSler Ih;m ut 0°C. This has a

CeltiC(ILl.lICe ill eeftldll _/ItJSiC_llinstrtllllents_ p;irtieukldy tile lltlte Illld edicts

th;ll work on IJles_tme principle, q'l_e note, in sttch il_st _tllllt/n is, derives I'rOlll ;I
vibntdnl] COlllmn a fair, Tile pileh of the hale depends both Oll tile length of tile

coltlmtl ;llld on tile velocil z o[ _otlnd waves in it. if tile lenlpc_atul'e rises tile
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I:Jl_, 1-2 VeJ(ICil_ nf _l}urld I_1_'* irl vn_Jll[l_ inudJ;i. CJ;_¢_. IJqllJd_ _NIH tmlld_ ;ire

;¢prc_¢nlcd, ru_p¢_lJvul)'_ hy i_pCll, h_Jlchol ;inll lill_d h;i r_.

in_lrllrllUtll will prn_.[llc_ n hi,her I'req Llcnuy I_lr _1_JVUII W_w¢lungt h (_uu § J.4, J.).

J:Jtll_ ;Ire rlOwIldlly_; COIl_[rllcJed Io DtOdtlCe I[1_ cot[eel _iIcJl _ll "_O°C*

I_J_'C! ¢_lmlll]ill.ll' Th_ WHvu _ruhlcilJu_ tiler ;Ire _z_n;llJy qu()lcl[ HIipty tu

_,01LIId W_lVU_;oJ I 'nl)tJll;i [' Hnl_][Itlt_, _V;I _-'l:_ ()l' _/¢ry Ili_haniplit udu,s_ly ill tilt:

VJC_JliW ol'_ln uxpIosilln, Ira'vu[ I_l_ler: nloru I]l;_n three linl¢_ Ihu Hsu_lt r_ll_ Jl[l_

]}cull rcco(ded ill Ihc_¢ circunl_l;irlCU_,

E[[e¢! r_flhl' ,_/ll?l_' q[l/ll' I?l('dilllll Ill IllO_[ C_tt,c_, IVC _tru Ci)Nc_rticd w[[h _1il

ho'wcver the mcdJunl J_ COll J]n_d [(i _1IuI)¢ lJic 'vcJllcJ[y i_ I_ltHId (o I_e _()[llewhH[

JewelIIIH I1 I]1¢ II_.LKIHy (Jtloh'd V_LJtll:. "l'h i:+ is dll<_ Jr1_1[I Ill _'i_CIItl_ ['(I rc_ (}cctlr£ing

_itr Ihu WHII_ (_1' the Itlbe.

indcpendenlol'_lmospllcrlcpressure.An incr_;_s_,si_)',inpressure,producesa
ri_c boll1 in IIlu ¢l_,sJly hi' Ih¢ ++;_ _md in il_ bulk nlndU[l_ (ll _J_l_.l[¢Jly Hlld Ihc

cll;HIg¢_ rotlghly c_lncul,

*_t)lllld W;IVU_;+* hy CI)IIVCnI_(IJ1, H[LP rll_CJl_ll_JC;ll WHI'_'I Wilh _Teqtlctl¢lu_

narmallynudiblcto mnn,The':_t_Ind_rd'r_u_geis20- 200(}0ll_:allllo._hthereis
individuulvnrintian(seeChapter2), I li_hcrffcqucncics_rec_dled'uhr;tsonic'
(_,'C11 (holl_h lhl:y IIIH_ hc ;Itldihhc In i)l]icr :_pucius)alld Iowl:r t'rU(ltlenc[c:i _rc



4 I:Nt;RGY,pOWt_RANI.I tNTI!NSIIY § ],_

*lnfr_lsONicB, Extrelll¢ ilI(_tNOlliC I_'cqtlcncies, _ls high _ts 6x J(}= i{z, can be
/J'2ncR]l*:d hy IJle Vlhl'_ltion_iof;i (]tl=ll'(zcrysti_l, _iXlrenle iit f'r_tsoni¢rreq U¢]lCie_

_li_eproduced ll;llU rldly in ccitth-qlhlkes from WI1[¢]1IJ1¢WZlVCSI r_lv¢lIhrotlgh the

tr;Irt h'_ crt]sl. I_lrtll-qU¢l_;Cw;ivcs h_lv¢freqttel)cjc!i fronl ().it7 II1 down to 0.0003

IIz (one cycle per Jlour[), _=ll MIC]I w;ives Yronl the cXlyef0e tlJlr_lSOIl_t2tt_ tile
extreme ill_'_lSONiczlrecolt_;idered Io h[Ivc tile s;]nle phy_;i¢;iJn;l[llr¢ t_'ithill IJle
nlcdiuIn I]1111!itlppo_ls IJle/11*

1,4 Wa_'elenglh

The [l_11_thoJ' tl SOtlIld WIIVe is the disl_Incc bell_¢ell _;llCCessiv¢b_mds of
compression (or _trefilction), Fig. I-I. Tile Iblll)win_ relationship applies:

, - Vcloci y 111s -I
W; ',ele g I (n) - Frequency ( z)

Tile higher tile velncity then, the longer is the wavelength al :t given frcqne=;cy.
Consider a W;iVt_;it IIX)(II Iz. The wavelengths ill =dr, w;lter IHld Sluel ;ire 0.34, 1,5

and _im respectively,

1,4,1 If_t/vl'll'n,_/h mld re,l'o/lalte_ '

A eIIVity dete rlnilleS tilt= wtlvelengt h ill reson/lllCC, Ihcrctbre I]le frequency at
which _l ctlvJly feS0tlatc_ is delcrlnined by till: velocity OI N(lund ;lnd Ihe
dinlenNions of thtr c;lt,ily. We ]1live considered tile el'l_cl I)Y1¢111p¢ra lllre on the

pitch of _1 I]tlte. "Pile s=lme sort or fez=soiling ;Ipplies to Ihc pitch tiP the voice
in_lsnltlch (1_ it depends till festlllilllCeS widdn life I]lfl)llt, nllllllh lind n_lSill

cavities. All impressive dettlOnSl pillion of I]le cnnseql=cnce of a change ill _*Otl0d
wave velocity and hence Frequency is obtt_ined when a subjecl speaks after

inh;lling IicJiu nl If;Is,The cavities now respond ;it fr¢(pletlcies ;lllnlls t three Iinll:S

hi_qher Ih_ln nornlal _lllt[ the voice Ih;ll enlefges ]Ills ;In tlnnzllllr_ll sqtleaky
qttality,

1.4.2 D_[fraetion atld wal'ck,lt._,th

Dil'l*FZlCl[Ollis the plleflOlllenon ill which sound Iv_lyes lend IOherld rotlnd iin

obst_tcle in their ptlt h, Tile '_lCllUSti¢Slliidt)w _ctlst by ;In tlhNtyuctiofl depends on
w_lvelengl h, W[Ih I(Ing w_tvelengdls diffr;lcdorl [._illoreeffectiVe;lltd thesh_tdll_v

is ill defined. With _lmrter wavelengths there is les_ dil'l?aeti_;n =endthe shadow is
sh;lrper, This lilCll)r is illlporlilnl ll) direclion sense (ClNtpler 2),

1.5 E,¢rgy, Ixmer anti Inten_,lty

]]le ellcrgyofll solntd W_lVeis ctlr rictl I)y tile nl;l_S oflhcdispl;iced nlL=dillnl, A
S[ll_le wilte carries f(irwtlrd it ptlrliclll;if tltl;lrllity (if energy. A StlCCCssion ill'

w_lYes prllducex ;I f/oil' ¢_f _'llt'_l *, I]le Illllgldtttde olI which dt!pends on tJll_
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§ _,5 ENERGY. POWER AND INTENSI'rY 5

amplitu(l_;ind frequencyol'lh_vibr;llionsIIndalsoon Ihedensilyol_lhcmedium
and lhc velocityof _oundw;lws inil (Fig, I-3).

2 Encrgy11o'_'(W=2 _"}_.p c l 1I'L
dcnsilv ,"_"_ fr¢cllcncv

s I ;llll pl toU_ i J

Oi nl_{ lira I%
I

%% _ W{IVIJ
/ f _ _ "_. \ VClOcily

Flow ot anergy 1

! J i]

Power (W) I_tensit (W m';)

I;J_, I-3 SIlUZld W_I_'C_ilrld ener_;y.

?: T_e str_t_g_I _[_ s_r_ _f s_ur_d _v_%_'_s_ des_rihe_ _s its#_wi_I_(i_ _I_t_s); [_ is

111¢ magnitude tlf [he f]ov,, of Cllergy IJllLI [lie source c;tn Jlllp_lrl to Ihe

r_ SllrroLinding nled[um. Some eXllmple_i o1' powers of orcheslr;ll [Ttstrumenls urc

_i glvcn in Tllble 1, Considcrations of power llr¢ilnporliln[wllcn asse_;singlhe

likely elTeci or zz soL, roe oF sound al a givcll di_lllnce z_nd g hen CILIcu[;lling the

_i _1111011111Of energy 111111mll_il be ['cd inlo Ihe sotlrc¢:.

'J'_Jhl¢I P_l_'er rilcJi;llcd by Ill[_sJe;l[ inhlrtlNI¢lll_

;lt [licit $]llIxilIIIl]_ ]oullrlct_s ([_lm Wo{u.I re_i_¢d by
_' J, M. bowsller, 1975),

Triiingle 0.05
French horn 0,[15

Clarille[ O.D_

l:llllC 44.116

Piccolo If.fiB

Double ha_s 0.16

liars lul_ii 0,2

llass SilXOpholle 0,3
lli;inll 0,4

Troltlhl) n_ fl

Cyml_llls I0

Pipe (I rgzirl 13

]la_s Drum 2_

OrCllC_IraIll 75 pcrfilrlller:_ 70
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TII_efl_:clofsoun_lw_w_ _IIth_r_c_:ivi11__nd isd_cribcd by_h_hIl_.viO.(W

m'")(FJ_.I-3}ar illtL'rn_kfiwlyby lhcp_ure (N m_). The formerJslh_ IrLlc

In_;Isur_t)flh_ crl_r_yllnw hul fh_ h_ll_rispr_iclJciLllyinar_ru_lJ_Iblc.A

microphor1_willgiw a dir_clrc_l_lin_ofprcs_LJr_.Th_ inI_nsilyispraporlian;tl

Io111¢_Iltl_ircofth_ prcS_llr¢.Incr_;l_[ll_tll¢powerOf_l_(_tlr(;uby_i_icl_rof[_I,"

willlh_l_l't_¢_ILI_(h_prcsSllr_Iobe _l_Llbll:d_iIllnypl_icuJnIIi¢p_ll]1oft]Ic

]/il,i,_i.._(/ii_r_._ ii, A s_Llndw;iv_tr_Lv_[lill_;lW_lyI]'(imJt__oli_i__III;I_JlI_LI

li_._n_xp_md[n_._p)1_ric_iIstlr_i¢c(P'i_.I-3}.The l_l:il_ncr_yaf lh_ w_l_

[111¢llsjtyducru_l_;_IvJth_li_l_Incu[i¢¢_iLi_ct]i¢un_r_yb_;con1_:slltor_;thinly

sprc_iI.InI11_'Jdczll'_JlLl_It_r_al';_paintsotJrcur;idJatJn__qu_Lllyirlall_lir_cI_on_

I11_intcn_i(yi_p_aporlion_llla(disl;ince}-_.Thiswillhal ha)d _L_llyinm_my

_tlr¢l;ofsound, but itpr_'Ji[__ut;L[)pr_xJlllal¢l]LlJ_[c.

I]I¢mud[llnlJ_colll]n_lso lh_llIII__nt:rJ]yj_inot_III_cdIo_pTc;id.I:orux_inlpl_

[11i_spc_Ikil1_ILlh¢.(:Inu_ir]ylll¢lh_idol'lon_,dJ_;i_i11¢¢¢oniniUlliC_ilJi111ul_lploycd

in._hips_nd l:_rgcbl_ildJn_)lh_ voic_i_c_irri_dover hl_c di_t_ncc_wilh

r_:l_il[v¢lylitllu_ittUliLt:llion.

. • 1.6"l'h_d_cIl_l_c;_le

"['h_T;III_uoi"_Itldib[_JnlcrlsJt[r;_j_¢_Ir_;n)clyivJdct_._IcndJl1_from _irollnll

I0-l_W hi':_Ii_to I0W in"_(tl1_]_lllcrI_¢[11,_lh_il11_n_[ly,l_r_x_implu.he;itth_

lhr_iu_It_llllh_ r_11,_;orl¢wcltlrdu;_purJ¢11¢e[ncr¢_l_in_4l¢_UdllU_i[)llll_)_'tun;ll¢ly

nat in directpr_iparlJo_lIo tl1_int_n_ily.Thur_ _ould h_ cv_rdilltJllJSllin_

cJ1_in_:_i)flolldn_ _)r(hu _lllt_[ncrcnlunl_i_r_111¢llsily.In _Ill_'r_ii_l_111¢

_h_in_c_ill_url_lli_n;ippu_irIf)[i¢prop_rlion_llIo thu ;_./lllJlt*_:hilll_¢;_oJ'

Jnl_n_Jl_'(§ 2.3}.S_m_ ki,d oi*l(_4_irlthmi¢_;il_af'intcn_ilyi_ll1_clbrc

;ippropri;lluIO rcr_ll_il3[un_JlyI_ Iillv-h1_;_;.A¢(iii_1i¢¢_ll¢lll_lliallsjl1_'(l[vJl1_

'I_II)I¢2 D¢cJ_¢ln(_t_lli_IIl_A i11lurnl_LI[ullc_yrillJo;IIjrll¢_in_(11'

/inI¢_l_i()'l]_.I(%V nl_)

I.
inl_rl_ity :to.. I'9, m ")

/llr¢_'_lff¢IIo. I (P;L)

¢¢ c ( )
I' I,c,_,,i,_ i,11en_i,_.'=3,, 1_,14,.[ I:,t

pf_,!,hllr_ill), _ (_ ;i)
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censMcradon of amplification _lnd Lttlellualion aru coffcerncd toe wilb relaliv¢
rather than nbsolulc values. The calclllzllioos arc sJnlpli[_ed by the IlSC o['ii
ogaHlhmic scale: lira decibel scale (Table 3).

A quandty expressed h_ decibels rcpresenls an energy ratio. M_asliTemgrlls ol"

sound levels are IISIl_llly IffIId_ II1 tiff[Is o["pressure, nevertheless the IcvcJ (in
decibels) f¢llt_lJff_; lhc cmrgy ratio. For cxa01p]c doub]Jng of pressttrc is

equlwdcm lo qtmdrupling of inlensity, hence the filctor 20 (insl¢lld o1"10). h is
uscfid IO memorise a few commoJtly ti_ed dccibe] qtlantltics (see "]'able 3).

_[_lbJe3 Decibel lluandti¢_ to rcnlembcr. (Nnlc
Ih, t ratio_ for 3 d B ;ind 6 dB h+lvebeen rounded tLb

whole _llJnlherfi.iiccordeglg to ¢onlnlon practice.)

Decihd r I, len,dO' retie I%+ssurerolie
(IJll) (PI/PI)

0 l [
I 1.26 1.26_ p=l.12)
3 2 2 t (=1.41)
6 4 2

_ IO II) I0 t {_3,16)

_: 20 HJO IO

I._+1 Ahsolute levels in deeibeL¢

A]lhougll the decibel sciil_ expresses relMiw energy il is used to describu
nDSOILIlC'*';du_s h_ I_illg lffl agl',J_d r_reflc_ sKind;ird. The T,z_crc[1c¢_for

TaMe 4 Ab_o]Lil¢ inl_ll_gl_ I_Y_[_,bl dcci[_l$+ or v;id{)ll_ MIIllld_,
('Jbe Vldlles;ItC 'A _eiglltcd I . sec Ch_lp[er_),

_|eastlredpIes_ureill Pa

Sound Level = 20 IOgl. _ P | rill (SPI.)

L
2 XiO"

J
"[l_r©_hordof

h_arlag (P_)

d¢l takeoff (fmnl 60 IIII I,ID dB
Shol gtJItb];l_[ I1}0dll
Car hOrlt Ill (+m gOdB

Inside sp(irls cnr ill 50 IIIph gO dll
Loud dlUllder 711dl_
Nnrnlld ¢onwr!,aticm (_0dfl

Typical re(m1 411d[l
Sofl whi_pef at 1.5 Ill 3(1dll
Open cotmtry I0 dB



1"111!I]I:CIIJI_LS['AI.I! § [,_

illl_nsily is l {) i_ "W in : _md Ill_ll tbr p f_'ssllrci:_2× 10_" P_I{2{) ii I'_1).Tltusc _lre

rUhll_d _llld rL'prc_l]l lllC lypJcal h_ilrlll_ tllr¢sh(iJd in I)1_111_11Ih_ I'ruclllcnf_y
where h_Itrin,_ is 111_1_1_ClISilive {se_ Ch_ll)lcr 2), Wll_n pressure r_ildin_ ilr_
os_d,as J_rlorlllitrly the ¢_lSe,We spc;Ik o1"lllc l_'mlllllprl'l_lSltr__Ii,l,l,I (SPL) ill dl],

'rile dlreSllold q_l'h_,_lrin_ is Ihus {)dl] (SPI.) _lnd _liel I_1keolTis [._lldH {,_PI ) _'c
"['_d_lu4 for _llh_r UX_HnpIcs.
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_' 2 Some Properties of Hearing

"fire CSSCIICC(if [icar[n_ i_;Ih¢ cxpcrJelICCorroltllhl,l', '_Vbell We h¢_lr_,ollnd w;[_cs
we do 1_oIperceive Ibc _lClll_l[_,ihr;itiol_s of the w;ives bul Ibere is iil_le_ld _lt iiJl_ll

qll;dit y. The rchitinnsbip between tonal quality and I_-¢qt_eneyiscalled lllCSetn_,
.fpilch, Vo¢_ll coml_lttlliC_ttion tlepcJid_ t)ll the s_n!;eof pilcb In tl[_¢rilllin_ll¢

gr;idaliOlls of frequency; we begin by diseusslng rids abilby,

2,t Pilcb

h ln_ly bc _;aidof_lll individu;ll, u_11:lll),it 111u_J¢[_i11,Ibal bc h;tspl,rfi,e/pilch, It
i11e_instbzil be can identify zmd/or reproduce l]le ['rCqllengic!, or lORes, Wil]I

I¢lll;IFk_J_l¢'pr¢cJslon,SllC]I;il_I[_211lb[_bl[_hlsl]le_ICCllr;JcyW[l]l_ [liCitIbe_Cll!;c

ofpitchcan bc u_ed,On lll_olh_,rli;lllditlll;lyhc_Ii[dor_tlltllJlerlJi_ll]le[_;'folio

,: d¢.af',TbJstefersspeciftcallylolackofmltsicalability, llelmsdif_cuhywill_thc
t_ ¢ltjt)ylllCll | of IIIII_JCt)/" he i_iLHI_IbICto :;ill_ in lUlle. II doc_; 11ol nle;lll Ih;l[ b_

¢_lllnol CXpCI'ieIIc_lollalil)', II dr)us/lOt me;Ill thal ]IC ]:lUkSi t]IC senseOf piteh,

2,I,I Cr_mph,x aim sitnlde souml_

_,{OS[ ,'lOllIlds life CORlp[Ux; they COll_i_,t()f mixtures of toncstint[ Ihey usually

_J hiwi3tb'finJlc lelllporal _ilfilet tlrc_;, .h,[ cHICe>,lrCIIle tile cle;i r P;oui1t[ill_nolo21o f I]1u
I]UlC,wltell they _lrc analy:ietl, _lre I'Olll_tltel be eorllb[n;llioll!; of;t number (_f

ffeqllellcitr s oecllrrJng sinlllbllllCOu _ly, At 1h¢ other extrenle i_l"¢_>lllple_ily, tile

e[lthor_lte _;otlnd of_l spokerl weird is 1]1(:¢llllltl];I Ii'*'CC['Jl:Cl(If;I r;ipid seqtlerlee of
vowl2]Pioullds find CuI1SOllIllll_ c;Ic[I el¢lll¢llI oJ'whic]l [_ nl;id • lip oflllree or nlore

I'_eqtlellclt_s, 111_1scicrllil'le Sltldy il is nol praclic_lblc Io all;llyse the' I'tl:l¢l;inlenl;d

properties o1"be;iriIIl_ wilb or)triplex "real lilb' sounds. Inslc;id w_ i1_¢sll-c;tllt_tl
'simple' sounds: pllre tones, "l'll¢_e arc st_ultd W_lvc_ ctlllP;isl[llg _1[ ;lily o11(/lirlle ¢)f
ju_l It _;illgI¢ l'reqttc/lcy, tlsu;d[y _cncr;lled by _111electrical oscilJtllor,

2,/,2 Frequetlct, di._crh_l#tatiotl

A lirahi_lg factor ill 1he recognitiOlt ol'st_unds is 1he abilily Io reeogni;,e slight

differences of frequency. "l'hJ_is 1trilled freqll¢llCy tli_cFinlilltlliOn ;Intl m¢;iSllrcd
with pairs of pure tones (Fig. 2-1), Tile Iczlsl cllangc of fleqllel_ey IIIztt is

perceptible as ii shift in pitch is called thed([Ibr<wcethreshoM(ord_[li'rem'elimen

or IIIc)}IMnaticetd,& d/ffert,twe) far l_'cquency. The best frequellcy discrimination
is found witb conlpan_tivdy high pitched _ound_ (1000-5000 IIz)where a
clt_nge o1"0,3% i_ delectable, At low frcqucn¢ie_ tile ability is not as good. for

cxanlple at I0[) I'lz il is t_nly 3% (_ce Table 5), hi methica change of frequency is



L+

Io _ 2.1

Ol erenco hreshold • _ Hz

Relalivo dlflerence tht_shold = '_f _100 {%}

Fig. 2-1 _l_ll_llrelllCll[ t_t"dill_:rctlc¢ [Jl¥_sIIOlt[_+The heildrehllll¢_ ;irc _witellCd fr/llll 4H1_

1(311egPllCflIIO[ ItHlnl)l her fcpe;llcdJy. 'rt)ll¢ No. ] i'. ()l'illdepertdcnl J'r¢ qlnell¢)' (f)iltld h_tle

• Nn. 2 [z.adj.stcd by rile suhje¢l Io scmml jll_l rli)lic;lldy dil_¢rll in llilch (£± AI'),

' Icrnle(J 1111Jllll,rl'{ll. ']'hc _iril;l[_l: sI ill lC rvlt[ co_I llltlllJ_ ll_¢d J_ lhe _e/tl_llznc,, WllicJl

is ;l Ch;l n_¢3 o_;IbOlll ()t)_. "rJl_: SCl111[Olll: is l[ig dill)rellCe ill _Otlnd hclwCCrl 11If(lie

lJl[l[ is +lllllurlll' llnL[ one (hill i_;'_hilr_' or lille 111_11is 'n;l[ _. All illlel'V;ll oJ" tln_

set1_[lorle is well ;tbovc the (Jil't_:r¢ll ce lh resJltllll for lJlC l're([ilerlcics u_,ed ill 111tlSiC.

1'_IIILIS[C[[II1 IS iIorlnilJ[y ;t w_lr¢ (somclhllCS p;iJr] fully sll)tll+_:frors orquar/ermm'rl"
(a dilrcrcncc of 3%), or evenJe_;_,

T.hle _ l)il'f¢ r_:ncc Ihre_llOlds Ihr I_¢llUellcy _tl_ll;l l?t)tll Nll(lwcr.

1_. G, aml Jliddulph. R. 09311, ,_ Acol_t/. S.¢..Ira.. 3. 27.¢-
fl?).

lO0 llz ¢ 3,(I Ilz ± 3+(R[,

2l_J IIz ± 3.2 IIz ± 1,_%

JO[) JJ_, d: 2+5 JJ;' -+ 0.5_'_

IO00 llz ± 3,0 llz ± 0,3%

2I)IM) Jlz -_ 5.() II,_ ± 11.3%

51)111)llz _ 15 ]Iz ± 0,.1%
l0 (]lJ0 H_ ._ 40Hz -+0.4% •

,?, J,._ /llll]ilrlrl' r¢lll,_,e

TIle span oF Sollnd I¥¢q uuncics prodllcing I_nal qllalilicS is called thc _mdi/orj,

rr_t_k+e.Th_ rmlgc i_ normally from ]_ | Iz _lp Io a boll1150001 Iz in you,j mhdl+.

