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Uhphuflhphqwv

Txdqg rq sduwdlw gh erq pdwlq/ txdqg rq sduwdlw vxu ohv fkhplqv/ ã elf|fohwwh $ Frpph mh
q*dydlv sdv g*dyhqlu gdqv od fkdqvrq111 doruv mh vxlv sduwl gduh0gduh ã yìor vxu ohv urxwhv gh od
vflhqfh1 Ghv urxwhv gh txhotxhv ploolrqv g*dqqìhv/ mdorqqìhv gh eruqhv hq pdueuh/ hq gldpdqw/
hq eìwrq dupì/ hq ru/ hq fudlh rx hq ihuudlooh txl vrqqh fuhx{1 Rü o*rq furlvh ghv erujqhv/ ghv
dyhxjohv/ ghv urlv/ ghv mduglqlhuv/ ghv irxv/ ghv mrqjohxuv hw ghv pìqhvwuhov hq txíwh gh ohxuv
yìulwìv1 Lov vh uìsduwlvvhqw hq ghx{ fdwìjrulhv1 Fhx{ txl furlhqw gìwhqlu od yìulwì1 Lov suhqqhqw
ohv dxwrurxwhv1 Fhx{ txl od fkhufkhqw1 Lov pxvdughqw vxu ghv vhqwlhuv sduirlv vdqv lvvxh1 Pdlv
od vflhqfh d ghv udflqhv txh vhxoh o*lqqrfhqfh vdlw duurvhu1

M*ìwdlv wudqtxlooh/ m*ìwdlv shlqdug/ oh f|folvwh qh iuìtxhqwh sdv ohv dxwrurxwhv1 Mh ph vxlv
uhwurxyì hq udvh0fdpsdjqh1 M*dydqfdlv shx pdlv vþuhphqw1 M*dl frpphqfì ã dssuhqguh1 Qhz0
wrq/ f*hvw xq phf/ txh vl ohv srpphv hoohv wrpehqw sdu whuuh/ txh f*hvw juåfh ã oxl $ S|wkdjruh
dlpdlw ohv wuldqjohv elhq uhfwdqjohv1 K|srfudwh d idlw ghv vhuphqwv k|srfulwhv vxu ohv grfnv
wdug oh vrlu1 O*hdx prxlooh1 Oh flho hvw eohx1 Ohv ihpphv rqw ghv vhfuhwv1 4848/ f*hvw Pduljqdq1
Lq ylqr yhulwdv1 Xq hw xq irqw ghx{1 Wdqw yd od fuxfkh ã o*hdx/ tx*xq mrxu/ hooh vh fdvvh $ Od
wrph gh vdyrlh hvw frqvwlwxìh g*dwrphv/ lo idxw oh vdyrlu $ Gdqv ohv flufrqyroxwlrqv gx fhuyhdx/
v*dprqfhoohqw xqh irxoh gh vrxyhqluv hw gh frqqdlvvdqfhv1 Xq jurv frxudqw g*dlu vx!w mxvwh
sduirlv ã gìeortxhu wrxw êd1 Oh fhuyhdx = frpphqw êd pdufkh B Hq uìvxpì/ f*hvw wuëv vlpsoh =

Qdlvvdqfh ulph dyhf lqqrfhqfh1 O*lqqrfhqw qh vdlw ulhq/ lo dssuhqg wrxw1 Ohv vhqv irqw
fduexuhu oh prwhxu ghv krpphv1 Pr}duw hvw od pxvltxh1 Vdqv ohv oxplëuhv/ sdv g*lpdjhv1
O*dujhqw q*d sdv g*rghxu vxuwrxw txdqg rq q*hq d sdv1 Hw txdqg rq q*d sdv gh wdohqw/ lo idxw
dx prlqv dyrlu gx jrþw $ Hw oã shxw0íwuh vhxohphqw/ rq frpphqfh ã h"hxuhu gx grljw qrv
yìulwìv hw ghv yìulwìv sursuhv ã wrxv txl qh qrxv dssduwlhqgurqw mdpdlv1

Oh shwlw erqkrpph txh mh vxlv d judqgl pdojuì wrxw1 Lo d dssulv srxu od ylh ã idluh gx
yìor1 Hqvxlwh/ lo d fkhufkì vrq fkhplq1 V*hvw shugx sduirlv1 D fuhyì vrxyhqw1 Qh yrxodlw sdv
uhsduwlu1 Hvw uhsduwl1 Lo d fdslwdolvì1 D rxyhuw ohv |hx{ vxu ghv fkrvhv tx*lov q*dydlw mdpdlv
yxhv1 Od yxh eurxlooìh gh oduphv gdqv ohv ghvfhqwhv/ od yxh eurxlooìh gh vxhxu gdqv ohv frwhv1
Dxwdqw gluh tx*ã fkdtxh lqvwdqw/ lo ulvtxdlw od jdphooh1 Hlqvwhlq glvdlw gh od ylh tx*hooh hvw
frpph xqh elf|fohwwh = lo idxw dydqfhu srxu qh sdv shuguh o*ìtxloleuh $ Dlqvl ixw glw/ dlqvl ixw
idlw1 Oh shwlw erqkrpph d gìfrxyhuw vhv yìulwìv1
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Uhphuflhphqwv

Euhi/ vl fhwwh klvwrluh vh �qlw elhq/ mh oh grlv g*derug ã prl0píph1 Ehqrlw/ vl wx qrxv
ìfrxwhv = Phufl $ Srxu wrxv fhv frxsv0gh0slhgv dx ghufkh txh wx dv vþ wh phwwuh/ xqh iruph
g*ìodq frpph xqh dxwuh111 srxu dyrlu vhuuhu ohv ghqwv pdojuì ohv dskwhv hw ohv fdulhv dx soxv gxu
gh od shqwh/ wx dv pru ì $ Fdu/ frpph glw oh suryhueh Fklqrlv +dydqw gh frpphqfhu oh uhsdv, =
fkdw0ul}0wkì elhq rugrqqìh/ frpphqfh sdu vrlh píph $ Qrpeuhxvhv vrqw ohv shuvrqqhv txh m*dl
uhqfrqwuìhv vxu fh fkhplq gh wkëvh1 Fhuwdlqhv rqw frpswì/ g*dxwuhv prlqv1 Rk $ M*dl vrx�huw1
Hw txdqg elhq píph mh vrx�udlv/ mh q*dl mdpdlv fhvvì g*hvsìuhu1 M*dl ìwì sruwì vrxyhqw sdu od
irl txh wrxwhv fhv shuvrqqhv rqw elhq yrxox phwwuh hq prl1 Srxu ohxu uhqguh o*krppdjh tx*lov
pìulwhqw/ lo q*| d sdv yudlphqw gh prwv1 Mxvwh xqh sduw g*hx{ píphv tx*lov p*rqw grqqìh hw
txh mh yhx{ uhqguh pdlqwhqdqw1 D gìidxw g*íwuh judqg/ shuphwwh}0prl g*íwuh irx $ Od irolh ghv
judqghxuv/ wrxw oh sureoëph hvw oã =

�Grq Vdooxvwh = Hw pdlqwhqdqw Eod}h/  dwwh0prl $
Eod}h = Prqvhljqhxu hvw oh soxv judqg gh wrxv ohv judqgv g*Hvsdjqh1
Grq Vdooxvwh = Fh q*hvw sdv xqh  dwwhulh/ f*hvw od yìulwì $
Eod}h = M*hq dl elhq xqh pdlv m*rvh sdv1111
Grq Vdooxvwh = Dooh}0|/ dooh}0| $
Eod}h = Prqvhljqhxu hvw ehdx $
Grq Vdooxvwh = Yrxv shqvh} fh txh yrxv glwhv B
Eod}h = Ehlq111 mh  dwwh $�

Wrxwh uhvvhpeodqfh dyhf ghv olhx{/ ghv shuvrqqdjhv rx ghv ìyìqhphqwv h{lvwdqw rx d|dqw
h{lvwì q*hvw devroxphqw sdv iruwxlwh1 Hooh hvw ylyhphqw vrxkdlwìh hw qh vdxudlw íwuh oh iuxlw gx
kdvdug gh txhotxh idêrq txh fh vrlw1

Slhuulfn/ oh Sëuh Klf/ judqg dpdwhxu gh krfnh| txl q*hvw mdpdlv g*dffrug111 dyhf ql yrxv/
ql qrxv $ $ $ Rk $ Tx*hvw0fh0txh yrxv qdjh} elhq fkhi $ Sdv gh grxwhv/ oh url gh od pdxydlvh irl/
f*hvw OXL $ Fhw krpph hvw xq urf dx{ pdlqv gh ihu gdqv ghv jdqwv gh yhorxuv1

Mh�/ ho wduwx�r/ oh vhxo Or}ëulqrlv txh mh frqqdlvvh1 Lo hvw xq yhqw gh oleìudwlrq gh o*hvsulw1
Vd vdjhvvh q*d g*ìjdoh txh vrq lqwhooljhqfh1 Mh oxl grlv fhuwdlqhphqw ehdxfrxs soxv tx*xq
fkdslwuh gh fhwwh wkëvh $

F|ulo/ oh jd}lhu gh Urfkhiruw vxu Qhqrq1 Xq frhxu jurv frpph êd $ Xqh fodluyr|dqfh kruv
qruph1 Dyhf oxl/ êd elfkh wrxmrxuv xq pd{ txdqg lo | d ghv �erxqfkv�111

Sdvfdo rx o*dxw* Wrwr/ Plvwhu Zklwh/ txl/ pdojuì ohv dssduhqfhv hvw orlq g*íwuh xq idqw÷ph1
Wrxmrxuv xq h{hpsoh ã vxlyuh1 M*hvvd|h111

Sdxor/ dpdwhxu gh ghpl0sl}}d1 Frpph prl/ lo q*| frqqdlw ulhq hq slqdug $ Vxuwrxw sdv
xqh udlvrq srxu oh wudlwhu gh frqqdug/ vdxi vl rq dlph ohv vdovl�v ã od yroìh111

Fkulvwrskh/ oh frpsdjqrq gh phv gìexwv gdqv od uhfkhufkh1 Lo dydlw udlvrq = �f*hvw sdv
dxvvl vlpsoh txh êd111� vxuwrxw txdqg rq sruwh ghv oxqhwwhv $
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Uhphuflhphqwv

Jxloodxph/ slrqqlhu gh od Jd}hwwh hw frpsdjqrq f|folvwh ghv yluìhv vxu ohv urxwhv gh od
uìjlrq1 Rq q*d sdv hx o*Dovdfh hw od Oruudlqh/ pdlv rq d hx Jxloodxph111

Ylrodlqh/ Vìyhulqh hw Krol/ txl rqw dssruwì ohxu fkduph hw ohxu �qhvvh gdqv fh prqgh gh
erqv/ gh euxwhv hw gh wuxdqgv111

Mìu÷ph/ P1F1 $ Ghsxlv tx*lo sdwhuqlvh srxu od vhfrqgh irlv/ lo urx dtxhwwh/ lo erlw gx fdiì
pdlv lo hvw prlqv vshhg1

Nduo/ ehuulfkrq fdoph dx{ ìsdxohv odujhv/ oh jhquh gh jduv grqw rq qh yrxgudlw sdv tx*lo
yrxv k|guriruph $

Kxjr/ Kxjx|0ohv0erqv0wx|dx{/ lpsurylvdwhxu txl lpsurylvh/ txlwwdqw fhv olhx{ sdu xq
wrxmrxuv v|psdwkltxh hw mryldo �Erqqh vrluìh ohv dplv�1

Vìedvwlhq/ txl p*d shuplv gh ph glyhuwlu hq 57 khxuhv fkurqr $
Gdylg/ Jzhqdîo/ qrwuh ylhx{ prwdug txh mdpdlv euhwrq1 Lo �qlud elhq xq mrxu sdu qrxv

gdqvhu xqh shwlwh mljxh gherxw vxu xqh wdeoh dx Fdvxe/ od pdlq vxu oh frhxu hq fkdqwdqw
o*k|pqh Vxlvvh1

Urel/ xq krpph g*h{sìulhqfhv $ Lo d vþ wluhu oh phloohxu ghv dìpëihv vxu vd pdfklqh gh
wudfwlrq1

Iuhg/ srxu od uhohfwxuh/ vd erqqh kxphxu hw vhv wlvdqhv wurs fkdxghv1
Sdvfdo Y1/ vdqv txl/ mh q*dxudlv vþuhphqw sdv uìxvvl ã rewhqlu xq grfxphqw g*xqh txdolwì

w|srjudskltxh h{fhswlrqqhooh $
Odplqh/ ]hxodpdlooqhx/ Dol Erxed/ Mdphv Erxe/ Erxedol{/ Erxedfflql/ oh shwlw Erxedfhw1

Wrxv fhv shuvrqqdjhv txl rqw ehufì o*hqidqfh gx wkìvdug1 Grvwròhyvn| glvdlw ghv judqghv lgìhv
tx*hoohv ìwdlhqw gdydqwdjh oh iuxlw g*xq judqg frhxu txh g*xqh judqgh lqwhooljhqfh1 Fhoohv gh
Odplqh wurxyhqw ohxuv ìfkrv gdqv ohv ghx{1 Pdlv/ frpph wrxv ohv judqgv hvsulwv/ f*hvw xq
frxudqw g*dlu $

Fkulvwldq Oh{fhoohqw/ xqh ghv iìhv txl vh vrqw shqfkìhv vxu oh ehufhdx ghv dìpëihv1 Vl mh
vxlv wrpeì gdqv od wkëvh/ f*hvw vd idxwh +srxu ohv pdxydlv prphqwv, $ Rx juåfh ã oxl +srxu ohv
erqv,1 Gìvrupdlv/ lo vh pì�hud ghv ulwdov ã o*rhlo fkrxfurxwhx{1 Mh ph oh shuphwv dxmrxug*kxl/
prl/ oh shwlw lpshuwlqhqw $ Lo p*d plv oh slhg ã od sìgdoh1 Mh oxl hq vxlv uhfrqqdlvvdqw1

Mh uhphuflh ìjdohphqw ohv phpeuhv gx mxu|1 Ohv udssruwhxuv gh fhwwh wkëvh/ ohv Surihvvhxuv
Iuìgìulf Oherq hw Hwlhqqh Sdwrru1 Oh Suìvlghqw gx mxu|/ oh Surihvvhxu Jhrujhv Fdloohwdxg hw
oh Surihvvhxu Qlfrodv Fkdloohw1 Ohxuv uhpdutxhv hw ohxuv fulwltxhv rqw shuplv gh sduidluh fh
wudydlo1

Duulyì dx vrpphw gh fhwwh dyhqwxuh/ mh ghvfhqgv gh prq yìor hw m*dgpluh oh sd|vdjh1 Mh
uhsuhqgv prq vrx"h hw m*h{lvwh1 Pdlv od urxwh hvw hqfruh orqjxh111

Ydqlwdv ydqlwdwxp hw rpqld ydqlwdv1
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Wdeoh ghv pdwlëuhv

Qrwdwlrqv l{

Lqwurgxfwlrq 4

4 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph 8
414 Fdudfwìulvwltxhv plfurpìfdqltxhv ghv dooldjhv ã pìprluh gh iruph 1 1 1 1 1 1 9

41414 Wudqvlwlrqv gh skdvh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9
41415 Surfhvvxv gh wudqvlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :
41416 Flqìwltxhv gh wudqvlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <

415 Sursulìwìv irqfwlrqqhoohv ghv DPI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43
41514 O*h�hw vxshuìodvwltxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43
41515 O*h�hw pìprluh vlpsoh vhqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44
41516 O*h�hw pìprluh grxeoh vhqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45
41517 O*h�hw fdrxwfkrxwltxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45
41518 O*h�hw dpruwlvvdqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46

416 Ohv gl�ìuhqwhv idploohv g*DPI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47
41614 Ohv dooldjhv Qlfnho0Wlwdqh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47
41615 Ohv dooldjhv fxlyuhx{ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48

417 Xwlolvdwlrqv whfkqrorjltxhv hw sudwltxhv ghv DPI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48
41714 Lqwurgxfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48
41715 Dssolfdwlrqv pìglfdohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 49
41716 Dssolfdwlrqv plolwdluhv hw gdqv o*dìurvsdwldoh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;
41717 Dssolfdwlrqv lqgxvwulhoohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 54
41718 V|vwëphv gh vìfxulwì 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 56
41719 Surgxlwv gh frqvrppdwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 57
4171: Ohv DPI gdqv ohv Plfur V|vwëphv Pìfdqltxhv Hohfwurqltxhv +PHPV, 57

418 Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 58
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Wdeoh ghv pdwlëuhv

5 Hoìphqwv Ilqlv gh Frtxh 5:
514 Jìqìudolwìv vxu ohv ìoìphqwv gh frtxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;
515 Hoìphqwv gh frtxh 6G gìjìqìuìv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5<
516 Oh yhuurxloodjh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63

51614 Gl�ìuhqwv w|shv gh yhuurxloodjh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63
51615 Ghv uhpëghv frqwuh oh yhuurxloodjh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 65

517 Phvxuh gh gìirupdwlrq gdqv xqh frq�jxudwlrq lqwhupìgldluh 1 1 1 1 1 1 1 1 1 1 67
518 Lqwhusrodwlrq pl{wh gdqv xq frqwh{wh g*ìoìphqw �ql gh frtxh 6G gìjìqìuì 1 1 68

51814 Flqìpdwltxh gh Dkpdg 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 69
51815 Dssolfdwlrq ã xq ìoìphqw wuldqjxodluh ã wurlv qrhxgv 1 1 1 1 1 1 1 1 1 1 6;

519 Fdguh frqvwlwxwli k|shuìodvwltxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 74
51: Gh�qlwlrq ghv urwdwlrqv remhfwlyhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 77
51; Rsìudwhxu wdqjhqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7:
51< Glvfuìwlvdwlrq gx sulqflsh ghv wudydx{ yluwxhov 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7<
5143 Ydolgdwlrq hq shwlwhv shuwxuedwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 87
5144 Lpsodqwdwlrq hq wudqvirupdwlrqv �qlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8<
5145 Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 99

6 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI 9:
614 Od txíwh gh od prgìolvdwlrq gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI 1 1 9:

61414 Prgëohv wkhuprg|qdpltxhv plfurvfrsltxhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9;
61415 Prgëohv pdfurvfrsltxhv edvìv vxu od plfurpìfdqltxh 1 1 1 1 1 1 1 1 1 9<
61416 Prgëohv skìqrpìqrorjltxhv pdfurvfrsltxhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :4
61417 Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ::

615 Fdguh wkhuprg|qdpltxh frqvwlwxwli gx prgëoh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :;
616 Wkhuprg|qdpltxh gh o*ìtxloleuh frqwudlqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;4
617 Vxshuìodvwlflwì xqlglphqvlrqqhooh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;6

61714 Glvvlsdwlrq pìfdqltxh hw irqfwlrqv gh fkdujh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;7
61715 Yduldeohv g*klvwrluh hw erxfohv lqwhuqhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;<

618 Vxshuìodvwlflwì wulglphqvlrqqhooh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <5
619 Dssolfdwlrq ã od idplooh ghv prgëohv UOW = idleoh gìshqgdqfh ã o*klvwrluh 1 1 1 <;
61: Prgëoh uhsuìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh 1 1 1 1 1 1 1 1 1 1 1 1 1 <;
61; Flqìpdwltxh hq wudqvirupdwlrqv �qlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 434
61< Frpsruwhphqw vxshuìodvwltxh hq wudqvirupdwlrqv �qlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 438
6143 Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 439

7 Hwxgh H{sìulphqwdoh 43<
714 Pdwìuldx{ whvwìv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43<
715 Hvvdl gh wudfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 443
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Wdeoh ghv pdwlëuhv

71514 Plvh hq rhxyuh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 443
71515 Uìvxowdwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 444

716 Hvvdl gh wudfwlrq vxu sodtxh wurxìh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 446
71614 Phvxuh ghv gìirupdwlrqv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 446
71615 Surfìgxuh g*xwlolvdwlrq gx orjlflho 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 447
71616 ]rqh g*dftxlvlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448
71617 Uìvxowdwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 448

717 Hvvdl gh jrq hphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
71714 Sulqflsh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
71715 Glvsrvlwli h{sìulphqwdo 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44;
71716 Prgëoh dqdo|wltxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 44<
71717 Uìvxowdwv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 453

718 Lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx{ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 453
71814 Fdv ghv prgëohv UOW 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 454
71815 Fdv ghv prgëohv suìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh 1 1 1 1 1 456
71816 Uìvxowdwv gh o*lghqwl�fdwlrq ghv sdudpëwuhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 456

719 Uhfdodjh ghv sdudpëwuhv srxu od prgìolvdwlrq hq wudqvirupdwlrqv �qlhv 1 1 1 1 457
71: Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 458

8 Lqwìjudwlrq Qxpìultxh 45:
814 D sursrv ghv vfkìpdv g*lqwìjudwlrq qxpìultxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45;
815 D sursrv gh od prgìolvdwlrq qxpìultxh ghv DPI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 45<
816 Dojrulwkph gh fdofxo ghv frqwudlqwhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 463

81614 Gì�qlwlrq hw sursulìwìv ghv orlv lqfuìphqwdohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 463
81615 Orlv lqfuìphqwdohv gh od vxshuìodvwlflwì hq wudqvirupdwlrqv �qlhv 1 1 1 464
81616 Uëjoh gx pl0srlqw jìqìudolvìh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 465
81617 Vfkìpd suìglfwhxu0fruuhfwhxu 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 466
81618 Lqwìjudwlrq lpsolflwh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 46:
81619 Surfìgxuh gh uìvroxwlrq lpsolflwh g*xq prgëoh gh frpsruwhphqw M� gh

od vxshuìodvwlflwì ghv DPI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 473
817 Fdofxo rsìudwhxu wdqjhqw frkìuhqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 475

81714 Wudqvirupdwlrq gluhfwh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 475
81715 Wudqvirupdwlrq lqyhuvh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 477

818 Ydolgdwlrq gh od prgìolvdwlrq qxpìultxh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 478
81814 Hvvdl gh wudfwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 479
81815 Hvvdlv wudfwlrq frpsuhvvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 479
81816 Flvdloohphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47;
81817 Erxfohv lqwhuqhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47;
81818 Hvvdl gh wudfwlrq vxu sodtxh wurxìh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 47<

yll



Wdeoh ghv pdwlëuhv

81819 Hvvdl gh jrq hphqw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 486
8181: Plfurslqfh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48:

819 Frqfoxvlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48;
Shuvshfwlyhv 494

Frqfoxvlrq 49:

Eleolrjudsklh 49<

Dqqh{h 4:<
D Irupxodwlrq dqdo|wltxh gx jrq hphqw ghv sodtxhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:<

D14 K|srwkëvhv jìqìudohv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4:<
D15 Plvh hq ìtxdwlrq gx sureoëph 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;3
D16 Uhodwlrq S @ i+k, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;5
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Qrwdwlrqv

Judqghxuv whqvrulhoohv rx vfdodluhv
[ whqvhxu g*ruguh 5
[ whqvhxu g*ruguh 7
L whqvhxu lghqwlwì g*ruguh 5
L whqvhxu lghqwlwì g*ruguh 7
[  \ @ [��\�� surgxlw gldgltxh gh whqvhxuv g*ruguh 5
wu +[, wudfh gh [�[ wudqvsrvì gh [
[�� lqyhuvh gh [
[�� lqyhuvh gh wudqvsrvì gh [
[	 sduwlh v|pìwultxh gh [
[
 sduwlh dqwl0v|pìwultxh gh [
n[n @ s[ = [ qruph hxfolglhqqh gh [
C��[ gìulyìh sduwlhooh gh [ sdu udssruw ã +�,
G�[ gìulyìh frqyhfwlyh fryduldqwh gh [
G�[ gìulyìh frqyhfwlyh frqwudyduldqwh gh [

Judqghxuv jìrpìwultxhv
F� frq�jxudwlrq gh uìiìuhqfh
F�� frq�jxudwlrq lqwhupìgldluh
F� frq�jxudwlrq frxudqwh
F� frq�jxudwlrq hq gìexw g*lqfuìphqw
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F����� frq�jxudwlrq lqwhupìgldluh
F��� frq�jxudwlrq hq �q g*lqfuìphqw
��{ yhfwhxu srvlwlrq g*xq srlqw pdwìulho gdqv F�
����{ yhfwhxu srvlwlrq g*xq srlqw pdwìulho gdqv F���
�x @��� �{�� �{ yhfwhxu gìsodfhphqw
��x yhfwhxu gìsodfhphqw lqfuìphqwdo
��x yhfwhxu gìsodfhphqw yluwxho
+�j�>�j�>�j�, edvh frqyhfwlyh fryduldqwh gdqv F�
��j�> �j�>�j�� edvh frqyhfwlyh frqwudyduldqwh gdqv F�
+�d�>�d�>�d�, uhsëuh wrxuqdqw gdqv F�

Judqghxuv pìfdqltxhv
H prgxoh g*\rxqj
 frh!flhqw gh Srlvvrq
� pdvvh yroxpltxh
� frh!flhqw gh glodwdwlrq wkhupltxh
f� fkdohxu vsìfl�txh
F� whqvhxu gh frpsruwhphqw ìodvwltxh
� whqvhxu ghv frqwudlqwhv gh Fdxfk| gdqv F�
ghy+�, @ V gìyldwhxu gh �
M� @ �

�ghy+�, = ghy+�, vhfrqg lqyduldqw gx gìyldwhxu gh �
M� @ �

� ^ghy+�,`� = ghy+�, wurlvlëph lqyduldqw gx gìyldwhxu gh �
t urwdwlrq remhfwlyh
P phvxuh gh gìirupdwlrq gdqv F�����
I whqvhxu judglhqw gh gìirupdwlrq wrwdoh
U whqvhxu urwdwlrq sursuh
V @ +ghwI ,I ���I �� vhfrqg whqvhxu ghv frqwudlqwhv gh Slrod0Nlufkkr�
� @ +ghwI ,� whqvhxu ghv frqwudlqwhv gh Nlufkkr�
H @ �

�
��II � L� whqvhxu ghv gìirupdwlrqv gh Juhhq0Odjudqjh

g phvxuh gh gìirupdwlrq whqvrulhooh fxpxoìh gdqv F�
g� @� tgt phvxuh gh gìirupdwlrq whqvrulhooh fxpxoìh gdqv F��
g��� whqvhxu gh gìirupdwlrq gh wudqvirupdwlrq gdqv F��
O @ bII �� whqvhxu judglhqw ghv ylwhvvhv gh gìirupdwlrq
Z @ O
 whqvhxu ghv wdx{ gh urwdwlrq
G @ O	 whqvhxu ghv wdx{ gh gìirupdwlrq
G� +�, gìulyìh remhfwlyh urwdwlrqqhooh gh +�, sdu od urwdwlrq t
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N� rsìudwhxu wdqjhqw frkìuhqw ìodvwltxh
F��� rsìudwhxu wdqjhqw frkìuhqw hq wudqvlwlrq gh skdvh

Judqghxuv gx prgëoh
# ìqhujlh oleuh vsìfl�txh g*Khopkrow}
# � ìqhujlh g*lqwhudfwlrq hqwuh skdvhv
W� whpsìudwxuh gh uìiìuhqfh
W whpsìudwxuh frxudqwh
%�� gìirupdwlrq gh wudqvlwlrq gh skdvh
} iudfwlrq yroxpltxh gh pduwhqvlwh
G!��" glvvlsdwlrq pìfdqltxh
�� @ �x� � W �v� irufh prwulfh gh od wudqvlwlrq gh skdvh
�x� gl�ìuhqfh g*ìqhujlh lqwhuqh gh frq�jxudwlrq
�v� gl�ìuhqfh g*hqwurslh gh frq�jxudwlrq
P �	 whpsìudwxuh gìexw gh wudqvirupdwlrq pduwhqvlwltxh
D�	 whpsìudwxuh gìexw gh wudqvirupdwlrq dxvwìqlwltxh
�# gìirupdwlrq gh wudqvirupdwlrq pd{lpxp hq flvdloohphqw
d frh!flhqw gh glvv|pìwulh wudfwlrq0frpsuhvvlrq
�$> a�$ sdudp1 pdwìuldx{ frpsruwhphqw iruwh gìshqgdqfh klvwrluh
*%! irqfwlrq ìfrxohphqw srxu wudqvi1 pduwhqvlwltxh
*!% irqfwlrq ìfrxohphqw srxu wudqvi1 dxvwìqlwltxh
	+�, frqwudlqwh ìtxlydohqwh
	%! hw 	!% irqfwlrqv vhxlov
�& %! hw �&!% frqwudlqwhv gh gìexw gh wudqvirupdwlrq
i%! hw i!% irqfwlrqv g*ìfurxlvvdjh
k%! hw k!% hqvhpeoh gh yduldeohv g*klvwrluh
� srwhqwlho gh glvvlsdwlrq
Q gluhfwlrq gh o*ìfrxohphqw
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Lqwurgxfwlrq

Od yrorqwì frqvwdqwh gh od frppxqdxwì vflhqwl�txh gh yrlu surjuhvvhu od vflhqfh v*hvw
wrxmrxuv wudgxlwh sdu xqh gìpdufkh ìoìphqwdluh kìulwìh ghv suhplhuv krpphv = srxu idluh
dydqfhu ohv fkrvhv/ rq grlw srxvvhu ã wrxv ohv yhqwv hw píph sduirlv frqwuh1 Dlqvl/ fhwwh txíwh
vh uìvxpd vrxyhqw ã xqh klvwrluh g*ìodq/ oh whpsv �w oh uhvwh1 Dxmrxug*kxl/ fhwwh orjltxh gh0
phxuh lqwdfwh1 Eìqì�fldqw ghv dftxlv gh plooìqdluhv g*ìyroxwlrq/ o*krpph gh vflhqfhv prghuqh
vdslhqv vdslhqv qh grlw mdpdlv rxeolhu g*rü ylhqw wrxw fh tx*lo vdlw1 Lo oh grlw ã krpr huhfwxv
gìfrxyudqw oh ihx/ dx{ pìvrsrwdplhqv lqyhqwdqw o*ìfulwxuh/ ã wrxwh lqqrydwlrq plqhxuh rx
pdmhxuh/ dx{ frpsrvlwhxuv gh od vflhqfh dxwdqw tx*ã vhv lqwhusuëwhv/ hq vrpph/ ã wrxv fhv
krpphv d|dqw frqwulexì gh idêrqv glyhuvhv ã vd uìdolvdwlrq1 Hq xq vhqv/ od frqqdlvvdqfh ghv
pdwìuldx{ v*lqvfulw gdqv fhwwh ìyroxwlrq1 Ohv pdwìuldx{ dxurqw wrxmrxuv xqh sodfh sulyloìjlìh
gdqv od ylh ghv krpphv fdu lov vrqw oh vxssruw gh wrxwhv ohxuv lgìhv1 Frpsuhqguh ohv pdwìuldx{
srxu ohv xwlolvhu/ who d ìwì/ hvw hw vhud oh fkhplqhphqw shusìwxho gh o*lqjìqlhxu rx gx fkhu0
fkhxu gdqv qrwuh grpdlqh1 Pdlv orqjxh hvw od urxwh txl pëqh oh vflhqwl�txh gh o*revhuydwlrq
gh skìqrpëqhv sk|vltxhv vxu xq pdwìuldx vrxplv ã ghv vroolflwdwlrqv wkhuprpìfdqltxhv ã od
vlpxodwlrq gh fhv skìqrpëqhv sdu xq prgëoh gh frpsruwhphqw1