Chlfdrcn c;m hear rrequcncies up lo 2(looO I Iz or mor.:, whih: lnany of lhe_ldcfly

cannol hc_r bcynnd 5000 I.|z. There is c_nsid_'rable v_rialion bclwccn i,divid,al_

of each Ilgc grmtp lint in general lhc ability to apprccialc high l'r,:qucncius

dclcrion£tcs with adv_;_cing ycar_.

The upper limit oflh_ludilory r;mg_ is defi,ed simply byth_ inabililyto hear

l'rcqucncics bCyolll[ it. 1"J1_ lower linlil is less easy Io pin-p(>inl;il is more tl plac_



§ 2.J PITCH H

Df Inln_illon, Frequencies hch)w 16 11,_;ire pcr¢_ivcll ;t_ vlbrnmry or fltlll_ry
_ll_¢_lllnn_;,r;llher lJl_tll1o11¢%while Ihosu zlbovu ](_ IJz JlU_'¢iLdCf_llil_ly II)ll_ll
SoIlll(I

2./,'/ [)'eq uenO, _mdtold/h///0'

_'Jl__Cll_.JllV[I._/t)[' IiC;ll'Jng _,[lric_ ;icra_s,lhc _tUdih_ry rang_. II" dill_.'runt Iolle!;
llr¢,_(IUll([t_cJiltlhcS[ll11_]flI_ll_[lyili_;J_llllld tII$1LIIILISI_with fr_QLIClICi_SllC_Irtilt:

ccfllrdol lh¢ rilfl_c_NllndJl)tI_ICF IhilnlIlo_,et(lw;irdslhe Iwo _xlr¢llle!;,

Allcrnalix'cly if"Ill_:hlllc_ ilr_ a djlL_It:dP+LIIi_I i) _;olli1dequally IoLIiIit is lht:n flmlld
IIl[ll greater iflll_[l_[lic_; i}_ Ihc St}LII_dV/_IVCSIU'_ I1¢_¢[_d [olVIIFIJSIh¢ cxlremcs
(]l'I]I_I'lln_,:+

_ ' "l e prt)perty jusl ilcs+:rihcd i+,++<:l:+rescnt_dhy _t+,'url,i.+?l'eqIi_llhm Im.,_ F g
_-2). Tile c(_mplt:l¢ d_;cr[p([(_ll requires ii _zlnl[ly of ciil'ycs hl:C;iil_,CI[le eXllCI
rcrallOrlshlp depends on lilt _ent:raI level oJ"_;{]lllld illJcn_il_i Jilt:/_lll(/tl_,,_'.l/l+l,i,/.

i TJI¢ Ii)we_,t luvel, lahclled +barely audibk:' is knolvIi ;iP, IJ]_ lllll/l_l//Ip _'ul'pi+
_J b_CilllSl_h d_cribcs IIic Ihl_,]lold l)_"Jl¢_ll'[lll_;1_*;i _'llnl_l_on Df sound wIiv_:

I'rcquelley,

m _O_ER_T£L_LOUD160 phon)

_ 40
BARELYAUDIBL_1~0 phon)

_- _il_ly c_
+f i iii1_ f t I I IIIIII I I _ IIIIIIII I

20 100 I000 10000

Frequency( H_)

I:l_. 2-2 C_trvesol'¢qtmlhmdn_+'l+hcnpperlwl)curve_'.'*crc_+htltir+edbyadjttslinglhc
I[11_IIMIIeNOI v_IrI<)U_I(llleh I(} _{)llll_ e¢[ll;tllyhllld l_ I)nc of Ill[l()lit. lh*_ I{_werClltVe
repf¢_Clll_ih¢ ihrla_h(lJd_lfllUdih[lJlyil_ _Lfll I1¢1i_11t)l+frCqllClley,Nt)l¢ thai Ioullll¢__,lewI i_
gwcn mpIw_l_rallter lira n dll [_ee lexl). (A flur Rnbinsn_, D+W, and I_;iclsc>n,R. S, (1955),
fir, £ ArpL PIO'_, ?, 1_6,_

N¢)[i¢Clh_Ll ihg_.[opl_o[lJl_curvlac[l;irl_esIvillllheJ_lldnc_Jcv¢l(lhisi_W]ly_l

finl|/ly of curves _snccd_:d). '1+11¢y bccomu II_lller with increasing Im_dm:ss. II'al _1

IIrgh I¢'*'¢1_f loudness (Inb_JJcd'very loud') a lone of loll i Iz were illad_ 1o s_mlld
vs laud as one OF IO00 llz tile inl_nsilic_; orlhc two tonc_;wollJll b¢ _t)Ulld Io _l_

about equal, bul at a lower I_vel thu inlcnsily _t [00 Ilz wouh I need 1o be
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r_hLlivcly gre_=lsr. For example zll Ihc lowell level ('barely audible') Ihis
discrcp_mcy would be =tbot_t II)0-Fold (2(l dl_),

An ilnporl_lnl ;ippJlC;lliOll (l]"lhe curves is in llllt i.le_ii_nin_ Llr_I]tl_pln_lll for
l]IC rcprodnclion el music _In[l spitcch.._iNcl_ il i_;_:'..JdclIt lJl_ll l]iC _llIIOllnl Of

cenlpei1_;lliOn _ll h)_*/lYeqt]sneie_ (b;iss b(losl) _Ilotlld be adjusted In suit lhe
]uudncs_. if the I¢i11aibal;m¢_ i_ I_) retll;l_n I]Ic S_llll¢_.MDr¢ [1oo_I i_;required ;It
low. Ill;In ;ii hi_h. levels Olllcl'Wisc its dle le,Srle_s _ decreased lhe _mlnd

becomes 'lhin' or *tinny'. or conversely it bcCl)lllCs 'hoonly' ;is lhc Iolld]lcs_ is
incre_lsed. A rcl_r_nce _;_Io_¢(lll_ll lolldl1_P; cllrv¢/iis iwaiJ_lhl_ { }]rlti!ih Sland;ird
Nm 3383 (1961)).

ThI' re_.rl.nt't. IolIi. tirol lhi' phtJll •_cttll. ']'he ilgr¢ccl reference lone fer CCltl;ll
lelldnuss curves is 10fl0 IIz. The 'very loud' curve, I_lr exilrl)pl¢, was consl ructell
u_ing lh¢ r_ference lone _Itzulinlensity oJ" l(10 d[l; for the +m(}der_ll¢ly Jottd' eurvs

il l'.'_is60 dB. 111e_icll ¢_IscIlls inlcl1_iJlics_ll I]I_ olhcr frCqllCnCies t_'_:r_adjllsled to
SOlUld ¢qilally lolld. In _Irder Io specify _ particul_r roudne_s level it ._.o,ld be

qUile proper Io rcqllcsl 'lh;ll Ic'¢¢l_ll which the inle,sily at I ill)l)I Iz is 6()dl]'. Tile

preferred wily. hclwev_t, is Io dsscrlbc t he l(:vi:] as'6Opholt_'. Ths phorl so;flu w;Is
ilivurllud In pl'iWid¢: lUl;Llnb_UOIIS dsscription (If Jm_d_leSSle_'¢l. Th¢ level ill

phm_s is numcri¢+dly eqmd I+)Ih+ inlcn_ily al I{)0() I Iz ¢orresp<mdln_l wh h tll_l
[evsl. The illlsnsilies Ill other frequencies _Ire IJlelt ;W_liJ_Iblcfrnm dle_l_proprl;ll_
clirve.

h is ¢mplm_iz_*d lh:_I file pllml scale i_ tIl_l ;l s¢_llc (_f ah_I)hlle h,tdrless.
AIIhoug]l ;ISCclldln_ 111¢SO;lie¢()rre_p_)nds Io prl)_rcssi_rc iller¢_l_ee)l'll).dness,

no In_Itltenl;lli¢_llly defined rel_iIi(lll_hlp i_ inIpli_d b¢lwcen {)tie JeY_] _in¢l
ZlllOlhcr. Tits P;c:lJin_oJ"Zlh_OJlllel(lud/i¢_!; Jl;l_h¢clt _lllltrllplcd llneJpre!i_lll_;I

2.2 [}l_¢riillln_llll.l .f _otJndInl_,n_ily

TIisy ofl_'n conv_y Ihu incoming. Tl_ey dcpc.d hlr_c]y o. tll_ abilily le

¢onlmuni¢_lIlt [_y _'h#ltl,_l',_' of IOlldll¢_.!;. *]'h¢ Ctl[l;l¢ily _o diserilninilllt 5in,ill
111lclU_lliOlt_(If JlilellSily is lhetefore h(}lll ]_;irl ;nld p_ircel of _uidil()ry expcri-

2.2. I Thl' d_l_'rettce thr_'ih_Hd _ it_let_._iO'

T • n illn_q.imlilyforinl_ns ly liscrit im_l n isl e hJ_,r, ce h',dt_Mof
._'ollnll ill I'Itxi! ' (kt1_iwn _lJ_io [IS lhl: dlffsPJli¢I: l_II1l:I1_or jll_l llOliCc;lh]e I
dil'l_:rencc ), II is Ih¢ I¢_l_itineren]¢lll of Jnllt ii_ily Ih;ll i_iper¢ci;'ed ;_sa i:Jl;In_e ill"

loudne!i_i. II c;IJ1be n1_*:l_llred l)y pre._erllJn_ _i :_tll)jc¢l with ;I p_lir (if _;ollnd!; ill !

_llCCSs_ionand lnvJli_tg hil_I Io jud_¢ whlch i_ lol]dcr. Onc af lh_ pair is el'l'_xsd !
i;llUllSily illld I11cother i!; v;lr[;llllc. "l'lle le_l i_ rep_lllcd lJlIIil, hy lllt: ]Ir{tcsss [)r

_Idjll_H11el]l, tile _nl;lllesl di_cernal)le illcrl;n1¢nt h_islleell la_ilJ_11;_I¢¢l•']'hisllIClJl()(l

il_il)l'**es 'llllldnl_s _;rll_.,n}l.y' _iilIC_ttl ¢_:rl;lln Iilnlt l:J;ill_¢_i[ltJIIVL'CUtilerIWOSlilIHlli,
/_/IoIhl: r nl_lh(id, pl!rh;i]l!; I]l_r_ t_crlsilJV¢,i:nlpl{ly_i'llUldnc_*s lUlldlll_llilln' - here
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tlli: irilenSlly i_i nli£di: IO oscJlI_LI¢ belWeell IWO IL_Vels _illll lh_ Stlbji:¢l has I0 rct[tlC¢

lhe lltlCtil;llitlll tiilli[ il tiC,IllS alnlo_l IO i_ilnish.

h is Pmlnd lh;it lh_ dili_ric¢ lh_shnld [ne_asc_ w[lh the hilldrlePis l¢'+'el but,

For il gk.¢li lyli,_ o r sillilld, llle _'/alil e ch;Irllle _ nr;lh1+i f¢lil;il'k;ll_[y ¢oilP, la nl {si_¢

Fig, 2-3). Irll+rl+ity di+crinlinai[on is b++sl filr Ihe tlliddJ_ fruq.enci_+ ol + Ill+

aLidilory ran£4_ (l(}00-,lo0(I I lz), D[scrJrllination is wlirscncd by I_;ickgrlllilid

noise _s¢l_ llchl',',+); lirldcr very qulel cond[[iKlns [I [_ pr;ictic_lhle to re,lille a
Ihreshold l)f -+ IOe,++ [±0,4 dll),

I

.+

I+ la I+ :I:+ £+

2

li 12 13

,_. I:1_, l-,l hllen+Jly tll+clJliilrllil[Oll+ The dil'l_r¢llCe Ihl+_llllld 17it _lliinll hil+ll+ll_ (All
iilcl+¢ii+¢_,',villi Ili<_tiilfflil I¢l'¢l (]J bill die fchilil ¢ clialig_' (il I/I I i_ lillllll_l i:Oll',llln I,

2, 2, 2 Nfl/I'I" (lilt/_#ll('ll,l#l)' dilf'l'#lllintllifltl

'Ntii_it_' [rl IIl<_ [lllrlll/tllall_ Ci)lllcxl llleilrl:/tl Ililll-_;pfcJli¢ _;(lllllil inildl: lip tl[+;i

ofOllll Pillli_¢ i:l['lTeqtlen¢ie+ 'l'h_ kind o[' +l'il shJlibI ' fir hi s[lll_ :+( iiild ihiit i_; Ioiidl)

produced Ily, Nily, i_;£;ll_iil_ _ill (iT II wai+rfiirJ, Thls klrltl ol'_(lllnd Wllell prOdli¢i2d

lit I[l]¢ial[_, l_i +;ill+tl +lht_rlli:ll n(llm:' fir %vhile ilOiS+'i Ihe hlllt_r h¢¢lili_¢ it <:lllllliill_;

Ii S[lliillll" nil:licit h+¢I)l +ever)' lTelltll_ n t:+_'ig Ih¢ ilildJl (it), i-+1ill_l/(tllld often hcyolld)+

The pl+l_It, ll ¢<_ill" rltlise hllliillf+ Ih¢ +ilill[bilJly of Pli}eech lind o IIl+l" iIl+illllll j_llll

_+oilgo_;, This i+ Ill+l+ikDt,_', Ih13 Ilhl211Olll+llOil of IIciil'iilll whl_l'l: oi1¢ _otlrld is

i'+ltlleFi:d It++;+ ililllilll¢ I+y Ihe ilfcs<:ncl_ ()_ ;illiiihcr, t+')ilhl_ hlw ll:lrel_+ tif iloi+¢

;': produce _igJlilic,lr,,.,,,_kll,tl, h <tin he a ,,tJiml,,Cehut i, [_,,f'te,1I,er,¢ficlal.+,, ,,
14 library fop i_¢linlli[ it, ;I I(iw level ill" I)llck_rtilin¢.l ilii[_il_ ¢iill hide i]lllcf II1Or_

• iIi_il pil_llll_ +_t_III1 ill,

!] "1"11_nla:iking cflTct of iltil_e ilpl)_ilr_ ll) oht:y the _¢llC/ll] rillcs (if [rllensll_

lllscrJiltinilliilll provided Ihiil wl/fldt# Ihl_ lfll_llSJty o1' tllu ililis¢ IO IIIill tlf Ih¢

=i
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l:i,q, 2_4 Noise and miiflbilhy. 'IVhcn ;i mcaI1iJ_ ful _.0.d Ia *_i_nal_) i_ _uperhilpo_d (ill
hrtt;id-[];llld JIt)l_(: thc JJl1421lNJI[C_oE IhL"C(II]I[IhHI Jr_ljllCJIcy ¢(llllpO[l_lltS Cf_'Clilely _ldd

hlgclhe r. Thu _igllal is aullibl¢ ,My il' its illten_Jty i_ gr¢;ller Iharl Ih_ d ffl_-r¢_lu¢ th rc*.l,lhl

(]fll/_,) Ibr the ¢(1I_11iJlI¢osi[_*'.

_pcuiJ'ic _.otmd when ¢alcul;lfin.g file rchltivc lliffcrcrlce Ihreshohl. Consider 111_

_tudibJlhy of a pllre lone in file presence of i]oisu (l:i_. 2-4), The I'rcquency

_pcctrunl of tile JioJ_;u illCltldUS tht2 frcqucllCy (d' the IOllt:, Ih_rc_'t_ru the toJal

JlllUll_;Jty lit Ih;IL ['rutlucncy is Ihc Sllltl DI' Ihe inlcIisil Jc_Dr" I hi: tOll_ itsu[l'and II1_

[ _ '&IVOICE

"[VOICE

o IN]
VOICE:

Fig. 2-5 Ntlis_ alld intelligibility. "['be p_r¢cptioil o1"_p_ccl_ hlv.h'es tlppr¢¢i_tlJ_li] i_l

SIll;Ill IhJ¢l II;ItJl)ll_ _1[*il]0Jrt_it}', The lill]Jlirlg lilctt]r i_ Ih¢ dif]_rurlce [hr_'_htlJd ¢lfilltCn_,ity,

'I']lJ_ JilCli_r is cJet¢rll]illetl hy Ihe Itltal intullshy _ll Ih_:['ruq LI¢IIdJ_ C(IIIIIIII]II I(i [he 1l)ic¢* ;iJltl
111¢mli_¢ (_e I:ig. 2-4), *] ]lcfl:fi)r¢, ilIIIi¢Itl_h the tliD_:rerlc¢ lhr¢_diilld reiD;lilt s IInc h_llll_¢(l

f¢l;llil'¢ ltl 111_.h)l;ll inlctlsily. Ill;it J't)l l_lU _oJcu ;lit)flu iil_iz_;l_¢fi ])itl_[¢_i_'ly with lh_

Jntcn_ily (d' the Italic It'J: I:ig. 2-J),
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_' corr_polldi[l B cNlnpoti_llI oI"I]i_noJ_.¢.Tl1_ foliowillI)_ll_Ilr(l_IbOVl.+lh_ llOls_

" IIIII ' f COfll [blll_ IllOr¢ t]lilil I()_ (see IlbOVC) Of t]ll_ 1(11411hllcn_iily al lh_ll

. f[eqUellCy, OlherWi_l_ 1h¢ n(l_S¢ will ¢()nlp_Cl_l_ ITI;l_k Ih¢ lone I_lld_rilt_ IhL+
I_1111_f in:uLdibl_.

'W_ czm flow _Xl_tld lh_ d [_Cll_slonto cot1_id¢r llolvl)ois_¢hzlllgC_Ih c _illilhy(()

_tn_r¢cint_ chmi._l'.v ol" il1 t_llsily, thereby ;1fl_:¢li_l Ihe iNl_lligihi]hy o1"sp_,eCh, h

_ II_i _ilIlll_d ¢I=rlier lh;ll 11IlucluIltlon of InlCn_ily Ill" 1(19;. i_ jusl cl_l_¢t;Ibl¢ Ulldcr

I very Illli_lli_Icnill_Cotldi(]_. Under 1111)r¢ll_tlglc()ndil[on_(IiscriItlJllaliiH1i_

wors_ lhan thJ_, h is found lh_Itlh_ lllrcsll()]¢lri_¢s _ i_ ¢_s vc , 'i]I lh¢

ilnlounl ¢1]"bllCkgrollnd lltli_i_ (]71_, 2-_), II1 ()rd hl_l r5 'q Ili_:ti_h' room ¢olld[liolls

thu Ihrcshold is likely IO be _lhnut _- 259b (-+ I d})).

,_"_ I I'11" r_._* *_1/_ Ij_l_kL_l'olllld lloin¢ ¢;111 hl_ ;I prllbl¢llt ill (h¢ rCpro-

dllclion Or _[lllfld _lnd ifl ril_.lj(I I_gd [clcphonic C(ll_llnlll_iC_lli[)ll, The _,()ll_C_S of

Ill_dj_l (IIIPCt di_¢, film); ;llld, in II1¢ ¢;Is_ IIJ" ¢IId[o tr_lllMIlis_i_lll_i_ _l¢_lric_d
dJ_lilrh[llICl_ ill I]lC _III_O_;_hcFR, Thu' IIoi_,[ll_b of Ihu _lyblcm is descrihcd hy lhe

,il,(_lllll'll_-Ill_lil' rilllo_ II1¢ 'sign;ll' hehlg II1¢ Willllcd p;Irl o1"111cs_nuld. The rali_l is

:_lalcd ill decibels. I_:i _111cx;llllpl_ clln!;i¢l_.r Ih¢ ])Ilckgr(Hl/Id ill)i_i_ in _llllld

"ccnrding_. '_V]1¢nthe till]lullcylinder r¢¢ilrdillg._ar_:pl;lyclliiltlaylh_ voice is

_lJnlO_l SW;llll p_d by lh_ _llrl)IC_ llis_ Itliil i_; _ully jll_l inl elligib]¢, hi this c;ls¢ lllc

_i signill is pr.bahly no nl_re thiul doulllc lh_ illtCllSJly Ill' Ibm'lloi'iu - in which cane

) lhc sign;ll-lo-noise r;lli_l i_i 3 dl), or less. For _I 111_d_ralcly wnfn 71_r [Iiti nll_llac
record Ihe fIllIp1 [_ lypically zl]lolll 45 d]j, InllCjl II_llcr bUI _li]t Iliwi_ n()licc.a bl_

_llrF_l_ llis_, 'sYilh lllOiJc[n IilpC-Cil_S(!lli_ ¢i]llipttlClll tlj' [ll'k_l'_l_ I.lllillhy , lh_

signnl-to-noise r_l[o is 60 dll or more, the rlllls_ bcillg illlll(iSl irtl[ll_rcl_ll-
lihl¢

2,2..l I¢l_'l_h',vili]r._¢lllll_

"= TIII_ CIlll_lCIl!r [1[" Ijl_ II1Ll_.l_ill_ _Iotllld (i,¢. Illli_l!l in I11¢ ¢;Inc we wcr_

considcrlflg, W;l_i llllil¢ i.liJ'l_ r¢ 111I'1"iin i I]I;ii O]'lhL' _,i_ll;l I Ipllr_ (llllC, (lr inllsic), []iii

I11_1_Ik111_OCclII'_I wilh 1111_Coltlhinlllioll I1j'_,lllllldS. FOr i11_1III)¢_,,I_hl_ll Iwo j_llr¢

IOIIC_ ;Ire I1¢_1y(I !iinllljlilflCl)ll!ily Ibex' II_nd Io II1;l_k ¢;ll_h olhct, The ¢ft¢¢1 is

ll'_qllCIICiu_i ilrR qllil_ widdy sCp;Ir;llcd (Fig. 3-6),

A_ ii[I iIIll_trllli[ll_ of I111-_ i1(llcncy oJ" lllflSkill_ h11_igill¢ _I chl)ir i)l' I()O

llllil¢conlp[I niud V[liC_i _iillgjllg Ihl: _ill 11)I_ IIolC in u Ili_Ioll, *rh_r¢ j_i _1slllilll spl'¢_ld

0 f J'_¢q tllaflcy b_C_l llfi_ f)_ JlldivldllilJ V_Lf[;I lion hill thl; "s,()il_Rs !,llJl Jl1_lSkl,';IcJl (llJl¢ r

_illhSl;lllliil]J_, ]l" Oli¢/11_lllbcr oJ' I]1_ ¢]l(llr _itl(Jd L'III)' st(Ippcd Sill_hlg, ]_[lVil1_ lhla

(_lllern In ¢l)lllillll_ Wnldd Ihi'i I1_ IIolicCd hy Ihlz ilUdi¢]l¢_? I Illrllly. h¢¢III1_I1__1

hil1_llz vIIicc Conlribllt_i ()llly ilholll le/_ I0 lh_ I(IIIII illlCll_ily ill lh_ll rr_.,¢lll¢l)¢_,'

l_;llld WlllZ rl_l _ ;is _¢ h;l vl_ n¢_,,11_;l ch_itlge lg" I ()I;_, (_r 111()rl,_ is liccu_;ll)' If) Drlld llC_

• Ii l)Oli¢¢_ll)Ju d iJl) r_11(:_. ]( _()llJd Ii_. [llz¢_[l ry 1o NIIi_]1¢c _ll l_;iSl I_11111_nll_¢r_ l()

• clicil II tl¢ll_Ctilbl¢ ¢JIilng¢,
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Fig* 2-6 Th¢ I;lllt_(It._'Ilflmillll Jl_ thi_ ¢_pcrhIzC:lltI_;l_a c(111%[;111[*i1;irro%%JtHiIdill"
lrutlUL'rlcic_oi"[i'+eLlillWlp,hy. Ih¢ Imz_k+'+ltmln+/X_;l_+Ipure h+llU_tI. i++¢l'rcqtlt_ll¢)_tlld
[ni¢11 llly _Oll_t[bL'I';Ir[_.d. 'l+hvt_bj+'¢loI"tire.:_+pcriln¢l_tx_;l_t<_llnd I[IL'lilr¢'+]l(+h[tll'111u
ll1_*P.kcd _+iglndill [11¢prcsullV¢+ll+l_icll);l_kingMilz111]tl%'lhe orL[lll;llC_i%¢_.tfl¢L'I¢_';llion qH'
Ihr_'++]l_ffd;111o%¢IJl;it(ibl:lillUd %1hen IIlu iIl_l_l+in,q_¢_lJIIL__l_ llb_lll =lrldIhll_ pr=.'hl¢_ ;Ill
ladc_*oJ"II);l_ki_l_.N¢lti¢cth;TtIh¢ III;i_klrl@i%hi'_ll I%]1CllIh¢ Ih'qltcJlei¢_;ire_illlll'lr huI
clc¢l_ll¢__tuvl>ly;m Ih¢_ ar¢ _ujt;ir_lh'd.%VllCnI[iC_¢p;lr;iti,Ii i_ ¢)11c11_:1_1%'_itr ill*)r¢I[1¢
rn;i,,kilZ,qhas ]illf¢ cH_'.:L (Ctrr_e redr;l_n Ir(,n lig;in, J. P. ;ira[ H;I J,¢..L W. (19:ill), ,/.
,Io./_/, .%.'...Ira., 2.L 622,)

?N NN

Fig. 2-7 I:requcl)cy_clccti_il)'_l' Ii_';irJn_tI_¢c luM J.
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Wu will m_w look at I1_i1_iI1£_ J'ronl ;lllolhcr pclinl of _,iew _lnd d_¢rihe

c]rcIiill_lilliCl_i i_llcr_ il is r_hllivdy in¢ll_ctiv_. From cLimnloiI I_xpl_]ic31(;_ Wl_

KIIOW mill £lllitl_ _'ull _: _CIIIIILIS CILI1¢ll_ily hu II_ilrli ill tile I_ru_¢ncu ol'_.ll LJli_ Llil¢i

[rll'zid_d Ih:ll 1]1_ frccltlCllcic_ ill" Ih¢ difl_rUlll t_[/llllds Ii1-15t;_p;Irillcd, l_Xt¢lldillg

l]lu n_u_i_al illu_trz_tlIIn: il" ;_ _oll_i_l join_ lh_ 10(I-_lrong choir hul singil)_ lilt

i Ii L)(]'_'C IIIC r¢_il (Fi_. _-7). Or con_.idcl' IIl_ sound iii ;i foolball nllllc]l, whcll il i_ipc_ibl_ I_ hcllr l]lu ]-ufcl_'s _qdMl_ ah_w_ lllU cheering l)l' _cvcr;l[ Ihllllsand

Th_ phcnolllCllOll [_ quaglil;lliVuly ruprc_*clll_d hy II1_ ¢LI1"I'¢ I()T II1;l_;killg III

Fig. 2-6. Evidctllly Ih_ r;ing_o¢ I'requcnci_ for ell_cliv_ 111;15kingi_ quilt
narrow; Oll_U ¢lulsidc Ihi_ rangu l]1_ Ihru_h_)ld (d'dulu_tabilily _l'anl)lh_r _OUlld

i_; ]lrllCli_;llly indep_lld_nl [_1"lilt I11;l_kln_ _ollnd. II1 c)l]l_r wnrd!;, lhu _1311_*1_of

nciirlng di_;pl;o's./'rerlllellCl' ._elel'firio,. This propcrl_ i_ surely nlore rcnl_lr_:abl_

Ihlln Illllsking. h L1¢111011511"lllC_;Ih;ll 5ouIld5 of tillh_l;lllliilJl_' difl'_rcnl I'rl_llll_nciu_

do rlOl illl_rl_rc ;111cl5ug_(_SlS. ;1_ will h_ _hl)wn hi I_ Ih¢ C;l_,e physiologically.
Lh;ll IJle ticn_oTy infomlalion ill e;IC]l nzlrrow blind o{S_llnd WllfC fTcq il_ nci¢.,i i_;

_llllnll_[l_[ 5_]1;11";11cly 10 Ihl_ hT;l[li.

_.3 I [,ll IIIUII? I

II it; ill l)lll" [lillllr_ lo I'U_O_lli/_ (;hllll_ I$_; el + Iolldrlu_ hill rlol Io Lill;llili_y

IOlldnc_;_; it] ;lhstlllllC lUl-ill_. We kntllv x_..lluniI sOlllld is II+cl sol't_ leo IDud orjuM

righl bill wu cllnnol t;i;llU. +vii11 lilly conl+d¢llCU, thlll ii giv._n Icv+l t>l" inl+nsily

¢I1 ll_ict;_Mly. Ihl'u¢lilll_; r;llllul" lit;IN IiY_ lil_l _. Ih_ IC_lldll¢_._; o f ilnol hl_-. D_spile

this diRic_lly il woukl b_ usd'_l Ibr _ciemillc purpc_s la h_vc s_mekilld of
RlllllCri¢;ll[ SC;IlU of hludncs_;. S_V¢ r;ll _ltldic5 Jilt _'_been _llldtlCl_.l with _llcIi fig

I I I I
10 100 1000 10000

Intensity
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Ih_ Jrll¢llSJty _1' _1I_)ne until II _111_(I ¢j1[1¢1"Iwi¢_ _ls I_lld iir/1_111'/IS IiiiId _ls

I_l_r_, The I_;I wll_ _pe_llcd _11wlriiIiis inl_ll_ilJ¢_. Th_ I_llld_lnl¢ ii1_11i)rllll/_:lll J_
In kllow wlllll lh_ exile;fiance of 'l_,Jce _1_;[011dI JsI_k_, ;inll Ih¢ d_f/_l_'nl re_a_'¢h

fll(;Ior. All Zl_r_l, hl_w_vcr, Illul ill (lrIl_r I_1¢h_lng_ laLIdlles_ by _ I_l¢Iiir _flwo,

I_n°faRI ch_ng¢ _ff inlenshy. A _r_ph _t_n_Iru_l_l an Ibis I_l_is is _ivcn in Fi_.

1_ Jllu_l_ll¢ II1_ pro_lel'D' w_ will _lllrll Ill Ih¢ _l_11¢¢rlI1_1[Iilrld Ih_ _iilll_inR

cq u_(IJ_l_lrll_olTI _1_11pel'l'_lrlm;r _111l[IJ'_nl _lCh In _ln b¢l" ill_ I11¢_1U_1i_:11_;¢.I_llr

silnl)li¢ily Jl is _l_sllnlcd Ih_ll _'¢D' w_Jc_ill If1¢h_lll J_¢_lp_ll)l_af i_ro_hlcJn_ _1
slmil_r pawer. Aeco_lhl_ I_ lhe 'le_l-fi_l_l rel_liansllip', Ihe IIl(I-slrol_g _l_(_ir
shallkl prailuc_ _aLir lilies Ih_ Jau_hlcssof_ sl_lo voice. [/_ln _lLIdi_nc_ o1"10(]()

people jnh_ in sirl_illg hlslJly, I[1_I_t_dll_ss sholM rls_ Io ¢ighl Ii1_1_ _h_H131"_lsolo

sllecl_llOl's. _ _ln olls_rl_r _ll I[1_ ¢¢111f_ i)l'lhe _1_11_1_Ih_ SLlund_l_lh_ rll_lr oflll_

I_'_nl I_¢rson_ll _p_riell_;e wh_lh_r Ill" nc)l Ihes_prcdJ¢l_lln_ _lr_:_-¢_1s_11_1111¢.

2,.I |le_lr/lll_ In nl_flll_ll_ olh_r IIt_lll ill,ill

1'11¢ n_llmphyslal_ie_ll (_r _le_lrophysil_l_i¢_l) _ppr(_;_¢_l rcqtfire_ Ille

The _l'[e_: D;_p_lls_ _lppro;lch _'_ploils _1r_;lelil_ll Io _1sclllnd _llnlulusl _)r

cx_lnlpl¢l solll_ tlrliln_lls l]i_k biIlh ¢_1_ Jn rcsllLin_e 1o _llllnll (1[1_ i_lnH_h II1"
prey¢¢_ r_l]_), _J_ll_ _llch _1_c[1_111_:_ill h¢_11'1_11_ar Jn Ih_ p_lll_'rn i_l'l_f_llllJll_,

Ii_lW _ll_a Ii_en used _ls illdJces o1' h_lrirl_,

i)ro_r_llllnl_ ill _lssocJ_llion wJlh _ln _lllll_lllry _l_llllllu_, _Jlh_r ill order Io _i_l lip _1

TII_ m_lhod is lh¢ lllor_ _l_hloll_ I_1"lh¢ e_l)erJlneBl_r bul provJd¢_ II1_ b_ll_r
ii_di¢_llan af _mdilory a_i/J/I,.

collcerll_d w_lh _llldJlory _111_. W_; i_Jl[ _;llnecnlr_ll¢ Oll lh_ll _l_pe¢l,

Z4./ Alldi/oO, r_lzl_,

Th_ _q11¢11_ _1)_1rls o1"h_lrill_ _lhJ[jly 1_3r_1_*¢1_¢1ic)11ol'ln_lnllTl_lls _lrl; giwzn ill

Fi_s 2-9 _lnd _- 10. Th_ rel_lJ_'e _rl_illvily _Js_Lfl_nelial_af l_qu_n_y js g_vcn ill
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I,'jg, 2-9 Fr¢q_.=1cy_cnsi_i_i_yj_)l_=_I]_;_n1_%_hc_¢_r¢(_e_¢_s_)_;_¢]t_:_sL_=_

indic;Lied by a ho)id bierItlt(J nf irmzlll/cd J:l () d [|. "Jhe_¢i,ll it'¢ []1rc_Jloid ;i [ ( ilil_f JrL:tjllClICl¢_
i', indicated by Ili,: hzir .,pacing (_¢ l,¢y_, { N¢_t_c¢ th;H the bat (grc;*tcr ht=r_¢_ll¢lc Ii;=t] has

Iw'{_ :.ClS _F IIc_l I'rcqll_ncJe_), (lilllit [rlll=l v;=rioll'_ MlllrCC,,f

"J'h_ roam _,i_nil]c[irll p;lrl (If lilt lllldil()ry r;lll_¢ is l]l_ll rc_i¢_=)whcr_ SCll_Jli'*'ily

is grC_llcSl, ll=ld rcl_rr(d Io a_ the'he._lJ_*¢'qllull_3". In In=ill llll_ i%ilr(Hllld 40001 Iz

(s¢_ Ills() Fig, 2-2), This is I*_lv conlpz=rcd with :_¢_rllc¢_ll=cr nlzimm=il_, In _urlI=in

spccJe_ t lie grciitC_Sl _,¢nsilJvJty _vJllc nlly (_cctlrs ;It f'rcqll(ncic_; bcyl)lltl Ih¢_ tipper

lil_it af hurnnn audibility.

Thu "best _rcLltlcncy' Jrl u;¢cll _pccJes i_ lOW;lJ'd_ Ib¢ bigll _rc¢j(Ic_nc), _:nd of iI_

ZlII(rllol'y r;lll,_C. Jll ClllTlrl;Ir;ll JV_ Jl_IlrJn[_ it is s_n_itivily I[) high l_cqu(ncJ(s Ib=ll

Itn_ excited the nlo_l interest, "l'll_ ;ibili[y to hcIir t'¢,_l,/t_,h I_Cqtlcnci(s (bcyo=ld

40 ()(]0 Hz) _Ifnon_ the wrlcbr;llCS is spcc[;ll Ifl nlllnlrllll[S, lJJrd_CalLnnl dct¢cl

[rc(lucn¢ics beyond abou120 Ol}Ol Iz and in rcpliles the upper limit is prob=lbly

no more IIIZl_ IO000 nZ. ThC Itl_ljorJty Of Iltlll_lll_iIJ_ Ih=ll h;lvc Ilcen I_stcd

responded to ton_s in excess of 40000 I.lz. some above 60000 Ilz and a few

beyond I0000011z. "I'h at is not to shy tbal (_11munlmzds have this _p_ci[¢l nbility.

[I _hollld b( Sl;llcd I[lIll, ['[)r reIIsllrl_; of c_pcrJ111clTlIll c()rlvl'll[i.'ll¢C, illosl ()[" [b_

speciesc_;;Im[Itud so f_lr h_lv¢ h¢cn _inl;iJl Jrl _;Jlc (_'Jlll Ibu exCuplJOll of iv;llur

mammals). Of IJlU lar_er species, m;,n It;is ;= rur;il[t'cly Jaw upper limit {typically

about 15 D(}O I.lz),

T_1_ _i]=_a_i_ns _fh_;=_I1g;lh[_i_y _n _ _rgur _H_d In;t_1ma_s _sc¢_m_l_r;lt_vc_y

little kno_,vn, The prospect or lc_lillg ;l lion ¢lra rllinoc_:ros or even ;I c¢)lv ¢_r ;t

horse is tln(lcrst;lndnbly Ii d;Itlllllrlg ¢)llc. l'_uverlll_lesf; ill =l rccun[ _ltl(Jy lilt
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_IildiloFy rIlllgt_ WIIS obl_lin_d for tl yilnn_ _IcjIIh']NI lind il w;l_; rollrlcl II1 he

unrc_spDnsiv¢ IO lOn_S ill _XCCS_ or ahou[ [0 0(]_ I Iz, This _II_C_IS l]l_ll _;iz_,

usp_cially hca_l size, is lhc d_lernlinin_ qli_inlily l_r sensilivily Io high

one ca ]I d_¢id_ wilh ¢onfld_ncc _'_hc111_tr lhc ;i I IIZllUIIII:I] il II ¢limry rilllg¢ in n%_ll] is

;I p_culinrly hllnl_in (ilnd _l_phanlin¢) failitlg or ;i COtl_il_lIcIiC_ i]r p]lysical
dltllC_1_Jorls,

"_V;IIL't 111;inllllill!i, &is [i _rilu_l, enjoy _I11 in]pres_iv_";lhilily Ill dclc¢l high

frequencies ill Willer-horn _;Ollnd _-_'a'ves, The he!il-l'req lliancy or i]i_ hilllle-tloscd

dolphin is zlround 60 000 llz, Lcsl il rlli[_hl he _upp_scd l]iill lhe n]ediunl is in

sonlc way r_spon_ibl¢ it slIouJil h_: ntllcd I]1;ii rot ;i hu 111_i11llfldcr w;llcr lh_ hcsl

frcql]eney i_ ralhcr hnver lllan il is in _dr ( Fi_l, 2-I0),

_00 lllllllillllll_rl_l]ll_l_iI_Irllll/dllI/llllllillIII

s00,i0. I IIIIIJIIIIIII/I_IIFJ!_IIIIIIINI_I_II@IIlFI_

w_0r0 I I I I I I llllllli_lllll

s.o, IIIIIUIIIl[llll[lllllllll!rlIJIl_lllllllllllII

00,,_. I I I I I I I I II I IHllllllllllliggfdllt_lillB_]IrllIlll
i i i iiii_I i i llllr i i i lillll i i i lill_J I

10 100 1000 I0 000 100000

Frequency (HI)

I:il_, 2- J(I [h%lluFW;ll¢[ ]ll_ll_ill_ I1%W_lI_r Ill_lllll%%;tJ_{lll%dii%;lll), CI)I] V¢iililH]_ ;1_ill ]_+ .- _,
'(]:r()rll d;Ha IIIll)l_:ll by Pollpcr, A, _, IlO_Of In _'l*t(l(l*iIl¢ ll_'/l(ll'l'#ltr; Itl¢'l'*tllltliii#l iltIll

2,5 The sll_,lflcmi_, _ (K llll_h [ruq ._*nClL'_ h_Ine_rllll_, , ,

"rll_ ;iblJily io h_ir hi[!h l_'cIlll¢_llCiC_ i_ involved ill dirccli_n _nsc. "rhc hc_l¢l

Icnd_i K1 _]li¢]l[ lhc c;ir lurl]1_l rront lll_: _ii_¢_ _i_i¢l lhc re_llllill_ di_p[irily
[i¢I w¢¢_I lhc iJ1lensilic_ ;ii lhc lw¢} _ir_ ilklJc;lle_; I]I¢ direulion ()rllle _(_und w;lws,

Thi_ isnot lhcconlplcl_ h_l_ii_;¢_J'_lIJdJl I)ry Jclc_lJi_lliiln hill il [_;_II) illIp[%_1[Inl parl.
"l'h_ si_Init_;mc__H'high I?equ_ncyIIc_rirt_;_hilityi_hcc_usc Ihcdill'racli_m _d'
_0 tin d W_I_'IJ_;rlllllld Ihl_ JIC;ld dccr_l_C_ wilh Iv;IvCluJl_lh, *['hl_ '_l¢_U_,lic _h;l(hlw'

c_l_;I by lJl_: hl:_Id oil lJlC i'll rlJlc_ car, i}cc(_lllC_ d¢_perwil h i 11c ru;l_ill L_I'_Cqllcncy,

_C11_: or dirCclJ(nl i_ r_]¢:V_lll_ ill viic_l] cOnllnllnJc_H_iln _llTd il is _i_ili_C_llll lhill

lJl¢ c_cl111;l] rFctll J_rICi¢!i ()i'll llll1_In _pcltch ilnll _lJ_i[l lhL' inorc u r_ill cri¢_i orl)lhcr

wl1111 llc r_gi[iJ1 _)f'lhc *h_l fr_i{ll_ncy', M;Iny _Otllld_ in It_l tllrl_, Ivh_lJler v(l¢_l] (it
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otherwise,cont_lincomponents of illg.h_qtteney w]licllC;Lnprovidaillltlittlry
clu_;PiIo lh¢direcliono_ lhcirsource.

Tilesi_',:nrlhi=he_itlis_ii1other_c1or tl1_lld_leTnlineslh_,.i_grcetll';iCOll_lic

shielding, The smaller Ih_ he;td the sllorlcr nlust he tile w:lv_leJlt_'zhI_r

cquivz_l_llt inter-_lur_LI diFl_ret]cc of intensity. This, it hlzshe_n szlg_._sl_d,i_ _hy
,_II1till t11_tmlll_JS[l_lye iibiJily [o dcic:cl pzlrticultlrly Ili_h t'_'cqL1¢31C[¢_S_Lndwhy+;is

h[I5bCCn I*OUl_difl mice, CC_l_lill_ [nLIt¢Of _'()C;L]COt]llTltlniC;LIIon+11[)1;1_]_(l[!;[r_!,_;
czll[s,:Ire c[irried on atu]tr_lso[lic _rcqucflcies.

Eehi_-/t_'ali_n is :l sp¢ci;llizetl _ld:lpl_Ition _f _;Olllld W;IVC prodLlgtioll [It]d
h¢_IrJng, employcd by cerl[lill _ip_cic_;Of b_llPi_lnd W;llCr In_llll111;l[_,They ¢nli|
btlrSlS of sOLlnd W_lVeSZlnd frt_nl tile ceht_es ezlll ]1_iylg_lI¢_llld C[llch prey+

_Ipp_irenlly obl:_inin_ II picture tlf lht: itllnledi:ttc sltrroundiflgs frclnl Ihlz;ICOll_tic

rc!fl¢¢lions, Tlle pttlses pr(iihtccd by h[llS dcl_¢nd o11liic silccics _ii1tl they USll_llly
¢onlain components in zlle rat]_e 60 O(l() I[z Io ]0O 000 I'lz, Dolphins Ilave ZLtZ

_p¢cizllly elabor_te repcrt_ire of cclto.loc_iting ptllses: tlle hotll¢-no_¢d dolphin
¢_n vary tile t'requency c_tll_ined in tile pulse l¥om 35 O00 ] Iz to ]30 000 IIz.

flea,ring _bility in such species is evidently suited to r_c_iv¢ the: higlt I_cqUellCy
components of the ptil_cs+ lt_cci_o.loca[in_b_tsthettudil_ililycL£rvcs_=resl1_tply
ttzned- the species represefll_zd i11[;ig, 2-9 h_isIWO +hi,stfreqIz_ t]_i_s' [11Chigher

one presumably tel;It,d to ccllcl-]oc;I lio+l is very _ill[lrp]y lulled Ill _.'1I)()OI Iz.
TIl_ lilnilit]L4 I_l¢lor it1 the reso]llLiOll (ir Sl]Z_lllollj_¢ts by _¢ho.l_zlit_l_ is

w_ivelcn_lh, [_lTccliv_ r_n_cliofl of sotltld w_ivestlo_s tlol oceuri_'lilew;t_'clcngth
is ](lllget than tile (lhj_ct it] qu_sli_]l, ] It_llCe lh_ sigllil_c;inee ol'high J'CCIIII¢IICics,

For exilnlplc, in or¢lcr It) dr:reel ill1insect o1'wingsp;lll ._nlm I]lc v¢;ivc]¢ t]_lll IIIILSI
be 5 rant (0.(105 m), or I_ss. necessil:ttitlg a frcql_ncy (ill _dr) uf 68 0(}() IIz, or

int) rt_,Wzlwh;rlgt ]i under W_tt_rIll It gi'¢en l'rcqtlcnc), is _lhouI f(l tlr lillles i_nger
l]l[lll i11_lir_lherefor_ correspnndillgly hJgltt:r fl't!q lit+'nties ;ire nccii_d lo dcl_cl_in

object o_ a given size,



3 Transmission of Sound Waves
in the Ear

The prcviou_ chaplcr dca]t with i¢¢arh=gfrnm a psydlohl_icaJ sl=lndpo_iK. '_V¢
nnw IIIrll Ill pllySilllo_y ;Ind s_'¢k Ille lll¢ch_lnJsnlSlllldC_l)'illg ilUdilory expcri¢ll¢¢.
Th_ Inlllil[(_il_ll physioJng[_ll appr41acJiIo a Sysl_nl of tll_ hc)dy is in 17lid Ih_

propt:rli¢:; ill" I]1¢ C_lllp_)llc_nI nlccharl[srlls [lldiV[du;Ll[y;llld Ih_il rccOnSl£LIClIh¢
(iwrllll Ii_hav[our I_-onl Ih¢ =;Llnl (it'lh_ paris+ In Ih¢ c;is_ o1'Ih_ _llr and ll_:;ir[nl_
Ihc:r_:arc di_lhlctly dil]l:_nl r_glilllS Ihlil WOrk irl s_ri_s. ']'li_ _ll fl_r l_r ¢hiln flc]_
s(]llfl_l wlll'¢s to th_ r:_lrllr linl_ Ih_ ns_' _'ur iii which Ih¢ '_'ibr;ilil)n s oJ"the ¢:ilr

drum tire inlcn_;il_cd lind _OCLIS_llilnlo Ih¢ _iii1¢="_:_1r; and II1_:_'_l'h/_, Ihc I1;Irl oJ"

Ih¢ hln_ _ilr which Illlll_S Illc or_illl o1"II¢llrillg,

3.1 'l'iw _lul_r ¢:llr

Th_pri_i¢iP;_p_ir_I1f_h¢_L_cr_:;irar¢_h_/i_I_(_ith_r')'_h¢ct_Iich_/(-sh¢_ ')

and II1_i_r c_l/l_//(s_ I;i_s 3- I iLnd ._-2), TII_ II[llll;i is hllp_lri;inl Ibr di_'_ciion
sc:rls_tcsl_¢illlly in Iho_¢iininllll_ why're [I is lilr_eiind tlnllcr Illll_:ul;ir ¢(]lllr_L

TII_ cnll¢llll is ;i hnw] sh;iD_d _;lvily which l_)rrlls Ihe cnt rall¢¢ IOLIII:¢_llrc;ina[.
Con¢lla illld car cliil;il llltl_lil_' i[l_ ,_nUlld in il _llSiliVc way iilld sll i111]u_:nce lh¢

I_qu_llcy _en_ilivity o/h_;iring.