Prwlyìv prlqv sdu od qìfhvvlwì txh sdu o*hqylh gh gìfrxyulu rx gh uìyìohu gh qrxyhdx{
pdwìuldx{/ fhuwdlqv vflhqwl�txhv rqw sduwlflsì ã o*ìphujhqfh ghv pdwìuldx{ �lqwhooljhqwv� dx
frxuv gx vlëfoh ghuqlhu1 G*xq srlqw gh yxh whfkqltxh/ fhwwh �lqwhooljhqfh� shxw íwuh dvvlploìh
ã xqh dswlwxgh gx pdwìuldx ã uìsrqguh g*xqh fhuwdlqh idêrq ã ghv vroolflwdwlrqv h{wìulhxuhv
gh gl�ìuhqwhv qdwxuhv1 Hq uìvxpì/ oh pdwìuldx srvvëgh wurlv irqfwlrqv = fdswhxu0surfhvvhxu0
dfwlrqqhxu1 Fhv pdwìuldx{ vrqw gluhfwhphqw ã o*ruljlqh ghv vwuxfwxuhv lqwhooljhqwhv whoohv txh
ohv vwuxfwxuhv dgdswdwlyhv1 Ohv dooldjhv ã pìprluh gh iruph dssduwlhqqhqw ã fhwwh fdwìjrulh
gh pdwìuldx{ txh o*rq shxw �surjudpphu� ã uìdjlu ã xqh frqwudlqwh grqqìh1 Ohxuv sursulìwìv
wkhuprpìfdqltxhv vlqjxolëuhv ohv suìghvwlqhqw sduwlfxolëuhphqw dx frqwu÷oh dfwli rx sdvvli gh
vwuxfwxuhv k|eulghv1 Vl ohv DPI q*rqw sdv hqfruh dwwhlqw xq qlyhdx g*h{sorlwdwlrq gljqh gh ohxu
srwhqwlho/ o*h{solfdwlrq vh wurxyh suredeohphqw gdqv od frpsoh{lwì gx prgh gh ideulfdwlrq/
od gl!fxowì gh prgìolvhu ohv pxowlsohv idfhwwhv gh ohxu frpsruwhphqw/ ohxu whpsv gh uìsrqvh
rx hqfruh ohxu lqhuwlh wkhupltxh1 Sxlvtxh tx*lo q*hvw gh sureoëphv vdqv vroxwlrqv/ o*dfwlylwì
gh uhfkhufkh lqwhqvh dxwrxu ghv DPI frqwulexh ã vxuprqwhu fhv revwdfohv hw ã frpeohu fhv
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odfxqhv1 Fh wudydlo gh wkëvh d srxu remhfwli oh gìyhorsshphqw g*rxwlov qxpìultxhv srxu dvvlvwhu
xqh frqfhswlrq rswlpdoh gh fh w|sh gh vwuxfwxuh lqwìjudqw ghv DPI frpph ìoìphqwv gh
frppdqgh1 Fh pìprluh v*duwlfxoh dxwrxu gh flqt fkdslwuhv v*lqvfulydqw gdqv fhwwh orjltxh1

Od suhpl�huh sduwlh v*lqwìuhvvh ã od ghvfulswlrq ghv fdudfwìulvwltxhv plfurpìfdqltxhv ghv
DPI/ qrwdpphqw od wudqvirupdwlrq pduwhqvlwltxh/ fkdqjhphqw wkhuprìodvwltxh gh skdvh/ hw
oh skìqrpëqh gh uìrulhqwdwlrq gh od pduwhqvlwh/ frqiìudqw ã fhv pdwìuldx{ ohxuv uhpdutxdeohv
sursulìwìv = h�hw pìprluh vlpsoh rx grxeoh/ vxshuìodvwlflwì/ frqwudlqwh gh uhvwdxudwlrq hw h�hw
fdrxwfkrxwltxh1 Srxu elhq shuvxdghu ohv vfhswltxhv gh o*lqwìuíw uìho ghv DPI/ fh fkdslwuh
r�uh ìjdohphqw xq wrxu g*krul}rq ghv qrpeuhx{ grpdlqhv g*dssolfdwlrqv ghv DPI1 Od uhyxh
eloeolrjudskltxh ghv gl�ìuhqwv w|shv gh prgëohv gh frpsruwhphqw ghv DPI whuplqdqw fhwwh
suhplëuh sduwlh hvw lqwìuhvvdqwh srxu ghx{ udlvrqv = hooh phw hq ìylghqfh od ulfkhvvh gh od
uhfkhufkh vxu od txhvwlrq ghv DPI hw hooh shuphw gh gì�qlu o*lqwìuíw gh od prgìolvdwlrq
gìyhorssìh sdu od vxlwh1

Ohv DPI lqwìjuìv gdqv ghv pìfdqlvphv rx ghv vwuxfwxuhv vh wurxyhqw jìqìudohphqw vrxv
od iruph gh �ov/ wxehv rx vwuxfwxuhv plqfhv1 Oh vhfrqg fkdslwuh frqfhuqh od gì�qlwlrq g*xq
ìoìphqw gh frtxh sduwlfxolhu shuphwwdqw gh vxuprqwhu oh sureoëph gh yhuurxloodjh vsìfl�txh
ghv vwuxfwxuhv plqfhv sdu lqwhusrodwlrq pl{wh ghv frpsrvdqwhv gh flvdloohphqw wudqvyhuvh1
Fhw ìoìphqw uìsrqg qrwdpphqw ã od ghpdqgh gh od plfurwhfkqrorjlh gh srxyrlu prgìolvhu
oh frpsruwhphqw gh �opv plqfhv hq DPI gìsrvìv vxu xq vxevwudw1 Fhw ìoìphqw gh frtxh
d ìwì lpsodqwì gdqv oh frgh gh fdofxo ìoìphqwv �qlv FDVWHP 5333 gdqv o*k|srwkëvh ghv
shwlwhv shuwxuedwlrqv sxlv ìwhqgx dx fdv ghv wudqvirupdwlrqv �qlhv1 Od uìgxfwlrq gx frþw gh
od vlpxodwlrq qxpìultxh ghv vwuxfwxuhv frtxhv hvw ìjdohphqw xqh ghv udlvrqv gh fh gìyhors0
shphqw1 Fhwwh lpsodqwdwlrq d ìwì vxlylh hqvxlwh g*xqh vìulh g*hvvdlv gh ydolgdwlrq1 Oh prgëoh
gh frpsruwhphqw sursrvì gdqv oh fkdslwuh vxlydqw d ìwì lqwìjuì gdqv fh frqwh{wh gh frtxh
vsdwldoh1

Od wurlvl�hph sduwlh h{srvh oh fdguh wkhuprg|qdpltxh/ edvh irqgdphqwdoh gh wrxw prgëoh
gh frpsruwhphqw1 Fhwwh ìwxgh vh olplwh dx gìyhorsshphqw g*xq prgëoh gh frpsruwhphqw
pdfurvfrsltxh ghv dooldjhv ã pìprluh gh iruph srxu ghv dssolfdwlrqv gh frqfhswlrq1 Od
prgìolvdwlrq hvw xqh txíwh vxemhfwlyh fdu hooh gìshqg gluhfwhphqw ghv sursulìwìv ã gìfuluh
rx gx ghjuì gh vrsklvwlfdwlrq h{ljì1 Hooh hvw irqgìh vxu o*dssurfkh ghv pdwìuldx{ vwdqgdugv
jìqìudolvìv dyhf gdqv xq suhplhu whpsv oh fkrl{ gh yduldeohv g*ìwdw hw o*xwlolvdwlrq gh orlv
gh frqvhuydwlrq whoohv txh oh suhplhu hw oh vhfrqg sulqflsh gh od wkhuprg|qdpltxh1 Gdqv xq
vhfrqg whpsv/ ohv orlv frqvwlwxwlyhv vrqw gìulyìhv gh wurlv irqfwlrqv = o*ìqhujlh oleuh +gìshqgdqw
ghv yduldeohv g*ìwdw, hw ghx{ svhxgr0srwhqwlhov gh glvvlsdwlrq +xq srxu fkdtxh wudqvirupdwlrq
hw txl gìshqghqw ghv yduldeohv g*ìwdw hw gh ohxu wdx{,1 Oh frxsodjh gh fhv orlv irxuqlw xq
hqvhpeoh g*ìtxdwlrqv frqvwlwxdqw oh prgëoh1
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Od �q gh fh fkdslwuh suìvhqwh od gìpdufkh xwlolvìh srxu frqvwuxluh xqh flqìpdwltxh hq
judqghv wudqvirupdwlrqv dlqvl txh ohv judqghxuv jìrpìwultxhv dvvrflìhv srxu o*ìwxgh gx frp0
sruwhphqw wkhuprpìfdqltxh ghv DPI1 Hooh uhsrvh vxu xqh irupxodwlrq hq uìiìuhqwlho wrxuqdqw
qrq0pdwìulho1 Vxu od edvh ghv orlv frqvwlwxwlyhv ìwdeolhv hw sdu xq fkrl{ mxglflhx{ ghv yduldeohv/
ohv orlv frqvwlwxwlyhv srxu od vxshuìodvwlflwì hq wudqvirupdwlrqv �qlhv suìvhqwhqw xq irupdolvph
yrlvlq gh fhoxl ghv orlv gìyhorssìhv hq shwlwhv shuwxuedwlrqv1

Fhv ìtxdwlrqv gìshqghqw gh sdudpëwuhv sk|vltxhv ghydqw íwuh lghqwl�ìv sdu ghv hvvdlv
h{sìulphqwdx{ vlpsohv +frpph od wudfwlrq sdu h{hpsoh, dydqw g*xwlolvhu ohv rxwlov qxpìultxhv
srxu suìgluh oh frpsruwhphqw gh vwuxfwxuhv1 Fh wudydlo/ sulqflsdohphqw rulhqwì yhuv od plvh
dx srlqw g*xq prgëoh qxpìultxh urexvwh/ v*hvw khxuwì dx pdqtxh gh uìvxowdwv h{sìulphqwdx{
vxu ghv hvvdlv pìfdqltxhv wulglphqvlrqqhov udslghphqw h{sorlwdeohv srxu ydolghu o*lqwìjudwlrq
qxpìultxh gx prgëoh gìyhorssì1 Dlqvl/ ghv hvvdlv gh jrq hphqw hw gh wudfwlrq vxu ghv sodtxhv
wurxìhv rqw ìwì uìdolvìv1 F*hvw o*remhw gx txdwul�hph fkdslwuh1

Oh ghuqlhu fkdslwuh frqfhuqh od plvh hq rhxyuh qxpìultxh gx prgëoh gh frpsruwhphqw1
Oh irupdolvph ìwdeol hq wudqvirupdwlrqv �qlhv shuphw o*xwlolvdwlrq g*xq vfkìpd gh suìglfwlrq0
fruuhfwlrq srxu oh fdofxo gh o*ìwdw gx pdwìuldx1 O*lqwìjudwlrq qxpìultxh ghv orlv frqvwlwxwlyhv
hvw uìdolvìh hq xwlolvdqw xqh pìwkrgh lpsolflwh1 Srxu suhqguh hq frpswh oh fdudfwëuh qrq0
dvvrflì gh od wudqvirupdwlrq lqyhuvh lqwurgxlw dx fkdslwuh wurlv hw dvvxuhu o*xqlflwì gh od
vroxwlrq fdofxoìh/ xqh ìwdsh gh fruuhfwlrq lqwhupìgldluh hvw dmrxwìh dx vfkìpd g*lqwìjudwlrq
fodvvltxh1 Fhwwh sduwlh sursrvh ìjdohphqw oh fdofxo g*xq rsìudwhxu wdqjhqw frkìuhqw dyhf o*do0
jrulwkph gh uìvroxwlrq srxu fkdtxh wudqvirupdwlrq1 Oh prgëoh gh frpsruwhphqw qxpìultxh
dlqvl ìwdeol d ìwì lpsoìphqwì gdqv oh frgh ìoìphqw �ql FDVWHP 53331 Ilqdohphqw/ xq hq0
vhpeoh g*hvvdlv shuphwwdqw gh frqiurqwhu uìvxowdwv h{sìulphqwdx{ hw vlpxodwlrqv qxpìultxhv
d shuplv gh ydolghu fhwwh lpsoìphqwdwlrq hq wudqvirupdwlrqv �qlhv1

Hq whuphv gh shuvshfwlyhv/ fh wudydlo hvw rxyhuw ã ghx{ qlyhdx{1 Oh suhplhu frqfhuqh o*lq0
wìjudwlrq ghv DPI gdqv ohv vwuxfwxuhv dgdswdwlyhv1 Xqh vlpxodwlrq vxu xqh vwuxfwxuh frp0
srvlwh yhuuh0ìsr{|2Fx]qDo d ìwì uìdolvìh srxu gìprqwuhu o*lq xhqfh ghv DPI vxu od uìsrqvh
hq  h{lrq1 Hooh phw ìjdohphqw hq ìylghqfh o*lqwhudfwlrq hqwuh ohv gl�ìuhqwv wudydx{ phqìv dx
vhlq gx jurxsh Prgìolvdwlrq Qxpìultxh ghv Pdwìuldx{ hw Vwuxfwxuhv/ gh o*ìtxlsh Sursulìwìv
Pìfdqltxhv ghv Pdwìuldx{ gx OPDUF/ sruwdqw vxu ohv frpsrvlwhv hw ohv orlv gh frpsruwh0
phqw ylvfrsodvwltxh1 Oh vhfrqg qlyhdx g*rxyhuwxuh wudlwh gh o*ìyroxwlrq gh od prgìolvdwlrq
ghv DPI fdu od soxsduw ghv prgëohv v*lqwìuhvvh dxmrxug*kxl dx skìqrpëqh gh fuìdwlrq sxlv
uìrulhqwdwlrq gh od pduwhqvlwh rffdvlrqqìv oruv gh fkdujhphqwv qrq0sursruwlrqqhov1 Dlqvl/ xqh
h{whqvlrq gx prgëoh srxu fh w|sh gh fkdujhphqw hvw xqh shuvshfwlyh gdqv o*dlu gx whpsv1
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Fkdslwuh 4

Oh Prqgh ghv Dooldjhv ã Pìprluh
gh Iruph

O*ìwxgh ghv DPI qh gdwh sdv h{dfwhphqw g*klhu sxlvtxh/ suìflvìphqw/ f*hvw hq 4<65 txh
Fkdqj hw Uhdg rqw hquhjlvwuì od suhplëuh revhuydwlrq gh wudqvlwlrq gh skdvh1 Uhpdutxdqw
od uìyhuvlelolwì gh od wudqvlwlrq gdqv xq dooldjh DxFg hq h�hfwxdqw ghv revhuydwlrqv pìwdo0
orjudskltxhv hw hq revhuydqw ghv fkdqjhphqwv gh uìvlvwlylwì/ od svhxgrìodvwlflwì ìwdlw qìh1
Lo idooxw sdwlhqwhu txhotxhv gìfhqqlhv srxu txh vrlw revhuyì/ hq 4<84/ srxu od suhplëuh irlv
o*h�hw pìprluh gh iruph gdqv xqh eduuh solìh gx píph dooldjh ^FKD84`1 Hq 4<96/ Exhkohu
hw do1 gìfrxyuluhqw fhv sursulìwìv gdqv xq QlWl ìtxldwrpltxh ^EXH96` hw rxyuluhqw od yrlh
gh od frpphufldolvdwlrq ghv DPI dyhf oh qlwlqro txl doodlw wurxyhu vd suhplëuh dssolfdwlrq
lqgxvwulhooh hq 4<9< vrxv od iruph g*xq pdqfkrq gh udffrughphqw gh frqgxlwv k|gudxoltxhv
gdqv xq dylrq gh fkdvvh1 Gëv oruv frpphqêd o*hqjrxhphqw srxu fh qrxyhdx w|sh gh pdwìuldx1
Fhshqgdqw/ xq judqg qrpeuh gh gl!fxowìv ixuhqw uhqfrqwuìhv dx frxuv ghv dqqìhv :30;3 dx
qlyhdx gh od plvh hq rhxyuh gh fhwwh qrxyhooh whfkqrorjlh1 Dlqvl/ d�q gh plhx{ frpsuhqguh
oh frpsruwhphqw gh fhv dooldjhv/ od uhfkhufkh vflhqwl�txh gìexwd uìhoohphqw gdqv ohv dqqìhv
;3 dyhf ghv lqyhvwljdwlrqv gdqv oh grpdlqh h{sìulphqwdo pdlv ìjdohphqw ohv suhplhuv sdv gh
od prgìolvdwlrq frqvwlwxwlyh ghv DPI1 V*lqwìuhvvdqw gdqv xq suhplhu whpsv dx{ fdv ohv soxv
vlpsohv gh vroolflwdwlrq pìfdqltxh whoohv txh od wudfwlrq rx od wruvlrq hw v*dwwhodqw ã prgìolvhu
oh frpsruwhphqw xqld{ldo/ fhv wudydx{ rqw qrupdohphqw derxwl ã xqh phloohxuh frqqdlvvdqfh
ghv skìqrpëqhv ã o*ìfkhooh plfurvfrsltxh hw pdfurvfrsltxh1 O*ìyroxwlrq whfkqltxh dlgdqw/
ghv hvvdlv soxv frpsoh{hv whov txh od wudfwlrq0wruvlrq0suhvvlrq lqwhuqh rx soxv jìqìudohphqw
ghv hvvdlv vrxv fkdujhphqw qrq0sursruwlrqqhov rqw ìwì uìdolvìv ^RUJ<;`^JDOO<;` prwlydqw
gh qrxyhoohv dydqfìhv gdqv od vrsklvwlfdwlrq hw od suìflvlrq ghv prgëohv frqvwlwxwliv1
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Fkdslwuh 41 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph

414 Fdudfwìulvwltxhv plfurpìfdqltxhv ghv dooldjhv ã pìprluh
gh iruph

Od frpsuìkhqvlrq gx frpsruwhphqw pdfurvfrsltxh ghv pdwìuldx{ gdqv o*rswltxh gx gì0
yhorsshphqw g*xq prgëoh frqvwlwxwli sdvvh vrxyhqw sdu od frqqdlvvdqfh ghv skìqrpëqhv pl0
furpìfdqltxhv plv hq mhx{ oruv gh o*dssolfdwlrq gh fkdujhphqwv wkhuprpìfdqltxhv1 Hq fh txl
frqfhuqh ohv DPI/ od wudqvlwlrq gh skdvh dxvwìqlwh0pduwhqvlwh hw oh surfhvvxv gh uìrulhqwdwlrq
ghv yduldqwhv gh pduwhqvlwh vrqw ohv foìv gh yrþwh ghv fdudfwìulvwltxhv gx pdwìuldx1

41414 Wudqvlwlrqv gh skdvh
Wrxw g*derug/ oh whuph pduwhqvlwh hvw OH whuph lqfrqwrxuqdeoh txdqg rq derugh ohv DPI1

Lo gìvljqh ã o*ruljlqh oh frqvwlwxdqw gh wuhpsh gdqv ohv dflhuv/ lo surylhqw gx pìwdooxujlvwh
doohpdqg Dgroi Pduwhqv1

Ohv dooldjhv ã pìprluh gh iruph dssduwlhqqhqw ã xqh fodvvh gh pdwìuldx{ txl shxyhqw
vxelu ghv fkdqjhphqwv uìyhuvleohv gdqv ohxu vwuxfwxuh fulvwdoorjudskltxh1 Gdqv oh fdv ghv
DPI/ gh whov fkdqjhphqwv vrqw gluhfwhphqw olìv ã od wudqvlwlrq pduwhqvlwltxh = wudqvlwlrq
gh skdvh vrolgh0vrolgh hqwuh xqh skdvh wuëv v|pìwultxh/ dsshoìh dxvwìqlwh +d, rx skdvh pëuh/
hw xqh skdvh prlqv v|pìwultxh/ dsshoìh pduwhqvlwh +p,1 Fhwwh wudqvlwlrq hvw txdol�ìh gh
glvsodflyh fdu hooh vh uìdolvh vdqv gl�xvlrq +vdqv gìsodfhphqw g*hqvhpeoh ghv dwrphv,/ lo q*|
d sdv prgl�fdwlrq gh od frpsrvlwlrq fklpltxh gx pdwìuldx1 Rq shxw qrwhu ìjdohphqw txh
od wudqvlwlrq gluhfwh +d$p, hvw h{rwkhupltxh wdqglv txh od wudqvlwlrq lqyhuvh +p$ d, hvw
hqgrwkhupltxh1

W|sltxhphqw/ o*dxvwìqlwh hvw vwdeoh ã kdxwh whpsìudwxuh hw srxu xq idleoh qlyhdx gh
frqwudlqwhv1 Od pduwhqvlwh hvw/ txdqw ã hooh/ vwdeoh ã edvvh whpsìudwxuh hw srxu xq qlyhdx gh
frqwudlqwhv ìohyì1

Jìqìudohphqw/ od iudfwlrq yroxpltxh gh pduwhqvlwh hvw gì�qlh frpph ìwdqw oh udssruw
gx yroxph gh pduwhqvlwh vxu oh yroxph wrwdo gh pdwìuldx frqvlgìuì1 Fhwwh iudfwlrq vhuw ã
uhsuìvhqwhu o*dydqfìh gh od wudqvlwlrq pduwhqvlwltxh hw frqvwlwxh xqh yduldeoh lqwhuqh odujhphqw
xwlolvìh gdqv od soxsduw ghv prgëohv pdfurvfrsltxhv1 Hq rxwuh/ frqvlgìudqw xq ìwdw oleuh gh
frqwudlqwhv/ rq shxw gì�qlu ohv whpsìudwxuhv vxlydqwhv frqvwlwxdqw fhuwdlqv ghv sdudpëwuhv
sk|vltxhv ghv DPI +fi �jxuh 414, =

� P �	 hvw od whpsìudwxuh gh gìexw gh wudqvirupdwlrq pduwhqvlwltxh
� P �

� hvw od whpsìudwxuh gh �q gh wudqvirupdwlrq pduwhqvlwltxh/ whpsìudwxuh hq ghvvrxv
gh odtxhooh od pduwhqvlwh hvw vwdeoh +iudfwlrq yroxpltxh gh pduwhqvlwh ìjdoh ã xq,

� D�	 hvw od whpsìudwxuh gh gìexw gh wudqvirupdwlrq dxvwìqlwltxh
� D�

� hvw od whpsìudwxuh gh �q gh wudqvirupdwlrq dxvwìqlwltxh/ whpsìudwxuh dx ghvvxv gh
odtxhooh o*dxvwìqlwh hvw vwdeoh +iudfwlrq yroxpltxh gh pduwhqvlwh ìjdoh ã }ìur,
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Ilj1 414 = Wudqvirupdwlrq pduwhqvlwltxh slorwìh sdu od whpsìudwxuh ã o*ìwdw oleuh gh frqwudlqwh

Ohv DPI rqw xq frpsruwhphqw gl�ìuhqw ghv pdwìuldx{ xvxhov hw xq pdwìuldx ã pìprluh
gh iruph hvw fdudfwìulvì sdu xq gldjudpph g*ìwdw frqwudlqwh0whpsìudwxuh ìjdohphqw dsshoì
gldjudpph gh skdvh gdqv ohtxho rq uhwurxyh ohv whpsìudwxuhv gh wudqvirupdwlrq lqwurgxlwhv
dxsdudydqw +fi �jxuh 415,1
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Ilj1 415 = Gldjudpph gh skdvh lgìdo ghv pdwìuldx{ ã pìprluh gh iruph = whpsìudwxuhv gh
wudqvirupdwlrqv ã o*ìwdw oleuh gh frqwudlqwh hw vrxv frqwudlqwh

41415 Surfhvvxv gh wudqvlwlrq
Rq glvwlqjxh gl�ìuhqwv surfhvvxv gh irupdwlrq gh od pduwhqvlwh =

Irupdwlrq g*xq prqrfulvwdo gh pduwhqvlwh
Hq jìqìudo/ ohv prqrfulvwdx{ gh pduwhqvlwh srvvëghqw od iruph g*xqh sodtxhwwh1 Ghv re0

vhuydwlrqv h{sìulphqwdohv gh od irupdwlrq g*xq prqrfulvwdo gh pduwhqvlwh ã sduwlu g*xq prqr0
fulvwdo gh skdvh pëuh shuphwwhqw g*d!uphu txh od irupdwlrq gh sodtxhwwhv hvw dffrpsdjqìh
g*xqh gìirupdwlrq pdfurvfrsltxh dsshoìh fkdqjhphqw gh iruph1 Sdu dloohxuv/ lo h{lvwh ghv
sodqv gh frqwdfw/ rx lqwhuidfhv/ sduidlwhphqw gì�qlv hqwuh o*dxvwìqlwh hw od pduwhqvlwh dsshoìv
sodqv g*kdelwdw txl vrqw ghv sodqv sulyloìjlìv gx uìvhdx fulvwdoorjudskltxh1 D fkdtxh sodq
g*kdelwdw/ fdudfwìulvì sdu xqh qrupdoh hw xqh gluhfwlrq gh gìsodfhphqw/ fruuhvsrqg xqh yd0
uldqwh gh pduwhqvlwh1 G*xq srlqw gh yxh fulvwdoorjudskltxh/ rq shxw qrwhu txh od pdmrulwì ghv
skdvhv pëuhv ghv DPI suìvhqwh xqh pdlooh grqw od vwuxfwxuh hvw fxeltxh fhqwuìh hw dssduwlhqw

:
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ã od fdwìjrulh ghv dooldjhv ã skdvh �= Ohv fulvwdx{ gh pduwhqvlwh srvvëghqw xqh vwuxfwxuh sdu
hpslohphqw sìulrgltxh1 Sxlvtxh ohv dwrphv gh pduwhqvlwh gh gl�ìuhqwv ud|rqv vrqw duudqjìv
vdqv v|pìwulh dssduhqwh/ od vwuxfwxuh gh od pdlooh gh skdvh pëuh whqg ã vh gìiruphu oìjëuh0
phqw srxu vh uhwurxyhu gdqv xqh frq�jxudwlrq prqrfolqltxh1 Od pduwhqvlwh vh iruph gdqv ohv
sodqv g*kdelwdw txl vrqw dx qrpeuh gh vl{ gdqv oh uìvhdx fxeltxh fhqwuìh1 Ghx{ gluhfwlrqv gh
flvdloohphqw sdu sodq hw ghx{ gluhfwlrqv gh �vkx"h� grqqhqw dx wrwdo 57 yduldqwhv srvvleohv
srxu fuìhu od pduwhqvlwh/ vrlhqw dxwdqw gh srvvlelolwìv gh iruphu oh uìvhdx prqrfolqltxh ã
sduwlu gx uìvhdx fxeltxh fhqwuì1

Dxwr0dffrpprgdwlrq hw yduldqwhv gh pduwhqvlwh
Od irupdwlrq ghv sodtxhwwhv gh pduwhqvlwh qh vxlw sdv oh pìfdqlvph gh irupdwlrq g*xq

prqrfulvwdo gh pduwhqvlwh suìvhqwìh dxsdudydqw ^EDL57`1 Hq uìdolwì/ fh pìfdqlvph lpsoltxh
xq sureoëph g*dffrpprgdwlrq pdmhxu olì ã o*lqfrpsdwlelolwì hqwuh od pduwhqvlwh hw o*dxvwìqlwh
hqylurqqdqwh1

Dlqvl/ hq o*devhqfh gh gluhfwlrqv sulyloìjlìhv oruv gh od wudqvlwlrq +ìwdw oleuh gh frqwudlqwh,/
od pduwhqvlwh wluh eìqì�fh gh o*h{lvwhqfh ghv gl�ìuhqwv sodqv g*kdelwdw srvvleohv/ irupdqw
doruv xqh vìulh gh yduldqwhv ìtxlydohqwhv fulvwdoorjudskltxhphqw1 Od skdvh surgxlwh hvw doruv
dsshoìh pduwhqvlwh pxowl0yduldqwhv rx pduwhqvlwh dxwr0dffrpprgdqwh1 Hooh hvw fdudfwìulvìh
sdu xqh vwuxfwxuh �wzlqqìh� txl plqlplvh o*lqfrpsdwlelolwì hqwuh od pduwhqvlwh hw o*dxvwìqlwh
hqylurqqdqwh +fi �jxuh 416,1

G*dxwuh sduw/ v*lo h{lvwh xqh gluhfwlrq sulyloìjlìh +vrxyhqw dvvrflìh ã xq ìwdw gh frqwudlqwh,
oruv gh od wudqvlwlrq/ wrxv ohv fulvwdx{ gh pduwhqvlwh whqghqw ã vh iruphu vhorq oh sodq g*kdelwdw
oh plhx{ rulhqwì1 Od skdvh �surgxlw� hvw doruv dsshoìh pduwhqvlwh ã yduldqwh xqltxh rx pdu0
whqvlwh rulhqwìh1 Hooh hvw fdudfwìulvìh sdu xqh vwuxfwxuh �gìwzlqqìh� txl plqlplvh ìjdohphqw
o*lqfrpsdwlelolwì hqwuh od pduwhqvlwh hw o*dxvwìqlwh hqylurqqdqwh +fi �jxuh 416,1

Austénite

Martensite multi-
variantes

Martensite à
variante unique

(a) (b)

Ilj1 416 = Surgxfwlrq gh yduldqwhv gh pduwhqvlwh = +d, vwuxfwxuh pduwhqvlwltxh �wzlqqìh� +e,
vwuxfwxuh pduwhqvlwltxh �gìwzlqqìh�

;
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Hq frqvlgìudqw o*h{lvwhqfh gh gl�ìuhqwhv yduldqwhv gh pduwhqvlwh/ od frqyhuvlrq gh fkdtxh
yduldqwh gh pduwhqvlwh hq pduwhqvlwh rulhqwìhh hvw uhqgxh srvvleoh sdu oh surfhvvxv gh uìrulhq0
wdwlrq vrxv o*h�hw g*xqh frqwudlqwh1 Fh jhquh gh surfhvvxv hvw fdudfwìulvwltxh ghv fkdujhphqwv
qrq0sursruwlrqqhov1 Od �jxuh vxlydqwh +�jxuh 417, suìvhqwh od pduwhqvlwh dxwr0dffrpprgdqwh
hw od pduwhqvlwh rulhqwìh gdqv xq sro|fulvwdo gh FxDoQlPq sdu revhuydwlrq dx plfurvfrsh
ìohfwurqltxh ã edod|djh dyhf xq jurvvlvvhphqw gh 833 ^ERX34d`1 Rq glvwlqjxh qhwwhphqw ohv
sodtxhwwhv gh pduwhqvlwh gdqv ohv ghx{ fdv1