OUTER - _MIDDLE _ INNE_
EAR EAR EAR

l:i_. _-_ _[lic p;*rt_ *11'tile _ur, (Adap[_=[ I_¢1rl1J_;l%ri¢_,[J. (1959), in /_l_=_,_k ql
I_1 Ihl/o,ql', Viii* I, Anlcrlc;in llhysi¢ll¢l_icillSo¢[cly.W;isllilighul,I
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FIR,,]'2 Th_1cr_ar_a)ex_1;d_ew;(_1_m;_t_;_I1hcr_<_ri/_n_;_s¢¢_O_a_1d

[no IlOSil[on_ of mic ft)phoRe_ ill nl¢_sllr¢ I'r_¢ltl¢l_cy t_.pOll_¢; (c) Frcqtl¢ltCy rc_ptllP,¢ of
the oilier ellr 111C;l_ur:dIIt lilt ¢,l r ¢lrulII, "l+hc _o41tld _otlr_:c _lt_ direct Jy in lille L_Jill the ¢;tr

Cahal. T]I_ _r;Lph ._(vcs Iht: dJJFcr¢llc¢itl prc_stlre hclt_ccn zl in_crl_pllon¢ oiJl_idc ffl_,:a r ;ind

=cm1¢u1sI_I_.(Aft_rSJmw_F_A.G`_t_74).h1[h_'Am_n_r_._,r_vÈ,_hIm_h#_J_f#_RI_lI_+J_
IVosil_h+gy, Vo[, V, parl J. I+:ds+W, D* Kcidcl ;rod W. D. Ncfl_ SpHngur, Ilutlil+,)

J, L I 'T.+lhl,t.,' hi//.' m+wr ear

AcOlistic prop_rl[cS of lhta (Itll_ ¢[4r h;ivc _)t.*Clldot crlt%_liCt[ _)y coin p[it[ll_ IIi1:

_(Itlntlwaves ZlF_iViIl_;IIlhc u_ir W_III11105C PC;ICIIiR_[ill:_'_Lr([pIHI1.']'JIC [lIClhOd

¢lllJ)Joy_;lWt) 111+cI'¢1[till)It¢_._Iwry _;1111111011C[ll_crl_di11lilt¢_Irc;lll;_J_i11cJ;llll)lJlcr

just OlllSid¢ th_ +car (I:it4.3-2b). U_[ng ptlrc II)n¢s il has bcun filllnl[ I[izll [he Oll[¢r

¢;ir 1_'IUn_'d'to ._otlJ1(JW;IVe_.Jl_lViil_['r_qllCllCJCsi11[hc £;I11_I_2-7 K IIT+Irtul'fi:cl
Ihc_c J/'gq UI_J1Cics0_' SOlllld arc sdcclJx,¢ly a illplillcd, 'l'lluru ;ire two nl;ix[in+l; _ll

250011z and at ti000 I Iz ( Fig, 3-2c), This property oF lhc _mter _ar ;Iccomlt_, i_l

12_lrlill[l_l_I.fi)r lhc L_realur _;c[lsilivJlyoJ'llC_ll'Jn_4 _lllhos_ l_rCqlicnci_[mporlanl
lot the p_rceplion olspecch,

Tim n_illirco1"[]I_lllnJn_ i_ l]ic_;im¢ zlslh_llillilllyaiF-fillcdtuhu which is

cJos_d Ill one +:Jid _[[td hns a diSlllrb_lrlce ;lppl[ed to tile Illhur. _[_l[Iding W[iyezs

occur ZllI[IOS¢Ireqtl¢llCiC_WllCrl_[_lc WIIVCI¢_I]I ill_lJr [_ilhtIUllOLlrlJID_ lh¢

l_ngll ol tIlu lUbC, +]+h_s _Imolin[_ lo alllplil_calit]n ;ll lhcsu l'requcncic_+, This

phenorl%cllon _lppli_s Io the n tile, [Jl(_'11U_3' pJp_ oF[l church t)rg_llt Zltld [ICCOIlll IP_

f_r Ih¢ sound oblldlled Ily [}JowJrlg _lCrO_; Ihe lop +IF Illl clnply 1)01(1¢, "J']l¢

P;tllltpZleSS o[" ItlrliJl_ ill ++llCll It P+y_;lullli+iIll)t ilClill_, I[Icr¢_or¢ SOliRd_ over _1 rlln_<_

or _[CqUCIICICS[IDOIJ[lh¢ ¢Cnlr;llv;ihlc _IEI2;ICCCIIII3_IIC¢J,

Thc COllCh_l lind C;IP ¢_ln[I] hcll;IVC _IS sup;irate C_IV[IJC_ WhilSt: [lldiv[dtl[l[
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propt:r t j_s ;Idd Itl_t_lll¢r, zlt¢ C(]nCJI;I ;Ij(}ll_. ij" il _ cr¢ III II1_¢ cJon_:d ill one _lld.

wOll]ll HCc_IIILlal_ j_'¢qlt_rl¢i¢_ _lrllllllll _{KJG 11_, TIIc c;11" c;+ll;ll _11(111_WOuld

IICCCI1TII_II_ IIIoSU ZII'L)LJIld ,_O(jl) I I_, I_;llClllllli(1il_ LIpIHI _qlJCh Ijl¢_t_ p_di¢liull!;

;ir_ nl;idc I_l_C _lllll IICC{_LIIll ¢1__l;lill *_lld cl)rr_cli(inn' - IIil_ _ll;:cllvc J_ll_!l Ii ill" _1

IIIh_ hull1 B Itlll_4_ r_ in r<_l_lljol$ [O lit+ _1¢o11_1i¢pl+oP_rljCs, III;111 Ih_ Zl¢lil_ll ICn_lh,)

The _¢+1111 oF I_{)IllDjlIjll_ Ijll_ IIVl) ¢llillllh_l'_ _'_1+, R+I¢tI I)ll ZI njlllpl¢ II1+)d¢1,

'r h el't: WCrt_ IW41 Fn+lxi111+l¢ll rrt:Npollelill_ wllll l]lu + ¢cP;lljl ohl+ljll¢tj ill lilt: r¢+ll +;Ir.

_l)lICh;I Zllld car C_Illil I h_l v¢ c(inlplCi11CIll;ll'y IlmperlJ_s, IIl_rctbre. "rJl_ C[llllbJl$cd

¢l/_cl Js Io zlnipl+l_ _.ollrld W;1"¢¢_;(w_r _1hro;id r;lllgC iir' r'r¢clll¢llCJl:n.

IJ1¢ Illll_r _lr provJtl¢ _iL_llll_:llll ¢111¢_..J:i_tla'¢ _-.'l _hiiw_ dirll¢ll_;Jolt_ i)J' IJl¢

¢+l','ilicP+ (11 111+111,I:+11+lll_j glljll_;l'Pi_+ "rh+ dl'¢l++..+l:_jll+Bmite +'lI[l'<:sl+l)llll_+ wilh IIlt_

II1Cl+C_lsCIn Ihe I'I+_{III_+IIC_ Ill" II1Hxinllll11 +¢llsjlj'+,jly.

1
MAN Concha Eor canal ,_--._ 3000 HZ

J

I
CAT ' I 5000 HZ

[
l

GUINEA- PIG "_ '1 8OOOHz

t io 2o
r_m

I:lj_, ._-._ Sb'¢_ of Iht_ ¢c)rl¢h:l ;llld L_ar<:_111_11ill dlll_'rCnl specie+. _1111the rr_qU¢llCy or
maxJnlnnl r¢_pl_JlSC( c;11¢Ul;I k'd f_olll II1_ I_llglh _ll'lhc cnr ¢_1n;ll). [Diln_ll_i_ln_ lZlk¢ll h'lll_l
Nh:_w. 1!, A. G., PJ74J

3.2 The rniddle c_lr

The middl_ ¢;Ir is ;111_lh'-_llccl Clliimb_r COlll;l_lling ;I nl_c:h;lllJCal link;Igc hy

r_lc_ln_; of which _lirhonl_ vJll_-;llJOll_; oJ"_OUlld. ¢(iJ]c:cl_d by tJt¢ ¢_lg dru111, ilre

mnr_d on II1¢ w_llary I]llld afll_e hmcr car(Fig..1- I ). "rh_ ;lit in Ih¢ middl_ ear

in.'lin[_ljncl[ ;11 ;llnlo_;ph_ri¢ pr_;SLir¢ vi_l Ih_ cU_lllchi_lll lub¢ (l_iL_.._-[). Th_

movJn_ p_lr I_; oJ* IhJ_ lill _;l_[[c:•ar_: Ihr_ hOll_ kllowll c_11c¢1 jv_ly _lS 1I1¢ #l/lllll_l_l,

o._._i¢l_'.t"luld JlldJvid IJ;llJy a_/llll/l_.,._ (h_llnm_), i/icll._ (;_llvil) iiiid ._la/u's (_lirrup)

(Fig, 3-4),
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Stiff joint

muscle Round window

_?1_._-_ ._¢hcfll_li_ nllld¢l itl i]ltl,.tntl¢ Ihe iI_¢_hntli_nl tit ¸Ih¢ iiIidtt_u ¢_r.
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t TIIc I'IHI¢[JlIH ¢11' (hit Illelll[Tf_ltl_ Ol" I_lL" ['OLIIItl IVitl_OlV i_ (CI _tC¢OlTttllHd_tl¢ I[1¢

di_phleefllerll Ily Vi rllll_ or Jl_ (jlsl¢ll_flijil)', Th_ sy_[¢l)l ol'ossi¢los IH;I_IIjI_¢_ Ijle

pressllre olI _Olllld W_IVCS ;lilt] c(lnt_t_rllrfllt _; Jl ctlllc_ Ih¢ ovol II'JlIIIDIV. I-;ller_y

¢o11¢¢1¢d iilcr 1_1¢surfilee (fl'llt_ ¢_1' distill i_ I_ll|_['_ ft'cd [o I[1¢ III_LC[Islll_tllcr _teetl

Ol" I]1_.'filcJIphll¢ Of Ih¢ M_lpe_. 111_l¢[Ijjlillll lIfO :*l_l[_es _ _lllill.'h¢(] II¢;Irer 1o I_l_

iliVOl I)fliP+,_y_;lenl lh/llliS lh_ c,'tlrch+ilm tlilt[111¢¢¢h5, _l_riv¢_ lll¢chllllt(';II

_Ldv;llltllllc w(dl ¢_gBrd to (¢1f¢¢ (_ Iv(g, 3_1. "['(i ¢ iwo _;tctors c_ll_bhl_d pre.dtlo:
_ll] _slJtll_lled _O-fo/d ;Inllll_l]¢;llion o1"pro_p;Ilr¢,

.t'.2.? 77¢e xi_myicatlce qMbrce al_lpllJ'te¢lthut

D;IIII/I_e Io I]IC Ill IddJ¢ ¢;Ir ill¢¢llIIrlJ_lll reMlJl_; ill _CI_C__2inl_;lirlllefll IIlI]l¢;Ifhlg.

III Ihes¢ cJr¢oinsla rlce_ ,'l_rbo rile _ol/ltd i_ _1$'¢_¢¢_ln cxerl ;ill C_']¢¢[ (lilly by i1(21J/)g

directly _l[ 1_1¢rtnmd Ii ll{I OV;l[ WIJI_t)W_. "]'IIINSiIIJ_IliO0 higltllgllt_ I[ICi[tl_0r I;LIlt2¢

OJ"1]1¢ I1OrlltilJ itllddle e;lr Ill¢Ch_lllJ_=lll. t*Vll¢ll _;olllld W;IVCS _lr/k¢ Ih¢ fOUll([ fly

OVII] Window Illey 11/'¢ Ill _ fj'¢CI slrikin_ zl WII lCl" _11¢1'1l¢¢Illl_ mos! ¢)f Ill¢ cller_,y j_

r¢fl¢¢l ¢_ - Olll_ _1[Jr_' propt_rl_Oll is itb_ofllcd. "|'he tllovitlg IIIII_.S ofg_t_It_p;.a vcr_'

low hlerl_Ii ¢Olllp;i f t'_.l w_lh tile fillkl of II1_ ht/lu'r ¢.,ar. "|'11¢¢l'(_l ol'the i}ssJ¢les is

r2qllJVIl}¢lll Ill i0¢reaslrlg 111_'_lerlsity of air hy It_'*2111ylitll¢S, Ihefel)_ cr¢;ll Jll_ it

HlOr¢ C/'/]Clell{[f_ItlSl_ar01"cllergytO the Jlltlel" e¢trt _Ihcttcrinlpedculcemfttch (_¢c

Fi_. 3-6).

°t_gO_ec _ ffner_yEne_oy

( 0 ) _erfecl r_otcB I b ) Mismot_h [ c ) Porllol mo tc_

|;_. J-_ Model III iI_ll_lr;ll¢ IJlo _llllC¢0l tll'etl¢lgy tglll_f_r ;lllll illl0Ctlil_lC'e Jll;ll¢ll[llg _rl
Ihe tllidllle e_lr. 'Yh¢ nloeM eulllloy_ ,i *NeB'lotl*_ erildl¢ _coll_slln,_ ella _,)'_IeJll {ifR_ell fiezl[

_;1¢¢1I_arh _llxllenlt_ll In ¢01l IlJ ct, [_1} II'II hall iiI i_lle elld it; _ llllg I11cl_ll[d e wilh the resl, _1

¢ol11¢_ IO r¢_;l JflllTledJil{¢l)1lh¢ ezlerg)' J_ ¢lllll_¢te]y I rilll:_[_rre¢l I Ilfoll_2h file sy_telll Io IJle
b llJI III the t_lher ellit. Th is i lltlslr.t I¢_ pvrl?cl irnl_edz,lcc _lr_l¢llillg (M [l'_t m troll [tghler ball.

ii Table lelllliX I);11]Aay.J_IIl_ltlOIO C1111i(1¢W_lll the sysle?lrl,lt Imtl0ee_ ¢llf lea vhlg Iiltl¢, Jfll fl_,

IlIOliDl) ill I_l_ MeeI h;IJlL TJli'; rcpr¢_¢/ll_i It htll_¢[c_ Itli*.ltl_teh tl('ittlpC_C_tlcc+ (¢) Mq.tchillg

I_illl he illl0rllVCll Ily iflter[io'_ill Nii p01flled rod, _,_1)'it _ll_fj]ell¢(l II¢llC_l. Ill iller¢;lSe Ihe
lilree, |1 is _oulld {[[_l 5[_lllcO nl tr_lt_,fcr of ctlerg_' II(IW _CeLI[_+

AZlolhc¢ r eJc'.'llrll/bclar is the rclluhcment t0 pmducc .adifl_rcclce ol'p res,_ur_

IlelWeell OVill ttrld r011nd Wil_dOl_'_, If this wen Ilot so, ils ill lilt: CIISe {Ifthe

d_lr_lilged/rli¢ldJ¢ ¢llr, lllell both ivilldowsWOdl]dr¢ccivc.lhe._;lllle_lirl_OrlleSllllll(J

Waves lind _) uspel'ience idetlti_2_ll pres_;ttrc ('lLtCtgli_liOIIt_ sitll_llt_H_eO_lSly. This

IVDIIlll miellrll _ze 111¢disprlle_zll¢lll or cochlear lhlJd 11[1_ 11¢11¢e111¢ d¢Icclil_ll o1'

_oIJIllL A propllrli011 OF lhe ¢]¢/lflloS_ {_lle IO IOS_; elf rllJlk[l¢ ear rllnCliOll iS

attr_blttnble ta Ihi_fitclnr, Hearing insuch p;llienls bus bccnconsiclerably



3+2 "JJrJ+MJrJI)J.l_J+_+Ii 2?

m]pr++vetl hy irlt r++duci[l__I_t+ui1d P.lli_I_over (_11_<_I'lhu x_illch_w_l+l l_cilil[it _ _I
._rc_L1rc diI_i: r_nce.

3.23 Mtt._t'l_'._q/'th_, lnhMl_, <'_tr

,Itlizlling between tile _llldi[o ry (_ssi¢l¢_+is tln(Ic£ mtl_Ctll_l++cimlrc_l+ +l'llt:r¢ zlre
tw(l IIILJSCtC_rIllld l]ley plzJlIll slr_tlt2gJe pl_tcus ill lhe lllel_h_lllicil] [l';lllSllli_!;14)ll

tiystenl: thl2 It'11.1oF(l't,ltct,i lnu_,cle+ _ittilchcd lt_ tile lll;iIletJs, zl_id tile ._lltpt'dilt_
muscle their pulls _Jtlh_' ilcck of tile st_tpes{IZig. 3-7), 'l+he prim;_ry ptlrpt_seoft he

14_11S0r Iyl1111_Ini[_ I() cCi[llrc)ltile tl ngtll_ir reJ;llitlflsllil1_ l)¢lwcen 111,:c;ir tlrilm ;llltJ

tlll_ SySl_ln of o,isiclcs; it prclvidus llt)MtlrIlJ Ildjustmcnt Itl cclmpellS;ll_ [()r
tlltlV¢lllelll (if the body _lllil inclim_lltlll c)J+lllc_iC_l(l."J'h_Oil ri1(l_¢()J'tlie sl_ipetlil£_
ISio r<:gtlJ_it¢lhu l'r_cd(l_11llI'lllt)Ve nl<alll()f lh_ ()P+sicJusillltl lherchy [llIIll_:llC_ tile

Ir;tllSIlli++++Jtlllof _;tlllrld I11Ih¢ tni(Idle e;if Iscta _lJxl) Irig. 3-5). The Slllpedit3!+
IIIUSC]¢*ill p;Irliclllzlr+ re_p(111tlsdirectly to stItlnd: it IIIIS ;Ill '_ICllLIStic r'linelil]ll ',

Ligomonl

Tonsor lympani mttscle

I:[_, 3-'/ M LI_¢I¢:__Jl'Lh_mitltll¢c_ir.+I']icICll_ilrt_nlll;l_ll i__llt_l_:ll_:dIt) III¢ II_llldl¢ tlflhc
in_l I_Ir+.Wh_:llil _:ilrllr+iCl'_lh¢¢;trdrllnl I',IIL_II_(IIoi+_id_ lh_ llliddie ¢_ir,*I'II¢_l_p_:ditl_i_
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The [ensor tympalli is inllLWnccd mainly hy _;i,21t)r_ olheY [hiLII sound (hg;]d

posilion ¢t¢); iIs functloll is ther¢lbr¢ reeg;irtletl _ls 'non-_l¢OliSliC'.

._.2. 4 ! Jle slarednzs rc/h,x

Wh_ ST_pcdiTIS flltlSCle CDII[F_CIS ill resl_OllS,2 [[_ _l)tltld, t/sl_ccJ;dJy _ti[ell:_C

SOlltld, The rcsllons,2 is kllOWI1 il_; 'the ;1¢1)L1!.1[¢middle car iil[l_d_ r,211e,__ or

;lllt/rlla lJvely aP++lJ],2 s(itpcdilt_ reflt/x ', It is ;l n)CCJT_LI1[SI11J})' nT¢;I IIS OJ'WII_Cll lh¢

s_nsillvily of hcaring is adjusted, Th_ r_flcx was observed originally by Walchhlg

the middle ,211rIll LRICJ_SIh roLl,J1 ;t ho]_ Jrl a patJcn['s ilurl_r;Ltcd car (IFIIITI. _Vh_ll

[I It+Lid Soilnd (_0 d_ oi" II)Ol_e) IV_IS llpplled Ih_ +'+l_lpcdlil_; lllllsc]e W;LS _¢_n tl)

COlllrIICl. "J'h¢ r¢l]t/x is bihill+rld _*ill_c _L_;o IIIleJ IIJ)l_ll,2tl tt] eilh_r e_lr prOchlc,2d Ihe

r,211,2x in Ihe ob!;crv,2d e_l 1".Tht_ sl;ip_d_us rellt/x h[l_ ht/t/rl oL}st/r %',2L_;intJ nl t/il Nlll'ed

ill several sp_cit/s of Ill;lflllll;il [IS Wgll I)_/ in Ill,In,

Proleclil'('fltnrti_ul r_flhe rl']h,x? It had bt/en supposed I_r sorn_ time Ihal the

prinl[lry purpose of Ih_ slapetJius r,211,2x is I() prote,21 II1_ ill_trr ear _lglLillS[

d_llll_lgil_ v[br_lt[ontl of illlt!n_ie $cllllld_;, Wh_s is illl ILII£ilCI[VC idea which lnLis[

Ii;t vca I.legr t/e of vlllidil_.', btll is diMt:tlJt 1o accept _1_lilt/¢llnlplett/r¢l£_on d*<_trl,

I'0r lh_ _ volutiollnry dev¢lopnlont ill" Ih0 r_..f]cx zlnd ¢slinlaleS ill' Iht/_lltIOlltll oJ+

nllt/lltl_lliOll lJl_ll 111,2 T_l]¢._ C_lll prodtl¢¢ suggest thai it c_lllllf_l al'l_]rd ;t/_r¢;ll

d_al of pr_t¢ctilln. J'v[odt/fll ¢xperienct/ _.llOWS how t/asy it is fllr 11,2;1_-iI1_[o

b¢ perlllan_/itly dalnaged by expot, tlrt/ to ntlist/dt/spit¢ tile r_.flcx (CIlaptcr 5),

FllrlJl,2FI11(l£_ IIl_l*c is ;L d_/liLy 19_llhOlll 30 /11SL',2lin hi[It1) _),21wc,2n tilt/Oll_t/I [ifll

5uddci) loud _tlilfld ;lnd tilt/illltitlli[lll Of Coflh';I,2ti(In [If Ihc stapt/ditls illllscr_.

¢ons,2qu_ntJ_ Iherl.' i_, iio proteclit)n _1l _lJl llg_tJllSl inlptlJsiv!2 SflllllL[_i, All

llJ(_2rll_llJv,2 pllrl_ost: I_lr I11¢ rd]ex_ ii¢,2ordill,g t(i r,2t_t:nl work_ Js in lilt/
diserJl/lln;ttiOll of VOC_tl Sotlrlds, "|'Jll_ i(le_l tler[vt/Y; from ¢onsider_ltion ill" Ih¢

fre(lUell¢.'., _,¢llSit ivlty ol'lht: rd]cx ;ind IJl_ natur,2ol'lhedisahilityassociat_d wilh
lass t_r th,2 reflex,

Fretllst+lll_y zl'll_if_l'_fl' ¢_f IIu' I'l_t'.X + 'l.rh,2 st/ipt*dillS icl_u,_ i_; [I sllSl+lilletl

eOrllril(:l_On ol+[h_lt IIItlS,21e reJ;lled to Iht/levt/I ¢)f slllllld inl,2n!;ily. The ell_¢l islo

sIi[+I_211tile III (1I't/nl</lltS Of lilt/_illdilory ()5_jCI,2S il I1([ F;{);l[lellll_tlt/tile Ir;lllr;nli+,silln

tl[ on_4oin._ _/otlnd W;IVeS I)tll Lilt: ;It ICltllItl_On IS IIOI tll_ S_llllt/ _1[ _lil I_cq tlell_ies.

]'11¢¢ inlensJly nf IIIW frt:qtlen,2y t*OLllld IS _',2tlllCt/tl more Thrill hl/gh ff,2qtlellt/y

s<llllld. _Ollll([_ III_[Iv¢ 2()()0 I Jz lll'_ h;ll'tlly _lllVnLlalec[ ill a II bill Ihtl_.¢ heJow I()00

] Iz at,2 _tl bSl_lnlizllly a I'l_cled. "['ht/resllJl is to dimilli_Jl lilt: IoUdlleSS ¢lt'lllt/d¢cp¢_-

C()lllpOI1,2a'llS or IJll_ vl)i¢¢,

zllllllll¢l.¥klll._ _ fllld ,l_l*l'dl Ill+r_'l'l?lil_ll II1 order IO recagniz_ :_p,2,2¢hSOLIIItlS

Ihere nll£St bee g<_od sensitivity of h_;Irlng for lilt i';lnge 1000-3(}(10 II_ bul IJl_

Ii1(]_1 illlt_llSe C()lllptlllt/lllS O[ tile ]lunl;in vtllct/_lrt/_lt 400-500 } IZ. l rl tilt/_lh_t/llCe

()1' 111,2 _.l_lpcdills ft'l]cx 11112I(Iw rrCqLl_llCy snurltl tcrlds tt_ in;lsk Ih;ll ill ]ligh_'r

I'rellu,2n¢ies and so impair ._l_et/cll i_¢l'eeplio n. Nn_'lll_llly th,2 euIIIl'Ilcti_)ll of tile

IlIllS_2lt_ [C_ltl_; Ill _lllC_lNlliOn Of lily [()IV fl'_qllefleie_; It Ihcr¢l_l£e ,2xt!rls ;Itl

;l]llilll;is[4int_ _lclioth

SiIppor t I_11"IIli_ II(llJOtl W;IS ilhl;IJned ill _tll)j,2t_l _;with JleJJ_s p;It_.y,;I lenlj)(ir;ir)'

ililllielll [11 wllicJl th_ IIIIISCreS ()r o11¢ si_[t/or tile l_lee, illCJLl_lill_ tll,2 Slilpedius,;tle
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paralysed. ThJ_ cond[tio, giv¢_ Ihu oppOrltlnily to cnnlp_lre h¢,'lrJllg _.Vilh_111(I

withotlt IIle ben_lit of lh_ slapeditls rellex, in the sanle person,
The effect of m_lsking W;L_delermined a,; follows: subject_ with llell's pal_y

were in '.'ited l(I d¢_cct I m_t:sof lu]_tllvc;y iliUh frt_quency _tS;lin_l a h;lekgrollnd of
intense low frequency sound. The high frequencies were in Ihe rtlnge 2000-81)()1)

111 lind therefore iflehldcd those inlportant for speecll di_erhlllnallon. Tile low
I_-eqtie n e._,, was tll_f=llt500 I lz Lind IIitltl represenled lilt: Sll'OngeF Co fllpOIlUlllS (lf
111¢htlm_lll voice, Masking was I_)tllld to be p;trlictlhlrly severe wile. u_illg Ihe

al]licled ear. Tile result indlcaled tllal_ in the ilOl'mtll eal', tile Slilped[tl_ nltlHcJ¢
Iitl_an ;Hllilll_lski_18 aCliOil.