(a) (b)

Ilj1 417 = Pduwhqvlwh +d, dxwr0dffrpprgdqwh +e, rulhqwìh gdqv xq sro|fulvwdo gh FxDoQlPq

wudqvlwlrqv pduwhqvlwh0pduwhqvlwh
Hq irqfwlrq gh o*dooldjh frqvlgìuì/ gl�ìuhqwhv yduldqwhv gh pduwhqvlwh shxyhqw surjuhvvl0

yhphqw vh iruphu ã sduwlu gh o*dxvwìqlwh oruv g*xq uhiurlglvvhphqw1 Fhv yduldqwhv srvvëghqw
wrxwhv xqh vwuxfwxuh sdu hpslohphqw rugrqqìh dyhf xq píph sodq gh edvh pdlv gl�ëuhqw dx
qlyhdx ghv vìtxhqfhv g*hpslohphqw1

41416 Flqìwltxhv gh wudqvlwlrq
Hoohv uhsuìvhqwhqw oh surfhvvxv g*ìyroxwlrq gh od wudqvlwlrq gh skdvh1 Ohv wudqvlwlrqv pdu0

whqvlwltxhv vh surgxlvhqw sdu qxfoìdwlrq hw furlvvdqfh1 Hq irqfwlrq gh od uìsrqvh g*dffrppr0
gdwlrq hqwuh ohv skdvhv �sduhqw� hw �surgxlw�/ hoohv vrqw txdol�ìhv gh wkhuprìodvwltxh rx gh
qrq0wkhuprìodvwltxh1

Srxu ohv wudqvlwlrqv wkhuprìodvwltxhv/ o*dffrpprgdwlrq ghv sodtxhwwhv gh pduwhqvlwh dx
vhlq gh od skdvh pëuh hvw hvvhqwlhoohphqw ìodvwltxh/ vdqv jìqìudwlrq gh glvorfdwlrqv/ o*lqwhuidfh
hvw fdsdeoh gh prxyhphqwv lqyhuvhv hw od wudqvlwlrq lqyhuvh vh uìdolvh sdu uìvruswlrq ghv
sodtxhwwhv gh pduwhqvlwh1 O*dpsolwxgh gh o*k|vwìuìvlv hvw jìqìudohphqw idleoh +fi �jxuhv 414
hw 418,1 Od pdmrulwì ghv DPI suìvhqwhqw ghv wudqvlwlrqv wkhuprìodvwltxhv pduwhqvlwltxhv/
jdudqwlvvdqw dlqvl od uìyhuvlelolwì ghv wudqvlwlrqv gh skdvh1

Ohv flqìwltxhv gh wudqvlwlrq gh skdvh vrqw hq jìqìudo judqghphqw lq xhqfìhv sdu xqh frp0
elqdlvrq frpsoh{h ghv sdudpëwuhv lqwhuqhv hw h{whuqhv1 Ohv sdudpëwuhv lqwhuqhv uhjurxshqw

<
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od frpsrvlwlrq gh o*dooldjh hw od vwuxfwxuh gh pdlooh lqfoxdqw ghv gìidxwv1 Ohv sdudpëwuhv h{0
whuqhv vrqw uhsuìvhqwìv sdu oh wudlwhphqw wkhuprpìfdqltxh1 Hq�q/ srxu fkdtxh dooldjh/ grlw
íwuh h�hfwxìh xqh fdudfwìulvdwlrq pdfurvfrsltxh plqxwlhxvh ghv flqìwltxhv gx pdwìuldx juåfh
ã ghv revhuydwlrqv h{sìulphqwdohv1

415 Sursulìwìv irqfwlrqqhoohv ghv DPI
Ohv DPI vrqw hvvhqwlhoohphqw ghv pdwìuldx{ irqfwlrqqhov suìvhqwdqw xq frpsruwhphqw

vlqjxolhu sdu udssruw ã g*dxwuhv pdwìuldx{ fodvvltxhv glwv gh vwuxfwxuh1 Ohxu sulqflsdoh sur0
sulìwì/ od pìprluh gh iruph/ hvw gìshqgdqwh gh od qdwxuh/ gx qrpeuh hw gh od vìtxhqfh ghv
f|fohv gh fkdujhphqw wkhuprpìfdqltxh1 Od wudqvlwlrq pduwhqvlwltxh lqwurgxlwh suìfìghpphqw
frqiëuh dx{ DPI xq fhuwdlq qrpeuh gh sursulìwìv = od svhxgrìodvwlflwì ìjdohphqw frqqxh vrxv
oh qrp gh vxshuìodvwlflwì/ ohv h�hwv pìprluh gh iruph vlpsoh hw grxeoh vhqv/ frqwudlqwh gh
uhvwdxudwlrq hw hq�q ohv h�hwv fdrxwfkrxwltxh hw dpruwlvvdqw1

41514 O*h�hw vxshuìodvwltxh
Frqvlgìudqw xq dooldjh ã xqh whpsìudwxuh W A D�

� l1h1 gdqv xq ìwdw dxvwìqlwltxh sxu/
fhw h�hw grlw vrq dsshoodwlrq dx idlw txh oh pdwìuldx shxw vh gìiruphu gh idêrq uìyhuvleoh
gh soxvlhxuv (/ ã ghv qlyhdx{ yduldeohv vhorq od frpsrvlwlrq gh o*dooldjh/ oruv g*xq f|foh gh
fkdujh0gìfkdujh hq frqwudlqwh1 Lo hvw fdudfwìulvì sdu xqh frxueh frqwudlqwh0gìirupdwlrq +�jxuh
418, txl vh gìfrpsrvh hq gl�ìuhqwhv }rqhv =

� oruv gh od fkdujh = frpsruwhphqw ìodvwltxh gh o*dxvwìqlwh ^RD` sxlv wudqvlwlrq pduwhq0
vlwltxh ^DE` hw hq�q frpsruwhphqw ìodvwltxh gh od pduwhqvlwh ^EF`/

� oruv gh od gìfkdujh = frpsruwhphqw ìodvwltxh gh od pduwhqvlwh ^FG` sxlv wudqvlwlrq
dxvwìqlwltxh ^GH` hw �qdohphqw frpsruwhphqw ìodvwltxh gh o*dxvwìqlwh ^HR`1
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Ilj1 418 = H�hw vxshuìodvwltxh

Rq shxw dmrxwhu txh ohv frqwudlqwhv uhodwlyhv dx{ srlqwv D hw E vrqw qrwìhv �
'	 hw �
'�
hw uhsuìvhqwhqw uhvshfwlyhphqw ohv frqwudlqwhv gh gìexw hw gh �q gh wudqvlwlrq pduwhqvlwltxh1
Gh od píph pdqlëuh/ ohv frqwudlqwhv uhodwlyhv dx{ srlqwv G hw H vrqw qrwìhv �'
	 hw �'


� hw
uhsuìvhqwhqw uhvshfwlyhphqw ohv frqwudlqwhv gh gìexw hw gh �q gh wudqvlwlrq dxvwìqlwltxh1
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4151 Sursulìwìv irqfwlrqqhoohv ghv DPI

Gdqv oh fdv g*xqh ìsurxyhwwh sro|fulvwdoolqh/ ohv wudqvlwlrqv gh skdvhv vrqw prlqv qhwwhv
txh gdqv oh fdv prqrfulvwdoolq1 Gh soxv/ od gìirupdwlrq uìyhuvleoh dgplvvleoh hvw prlqv judqgh
+fi �jxuh 419,1

Déformation (ε)

C
o
n

tr
a
in

te
 (

σ
)

Ilj1 419 = Lq xhqfh gh od vwuxfwxuh vxu od vxshuìodvwlflwì

41515 O*h�hw pìprluh vlpsoh vhqv
Frqvlgìudqw xq dooldjh ã xqh whpsìudwxuh W� A D�

� / xq uhiurlglvvhphqw hvw dssoltxì dx
pdwìuldx mxvtx*ã xqh whpsìudwxuh W( ? P �

� l1h1 fruuhvsrqgdqw ã ìwdw pduwhqvlwltxh sxu
+wudmhw +d, vxu od �jxuh 41:,1 Od pduwhqvlwh suìvhqwh doruv dx vhlq gx pdwìuldx hvw gh w|sh
pxowl0yduldqwhv +dxwr0dffrpprgdqwh,1 Vrxphwwdqw oh pdwìuldx ã xq f|foh gh fkdujh0gìfkdujh
+wudmhw +e, vxu od �jxuh 41:,/ od fkdujh yd shuphwwuh gh uìrulhqwhu fhuwdlqhv yduldqwhv gh
pduwhqvlwh srxu rewhqlu gh od pduwhqvlwh glwh rulhqwìh hw xqh gìirupdwlrq pdfurvfrsltxh1 D
od �q gh od gìfkdujh vxevlvwh xqh gìirupdwlrq uìvlgxhooh �� dvvlplodeoh ã xqh gìirupdwlrq
sodvwltxh1

Température (T)Température (T)

Déformation (ε)

C
o

n
tr

a
in

te
 (

σ
)

C
on

tr
a

in
te

 (
σ

)

Ilj1 41: = H�hw pìprluh vlpsoh vhqv = f|foh wkhuprpìfdqltxh

Hq�q/ frpph rq shxw o*revhuyhu oruv gx wudmhw +f,/ rq dssoltxh xq fkdx�djh dx pdwìuldx/
dx frxuv gxtxho od gìirupdwlrq uìvlgxhooh yd vh uìvruehu/ srxu dwwhlqguh xqh whpsìudwxuh
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Fkdslwuh 41 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph

W� A D�
� ã odtxhooh oh pdwìuldx yd vh uhwurxyhu gdqv xq ìwdw dxvwìqlwltxh sxu1 Fh w|sh gh

fkdujhphqw wkhuprpìfdqltxh hvw fdudfwìulvwltxh gh o*h�hw pìprluh vlpsoh vhqv1

41516 O*h�hw pìprluh grxeoh vhqv
Oh pdwìuldx hvw vrxplv suìdodeohphqw ã xq wudlwhphqw wkhuprpìfdqltxh sduwlfxolhu frqvlv0

wdqw ã uìsìwhu xq f|foh wkhuprpìfdqltxh1 Fh wudlwhphqw dsshoì ìgxfdwlrq jìqìuh dx vhlq gx
uìvhdx fulvwdoolq ghv fkdqjhphqwv plfurvwuxfwxudx{ vrxv od iruph gh gìidxwv txl yrqw íwuh ã
o*ruljlqh gh frqwudlqwhv lqwhuqhv gdqv oh pdwìuldx1 Fhwwh ìgxfdwlrq yd frqiìuhu dx pdwìuldx od
sursulìwì dsshoìh h�hw pìprluh grxeoh vhqv = fhoxl0fl shxw sdvvhu vsrqwdqìphqw g*xqh iruph
jìrpìwultxh kdxwh whpsìudwxuh +ìwdw dxvwìqlwltxh, ã xqh iruph jìrpìwultxh edvvh whpsìud0
wxuh +ìwdw pduwhqvlwltxh, sdu xq vlpsoh f|fodjh wkhupltxh hqwuh ohv whpsìudwxuhv W� A D�

� hw
W( ?P �

� hq o*devhqfh gh wrxwh frqwudlqwh pìfdqltxh1
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Ilj1 41; = H�hw pìprluh grxeoh vhqv = f|foh wkhuprpìfdqltxh

O*rulhqwdwlrq gh fhuwdlqhv yduldqwhv gh pduwhqvlwh sdu oh fkdps gh frqwudlqwhv lqwhuqhv
jìqìuìhv gdqv oh pdwìuldx oruv gh o*ìgxfdwlrq yd shuphwwuh dx pdwìuldx g*dwwhlqguh xqh gì0
irupdwlrq %' oruv gx uhiurlglvvhphqw/ gìirupdwlrq txl yd vh uìvruehu oruv gx fkdx�djh1

41517 O*h�hw fdrxwfkrxwltxh
Vrlw xq dooldjh ã xqh whpsìudwxuh W ? P �

� l1h1 vrxv od iruph gh pduwhqvlwh pxowl0yduldqwhv
lqlwldohphqw ã o*ìwdw oleuh gh frqwudlqwh1 Hq dssoltxdqw xq fkdujhphqw pìfdqltxh dx pdwì0
uldx/ ohv gl�ìuhqwhv yduldqwhv gh pduwhqvlwh yrqw v*rulhqwhu srxu grqqhu txhotxhv yduldqwhv
elhq rulhqwìhv sdu udssruw ã od frqwudlqwh h{whuqh1 Fhwwh vlwxdwlrq fruuhvsrqg dx srlqw D vxu
od frxueh frqwudlqwh0gìirupdwlrq gh od �jxuh 41<1 Oh gìsodfhphqw ghv lqwhuidfhv pduwhqvlwh0
pduwhqvlwh shxw dyrlu xq fdudfwëuh uìyhuvleoh rx luuìyhuvleoh1 Gdqv oh fdv uìyhuvleoh/ od gìiru0
pdwlrq pdfurvfrsltxh % uìvxowh g*xqh gìirupdwlrq ìodvwltxh %� hw g*xqh gìirupdwlrq uìyhuvleoh
%�� dvvrflìh dx prxyhphqw uìyhuvleoh ghv lqwhuidfhv1 Frpph %�� hvw qhwwhphqw vxsìulhxuh ã
%� doruv rq rewlhqw xq prgxoh gh uljlglwì odujhphqw lqiìulhxu dx prgxoh g*ìodvwlflwì g*rü fhwwh
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4151 Sursulìwìv irqfwlrqqhoohv ghv DPI

h�hw fdrxwfkrxwltxh1 Fh ghuqlhu hvw grqf gluhfwhphqw olì dx skìqrpëqh gh uìrulhqwdwlrq gh
od pduwhqvlwh1
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Ilj1 41< = H�hw fdrxwfkrxwltxh

41518 O*h�hw dpruwlvvdqw
Lo uhsuìvhqwh od fdsdflwì ghv DPI ã wudqviruphu gh o*ìqhujlh pìfdqltxh hq ìqhujlh wkhu0

pltxh sdu glvvlsdwlrq1 Fhwwh sursulìwì hvw xwlolvìh srxu dpruwlu ohv yleudwlrqv gdqv ohv v|v0
wëphv pìfdqltxhv1 Vhorq o*ìwdw gh skdvh hw od gìirupdwlrq gdqv oh pdwìuldx/ rq glvwlqjxh
wurlv grpdlqhv gdqv ohvtxhov oh iurwwhphqw lqwìulhxu i / uhsuìvhqwdwli gx srxyrlu dpruwlvvdqw
gx pdwìuldx T/ suhqg ghv ydohxuv wuëv gl�ìuhqwhv +fi �jxuh 4143, =

� gdqv o*ìwdw dxvwìqlwltxh/ fh iurwwhphqw hvw idleoh +i * 43)*, hw lo hvw gþ dx prxyhphqw
uìyhuvleoh ghv glvorfdwlrqv hw ghv gìidxwv srqfwxhov1

� gdqv o*ìwdw pduwhqvlwltxh/ lo hvw dvvrflì dx prxyhphqw uìyhuvleoh ghv lqwhuidfhv hqwuh
yduldqwhv gh pduwhqvlwhv +i * 43)+,

� oruv gh od wudqvlwlrq gh skdvh/ oh iurwwhphqw hvw ìohyì +i * 43),, hw lo hvw dvvrflì dx
prxyhphqw ghv sodqv g*kdelwdw1
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Ilj1 4143 = H�hw dpruwlvvdqw

46



Fkdslwuh 41 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph

416 Ohv gl�ìuhqwhv idploohv g*DPI

Sdupl ohv pdwìuldx{ suìvhqwdqw xqh wudqvlwlrq pduwhqvlwltxh wkhuprìodvwltxh/ rq shxw
gì�qlu ghx{ judqgv jurxshv = ohv dooldjhv Qlfnho0Wlwdqh hw ohv dooldjhv fxlyuhx{1 Fhv ghx{
v|vwëphv g*dooldjh rqw dwwhlqw xqh h{sorlwdwlrq frpphufldoh frxudqwh1 Ohv sursulìwìv gh fhv
ghx{ idploohv g*dooldjhv ã pìprluh gh iruph vrqw uhodwlyhphqw gl�ìuhqwhv frpph o*dwwhvwh
oh wdeohdx vxlydqw +fi �jxuh 4144,1 Gdqv fh wdeohdx/ rq shxw qrwhu wrxwhirlv txh oh prgxoh
g*\rxqj ghv pdwìuldx{ gh w|sh QlWl vh vlwxh gdydqwdjh dxwrxu gh 93 JSd1

Ilj1 4144 = Frpsdudlvrq ghv sursulìwìv ghv dooldjhv ohv soxv xwlolvìv ^DLP34`

41614 Ohv dooldjhv Qlfnho0Wlwdqh

Oh Qlfnho0wlwdqh rx Qlwlqro hvw o*dooldjh oh soxv ìwxglì hw frqqdñw xq gìyhorsshphqw lp0
sruwdqw/ pdojuì xq frþw hqfruh ìohyì1 Lo srvvëgh gh erqqhv shuirupdqfhv/ dxvvl elhq hq h�hw
pìprluh gh iruph vlpsoh vhqv tx*hq vxshu0ìodvwlflwì1 Lo v*dyëuh íwuh soxv vwdeoh wkhupltxh0
phqw hw lo srvvëgh xqh h{fhoohqwh uìvlvwdqfh ã od fruurvlrq hq frpsdudlvrq dyhf od pr|hqqh
ghv dooldjh ã edvh gh fxlyuh1 Hq rxwuh/ vd gxfwlolwì hvw ehdxfrxs soxv judqgh txh fhv ghuqlhuv1
Hq�q/ ohxu elrfrpsdwlelolwì dxwrulvh ohxu xwlolvdwlrq gdqv oh grpdlqh elrpìglfdo1
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4171 Xwlolvdwlrqv whfkqrorjltxhv hw sudwltxhv ghv DPI

41615 Ohv dooldjhv fxlyuhx{
Lov suìvhqwhqw hq jìqìudo xq k|vwìuìvlv prlqv pdutxì txh ohv qlfnho0wlwdqh1 Rq ohv wurxyh

sulqflsdohphqw vrxv od iruph g*dooldjhv whuqdluhv Fx]qDo/ FxDoQl rx FxDoEh rx vrxv iruph
txdwhuqdluh dyhf gx pdqjdqëvh1

Ohv Fx]qDo +fxlyuh0}lqf0doxplqlxp, vrqw idflohv ã phwwuh hq rhxyuh hw suìvhqwhqw xq
frþw prgìuì1 Oruv g*xqh xwlolvdwlrq ã ghv whpsìudwxuhv soxv ìohyìhv/ lo h{lvwh xq sureoëph
gh vwdelolvdwlrq gh od pduwhqvlwh txl rffdvlrqqh xqh dxjphqwdwlrq gh D-.1 Hq dmrxwdqw ghv
d!qdqwv whov txh oh fredow/ oh }lufrqlxp/ oh eruh rx oh wlwdqh/ lo hvw srvvleoh g*dwwhlqguh ghv
wdloohv gh judlqv gh 83 ã 433 �p1

Ohv Fx0Do0Ql +fxlyuh0doxplqlxp0qlfnho, vrqw soxv gl!flohv ã uìdolvhu/ pdlv lov vrqw prlqv
vhqvleohv dx{ skìqrpëqhv gh vwdelolvdwlrq hw gh ylhloolvvhphqw1 Fh w|sh g*dooldjh srvvëgh
g*h{fhoohqwhv sursulìwìv gdqv xq odujh grpdlqh gh whpsìudwxuhv +gh 83/F ã 4;3/F,1

Ohv Fx0Do0Eh +fxlyuh0doxplqlxp0eìu|oolxp, vrqw dssduxv gdqv ohv dqqìhv ;3 hw ohxu ìwxgh
v*hvw jìqìudolvìh ghsxlv1 Lov srvvëghqw xqh judqgh vwdelolwì wkhupltxh1 Oh eìu|oolxp vh wurxydqw
hq idleoh txdqwlwì shuphw g*dmxvwhu ohv whpsìudwxuhv gh wudqvlwlrq gh 0533 /F ã .483/F1

Hq frqfoxvlrq/ ohv qlwlqrov hw ohv fxlyuhx{ srvvëghqw ghv dydqwdjhv hw ghv lqfrqyìqlhqwv
ghydqw íwuh frqvlgìuìv hq irqfwlrq gh o*dssolfdwlrq ylvìh1

417 Xwlolvdwlrqv whfkqrorjltxhv hw sudwltxhv ghv DPI
Ohv DPI srvvëghqw grqf ghv sursulìwìv vlqjxolëuhv sdu udssruw dx{ pdwìuldx{ kdelwxho0

ohphqw xwlolvìv gdqv ohv dssolfdwlrqv hq lqjìqlhulh1 Sdu frqvìtxhqw/ ohxu xwlolvdwlrq d rxyhuw
od yrlh ã gh qrxyhoohv srvvlelolwìv hq whuphv gh frqfhswlrq/ shuphwwdqw qrwdpphqw g*dpìolr0
uhu od shuirupdqfh g*xq v|vwëph pdlv ìjdohphqw gh sursrvhu ghv vroxwlrqv lqqrydqwhv1 Fhwwh
sduwlh idlw xq wrxu g*krul}rq ghv dssolfdwlrqv lqwìjudqw ohv DPI1

41714 Lqwurgxfwlrq
Od soxsduw ghv dssolfdwlrqv frpphufldohv ghv DPI shxw íwuh uìsduwlh hq wurlv judqgv

jurxshv vhorq od sursulìwì plvh ã sur�w/ rq glvwlqjxh dlqvl = ohv v|vwëphv vxshuìodvwltxhv/ ohv
v|vwëphv g*dfwlrqqhphqw ã pìprluh gh iruph hw ohv v|vwëphv pduwhqvlwltxhv ^OHS33` =

� Ohv v|vwëphv vxshuìodvwltxhv vrqw xwlolvìv srxu ghv dssolfdwlrqv h{ljhdqw xqh judqgh
 h{lelolwì hw xqh dswlwxgh lpsruwdqwh ã vh gìiruphu1 Ohv DPI shxyhqw devruehu xqh
ìqhujlh gh gìirupdwlrq lpsruwdqwh hw od uhvwlwxhu txdqg od frqwudlqwh dssoltxìh hvw
vxssulpìh1 O*ìodvwlflwì ghv QlWl hvw dssur{lpdwlyhphqw gl{ irlv soxv ìohyìh txh fhooh gh
o*dflhu1 Hq rxwuh/ ohv dooldjhv QlWl vxshuìodvwltxhv irxuqlvvhqw xqh irufh frqvwdqwh vxu
xq lqwhuydooh gh gìirupdwlrq dvvh} odujh1

� Ohv v|vwëphv g*dfwlrqqhphqw ã pìprluh gh iruph h{sorlwhqw frpph ohxu qrp o*lqgltxh
o*h�hw pìprluh gh iruph frqvlvwdqw ã uhwurxyhu xqh iruph sduwlfxolëuh sdu fkdx�djh
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Fkdslwuh 41 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph

dx0ghoã ghv whpsìudwxuhv gh wudqvlwlrq1 Fh w|sh gh v|vwëph irqfwlrqqh ã o*ìwdw oleuh
gh frqwudlqwh/ shuphwwdqw dlqvl gh uhyhqlu oleuhphqw ã od iruph g*ruljlqh1 Sdu dloohxuv/
srxu xq v|vwëph frqwudlqw/ ohv DPI vrqw fdsdeohv gh gìyhorsshu xqh irufh lpsruwdqwh
ylvdqw ã uhvwdxuhu od iruph lqlwldoh hw surgxlvhqw doruv xq wudydlo1 Ohv whpsìudwxuhv gh
wudqvlwlrq gx QlWl shxyhqw íwuh dmxvwìhv srxu rewhqlu xqh dfwlydwlrq ã xqh whpsìudwxuh
vsìfl�txh1 Hq jìqìudo/ fhv whpsìudwxuhv g*dfwlrqqhphqw vrqw fhoohv gx frusv kxpdlq
+dssolfdwlrqv pìglfdohv, rx gh o*hdx erxloodqwh1

� Ohv v|vwëphv pduwhqvlwltxhv v*dssxlhqw vxu od wudqvlwlrq gh skdvh pduwhqvlwltxh txl
suìvhqwh g*h{fhoohqwhv fdudfwìulvwltxhv g*dpruwlvvhphqw hq udlvrq ghv dswlwxghv g*de0
vruewlrq g*ìqhujlh gh od vwuxfwxuh gh skdvh wzlqqìh1 Gh soxv/ od skdvh pduwhqvlwltxh
gx QlWl srvvëgh xqh uìvlvwdqfh ã od idwljxh uhpdutxdeoh qrwdpphqw vl rq xwlolvh od
wudqvlwlrq D � U skdvh

Fhv gl�ìuhqwv v|vwëphv/ edvìv vxu ohv fdudfwìulvwltxhv irqgdphqwdohv ghv DPI/ lqwëjuhqw
fhv ìoìphqwv vrxv glyhuvhv iruphv whoohv txh ghv �ov/ ghv wxehv/ ghv uhvvruwv rx ghv �opv plqfhv1
O*ruguh gh judqghxu gh fhv v|vwëphv ydulh gx plfurpëwuh dx pëwuh1

Fhv v|vwëphv v*lqvfulyhqw gdqv ghv grpdlqhv g*h{sorlwdwlrq dxvvl qrpeuhx{ txh ydulìv1
Gdqv xq vrxfl gh uhsuìvhqwdwlylwì/ ohv fodvvhv g*dssolfdwlrqv vxlydqwhv vh gìjdjhqw = pìglfdo/
dìurvsdwldoh2plolwdluh/ lqgxvwulh/ surgxlwv gh frqvrppdwlrq/ v|vwëphv gh vìfxulwì hw Plfur
V|vwëphv Pìfdqltxhv Hohfwurqltxhv +PHPV,1

41715 Dssolfdwlrqv pìglfdohv
Oh vxffëv frpphufldo ghv DPI wurxyh sulqflsdohphqw vrq ruljlqh gdqv oh grpdlqh pìglfdo

hw od elr0lqjìqlhulh1 Od sursulìwì gh vxshuìodvwlflwì hvw gdqv fh fdv odujhphqw plvh ã sur�w1
Sdupl ohv sulqflsdohv dssolfdwlrqv pìglfdohv/ rq shxw flwhu =

� Dufkh srxu dssduhlo ghqwdluh = f*hvw xqh ghv suhplëuhv dssolfdwlrqv ohv soxv uìxvvlhv ghv
DPI1 Xq �o hq QlWl vrxplv ã xqh gìirupdwlrq h{hufh xqh irufh idleoh hw txdvl0frqvwdqwh
vxu ohv ghqwv pdo0doljqìhv1

� Lqvwuxphqwv plfur0fkluxujlfdx{ = phwwdqw hq dydqw ghv txdolwìv whoohv txh od vxshuìodv0
wlflwì hw xqh judqgh uìvlvwdqfh/ fhv lqvwuxphqwv uìsrqghqw sduidlwhphqw dx{ h{ljhqfhv
gh suìflvlrq hq fkluxujlh1 Gh soxv/ srxu ghv lqvwuxphqwv hq skdvh pduwhqvlwltxh/ ohv
gìirupdwlrqv rffdvlrqqìhv oruv ghv rsìudwlrqv vrqw uhfrxyhuwhv oruv gh od vwìulolvdwlrq1
O*h{hpsoh gh od plfurslqfh hvw ìjdohphqw lqwìuhvvdqw +fi �jxuh 4145,1 G*xqh wdlooh g*hq0
ylurq 3/5 sdu 3/7 pp/ fhwwh slqfh hvw frqvwlwxìh gh vlolfrqh vxu ohtxho xq �op plqfh
gh QlWlFx hvw gìsrvì1 Xq frxudqw ìohfwultxh wuëv idleoh shuphw g*dfwlyhu ohv �opv txl
whqghqw doruv ã uhwurxyhu ohxu iruph/ fh txl yd ihuphu od slqfh vxu ohv dqìyulvphv1 Od
vxsuhvvlrq gx frxudqw frppdqgh hqvxlwh o*rxyhuwxuh gh od slqfh1 Fh pìfdqlvph hvw ìjd0
ohphqw xwlolvì srxu pdqlsxohu gh wuëv shwlwv ìoìphqwv gdqv ghv hqylurqqhphqwv h{wuíphv
+kdxwh rx edvvh suhvvlrq/  xlghv gdqjhuhx{, ^DXU<8`1
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Ilj1 4145 = Plfurslqfh hq vlolfrqh hw DPI

� Djudihv = fhv djudihv gh QlWl vrqw ghv lpsodqwv grqw oh exw hvw gh frqvrolghu xqh iudfwxuh
rvvhxvh hq xwlolvdqw o*h�hw vlpsoh vhqv1 Srvvëgdqw xqh iruph grqqìh ã od whpsìudwxuh
gx frusv kxpdlq +fi �jxuh 4146,/ hoohv shuphwwhqw ã o*rv gh vh uhvvrxghu soxv idflohphqw
^DLP34`1

Ilj1 4146 = Uìgxfwlrq gh iudfwxuh ã o*dlgh g*xqh djudih

� Vwhqwv = whuph whfkqltxh lqgltxdqw ohv plfur0vwuxfwxuhv dxwr0h{sdqvlyhv1 Ideultxì hq
Ql0Wl/ fh frpsrvdqw xwlolvh o*h�hw vlpsoh vhqv1 Srvvìgdqw xqh iruph doorqjìh idflolwdqw
vrq lqwurgxfwlrq gdqv ohv duwëuhv rx ghv ydlvvhdx{/ lo vh gìsorlh ã od whpsìudwxuh gx
frusv kxpdlq hw shuphw g*hq ìylwhu o*revwuxfwlrq +fi �jxuh 4147, ^OHS33`1

Ilj1 4147 = Vwhqw hq QlWl

� Ilo gh jxlgdjh = frqvwlwxì gh QlWl/ f*hvw xq orqj �o �q srxydqw íwuh lqwurgxlw gdqv
o*rujdqlvph d�q gh shuphwwuh xq jxlgdjh vþu gh v|vwëphv gh gldjqrvwlf rx wkìudshx0
wltxhv ^DXU<8`1 Od vxshuìodvwlflwì shuphw g*ìylwhu od gìirupdwlrq vrxv iruph gh furfkhw
srxydqw eohvvhu oh sdwlhqw oruv gx uhwudlw +fi �jxuh 4148,1
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Ilj1 4148 = Ilo gh jxlgdjh g*lqvwuxphqwv

� Hqgrvfrsh = fhw dssduhlo srvvëgh soxvlhxuv ghjuìv gh olehuwì shuphwwdqw gh gluljhu od �euh
rswltxh gdqv wrxwhv ohv gluhfwlrqv1 Vrq prxyhphqw hvw dvvxuì sdu soxvlhxuv vhjphqwv
g*dfwlydwhxuv hq DPI dvvhuylv hw frqwu÷oìv sdu ruglqdwhxu ^RWV35`1

Ilj1 4149 = Dssolfdwlrq ghv DPI ã xq hqgrvfrsh dfwli

G*xqh pdqlëuh jìqìudoh/ ohv dssolfdwlrqv ghv DPI gdqv oh grpdlqh pìglfdo vrqw qrp0
euhxvhv wdqw dx qlyhdx gh o*lqvwuxphqwdwlrq txh ghv surwkëvhv rx ghv lpsodqwv/ gx idlw qr0
wdpphqw gh od elrfrpsdwlelolwì dyìuìh gx QlWl1

41716 Dssolfdwlrqv plolwdluhv hw gdqv o*dìurvsdwldoh
Od QDVD ixw slrqqlëuh hq od pdwlëuh hq xwlolvdqw odujhphqw ohv DPI gdqv gl�ìuhqwv ru0

jdqhv ghv qdyhwwhv hw hqjlqv vsdwldx{1 O*dìurqdxwltxh hw o*lqgxvwulh plolwdluh vh vrqw ìjdohphqw
lqwìuhvvìv ã fh pdwìuldx1

� Glvsrvlwli gh uhodfkhphqw qrq0h{sorvli = hqfruh dsshoì glvsrvlwli iudqjlerow/ fh v|vwëph
hvw xwlolvì gdqv o*dìurvsdwldoh srxu uhpsodfhu ohv pìfdqlvphv gh gìvdffrxsohphqw s|0
urwhfkqltxh/ gdqjhuhx{ srxu ohv vwuxfwxuhv1 Xq f|olqguh shufì gh QlWl/ lqlwldohphqw
frpsulpì gh txhotxhv ( hvw vrxplv ã xq frxudqw ìohfwultxh gh vruwh tx*lo yd vh glodwhu
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hw h{hufhu xqh suhvvlrq vxu xq erxorq suìdodeohphqw udlqxuì/ ohtxho yd vh urpsuh hw
shuphwwuh od vìsdudwlrq ghv vwuxfwxuhv mrlqwhv +fi �jxuh 414:,1 Xq dfwlrqqhxu gh 48 pp
gh gldpëwuh yd dlqvl gìyhorsshu xqh irufh gh o*ruguh gh 6=430 Q ^DLP34`1

Ilj1 414: = Glvsrvlwli gh uhoåfkhphqw qrq0h{sorvli

� Gìsorlhphqw gh sdqqhdx{ vrodluhv = fhuwdlqv sdqqhdx{ vrodluhv gh vdwhoolwhv xwlolvhqw
o*h�hw pìprluh vlpsoh vhqv gh frpsrvdqwv hq DPI1 Gdqv o*hvsdfh oh sdqqhdx vh gìsorlh
sdu dfwlydwlrq ghv ìoìphqwv hq DPI sdu h�hw Mrxoh1

� Rxyhuwxuh g*xqh wudssh vxu VRMRXUQHU = oh suhplhu urerw hqyr|ì vxu Pduv srvvìgdlw
xq dfwlrqqhxu ìohfwultxh ã pìprluh grxeoh vhqv +hq qlwlqro, shuphwwdqw g*rxyulu xqh
wudssh gh surwhfwlrq gh sdqqhdx vrodluh1

� Pdqfkrq g*dffrxsohphqw = suhplëuh h{sorlwdwlrq ghv sursulìwìv ghv DPI/ oh uìho vxffëv
ghv pdqfkrqv v*h{soltxh fhuwdlqhphqw sdu oh idlw txh od pìprluh gh iruph ìwdlw/ srxu
oh udffrughphqw gh wxehv hq wlwdqh/ od vhxoh vroxwlrq1 Hq h�hw/ ohv flufxlwv k|gudxoltxhv
ghv dylrqv gh frpedw I047 ìwdqw hq wlwdqh/ gh qrpeuhx{ sureoëphv gh udffrughphqw
vh srvdlhqw hq udlvrq gh od pdxydlvh vrxgdelolwì gx pdwìuldx1 Ohv pdqfkrqv hq QlWl
rqw shuplv gh frqwrxuqhu fhwwh gl!fxowì gh idêrq vlpsoh hw h!fdfh1 Dx uhiurlglvvhphqw/
oh frpsrvdqw DPI dftxlëuh vd iruph edvvh whpsìudwxuh +dxjphqwdwlrq gx gldpëwuh
gh sdvvdjh,1 Dyhf oh uhwrxu ã whpsìudwxuh dpeldqwh/ o*DPI uhwurxyh vd iruph lqlwldoh/
jìqìudqw doruv xqh irufh gh frqwdfw lpsruwdqwh uhvsrqvdeoh gx pdlqwlhq ghv wxehv dyhf
xqh sduidlwh ìwdqfkìlwì +fi �jxuh 414;, ^DLP34`1

Ilj1 414; = Sulqflsh gh irqfwlrqqhphqw g*xq pdqfkrq g*dffrxsohphqw hq DPI
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� Frqqhfwhxuv ìohfwultxhv = ohv v|vwëphv gh fdeodjh ìohfwultxh hq dìurvsdwldoh hw gdqv
ohv dssolfdwlrqv plolwdluhv vrqw vrxplv ã xq hqylurqqhphqw rü ohv frqglwlrqv vrqw wuëv
vìyëuhv +yduldwlrqv gh whpsìudwxuhv lpsruwdqwhv/ yleudwlrqv/ kxplglwì/ lqwhuiìuhqfh ìohf0
wurpdjqìwltxh,1 Oh sureoëph vh srvh dx qlyhdx gh od frqqhfwlrq ghv fdeohv txl grlw íwuh
ìwdqfkh hw uìvlvwdqwh1 Xq dqqhdx gh QlWl/ glodwì ã iurlg/ h{hufh xqh irufh frqvwdqwh vxu
ohv frqqhfwhxuv gh fdeohv txdqg lo hvw fkdx�ì/ dvvxudqw dlqvl xqh ìwdqfkìlwì shupdqhqwh1
Oh uhoåfkhphqw ghv frqqhfwhxuv hvw uìdolvì sdu vlpsoh uhiurlglvvhphqw +fi �jxuh 414<,
^OHS33`1

Ilj1 414< = Mrlqw gh pdlqwlhq hw g*ìwdqfkìlwì srxu frqqhfwhxuv ìohfwultxhv

� Plfurslqfh = xq dfwlrqqhxu olqìdluh hw ghx{ påfkrluhv vrqw uholìv sdu xq pìfdqlvph
wudqvirupdqw oh prxyhphqw olqìdluh gh o*dfwlrqqhxu hq xq prxyhphqw urwdwli frppdq0
gdqw od ihuphwxuh ghv slqfhv ^NRK<;`1 Hqwuh oh pìfdqlvph slyrw hw o*dfwlrqqhxu olqìdluh
hvw uìdolvìh xqh ihqwh �rswltxh�/ odtxhooh hvw dvvrflìh ã xq ud|rq oxplqhx{ srxu frqvwl0
wxhu oh fdswhxu gh srvlwlrq1 Fhw hqvhpeoh d ìwì gìyìorssì hq lqwìjudqw ghv dfwlrqqhxuv
DPI hq skdvh wrwdohphqw pduwhqvlwltxh +fi �jxuh 4153d,1

(a) Schéma (b) Configuration
ouverte

(c) Configuration
fermée

Ilj1 4153 = Sulqflsh g*xqh plfur0slqfh lqwìjudqw ghv dfwlrqqhxuv hq DPI vrxv iruph gh
vwuxfwxuh plqfh

Oh prxyhphqw olqìdluh hvw dvvxuì sdu xq dfwlrqqhxu hq DPI vrxv od iruph g*xqh vwuxf0
wxuh srxwuh solìh grqw od jìrpìwulh hvw rswlplvìh ^NRK<;`1 Ohv mrlqwv gx pìfdqlvph
slyrw vrqw frqêxv frpph ghv fkduqlëuhv  h{leohv1 Fhwwh sduwlh hvw uìdolvìh hq DPI gh
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vruwh tx*hooh vh frpsruwh ìjdohphqw frpph xq dfwlrqqhxu1 Ohv dfwlrqqhxuv olqìdluh hw
slyrw vrqw suìgìirupìv gh 433 �p/ hq frqvlgìudqw ohxu lqwhudfwlrq/ dydqw g*íwuh prq0
wìv vxu xq vxevwudw1 Od gìirupdwlrq uìvxowdqwh ghv srxwuhv hw ghv fkduqlëuhv shxw íwuh
frqwu÷oìh sdu h�hw Mrxoh1 Frqfhuqdqw ohv fkduqlëuhv/ fhw h�hw Mrxoh hvw gìwhuplqì d�q
g*rewhqlu xqh whpsìudwxuh vxsìulhxuh ã od whpsìudwxuh gh wudqvlwlrq gh skdvh gx pìfd0
qlvph slyrw1 Ohv fkduqlëuhv uhwurxyhqw dlqvl ohxu iruph qrq gìirupìh sdu oh mhx gh o*h�hw
pìprluh vlpsoh vhqv1 Gdqv fh fdv gh �jxuh/ vhxo o*dfwlrqqhxu olqìdluh hvw gìirupì hw ohv
påfkrluhv gh od slqfh vrqw hq srvlwlrq rxyhuwh +fi �jxuh 4153e,1 Gh píph/ xq uìfkdx�h0
phqw dgìtxdw gh o*dfwlrqqhxu hqwudñqh xqh gìirupdwlrq ghv fkduqlëuhv/ v|qrq|ph g*xqh
ihuphwxuh ghv påfkrluhv +fi �jxuh 4153f,1 Od frxuvh pd{lpxp ghv påfkrluhv hvw ìjdoh
ã 633 �p1
Srxu fhwwh dssolfdwlrq/ oh gìfrxsodjh wkhupltxh gh fkdtxh w|sh g*dfwlrqqhxu grlw íwuh
vx!vdqw srxu jdudqwlu oh erq irqfwlrqqhphqw gh od plfurslqfh1 Fhwwh dvvxudqfh hvw
rewhqxh juåfh ã od ihqwh rswltxh lqwìjuìh dx v|vwëph1 Xq udssruw grqqì hqwuh o*ìfduw
lqwhu0påfkrluhv V, hw oh gìsodfhphqw gh od ihqwh shuphw gh uìdolvhu o*dvvhuylvvhphqw1
Fhwwh plfurslqfh hvw xvlqìh sdu gìfrxsdjh odvhu gh ihxloohv gh QlWl ìtxldwrpltxh gh
563 �p g*ìsdlvvhxu1 Xq wudlwhphqw wkhupltxh vrxv ylgh ã 863 /F shqgdqw 43 pq shuphw
g*dmxvwhu o*h�hw pìprluh vlpsoh vhqv1

41717 Dssolfdwlrqv lqgxvwulhoohv
Hq ghkruv gh o*lqgxvwulh dxwrpreloh txl xwlolvh odujhphqw ohv sursulìwìv ghv DPI/ ohv dxwuhv

vhfwhxuv gh o*lqgxvwulh lqwëjuhqw uhodwlyhphqw shx g*ìoìphqwv hq DPI gdqv ohv v|vwëphv1
� O*dxwrpreloh = rq glvwlqjxh xqh dfwlydwlrq wkhupltxh ghv v|vwëphv sdu frqwu÷oh gh od
whpsìudwxuh +fi �jxuh 4154, hw xqh dfwlydwlrq ìohfwultxh +fi �jxuh 4155,1 O*lqwìjudwlrq
gh frpsrvdqwv hq DPI gdqv oh vhfwhxu dxwrpreloh suìvhqwh soxvlhxuv dydqwdjhv = hq0
frpeuhphqw idleoh/ dfwlydwlrq vlohqflhxvh/ qrpeuh shx lpsruwdqw gh frpsrvdqwv srxu
xq v|vwëph grqqì ^DLP34`1

Ilj1 4154 = Hpsodfhphqw ghv dfwlrqqhxuv wkhupltxhv vxu xqh dxwrpreloh
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Ilj1 4155 = Hpsodfhphqw ghv dfwlrqqhxuv ìohfwultxhv vxu xqh dxwrpreloh

� Vrxsdshv = xqh ghv dssolfdwlrqv ohv soxv frxudqwhv ghv DPI1 Xwlolvìv vrxv iruph gh
uhvvruw/ gh �op plqfh rx gh �o/ fhuwdlqv DPI shuphwwhqw od ideulfdwlrq gh vrxsdshv
sqhxpdwltxhv/ ylvdqw ã frqwurohu oh gìelw gh  xlghv rx ã uìjxohu xqh suhvvlrq +fi �jxuh
4156, ^RWV35`1

Ilj1 4156 = Dssolfdwlrq ghv DPI ã xqh vrxsdsh gh pìodqjh wkhuprvwdwltxh

D o*ìfkhooh plfurvfrsltxh/ ghv plfur0vrxsdshv frqvwlwxìhv gh vlolfrqh hw g*xq uhvvruw
hq QlWl rqw ìwì frqêxhv srxu ghv v|vwëphv hq plfur xlgltxh1 G*xqh wdlooh g*xq ghpl
fhqwlpëwuh fduuì/ fhv dfwlydwhxuv shuphwwhqw g*dwwhqguh xq gìsodfhphqw gh soxv gh 433
�p srxu xqh irufh g*xq ghpl qhzwrq1 Gdqv oh píph ruguh g*lgìh/ srxu o*dqdo|vh fkl0
pltxh hw ohv ìtxlshphqwv gh frqwu÷oh gh od whpsìudwxuh hw gh od suhvvlrq/ xq v|vwëph gh
vrxsdsh hpsorlh xq �op plqfh hq DPI vrxplv ã xq frxudqw srxu revwuxhu xq rul�fh
g*ìfrxohphqw +fi �jxuh 4157, ^OHS33`1

� Frqqhfwhxuv gh wx|dx{ = dowhuqdwlyh ã od vrxgxuh txl shxw suìvhqwhu ghv sureoëphv gh
uìvlvwdqfh hw gh uìdolvdwlrq/ gh whov frqqhfwhxuv vh wurxyhqw gdqv od skdvh pduwhqvlwltxh
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Ilj1 4157 = Plfur0vrxsdsh hpsor|dqw xq �op plqfh hq QlWl

+glodwìh, ã xqh fhuwdlqh whpsìudwxuh hw/ vrxv o*h�hw gh od fkdohxu/ uhylhqqhqw ã od skdvh
dxvwìqlwltxh hq vh frqwudfwdqw vxu ohv wxehv ã udffrughu1

41718 V|vwëphv gh vìfxulwì
Oh fkdqjhphqw gh skdvh ghv DPI/ srxydqw v*rsìuhu sdu yduldwlrq gh od whpsìudwxuh/ hq

idlw xq fdqglgdw lgìdo srxu xqh h{sorlwdwlrq gdqv ohv v|vwëphv gh vìfxulwì rx gh gìwhfwlrq1
� Wudssh g*ìydfxdwlrq gh ixpìh = xq dfwlrqqhxu hq DPI grxeoh vhqv gìfohqfkh o*rxyhuwxuh
gh od wudssh gëv tx*xqh whpsìudwxuh fulwltxh hvw gìsdvvìh1 Oh uhwrxu ã xqh whpsìudwxuh
qrupdoh frppdqgh od ihuphwxuh gh od wudssh1

� Ydoyh gh flufxlw gh jd} = od whpsìudwxuh dxjphqwdqw dx0ghoã g*xqh fhuwdlq vhxlo/ xq
uhvvruw hq DPI vlpsoh vhqv shuphw gh frxshu o*duulyìh gh jd} srxu ìylwhu wrxwh h{sorvlrq
+fi �jxuh 4158, ^DLP34`1

Position ouverte Position fermée due

à l’augmentation de

la température

Ilj1 4158 = Sulqflsh gh irqfwlrqqhphqw g*xqh ydoyh gh vìfxulwì xwlolvdqw xq DPI

� Gìfohqfkhxu g*h{wlqfwhxu g*lqfhqglh = xq uhvvruw hq DPI vh frqwudfwh gëv tx*xqh whp0
sìudwxuh fulwltxh hvw dwwhlqwh/ shuphwwdqw oh sdvvdjh gh o*hdx1

� Dufklwhfwxuh = o*dssolfdwlrq pdmhxuh gdqv fh grpdlqh hvw o*xwlolvdwlrq ghv DPI srxu od
uìdolvdwlrq gh vwuxfwxuhv dqwl0vlvpltxhv qrwdpphqw oruv gh od uìihfwlrq gh prqxphqwv
klvwrultxhv vlwxìv gdqv xqh }rqh ã ulvtxh1

� Dolphqwdluh hw sdudpìglfdo = xq wkhuprpdutxhxu hq DPI shuphw gh gìwhfwhu ohv uxs0
wxuhv gh od fkdñqh gh iurlg1 Oruv g*xqh dxjphqwdwlrq gh fkdohxu/ xq uhvvruw ìgxtxì
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hq DPI vh frqwudfwh hq odlvvdqw doruv sdvvhu xqh shwlwh elooh urxjh vhorq oh sulqflsh
h{soltxì vxu od �jxuh +4159, ^DLP34`1

Etape 1 :

Thermomarqueur en

position initiale

Etape 2 :

Avec le froid, le ressort se contracte,

laissant passer une bille verte

indiquant la mise en service du

système

Etape 3 :

Suite à un réchauffement, le

thermomarqueur  revient en position

initiale, déplaçant alors une bille rouge,

témoin de la rupture de la chaîne du

froid

Ilj1 4159 = Sulqflsh gh irqfwlrqqhphqw gx wkhuprpdutxhxu

41719 Surgxlwv gh frqvrppdwlrq
Ohv DPI vh gìfolqhqw ìjdohphqw dx txrwlglhq1 Phwwdqw ã sur�w sulqflsdohphqw od fdudfwì0

ulvwltxh gh vxshuìodvwlflwì/ ohv surgxlwv gh frqvrppdwlrq ohv soxv frqqxv vrqw = ohv prqwxuhv
gh oxqhwwhv/ ohv edohlqhv gh vrxwlhq0jrujh/ ohv dqwhqqhv gh wìoìskrqh sruwdeoh/ ohv foxev gh
jroi/ ohv wkhuprvwdwv gh fdihwlëuh hw píph fhuwdlqv mrxhwv1 Sdu udssruw ã ghv pdwìuldx{ soxv
fodvvltxhv/ fhv gl�huhqwhv dssolfdwlrqv ghv DPI jdjqhqw hq uìvlvwdqfh hw hq  h{lelolwì/ hw
uhwurxyhqw ohxu iruph vrxv o*h�hw g*xqh vrxufh gh fkdohxu1

4171: Ohv DPI gdqv ohv Plfur V|vwëphvPìfdqltxhv Hohfwurqltxhv +PHPV,
Oh qlfnho wlwdqh hvw sduwlfxolëuhphqw lqwìuhvvdqw srxu xqh lqwìjudwlrq gdqv ghv v|vwëphv gh

wuëv shwlwhv glphqvlrqv hw qrwdpphqw ohv Plfur V|vwëphv Pìfdqltxhv Hohfwurqltxhv ^OHS33`1
Ghv frpsrvdqwv whov txh ghv vrxsdshv/ ghv fdswhxuv hw ghv fdqdx{ shxyhqw íwuh lqwìjuìv ã
xq v|vwëph sdu ideulfdwlrq vxu xq píph vxevwudw/ grqqdqw od srvvlelolwì gh uìdolvhu ghv
lqvwuxphqwv dqdo|wltxhv plqldwxuhv = uhodlv/ plfursrvlwlrqqhxuv/ v|vwëphv plfururerwltxhv1
Fhv shuvshfwlyhv rqw ìodujl oh fkdps g*dssolfdwlrq ghv DPI1 Glyhuv grpdlqhv gh o*lqgxvwulh
lqyhvwlvvhqw gìvrupdlv gdqv fhwwh qrxyhooh yrl{1 O*h{hpsoh gh od v|qwkëvh g*DGQ sduoh gh oxl0
píph sxlvtx*hooh frqvlvwh qrwdpphqw ã dqdo|vhu ghv ìfkdqwloorqv gh o*ruguh gx qdqrolwuh1 Xq
who v|vwëph qìfhvvlwh xq yroxph lqwhuqh plqlpdo lpsrvdqw xqh wdlooh wuëv shwlwh ghv vrxsdshv hw
ghv srpshv srxu xq hqfrpeuhphqw prlqguh1 Od �jxuh 415: looxvwuh xq flufxlw pxowl0vrxsdshv
frqêx gdqv fhwwh rswltxh1 Od wdlooh gx vxevwudw hq vlolfrqh hvw gh o*ruguh gx fhqwlpëwuh fduuì1
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4181 Frqfoxvlrq

Ilj1 415: = Flufxlw g*dfwlydwhxuv gh vrxsdshv hq DPI srxu o*dqdo|vh DGQ

418 Frqfoxvlrq
Ohv frpsrvdqwv hq DPI vrxv od iruph gh �ov/ wxehv/ uhvvruwv hw �opv plqfhv vrqw dx0

mrxug*kxl odujhphqw uhsuìvhqwìv gdqv gh qrpeuhx{ grpdlqhv juåfh ã ohxu srwhqwlho1 Pdojuì
ghv gìexwv prghvwhv/ oh fkdps g*dfwlrq ghv DPI v*hvw surjuhvvlyhphqw ìodujl dx frxuv ghv
ghuqlëuhv dqqìhv srxu dwwhlqguh xqh yìulwdeoh glphqvlrq whfkqrorjltxh1 Sdudooëohphqw ã od
glplqxwlrq gx frþw gh ideulfdwlrq gh fh w|sh g*dooldjh/ sduirlv dvvh} ìohyì/ o*h{sorlwdwlrq d
orjltxhphqw dxjphqwì1
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Fkdslwuh 41 Oh Prqgh ghv Dooldjhv ã Pìprluh gh Iruph
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Fkdslwuh 5

Hoìphqwv Ilqlv gh Frtxh

Od whfkqrorjlh ghv plfur0dfwlrqqhxuv whov txh ohv PHPV hw oh gìyhorsshphqw ghv vwuxf0
wxuhv glwhv lqwhooljhqwhv surmhwwhqw gxudeohphqw ohv DPI yhuv o*dyhqlu1 Ohv vwuxfwxuhv plqfhv
whoohv txh od plfurslqfh lqwurgxlwh gdqv oh fkdslwuh suìfìghqw vrqw ghv ìoìphqwv gh frppdqgh
hq DPI hq sohlqh h{sdqvlrq1

Fh wudydlo v*lqvfulw gdqv oh fdguh gx gìyhorsshphqw g*xq rxwlo qxpìultxh g*dlgh ã od
frqfhswlrq rswlpdoh gh vwuxfwxuhv rx g*ìoìphqwv gh vwuxfwxuhv lqwìjudqw ghv DPI1 Gdqv fhwwh
shuvshfwlyh/ xq ìoìphqw gh frtxh ã judqghv gìirupdwlrqv hw srxydqw vlpxohu ghv vwuxfwxuhv
gh wuëv idleoh ìsdlvvhxu d ìwì gìyhorssì hw lpsodqwì gdqv oh frgh ìoìphqwv �qlv FDVWHP
53331 Oh fkrl{ gh fh frgh vh mxvwl�h gh ghx{ idêrqv = vhv �fklhuv vrxufhv vrqw rxyhuwv grqf
gìyhorssdeohv hw ohv gìyhorsshphqwv qxpìultxhv suìfìghqwv gh o*ìtxlsh rqw ìwì uìdolvìv gdqv
fh frgh1

Ohv vwuxfwxuhv frtxhv vrqw qrpeuhxvhv gdqv ohv v|vwëphv pìfdqltxhv pdlv srvhqw vrxyhqw
gh qrpeuhx{ sureoëphv hq whuphv gh frpsruwhphqw hw grqf gh glphqvlrqqhphqw1 Dlqvl/ gx
srlqw gh yxh lqgxvwulho/ lo hvw ghyhqx lqfrqwrxuqdeoh gh pdñwulvhu dvvh} ylwh od prgìolvdwlrq
gh fh w|sh gh vwuxfwxuh d�q gh srxyrlu jìqìudolvhu ohxu xwlolvdwlrq1 Dyhf o*dyìqhphqw gh o*rxwlo
lqirupdwltxh grqw ohv shuirupdqfhv ìyroxhqw wuëv udslghphqw/ od pìwkrgh ghv ìoìphqwv �qlv/
sdu vd vrxsohvvh g*dgdswdwlrq/ d vx uìsrqguh mxvwhphqw ã fhwwh h{ljhqfh1

Hphujhqwv gdqv ohv dqqìhv 93/ ohv ìoìphqwv gh frtxh vh vrqw frpsoh{l�ìv gdqv ohv dqqìhv
:3 dyhf ohv ìoìphqwv gh frtxh fxuyloljqhv1 Gëv oruv/ oh ehvrlq gh shuihfwlrqqhu hw gh �delolvhu
fh w|sh g*ìoìphqw l1h1 = lqvhqvlelolwì dx{ glvwruvlrqv/ lqyduldqfh sdu udssruw dx{ uìiìuhqwlhov/
frþw udlvrqqdeoh hq whuphv gh whpsv gh fdofxo hw g*hvsdfh pìprluh/ ydolglwì srxu ohv frtxhv
ìsdlvvhv rx plqfhv/ dgdswdwlrq ã gl�ìuhqwv qlyhdx{ gh od pìfdqltxh +g|qdpltxh/ qrq0olqìdluh/
frpsrvlwhv pxowlfrxfkhv, v*hvw idlw vhqwlu1 Dlqvl/ xqh pxowlwxgh gh pìwkrghv rqw yx oh mrxu/
vdqv tx*xqh qh sxlvvh uìhoohphqw udoolhu wrxv ohv vx�udjhv/ | frpsulv gdqv ghv grpdlqhv
sduwlfxolhuv g*xwlolvdwlrq1 Xq skìqrpëqh d dffrpsdjqì o*ìoìphqw gh frtxh dx frxuv gh vrq
klvwrluh = oh yhuurxloodjh gh od vroxwlrq qxpìultxh1 Gìfulw soxv hq gìwdlov sdu od vxlwh/ fh
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh

skìqrpëqh gìfrxoh gh o*devhqfh gh frqyhujhqfh yhuv od vroxwlrq wkìrultxh ghv fkdpsv fdofxoìv1
Gìfrxyhuw gdqv ohv dqqìhv :3 sxlv odujhphqw ìwxglì sdu od vxlwh/ lo uhsuìvhqwh o*ruljlqh gh
qrpeuhx{ gìyhorsshphqwv frqfhuqdqw o*ìoìphqw gh frtxh1

514 Jìqìudolwìv vxu ohv ìoìphqwv gh frtxh
Fh sdudjudskh q*d sdv srxu yrfdwlrq gh uhwudfhu wrxwhv ohv ìyroxwlrqv ghv ìoìphqwv gh

frtxh ã wudyhuv ohv sulqflsdx{ wudydx{ txl ohxuv rqw ìwì frqvdfuìv1 Lo suìwhqg mxvwh grqqhu
txhotxhv ìoìphqwv g*lqirupdwlrq vxu o*ìoìphqw gh frtxh fkrlvl srxu od prgìolvdwlrq ghv vwuxf0
wxuhv plqfhv hq DPI1

Od gì�qlwlrq od soxv jìqìudoh g*xqh frtxh gdqv oh grpdlqh ghv ìoìphqwv �qlv shxw v*ìqrq0
fhu gh od pdqlëuh vxlydqwh = xqh frtxh hvw xqh vwuxfwxuh wulglphqvlrqqhooh plqfh gdqv xqh
gluhfwlrq1 Rq shxw wrxwhirlv frpsoìwhu fhwwh gì�qlwlrq hq vsìfl�dqw ohv ghx{ k|srwkëvhv vxl0
ydqwhv =

� ohv frqwudlqwhv qrupdohv ã od vxuidfh pr|hqqh/ l1h1 vxlydqw o*ìsdlvvhxu gh od frtxh/ vrqw
jìqìudohphqw frqvlgìuìhv qxoohv1

� ohv sduwlfxohv pdwìulhoohv irupdqw lqlwldohphqw xqh gurlwh shushqglfxodluh ã od vxuidfh
pr|hqqh gh od frtxh uhvwhqw vxu xqh gurlwh dsuëv gìirupdwlrq1

Ohv ghx{ sulqflsdohv wkìrulhv gh frtxh/ Nlufkkr�0Oryh +vdqv sulvh hq frpswh gx flvdlooh0
phqw wudqvyhuvh, hw Uhlvvqhu0Plqgolq +sulvh hq frpswh gx flvdloohphqw wudqvyhuvh,/ uhvshfwhqw
od suhplëuh k|srwkëvh1 Hq fh txl frqfhuqh od ghx{lëph/ hooh hvw yìul�ìh sdu fhv ghx{ wkìr0
ulhv/ wrxwhirlv/ srxu od wkìrulh gh Plqgolq/ od gurlwh qh uhvwh sdv shushqglfxodluh ã od vxuidfh
pr|hqqh dsuëv gìirupdwlrq1

Rq shxw doruv grqqhu xqh gì�qlwlrq soxv suìflvh g*xqh frtxh txl dssdudñw grqf frpph
ìwdqw xq frusv vrolgh olplwì sdu ghx{ vxuidfhv surfkhv hw jìqìudohphqw frxuehv1 Rq gì�qlw
doruv ohv vxuidfhv vxsìulhxuh hw lqiìulhxuh hqwuh ohvtxhoohv ylhqw v*lqwhufdohu od vxuidfh gh uìiì0
uhqfh1 Hq rxwuh/ o*ìsdlvvhxu gh od frtxh hq xq srlqw hvw gì�qlh frpph od glvwdqfh hqwuh fhv
ghx{ vxuidfhv oh orqj g*xqh �svhxgr0qrupdoh�1

Dlqvl/ od prgìolvdwlrq ghv vwuxfwxuhv frtxhv shxw íwuh uìdolvìh dx pr|hq gh qrpeuhx{ ìoì0
phqwv �qlv1 Fh judqg qrpeuh g*ìoìphqwv glvsrqleohv v*h{soltxh g*derug sdu od frh{lvwhqfh ghv
ghx{ judqghv wkìrulhv ghv frtxhv gx suhplhu ruguh suìvhqwìhv dxsdudydqw suhqdqw hq frqvl0
gìudwlrq rx qrq oh flvdloohphqw wudqvyhuvh1 Hqvxlwh/ od glyhuvlwì ghv ìoìphqwv �qlv gh frtxh
vh mxvwl�h ìjdohphqw sdu oh idlw txh/ srxu o*xqh rx o*dxwuh gh fhv wkìrulhv/ lo shxw íwuh gl!floh
gh gìyhorsshu xqh dssur{lpdwlrq qrgdoh1 Dlqvl/ gl�ìuhqwv frqfhswv vrqw xwlolvìv srxu uìjohu
fh sureoëph pdlv wrxv ohv ìoìphqwv gh frtxh qh v*dssxlhqw sdv vxu xqh ghvfulswlrq gh frtxh
vwulfwh dx vhqv ghv plolhx{ fxuyloljqhv1 Sdu dloohxuv/ o*dssur{lpdwlrq qrgdoh shxw hqjhqguhu
ghv skìqrpëqhv gh yhuurxloodjh +hq flvdloohphqw wudqvyhuvh hw hq phpeudqh, ohvtxhov shxyhqw
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5151 Hoìphqwv gh frtxh 6G gìjìqìuìv