These ilaveslig;dors employed also a more direct tlpproach in which they

lesled speeeil perceplion wllh tllld without tile parlllysis of the reflex. Tile _tlhje¢l
was asked In discriminllle nlono:isJJabie speech Sotlnd_. pre_ellled ttl difl_r_nt

intensities (see Fig. 3-8J. At moder;ite levels of loudness (60-80 dll) it w;t_ ft)glld
thai dlscriltdnalion with the 'bad' ear w_i_;;Ib(llll lhe S_lln¢;ts with the 8oo(I e;tr,
At high levels (91)-I 15 dll) Iiowever, di_crinlinnllon .sing Ihe alli:cled ear w_s

WOl'_e than with the oilier etlr for Ihltn with IJle S;lille ear al_er recovery), These
rcslllt_ Stlggest tlltlt lhe st;IpeditlS intlseJe i_ inlporl_l.l ill tile perception of

spoken langtlage particuhu'ly at iligh i,tenslties.

t00% Unaf reeled 100% Same
eeT _,_ oiler re¢ovory

O I I I I I O I I I 1 I
40 60 80 "100 '120 40 60 80 t00 120

(l_) dB SPt. (b) t/B SPL

Iql_,3-_ "/'he _1;1pcdJtP.I11tlscl¢illtd _,peedl disc fhllillalhal, "1_1¢sl:ll)edill:. III11_C_ill (hi_
pallCllt wIIS lelllpOr;irily par;tl)sed ( Sell'_ p_ti_y)."ll=e;Ihilily I*)tli_crimill;ll¢ 111atl¢)Syll;llli¢
_p¢_cll "iound_ Ivan. illCll_ltredIll dil'l_rcnl intenslties, AI higll hllcn_ilies di_erhuinathm
using bile =lS_cled c_lr I&'iisevidently worse IhZlll t_i(ll ItS [¢ilaw (lU_le¢l oil I{l_ MIIII_
=)ee;t_it_n) Zllldr_clrs_Illltn ivJthil_Jl'tu:_l_d ZlllUrre¢o%ery.(/_ll¢:r Ih)rg, l_,aultl _/_lkri_._Orh,J.
I!. (1'175), hi ._mnd A'eeeptiml #t ,_hzmmah'. Eds, R..I. II_nd_, A. Py¢ nnd .1. D. P_e.
_,C;l(lerlliCpl-¢_s+Ltllld¢_ll.)

Ih,_tritlg dltr#lg ._Tr'akh_8 1'11_ sl;tpedhts iTlusele h_ls been (_bserved Io
col)lrIlCl while a MIbjecI is Ilimsel f ill;IkiiI8 VtJt_ll_OlllldS. "1"11i_is bdieved to be

part of Ihu process _l" v(lc;lIl_'ation ratlter lll;m Zlresponse to Ihe _;OtllltJof IJle
VOiCe,beeIlllSe COltl¥_lCliOllh¢_[llrl h=_]_l'l'tile so.lid. The nlllSele ivasol)serv¢_.l to

conlRtcl ;1[ =ill levels f_]"vo¢llJ intertSJly, h app¢;ll'_ tllerell)re Ih_ll IIle sl;tpedJtp;
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itltlScl_ is _tcti_'¢_lll Ihc linl¢ x+.c_tr_ sp¢;_king. ]l++Xvcver_ol_ly. l]ltls s_l_cliv_ly

_lllr_lltJ;llJllg l]le rower r'r¢_l_lcrlcicsol' []1¢ _¢c+. II II;1_;[_t_crl._u+gg¢;+tcdI]1_11I]li_
Iil_lp_ one ll_ [it_lr",_llltJ IIIcrc ft)r'¢ r¢_.p(ind It) lit h<:rvlliccs Ii<:_lrdsiml£11_ln_C)u_Jy

with c)nc'_ _)Wll. Evld¢ll_ly Ihi_ _l_.p¢ctoJ+tIle ¢()llt rc)lof Cls:+i¢l_si_.11or_lepcl_lcllt
or1_ [li_]l J_vcl nf _+r+untl. I_r h_p_ _1iP*I_:c mai_ +re_lsnn+I_JrIh_ st_tp¢cliu_I_ltl:_clc.

II'thc sleit_ or'ii vi_r, tillg fork is h_JdI'_rmly _l_linst IJle I_rcll_ttl. or _lrly_lll_r

_lCCCSsiblcp;Irl of th_ SkLJI[. tile SOl_n_li_; he, rll by honl. ¢o_hlcl_l_+ This

phcllom_rlc_ll _sthu b;t_isl_£ccrt_lJndi_Kgnostic prl_ccdttreP;(see Ch;ipl_r 5). Sc_tLild
w_we_;I r;L_'l_Jthl'oLl_h Ille I]_ll b<Jr]t_;o_'th¢ _;ktlll. _tl+cl_lls(+lhrclu_h t]lCstlJ_ tiP+sllcP+
I>c+lJiinsitl¢ _lnd _ltlt_icle _lf it. _ n_llly r_lching th_ t¢1+11)_1[I_l)Ile+_v_lic]tlit+rises

t]t_illll_r t:_Lr.Vibr;ititJII o1"Ih¢ I¢111pol;tl blanc fll_Sii di_cl _l¢l_ln <in i_1+2c)rg;lllof
Jle_lr_llg. h)'-p_l+;siil_ Io sl)rrlt__xlenl+ I]le rlllchJ]c tlrlt_ (_LItcr e_lr (Jll_reil+I_¢sIJ1+2

¢li_gnc+_;licinlpc)r l_zlcr_).
It _;llt_ulcln(ll [1¢cl_r]¢ltltlCdII1_11hc_llCc4)_1c[11¢1i_nw_r k_;iin[y I_y_1_lJrcctrlltlt_

I(I the ]nrlcr C_ll'. It h;Ls[ic_n _.howll IJl_l II1_ villr;tlitIJ_; ill'lh_ IClllp¢>r;ll ht_llC
i+r(icltlce _ol4nd I_'_Lvt+:+_LI_<Iill Ih_ cxtcrrl_l] c_lr¢_ln;ll ;inll ]+llrlJicrllll)r_. IJl_ll ii1¢
ilssi¢[¢_ _1_ lll_J_t+ncJ¢_llly _+h_l]_cr+inlo iIit+lJcln. Th_ I_ll;ll r+2_ult o1' b_Jlc

_ndu_i0_1is Vi¢wec_+_r¢_rc_s_L cL_11u]_ttix_]_c_ _n _e(_r_+_i_1_d`h_rj_+_.
sill11iIt_lll<:(_ll_;;]cli_lt_lln ill l_lllCr. 111ill_JIc_llld Inncl" c_Lr.

I]c_ne¢ollchlcl_t+n phlys ;i [i;irl+ _[Iht+tt_Jl _1++nl_LJ]+Jne+in nc)rl_l_LIIic_lrin_ by
_LJrhllrl+¢sc+urld+Solllltl I_;l_'e_+CVCll _n l_Jr. Sel thu _ktlJl into] "+.ib_llion _lncl_c)

prt_dLiCC_1prc+porlioll _f'lhc t_n;ll _tlntl. The I i_ln_l_r _f+_n_rgy hclwcer__lir _111_1

s_IIJ]iP;r_t her in¢l_ciczl_ llrlcl Ihc I]l_h_lc_ i_1'11¢;irin_ by I[11_rotlle _llllrlc i_+P+l)mt_
1_(Ill_ _lbc)v_ Ih_ll by I]le Ii<lrnl:tl c_r.
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4 Sensory Mechanisms of Hearing

'rhc _'l]nd_l iI1enl_ll _)crccl)liDI3S ofJle:tring _rc JoJ_dtlus_ and p[lClL Jll I)elT_Lt.']DLIr_LJ

t¢r_1sth_scre_s_1_ _hcc;_[_c_tytnIt_s:_s_n_t_nlu_j_y_z_u_i¢er1c_yand

_rcqtlency, [n tiljs cll_lpler w_ Cx_lrllin¢ tJtc _h ySi¢liog[_LI tllechzlr tistTIS _1_11Drovitl_

:j thebasisof Zllisnhilizy.

4,] 11i00 f,_Zln 0 f Ile;irJll_

;' _¢ceplion of' _;ourld Waves it; on_ of the filn¢lJ¢)llS of' the htlll'r rtlr which

¢0rlt;]Ju_ IJte organs olpoSiliOn aim =l¢CCJer;l[ion _;ctls¢ ;L_;weJJ ;IS th;ll o f JlC';trirlg.

These org=ins ;ire JlOUscd wit bin _tSys[ crn o f _'hlid-_l_kl, ]ll[Crc(zflncellll_, tLlRlleJt;

in the _L=b_larl¢'_ ol'dle ._kl=Jf- dte Jabyrinlh (Fig, 3- ] ). lit man =Jnd nlher prlm;lies

th_ hibyrinth is ht=dcd dcep)y in brine _lnd il is }rtlpo_sibt¢ to z]l;ik_ (ILl[ anything

of its fbrln by [nspccthl B Ihc httcrna[ or exlernal setrfitces of lilt skull "llle

familiar rcpresenlation ¢3f the labyrinth (Fig, 3- I) is dlC cquivalurlt ¢_f'z=pJ;i_tc.r

¢;is[ of tJt¢_izllcrior - lilt: sh¢lpC repr¢_cfllS ;icwl'/ O' [11the boric ;Ing111Ol all ;iCltJ[i J

belly stfllClUfe.

4.1,1 77zeear'hlerl

The zltJditoryportion of thehibydrllh is knm_n as the cpc'hhv, h isa spiral
t.rln_i{Fig, 3-i)andthen;mlei_dcscriplivenl'itsshape{cochlo;t=srtail_hc.lD, h
iswdl to apprechtle how tiny the codfl¢;iZ4CIL=aIIyis c*msideringits ¢¢mlplc:.;ity.
Jtl I1t;1[I t_lC enlire slructt=r¢ WOtl_d ocl:tlpy j tl_;t a bOttl Jl_t[l'l Jle space irl a cube o_

side IO ram,

il The ;IrllOUnl Of co/lin_ d/fl_:rs 5.:tweerl tlw manlnlalian _pecics ,rid the:
'cochl_'Ii-lik ¢' organ of birds .rid reptiles is not cnilcd at MI. The eoilirig provides

r' COfllll_l¢lfie_i_ rot ihc rclzllivcJy Ionl_ C_3ltlll_r zltld pcrrll[ls CClltr;iJJz;lti¢)ll o[' I[IC

I'; n_V_=_1db_ds_p_y_r_an_j`h_r_[sa_i_1_=_ringdc_);_s_wh_h_r_

not tile spira) shape is o_'iutpartanc¢ licousrically, h is generMly beliewd to be af

110 g f(_llt jnlporlance sJllce_ =is we _h_ll] _¢e, the prJncip;l_ finlclinns ol'l]lceOC[llea

have II_cr3 _ldCLJll;lfC_y _xpJ_lilled if1 lerlll_ o_" _1 slr_l_g[ll cJl;lrlther llj" 5_lnii=lr

dimensions.In accordance whh this viewand In simpli/y dvscriptlon the.device
of 'unfailing' tile cachlca will beused(Fig. 4-I ). It mustberern,:ml'_er_dthai
Ihe corlvelll[on;IJ lerlTlinology reralcs Io the Col[eel slrucllJre,: the ellcJ of Hie

coChl¢;I it1¢o11 tztct with tile ntkhllu ear is Ihehaw(orhrz,t_d<wr/);md that at the fizr

end, the top ol' tile spiral, is tile apex (orrzpical elM); [llld _l gellerzll regJnn ¢)l"Ih¢

or_;ln is id¢ll line[I by il_; rC);l Kill IIS)I }13 l¢) It _llltrl _or ih0 ct)chlea; for cxnnlplclhe

'ba_aJ Ittrrl'. or the *zipic:l[ tllrn'.

The prilleJp;ll villralJllg parts nf the cochJ¢[l _lre [_1¢ OtW/ Ir/lldml', File m/tlt(/

It*/lll/tlSt' ;ind tile Ilat//ar inembram, (Fig. 4- I b). "1'11_oval window is closed hy t11c
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Ovo w ndow Flbrss Of theCochleor_e_vo

- (o1 R_nd W,hdOW

Slopes and oval w ndow

f
(b) Round w,ndow \

Basdor memblone

it)

Fig, 4-1 "1]1¢ '(mndlvd c;_dll_a'. (a) 'PI;I_ICt ¢_1_1'(11'Ih_ c_lcll]_ar c;in;d. {h) Sidu view (It
[i;is_l_lr IllCliltlr_lHc _I10_i11_ [JIc Iltincillal vlhradng pans, (e) ill;Lit liew i)f h;isilar
IllCHIbF;lllC,

rOi]lplIli_ of the _lltp_ lind the rt)ll lid Ivhtdow is cJ(ised by ;I I]_xible diaphragm;
the l]ldd C(}tlteltlof lh_ cflehIe;ti_thtl__Ill_d ['ro[lt lh¢ middle_tr,']'hcW;lld(iw_

nr¢ the anfy non-rigid pl:lecs in lJt_hard hnne oI'lifehlbyrilldl.The basilar

lllenlbnlllei_ ;iiiuJa_d_ Joltgitudin;d parlidol] whic]l !;tlpporls the audiIor_

receptor cells, The inunll)ran_ divides tile cochlear, hydr(idylla nlica]]£ spcIikillg,

illtO IWO c()nlpzlrlnl_lll_. ']'h_ upper ColllpiIrinl_lll i_ in C(]Jll&lel wilh Ihe (}Y_ll

window (;lIld,_I;ip_s)_llld the ]oWer Wilh the rOlllld window (IllldlylllpIlnic

cavity),
AS I[1_ SIIIp_S v[briileS ;IgltiflSl lh¢ J'hlid ol'l [l_C(1cllle;i s(I Ihe [);lsiJiir in_[11[1/;lll_

zilld rolllld i_indt}w al'u e_luscd It) vibrale ill Syillp;llhy - presently Ibis prl)ccss

will be discussed in det:d[. A smzd[ opelling, tilt' h¢licrJtrema, at Ih_ apical end of

1h¢ c_chJea llllow_; l]uid to lezlk between lh¢ tipper ;llld IoIver eomp_lrttllents _llld

so RP2Velll lilt/ btlild-iIp of lilly StlSlllincd presstlre dil'l_rcllCe, Fin_dly, _1 wry

inlporlanl felll tl i'¢: the width Of tile PasJlur illg/llhrH n¢ is not llll Jfornl bill Izlpcrs

down Ii'oll] tile t*pical IO Ihe basal end of tile eochle;i ( Fill, 4- Ic), Nt)tice thuI tile

tnper of Ihe bnsilar nlembnlnu i_i ill lhu ol_l_psit(' dJrectioll to tile lapel" of Ih¢

cochlea,

4,1.2 Tit(' attd/toO' rl'ctVItar.;

A sensory receptor is a biolagie;d device, ol'len ;I single cell, lhat is spechdi;'ed

to II'llflsd lice ;I p;Irliclll_lT kind Of engrgy (ill this c[Ise the energy of IllgC h_llliC_II

vibration) into nerve imp.lses.
Tile receptors of he_lrhlg are hair cel/_, They are deployed lllOllg tile cnlire
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Tllt_ hairs, ilr _/i,r_+++ci/J(l,llell<_Ir;11_tllri_tlgh lilt i_,l_11_r _#I_++ in10 lh_ _.p;l+:¢
abow (Fib. 4-2). The tip_ al" the longest ster+acili;i are +lnb+dd+d in th_
[_ltllill_ltlS I¢'l'ltJrJflf Itllfltl_Jrtlllt ' (1_¢111111= rOt)f),

"l'h¢ llll_ls hi" Ih_ cn_hl_zl ;lr_ ¢li_trlbul_d IlelXVeL!ll lllft:t" Inn_illldinll]

+tllllll+ll [lllUnl_i+ Ill+: i,t,+li_lldlli+tlrld (l'lll+n(lllJCC;LII;lIP_+which are lilt +l+C+)llI%<;eti:(I _11
_]_¢h_li¢_ r_n%;H_ndC_1_;_in_I'rj_/_h; ;n]d _hc _'¢_C_h'I_rI_¢_ Wh_Ch_n¢_ th¢

_ll_l)ry 51£11Clll[_S_llld COlllllin_ l'ndllJl_lll_l/l+ Perilyltlph r_mhleP+ Ill¢ eer-
t:l)ro+pin;ll Illlill Ill;it b+llllC_ til_'hr_lill and _+11_ii;11card - JI:+IInl ill Calian issodillnl,

Endolynlllh is I+m_nd anl+vin the hlb_rill tll, Jt J++renl_lr_able ill thai, t_llho_l,_han
_xtI'_lcelllllllr I]llid, its i11;lj+11+C_lllan i_ ptll_lS_itlln+

Th_ r<-+aI h_l%lltd_lr_b¢llwen _11dtll_lll_h _llld p_ril_nll+)l i_ I I1_reli¢lll;l£ J;llllin_h

bill till; r¢lieU]a [ I;in%Jn+l j_inot, 1"he 4:nvlrolllllCl_l or Ihl: hiidies tll' ihe htlir i:e]ls i_;

Ih+rcl'Ol+e++JnlJlarIo ordin;iry c_lr;lc+llllhlr I]llid whil+-_II1_ !,lercoci]ia are ;11011¢
expascd to c+lh)lympll.

N_rv_ _br_ifrt) In Ihe h_lltc_lls _lllCr [hl_.l_Jr(I/,_llll,_/JlJl#illld _Olllinll_ _lP_ll_l)ll+*
n[ Ih¢ c+tchh,++rm.rve. I_1ch inner hair cell is scp;_-++lelyJlinerv;llcd, In oneel J( Jl;l+

ii _pri'+'ill_ line' ill tile cocll]c;ir n+zrvc,In carlll+_l_.1111+:_ll1¢Ph;llr _:_llsP+llll[_ +l)llrl)'
]in_s' - _ single nerve Iibr_ llnk_ up ten or so ¢cll_.._JllJiii11;itJell%iii ihe cachk,a
Ih_rcl'a_c occiir_ bClWCCn OtllCr h;li[ cells hill i_ot belw¢cn illll_r Jt_lir ¢cll_,

Oilier sJ_nifJctln[ _Irll¢lllrl_N +it+ Ih+; P+l>iralJl_;llnenl+ which hll]d_ tile h;l_Jl;lr

ffl_lll_r_lnC ill IlJ_lc_, Iltc wl.t¢lll¢lr I¢_1'_r+IJl;ll nt_linl_lin++th_ t:nd(llylllpJl;ltJc

wslibghmr ¢;m;ll from _ndol_lllph in lhc coehl¢;ir ¢lllcl (Rci_sr%¢r'_IliCinbr;inc+
llk_ Ih+ reticuh=r Imlfinn, is hnp+nelr+=ble Io sm;HI ions).

The Iril;l[ +lPi+<_lllbly,it%[idelip of h;lir c_lls, h;l!.il_lr +lllll I¢_l()ritll Itl_'llt[Irlllll_,
Iogeth+r with I]l<_other P+tlpport _11__ilrucI IIrl_i+i_ the o[g;lll of h+;l+'ing tllld n;llll<:d
1]1__rR_ll r_'Ct_rli ilfler Ih_ an_llonlisl AIl'anzo Cord (11122-1Ri<8)."l'h_ region,

IrJ_l_gtll_lr in clo_ _¢ctifln, _Onl_linillg th_ otg_lll, _lnd h0lllld_d I_)' the R_issncr

4.2,/ PrnlJerlie,+n+f++lere+rilhl

W_ can look i11or_ closel_ _11lh_ hllir cells, Eiich ]1_t__1lil[_ I1Linlhcr of
slcrco¢iJJ_l,about 100 in MlLll+llrr_lllged irl raw+i with th_ t[lllest Iizllr_ I11Ihl_ [l_lck

alld grading ¢lowrl to the shorl¢_l in t11¢/toni row (Fig+ 4-4). 'l+ll_ irldJvlClL£al

P+t_rt-'oci]i;ihaw a core of I_rotein I]i;inlen t+;r++ott:din lilt cell body, The prol¢in
Ii_lshcen idcntil]¢d us ¢l¢lbl, _inlilar to thai in Ih_ Ihin I]lamcat_ of sl+¢lclal
inll+¢l+_,

]'ht_ Illceh_lni¢;ll properti¢_; o1"slcreacilJll IlaV_ heel1 tottidied ill Ii;lir ¢cll_ o[Ih_

scnlicir¢lllar c_m_Hso1"the frog+They app_,_r not to be b_mly and Imir-likel_s was
once belitt red hill sliff £md rod-like and ratllcr br[lllc, Tlle_e ilropcrtics _Lredue to

111¢prolein care+ The stil]]_ss is appropriat_ I_r lilt faitlll'Ul del¢clion of
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4,2.2 Kvcitation _![hair relh

Tile efl_cth'e local Slimllbls to iI hair cell is a sideways (sbea rhlg)dJspIileelllen I

of tile sterzoeil/a. No one biis _c[ seen Ii hnJr cell respondblg/talttrally to SOtl/Id

W;Ives but a s[nlpl[I]ed reco,strucllon oflh¢ probable IlleCb;Inislll e;lll be IIIHd¢
fi'om local knowledge (Fig. 4-6).

Tectoriolrnembtane

. Ffg. 4-6 Deflec/gm lff Ib¢ _lel¢l)_ilkuh$ _.ollnd i_av¢'.. AI Ihe Icf'¢_id¢. [olHIriJs the
IIIICho rilee ill Ih¢ Iccltlrlallne nIbrllII¢,file rtzIll(i_erll()[i(iII ()l'[he I_111lieiII1_rlitle!,02s¢niblt:?,

IJKIIor IIhjllgedllarall_qogrlltlll IIlesler¢oejlill 'MIJhe¢l¢fleclcdIcl Ih¢ Icll arid IclIhc righl
tlnring ¢11¢Jlc}'¢[e (If vihrillJlllh (]A Ihe fight _Jl[c, I',¢YOlldtile ¢elllrC lfl" the hiisil;lr
nleDIhr_l_e, hnir cells _ill exilef[¢ll¢¢Mle;irln$ ¢111¢[o Illl'l¢'llJll_t IIf I]le II;*_ihlr lllCiilllr_llle
¢eklllve 111Ih¢ [eCIoriill Illenlbrillle, _Llld_ll¢ilrjllg will h¢ ill one Ilirc_lilln IIIIjy. bl /'¢;11
¢IIC]IIelISIlie pll_il bin of Ihe IIiiif c_l_dil fi'r_, hel _ ¢¢11_p¢¢ic_, JII_llllle Ihc (Ir_il[II11Cl_rliis
Writ Io Ihc I¢li tin IcrlllS Ill I[li_nllld¢[I i_bile ill nlhers il is ccnlnllly placed, fl)¢lck_pcd
fr4l[ll Wllllllllll, J967.1

The question of hDw Ibe shearing lleliOll CilllSeS nerve inlpul_es is a bigger

problem. We will consider a recent hypntbe_is. It has been proposed thai Ib¢
process [iP/olve_; nlOihlllllJOll of Ihe l]ow of lolls I[lfollgb I[1_ bllllllilJtlg
Illenlbr:Jnes nf lbe slefeoeil[u, ll Js_lSSLln]edlhal lbe rllenlhranes of lbe slereociliH

il re freely pcrtlleilhle IOions llHd Ihtll file reliclfl;Ir [a millll J_Jlllpermgilble 1o I[leS¢
iolls, The IO18[ :itlrl'ace ilrell o["slereocJlillnl nl¢lllbrlllle exposed tu clldlllyltlpb

depends oil file closeness o1" pltckin_ o1" adj;teenl _.lereociliil. When Ihe
slereoeJlJll life ilprJghl Ibcre is IlljllJtlltlnl ionic I]nw bul wllell IIley nre sbcilred ill

Ihe appropriale direclinfl file _p;lees widl:ll llllt.I Ihe ionic I_OW ilICICIISCS.
C;tlctllalion_ give tile ¢ffe¢live increase of surl?lee area its 30-60% (Fig. d-Ta).