íwuh frqwrxuqìv gh glyhuvhv idêrqv frpph lo hq vhud txhvwlrq xowìulhxuhphqw1 Joredohphqw/
rq shxw gì�qlu wurlv judqghv idploohv g*ìoìphqwv �qlv gh frtxh vsdwldoh =

� ìoìphqwv gh frtxh gh w|sh sodtxh = o*xwlolvdwlrq gh whov ìoìphqwv shuphw g*ìwhqguh q*lp0
sruwh txho ìoìphqw gh sodtxh ã xqh jìrpìwulh gh frtxh1 Dx qlyhdx gx pdloodjh g*xqh
vwuxfwxuh gh w|sh frtxh/ fhwwh idplooh qìfhvvlwh gh qrpeuhx{ ìoìphqwv srxu rewhqlu xqh
suìflvlrq dffhswdeoh ghv uìvxowdwv1

� ìoìphqwv gh frtxh fxuyloljqh = o*xwlolvdwlrq gh whov ìoìphqwv frqgxlw ã ghv irupxodwlrqv
vrxyhqw frpsoh{hv/ suìvhqwdqw xq judqg qrpeuh gh ghjuìv gh olehuwì/ hw �qdohphqw
hqwudñqhqw jìqìudohphqw xq sureoëph gh yhuurxloodjh hq phpeudqh fdu oh sodq pr|hq
hvw frxueh1 Qìdqprlqv/ hq sudwltxh/ lov vrqw lqwìuhvvdqwv sxlvtxh shx g*ìoìphqwv vxi0
�vhqw srxu prgìolvhu dyhf suìflvlrq xqh vwuxfwxuh fxuyloljqh1 Fhv gl�ìuhqwhv uhpdutxhv
mxvwl�hqw xq uhfrxuv dvvh} uduh ã fhv ìoìphqwv1

� ìoìphqwv gh frtxh 6G gìjìqìuìv +glwv ìoìphqwv gh Dkpdg, = o*xwlolvdwlrq gh whov ìoì0
phqwv hvw xq frpsurplv hqwuh ohv ghx{ idploohv suìfìghqwhv fdu lov frpelqhqw soxvlhxuv
dydqwdjhv1 Hq h�hw/ lov gìfulyhqw od frtxh dyhf xqh svhxgrfrxuexuh hw sursrvhqw xqh
irupxodwlrq dvvh} vlpsoh1 Ohv svhxgr0qrupdohv shuphwwhqw gh uhqguh frpswh gh od jìr0
pìwulh gh frtxh g*xqh vwuxfwxuh wrxw hq d|dqw xq qrpeuh olplwì g*ìoìphqwv srxu oh
pdloodjh1 G*xq srlqw gh yxh sudwltxh/ fhv ìoìphqwv vrqw ohv soxv xwlolvìv1 G*dloohxuv/
f*hvw oh w|sh g*ìoìphqw txh qrxv dyrqv gìyhorssì gdqv fhwwh ìwxgh1

515 Hoìphqwv gh frtxh 6G gìjìqìuìv
Ohv ìoìphqwv 6G gìjìqìuìv vrqw dssduxv ã od �q ghv dqqìhv 93 srxu o*dqdo|vh olqìdluh ghv

frtxhv g*ìsdlvvhxu prgìuìh1 Lov vrqw lvrsdudpìwultxhv hw gh frqwlqxlwì F-1 Ohxu vlpsolflwì
hw ohxuv dydqwdjhv rqw prwlyì gh qrpeuhx{ wudydx{ ylvdqw ã ohv dpìolruhu = h{whqvlrq dx{
frtxhv plqfhv/ sulvh hq frpswh ghv h�hwv qrq0olqìdluhv/ h{whqvlrq dx{ judqghv urwdwlrqv hw
dx{ pdwìuldx{ frpsrvlwhv ^DKP:4`^EDW;9d`^EDW;9e`^GYR;7`1

O*xwlolvdwlrq gh fh w|sh g*ìoìphqw q*hvw srxuwdqw sdv gìqxìh g*xq fhuwdlq qrpeuh gh
sureoëphv1 Hq h�hw/ od uhvwulfwlrq gh od frtxh ã vd vxuidfh gh uìiìuhqfh q*hvw sdv sulvh hq
frpswh gh pdqlëuh dqdo|wltxh pdlv qxpìultxhphqw dyhf xqh lqwìjudwlrq gdqv o*ìsdlvvhxu gh
od frtxh txhooh txh vrlw od qdwxuh gx sureoëph frqvlgìuì +ìodvwltxh/ sodvwltxh/ olqìdluh rx
qrq,1 Dlqvl/ od irupxodwlrq ghv ìoìphqwv lpsoltxh xq frþw hq whuphv gh whpsv gh fdofxo/ gx
idlw gh fhwwh lqwìjudwlrq/ txh vd vlpsolflwì sduylhqw ã frpshqvhu sduwlhoohphqw1 Pdlv od yudlh
odfxqh ghv ìoìphqwv gìjìqìuìv vh vlwxh dx qlyhdx gx yhuurxloodjh txl dowëuh frqvlgìudeohphqw
ohxuv shuirupdqfhv1
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516 Oh yhuurxloodjh
Fh w|sh gh sureoëph ixw srvì ã od �q ghv dqqìhv 93 dyhf o*hvvru g*ìoìphqwv irqgìv vxu ghv

prgëohv gh w|sh Uhlvvqhu/ hq sduwlfxolhu o*ìoìphqw 6G lvrsdudpìwultxh gìjìqìuì/ lqwurgxlvdqw
ghv flvdloohphqwv wudqvyhuvhv1 Fh sdudjudskh ylvh ã h{soltxhu fh skìqrpëqh hw qh grqqhud sdv
xqh uhyxh eleolrjudskltxh ghv gl�ìuhqwhv whfkqltxhv ìoderuìhv srxu uhpìglhu dx sureoëph gx
yhuurxloodjh1 Oh ohfwhxu lqwìuhvvì vh uhsruwhud dx wudydlo gh v|qwkëvh gh Nhuehu vxu oh vxmhw
^NHU<3` pdlv ìjdohphqw ã o*dqdo|vh gh Exfdohp hw Edwkh ^EXF<:`1

Udsshorqv wrxw g*derug od gì�qlwlrq gx yhuurxloodjh = f*hvw xq skìqrpëqh vh pdqlihvwdqw
sdu xqh uljlglwì h{fhvvlyh gh o*ìoìphqw txdqg g*xqh sduw oh udssruw gh o*ìsdlvvhxu vxu ohv
glphqvlrqv gh o*ìoìphqw dwwhlqw xqh ydohxu olplwh/ hw g*dxwuh sduw txdqg o*lqwhusrodwlrq hvw gh
idleoh ghjuì1

51614 Gl�ìuhqwv w|shv gh yhuurxloodjh
Rq glvwlqjxh soxvlhxuv w|shv gh yhuurxloodjh fruuhvsrqgdqw ã ghv vlwxdwlrqv vsìfl�txhv =
� yhuurxloodjh gh flvdloohphqw = lo hvw dvvrflì dx gìyhorsshphqw g*xqh gìirupdwlrq gh
flvdloohphqw wudqvyhuvh �fwlyh

� yhuurxloodjh gh phpeudqh = lo hvw dvvrflì dx gìyhorsshphqw g*xqh gìirupdwlrq gh php0
eudqh �fwlyh

Srxu h{soltxhu ohv pìfdqlvphv ghv yhuurxloodjhv gh flvdloohphqw hw gh phpeudqh/ rq v*ds0
sxlh vxu od ghvfulswlrq gh Eho|wvfknr hw do ^EHO;8` hw o*h{hpsoh g*xqh srxwuh frxueh ã odtxhooh
rq dsssoltxh od wkìrulh ghv frtxhv plqfhv ^VWR;6`1 Rq qrwh x/ y hw z ohv gìsodfhphqwv g*xq
srlqw txhofrqtxh gh od srxwuh1 Dlqvl/ od gìirupdwlrq gh od srxwuh shxw íwuh gìfrpsrvìh hq
xqh frpsrvdqwh gh phpeudqh %1/ xqh gh  h{lrq " +od frxuexuh, hw xqh gh flvdloohphqw �1
O*ìqhujlh gh gìirupdwlrq X gh od srxwuh v*ìfulw doruv =

X+x> y>z, @ 4
5
]

2
�G3 ",.G4 %,1 .G5 �,�g +514,

Rü  uhsuìvhqwh od oljqh pr|hqqh gh od srxwuh/ G3 / G4 hw G5 vrqw uhvshfwlyhphqw ohv
frqvwdqwhv gh  h{lrq/ gh phpeudqh hw gh flvdloohphqw1

Rq qrwh H hw J ohv prgxohv g*\rxqj hw gh flvdloohphqw1
Vl od srxwuh d xqh ìsdlvvhxu frqvwdqwh k hw xqh odujhxu ìjdoh ã o*xqlwì doruv =

G3 @ 66,Hk
+ G4 @ Hk G5 @ nJk +515,

Rü n hvw xq idfwhxu fruuhfwhxu whqdqw frpswh gx idlw txh oh flvdloohphqw q*hvw sdv frqvwdqw
gdqv o*ìsdlvvhxu +hq jìqìudo n @ 8@9 srxu rewhqlu xqh yduldwlrq txdgudwltxh gdqv o*ìsdlvvhxu
gdqv oh fdv g*xqh vhfwlrq uhfwdqjxodluh,1
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5161 Oh yhuurxloodjh

Fhwwh ìqhujlh X> ã odtxhooh hvw hq uìdolwì dvvrflìh oh wudydlo ghv irufhv dssoltxìhv hw ohv
frqglwlrqv dx{ olplwhv/ grlw íwuh plqlplvìh sdu udssruw ã x/ y hw z1

Hq vxssrvdqw txh k ghylhqw gh soxv hq soxv shwlwh/ wrxwhv fkrvhv uhvwdqw ìjdohv sdu dloohxuv/
oh sureoëph gh plqlplvdwlrq gh X hvw uìvrox srxu fkdtxh ydohxu gh k1 Dlqvl/ ohv uhodwlrqv gh
o*ìtxdwlrq +515, shuphwwhqw gh idluh oh frqvwdw vxlydqw = G3 / sursruwlrqqho ã k+/ ghylhqw gh
soxv hq soxv shwlw sdu udssruw ã G4 hw G5/ sursruwlrqqhov ã k1

Gdqv oh fdv gh �jxuh rü x/ y hw z vrqw fdofxoìv sdu xqh pìwkrgh ìoìphqw �ql/ ohv gìiru0
pdwlrqv gh flvdloohphqw hw gh phpeudqh qh v*dqqxohqw sdv qìfìvvdluhphqw1 Fhv whuphv ìwdqw
d�hfwìv gh frh!flhqwv pxowlsolfdwhxuv wuëv judqgv/ xqh oìjëuh dssur{lpdwlrq ghv gìsodfhphqwv
hw grqf ghv gìirupdwlrqv shxw hqwudñqhu xqh judqgh yduldwlrq ghv ìqhujlhv fruuhvsrqgdqwhv1

Xq who frpsruwhphqw hvw plv hq ìylghqfh oruv g*xq hvvdl gh  h{lrq sxuh rü ohv gìirupdwlrqv
gh phpeudqh hw gh flvdloohphqw vrqw qxoohv sduwrxw1 Oh fkdps gh gìsodfhphqw rewhqx hvw glw
lqh{whqvlrqqho +%1 @ 3, hw gh Nlufkkr� +� @ 3,1

Sdu frqvìtxhqw/ xq ìoìphqw �ql qh srxydqw uhsuìvhqwhu fh frpsruwhphqw yd jìqìuhu ghv
ìqhujlhv gh gìirupdwlrq h{fìghqwdluhv txl shxyhqw grplqhu o*ìqhujlh gh  h{lrq1 O*ìoìphqw vh
frpsruwh doruv gh idêrq wurs uljlgh/ f*hvw oh yhuurxloodjh1

Ohv frqwudlqwhv gh flvdloohphqw hw gh phpeudqh dvvrflìhv ã fhv ìqhujlhv h{fìghqwdluhv
vrqw qrppìhv frqwudlqwhv sdudvlwhv rx frqwudlqwhv �fwlyhv1 Holplqhu fhv frqwudlqwhv uhylhqw ã
vxssulphu oh yhuurxloodjh fruuhvsrqgdqw1

Srxu xq sureoëph txhofrqtxh/ oh skìqrpëqh hvw soxv gl!floh ã phwwuh hq ìylghqfh1 Lpsr0
vhu xq fkdps gh flvdloohphqw rx gh phpeudqh shuphwwdqw gh grplqhu od  h{lrq txdqg k whqg
yhuv }ìur q*hvw sdv vx!vdqw fdu oh uìvxowdw rewhqx ã od olplwh gìshqg ã od irlv ghv frqglwlrqv
olplwhv hw ghv h�ruwv dssoltxìv1

Sdu dloohxuv/ od glvfuìwlvdwlrq mrxh ìjdohphqw xq u÷oh lpsruwdqw gdqv fhv ghx{ w|shv gh
yhuurxloodjh1 Gh idêrq jìqìudoh/ o*lpsrvvlelolwì g*dqqxohu ohv whuphv gh flvdloohphqw wudqvyhuvh
hw gh phpeudqh vh surgxlud gdqv ohv dssurfkhv lvrsdudpìwultxhv fdu ohv irqfwlrqv g*lqwhusr0
odwlrq ghydqw vh frpshqvhu qh vrqw sdv gx píph ruguh1 Hq rxwuh/ txdqg oh ghjuì ghv irqfwlrqv
g*lqwhusrodwlrq dxjphqwh/ oh skìqrpëqh gh yhuurxloodjh glplqxh1

Ohv yhuurxloodjhv gh flvdloohphqw hw gh phpeudqh dxjphqwhqw frqwlqþphqw hw uìjxolëuh0
phqw dyhf od glplqxwlrq gh o*ìsdlvvhxu1 Dx frqwudluh/ oh yhuurxloodjh pdfklqh dssdudñw euxwd0
ohphqw txdqg o*ìsdlvvhxu ghylhqw wuëv shwlwh1 Fh sureoëph uìvxowh g*xq sureoëph vwulfwhphqw
qxpìultxh olì ã od suìflvlrq gh od pdfklqh hw lo vh surgxlw lqgìshqgdpphqw gh o*dssdulwlrq
gh frqwudlqwhv �fwlyhv1

Rq hqylvdjh gdqv fh wudydlo g*xwlolvhu xq ìoìphqw �ql ã wurlv qrhxgv ã lqwhusrodwlrq olqìdluh
d�q gh uìgxluh h!fdfhphqw oh frþw gh od vlpxodwlrq qxpìultxh1 Srxu fh w|sh g*ìoìphqw/ oh
yhuurxloodjh hq flvdloohphqw wudqvyhuvh hvw wuëv lpsruwdqw hw frqgxlw dx idlw txh o*ìoìphqw qh
irqfwlrqqh sdv txhooh txh vrlw o*ìsdlvvhxu gh od frtxh srxu ghv lqwhusrodwlrqv fodvvltxhv ã sduwlu
ghv fkdpsv gh gìsodfhphqw1 Srxu ghv ìoìphqwv 6G gìjìqìuìv/ oh yhuurxloodjh hq phpeudqh
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hvw lqh{lvwdqw fdu od vxuidfh pr|hqqh uhvwh sodqh1

51615 Ghv uhpëghv frqwuh oh yhuurxloodjh
Ohv vroxwlrqv sursrvìhv srxu uìjohu oh yhuurxloodjh vrqw qrpeuhxvhv1 G*dloohxuv/ xqh judqgh

sduwlh ghv wudydx{ frqvdfuìv dx{ ìoìphqwv �qlv ghsxlv oh gìexw ghv dqqìhv :3 v*hvw frqfhqwuìh
vxu o*ìolplqdwlrq gx yhuurxloodjh/ sulqflsdohphqw gh flvdloohphqw1 O*ìoìphqw uhwhqx srxu od
prgìolvdwlrq gx frpsruwhphqw ghv vwuxfwxuhv plqfhv hq DPI hvw xq whuudlq idyrudeoh ã fh
w|sh gh yhuurxloodjh1 F*hvw srxutxrl/ o*h{srvì vxlydqw ghv sulqflsdohv pìwkrghv sdooldqw fh
sureoëph vh olplwhud dx fdv gx yhuurxloodjh hq flvdloohphqw wudqvyhuvh1 O*klvwrultxh gh fkdtxh
pìwkrgh q*hvw sdv grqqì pdlv shxw íwuh wurxyì gdqv od uìiìuhqfh ^NHU<3`1

Pìwkrghv k|eulghv hw pl{whv
Gdqv fhv pìwkrghv/ soxvlhxuv fkdpsv vrqw lqwurgxlwv frpph lqfrqqxhv = hq soxv ghv

yduldeohv sulpdohv +gìsodfhphqwv hw urwdwlrqv,/ rq jdugh ghv yduldeohv gxdohv +gìirupdwlrqv
rx frqwudlqwhv,1 F*hvw srxutxrl rq ohv dsshooh ìjdohphqw pìwkrghv pxowl0fkdpsv1

O*dssurfkh pl{wh idlw lqwhuyhqlu xqh irupxodwlrq píodqw ohv whfkqltxhv vxlydqwhv = ohv
pìwkrghv sulpdohv +gìsodfhphqwv, frqvwuxlwhv vxu oh sulqflsh gh plqlplvdwlrq gh o*ìqhujlh
srwhqwlhooh hw ohv pìwkrghv gxdohv +frqwudlqwhv, edvìhv vxu oh sulqflsh gh plqlplvdwlrq gh
o*ìqhujlh srwhqwlhooh frpsoìphqwdluh1

O*dssurfkh k|eulgh shxw vh idluh gh ghx{ idêrqv = ohv pìwkrghv k|eulghv sulpdohv rü
ohv gìsodfhphqwv vrqw gì�qlv ã o*lqwìulhxu ghv ìoìphqwv/ hw ohxu frqwlqxlwì F6 lqwhu0ìoìphqwv
hvw lpsrvìh ã o*dlgh gh pxowlsolfdwhxuv gh Odjudqjh txl vrqw ghv frqwudlqwhv gì�qlhv vxu ohv
erugv ghv ìoìphqwv1 Ohv pìwkrghv k|eulghv gxdohv rü ohv frqwudlqwhv vrqw gì�qlhv ã o*lqwìulhxu
ghv ìoìphqwv hw o*ìtxloleuh ghv irufhv lqwhu0ìoìphqwv hvw lpsrvì sdu ghv pxowlsolfdwhxuv gh
Odjudqjh txl vrqw ghv gìsodfhphqwv gì�qlv vxu ohv erugv ghv ìoìphqwv1

Ohv ìoìphqwv edvìv vxu fhv pìwkrghv vrqw dsshoìv ìoìphqwv k|eulghv rx pl{whv hw grlyhqw
uhvshfwhu fhuwdlqhv k|srwkëvhv = dx0ghoã gh o*xwlolvdwlrq gx sulqflsh yduldwlrqqho gh Khoolqjhu0
Uhlvvqhu/ rq grlw fkrlvlu xq fkdps gh frqwudlqwh vdwlvidlvdqw d sulrul ohv ìtxdwlrqv g*ìtxloleuh
hw xq fkdps gh gìsodfhphqw lqgìshqgdqw oh orqj ghv erugv gh o*ìoìphqw1 Fhshqgdqw/ o*h{whq0
vlrq gh fhv irupxodwlrqv dx{ ìoìphqwv gh frtxh hvw sduwlfxolëuhphqw gl!floh fdu lo hvw txdvl0
phqw lpsrvvleoh gh wurxyhu xq fkdps gh frqwudlqwh 6G vdwlvidlvdqw ohv ìtxdwlrqv frpsoh{hv
gh od wkìrulh jìqìudoh ghv frtxhv1 Fh sureoëph shxw íwuh vxuprqwì hq xwlolvdqw ghv pxowlsolfd0
whxuv gh Odjudqjh frpph yduldeohv gx sureoëph d�q g*lpsrvhu xq fkdps gh frqwudlqwhv1 Fh
sulqflsh frqvwlwxh doruv xqh yhuvlrq dpìolruìh gx sulqflsh yduldwlrqqho gh Khoolqjhu0Uhlvvqhu1

Hq uìvxpì/ ohv pìwkrghv pxowl0fkdpsv gìfulwhv uhsrvhqw vxu ghv edvhv pdwkìpdwltxhv
vrolghv hw suìvhqwhqw soxvlhxuv dydqwdjhv = xqh judqgh suìflvlrq srxu ohv gl�ìuhqwv fkdpsv/
dyhf od srvvlelolwì g*rewhqlu gh erqqhv dssur{lpdwlrqv ghv frqwudlqwhv/ fh txl hvw hvvhqwlho
srxu ìylwhu oh yhuurxloodjh hq flvdloohphqw wudqvyhuvh1 G*dxwuh sduw/ lo hvw srvvleoh g*hpsor|hu
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ghv fkdpsv F- vhxohphqw srxu dvvxuhu od frqwlqxlwì gh od ghvfulswlrq jìrpìwultxh1 Qìdq0
prlqv/ fhv pìwkrghv suìvhqwhqw ìjdohphqw fhuwdlqhv olplwhv = suìvhqfh gh ghjuìv gh olehuwì
vxssoìphqwdluhv lpsoltxdqw ghv v|vwëphv soxv judqgv hw suìvhqfh gh prghv g*ìqhujlh qxooh
�fwliv gdqv fhuwdlqv prgëohv1

O*lqwìjudwlrq uìgxlwh
Hoohv frqvlvwhqw ã lqwìjuhu qxpìultxhphqw ohv whuphv gh od pdwulfh gh uljlglwì dyhf xqh

vrxv0lqwìjudwlrq/ fh txl d srxu h�hw gh glplqxhu od uljlglwì gh whooh vruwh txh oh yhuurxloodjh hvw
frqwuh0edodqfì1 Rq glvwlqjxh soxvlhxuv pìwkrghv = XUL +Xqlirup Uhgxfhg Lqwhjudwlrq, gdqv
ohvtxhoohv wrxv ohv whuphv gh o*ìqhujlh vrqw vrxv0lqwìjuìv gh idêrq vlplodluh/ hw ohv pìwkrghv VUL
+Vhohfwlyh Uhgxfhg Lqwhjudwlrq, rü vhxov ohv whuphv gh flvdloohphqw oh vrqw1 Hq frpsdudlvrq
dyhf ohv pìwkrghv pl{whv/ fhv whfkqltxhv vrqw g*xqh irupxodwlrq vlpsoh hw vrxyhqw h!fdfhv/
| frpsulv dx qlyhdx gx whpsv gh fdofxo1 Wrxwhirlv/ hoohv shxyhqw srvhu sureoëph gx idlw
gh o*lqwurgxfwlrq gh prghv �fwliv g*ìqhujlh qxooh fh txl hvw jíqdqw gx srlqw gh yxh gh ohxu
�delolwì1 Ghv pìwkrghv gh vwdelolvdwlrq shxyhqw íwuh xwlolvìhv srxu ìolplqhu fhv prghv �fwliv1
Hoohv frqvlvwhqw ã udmrxwhu ghv whuphv vxssoìphqwdluhv gh vwdelolvdwlrq dx{ pdwulfhv gh uljlglwì
vrxv0lqwìjuìhv1 Fhwwh pìwkrgh dsshoìh lqwìjudwlrq vìohfwlyh vwdelolvìh hvw h!fdfh pdlv qh
irqfwlrqqh sdv gdqv fhuwdlqv fdv whov txh oh wuldqjoh olqìdluh hw srxu xq pdloodjh jurvvlhu
vrxplv ã gh judqgv gìsodfhphqwv1

Pìwkrghv ã gìirupdwlrqv vxssrvìhv +Dvvxphg Vwudlqv Phwkrgv,
Hjdohphqw dsshoìhv pìwkrghv �E/ hoohv v*dwwdtxhqw gh iurqw dx sureoëph gh yhuurxloodjh1

Hoohv frqvlvwhqw ã uhpsodfhu gluhfwhphqw od pdwulfh g*lqwhusrodwlrq ghv gìirupdwlrqv E sdu
xqh dxwuh pdwulfh g*lqwhusrodwlrq �E rewhqxh sdu oh eldlv g*xqh surmhfwlrq1 �E hvw fkrlvlh srxu oh
flvdloohphqw hw ìyhqwxhoohphqw srxu od gìirupdwlrq gh phpeudqh gh vruwh txh ohv prxyhphqwv
gh w|sh Nlufkkr� +� @ 3, hw lqh{whqvlrqqhov +%1 @ 3, vrlhqw uhsuìvhqwdeohv1 Dlqvl/ �E shxw
v*dqqxohu frqwudluhphqw ã E1

Sdupl ohv pìwkrghv DVP/ rq shxw vsìfl�hu udslghphqw ohv pìwkrghv PG +Prgh Ghfrp0
srvlwlrq, gdqv ohvtxhoohv rq h�hfwxh ghv surmhfwlrqv gh E vxu ohv ghjuìv gh olehuwì gh vruwh
txh o*rq sxlvvh dyrlu � @ 3 hw %1 @ 3/ gìfrxsodqw dlqvl ohv prghv gh  h{lrq gh fhx{ gh
flvdloohphqw hw gh phpeudqh1

Fhv pìwkrghv vrqw dvvh} h!fdfhv srxu ìolplqhu oh yhuurxloodjh hw vrqw hq jìqìudo xwlolvìhv
dyhf o*ìoìphqw gìjìqìuì ^EHO;8`1

Srxu o*ìoìphqw ã frqvwuxluh/ od pìwkrgh xwlolvìh srxu flufrqvfuluh oh yhuurxloodjh hvw xqh
pìwkrgh g*lqwhusrodwlrq pl{wh ghv frpsrvdqwhv gh flvdloohphqw wudqvyhuvh ^EDW;9d`^EDW;9e`1

Dydqw g*derughu fhw dvshfw/ rq frpphqfh sdu gì�qlu xqh phvxuh gh gìirupdwlrq srxu
xqh dqdo|vh hq wudqvirupdwlrqv �qlhv1
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517 Phvxuh gh gìirupdwlrq gdqv xqh frq�jxudwlrq lqwhupì0
gldluh

Xq sureoëph hq wudqvirupdwlrqv �qlhv hvw sdu qdwxuh qrq olqìdluh fh txl qìfhvvlwh xqh ds0
surfkh lqfuìphqwdoh srxu vd uìvroxwlrq1 Fhwwh dssurfkh frqvlvwh vfkìpdwltxhphqw ã sduwdjhu
oh fkdujhphqw dssoltxì hq lqfuìphqwv gh fkdujhphqw1 Gdqv oh fdguh g*xqh pìwkrgh lqfuì0
phqwdoh srxu od uìvroxwlrq ghv ìtxdwlrqv g*ìtxloleuh/ rq frqvlgëuh od gìfrpsrvlwlrq vxlydqwh
gx judglhqw gh gìirupdwlrq lqfuìphqwdoh �I =

�I @ I ,I 6 > g+7�{, @ I )66 g+78-90�{, / g+786�{, @ I ,g+78-90�{, +516,
g+7�{,/ g+78-90�{, hw g+786�{, uhsuìvhqwhqw uhvshfwlyhphqw xq yhfwhxu pdwìulho ìoìphqwdluh

gdqv ohv frq�jxudwlrqv gh uìiìuhqfh F7/ lqwhupìgldluh F78-90 hw frxudqwh F786/ od frq�0
jxudwlrq gh uìiìuhqfh F7 fruuhvsrqgdqw ã fhooh rewhqxh ã od �q gh o*lqfuìphqw frqyhujhqw
suìfìghqw1

Xqh phvxuh gh gìirupdwlrq lqfuìphqwdoh gdqv od frq�jxudwlrq lqwhupìgldluh F78-90 shxwíwuh gìulyìh gh od yduldwlrq gh orqjxhxu fodvvltxh g*xqh oljqh pdwìulhooh1 Dlqvl =

:g+786�{,g+786�{,�: g+7�{,g+7�{, @: g+78-90�{,+5P,g+78-90�{,
Vrlw =

P @ 4
5
�:I ,I ,�: I )66 I )66

� +517,
Hq xwlolvdqw xqh lqwhusrodwlrq olqìdluh gh od wudqvirupdwlrq jìrpìwultxh vxu o*lqfuìphqw

l1h1 od srvlwlrq g*xq srlqw pdwìulho gdqv F78-90 hvw grqqìh sdu 78-90�{ @ +7�{.786 �{,@5/ doruvod phvxuh gh gìirupdwlrq shxw v*ìfuluh =

P @ 6,
qk:I )66 .: � ;)<=;>?@ABC DEF

�l k
I )66 .

� ;)<=;>?@ABC DEF
�l

� k:I ,�: � ;)<=;>?@ABC DEF
�l k

I ,� � ;)<=;>?@ABC DEF
�lr +518,

Hq frqvlgìudqw o*h{suhvvlrq gx gìsodfhphqw lqfuìphqwdo �x @786 �{�7 �{/ od uhodwlrq suì0
fìghqwh ghylhqw doruv =

P @ 4
7
��:I )66 .: I ,�

� C�$x
C+78-90�{,

�
.: � C�$x

C+78-90�{,
��I )66 . I ,�

�

@ 4
7
�: �C +7�{.786 �{,C+78-90�{,

�� C�$x
C+78-90�{,

�
.: � C�$x

C+78-90�{,
��C +7�{.786 �{,C+78-90�{,

��
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@ 4
5
�� C�$x

C+78-90�{,
�
.: � C�$x

C+78-90�{,
��

+519,
Ohv frpsrvdqwhv fryduldqwhv PGH gh P sdu udssruw ã od edvh pdwìulhooh gxdoh 78-90�jG

78-90�jH +n> o @ 4> 5> 6, grqqìh sdu =

:
78-90�j

H 78-90�jG @
+ 4

3
li o @ n
li o 9@ n > 78-90�jG @

C+78-90�{,C�G +51:,

dyhf i�G/ n @ 4> 5> 6j xq v|vwëph gh frrugrqqìhv fxuyloljqhv qdwxuhoohv/ vrqw rewhqxhv hq
xwlolvdqw ohv uhodwlrqv vxlydqwhv gdqv +517, =

I )66 @7 �jG 78-90 �j
G I , @786 �jG 78-90 �j

G > 7�jG @ C+7�{,
C�G 786�jG @

C+786�{,C�G
+51;,

Grqf =

PGH @ 4
5
�:786�jG 786�jH �:

7 �jG 7�jH�

@ 4
5
�: �

7�jG . C�$x
C�G

��
7�jH . C�$x

C�H
��: �

786�jG � C�$x
C�G

��
786�jH � C�$x

C�H
��

+51<,
O*lqwhusrodwlrq olqìdluh vxu o*lqfuìphqw l1h1 78-90�jG @ +7�jG .786 �jG,@5 +n @ 4> 5> 6, grqqh

�qdohphqw =

PGH @ 4
5
�: �C�$x

C�G
�

78-90�jH .
:
78-90 �jG

�C�$x
C�H

��
+5143,

518 Lqwhusrodwlrq pl{wh gdqv xq frqwh{wh g*ìoìphqw �ql gh
frtxh 6G gìjìqìuì

Od flqìpdwltxh ghv frtxhv g*Dkpdg shuphw gh gì�qlu xqh idplooh g*ìoìphqwv �qlv gh
frtxh F- lvrsdudpìwultxhv srxu odtxhooh od frqwlqxlwì gh od ghvfulswlrq jìrpìwultxh hvw dv0
vxuìh ^EDW<9`^EDW<3e`1 Fhv ìoìphqwv glwv gìjìqìuìv shuphwwhqw o*dqdo|vh gh vwuxfwxuhv gh
frtxh plqfhv hw ìsdlvvhv ^DKP:4` +fi �jxuh 514,1
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Ilj1 514 = Hoìphqw wuldqjxodluh ã wurlv qrhxgv = ìoìphqw uìho hw ìoìphqw gh uìiìuhqfh

51814 Flqìpdwltxh gh Dkpdg
Fhwwh flqìpdwltxh shuphw gh gì�qlu od srvlwlrq �{ gh q*lpsruwh txho srlqwP gdqv o*ìsdlv0

vhxu gh od frtxh ã sduwlu gh od srvlwlrq gx srlqw fruuhvsrqgdqw �P vxu od vxuidfh pr|hqqh gh
od frtxh hw gh vd srvlwlrq oh orqj g*xqh svhxgrqrupdoh �[ ã od vxuidfh pr|hqqh hq fh srlqw =

�{ @ [
J Q J+�> �,�$�{ J . )[J Q J+�> �,k

J
5 �[ J > ) 5 ^�4>.4` +5144,

Q J ìwdqw ohv irqfwlrqv g*lqwhusrodwlrq gìshqgdqw ghv frrugrqqìhv qdwxuhoohv gdqv oh sodq
+�> �, hw �$�{ J od srvlwlrq g*xq qrhxg l rü o*ìsdlvvhxu gh od frtxh hw od svhxgrqrupdoh vrqw
uhvshfwlyhphqw kJ hw �[ J +

��� �[ J��� @ 4,1 Ohv yhfwhxuv svhxgrqrupdx{ dvvxuhqw od frqwlqxlwì gh
od ghvfulswlrq jìrpìwultxh/ lov vrqw gì�qlv hq fkdtxh qrhxg ã sduwlu ghv srlqwv kdxw +K, hw edv
+E, fruuhvsrqgdqwv1 Srxu xq qrhxg l dssduwhqdqw ã soxvlhxuv ìoìphqwv/ �[ J hvw od uìvxowdqwh
ghv yhfwhxuv svhxgrqrupdx{ gì�qlv vxu fkdtxh ìoìphqw srxu xq píph qrhxg1

Xqh edvh pdwìulhooh fryduldqwh dx srlqw P shxw doruv v*ìfuluh =

�$j 6 @
S
J

;KL;M �$�{ J . )SJ
;KL;M NL, �[ J

�$j , @ S
J

;KL;O �$�{ J . )SJ
;KL;O NL, �[ J

�$j + @ S
J Q J NL, �[ J

+5145,

Oruvtxh P vh gìsodfh gh od frq�jxudwlrq gh uìiìuhqfh F7 yhuv od frq�jxudwlrq frxudqwh
F786/ vrq gìsodfhphqw �x @786 �{ �7 �{ rü 786�{ hw 7�{ vrqw grqqìv sdu o*ìtxdwlrq +5144, hvw
lqwhusroì gh od idêrq vxlydqwh =
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�x @[
J Q J+�> �,�$�x J . )[J Q J+�> �,k

J
5 +UJ � L, 7 �[ J +5146,

�$�x J ìwdqw oh gìsodfhphqw g*xq qrhxg l hw UJ xq whqvhxu ruwkrjrqdo gì�qlvvdqw hq fh qrhxg
od urwdwlrq lqfuìphqwdoh gh vd svhxgrqrupdoh 7 �[ J hq F7 l1h1 786 �[

J @ UJ 7 �[ J1
Gdqv oh fdv gh idleohv urwdwlrqv lqfuìphqwdohv/ rq rewlhqw doruv =

�x @ [
J Q J+�> �,�$�x J . )[J Q J+�> �,k

J
5 ��J a 7 �[ J +5147,

��J ìwdqw oh yhfwhxu urwdwlrq dx qrhxg l1
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Ilj1 515 = Gìsodfhphqw g*xq srlqw pdwìulho gdqv o*ìsdlvvhxu gh od frtxh

Gì�qlvvdqw hq fkdtxh qrhxg xqh edvh ruwkrqrupìh gh yhfwhxuv gdqv F7 + 7�Y J
6> 7�Y J, >

7�Y J+ �7 �[ J,/ rq shxw lqwurgxluh xq yhfwhxu urwdwlrq ã ghx{ frpsrvdqwhv who txh ��J @ �J
67�Y J

6 . �J, 7�Y J, +fi �jxuh 515,1 Dlqvl o*ìtxdwlrq suìfìghqwh shxw v*ìfuluh =

�x @ [
J Q J+�> �,�$�x J . )[J Q J+�> �,k

J
5 +�J, 7�Y J

6 � �J
6 7�Y J,, +5148,

Sdu frqvìtxhqw/ fhw ìoìphqw srvvëgh flqt ghjuìv gh olehuwì sdu qrhxg = wurlv wudqvodwlrqv
sdu udssruw dx uhsëuh joredo gh uìiìuhqfh +�l69�l,9�l+, hw ghx{ urwdwlrqv sdu udssruw dx{ yhfwhxuv
7�Y J

6 hw 7�Y
J, 1 D�q gh �{hu o*rulhqwdwlrq gh fhv ghx{ yhfwhxuv duelwudluhv/ 7�Y J

6 vh vlwxh lqlwldohphqwgdqv oh sodq +�l69�l+,1

6:



Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh

51815 Dssolfdwlrq ã xq ìoìphqw wuldqjxodluh ã wurlv qrhxgv
H{sorlwdqw od flqìpdwltxh gì�qlh suìfìghpphqw +5148, hw o*h{suhvvlrq gh od phvxuh gh

gìirupdwlrq grqqìh sdu +5143,/ rq shxw hq gìgxluh o*lqwhusrodwlrq ghv frpsrvdqwhv gh gìiru0
pdwlrq gh phpeudqh0 h{lrq PGH +n> o @ 4> 5, =

PGH @ 6,
qSJ k:78-90�jH

;KL;PQ .:
78-90 �jG

;KL;PH
l�$�x J

. �SJ k:78-90�jH
;KL;PG .:

78-90 �jG
;KL;PH

l NL,
�
+�J, 7�Y J

6 � �J
6 7�Y J,,

�r +5149,

Q J +l @ 4> 5> 6, ìwdqw ohv irqfwlrqv g*lqwhusrodwlrq olqìdluhv = Q 6 @ 4 � � � �/ Q , @ � hw
Q + @ �1 Ohv frrugrqqìhv fxuyloljqhv �G +n @ 4> 5, vrqw whoohv txh �6 @ � hw �, @ �=

Frpph lo hq d ìwì txhvwlrq dxsdudydqw/ o*ìoìphqw gh frtxh ã wurlv qrhxgv lvrsdudpì0
wultxh hvw fdudfwìulvì sdu oh yhuurxloodjh hq flvdloohphqw wudqvyhuvh1 Skìqrpëqh g*dxwdqw soxv
surqrqfì txh vhv irqfwlrqv g*lqwhusrodwlrq vrqw olqìdluhv1 Dlqvl/ txhooh txh vrlw o*ìsdlvvhxu gh
od frtxh/ xq fdofxo v*dssx|dqw vxu fhw ìoìphqw �ql qh shxw sdv irqfwlrqqhu1 Srxu flufrqvfuluh
fh w|sh gh yhuurxloodjh/ rq xwlolvh xqh pìwkrgh g*lqwhusrodwlrq pl{wh ghv gìirupdwlrqv gh fl0
vdloohphqw wudqvyhuvh ^GYR;7`^EDW;9d`^EDW;9e`^EUH;<` ^EDW<3e`1 Fhwwh dssurfkh frqvlvwh
ã gl�ìuhqflhu o*lqwhusrodwlrq ghv frpsrvdqwhv gh flvdloohphqw gh fhooh ghv frpsrvdqwhv gh
phpeudqh0  h{lrq1 Dgrswdqw o*dssurfkh suìfrqlvìh gdqv ^ERL<7`/^ERL<9` hw ^GDQ<;`/ ohv
frpsrvdqwhv gh flvdloohphqw PG+ +n @ 4> 5, vrqw lqwhusroìhv ã sduwlu ghv ydohxuv qrgdohv
P J

G+ =

PG+ @ [
J Q J+�> �,P J

G+ +514:,

fhv ydohxuv ìwdqw rewhqxhv hq vxssrvdqw frqvwdqwhv ohv gìirupdwlrqv gh flvdloohphqw wudqv0
yhuvh oh orqj ghv f÷wìv gh o*ìoìphqw1

i

1−i

1+i

ir1

ir2

if1

R
if 2

R

ii gf 33

RR
=

Ilj1 516 = Edvh fryduldqwh qrgdoh srxu oh fdofxo ghv flvdloohphqwv wudqvyhuvhv

Vl o*rq frqvlgëuh uJS +uJS 5 ^3> 4`, hw uJT +uJT 5 ^3> 4`, ohv frrugrqqìhv qdwxuhoohv gh ghx{ f÷wìv
dgmdfhqwv +l> l. 4, hw +l> l� 4,/ rq shxw gì�qlu xqh edvh fryduldqwh ��i JS> �i JT> �i JU� dx qrhxg l hw
uhodwlyh ã fhv f÷wìv +fi1 �jxuh 516, =

6;



5181 Lqwhusrodwlrq pl{wh gdqv xq frqwh{wh g*ìoìphqw �ql gh frtxh 6G gìjìqìuì

�i JS @ C�${
CuJS �i JT @ C�${

CuJT �i JU @ �jJU +514;,
Od �jxuh vxlydqwh grqqh ohv uhodwlrqv h{lvwdqw hqwuh +uJS> uJT, hw ohv frrugrqqìhv qdwxuhoohv

gdqv oh sodq +�> �, pdlv ìjdohphqw fhoohv oldqw ��i JS> �i JT� dyhf +�jS> �jT,1
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Ilj1 517 = Edvh fryduldqwh qrgdoh

Od frqqdlvvdqfh ghv edvhv fryduldqwhv qrgdohv dx gìexw �W �i XS>W �i XT>W �i XU
� hw ã od �q +WYS�i XS/

WYS�i XT/ WYS�i XU, g*xq lqfuìphqw hw o*xwlolvdwlrq g*xqh lqwhusrodwlrq olqìdluh gh od wudqvirupd0
wlrq jìrpìwultxh vxu o*lqfuìphqw shuphwwhqw g*ìfuluh od edvh fryduldqwh gdqv od frq�jxudwlrq
lqwhupìgldluh FWYZ[\ =

WYZ[\�i X] @ 4
5
kW �i X] .WYS �i X]

l > +n @ 4> 5> 6, +514<,
Hq uhsuhqdqw ohv ìtxdwlrqv +51<, hw +5143,/ ohv frpsrvdqwhv qrgdohv gh gìirupdwlrq gh

flvdloohphqw wudqvyhuvh sdu udssruw ã od edvh frqwudyduldqwh WYZ[\�i X[] WYZ[\ �jX[U +n @ 4> 5,
shxyhqw doruv v*h{sulphu =

^P X]U @ 4
5
k_
WYS�i X] WYS�jXU �_

W �i X] W�jXU
l

@ 4
5
�_ �C�$x

CuX]
�

WYZ[\�jXU .
_
WYZ[\ �i X]

�C�$x
C�

��
+5153,

6<
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Ilj1 518 = Qxpìurwdwlrq ghv srlqwv plolhx{ g*xq ìoìphqw

Vxssrvìhv frqvwdqwhv oh orqj ghv f÷wìv gh o*ìoìphqw/ fhv frpsrvdqwhv vrqw fdofxoìhv dx
plolhx ghv f÷wìv p @ 7> 8> 9 +fi �jxuh 518, =

^P X]U @ 4
5
%_ �C�$x

CuX]
�

a WYZ[\�jaU .
_
WYZ[\ �i X]

�C�$x
C�

�

a

&
+5154,

Rü +�,a vljql�h od ydohxu gh +�, hq p1
Hq uhsuhqdqw ohv ìtxdwlrqv +5144,/ +5145,/ +5148, dyhf ghv irqfwlrqv g*lqwhusrodwlrq ol0

qìdluhv/ rq rewlhqw srxu WYZ[\�jaU =

WYZ[\�jbU @ 4
;
k
kS

�W �[ S.WYS �[ S�. kT
�W �[T.WYS �[T�l

WYZ[\�j\U @ 4
;
k
kT

�W �[T.WYS �[T�. kU
�W �[U .WYS �[U�l +5155,

WYZ[\�jcU @ 4
;
k
kS

�W �[ S.WYS �[ S�. kU
�W �[U .WYS �[U�l

Hw srxu +C�$x @C�,a =
�C�$x

C�
�

b
@ 4

7
k
kS

�
�ST W�Y SS � �SS W�Y ST �. kT

�
�TT W�Y TS � �TS W�Y TT �l

�C�$x
C�

�

\ @
4
7
k
kT

�
�TT W�Y TS � �TS W�Y TT �. kU

�
�UT W�Y US � �US W�Y UT �l +5156,

�C�$x
C�

�

c
@ 4

7
k
kS

�
�ST W�Y SS � �SS W�Y ST �. kU

�
�UT W�Y US � �US W�Y UT �l
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5191 Fdguh frqvwlwxwli k|shuìodvwltxh

Hw hq�q srxu �C�$x @CuX]�a hq suhqdqw � @ 3 gdqv o*ìtxdwlrq +5148, =
�C�$x
CuXS

�

a @ �$�x XYS��$�x X>
�C�$x
CuXT

�

a @ �$�x XdS��$�x X> �$�x Z � �$�x U +5157,
Fhv uhodwlrqv shuphwwhqw doruv g*h�hfwxhu o*lqwhusrodwlrq vxlydqwh ghv frpsrvdqwhv gh

gìirupdwlrq ^P X]U ã sduwlu gh o*ìtxdwlrq +5154, =
# ^P XSU^P XTU

$
@ OXxeW +5158,

Rü OX uhsuìvhqwh od pdwulfh g*lqwhusrodwlrq dx qrhxg l hw xeW oh yhfwhxu ghv gìsodfhphqwv
qrgdx{1

Gdqv od edvh WYZ[\�j] WYZ[\ �jX[U +n @ 4> 5, =
# P XSU

P XTU
$

@
3

C
S] ^P X]U

�_
WYZ[\�i X[] WYZ[\�jS

�

S] ^P X]U
�_
WYZ[\�i X[] WYZ[\�jT

�

4

D @ �OX �OX�xeW +5159,

O*xwlolvdwlrq g*xqh lqwìjudwlrq uìgxlwh ^ERL<5` gdqv +514:, shuphw doruv g*ìfuluh =
# PSU

PTU
$

@[

X
Q X�OX �OX�xeW @ 4

6
[

X
�OX �OX�xeW @ EfxeW +515:,

O*lqwhusrodwlrq pl{wh vh wudgxlw sdu o*rewhqwlrq g*xqh pdwulfh g*lqwhusrodwlrq ghv gìirupd0
wlrqv gh flvdloohphqw wudqvyhuvh Ef fruuhvsrqgdqw dx píph yhfwhxu ghv gìsodfhphqwv qrgdx{
xeW txh srxu xq ìoìphqw edvì vxu oh gìsodfhphqw1

Ilqdohphqw/ o*lqwhusrodwlrq ghv gìirupdwlrqv hvw rewhqxh sdu dvvhpeodjh ghv pdwulfhv
g*lqwhusrodwlrq ghv gìirupdwlrqv gh phpeudqh0 h{lrq Eag gìulyìh gh +5149, hw gh od pdwulfh
g*lqwhusrodwlrq ghv gìirupdwlrqv gh flvdloohphqw wudqvyhuvh Ef who txhP @ +Eag �Ef,xeW @
ExeW rü E hvw lqgìshqgdqwh gh xeW pdojuì oh fdudfwëuh qrq0olqìdluh gh od gìirupdwlrq1

519 Fdguh frqvwlwxwli k|shuìodvwltxh
I ìwdqw oh judglhqw gh wudqvirupdwlrq wrwdoh/gh od frq�jxudwlrq lqlwldoh FZ ã od frq�jxud0

wlrq frxudqwh FWYS/ hw G @
� bII dS

�h oh whqvhxu ghv wdx{ gh gìirupdwlrq pdwìulhooh dvvrflì/
rq lqwurgxlw xqh phvxuh gh gìirupdwlrq g whooh txh =

G @ bg�zg. gz > z @ bt
_
t / t mijZ @ L / t

_
t @ L +515;,

l1h1 G hvw gì�ql frpph od gìulyìh urwdwlrqqhooh Gk+�, gh g sdu udssruw ã xqh urwdwlrq
t1 Gìshqgdqw gh fhwwh urwdwlrq/ g shxw íwuh frqvlgìuìh frpph xqh gìirupdwlrq whqvrulhooh
fxpxoìh gdqv oh vhqv lqwurgxlw gdqv ^JLO<6`1
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Ilj1 519 = Frq�jxudwlrqv lqwhupìgldluh hw wrxuqìh

Gdqv od frq�jxudwlrq wrxuqìh Fk @
_
t iFWYSj +fi �jxuh 519, =

bgk @
_
tGt > gk @

_
tgt +515<,

Vxssrvdqw o*ìwdw gx pdwìuldx frpph frpsoëwhphqw gìfulw gdqv fhwwh frq�jxudwlrq sdu
gk/ rq gìulyh fodvvltxhphqw xqh uhodwlrq frqwudlqwh0gìirupdwlrq gh o*ìtxdwlrq g*ìtxloleuh vxl0
ydqwh =

_
G� � �

_ bgkC#
�gk�

Cgk @
_ bgk

%
�k � �C#

�gk�
Cgk

&
@ 3 ; bgk > �k @

_
t�t +5163,

Rü � hvw oh whqvhxu ghv frqwudlqwhv yudlhv gh Fdxfk|/ � hvw od ghqvlwì gh pdvvh frxudqwh
hw # o*ìqhujlh oleuh vsìfl�txh1 Dlqvl =
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5191 Fdguh frqvwlwxwli k|shuìodvwltxh

�k @ �C#
�gk�

Cgk +5164,

Od sulqflsdoh fdudfwìulvwltxh ghv txdqwlwìv wrxuqìhv +gk> bgk> �k, uìvlgh gdqv od frqvhuydwlrq
gx frqwhqx sk|vltxh ghv txdqwlwìv hxoìulhqqhv dvvrflìhv1 Hq sduwlfxolhu/ ohv frpsrvdqwhv gh bgk
vrqw fhoohv gh G sdu udssruw dx uhsëuh wrxuqdqw sdu od urwdwlrq t +hq sduwlfxolhu wuG @ wu bgk,
+fi �jxuh 519, =

bgk @ �Xl Z�dX  Z�dl vl G @ �Xl WYS�dX WYS�dl dyhf Z�d] @
_
t WYS�d]> n @ 4> 5> 6

+5165,
Grqf =

gk @
]

i
bgkgw @

]

i�Xlgw Z�dX  Z�dl @ �Xl Z�dX  Z�dl +5166,
Hq h{sorlwdqw o*ìtxdwlrq +515<, frpelqìh ã xqh lqwìjudwlrq qxpìultxh vxu o*lqwhuydooh gh

whpsv ^wW> wWYS`/ rq rewlhqw =

�gk @
_
WYm t ��w WYmG� WYmt @ ��Xl Z�dX  Z�dl > �w @ wWYS� wW / ) 5 ^3> 4` +5167,

WYmt ìwdqw od urwdwlrq grqqdqw od frq�jxudwlrq wrxuqìh Fk ã sduwlu g*xqh frq�jxudwlrq
lqwhupìgldluh FWYm l1h1 Fk @

_
WYm t iFWYmj +fi �jxuh 519,1 Rq hq gìgxlw doruv =

��Xl @
��wGWYm�Xl

Srxu xqh lqwhusrodwlrq olqìdluh gh od wudqvirupdwlrq jìrpìwultxh vxu o*lqwhuydooh gh whpsv
frqvlgìuì l1h1 WYm�{ @ +4� ), W�{. ) WYS�{/ xqh dssur{lpdwlrq suìflvh dx vhfrqg ruguh gh ��Xlhvw rewhqxh hq xwlolvdqw o*ìtxdwlrq +5143, =

��Xl @
[
n
[

a Pna �_
WYZ[\�jn WYZ[\�dX

��_WYZ[\�ja WYZ[\�dl� > WYZ[\�d] @WYZ[\ t Z�d] > n @ 4> 5> 6
+5168,

Ghv fkhplqv g*lqwhusrodwlrq soxv frpsoltxìv shxyhqw íwuh xwlolvìv1 Hq sduwlfxolhu/ oh fkh0
plq h{srqhqwlho sursrvì gdqv ^QDJ;7` hvw edvì vxu o*k|srwkëvh g*xq wdx{ gh gìirupdwlrq
frqvwdqw vxu o*lqwhuydooh gh whpsv1 Lo vxjjëuh txh ohv gluhfwlrqv sulqflsdohv ghv gìirupdwlrqv
frqvhuyhqw xqh rulhqwdwlrq frqvwdqwh oruv gh od wudqvirupdwlrq lqfuìphqwdoh1 Gh fh idlw/ xqh
lqwhusrodwlrq h{dfwh hvw rewhqxh srxu q*lpsruwh txhooh wudqvirupdwlrq wuld{ldoh1 Sdu dloohxuv/
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soxv od glvwruvlrq ghv gluhfwlrqv pdwìulhoohv hvw vhqvleoh/ soxv o*huuhxu hvw lpsruwdqwh srxu xq
lqwhuydooh gh whpsv grqqì1

Gdqv oh fdguh g*xqh pìwkrgh lqfuìphqwdoh dvvrflìh dx vfkìpd lwìudwli gh Qhzwrq srxu
od uìvroxwlrq ghv ìtxdwlrqv g*ìtxloleuh joredohv/ ohv gìirupdwlrqv lqfuìphqwdohv ��Xl vrqw
xwlolvìhv srxu od plvh ã mrxu ghv frpsrvdqwhv gh �k +htxdwlrq 5164, txl vrqw ìjdohphqw fhoohv
gh � sdu udssruw dx uhsëuh wrxuqdqw sdu od urwdwlrq t1

51: Gh�qlwlrq ghv urwdwlrqv remhfwlyhv
Srxu xqh urwdwlrq duelwudluh u lpsrvìh ã xqh wudqvirupdwlrq grqqìh I / oh wdx{ gh urwdwlrq

z @ bt
_
t hvw fkdqjì hq bu

_
u. uz

_
u gdqv oh fdv g*xqh urwdwlrq remhfwlyh t1 z ìwdqw gh píph

qdwxuh txh oh whqvhxu ghv wdx{ gh urwdwlrq pdwìulhooh Z @
� bII dS

�o/ o*remhfwlylwì gh Z �z
lpsoltxh doruv fhooh gh t1

Xqh idplooh gh urwdwlrqv flqìpdwltxhv remhfwlyhv t shxw íwuh gì�qlh sdu od uìvroxwlrq gx
sureoëph gl�ìuhqwlho vxlydqw ^IUH;6`^ERX<7` =

bt @
k
+4� ),Z . ) bU

_
U
l
t / t mijZ @ L > ) 5 ^3> 4` +5169,

Rü U hvw od urwdwlrq sursuh dvvrflìh ã I 1
Oh fkrl{ gh txhotxh urwdwlrq txh fh vrlw hvw glfwì fodvvltxhphqw/ srxu ohv pdwìuldx{

lvrwurshv/ sdu od txdolwì gh od uìsrqvh rewhqxh1
Hq sduwlfxolhu/ ohv ghx{ fdv olplwhv ) @ 3 + bt

_
t @ Z , hw ) @ 4 +t @ U, gì�qlvvhqw

uhvshfwlyhphqw od urwdwlrq gx uhsëuh frurwdwlrqqho hw fhooh gx uhsëuh wrxuqdqw hq urwdwlrq
sursuh1

Gdqv oh fdv gh o*dqlvrwurslh/ oh fkrl{ grlw íwuh ìjdohphqw idlw vhorq ohv fulwëuhv gh frkìuhqfh
skìqrpìqrorjltxh hq o*devhqfh gh grqqìhv frqfhuqdqw od plfurvwuxfwxuh ^ERX<7`1

Od flqìpdwltxh g*Dkpdg/ suìvhqwìh gdqv xq sdudjudskh suìfìghqw/ pëqh ã xqh irupxod0
wlrq gh frtxh suhqdqw hq frpswh ohv h�hwv gh flvdloohphqw wudqvyhuvh gdqv od phvxuh rü hooh
lqwurgxlw xqh svhxgr0frxuexuh ã wudyhuv od gì�qlwlrq ghv yhfwhxuv svhxgr0qrupdx{/ txdqg
elhq píph od vxuidfh pr|hqqh gh od frtxh uhvwh sodqh1 Dlqvl/ hq wudydloodqw dyhf xq uhsëuh
gh uìiìuhqfh �hX grqw o*xq ghv d{hv hvw frqvwuxlw ã sduwlu g*xqh gluhfwlrq pdwìulhooh oruv gh od
wudqvirupdwlrq/ od iruph lqwulqvëtxh gh I hvw doruv =

I @ IXl WYS�hX  Z�hl > ^IXl` @

5

997

ISS IST ISU
3 ITT ITU
3 3 IUU

6

::8 +516:,

hq frqvlgìudqw txh �jS hvw fhwwh gluhfwlrq pdwìulhooh +fi �jxuh 51:, =
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51:1 Gh�qlwlrq ghv urwdwlrqv remhfwlyhv

�hS @ �jSn�jSn �hU @ �jS a �jTn�jS a �jTn �hT @ �hU a �hS +516;,

11F

22
F

M

23F

13
F

12F

3e
p

2e
p

1e
p

ξ

η

ζ

1
g
p

2g
p

3g
p

33F

Ilj1 51: = Wudqvirupdwlrq 60G dxwrxu gx yrlvlqdjh g*xq srlqw pdwìulho = ghvfulswlrq lqwulq0
vëtxh

Hq qìjoljhdqw hq suhplëuh dssur{lpdwlrq/ gdqv oh fdv ghv frtxhv wuëv plqfhv/ ohv frp0
srvdqwhv gh flvdloohphqw wudqvyhuvh ISU hw ITU sdu udssruw dx{ dxwuhv/ rq shxw suhqguh od
uhvwulfwlrq gh I dx sodq hw od wudqvirupdwlrq sodqh krprjëqh orfdoh uìvxowdqw shuphw g*ìfuluh
^GRJ;;` =

Z @ZXl WYS�hX  WYS�hl> ^ZXl` @
4
5i b�

5

997

3 4 3
�4 3 3
3 3 3

6

::8 > i @ ISS
ITT > � @ IST

ISS +516<,

hw =

U @ UXl WYS�hX  Z�hl> ^UXl` @

5

997

frv� vlq� 3
� vlq� frv� 3

3 3 4

6

::8 > � @ dufwdq
� IST
ISS. ITT

�

+5173,
Dyhf =

ISS @ �_WYS�jS WYS�hS� �
_Z�jS Z�hS� +5174,

ITT @ �_WYS�jT WYS�hT� �
_Z�jT Z�hT�

IST @ �_WYS�jS WYS�hS� �
_Z�jS Z�hT�. �_WYS�jT WYS�hS� �

_Z�jT Z�hT�
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vl o*rq frqvlgëuh od uhvwulfwlrq gh I dx sodq l1h1 Iadq @WYS �jS Z�jS.WYS �jT Z�jT1
Fh txl dpëqh ã xqh idplooh gh urwdwlrqv remhfwlyhv +6187, gì�qlh sdu xq dqjoh � xqltxh

who txh =

b� @ +4� �, 45i b� . � b� +5175,
Rü b� ydulh/ srxu xq whpsv grqqì/ hqwuh od pr|hqqh odjudqjlhqqh +� @ 3, hw hxoìulhqqh

+� @ 4, ghv wdx{ gh urwdwlrqv ghv gluhfwlrqv pdwìulhoohv ^GRJ;<`1
Od txdolwì gh od uìsrqvh rewhqxh dyhf q*lpsruwh txho uhsëuh wrxuqdqw gìshqg iruwhphqw

gh vrq wdx{ sdu udssruw ã xqh uìiìuhqfh pdwìulhooh1 Fhshqgdqw/ gdqv oh fdv g*xqh judqgh
glvwruvlrq ghv oljqhv pdwìulhoohv +soxv gh 433 (,/ wrxv ohv uhsëuhv wrxuqdqw grqqìv sdu od
uhodwlrq +5175, uhvwhqw ìtxlydohqwv1 Hq sduwlfxolhu/ lov vrqw ìtxlydohqwv dx uhsëuh dsshoì uhsëuh
wuld{ldo ^GRJ;<` srxu ohtxho g @ oqY rü Y @ I

_
U1 Xq fkrl{ vlpsoh srxuudlw grqf íwuh od

urwdwlrq sursuh1
#Z ìwdqw o*rulhqwdwlrq lqlwldoh gx uhsëuh wrxuqdqw sdu udssruw ã Z�hS/ o*h{suhvvlrq gh o*rulhq0

wdwlrq frxudqwh #WYS gh fh píph uhsëuh sdu udssruw ã WYS�hS v*rewlhqw idflohphqw +fi �jxuh
51;, =