TIle blcreascd ionic Ilow lends h)depobtri_'e lip: Jlair eel[ (receptor polclllhll)llnd

generate impulses in their cochlc_lr nerve fibres (Fig..g-TbL

A s[gnifi¢;m/prllper/y [_ Iltlll itSlanding plllelllbll cXiSls _*lcll 111111endolymph
tills il stlbslll/ll[lll positive ehilrl_¢ reJlll_Ve to perirylnph illld tile Sllrrollntl[rlg
tissues. Tile limetion, if atly. i}f tills'emlo_l,mpllat& iiolollilll ' has long been a

sub j0el For speellla l/o n, hl tile li_[It of Ihe pNsc/It hypolhesi_ it would bavc Ihe
fullclion of incrc_ts[ng the electrical gradiel_/Ibr ionic flow llbO'¢/: Ill,it 01' Ihe

norlnil[ reslJtlg ptllelllbll DI'die hair cell, t hert_by efl[lllflCJflg tileSCllSil[Vily tll'lhe
cell [11tile Irllll_*[_llitlll Ill vlbrllt[olls Ill nerve jlllj}ll[_;¢_.

Tbere rerll;lins Ii pr(llflcm in Ib_ll_ilcc(}rding Io Ibis b ypolllesls ii [l(I [[It_fllndeJ

JJIFig, d-g, certain hair cells shmt[d nlll he excited (lhase 1othe rJgllt oft I1¢mid-
line). The nmll¢l is pmhably an ovcr-sinlplil]calion and shottld inchJde

IongJlll(lill;ll lllld tlll_ieJile vibrIlliOllS lit lhe _;l_ililr Illelllbfiln¢ iI_ well as
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4,3.1 The plaee prhwiple

Wl_y is pitch experience so unvarying? One can find parallelsofeonslancy in
Olll¢_r types of sensory disCrilllhl;lliOll, CorlsJd_t tactile local[it;ilion, ]f _1p_l/I of
Ihe finger is touched we "know' tile place exaclly, This may sc_mvery obvimts -
tiVOli ii IrlliSl31- tlrllil we [ry Io cxplzlin il. Tile rc_lSOll why _vci_el 'toueiP is

hecalt_,e ;I particuhLr region of tile brain Ilas evt_lved to prm, idc us witil that

perception and because nerve fihres from reeeplors in tile _khl _lte in efJttct_
llnked with tlJ(l! p_lr[of tile ht_l[n, Moreover, when Jttlptllses are _11¢:r;11eLIZllIWO

difl_rent places oll Ihe skin they tire transmitted ;l[nng dilllleretll nerveI]brc_ and
Ih¢ brain C;In I¢11 Ihcm apart, We therefore e_perience shnu[lancoHsly hoth

*tottch' lind, _.ay, +finger tip', It is quile cvldcnl tll;it tactile Ioc_di/ation depends
on Ihe exislellc_ of perlnanttnl connections hcl_een receptors ill file skin and
nerve ceils in tile brain. A parallel may bc dralln _it]l the experience o1"visual

IocalJz;ll[on wlp:re we Jl;iV4_lh(: _inlLlltilneotl_ perceptions of holh IJghl _llld

position,
Wh_II has fills IOdo _ Jib file S¢lltle(11"pitch? There is _I p;lrl of ]lie hr;lJn lilal is

zlssocizlled wilh sotmd, [nlplt]ses r¢;ichln_ lh[ll part ;ire 'he;mr ralller th_in seen

of fell, Ther_ are perlll;lllelll conn¢¢llonH from lhe ]l;lir cells oJ'lhe eochJe;h by
way of the ctlchlc;ir nerve (and oilier rchly SlllgeS) to Ihc _ludilory reglon of the

braill, We 11_iveno SellSeof 'po_ilion' ill tile co¢]llc;l in lhlJ 111e;lllinglh_ll is ll_*cd
for touch or sight (directionnl sense is a difjIeretn tn;lller) hilt l_'eII(_ hiP*'¢ tile

sense of pitcil. It is proposed tilal inMe;id of 'pn_ition' the hrain llaS_tlhstituted
llle experience ol"*tone'. Tile quality of tile tone - the pilc]l - ix determined by
w]licll of Ihe hair cells, and therefore which of Ihe ilCrVe fihre_, Ilas Ileen

stinltllated. This is th_ background to the cnncepl or Ille pinto principh'.

There is support for the phlce principle from bdlaviottral sllldies. Localized
thllll_lge can he inllJcled (In Ihtt o rg_nlof Cclrli such Ill;It _1circlllllserihed region is

destroyed wiliJ¢ tile rcnlahlder conlhltles to flltlelion nornlally, hi anlmills lilis
II;ts beefl e_lrl'ietl Olll deliberately by surgery, Ill II1_111il c;ln Jl;ippen ;iccidenl;llly

by long ternl exposure Io intense Iloise. The individual is Ici'l I_ilh a lattalgltp; Ills
Ile_lring is ilormaJ ¢xcepl Ibr ii band of IYetjtlellcit!s illler mcdJale ht tile _ltldilory

r;lll_e (see Cilaptcr 5). hi cxperlnlenls oll c_lts il WtlSfl)tln d thai tlIinlagtr inflicted
withill tile has;d region _)1"t11¢ cochlea caused dc;dhess to hlgll frcqtlency tones

while lllill to tile apical regions _ll/'ected tile II_arillg of low Ilrcqtlenc,v IOlleS,
Lesions ;ll internletliate sites protlllced loss of hearing for intcrlnediiit¢ b_tnds (If

frequency.

4,3.2 _1 nwth'l i![ the btl_Jl(tr Itlt,lllbrttt;l.

"J'llere ilte I_o w_lys in which ['rcqtlency Illl;IIySlS nliu.ht COllie abcnlt irl Ih¢

coehlc;]: c[Ihcr tile ilair cell_ lhenlselves are freqtlelley sens[l ire or it i_a properly
of tile slrtlelUre thai supports tllem. In lilt [ll_lllllll_ll IJl_ J;itler seems Io he Ihe

The hh,a t_'lh,htthofl _. Tile beginning ol'l]lC modern lllet_ry oi'tlle cochlea i_

due to I I_rnlan von} lelmhohz lind pllblishcd ill 1863, I laving observed Ihat tile
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b_sil._r menlbr_nc I_lpc _ lllon_ il_ lcngt Jhh_ rc;i_¢}n¢_lIh_ll _Isbeh;ivit]u r nt]_ht
I_¢ I[k_ _ :_cl _f It_Lnsv_t_¢ly slr¢lched slring_ C_lehIuncd Ill ;i diN_rcrll hole.

1lelmho]lz stlggesl_d tll_l _o1111(]vibr;ll_on ilul l_l_ *_lring_' illh) _ynlp;_lhclic

vJht_illon _uch Ihill ¢_3¢11f_polld_ lu Ih¢ _cqu_ncy compon_jil o[ Ih¢__;OUlld
w_lvc_sto which il J_;luned, rlllher ;it; ii plallO when Ih¢ JIInlpcrs _lr¢r_li_;¢d. I li_h

I'rcqllellcie_ would b¢_rcprc_;¢f_lcdIowztrd_;II1¢ hll_cZltld Io_,' _l'Cqllencic_ tow;irll_
ill_ ;ip_x, "J'h_vihr_ilJn_ plu'l$ of IIIc mcrtlbr[ll_ w_ld(I, p_sum_lhJy, excil_ tile

sensory rcc_pIo_ _ldj_ccnl Io Ih_m, I_lcll v.,_lllld be pcrcc[vcd nccordin_ Io
which p;irllcul_r _u_l[tory nerl'c I_l)rcs wcr_ excil_d. TII_ only di_renc_ hclwccn
] l¢]nlhO]lZ'_ id_lt _rld Ihc ntod_rn vlctw_';in (he Iii;__n_r of vihr;lliOn. Accord_ll_

lo I |_hllhoflZ Ihc vibr_lliOn oJ'_lpJIIcc_)1]lilt m_m_r_lnc wu_ ]Jk¢ ;_siring freely

rc_on_lling. Stlbs¢_uctnl sllldy, [l_ iv_ t;h_ll__c¢, II_l_ indic;it¢_l _l;]olJler killd l)f
vil) rnli_n,

The ?nofflq of ?t¢tkL=._3'A pnledcal approach I=_an under_lzJilding of" IhU
cm.lt;e,i wzls Imldc by Gcor g ','on l;6k,}_y, beginlling in tl:_ 192I}s. JIcconstrltcted
models of'l}ll_ b_lSi[;irmc/11btilll_ Io s_c how i[ wourd work. ]I[_ sJlTIp]¢_lI11odul[_

_ho'_.'rl in I_l_, 4-_, "|'Jl¢ J_l¢_lIOhc t¢_tcd Wll_Wh¢lll_r or ll_)l ;I I_11'1¢rJllg ill,ill hrllll¢
Ila_ uric(lUCite frcquency sdccdw propcrlic_. Tflcorctical ¢on_;idcr;itJnn_;h_ld

_uggc_IcdlO llinllh_Iilmi_hh ll_sy proposed lhlillhe hasilarrncnlbrzmc

Dcn;iY¢_i_isIi_impl_sh¢_lof ¢_l_ljcIJSSUI_hu[d llndCrllilil_rmlcnsion,

_ollnd wz_vcs_ut U_ in lh¢ fluid _tJsecI rib r_ltlOll_in I h¢ 'hll_iJar nlenlhra n¢' or
(he moduJ. Thu vibr:lIion_ w_f¢ very _ltl;llJ lind II{)1_._l_ily_I.'_ll bUl their Ioc_llinll

'HeliCOlromo* Visible_ddy

'_]osirarmembrane' 05S_ . : %=. ___EX

_] P_tfot01i0ns

e
I;Jl_.4-_ Model o1"the basil;ir in_nl_rilne. "]11CiIICl;lllrillle i_ repre_enl¢ll hy 11rt:bller

._ lJJl_pl_r;tgnlIldJlcfing I(1 11IilpCrillg slil _llii nlclill _[iI1¢,'[]le itl¢ltd p[;lle _llllld_;ipJlr_l_lll
filrlll _1pllrlitil_n hell_eCll IIic Iv.i) I]l;Jd(_(Inlll;IrllncIIl_**t_v;ll il/ll_ r(lLIlld gilll[*ll_ life
_irllLIJiltelJwill1 (llJlegdiilphrllglll_, "111_'_y_lcrlli_*dr[wn hy iiii el¢clricillly ithlilll_lillCd
iiinJllg _lf_. The ch._alherslife _JJedWilll pl;l[ll Wilier. (_1¢i_%11¢1"_nlenihr;lll¢ i_ illll

Nprc_¢tlled herehill ill olJlct wrsil)ll_I)l'lhc Illl_llel, v_hcr¢it '*Y;I_ inchldud. Iher#_'il, [1,1
¢_elllilll d[rl)fellee ill IlleChillli¢ill p_tfilrll);lllC(_.)*1]1¢heJliwhlur 111'i11¢Iil_)_t¢lv.._lg
Vi_iI11[iled h)' IJleillllJill(in ¢11'¢11rll¢)/Ip,lrli¢l¢__Ilich I_ereI_lrlll_ii itl(() ;111et[d)';_l II1¢_i1¢_)t'
IIIil g_llllltll vibr[lliOll (l'_< rl). "J]l¢i;l¢l)lhr;Hl¢W(l_[;ller J_llllltlhl tieperJ_lf;lletJ;111J1¢_¢_iles.
(At'totII_k&)'. G, w_n, 1960, I.'lT_¢rinl_'.ll N Ih'.H_l_,, hleGf;llV-Hill, Ne_ Y_rk.
"/'llronlo, l.(llld(ln*)
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j ++'+isrevt:aled hy addin,_ C+ll+ho J1p:Lrlicl¢.. Io lit,: 11Llid+ Wlt_r_ 111¢ ltIL:m bra n_: was
i +ii r¢_,l lhc ¢+Irbon I;ly t+ll il ?IPi+l hl;Ick +.111+Ihill Whe.*r¢ it "v[h Pilt<.'d lh_.' p;irti¢It:s were

I tllroWll IIpw;Irds ill an eddy. ]l x+;ts I'OUlld [h;ll Ih¢ pl;lee ¢d'th¢ _:ddy dep¢rldedon

fr_qlleiIc)++ The _ddy ruoved t<lward+ th_ wider ¢lld [+tlI_¢X*)wh¢n th1: [_+etlUellcy

W+L_1"2dtlcL:d alld ltIW_lldS tll_.' II[ll'rlIw _:lld ('h;Is¢') wh_13 il x'/+lS ]llerl_+l_d. If;l

part/¢lll;idy thin +lrld dL:l]¢+lle nl¢ln]_l'+llll_ XX'_LSIIsed II+r _pczr[lllelll it W+IS

d['.c t+vI.+l'e:d I_ll*:l thai tiny p_rl'cwal]on+h;Id h¢¢n _;lll_ell _lt th_ _.il_:_i elf the eddies.

t "lhem_: I:xi+_£]111¢llt!. _howed I11_11il +imple I+lpeY[ll_ _:hlMiC nll_rllhr_11112 h;l_i

I+reqlletl_) +s_nsitivily c¢+rlsJ+l¢lll with Ill+ plm:c pr/n_ipl¢.

l_xz_hm+lin, +pf lh+, mmh'l Wc '-'an reach :LIt inlttiliV_ und+:rst;uldinB oi" tl1_:

nl++del if II1<.+Iblhming thr_t: premis¢mare +l_pl<_ll,

(i) Pre.+.vtire pll I/W in¢lllbran+. When ;i [_)rc¢ i_; impressedon Ih¢ Ihdd ,f tile

e.chlea ell +i silqtl¢ place Ira,y. the _wal r+'/ndt+w) lhe [¢P;Itlthlg pressure chan_c

thl'Olt_llOtll Ihl." I1llid ]_ "virtLl_lll_ inSl+lrll:lll¢Oll:_+ W_ Ih*:refi+r_ _nl']mlge Ih¢

pr¢_i+llrl.* +lCl]ll_ Oll Ih_ I++lmJ[_ll"I11er11hrarlu Io b_ tlnll_lrl11 0_'¢£ Jim _:lll[l'[: _illrl_lCe.

(JJ) D_I'I+'+*I+jOll I+/+ljl4' IIll+llll_lYllle +l'h¢ hulgjn_ o1" Ijl_ b+lP;il+lr Illenll)r+lllt_ C;ltl_¢d

by do wI1 w+lr_r (or tlpw+lrd ) pr¢_i_llre will irler_+lm _..wilh the w]dt]l ol't h_ itl_.ln br+lll_

(+l_llill[ll_ tJl;ll Ih_: Iran_wr_ I_ll+]or3 ]_i l_vl:l_ywh_21"¢ Ihe s;1111_), "l+h[m is +1ralh¢l-

sharp _l'l_cl s]nce.zls 116k,)sy h;Is _liIt e'd. +1Iluid pr_s_ur_ a¢l]rlg on ;Ill _la:_lJc _.11_1

Hlld_r ¢ort_l+lrll I_11_.iorl _+lU_e5 +1 d]_l_ll!.[on (blll_¢) Ihe +llllplitlld_ <)JI which

[ItCr_ilP+t_ lIP+ Ifll_ _+llrlh Illll+'¢l +Oj" Ih¢ width,

Till: distensibilityol'zllly _'la_ti¢ strllClllr_ may fir: d_serihed by its +l(_/_++,+.s',"l'h_

d,.+firliliol_ of +l]l'l'rlesS ist elastic rc..slil_ilt_l fi+r¢+,'/Unil di_.l+lacenl+:nl. The hasil+_r

Inernllr_lll_ (11"tile model ]311stlleleJ_lre +1,t*rr+l+lil'lll ¢+/'ff_/_)lc+,++ilWrlZ+l_]ll_ from tile

wider lo¢+';lrd_ the ll;il[ower l.+Itd, +_lilfrluz+s ¢oltJd he ,_r;ltlcd +llso hy V;II'_ilI_ lh¢

II_ll_Jtlll. A parall_l.silr_d _he+l co,rd I;_ .g]Vell +1_.[lllil+lr stil'l_t_+ss _qr;ldient hy

Jllereasin_ lh_' 13"+lnSVel'_¢ l_nPiiOll from ZlpeX Io h;ts<: - bill thb Zlpp<:;lr_+ 11oi ILl J3t_

tile _+zl)' thai Ihu _'acli_zll is achi_wd ]tlthu ¢o¢111¢a. "]'h_ pllillt here is Ihal

Mil]'n_s is +l Ulli fy]11_4concept l+rorll which lh_ heha'+,_Ollr iPl'I hL: P+(rllC[11r_ 111_iyhe

predicted irr<:sp_:cliV¢ of how IJl_ :,til'J'lleSS i'; produced,

(iii) @e+'d r!fr+',+poil++" The slitter a syslmn th_ mor_ lhilhftilly wJI] it lbllaw

thiclm_t k)lis ill Ihe a pplir.,d Ibr¢_, With rapklly chan_ing pressure the displa¢¢mel+l

()[" i111+l£1"t_'+V(]+¢, P.I][_'JF_ [O11ill'file nlenlbranc will leZld that o['+i wider ]lessslifl)

We zlr<: now Sllit+Ibly eclllippt:d Ill re-12Xllli1]lll-' Ill*: [_I:Ji+tX']ollt Of tllU nlod+.+l.

Reap+m,_e In ,s/mr c/,m.qes Corl++id+:r l_ll;tt will happ_:n when lh¢ _lapes of'tile

nlt)d_l is pushed sJl+wly i+lwards (Fig. 4-9). "rh_ 11ui,d in 111¢uppu'r c+.>rllpa rtmetll

+rill press equally ovur the ¢rlt]rc lllClllhYilIl_ which will lh+:rcl_+re lltlJ_+_

downwards. The ;trnplilLtdC t)f I]1¢ htllge hlcre;ts_:Pi steeply floin [1;lP;l_ IO +lpex

(h_c+lilSe of tile l_11l/lll power rel+llJor+shlp), ll" tile ..il;ipu, m is now pulled slowly

olil W_IFd+ The:re will be file Ill[rror inl;i,_c of'the pFeVJoLIS d]_pl+lC_'lllUll I. Repealing

the pracess co111ir3LlO11_dywill ca LISt: file whole ITI¢IT3brILll<_ 1o 11+ip llp ;llld iJm_'n ]11

sylllp;LIh_ w]lh tile illOVCillents of Lh¢ stilpes, th_ erlw:lop_: of I]I+,"tlispl:l¢¢nlenl

hzLV[rlg ]Is m;ixinllUll +inlp]Jlude lOWards the a pic;tr end, We h;tv¢ r+.:prod uc_d the

_irCtllllmt+111_cs of low I_'eqLl_ncy _oL111d W+I+,'I_S+

R+.,sT++mseIo rupid dum,,,,z'+ II" lht_ stapes im pushed inwards zlbrupl[y (Fig.
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I,'ig, 4-9 Re_.p_m_e t)l' the IllCld¢1 IgrCzllly ¢_;ll_gcralcd) h) _hml_ applied Ilre_tlr¢ p,¢¢
le_l), ( _*_hlllll_ [h;ll Ih_l_' _i_* Ille h_li'_ol r¢IIILI i_ n_g[igilll¢ _cr Ih_ lime Ill Ihe Icql ¢)_¢1c,I

4-1(1) Ille ¢1"1_cl will Iwl be NiIIIlIIIIITIe_IIS liver Ihe I_ Ilole illelnhrllne, *l'h¢ slJll_r

regitlns will respond I]rst, Therefore it wav'_ t I['_li_ pl_lCelll _lll will I rlP-'_l ;llong tile

Illelllbrillle _lcCtlrd[llg Io Ihe _,lil'[lle_ gr;lllienl. [[" Ihl_ hl;ipcs i_ nnw jerked
l_ OLII_V_IrCI_Ihell Ihe cc_rrc_pollcling sellllell_e will occtlr w[Ih llplvilrd_ displ,ICelllenl_

ll_ll[ll Ille IL,ss slil_" plll_lS will I_lg hellhld, If nDW, ill [llliigill_lt[Oll, _'e r_pelll tile

process ¢O[llhlllOll_ly _IS_l ril_[(I _[IHISOIdlII O_cil[_lliOII, il shlllllt[ be _lpp_lr¢lll Ilffll

: +°+°+,I
Time

I:lg, 4-11) lle_p_)nseoflhemoll¢lhlrapidlyapphcdpr¢_ure+13i_pl_enlentoral¢_s._lilf
regi_ll Iilg_ [Jlill Of tile _*till) r line IldjilCelll Ill il, 'l]lereftlre the dl_plil_emcnl ir_vl+ll lllllllg
tll_ /11_lllllril[le {_,¢_'_[UXI).
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Ihc les_sliff end t_['IllU mcnlbr;tn¢ th}cs IlOl have lime Io r¢_lcl flllly ivilbhl _lIla[f

_y¢1¢,Con_e_ltlcnlly (llU re;Ix bntllll (ir tll_ envuJop¢oJ'vib_ltlon S[lill s ;Iwlly I_1111
llle apical eJ_d, As tbe t_equency i_ _li_ctl still Ihrlbt'r Ib¢ po_,itbm nf Ibe

i11;ixinlUlll is drttWrl slill closur t(i IIl1_sl;ipes,
Tbc sltldy i_'_lSInlllSpllscd by 116k_.y Iroln Ibu r11od¢lIc_tb¢ r...;ll cocide;i iJI

pr(ib;_bly flu: Innsl ¢elcbnlled e_p_rinlcnls hi ;ILItlitl}r_' pbysi(_lt)gy. [ lc Ibllnd
that II1¢palterrl or vihra lions sc¢11in II1'_illt_d¢l cotlld Ii_ ollscrwd dlr_ct ry hi ihe

basil;it nl_lltbr;lllU of lilt htllll;411_ld;l_r, M(iru r_¢lll[y, bl uxperilnenls (111
_lni111_l[s.filrtllcr ¢orll_rln;llb_ll Ji;is I)c¢rl obl;*ined I_lr IIic living ¢o¢hic_1 (]:ig.
4-11),

5 2000Ht

BASE 1_ APEX

FIg,J'lJ Vi_1ra_i_1_r_h¢_[_'i_r_e_$bn_r_¢#l1q_esp_se_(b_es_¢_r_[¢di_
Ihe ¢¢_111':;Iof tile chillddll;t (;I r¢[ald'e or ih¢ gtlbl_a-plg), ]_¢ldl line indiCalcs die rcl_lli_¢
hIngillldill;ll Ili_pJil_elll_r$lof l[l_ lllelldlr;llle_IIflit III_I_IIII(Ir ib¢_,illll_tlJd_llyibralion ¢y¢I¢,
ntmlbercdill _¢qtl_rlg'2,{']]i_ curv¢_lwr¢ _[)rll_lll_d from cb_IJl_e_ill cle¢Irlc;ll pO[¢llllill
(¢0¢ble_lr In]¢rophtlni¢) _l_,soCi;lledwbh di_pIil_¢ine/ll ol" tb_ 111elnbrallC_,)_(llic¢ 111¢
l[;Iv¢llblg WllV¢_illld [be_[lJil ill dle posilioll (if [lie111_I_i[11iIl_1_illl l_¢qllcncy, (Eldredg¢,
D. l L, 1978, in IJv,ked I_leclricltl aclirity itl the a#d#urr _ler_wo ,_y_ta.. l!ds, R, I;,
NglllllOll alld C, IYrgandez. AcildcnlJ_ Press, LOlllhlllil[id New Yolk,)

h is concJtlded Ibll[ Ibu rreqllerlcy dependcltl property underlyi_tg the ._l:ns_of

pitch resuhs from tile IlleCh;llli¢lll Waperlies of the basil;it Inenlbnlnu in whidl

are gener;Ited rral'ell#lg ii'fll'l_s which progress frOl}l the apical IO the basal gild
aad whose phlce or maximtlm alnplitude is tl limcllon of Iheir frequ¢ncy.

4J,3 Meantrt'ml'ltt of lhe amlditudc vf vihratiotl

A rect_l_lint_lll0d rot nlctlsuring Ih¢_nl_l_flil tldt_ of the vibralJolls in the cocble_l

employs a discovery of nuclear pllysics, tile M[Assbauer d'f¢¢l; it is described in
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Time

FI_, _1_]2 _t_iiMIrill_ the IIJIllllllLId¢ _)_l_'ihr;l¢ion ill _lh_ hil_il;*r IIl¢lllhflHl_. _ tilitlltl¢

IIl_lllhl_lll¢ [_riiLlu[_ _Ll¢l II;I[][l[l'* _)[' I[IC_ll[l[I [ r;ll_ _[i)lii which ;HIq)liHII[¢ alld VuliIcily ()["

12J_-;fll.