#WYS @ #Z . � +5176,
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Ilj1 51; = Uìdfwxdolvdwlrq gx uhsëuh wrxuqdqw
Od uìdfwxdolvdwlrq gx uhsëuh wrxuqdqw/ rewhqxh hq frqvlgìudqw od uhvwulfwlrq gh I dx sodq/

shuphw gh uhqguh frpswh gluhfwhphqw gh o*k|srwkëvh gh frqwudlqwh qrupdoh qxooh ã wudyhuv
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51;1 Rsìudwhxu wdqjhqw

o*ìsdlvvhxu gh od frtxh1 Sdu dloohxuv/ o*xwlolvdwlrq gh uhsëuhv dwwdfkìv g*xqh fhuwdlqh idêrq ã
xqh gluhfwlrq pdwìulhooh dvvxuh xqh remhfwlylwì lqfuìphqwdoh lqfrqglwlrqqhooh1

51; Rsìudwhxu wdqjhqw
Gdqv oh fdv g*xqh irupxodwlrq odjudqjlhqqh uìdfwxdolvìh oruv gh od uìvroxwlrq gx sureoëph

g*ìtxloleuh joredo ^ERX<7`^JDD<6`^ERX<;d`/ xq rsìudwhxu wdqjhqw dgplvvleoh W W grlw íwuh
dvvrflì gdqv od frq�jxudwlrq gh uìiìuhqfh FW dx frxsoh frqmxjxì gìirupdwlrqv gh Juhhq0
Odjudqjh H0 frqwudlqwhv gh Slrod0Nlufkkr� V who txh =

g �VWYS� @ W Wg �HWYS� +5177,
Sxlvtxh ohv frpsrvdqwhv gh g+�,s @ gw > +�,s @

_
U+�,U/ gdqv od frq�jxudwlrq wrxuqìh Fs

vrqw ìjdohphqw fhoohv gh od gìulyìh urwdwlrqqhooh Gs+�, @ g+�, @ gw�z+�,. +�,z > z @ bU
_
U

gdqv od frq�jxudwlrq frxudqwh FWYS sdu udssruw dx uhsëuh wrxuqdqw sdu od urwdwlrq sursuh
U/ lo ylhqw doruv =

g ��WYSs � @ +Gs�,Xl gw Z�dX  Z�dl

g �gWYSs � @ +Gsg,Xl gw Z�dX  Z�dl +5178,
Dlqvl/ gdqv FW =

UW �g ��WYSs �� _
UW @ +Gs�,Xl gw W�dX  W�dl

UW �g �gWYSs �� _
UW @ +Gsg,Xl gw W�dX  W�dl +5179,

Gh od píph idêrq/ ohv frpsrvdqwhv gh g �HWYS� 2 gw gdqv FW vrqw ìjdohphqw fhoohv
gx whqvhxu ghv wdx{ gh gìirupdwlrq pdwìulhooh gdqv FWYS sdu udssruw ã xq uhsëuh frqyhfwli
frqwudyduldqw/ hw ohv frpsrvdqwhv gh g �VWYS� 2 gw gdqv FW vrqw ìjdohphqw fhoohv gh od gìulyìh
frqwudyduldqwh ghv frqwudlqwhv gh Nlufkkr�Gq� @ b��� bII dS

�
��� _ � bII dS

� > � @ +ghwI ,�
gdqv FWYS sdu udssruw ã xq uhsëuh frqyhfwli fryduldqw1 Dlqvl =

g �VWYS� @ +Gq�,Xl gw W�jX  W�jl> W�j] @ �I dS WYS�j]> n @ 4> 5> 6
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh

g �HWYS� @ GXlgw W�jX  W�jl> W�j] @
_
�I WYS�j] +517:,

Dyhf =

GXlgw @
[
]

[
n +Gsg,]n gw �_WYS�d] WYS�jX

� �_WYS�dn WYS�jl� > +Gsg,]n gw @ g �gWYSs �]n

+517;,
Hq h{sulpdqw g �HWYS� sdu udssruw dx uhsëuh wrxuqdqw gdqv FW/ lo ylhqw doruv =

g �HWYS� @ [
]

[
n G]ngw

�_
W�j] W�dX

��_
W�jn W�dl

� W�dX  W�dl +517<,

Hq suhqdqw hq frpswh o*ìtxdwlrq +517;,/ rq shxw doruv hq gìulyhu od uhodwlrq vxlydqwh =

g �HWYS� @ �Sg �gWYSs � +5183,
Hq frqvlgìudqw o*dssur{lpdwlrq vxlydqwh gh od gìulyìh frqwudyduldqwh ghv frqwudlqwhv gh

Nlufkkr�/ vxjjìudqw xqh yduldwlrq gh yroxph prgìuìphqw idleoh oruv gh od wudqvirupdwlrq =

Gq� � Gq� @ b� � � bII dS
�
� � �

_ � bII dS
� +5184,

Fhwwh k|srwkëvh hvw yìul�ìh hq suhplëuh dssur{lpdwlrq gdqv oh fdv ghv frpsruwhphqwv
ìodvwr0glvvlsdwliv ghv pdwìuldx{ pìwdooltxhv1

Hq xwlolvdqw o*lghqwlwì =

Z @
� bII dS

�o
@ bU

_
U.U

� bXXdS
�o _

U> X @
_
UI +5185,

Lo ylhqw doruv =

Gq� @ Gs � � �
G .U

� bXXdS
�o _

U
�
� � �

�
G �U

� bXXdS
�o _

U
�

+5186,
Dlqvl/ hq vxssrvdqw ghv urwdwlrqv pdwìulhoohv prgìuìphqw idleohv vxu fkdtxh lqfuìphqw gh

whpsv/ rq shxw hq gìgxluh txh ohv gluhfwlrqv sulqflsdohv gh bX hw XdS shxyhqw íwuh frqirqgxhv =

� bXXdS
�o � 3> Gq� @ Gs � �G� � �G +5187,
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51<1 Glvfuìwlvdwlrq gx sulqflsh ghv wudydx{ yluwxhov

Hw grqf =

+Gq�,Xl gw @ [
]

[
n +Gq�,]n gw �_WYS�d] WYS�jX� �

_
WYS�dn WYS�jl� +5188,

Dyhf =

+Gq�,]n gw @ +Gs �,]n gw� +Gs g,]t gw �tn � �]t +Gs g,tn gw +5189,
Hq h{sulpdqw g �VWYS� sdu udssruw dx uhsëuh wrxuqdqw gdqv FW/ doruv =

g �VWYS� @ [
]

[
n +Gq�,]n gw �_W�j] W�dX

� �_W�jn W�dl� W�dX  W�dl +518:,

Hw hq suhqdqw hq frpswh ohv ìtxdwlrqv +5178, hw +5189,/ rq hq gìgxlw od uhodwlrq vxlydqwh =

g �VWYS� @ �T �g ��WYSs �� W ��WYSs � g �gWYSs �� +518;,
Hq gìvljqdqw Ws o*rsìudwhxu gh frpsruwhphqw wdqjhqw gdqv od frq�jxudwlrq wrxuqìh who

txh =

g ��WYSs � @ Ws �gWYSs � +518<,
Rq rewlhqw �qdohphqw =

WW @ �T
k
Ws� W ��WYSs �l�dSS +5193,

Gdqv oh fdv rü od frq�jxudwlrq wrxuqìh sdu od urwdwlrq sursuh Fs hvw xwlolvìh srxu od
ghvfulswlrq gx frpsruwhphqw gx pdwìuldx/ o*rsìudwhxu wdqjhqw Ws hvw rewhqx ã sduwlu gh
o*ìtxdwlrq +5164, who txh =

Ws @ � C
C +gs,

�C# +gs,
C +gs,

�
+5194,

51< Glvfuìwlvdwlrq gx sulqflsh ghv wudydx{ yluwxhov
Gdqv oh fdguh g*xqh vwudwìjlh lqfuìphqwdoh dvvrflìh dx vfkìpd lwìudwli gh Qhzwrq/ oh

sureoëph gh o*ìtxloleuh joredo gx grpdlqh ìwxglì hvw uìvrox vxlydqw xqh dssurfkh odjudqjlhqqh
uìdfwxdolvìh1 Fhwwh dssurfkh frqvlvwh ã uìvrxguh o*ìtxdwlrq qrq0olqìdluh vxlydqwh/ h{suhvvlrq
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh

gx Sulqflsh ghv wudydx{ yluwxhov hq wudqvirupdwlrqv �qlhv/ gdqv od frq�jxudwlrq hq gìexw
g*lqfuìphqw srxu o*lqfuìphqw hq frxuv =

x
�C��x
C�{W

�
@

]

uv V = �HgY � �Zewi +5195,
Rü =;
AAAAAAAAAA?

AAAAAAAAAA=

��x uhsuìvhqwh xq lqfuìphqw gh gìsodfhphqw
�{W yhfwhxu srvlwlrq gdqv frq�jxudwlrq gìexw g*lqfuìphqw
YW yroxph gx grpdlqh hq gìexw g*lqfuìphqw
V vhfrqg whqvhxu gh Slrod0Nlufkkr�
�H yduldwlrq ghv gìirupdwlrqv gh Juhhq0Odjudqjh sdu udssruw ã ��x
�Zewi @

Uhxv +��q, =��xgV dyhf � whqvhxu ghv frqwudlqwhv gh Fdxfk|
Od pìwkrgh gh Qhzwrq shuphw gh uhpsodfhu xq sureoëph qrq0olqìdluh sdu xqh vxlwh gh

sureoëphv olqìdluhv1 Gdqv oh fdv gh x/ od gìulydwlrq grlw dyrlu olhx sdu udssruw ã xqh irqfwlrq1
Vl o*rq idlw o*k|srwkëvh gh fkdujhv pruwhv vxu o*lqfuìphqw/ od txdqwlwì �Zewi hvw frqvwdqwh1Dlqvl =

�x
�C��x
C�{W

�
@

]

uv �V = �HgY .
]

uv V = �+�H,gY +5196,
Rü � gìvljqh xq rsìudwhxu gh yduldwlrq gh irqfwlrqqhooh1
Vl Q gìvljqh od pdwulfh g*lqwhusrodwlrq ghv gìsodfhphqwv hw ��xeWyez{ oh yhfwhxu ghv gìsod0fhphqwv lqfuìphqwdx{ dx{ qrhxgv gh fkdtxh ìoìphqw h/ doruv =

+ ��xe @ Q��xeWyez{���xe @ Q���xeWyez{
+5197,

Rq hq gìgxlw =

�He @
�C +���xe,

C�{W
�h

.
�_ �C +��xe,

C�{W
� C +���xe,

C�{W
�h

@ E +��xeWyez{, ���xeWyez{ +5198,
Od pdwulfh g*lqwhusrodwlrq E +��xeWyez{, hvw frqvwlwxìh g*xqh sduwlh olqìdluh E| hw g*xqh

sduwlh qrq0olqìdluh E}| +��xeWyez{, txl ylhqw gh o*lqwhusrodwlrq gx vhfrqg whuph1 Frpswh whqx
gh od uhodwlrq suìfìghqwh/ hq qrwdqw D o*rsìudwhxu g*dvvhpeodjh vxu wrxv ohv ìoìphqwv/ lo ylhqw =

]

uv �V = �+�H,gY @ D
]

u ~v
� CV
CHe = �He

�
= �HegY e

@ D
_
+���xeWyez{,

%]

u ~v
_
E +��xeWyez{,W WE +��xeWyez{,gY e

&
���xeWyez{

83



51<1 Glvfuìwlvdwlrq gx sulqflsh ghv wudydx{ yluwxhov

@
_
+���xWyez{,

�DNe� ���xWyez{ +5199,
Rü Ne @ Uu ~v

_
E +��xeWyez{,W WE +��xeWyez{, gY e hvw od pdwulfh gh uljlglwì ìoìphqwdluh1

WW @ CV @ CHe hvw xq rsìudwhxu wdqjhqw frkìuhqw dyhf o*dojrulwkph gh fdofxo ghv frqwudlqwhv
+fi sdudjudskh suìfìghqw vxu oh fdofxo gh o*rsìudwhxu wdqjhqw, hw vd iruph gìshqg gh od orl
gh frpsruwhphqw fkrlvlh1 Vrq xwlolvdwlrq shuphw gh frqvhuyhu od frqyhujhqfh gx vfkìpd gh
Qhzwrq1

G*dxwuh sduw/ od vhfrqgh sduwlh gh �x� ���z� �wv
� gdqv od uhodwlrq +5196, shxw v*ìfuluh =

]

uv V = �+�H,gY @ D
]

u ~v V =
�_ �C +���xe,

C�{W
� C +���xe,

C�{W
�
gY e +519:,

Hq srvdqw =
;
?

=

�����z~�� �wv @ J���xeWyez{K +Ve, @ ^K]Xnl` @
k
VeXl�]n

l dyhf �]n v|peroh gh Nurqhfnhu
Rq rewlhqw doruv =

]

uv V = �+�H,gY @ D
_
+���xeWyez{,

%]

u ~v
_
JK +Ve,JgY e

&
���xeWyez{

@
_
+���xWyez{,

k
DNe�

l
���xWyez{ +519;,

Rü Ne� @ Uu ~v
_
JK +Ve,JgY e hvw od pdwulfh gh udlghxu jìrpìwultxh ìoìphqwdluh1 F*hvw

xqh sduwlfxodulwì ghv judqghv wudqvirupdwlrqv1 O*ljqruhu q*hpsífkh sdv d sulrul od frqyhujhqfh
gx vfkìpd gh Qhzwrq pdlv od udohqwlw1

Ilqdohphqw/ rq shxw ìfuluh o*h{suhvvlrq gx Sulqflsh ghv Wudydx{ Yluwxhov hq judqghv wudqv0
irupdwlrqv vrxv iruph glvfuìwlvìh =

�x
�C��x
C�{W

�
@
_
+���xWyez{,

k
DNe .DNe�

l
���xWyez{ +519<,

G*dxwuh sduw/ hq frqvlgìudqw o*ìtxdwlrq +5195,/ o*h{suhvvlrq gh �H ìwdeolh dxsdudydqw sxlv
o*dvvhpeodjh ghv frpsrvdqwhv ghv gl�ìuhqwv ìoìphqwv/ rq shxw ìfuluh =

x
�C��x
C�{W

�
@ D

_
+���xeWyez{,

%]

u ~v
_
E +��xeWyez{,VegY e � ��I eWyez{

�

ewi
&
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@
_
+���xWyez{,

k
D�I eXWi �D

��I eWyez{
�

ewi
l +51:3,

Rü �I eXWi hw
��I eWyez{

�

ewi
uhsuìvhqwhqw uhvshfwlyhphqw ohv h�ruwv ìoìphqwdluhv lqwìulhxuhv hw

h{wìulhxuhv1
Sdu frqvìtxhqw/ hq frqvlgìudqw ohv uhodwlrqv +519<, hw +51:3,/ lo idxw uìvrxguh ã fkdtxh

lwìudwlrq gh od pìwkrgh gh Qhzwrq oh v|vwëph olqìdluh vxlydqw =

�x
�C��x
C�{W

�
@ �x�C��x

C�{W
�

�
D �Ne�X .D

�
Ne�

�X� ���xXWyez{ @ �
�
D
��I eXWi

�X �D
��I eWyez{

�

ewi
�

+51:4,
Dyhf =

;
AAA?

AAA=

�Ne�X @ Uu ~v
_
E ���xeXWyez{

�W XWE ���xeXWyez{
� gY e

�
Ne�

�X @ Uu ~v
_
JK �VeX�JgY e

��I eXWi
�X @ Uu ~v

_
E ���xeXWyez{

�VeXgY e

Rq hq gìgxlw doruv oh gìsodfhphqw lqfuìphqwdo hw oh gìsodfhphqw wrwdo ã o*lwìudwlrq l.4 =
+ ��xX��Wyez{ @ ��xXWyez{ . ���xXWyez{�xX��W�� @ �xW .��xX��Wyez{

+51:5,

Fh txl shuphw gh fdofxohu ohv frqwudlqwhv +Ve,X�� gdqv fkdtxh ìoìphqw hw oh gìvìtxloleuh
fruuhvsrqgdqw =

UX�� @ D
��I eXWi

�X���D
��I eWyez{

�

ewi
+51:6,

Vl oh fulwëuh gh frqyhujhqfh hvw yìul�ì doruv rq sdvvh ã o*lqfuìphqw vxlydqw hq dfwxdolvdqw
od frq�jxudwlrq gh uìiìuhqfh �{W�� @ �{W .��xX��Wyez{1O*dojrulwkph gh uìvroxwlrq hvw uìvxpì vxu od �jxuh +51<, vxlydqwh1
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n Boucle sur les incréments de chargement

n Boucle sur les itérations du schéma de Newton

Calcul d’une meilleure solution 1+∆ i
noeudu
�

 à partir de i
noeudu
�

∆

Calcul des matrices de rigidité élémentaires
ie

K )( = eei
noeud

i

n

ei
noeud

V

T
dVuBTuB

e
n

)()(
��

∆∆∫

Calcul des matrices de raideur géométrique élémentaires
ie

K )( σ = eei

V

T
dVGSHG

e
n

)(∫

Calcul des efforts élémentaires intérieurs
ie

F )( int

�
= eeiei

n

V

T
dVSuB

e
n

)(
�

∆∫

Résolution du système linéaire après assemblage
[A ieK )( + A ieK )( σ ] i

noeud
u
�

∆δ  = - [A ieF )( int

�
- A ext

e
noeud

F )(
�

]

Actualisation des déplacements nodaux
i
noeud

i
noeud

i
noeud uuu

���
∆+∆=∆ + δ1

Calcul des contraintes et du déséquilibre correspondant

Si  convergence  alors

Sinon

Itération suivante

Incrément suivant

Ilj1 51< = Dojrulwkph gh uìvroxwlrq gh o*ìtxloleuh joredo hq wudqvirupdwlrqv �qlhv
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5143 Ydolgdwlrq hq shwlwhv shuwxuedwlrqv
O*ìoìphqw gh frtxh gìjìqìuì lqwurgxlw suìfìghpphqw d ìwì lpsodqwì gdqv oh frgh ìoìphqw

�ql FDVWHP 53331 Gdqv oh exw gh ydolghu fhwwh lpsodqwdwlrq qxpìultxh hw gh whvwhu ohv shu0
irupdqfhv gh o*ìoìphqw/ xqh vìulh g*hvvdlv fdudfwìulvwltxhv d ìwì phqìh1 Fhv hvvdlv phwwhqw hq
ìylghqfh ohv shuirupdqfhv gh o*ìoìphqw hq frpsruwhphqw olqìdluh ìodvwltxh srxu ghv sureoëphv
fodvvltxhv hq pdwlëuh gh ydolgdwlrq g*ìoìphqw gh frtxh ^EDW<3d`^EDW<3e`^ERL<6`^ERL<7`
^ERL<9`1 Hq rxwuh/ ohv uìvxowdwv rewhqxv vrqw frpsduìv/ srxu od pdmrulwì ghv hvvdlv/ dyhf
o*ìoìphqw txdgudqjxodluh PLWF7 gìyhorssì sdu Gyrunlq hw Edwkh ^GYR;7`1 Gdqv od soxsduw
ghv hvvdlv/ rq ìydoxh ìjdohphqw o*lq xhqfh gx pdloodjh hq h�hfwxdqw od vlpxodwlrq srxu xq
pdloodjh glvwrugx +dsshoì D sdu od vxlwh, hw xq pdloodjh furvv0gldjrqdo qrq glvwrugx +dsshoì
FG sdu od vxlwh,1

�Sdwfk whvw�
Sdupl ohv whvwv ìoìphqwdluhv fodvvltxhv srxu ohv ìoìphqwv gh frtxh/ rq wurxyh oh sdwfk whvw

srxu ohv ìoìphqwv wuldqjxodluhv1 Gì�ql sdu Urelqvrq/ lo shuphw qrwdpphqw gh whvwhu o*ìoìphqw
srxu ghv vroolflwdwlrqv hq flvdloohphqw rx hq wruvlrq1 Od jìrpìwulh gh fh whvw/ ohv sursulìwìv
pdwìulhoohv hw oh pdloodjh +qrq v|pìwultxh, vrqw grqqìhv vxu od �jxuh +5143d,1 Gdqv fhwwh
píph �jxuh/ rq shxw ìjdohphqw wurxyhu ohv frqglwlrqv olplwhv fruuhvsrqgdqw ã fkdtxh hvvdl1
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(b) Cisaillement
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En � et � :                  w = 0
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(c) Torsion

FZ = 2 N

En �, � et � :    w = 0
En �, �, �, � et � :   u = v = 0

(a)

Ilj1 5143 = �Sdwfk whvw� = fdudfwìulvwltxhv hw frq�jxudwlrq

Gdqv oh fdv gx flvdloohphqw +fi �jxuh 5143e,/ ohv urwdwlrqv vrqw lpsrvìhv qxoohv hq wrxv ohv
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51431 Ydolgdwlrq hq shwlwhv shuwxuedwlrqv

qrhxgv hw xq h�ruw gh flvdloohphqw I� hvw dssoltxì dx{ h{wuíplwìv gh od vwuxfwxuh1 Rq revhuyh
xqh uìsduwlwlrq olqìdluh gx gìsodfhphqw wudqvyhuvh/ ohtxho hvw frqiruph dx uìvxowdw wkìrultxh1

Gdqv oh fdv gh od wruvlrq +fi �jxuh 5143f,/ rq vroolflwh xqh vhxoh ghv h{wuìplwìv gh od
vwuxfwxuh dyhf xq h�ruw I�1 Od wkìrulh prqwuh txh oh prphqw P�� hvw frqvwdqw hw ìjdo ã
41 Wrxwhirlv/ gdqv ohv frqglwlrqv suìvhqwìhv/ od vlpxodwlrq lqgltxh xqh oìjëuh yduldwlrq gh fh
prphqw dxwrxu gh fhwwh ydohxu1 Pdlv/ txdqg oh pdloodjh ghylhqw v|pìwultxh rx srxu xqh
ìsdlvvhxu gìfurlvvdqwh/ fh sureoëph glvsdudñw1

�Fdqwlohyhu� hq  h{lrq
Xq fdqwlohyhu grqw od jìrpìwulh hw ohv sursulìwìv pdwìulhoohv vrqw grqqìhv vxu od �jxuh

5144/ hvw vrxplv ã xqh irufh frqfhqwuìh S uìsduwlh ã vrq h{wuìplwì1

Maillage type A : distordu

P/2

P/2

L

b

x, u

y, v

z, w

A

B
L = 10 mm

b = 1 mm

h = 0,1 mm

E =2,1 MPa

ν = 0,3

P = 1 N

Conditions limites :
En A v = w = θ1 = 0
En B u = v = w = θ1  = 0

Maillage type CD : non distordu

Ilj1 5144 = Fdqwlohyhu hq  h{lrq = fdudfwìulvwltxhv hw frq�jxudwlrq

Rq revhuyh doruv o*ìyroxwlrq gx gìsodfhphqw z ghv srlqwv g*dssolfdwlrq ghv h�ruwv ã
o*h{wuìplwì gx fdqwlohyhu hq irqfwlrq gx qrpeuh g*ìoìphqwv vxu oh f÷wì +fi �jxuh 5145,1 Ohv
uìvxowdwv dqdo|wltxhv grqqìv sdu od wkìrulh ghv srxwuhv vhuyhqw gh edvh gh frpsdudlvrq srxu
ohv uìvxowdwv qxpìultxhv rewhqxv1 Joredohphqw/ xq pdloodjh qrq glvwrugx +gh w|sh FG, grqqh
xqh  ëfkh soxv suìflvh txh gdqv oh fdv g*xq pdloodjh glvwrugx +gx w|sh D,1 Sdu dloohxuv/ srxu
fh ghuqlhu pdloodjh/ rq qrwh xqh wuëv oìjëuh glvv|pìwulh +suhvtxh lqvhqvleoh, hqwuh ohv  ëfkhv
ghv ghx{ qrhxgv ghv h{wuìplwìv/ frqvìtxhqfh gh od glvwruvlrq gx pdloodjh1 Sdu frqwuh/ lo hvw
lqwìuhvvdqw gh vrxoljqhu txh ohv frqwudlqwhv gh flvdloohphqw wudqvyhuvh gl�ëuhqw vhqvleohphqw1
Txdqg oh pdloodjh ghylhqw v|pìwultxh +fdv gx pdloodjh FG,/ fhwwh gl�ìuhqfh glvsdudñw1

Sdqqhdx f|olqgultxh vrxplv ã vrq sursuh srlgv
Hjdohphqw dsshoì whvw gh Vfrugholv0Or/ fh whvw v*lqwìuhvvh ã xq sdqqhdx f|olqgultxh/ grqw

ohv erugv gurlwv vrqw oleuhv hw grqw ohv erugv frxuehv uhsrvhqw vxu ghv gldskudjphv uljlghv gdqv
ohxuv sodqv/ vrxplv ã vrq sursuh srlgv S�1 Ohv fdudfwìulvwltxhv jìrpìwultxhv hw pìfdqltxhv
vrqw lqgltxìhv vxu od �jxuh +5146,1
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh
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Solution exacte

Maillage A
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Ilj1 5145 = Hyroxwlrq gh od  ëfkh dyhf oh w|sh hw od �qhvvh gx pdloodjh = frqyhujhqfh gh
o*ìoìphqw

Diaphragme

R
L

x

z

y

R = 300 mm

L = 600 mm

h = 3 mm

θ = 40°

E = 3 GPa
ν = 0
PZ = 0,625.104 Pa

θ

A

Ilj1 5146 = Sdqqhdx f|olqgultxh vrxplv ã vrq sursuh srlgv = fdudfwìulvwltxhv hw frq�jxudwlrq

Hq udlvrq gh od v|pìwulh gx sureoëph +jìrpìwulh/ frqglwlrqv olplwhv hw fkdujhphqw ds0
soltxì,/ rq shxw frqvlgìuhu xq txduw gx sdqqhdx1 Rq revhuyh o*ìyroxwlrq gx gìsodfhphqw z
gx srlqw D/ plolhx gx erug gurlw oleuh/ hq irqfwlrq gh od �qhvvh gx pdloodjh1 Xqh vroxwlrq
dqdo|wltxh edvìh vxu od wkìrulh ghv frtxhv surirqghv hvw xwlolvìh srxu od frpsdudlvrq dyhf
oh uìvxowdw qxpìultxh1 Ohv gìirupdwlrqv gh flvdloohphqw wudqvyhuvh vrqw qìjoljhdeohv hw ohv
gìirupdwlrqv gh phpeudqh vrqw lpsruwdqwhv sdu udssruw ã fhoohv gh  h{lrq1 Od udslglwì gh
frqyhujhqfh gh o*ìoìphqw vxu fh whvw hvw prlqv erqqh txh fhooh gx txdgudqjohv PLWF7 píph
vl xq pdloodjh furvv0gldjrqdo �q shuphw gh uìgxluh vljql�fdwlyhphqw od gl�ìuhqfh +fi �jxuh
5147,1
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Solution exacte

Maillage A

Maillage CD

MITC4

Ilj1 5147 = Hyroxwlrq gx gìsodfhphqw gx srlqw D dyhf oh w|sh hw od �qhvvh gx pdloodjh =
frqyhujhqfh gh o*ìoìphqw
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51431 Ydolgdwlrq hq shwlwhv shuwxuedwlrqv

F|olqguh slqfì dyhf gldskudjph
Xq f|olqguh/ grqw ohv ghx{ h{wuìplwìv uhsrvhqw vxu xq gldskudjph uljlgh gdqv vrq sodq/

hvw vrxplv ã ghx{ fkdujhv frqfhqwuìhv gldpìwudohphqw rssrvìhv1 Ohv grqqìhv jìrpìwultxhv
hw pìfdqltxhv vrqw suìvhqwìhv vxu od �jxuh +5148,1 Ohv udssruwv O@U @ 5 hw U@k @ 433
vrqw lghqwltxhv ã fhx{ gx sdqqhdx vrxplv ã vrq sursuh srlgv1 Fhw h{hpsoh frqvwlwxh xq ghv
whvwv ohv soxv vìyëuhv srxu ìwxglhu od fdsdflwì g*xq ìoìphqw gh frtxh ã gìfuluh ghv fkdpsv
gh gìirupdwlrq gh phpeudqh frpsoh{hv dyhf xqh sduw lpsruwdqwh gh  h{lrq vdqv h{whqvlrq
gh od vxuidfh pr|hqqh1 Hq udlvrq ghv gldskudjphv/ ohv gìirupdwlrqv vrqw orfdolvìhv suëv gx
srlqw g*dssolfdwlrq gh od fkdujh/ gh vruwh tx*xq pdloodjh dvvh} �q hvw uhtxlv srxu rewhqlu od
vroxwlrq gx sureoëph/ qrwdpphqw oruvtxh ghv ìoìphqwv olqìdluhv vrqw xwlolvìv1

F
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L = 200 mm

R = 100 mm

e = 1 mm

E =  3.107 MPa

ν = 0,3

F =0,25 N
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Ilj1 5148 = F|olqguh slqfì dyhf gldskudjph = fdudfwìulvwltxhv hw frq�jxudwlrq

Rq revhuyh doruv o*ìyroxwlrq gx gìsodfhphqw x gh fh srlqw dyhf xqh �qhvvh gh pdloodjh
furlvvdqwh1 Dyhf xq pdloodjh furvv0gldjrqdo/ od vroxwlrq dwwhlqwh ã od frqyhujhqfh hvw wuëv
surfkh gh fhooh rewhqxh dyhf ghv txdgudqjohv PLWF7 +fi �jxuh 5149,1
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Solution exacte

Maillage A

Maillage CD

MITC4

Ilj1 5149 = Hyroxwlrq gx gìsodfhphqw gx srlqw g*dssolfdwlrq gh od irufh dyhf oh w|sh hw od
�qhvvh gx pdloodjh = frqyhujhqfh gh o*ìoìphqw

Frtxh kìolfrògdoh vrxv fkdujhv frqfhqwuìhv
Xqh frtxh kìolfrògdoh hqfdvwuìh ã xqh h{wuìplwì hvw vrxplvh ã ghv fkdujhv frqfhqwuìhv ã

o*dxwuh h{wuìplwì1 Ohv glphqvlrqv hw ohv fdudfwìulvwltxhv pìfdqltxhv vrqw grqqìhv vxu od �jxuh
+514:,1
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh
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L = 12 mm         E = 29.106 MPa

b =  1,1 mm        ν = 0,22

h =  0,32 mm

Ilj1 514: = Frtxh kìolfrògdoh vrxv fkdujhv frqfhqwuìhv = fdudfwìulvwltxhv hw frq�jxudwlrq