II1¢ 11V¢[¢iI1['1h¢_lllhllrllCr lIlt:It Iht: rildiilli(In sLIFjurnnil JL)_ (l[l_J_¢r_y Olu¢l¢i, like ule¢1rc>ll_;,

earl _isl _)111)'hi cemlin well d_fiJl_d eilcrl_y I¢_¢1_). "lo llchl¢l c Ih¢ rcql*i_ud c.ndilhm_

¢xpcrinlC;ll_llly Ihc* auclei _f th_ r_ldi_l_lcli__ _lllrce inure be idcltlica] _]lll tllo_C id'lh¢

rilljj;llit >tl by tinyII [tlt)ll I1[_, ] [¢ _'OlJIl(I III;1I i1111+_1r_IIl_ _1_¢11)(2i[_+1(I Ihu _<]ll_c_ i_ ¢lltlu_h II_

'llCtll_¢' Ih¢ s) _l_lt_. Moving I]1¢ Mll11"¢¢hll_ilftl_, 1[1¢ ilh_¢)rllcr [ll_r¢il_(] II1_ Cll¢l_y iltld
mnving it _lvay decreased Ihe cncr_y (tile I)_ppl_r ¢11_¢t), *lllll2 Mii_bal*_r ¢f1_¢1 i_ m}
_en_fliw Ih_ll _nllf¢c '*'¢[o¢[li_ ;¢s h)w a_ I iIiin _*'d_ll _ d¢_t2_I¢(J,
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Fig. 4-12. The IcclllllqLle invo]v¢_ _ldhcring _1liny r;idio;LCli_'¢ source I0 l]_¢

sllrJ_l¢¢ of Ihc h;l:;il;ir illl:;llbr_ln¢. Under l]t¢ sp¢ci_lJcondil[Oll,_ I]1,11ll¢l]ll¢ th_
M_is_;b;ll]_l' cinch lh_ _'clo¢:ilyOt'lh¢ sr_tlrcc ;1_;iI vi[ir;ll_S wilh II1¢nlclllh r_111¢c;in

b_:d_:l¢Cll'll f'ronl lilt oul_;[deof'lh_ _:oc]11_1.*l'Jl_nl¢lhl_d i_;very _cllSiliV,:_lnd h;is

provJdcd eXlr;i co[ll_rll_;llinn _f frcqucrlcy Io¢_l]i/_lliOll _llong Ih¢ ¢(Ic]1]_;1.h Jl;iS
al_(1 _liv_n ;ihso].lc v:l]ue_ _)r Ih¢ _.nplillld¢ ol' vihr_tioll of Ihu b_sihJr
mcnl braille Ill no filled I':_'_:JsOJ_SOlllld illlCn_;ily..";llldics Jl;l'.'¢ h_cr_¢;irricd 01_1Oil
iIp rl;ll;lle (._qllirr¢l nl[lllkey) Jn_AhichJl _';1;_I_)llll_l IIi;11wilh _l_;lll]nd illlCn_ily of

80 dl] _1loud _;oUlld hy ]lUlll;lll Slilrld_lrd:;) I}_: nl;i);illlllnl disp]_l¢¢lll¢[ll _v_l_;_3n]),

Ill_olll 10 nnl (Ihi_ i_;si[llil_lr I0 Ih_ (li_lnl¢lCr of _lIllcdJum-_;JzcdDrol¢in nlolc¢lll_:
SllCIi ii_;ii;i¢_lllogl(_bizl), At ;in inle;l_iily clo:_: Ill Ih¢ iIirt:_ihold tit' hllnl;l]l h_:;itillg

cdsn ¢¢r _ _'_;0_1"; .(}0-0(106zm!

.I.4 Th_ Ii_lJr41 iI]echiilllSlll ill" pll_]l p_'rccpllOlt

I_='_:l]u_:ncy;lll_lly_;i_;t_* .sOUlldi_';ivcsh_l_;lJlll_; I'Iir b_:_l_d_:_criIicd I'rD"], _ISii
w_re _ilhJr tile cochl¢tl. '_V¢nllw slopot_l_ill¢ in s_ehow Ih¢ coc]]lca ¢;irrics i]le
i]ll;lly_is _rw;ird I0 IJl¢ I)r_lill.

Thc cxpcrim¢l_l;i] m¢lhod is I0 record ilnptlh¢_ fr(im ;I sizlgl¢ I'ib_¢ oJ"Ihc

:(_chle:lr n¢_r_,cw]t[[¢ _ll Ih¢ s;in.: liJill: tlJlcrlnl_ Ih_ _'r¢llucl)¢y (_l'lhc I¢_1Io11_:.]1
r,as .c_n l_und lh;ll _1_livcn i.dil,idiJal I_])re rc_pollds _¢]_¢llv¢ly I0 a narrolv

_lnd of I_l"eql]¢llCi¢_;. I f _;cvcr_llJ_hr_5lln: ohm;orred, (lilt ;11;1lilllc_ il i_ I'nund Ill;It
rh_ I¥c_r_.:r_cyr_ln,_ _r Ih¢ rcSpnllS¢diffcr_ 1_'_)111l_hr¢ I0 Ill)re,
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J:J_.4-1._ ]_¢c(If(J_ll__:r_ III,HI_ ff¢lln illdlyJdtl;ll {]_11¢_ii I"ih¢ (:(]¢hJ¢;lli1¢_1¢tll" ih_.
_lJiltC;l-p],_;lltd lh¢ lllrcsh_dd (i$'Sillllldl_it_¢[l_e_IIl_' ItlI IIIC_Jl_r;llii111()fJlcr_¢_I11I)IIh¢_,
III_;I_ll_¢IJill ¢lin_r_IIl []¢¢III¢II_LIU_,,]_IHLJl_IlrlCl¢]3_l.'_¢rll'*;IIIh1([i_i¢IIl;II l_hr¢,Jili([¢iil l)' ;iii
hld]vidLI,IIl]hP_i__uI1_il]_':tI¢IIyI¢_;Ir_IrJ¢IcdhiIIldnl"Ir¢(iiici1¢ics,(_'_iIiiiTI¢¢IIrniTl



§ 4,4 *lln_NI_UIAAL_,H:CHAHISt_IOF I'ITCII PI!I{CI_PII()N 45

A Iibre orthecocblcar nerve,,:ZMhe repro:sitnt_:dhy ils liming curv_,( Fig. 4- ]3)

wbicb describes Ib_ lhreshold of _,oo]ld _;tve illtcnsily [is ;t I'lllIClJOZlor t_lrll_

ftcqLlcn(:y. TlliS indlczilcs tile sb;lrpncss of I tilling, TIIc tip _)l"l]1¢¢Ltrvedenotes
till: corlditlon for grc_ttcsl s_lLsitlvity (the ch,ir_tct_risti¢ I'requcllcy) for tll;tI Iibr¢,

_,Vhert IKlnJn_CLITVCSfor _1htr_¢ s;snlp]it ¢lf llbres Iwr¢ [i_erohrctl it W_L_[(3tllld
÷ lhzzt,col[¢Cl[Icl_',tbcirch;Lr_iclt-_rislic_r¢{[[l¢llCJU_:Jp;llllhu zzlldiloryr;tngc,"_V¢

czintJt_rcrorecon_;Iructthe c[irvct_I_lr a i)OplZ]Zllion oi'cocblit_tr rlcrvcl'[brcs([:[_.

4-14), Almost =tI_hrc I_lr i:ver_,'fr tzqU¢llCy.Th e:ic ilrLipcrllcs provide the ncLir;d
basis I_r the SCelll[nl_lyzihso[t[t_n_tturc of pitch pcrc_:pliozl, h l_ivcn fibre t'/O_ll

tileor_[tno{"Cor[[(or s111_t[l_r(lupoffihrc_;)h_ts_Ipcrm_lflcnl;iss(}cialiOll_ lilt_L

spcci_cll_lrr(iwb_tn(Jof sound l'rcqo_ncics.%VIl_l¢_cr th_IIl]br¢tr_t[is[lli1_

impulses, _Itwll;itcvcr rz_lc_itilirl llllt Wor_ill_ r_i11_t__%'Clbl_ ]iSlCll_t pcrcciv¢ [I

sound, orCOlllpOncnl thereoF, ]l{lvln_ lhal dclinilc _tlld i_lcnlil'i:t bi_ l_na] ClLI_llily
Ihlll Wit c_tl]iI_pilcb,

t00

100 IOOO 10000 50000

Frequency(HZ}

l:ll:, 4-1,.I "l'ilc [l¢llr;li b_Isi_*IIFpit_hIIIt¥¢Itl31i()ll,_¢]I¢111_1lJcfep_Clil_lli_lll _li"111¢l&i[lilll_
¢tlr_c_(l_r_ipo pile;ill,inc_l"CLI¢5_c;lr llcr_'c1_5rcs,



5 Living with Sound

S,I *]'J]L'pr0itlem t)f 0r)J_.u

/_ _tJil;ibl¢_tl¢_rlJtlo[t of flOi_ i_;It,'ll¢lt/HCI/_OLffld,Jl J:_'_OIH](IIll;l! JRtCr_L'r0_;Wl[_t

thi_tlghl or col_lllltlnicalil_n. 'l'h¢ ¢fl_:cts iM'lloi_,*: i-;tt}g¢I'r(}m p(;th_a t_t_yallc_ tt_

the purltl;_rlClt I d;10tZlg_hi he;lrJ0gabJJily, ]'_ce_s_t'¢JlOln¢ill ;I work tit vir/)nmulll
reducq:sChc irMivkhtM's ctllc]¢Jw:,'iToo fl){IC]l rlt)JM:ill rc_iii]efllia) Mll'rOtJlld]n_s

impMrs ¢lw £1lJ;l_ll)'f)_"¢olnllllrrlily IJf_.iiNoise _:_IJlcrcf'ore ;I itl;lller _ll)lh _f

inchr_rrizJIarid public he=fllh,

2. J.I TJlt. mcgl.ll/rtwltwl ql'lloile

A JlOiSu i'; d_cril_cd hv il_ h,twt_O', iI_ hmal Cmelm.L_'li,t/ ;llld its Ilwlpol'_d
.$1TIlI'11117',

T_le prJrll;iry ;I_L'_S/IIUIll of noise i_ IJlU ,17mlldh,l't.l. A _ttt/lltl [ct,L:l/llt,l¢,r
ccJrl:_iM:_c_,¢nli;ll)y t]f a IlliCrophollC, =in tlmplil_,r/Hill LI display ¢;llil_f;llCd in
d¢¢({1¢l_ (l:IB. _-II, l'h_ i¢_s_r*l¢lwl_tIt;¢_ cir_uil_ thitl "lv¢i_lll' ils ('¢_qi_¢ll_y

r_pon_c Io rc_;ellflllclh;ll _ll'lllllll;lll IlU;Iring, Thc;tppmprl;tlc ivcJghlJll_ I0 ;Ipply

dcp¢ilds ttl hOnl¢ _A'_I_I IM_{_1¢ill¢_:llsity Of tll_: _*_UII_.{;1¢_¢(isdcriwd I'rott_tile
¢_[II_llJDIJdll¢_._ cIir I'e_;_CIIIII)IL'f _), ._OIlllll-ICwI ltlelers ll_l/_l_J)'provide I_l_I:__'l"
with =1choice _l"A-w_i_hling' or 'C-l_ uighlirlg' (Fig.._-2). but Ih_ fuca_tlr_irlortl

_l 111o[_¢(¢ls d_slJfl¢l I'ronl fillip;it tit' spcuctl ) i_ I))'c()rlyCllll()ll./I J%_;I__;u;lr tied till[
tt_itlg A-weigh/irlg.

Soundwave'_ _3_Sp_y

Mlcr0photl8

I"jl_._-I 'j]l¢ (I,Ifl_ II1"_1mllrrlll I_¢1 Jl1¢1¢1",

_.¥hcJI qlllHhlg ;t Villllt_ J])r _;clund K'vc']_ I_hulhcr /t()i_¢ lit Ol}lerwJne, II i_

IlUCCS_aF_'tel [lld JC_IICthe kited c)l"tVC_t_ILAJll_+Itself. "l'It_l_7_ _III l£+.Jll_Ailvc_glll_Og
i_ llrrit I¢117_ dllA, .r 75 dllfA), I]_1111111[¢s(lJ+s/llllltl k'x'_l_ Ill dllA _lere _Jt'_'ll ill
*j';Ihl_ 4,

"J'll_ c.'J]]_:lIII;ll ;I ItllJ_¢II/1_.till II'; J_(Jl:lC/llltllCd hl _1I_ll'_-'eXlC.'lll I_' [Is I(In;tl

qtllll f]cl_JliillL ]1'IllO S£Illr¢_Ilrll(hl¢¢_ [rUllllc'rlc]¢_;ill IhL' I+;lll[JUI I)I)D--)I)III) I Iz tile



§ 5.1 47

IC

_: C- we_ghtin_ -

_-1CI s_/
7 E

-40

i J iii _Jt_lII
_ t0 IOO 1_ 10_

Frequency( HZ )

i Fill.._-2 WeighLing chllriLclcri_ll¢_i_J"_ulld le_L'Ireelers. 'C-i_¢ighling' i_Jnlendrd Ic_rescnlbJ¢tile f[_ llllCnC_,'_eJl_ili_'ilyt_f Ilu111_ln_l_i_rlnll_lthi_lhilllerl_[li_ _nd '1_..',_cigh[_rll_'

_ _r_ulld w[IJ le1111Io m:l_ik _;p_cJI _1r1¢1_LIJrllp_lJr¢c_n_¢r_lliorl. 11"Ih¢ n_is_ i_

_on_n_d t_l v_ r_,,htgh or wry IronyI'f_qLl¢ll¢i_;I_1__1111111_'_tn¢_ i_iJJ I_lk_ nn f_t_lCr
I_rrn_. Knc_wlcdge c_f(l_ t'reqll_ncy ¢_llllpll_ilit_ I1_f_l n_ise, 1he lu_i.__' _/_,_'ll'lll_,i_

c3fv_lri_l_l_;Ii_J_;l__p_tr_l _lr_ _J_'_ll it_ |:J_, 5-3.

d_seription ¢_11 be l_re_ente _ _l_ _pki_' rio _ I_ _'wr I ([:i_.. .'i-4 )

Disiillctk_n J_ 1lipide be[l_een r_l_tivcly nlilJ _11d revcr_Jl_te ¢_1_¢1s iiJ'll_i_e

(_LLIclilt_ry_lti_Ll_) _lllcJ pcrJI1_lll¢lll i11jllrillIL__l'l_¢t_.

_llldltJ_tl i_ nl_Lnili_t _,' _ttl illCr_ ill th_ iJi;'¢_JlolcJ iiJ'll_lr[n_l i'_l_rr_ll tl3 ;is
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I'Jl_,5-,_ Nt)is_Sll¢Cmh(d;tl;t rrt)lll _;ffi¢_ll_:t¢lth¢lr_)"[11__tlrl_s h;t_c [1¢¢nnt_rnl:dir%'dnt
tll_pc;Ik _'_lltl_{I)dll) ;lilt[ t[lCr_fitrcilldiC;ll_2[he r¢'hllil'l'il=¢¢Jlsi[y_ll¢_1¢Jlrrcqucrlcy.

;llltbi_nl Iltl[s_ JJIICllSi[)',On l¢_lV[ll_ [he ellvlronnlclll Ihl: threshold hcg[ns to [ilJl
hut it may take 24 Ii(}lJr_ or _¢)bclbrc it has rClLinlcd h) 'x_()rmal' { ]:[g, 5-5 ), For

t_X_llllpJe,in ;I ¢;Ir trav_JJhlg at spe_d the _tois_c;ir111_X(}cilia or nit}re. A I_XV

Itllllrs or I[I[S is siir'[]¢ic[]l [(} _n_'rqt_ ¢1StlbSl_lllti;_l_lllt[ [()ll_-J;l:;t[i]g [[ire_;ll[lltJ
silifl, N¢}r _s i{ ii_ecssary Illat II nl}isc bc con{izluous: irltcrm[l[u_O SIIIIII_[S0['
III[IILL(_(1_"CV_II_;¢¢t)flt[SdlffZlti(in _);LVU;I Ctiltltli;lliV¢ I:l'J_c[, ILwou_d seen1 [Jl;ll

r11(idurnIJl*_all'()rds ]Jlllc opportunily h) c_;p_ri{:llC_,Ih_ in_lxilnlllll polcnlial Of
huarin_ scnsitivily,

P¢*rltlfltllwl (Ifllll#{_{. ROtll[rlu uxllt)Sllrl_ h) IIoisc t)r 9o ¢II}A or rllor¢ uzllts_'s

irrul'ersihlc [l]l_;IJr111Clllo['Jleltr[ng, A p_lrl[ctt_;irly{llJ't)rrlt;llJV_..sllhJyw;lsc;irr[cd
Oil[ [)11workers ill _1jtllC wc;iV_llg nl[lJ ivhcfc [he cJ_ll[¢_o[' lJle I(l(llltS W;lS nit)re

{h;lnO_ _[I}. _0111_'_t_t)ple hIld Dct_llellzllJ()ycd in [_lis4_[Ivl[o811ne[i[ Ibr 50 yea rs ¢1="



§ 5.1 40

00 Cotson neorby • Loca cotsboulevard Alrcrafl over fl*cjht

: _--_6050 __/_[ X R°siclu°ln°ise'evel
l u+ 40

J_ 30 T I [ I P I

Tnmo(mln]

_: PI_.._-4 Gniphi¢ lime ht+h+ryc3f_i+undI¢i=h Ex;mqRufronl;ul +m;ul;++i_lipurb+mn+lisc.
[P+ilr11Goldm1+irhJ., 197X+in N+Jlsl+iIiId _hldl,h+.+y.ed. D. P.I.l.ip_+_+mb,U*livcr+il_+Park

1!_ I'rc_s,IhlIlilllor+,l

( a ) Growlhof fnti_]ue ( b ] Recovery

Ambiont notso

20 level 05 dB

_ 15 BOdB

i tO , ,

0

0,1 I 10 100 0,1 I 10 2030
Exposureto no_ee(hours) Post-exposure{hours)

t:Ig, ,_-5 Atldilory litligtle (_¢¢ I¢_,l), (IJ,l_etJ(111Mcllli_k, W,, ]_7_, ill A'I_I' ¢lltl/
.,hld_ff_J_'l',cd. P, M, I.ip_ct_mb. Univ=r_ily P;t_hPrcs_. Ihdlimor¢,)

_0 and there Iv;is iio rc_L_llrl to heJievc tilth the n(i)_c ]l;td Ch_lll_¢d river this

pcri(ld, h w_ls found t)l;ll I)]¢ work_trs had _1characteristic d_cl of hearing
c_llrcd IOIl_l[ £g[J, Tlleir )lc_lrirlg w_t:_;tJ'l_¢tcd (wur ml itlt¢,l'/i](*dilltt, blllld Of

frccltiUncle_ C_lllrcd;it 4(3001 Iz. T)IUd_ccl w_ts_t)rc;*dy_v)dcnl in t)lo_¢ uxposcd
l_ir onJy onc ilr llvo yu;i r:i ;llld he¢ilnlc pro_rcss)veJy wor_¢ with l'urlh_r _cltrs, ll

I_'_1_llro)_-)tllltl ;tflcr 25 of 111oru)'¢_lr_( Fig, _-6). Mcnlbcr_ ol'tl_e I_lllCrgrc3up had

_igrliJlc_tultdillicuhy in Ihu p=rcuption of _wcch,
"r)1)_;kind o)'d_llt3_l_Clo hl_;Iril1_i_ c;l)lud 'indtt_Iri;ll d_l f]lu_;' or/Ii_i_i'.itllhl¢'i'l[

h_.llritlk, Io._,_. II tlsu;tl)y h_s )t_ III;IX)IllUITt_)'_C¢IzLrouml 4000 HZ b_c_tl_e tl_c
Ir_lliP,nltPiPiioll of* St)lllld W;IVL'Sb), lh¢ olltcr _lrlcl 111)dlJJcczlr ]1_l_li_;lx)Inllm
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l_il_. _-ll NIli_<l-J rld ii¢¢d hc_l rlrll_ J<t_sr ]ndil*,t rl;il d¢_t frl¢_,_). 'I]i¢ CLIrl'¢_[li_ +__Jlln_)rltl_lJltJcP+

Ill+ lh_ _ItldiT[ll')' lrlrcsJlOld_ Zllllt)13_ x_()Fkcrli ill _1jIIIU'WC;I_IJ)_ mill+ NI)IU Ill;El lhc II_ll_l

ICprc_Clll_ I]Ic _L_¢ r_l+dclh,l'iltliiIll l¥<ml llt)rlll_Jl ill ¢;_c[I l_r4*tIT+.'NilrrnuI' hell ring b d¢llJCtcd

by lh¢ Jli)fl+'ilnl_ll lille Ul (J dIl+ ThJ_ is _Irl cx;IJlIpJ+_4)I l_Id [1_ lq+'pilrc 14)l14_+_llrdl_Hll¢If_

(_c¢1_t)ll _,], I ), "l'h_ sh;ttlcd ha r [ndi¢_lte_ t]1¢ 'sP¢¢lf 11131_)1'1h_ llt)j_¢ ill I_lIll i/Ill It) tjl_ Jl_;Ifjrl_
loss (_ee _lhn l+'_g, 5-3). (ii fl c+" T;l)h_r, W, ¢1 +it, (lq_), J+ ,'It'_m_l.._'i_r. ]Iim, .IN, I I 3-2(J)+

ufJ-lCj¢llCy _lrOllnd IIl[s I'_(iuc/1cy, Con_;ugllCr_lly Ihc I_lllL'r COrllp(_;ICill_; _I'IIlu

I1Di:_c 111"¢ltrllpJil]l_d _J¢clJvcl)' 0[Iholl_h Ihc in;lx[ll)llm illlCll_ily I)l_ly I1¢ _ll

C0n_[_-;Ihry I()Wcr frcqllCnCy (_q Ihl_ jtll_ Illjlj III1_ nl;Iximulll xv_l_ ;1! _lh01JI l_(}_

Hz),

5, j,3 771+"lz_llllr_' f_ l/ll' _/(zlllll,ql'

_Oj_¢-II[l_:CICd '_l_ i[I ITT_III _lrld [llljnl;l]_ ]l_lv_ h¢_fl ¢_lmjlt_d posl ITIo¥1I_HI+

]'hcr<_ Wll_;II I0_;_;Of h_lJr cellsFrontI]lc I);I rt (ll'lJl_ o/go II Of CorlJ corlc_llll(] i11_ I(i

II1_l'r_qllcrlcie_o/+d_;l[ness,Thlesinp_lllc_nl_* with. hJsloryol'indllstrl;ll clc;ll'rl¢_

0 lll<_t IlZlJr ct_JJ_s_ci11 IO hl_ more vtdncmble i J1_111irlrl_r Jl_li_ calls, Ilawcver IJl¢l+<_

;llld nlJddl¢ I_[ll'. Jr _¢1_111_Ih;lt Ih_ I;llll:l - life hlll'll)¢d only by t:Xll'C_l+lcJy Jlll_rl_+l_

5olln_l_of I_Odll or ii1 ol+_, Ill _o111_¢_1_i1:_;I Jll_l-(: V]+3_;_1¢OI1111JCle_lh_l_llCl: OF h;IJr

¢_Jr_i over Zl r_PilrJcl_d i+c_i_Jll L)J+ lJll_ OF_;III ()f _(J¥1i WllJJl_ Ill¢_ rl+lTl_lJrld_r c]r I11_

OrT IIIC b_l_[$ or :+llCl3 _llld[c_; [I 11_l%bl.'l_ll prllptl_t.'_l t[l_ll cxc_P+_jv_ I_Xp(ISIIT<_ 10

Jrllcnse SOllll d+i 13rodlJ¢¢_ Ihe Ibll()whlg _¢q IJCIIC¢ 0 f C]1_111_¢_M_J) lill'/_l_ _l/ll[lr[llld<_

vJb rzl I[OJ10J +I]IC b;l P+[I_I_"fflt:rllhl'_lrl¢ iJ_llllll _¢_ IJl_ pil[;i F+;_;llppOrlJll/_ cl_Jr_)of ill<!

arg:m of Corli; (ii) lml=r Imir c¢ll_ Jr1Ih;lt v JcillJly dc_¢n¢Pi'=lle; _llld _iiJ) Inll_-flilJr

cells dc+gt_rl_r[ll¢, ]'lie ll_rV¢ fibre_ II1_l Jnrl_'rv;lle I11_. It_r c_ll_ d_g_n_r_Ll_ _n



§ 5.2 "+JNNIIIJS _I

_ _l_t+¢J_lli<111Wilh lh_c +_hilnt_cs+It h_t_ nclt y_I h_rl c_l_llllis_l_ll wh_thur lh¢
rl<:tlr;lltl_l_¢n<:_Itio_1h_l[+l_11++c_trli_¢ _r I_LI¢I"lh_in lhiLI _ir the llilir +_II_,.

.+./+4 _i' i/_Jx+i._,_,oI+d h<,or_'_ _'_::_,r_:_Ii

_t +l+hctl_f11:tt_ill_c J_'_cI ¢+_'iiili_' t_rlh_:_riI1t_i_ pr_r_Jl'_ _*nll i_ ¢_llpi_l_it_J <_I+

'clt_s_Lj_c'which iI rc+x,id_ th_ h:l_i__r _tliil¢lil_s (in lhc tJ+K +)_llld l¢_J_i_tli_m(if_
th_ LI,,_.,_+)I+or h_i rill g +_tinP,¢r l'_Itii_II ill itiiltl+,l ry+ _illh;;ii_i_ lit ii'+¢ii_++JtJ_Jl_ tlr

-_ _+l_irting IlOilll, th_ _Ir_ p_riil_l_ _r ¢;¢pc+_tlrc_Itl _ riiIl+_t_ill+_111_n+_it[¢_h _i'+'<_h¢_rl

i c_tim_It_d (T;Lblc 6). _lh_ rll_txhIltttn l_cl _'t_r_ity pCl_icl_l_I' _ptl_Llr+_ _d+lhc
Imprtlt_Icd _ir i_ 13._ dlIA. +l'h_ tl_ _l'_ilr prtllc_ti_r_ i_ _iI¢_u_l_ud I_ rclltI_

(_t II)I)I_-'_I_)<_I I_). hl I11__+i_c_i +imptlls_ fl_i_" Ic,_, _'iwth1_ m;l_hin_, drt_

st_und Jc_¢l,

ill h¢ilriil_+ (I_rilnl ?,_<dli.ii_iIl _++ II_r_+,r, II_lllh _LIld

E_# tara++/+_lh_ +I_;m_ _mmll h'v+_+
fil<ml_d+t_+lj Idl_A)

lJIJ
4 9J
2 +J_,

J +J9 ' ,
I/2 II12
I/4 I_15

cl_¢Ir_c hcd_ irJmmcrs, ¢ir_ul;ir _i_'_, ctc,) ¢_m _'c;LchtJ5 dl_A, l:in_llly, th_ w_ll

5,2 'l'Itmllt_

+_p_li_n¢_ _illlnd_; I_LI h;iv<_nil _Xtl_-iI;ll _ILI_t_+111m_l ¢_I_ il i:+i__inlplt__t+ulld,

cxp¢l+i_rl¢+_J_ pcr++i++t<_nI_irld rC1_ly]+t_nlnl'c ¢clmplcx+ III P+t+m_lh_ rlil_<_J++_o



r

_]t_ n_j_u_¢_f ihu_I)_1ds _)t_[r_1i_s _sdi_cL_i _ jnWs_iga_ _r_n1c3_i_I_rcr¢r5

tll_y arc colnpi_ccty _;ui_jccflw: and on_ has only _h_ palicm's wrbal d_scdption

Io go orl. RccenlJy, ht_w_vcr, die sounds haw bcc_n rvnd_n:d 'audible', The
Icchll[qu¢ _nlp]o_,'s Ilfl c[_¢[ronic nlllSJ¢sylllh_,Jzer - ;t device I [1_1[e_lJlbe iil_l(JcIO

in_[l_llC,a[fllo_t lilly SOLlnd.Ry _1prc_cc:,s c_Ftrial ;Irlderror all,: p;itiexlt matCJlU_Ihq
_OLtfld['r_ln [ht_i11._h'lJmeflt Io IJl_l[ ill h[_ [l_ld, _lillJI_1e rc_tl]l J__;oiJrid rcciIrd_cl.

PJayill_ tJlrollgh _1s_Ject[on _1_ such rucord[ng_ revu;irs the v;ir[uty irl the SoLinds

n_Xpcrienc_dby diN_crcnl sul'l_r_rs, ]n :in111ethe lillflilLl_ Jill_;_IcortlinllOllS yllS)lir1_

_Olln_ Jikl__IJOLldwalcrJ_lJ]._o1111_[[1111_[[ [_more ()['_I[lissin_ _Oltlldpcrllap_ wilh
I_ high pilch_d whisll¢ superimposed, hl oth_r_ il is ajangle al'lon_s similar to a

nldlo-j_l111111[tlgIral1_m[s_iol].._()1111_ Jlc_ir iI _gtil;ir lhll111_n_ (it l_ll)])i_l_
corrc!iDorldil1_will] IJla:hearl bcat. _'.,c re tirlnilll_i _sCOrlllT_Oll[yzln;iL_on1]_111[[11_IIl

hi dea_ness Odlhou_h il ,:an OCCIlTwilh rlDrnm[ hearing). It i:_,:xpa_ricnccd hy
nlililary IpCrsilnn_l aflcr cxposl]rc Io glln l'Ir¢. Some drugs C_lllSClin[1[lll_ ['¢)r

Cx;lltlpl_ aspirin in hiph d_sage; in lhi_ ca_ lh_ sourld '*'arli_hes ati_r ll]_ drug is
willldl_lwll. ]IAJ.J.AN'IY_I_[1977) recalls some l_llllOll_ li_nlIll_ sufferers: 13e_l-

hown W;l_drjwn Io diSlr;iClion by his li_111[llJs;_cJlllm;ll111 hc_Irdllle nolo 'A'

Cnlllinll;ill_; S_I_I_I_I Who _lJ_in[_CC;IIIICdC;l_Iclllzll[y reprodc:¢cd [I[_ l[n[lJlll_

*11usica]ly in lli_ l]rsl _.lring qu_irl_l - _is;Irl expr_ssi_in (I)"hi_ prJval_ l(itlurc. II i_
qtlilc evid¢lll IJl;ll deId'llCtS_¢;111h¢ J'_r I_'om p¢;icc['tlJ.

'['h_ p;llhotogy oi" lirlrlilllS rcnlaJllS spuclllalivn_. "]']leru ;ire pr(]h:Ibly '/_lriOll:i
Ioc;ll catz_¢s jlldging r'rom Ihe rcp¢_lolru ol" sounds UrllC_rl_dilfi:rc_nl _,ul'f_n:ls.

3opl_ o£ the sounds I)rr:sUlllal)ly a risn_IY(ml spurious ciiscll_rge (l£sp_cifi¢ _roup_
oFrlervu I_brcs- lhis _ OLJklh_ in kecpi_g will1 lhe place prln¢ipl_. The *rushiiq_'
floi_l_s CBllld J'CSLI_II'r()Jll lJ1_. rcmov_ll ()l' n_.ural inh_iliOr], dilC IO 11¢[_.'e

dcgurlm';lliOll. TJlu r_LJI_LTlhllnlpin,_ soultd_i COllJd ll;WU a VIIS¢III;IFtlrJ_[rl
cJlle I() ;ll_*no[nl_lJproxJrnily of" a l_lo_adv¢_isel ;ll _or11¢_il_gu ()f l]Ic allililory

p_ltJlWtly.

_CVCT_[JlIJ1illl_is (I wry Iri'_IrL'_iNil1_e()rlcliliorl, h i', 11oi _lnJy il_ J(illdl1_*ss_

indcud in samiteit is rclati_.ely (ruiul. Rat her il is lhc she_r relcnlJcss ¢(>_ititlUil_ol"
lhe _Oulld ¢Orllplclely huynlld lJi_ C(ltllr()J (lJ"lhl_ s,l]_¢r. Thcze is 11()reli;lhJc
ll'¢llllllCll_ 1(gF[ni¢C_ltd[liOrl Dill lhere ;lz_ ways ol'iI[ICVJ;llin_ II. [I [n;l_i])cc[ll()lllld

I]IZll c_]It[nllOll_* Uxlern_ll scllllld_ c_ln J3ci(I. I_, cIJTFClI(l_l_c ()t" lhcr;_lly i_;I0
illlrOdLlCCbi_o;ld hand elI_is_('whil_ J1c)i_u')[nit) lilt ¢_lrll_iJrl.qa h¢_IrJrlgaid lype

ol'[rls_:rt; lhi_ l_rlds Io nl_lSklh_ fin nilll_ _llld _llso pl'c)viiI¢s _l c¢llll rl]JJllDh: JilClol_
Ibr tile sul'l_r_r which ;Ipp¢ilr_ co b_ c)l"p_ychological h_'nefil.

l)¢rhai1_ IJlc r11a[np()illl q)JIJlissi2clJilll i_i[o r11;lkl_l_lq_l_e_idl_csy111[l;llJ1_lie;dly

_IW[II_OJ*iI _,C]'i()LISpr(+hlerll Ihal _,ortz_:Ii;i;e to live willlJ

5,3 I)ea fne,.',

Wu II_P/_.";Ifr_;nlJy¢on_ilJer_(J scllnc _lSp_ls _d"dcal}p:ss, N()W WUI:x_lJ11illethe
_llhj_¢l IIZOru _I_11¢r_iJl)', h11palred hc;irinAl is wry ¢()llil]lolL Onl_ aduh hl _[xhas

sonl¢ kind of' dil]icuhy and _t JC_IMIllll_ ill .I() JI_LS_l_ll[]_l;llllJ_lJ h_llldi_l[1. The
lillnlhl_r!. _irc snlall_r in llle _()tlnl4¢r ;i_¢ _ [otlJ)_.lh_ll ill tl1_ ()vc'r-7(_sDill lll_y ;ire

_izeahl_ al alJ _n_s. We lurid I(_ d_scrih_ all p_()pl_ _ilJl a hu:Irinl_ pr_)ll_nl _I';
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+d¢_II_ bllt lh[++lerm J_;l_¢P+Il'¢_urv_d Io lJ¢_¢rib¢ _101 _ib_n¢c or bemiring, P<_or
hc_Lr[n_ is hesl d_scrlhccl :I_ _I h_,aritr_,_.

-,+.3,1 "l'++sd+1,_the It_ri_Ig

l_Ic_l_sls I Ic_lr[n_, diI_¢ulli_ iJs.;llly h_iv_ I(_clowil h iil_ic]¢llll_iI¢rccepl_oll

of Sl_cc_h+ The l_rsl st_p i_l t11¢d_ll++r1_+_isis Ic__iss_ss lhe climLbili_y,This would
us_mlly he ¢_rrlcd out inilhilly l+y lh_ in_dlc;iI pt+Lcliti++n_r(olologisl), llc _pc_Lks

t+a+_h[sp<_ IO (h<_p++lliUllt _++IIiv+_riiiu_ di_l_111c<_P+iLnlll_+t_nl lht_ {_l_on._¢_; he ¢_IiI

_ug¢ lh_ :+ux_t_rilyor lh+_ problem. 111t_l_ tl;l)'_ _l¢l_rc mildcrn _ILldi(>int_l_,
otoli_i_l,,+ were p_rlicul_irry _id_pl ill lh¢ pcr_rnl_l_¢_ oi' vcli¢¢ l<_:+t_,

+_p_,_,chqtrtdi_t_letr.J, +t'hi_ is _i d_wl+ipn_ulll or th_ voi¢_ test, [i is norJl_illy
_ci+_rm_d, _is llr_ t_lhcr lornls oJ'_11111it+nlclry, by _iii iiLldi+Jlil_[_+lilr iiLltJioto_ic_l]
Icchnici_itl+ _I g_on-lllCdic_Ll _p¢¢i_l]isl in Ihc _is_cssI11_nl _inlJ ¢<In_+_:l'V_l_it_gl++f

_tring of words ( _.p.. ride, rise, rut+, slip, snlil_, slri_, _l_ci+, I hen, lh_r_, _I¢, ¢t¢)+

The t_st i_ rcpe;11ed _il clil_:rci11 _olmd l_xr_ts,Th_ illdcx O1"h_;_ring ;Lhilily i_ th_
sriuiltl level il_d ¢cil_cls _t w]lici150% c+[lhe wt+rc[+;_iru¢ori+¢clly rcp_ilcd. +I+hctesl

is ¢_Ilib_iI_d l+y t_sit_ sli_ects wilh rlrJr_Imlh_Irigl_. If the p_iti_nl _Ichi_vcs _L_(I_
_,¢+J_ [_ut with _iscllll_d lcvt_lof, _;Ly+20 ill] hi_hcr lh_in_itlrm_iI, h+_i_;¢l¢_+criL_cd_I++

h_ivi0g ;£ +h_irJn_ [c_.'+of 20 di_' wilh ++p_¢chlILld_nll1_try,

I+_+_'_• t++tt_'a+t_tilett_, +I'h_ ftli_Sl wi_IclytlS¢_i tusl of+h_irln+_ i+_(h_ _ll;llysi+; _+f
tl1_ p_iIiunl'++ tllr_ShrJ[d oi" llc_l++inI+_i++_i l+lu1_tii_n ill l_+¢clllcncy, Tht_ rcP;tilt i_



54 DI!AI:N£P_S § 5.3

presenled m;nn audiogram in which file filreshokl .I each t¢_l Frequency is _iven

_l:+a dcvi_llion from file +rlorm;d' (Fig. 5-6). On_ use of file _ltldlo+gr_llll i_+IO
'tailor' a he_lring _fid to compens:lte ftlr ;I p;lllCnt '+,specific Ilearing deficiencies;.

&3.2 Grttdillg of handicap

The severity of tile problem imposed by [nlp;tiretl hearing depends on file

extent of the hearing loss at the frequencies associated with file perceplion of

speech. A he_lring h_ss of less Ihall 25 dl] ;tl IlleSe frequerlcJes doe_ nol e;ttl_¢
significant diMeulty and is regarded ;is urlirnport_mt. The problenl becomes real
when the loss exceetls4() rib and is hi,irked nt 55dl]or nlore. Children in thislast

e;itegory :ire +edttcation:fily deal" (see Fig. 5-7).

The beating difficulty of the elderly (presbycusis) is due to loss at high

fre(luen¢ie_. This CIM be ;ippreciated by _ person with normal Ile_wing. by
simtllafing file olivet witb fin dectrienl filter, equiv_dent Io turning down file

+tl'eble' corlffoJ on [i radio. *rhJ_ tends to in(if fie lhe cJ_lrity of the voice.
Conversely, if frequell¢ies below Io(l() I lz are alien(rated bill higller I'requencles

arc 11111,liP+t+ecurs in certain Ofiler Ilea rillg disorders, there is h_lrdly ;10y lost; of
el;irity in IJle hearillg of speech.

5.3,3 Di.worering thl' ctlttsl'

AS_;LIIlIefil;II p_lfiellt Jlil+ii ]tt:;irillg Jos_ [IHll is tlbnorln;fi J't)rIlia.;lee _ rolip lllld
filat tJlere is no obviotls bloc k;ige o f IJleear C:III;LIor da nlage to l]le ¢;i r drll hi. The

nlologisl _;¢¢k_;I(} delermin¢ whetht_r IJle Irollble ;Irises [11the illitldle ear, [11tile

¢oehle_l. tit st)meWllere Jr1tile ;luttil(iry p;llbw_ly. The enrresptllldln_ disorders
;ire k iit_wii, respectively. ;is _'otltllt¢lil'l...wn._oritlt,l#'al. lind r#lro¢ochh.tlr hcarillg

Joss. Types of ¢lllltlll¢lJ'..e Jlellring loss C;Ulbe tre;ited by sllrgi('al Jntelvenfion.
For cX;llllpJe, if the stripes heel}hieS [iised Io tile oval w'indolv beealtse of

_lbliol'lll_fi grt)wtb af hOllO (otosclerosJs) Jl (till he renlovcd (_.l;iped¢Ctolny)I[lld
replaced by ;In _lrtifici;d stapes. Retrt_ctlclfie_lr hearing loss IIItlybe ¢;ITIsed by _1

[lllllOllr pressing on lilt: ;inditl_ry nerve - Ibis II)l) nllgJlt hellel]l from surgery.

7]mhtgfm'k tl.._ts A long eslablJshed _md slill importmlt grmlp of test_ ft_r
prdinfinary diagnosis emplt)ys tuning forks. These are used to COlllp;lre the
ptlt[enl's _tbil[ly to Ilellr b)' _lir itnfi [1(111+2cnndtlctiOll ;llltl to conlp[ire tile

peril1 rnl_tnc¢ of Olle e_irwJlh the other. The best kllown :fie IIleRitlnl, Ii'sI ;llld file
Web¢l' Ii_l Ivlfidl diJi_trl:lltiille between COil(Ill(rive Lle;lrill_ [(iss _lnd the oilier
categories (sue Fig. 5-8).

.'l('olIMi(+ btlJ_t'thlltt't+ IIll'IIMII't'tlII'IllX I[' COlltblCtiV¢ heIiring loss JlllS been
diagnosed it i_Ilion necessary to find out whieJl nfllle elements of the middle e_lr

is I_lulty. A r¢Celll method records tile ;tct)tlst[¢ Jnlped;irlce [tl tile ¢;ir drunl. Tile
essence (11'tile nlelll()tl is iis ft)llo_vs. "['xl,o tribes tire illser t¢¢.1[nl(l tile ear CtllltlJ.
which is otherwise occJtlded. Olle Inhe is used I<_I_ed sOtllld x_'llx'esIO tile ear

eilll[ll ;llTd file t)lher, ii.llJcb leilds 111_1 IllJCr(l_filtlllg. is tlsed Io I11eil.illre file

restlltillg ilressllr¢!. (there is often _1Ihird tube dlrl)tlL4h which Sl_lti¢ pressure
c_ln be applled). TIle ilurp<)se is Io ille;istlre the J'reedoln of nloX'elllent of file e+lr
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Ill
Tile Ri_ne tesl The Weber 1o_I /If

I!1!,,<j }l
_: Flit. 5-K _pu_ir_¢_%_7_7_u_i_11_r_ck_iN_h-_ipi_c_i_i_

inil_lllill pl-¢lcl_£;i, II i_ Ilcilrtl illlVd hy htllllt iziilldlliZiitlll. A_. ii1¢ %ihrilliiln_ ill_ dtl%t'll II1_

llllli¢lll _llln;llS It]l_ll Ill: ell rl illJ Illlll_lf licll r Ih¢ln. +I}1¢hilk l_ Ili_il I lllli_lTr rctl tlulckly Ii i ii

plltllltl n. till in frillll i Pike ¢_ir ¢;ililil it h¢11,i1"1rli n_llli_ _ilill ill Ili_ lllltldl¢ _iir lsllClrlnlll,lll_

ttlUilll _hlittlll hi: IlOll rll lll_ll ill ('lllrlrl_ Ic_l llti_illll3' I. If illll_ I lll_ ll:_l i'l _fiillilllllg_ll 'nL.gill k ¢'
irldlCilllllll ¢till¢lllCIil_ Ii_il rll] II lilts. 7#11'I I_l'lll'r ll',ll, 'l]ll: I'tllk i_ llpl_lictl Iti Ih¢ Iic'_itl iii Ill_

._ illid Iii1¢. Nllrnlillly (_lr i1"I_l_lll ¢ilr_ fire _tlilillly il fl_clctl I Ihc _lilllltl illll "+J:¢lll¢fill i+;il, *it.ilb
ffl#lf[llcIIl'l" #ll'(ll'ill_ [(1II Ill_ _lillNtl hl:l#lil+l ill he IIII Ilic >ll>l/i* Ill"/hi' ## 'c ' ¢ r Wilh

.ll'#ll'lll'#lll'llrlll hl'llr#tl_ _[till" lil_ Siillllll il_iif_l Ill tic l)ll I]ll# iIf/i I l!fI/If I #ll'ttt'f I'lll++

'[]1¢ _Xlll_l¢lilliilli ill' tile Wcbcf I_l i_ Ill till I%Jill iiiil_lllnl_. Wilh t'llll¢l iifli%_ h¢iirill t Itl_

Ihcr¢ it I¢_i lllil_ klnlt in Ihl: ii1"1'¢¢1_dflit PFtlIII _n viflllllllCllliil _lllllld_, l]lfl¢l'tlr¢ h_llrilll_ ill
IhliI flip [ly hllll_ ¢lllldll¢liilll i_ hcighlltllfli,

dl'llin, If IIl_rc is e_h_;lrucllon in lli¢ nlidcllc C_lf Ih_n p rl_i_ill rf in II1¢ o1111:1"Cilf will

ll_ipOll d 11_ofl_ shlirllly ihliI1 norlllill iti ihc lilipllctl l:111111tl_i. Tliis isIIICil_illrCtl il_i

fili_;cd llpcliilncl:, The irlip¢¢llillCi: Chillltl_l cli_rleilcl tin lll_ IrcqliClicy i_l" Illi_

SOlJnll ii,ll',,l_s ¢lncl IJle precisl. Illllllf¢.' ll_ IIl_ d¢l_cl in Ihl' lllitldl_ till, ClJlllclll

ex ll_l'icilc_ wilh ill_ lli_lllocl i_ iltlW llC¢llnlll]illllll_ iiiIcl (llo_clcm_i_, l(if Jll_illinff,
Ctlll hi: lli_;lillgill_;lic(I I'rl_rri olh¢l" iIl[¢ldlu _Lir ¢lllltlilll)ll_i,

[_Tl,flrJl'flll'l,cflrfl[/l_ _ In ClIS¢_S ()f_i_llStlrini_iil'ill llll¢l rcll'_li_tlchll_ill" hclirin t Ifl_i

il is v,_llt_ll_l_ i_ _x;ilnlil_ tli_ cl_cirlclil ;icik'ily ill" illltlillll'), I'llllCIil)n. l%_ilCIi

Protl fl:SI S lt:crl dc c_c ri) t ¢ cc t c " "" if I, ,Irli_ ni li I_l"

of ri:_;pOll_i_i I_1 il fl_p_ll li:lJ _;linliilil_i. hi Illis Wily, wilh cl_clrnll_s ill_lllictl Ill lli_

.,ill i'lll ¢1_lip Ihc _l;iii Iil lipp roplilllU _ilus, il i_ i_;icilCllhl_ Ill ll¢luCl iintl tcp_ir_ill:iy

id_lii[I), _icllviiy ill Ilic c_¢lll_ii, ilic iilldilll ry ii_rl'_ ;illd Ihc col'oh rill I:ll rli_ x. Tll_

ili¢lhocl ¢II n Ilelp Ill Iocllll_ Ii I_ion Ihlll i_i lll'lTl:ll rlt hell rilll4, 11i_ lil_lllll'plll'llcllllir

viilil_ for il_;_l_;tillll Ihc lnlClll-ily lip Ili_ iiudllilr), _y_lcill ill I);ihic_ lind ylllillll

chilclr_ll, sincc it iiill_;i_i Ii111¢ clt_nlllncl lin their ciltipll:flllll_lll,

._)Jl'chtl .{l'lll/llfJ#111 > TII¢_ hlird hi" hcilring CillnHlllllly cclnlrllllin ltllillll Iolkl

_.liilnll_. ' I_l_li_¢ (Ioll'l _;li_ll I !' l_;_1+_lllllllli f tl i_l_ii. The Ilirc_llclltl l_l'liullrilig i_i hith

bill illl.,r_:lll'll;f Jlll:fCll_illi_ lllll:nlily ¢iii1_1:_; _1rilpicl i_l'cllt/Ih ill ]tllidlll:_i. l'hi_ i_

•rl*l'l'l/_/llll,llf ' i)l" hllllllll::;_i lind i_i ;issti¢iilli_tl Ivith tl_llllill_ It) Illi_ ill,fill llf Clirli

( _;t:n _ell'fill: Wr;il ]lCllrin t Ios_; ). #'ill l:Xlilllnlllir_ n ill" fccrililllll#n I [_; lhill It1_ dllnlll_



hlilialJy attests th_ otllcr h_tlr c_lJsJ_lvillg Ih_ inJl_r h_lir¢_lJ__vorkill_ nl_rm_dly.

Th_ fornl_r nl_rm_llly flm¢lilln _ll low iIlt_rlsili_ _lnlt II1_ hLtl_r jL_II in _l IliB]l • •
intensities.

Anl_lll_r _ynlptonl in _onl_ lypcs olI :_n_t_ril_Ltl_L[ h_Lrill_ Ic_s i_ I_rtL_

_I_U_I_ _1ctlriot_ phcnllrll_llon ill _ll_cll _1lithe ofii _iwll I_llLI_II _ i_r¢_¢rl1_
lo on_ _ar prolh_¢_ _ _lil_r_nl pllcll Ih_ln _'h¢ll pr_eJil_ Ii_ II1¢ OlJl_r _llr. In

in_nsi_LI ill _r_¢r to b_ Jl¢_r_li_;L_n. TJli_ _n(_ic_lr¢__1_ion _n i]1¢n_ry_ _LJpply
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