Ohv vroxwlrqv gh uìiìuhqfh v*dssxlhqw vxu od wkìrulh ghv srxwuhv lqfoxdqw rx qrq ohv h�hwv gh
flvdloohphqw wudqvyhuvh1 Srxu od jìrpìwulh frqvlgìuìh/ fhv h�hwv vrqw qìjoljhdeohv1 Rq frqvlgëuh
ghx{ w|shv gh fkdujhphqw = xq fkdujhphqw gdqv oh sodq fruuhvsrqgdqw ã +S� @ 4> S� @ 3,
hw xq fkdujhphqw kruv sodq fruuhvsrqgdqw ã +S� @ 3> S� @ 4,1 Uhodwlyhphqw dx w|sh gh
fkdujhphqw +vxlydqw �| rx �},/ rq revhuyh o*ìyroxwlrq gx gìsodfhphqw y +vhorq �|, rx z +vhorq
�}, gx srlqw g*dssolfdwlrq gh od irufh hq irqfwlrq gh od �qhvvh gx pdloodjh +fi �jxuh 514;,1
Gh píph txh suìfìghpphqw/ xq pdloodjh furvv0gldjrqdo shuphw g*rewhqlu ghv uìvxowdwv wuëv
surfkhv gh fhx{ gh o*ìoìphqw PLWF71
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Solution exacte

2 x 12 4 x 24 8 x 48

PY = 0 et PZ = 1

Ilj1 514; = Hyroxwlrq gx gìsodfhphqw gx srlqw g*dssolfdwlrq gh od irufh dyhf oh w|sh hw od
�qhvvh gx pdloodjh = frqyhujhqfh gh o*ìoìphqw

Kìplvskëuh vrxv fkdujhv gldpìwudohphqw rssrvìhv
Oh whvw g*xq kìplvskëuh plqfh +U@k @ 583, shufì vxu vd vxuidfh vxsìulhxuh hw vrxplv

ã od edvh ã txdwuh fkdujhv frqfhqwuìhv hvw xwlolvì srxu yìul�hu o*devhqfh gh yhuurxloodjh hq
phpeudqh hw od erqqh uhsuìvhqwdwlrq ghv prxyhphqwv gh frusv uljlghv1 Od jìrpìwulh hw ohv
fdudfwìulvwltxhv pìfdqltxhv vrqw suìvhqwìhv �jxuh +514<,1

Gx idlw gh od v|pìwulh gx sureoëph/ rq shxw frqvlgìuhu mxvwh xq txduw gh od frtxh kì0
plvskìultxh1 Rq revhuyh o*ìyroxwlrq gx gìsodfhphqw udgldo dx{ srlqwv gh fkdujhphqw srxu
gl�ìuhqwhv �qhvvhv gh pdloodjh1 Od frqyhujhqfh gh o*ìoìphqw gìjìqìuì hvw erqqh píph vl
prlqv udslgh txh fhooh gh o*ìoìphqw PLWF7 +fi �jxuh 5153,1
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51441 Lpsodqwdwlrq hq wudqvirupdwlrqv �qlhv
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Ilj1 514< = Kìplvskëuh vrxv fkdujhv gldpìwudohphqw rssrvìhv = fdudfwìulvwltxhv hw frq�jx0
udwlrq
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Ilj1 5153 = Hyroxwlrq gx gìsodfhphqw gx srlqw g*dssolfdwlrq gh od irufh dyhf oh w|sh hw od
�qhvvh gx pdloodjh = frqyhujhqfh gh o*ìoìphqw

5144 Lpsodqwdwlrq hq wudqvirupdwlrqv �qlhv
O*h{whqvlrq hq wudqvirupdwlrqv �qlhv gh o*ìoìphqw gh frtxh wuldqjxodluh lqwurgxlw suìfì0

ghpphqw d ìwì uìdolvìh gdqv oh píph frgh ìoìphqw �ql1 Gl�ìuhqwv whvwv hq judqghv wudqviru0
pdwlrqv ìodvwltxhv shuphwwhqw gh ydolghu od prgìolvdwlrq pìfdqltxh hw qxpìultxh sursrvìhv
hq phwwdqw hq ìylghqfh o*h!fdflwì gh o*ìoìphqw gdqv ghv fdv qrq0olqìdluhv1 Fkdtxh frxueh
uìvxowdqw gh od vlpxodwlrq qxpìultxh g*xq hvvdl grqqì hvw frpsduìh dyhf od frxueh uìsrqvh
dqdo|wltxh fruuhvsrqgdqwh1 Srxu ohv h{hpsohv frqvlgìuìv/ ohv uìsrqvhv rewhqxhv vrqw lqgìshq0
gdqwhv gx fkrl{ gx uhsëuh wrxuqdqw +glvwruvlrqv pdwìulhoohv prgìuìhv,1 Qìdqprlqv/ oh fkrl{
gx uhsëuh wrxuqdqw sdu od urwdwlrq sursuh frqvwlwxh xq h{fhoohqw frpsurplv hqwuh vlpsolflwì hw
txdolwì gh od uìsrqvh1 Ohv whvwv h�hfwxìv lpsoltxhqw xqh frpelqdlvrq gh judqgv gìsodfhphqwv0
urwdwlrq0gìirupdwlrqv shuphwwdqw g*ìydoxhu o*h!fdflwì gh o*ìoìphqw gdqv gh whoohv vlwxdwlrqv1

Srxwuh hq  h{lrq
Xqh srxwuh hqfdvwuìh ã xqh gh vhv h{wuìplwìv hvw vrxplvh ã xqh irufh yhuwlfdoh I ã o*dxwuh

h{wuìplwì odlvvìh oleuh1 Xq pdloodjh �furvv0gldjrqdo� frpswdqw 53 ìoìphqwv vxu od orqjxhxu hvw
xwlolvì1 Ohv glphqvlrqv gh fhwwh srxwuh dlqvl txh vhv fdudfwìulvwltxhv pdwìulhoohv vrqw grqqìhv
vxu od �jxuh 51541

Oh qrpeuh g*lqfuìphqwv gh fkdujhphqw +srxu fh fdofxo ìjdo ã 433, hvw fkrlvl gh vruwh txh
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh
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Longueur L = 12 m

Largeur  l = 3 m

Epaisseur e = 0,04 m

E = 30 GPa

ν = 0
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Ilj1 5154 = Srxwuh hq  h{lrq = fdudfwìulvwltxhv/ frq�jxudwlrq hw gìirupìh

o*k|srwkëvh frqfhuqdqw ohv idleohv urwdwlrqv lqfuìphqwdohv uhvwh ydodeoh1 Fh w|sh g*h{hpsoh
shuphw gh surxyhu od suìflvlrq gh od vlpxodwlrq srxu gh judqghv urwdwlrqv sxlvtxh od urwdwlrq
gx srlqw g*dssolfdwlrq gh od irufh dwwhlqw ;8�= Ohv gìsodfhphqwv hw od urwdwlrq gh fh srlqw
vrqw frpsduìhv dx{ ydohxuv dqdo|wltxhv sursrvìhv gdqv ^GLQ;<` hw suìvhqwìv �jxuh 51551
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Ilj1 5155 = Srxwuh hq  h{lrq = frpsdudlvrq vroxwlrqv H1I1 yv vroxwlrqv dqdo|wltxhv

Uxedq vlpsohphqw dssx|ì vrxv suhvvlrq
Xqh sodtxh gh w|sh uxedq vlpsohphqw dssx|ìh ã vhv ghx{ h{wuìplwìv hvw vrxplvh ã xqh

suhvvlrq qrupdoh xqlirupìphqw uìsduwlh vxu vd vxuidfh vxsìulhxuh1 Fhwwh sodtxh hvw vxssrvìh
gh glphqvlrq wudqvyhuvdoh lq�qlh1 Ohv glphqvlrqv gh fh uxedq dlqvl txh vhv fdudfwìulvwltxhv
pdwìulhoohv vrqw grqqìhv vxu od �jxuh 51561
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L = 508 mm

l  = 10 mm

h = 12,7 mm

E = 206,85 GPa

ν = 0,3

L

Ilj1 5156 = Uxedq vrxv suhvvlrq = fdudfwìulvwltxhv/ frq�jxudwlrq hw gìirupìh
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51441 Lpsodqwdwlrq hq wudqvirupdwlrqv �qlhv

Oh pdloodjh dgrswì frpph o*lqgltxh od �jxuh vxlydqwh hvw gh w|sh �furvv0gldjrqdo� frps0
wdqw 53 ìoìphqwv vxu od orqjxhxu1 Xqh vroxwlrq dqdo|wltxh suhqdqw hq frpswh ohv qrq0olqìdulwìv
jìrpìwultxhv hvw grqqìh sdu Wlprvkhqnr ^WLP94` srxu gìwhuplqhu od  ëfkh dx plolhx gx ux0
edq hq irqfwlrq gh od suhvvlrq dssoltxìh +fi1 �jxuh 5157,1 Ohv uìvxowdwv vrqw rewhqxv dyhf 58
lqfuìphqwv gh fkdujhphqw1
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Solution linéaire

Ilj1 5157 = Uxedq vrxv suhvvlrq = frpsdudlvrq vroxwlrq H1I1 yv vroxwlrq dqdo|wltxh

Sodtxh fduuìh hqfdvwuìh vrxv suhvvlrq
Xqh sodtxh fduuìh hqfdvwuìh vxu vhv txdwuh f÷wìv hvw vrxplvh ã xqh suhvvlrq qrupdoh

xqlirupìphqw uìsduwlh vxu vd vxuidfh vxsìulhxuh1 Ohv glphqvlrqv gh fhwwh sodtxh dlqvl txh
vhv fdudfwìulvwltxhv pdwìulhoohv vrqw grqqìhv vxu od �jxuh 51581 Hq udlvrq gh od v|pìwulh gx
sureoëph +jìrpìwulh/ frqglwlrqv olplwhv hw fkdujhphqw dssoltxì,/ rq shxw frqvlgìuhu xq txduw
gh od sodtxh1

L

L =  1000 mm

h = 2 mm

E = 2.104 MPa

ν = 0,3

x

y

z

Ilj1 5158 = Phpeudqh fduuìh vrxv suhvvlrq = fdudfwìulvwltxhv/ frq�jxudwlrq hw gìirupìh

Od vroxwlrq dqdo|wltxh gh Wlprvkhqnr ^WLP94`^]LH::` grqqh od  ëfkh dx fhqwuh gh od
sodtxh hq irqfwlrq gh od suhvvlrq dssoltxìh hq suhqdqw hq frpswh ohv qrq0olqìdulwìv jìrpì0
wultxhv1 Hooh d ìwì uhfdoìh sdu Erqqrwwh ^ERQ<7` hw shuphw od frpsdudlvrq dyhf ohv uìvxowdwv
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Fkdslwuh 51 Hoìphqwv Ilqlv gh Frtxh

rewhqxv +fi1 �jxuh 5159,1 Rq shxw ìjdohphqw qrwhu o*lpsruwdqfh ghv h�hwv gh erug gxv ã o*hq0
fdvwuhphqw1 Srxu revhuyhu od gìirupìh/ rq dssoltxh xq idfwhxu ;3 vhorq o*d{h �}1 Ohv uìvxowdwv
vrqw rewhqxv srxu 53 lqfuìphqwv gh fkdujhphqw1
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Ilj1 5159 = Phpeudqh fduuìh vrxv suhvvlrq = frpsdudlvrq vroxwlrq H1I1 yv vroxwlrq dqdo|wltxh

Sodtxh flufxodluh hqfdvwuìh vrxv suhvvlrq
Fhw hvvdl frqvlvwh ã ìwxglhu od uìsrqvh g*xqh phpeudqh hqfdvwuìh vxu vrq srxuwrxu hw

vrxplvh ã xqh suhvvlrq k|gurvwdwltxh S 1 Od jìrpìwulh gh fhw hvvdl/ ohv sursulìwìv pdwìulhoohv
hw oh pdloodjh vrqw grqqìhv vxu od �jxuh 515:1 Hq udlvrq gh od v|pìwulh gx sureoëph/ rq shxw
frqvlgìuhu xq txduw gh od sodtxh1 Ohv uìvxowdwv vrqw rewhqxv dyhf 73 lqfuìphqwv gh fkdujhphqw1

Rayon R = 3 mm

Epaisseur e = 5 µm

E = 13,2 GPa
ν = 0,3

x
y

z

Ilj1 515: = Phpeudqh flufxodluh vrxv suhvvlrq = frq�jxudwlrq hw gìirupìh

Rq revhuyh oruv gh fhwwh vlpxodwlrq o*ìyroxwlrq gh od  ëfkh dx fhqwuh gh od phpeudqh hq
irqfwlrq gh od suhvvlrq dssoltxìh1 Gdqv xq suhplhu whpsv/ d�q g*ìydoxhu oh frpsruwhphqw
gh o*ìoìphqw ylv ã ylv gx yhuurxloodjh hq flvdloohphqw wudqvyhuvh srxu gh idleohv ìsdlvvhxuv/
rq revhuyh o*h�hw gh o*dxjphqwdwlrq gh o*ìodqfhphqw +l1h1 oh udssruw gx ud|rq vxu o*ìsdlvvhxu
gh od phpeudqh,1 Srxu phwwuh hq ìylghqfh ohv shuirupdqfhv gh o*ìoìphqw gìjìqìuì/ suìvhqwì
dxsdudydqw/ idfh ã fh sureoëph/ ghv vlpxodwlrqv rqw ìwì uìdolvìhv dyhf xq dxwuh ìoìphqw gh
frtxh dsshoì GVW/ glvsrqleoh gdqv Fdvwhp 53331 O*ìoìphqw GVW +Glvfuhwh Vkhdu Wuldqjoh,
suhqg hq frpswh ìjdohphqw oh flvdloohphqw wudqvyhuvh1 O*hvvdl gh jrq hphqw d ìwì vlpxoì vxu
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51441 Lpsodqwdwlrq hq wudqvirupdwlrqv �qlhv

xqh phpeudqh flufxodluh srxu fhv ghx{ ìoìphqwv hw srxu ghv ìsdlvvhxuv yduldqw gh 43 ã 5
�p1 Rq frqvwdwh doruv txh oh sureoëph gh yhuurxloodjh vh pdqlihvwh dvvh} udslghphqw srxu
o*ìoìphqw GVW wdqglv txh o*ìoìphqw gìjìqìuì uìsrqg elhq +fi1 �jxuh 515;,1
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Ilj1 515; = Plvh hq ìylghqfh gx yhuurxloodjh oruv g*xq hvvdl gh jrq hphqw gh phpeudqh srxu
gl�ìuhqwhv ìsdlvvhxuv 0 Frpsdudlvrq ìoìphqw gìjìqìuì 2 ìoìphqw GVW

Rq frpsduh ìjdohphqw o*ìoìphqw gh frtxh gìjìqìuì ã wurlv qrhxgv ã o*ìoìphqw gh frtxh
VKHOO<6 gx frgh ìoìphqw �ql Dqv|v ^PR\<;`1 Fh ghuqlhu yhuurxlooh ã sduwlu g*xqh ìsdlvvhxu
gh : �p +fi �jxuh 515<,1

Ilj1 515< = Plvh hq ìylghqfh gx yhuurxloodjh oruv g*xq hvvdl gh jrq hphqw gh phpeudqh srxu
gl�ìuhqwhv ìsdlvvhxuv 0 Frpsdudlvrq ìoìphqw gìjìqìuì 2 ìoìphqw Vkhoo <6 Dqv|v

Gdqv o*dqqh{h D/ o*hvvdl gh jrq hphqw gh phpeudqh hvw h{soltxì hq gìwdlov shuphwwdqw
qrwdpphqw gh gìprqwuhu od uhodwlrq oldqw od suhvvlrq S ã od gì hfwlrq dx fhqwuh g*xqh php0
eudqh flufxodluh k1 Soxvlhxuv w|shv gh irupxodwlrq rqw doruv ìwì sursrvìv vhorq od ydohxu g*xqh
frqvwdqwh F gdqv od uhodwlrq jìqìudoh S @ i+k, ^ERQ<7`1 Dlqvl/ ohv gl�ìuhqwhv irupxodwlrqv
dqdo|wltxhv rqw ìwì frpsduìhv dx{ uìvxowdwv gh od vlpxodwlrq ìoìphqwv �qlv srxu soxvlhxuv
ìsdlvvhxuv +fi1 �jxuh 5163,1
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e = 40 µm

Ilj1 5163 = Phpeudqh flufxodluh vrxv suhvvlrq = frpsdudlvrq vroxwlrq H1I1 yv vroxwlrqv dqd0
o|wltxhv srxu gl�ìuhqwhv ìsdlvvhxuv
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Frtxh f|olqgultxh duwlfxoìh
Xqh frtxh f|olqgultxh duwlfxoìh vxu vhv f÷wìv gurlwv +oldlvrq gh w|sh fkduqlëuh, hvw vroolflwìh

sdu xq h�ruw srqfwxho I hq vrq fhqwuh1 Ohv glphqvlrqv gh fhwwh frtxh dlqvl txh vhv fdudfwì0
ulvwltxhv pdwìulhoohv hw vrq pdloodjh vrqw grqqìhv vxu od �jxuh 51641 Od irufh pd{lpxp dydqw
oh  dpedjh hvw ìjdoh ã 5/5nQ1 Ohv uìvxowdwv vrqw rewhqxv dyhf 43 lqfuìphqwv gh fkdujhphqw1
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Ilj1 5164 = Frtxh f|olqgultxh duwlfxoìh = fdudfwìulvwltxhv/ frq�jxudwlrq hw gìirupìh

Rq revhuyh doruv od  ëfkh dx fhqwuh gh od frtxh hq irqfwlrq gh o*h�ruw dssoltxì1 Ohv
uìvxowdwv dqdo|wltxhv xwlolvìv srxu od frpsdudlvrq vrqw wluìv gh ^KRU::` +fi1 �jxuh 5165,1
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Solution E.F.

Solution Horrigmoe

Solution linéaire

Ilj1 5165 = Frtxh f|olqgultxh duwlfxoìh = frpsdudlvrq vroxwlrq H1I1 yv vroxwlrq dqdo|wltxh

Dufkh flufxodluh hqfdvwuìh
Xqh dufkh flufxodluh hqfdvwuìh ã vhv h{wuìplwìv hvw vrxplvh ã xq h�ruw srqfwxho I hq vrq

plolhx1 Ohv glphqvlrqv gh fhwwh dufkh dlqvl txh vhv fdudfwìulvwltxhv pdwìulhoohv hw vrq pdloodjh
vrqw grqqìhv vxu od �jxuh 51661 Xq pdloodjh �furvv0gldjrqdo� frpswdqw 49 ìoìphqwv vxu od
orqjxhxu hvw xwlolvì1

Rq revhuyh od  ëfkh dx fhqwuh gh o*dufkh hq irqfwlrq gh od irufh dssoltxìh1 Od frxueh
qxpìultxh hvw hqvxlwh frpsduìh ã fhooh rewhqxh sdu Kxjkhv hw Olx ^KXJ;4` dyhf ghv ìoìphqwv
txdgudqjoh ã txdwuh qrhxgv +fi1 �jxuh 5167,1 Ohv uìvxowdwv vrqw rewhqxv dyhf 43 lqfuìphqwv
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Ilj1 5166 = Dufkh flufxodluh hqfdvwuìh = fdudfwìulvwltxhv/ frq�jxudwlrq hw gìirupìh
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Simulation E.F.

Solution E.F. Hughes

Solution linéaire

Ilj1 5167 = Dufkh flufxodluh hqfdvwuìh = frpsdudlvrq vroxwlrq H1I1 yv vroxwlrq dqdo|wltxh

5145 Frqfoxvlrq
Xwlolvdqw xqh irupxodwlrq hq uìiìuhqwlho wrxuqdqw qrq0pdwìulho/ xqh prgìolvdwlrq qxpì0

ultxh d ìwì gìyhorssìh d�q gh uìdolvhu ghv fdofxov gh vwuxfwxuhv frtxhv hq wudqvirupdwlrqv
�qlhv1 Fhwwh prgìolvdwlrq h{sorlwh ohv fdudfwìulvwltxhv g*xq ìoìphqw gh frtxh F� ã idleoh ghjuì
g*lqwhusrodwlrq hw v*dssxlh vxu o*lqwurgxfwlrq g*xqh phvxuh gh gìirupdwlrq whqvrulhooh fxpx0
oìh dvvrflìh dx whqvhxu gx wdx{ gh gìirupdwlrq1 Xqh lqwhusrodwlrq pl{wh ghv frpsrvdqwhv gh
flvdloohphqw wudqvyhuvh shuphw doruv gh vxuprqwhu oh sureoëph gh yhuurxloodjh fdudfwìulvwltxh
ghv frtxhv gh idleoh ìsdlvvhxu1 Srxu íwuh frkìuhqw dyhf xqh irupxodwlrq odjudqjlhqqh uìdfwxd0
olvìh ghv ìtxdwlrqv g*ìtxloleuh/ xq rsìudwhxu wdqjhqw d ìwì gìwhuplqì gdqv od frq�jxudwlrq
gh uìiìuhqfh hq gìexw gh fkdtxh lqfuìphqw1 Vxlwh ã xqh lpsodqwdwlrq gh fhw ìoìphqw gdqv oh
frgh ìoìphqwv �qlv FDVWHP 5333/ soxvlhxuv h{hpsohv hq wudqvirupdwlrqv �qlhv ìodvwltxhv
phwwhqw hq ìylghqfh od suìflvlrq ghv uìvxowdwv rewhqxv1 Fhwwh prgìolvdwlrq shxw íwuh gluhf0
whphqw frpelqìh dyhf xq prgëoh gh frpsruwhphqw ghv DPI srxu oh fdofxo gh vwuxfwxuhv
vxshuìodvwltxhv gdqv oh frqwh{wh gh frtxhv vsdwldohv1
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Fkdslwuh 6

Prgìolvdwlrq gx Frpsruwhphqw
Vxshuìodvwltxh ghv DPI

Fh wudydlo gh wkëvh ylvh/ hq sduwlh/ ã frqvwuxluh xq prgëoh skìqrpìqrorjltxh jìqìudo
gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI vrxv fkdujhphqw sursruwlrqqho1 Od prgìolvd0
wlrq skìqrpìqrorjltxh lqwurgxlw ghv yduldeohv fdudfwìulvwltxhv ghv skìqrpëqhv ìwxglìv/ o*ìwdw
g*xq plolhx pdwìulho ìwdqw xqh irqfwlrq gh o*klvwrluh gh fhv yduldeohv1 Od whpsìudwxuh W hw
od gìirupdwlrq wrwdoh % vrqw jìqìudohphqw gì�qlhv frpph ìwdqw ghv yduldeohv revhuydeohv
wdqglv txh od iudfwlrq yroxpltxh gh pduwhqvlwh/ od gìirupdwlrq gh wudqvirupdwlrq/ hwf111 vh0
urqw gì�qlhv frpph ìwdqw ghv yduldeohv lqwhuqhv1 Od prgìolvdwlrq uhfkhufkìh v*lqvfulw gdqv oh
fdguh gh od wkhuprg|qdpltxh ghv surfhvvxv luuìyhuvleohv dvvrflìh ã o*k|srwkëvh gh o*ìwdw or0
fdo1 Od frqqdlvvdqfh g*xq srwhqwlho wkhuprg|qdpltxh shuphw/ g*xqh sduw gh gì�qlu ohv irufhv
wkhuprg|qdpltxhv dvvrflìhv ã sduwlu ghv yduldeohv revhuydeohv hw lqwhuqhv/ hw g*dxwuh sduw
g*rewhqlu ohv orlv g*ìwdw1 Hq�q/ od frqqdlvvdqfh g*xq svhxgr0srwhqwlho gh glvvlsdwlrq shuphw
g*ìfuluh ohv orlv g*ìyroxwlrq ghv gl�ìuhqwhv yduldeohv lqwhuqhv1

Od surgxfwlrq hw od glyhuvlwì ghv wudydx{ frqfhuqdqw ohv DPI vrqw g*xqh judqgh ulfkhvvh1
Gdqv fhwwh iruíw ghqvh/ lo hvw gl!floh gh uhwhqlu xq w|sh gh prgëoh vlpxodqw sduidlwhphqw
oh frpsruwhphqw ghv DPI1 Ohv prgëohv h{srvìv gdqv od uhyxh eleolrjudskltxh vxlydqwh qh
suìwhqghqw sdv uhsuìvhqwhu sduidlwhphqw od uìdolwì pdlv fkhufkhqw gdydqwdjh ã hq gìyrlohu
fhuwdlqv dvshfwv1

614 Od txíwh gh od prgìolvdwlrq gx frpsruwhphqw wkhuprpì0
fdqltxh ghv DPI

D�q g*ìfodluflu xq shx od vlwxdwlrq hq pdwlëuh gh prgëohv/ rq shxw glvwlqjxhu wurlv fdwì0
jrulhv pdmhxuhv = ohv prgëohv plfurvfrsltxhv/ ohv prgëohv plfur0pdfur hw hq�q ohv prgëohv
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Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

pdfurvfrsltxhv1

61414 Prgëohv wkhuprg|qdpltxhv plfurvfrsltxhv
Dssduwlhqqhqw ã fhwwh fdwìjrulh/ ohv prgëohv v*dssx|dqw vxu od wkhuprg|qdpltxh d�q gh

gìfuluh xq yroxph lq�qlwìvlpdo gdqv xq grpdlqh lq�ql1 Edvìv vxu oh frpsruwhphqw ã o*ìfkhooh
plfurvfrsltxh fdudfwìulvì sdu od qxfoìdwlrq/ oh prxyhphqw ghv lqwhuidfhv/ od furlvvdqfh ghv
yduldqwhv gh pduwhqvlwh/ ohv prgëohv plfurvfrsltxhv shuphwwhqw gh suhqguh hq frpswh soxv
suìflvìphqw fhv skìqrpëqhv1 Wrxwhirlv/ lov vrqw vrxyhqw gl!flohv ã phwwuh hq rhxyuh gdqv ghv
frghv gh fdofxo ìoìphqwv �qlv1

Fh w|sh gh prgëohv qh frqvlgëuh sdv d sulrul od iudfwlrq yroxpltxh gh pduwhqvlwh frpph
xqh yduldeoh lqwhuqh pdlv gdydqwdjh frpph oh uìvxowdw gx prxyhphqw ghv lqwhuidfhv1 D�q gh
vlpsol�hu o*dssurfkh/ od soxsduw ghv prgëohv plfurv qh wudlwh tx*xqh lqwhuidfh xqltxh oã rü
od uìdolwì ghv surfhvvxv gh wudqvlwlrq hvw jìqìudohphqw fdudfwìulvìh sdu xq judqg qrpeuh gh
vlwhv gh qxfoìdwlrq1 Fh w|sh g*dssurfkh hvw lqwìuhvvdqw g*xq srlqw gh yxh irqgdphqwdo pdlv
qh shuphw sdv od ghvfulswlrq txdqwlwdwlyh ghv h�hwv pdfurvfrsltxhv1

Sdupl ohv sulqflsdx{ wudydx{ phqìv gdqv fh grpdlqh uhvvruwhqw sulqflsdohphqw o*dssurfkh
gìyhorssìh sdu Idon ^IDO;3`/ srxu q*hq flwhu tx*xqh/ txl d sursrvì xq prgëoh skìqrpìqr0
orjltxh gh o*ìqhujlh oleuh edvì vxu od wkìrulh gh Odqgdx hw shuphwwdqw gh uhqguh frpswh gh
o*h�hw pìprluh gh iruph1 Fhwwh wkìrulh irxuqlw xq prgëoh dqdo|wltxh vlpsoh srxu xqh wudqvl0
wlrq gh skdvh1 Idon d vxjjìuì txh ohv wudqvlwlrqv gluhfwhv hw lqyhuvhv vh surgxlvhqw ã frqwudlqwh
frqvwdqwh pdlv/ gdqv xq suhplhu whpsv/ lo d rplv gh suhqguh hq frpswh o*ìqhujlh g*lqwhudfwlrq
hqwuh o*dxvwìqlwh hw od pduwhqvlwh1

O*dxwuh judqgh prxydqfh hq od pdwlëuh v*hvw lqwìuhvvìh gluhfwhphqw dx{ fkdqjhphqwv gdqv
oh jurxsh gh v|pìwulh fulvwdoorjudskltxh dvvrflì dx{ wudqvlwlrqv gh skdvh hq phwwdqw ã sur�w
ghv rxwlov pdwkìpdwltxhv dydqfìv1 Ohv sëuhv irqgdwhxuv gh o*dssurfkh fulvwdoorjudskltxh vrqw
Zhvfkohu hw do1 ^ZHV86` txl rqw gìyhorssì xqh wkìrulh jìrpìwultxh olqìdluh gh od wudqvlwlrq
pduwhqvlwltxh1

Deh|dudwqh hw Nqrzohv vh vrqw dssx|ìv vxu od wudqvlwlrq gh skdvh pduwhqvlwltxh lqgxlwh
vrxv frqwudlqwh gdqv xqh lqwhuidfh vlpsoh hw rqw sursrvì od gì�qlwlrq gh eduulëuhv gh qxfoìd0
wlrqv srxu fkdtxh wudqvlwlrq gh skdvh ^DEH<6`1 Frqvlgìudqw mxvwh ghx{ eduulëuhv gh qxfoìd0
wlrq/ lo ghyhqdlw doruv lpsrvvleoh gh vlpxohu dx pr|hq gh fh prgëoh ohv surfhvvxv frpsoh{hv
ã o*lqwìulhxu gh od erxfoh g*k|vwìuìvlv1

Edoo/ Mdphv hw Ekdwwdfkdu|d rqw uhsulv ohv wudydx{ gh Zhvfkohu hw do1 d�q gh frqvwuxluh xqh
wkìrulh jìrpìwultxh qrq0olqìdluh gh od wudqvlwlrq pduwhqvlwltxh dyhf ghv rxwlov pdwkìpdwltxhv
whov txh od plqlplvdwlrq g*ìqhujlh +h{dphq ghv frqglwlrqv gh frpsdwlelolwì ghv lqwhuidfhv,1

D o*ìfkhooh gx judlq shxyhqw íwuh revhuyìhv od plfurvwuxfwxuh gh od pduwhqvlwh/ ohv lqwhuidfhv
hqwuh dxvwìqlwh hw pduwhqvlwh pdlv ìjdohphqw ohv lqwhuidfhv hqwuh ohv gl�ìuhqwhv yduldqwhv gh
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pduwhqvlwh1 Edoo hw Mdphv ^EDO<5` rqw xwlolvì ghv dssurfkhv gh plqlplvdwlrq gh o*ìqhujlh d�q
gh suìgluh od irupdwlrq gh fhv plfurvwuxfwxuhv hw o*rulhqwdwlrq ghv lqwhuidfhv1

Ekdwwdfkdu|d ^EKD<<` d gìyhorssì xq prgëoh gìprqwudqw o*lq xhqfh gh od wh{wxuh vxu
ohv h�hwv revhuyìv gdqv ohv sro|fulvwdx{ g*DPI1 Xwlolvdqw ìjdohphqw xqh dssurfkh gh plqlpl0
vdwlrq gh o*ìqhujlh/ fhwwh irupxodwlrq shuphw gh gìwhuplqhu od suìvhqfh g*xqh lqwhuidfh hqwuh
o*dxvwìqlwh hw od pduwhqvlwh hq frqvlgìudqw ohv sdudpëwuhv gh pdlooh1

Od soxsduw ghv prgëohv plfurv xwlolvhqw sulqflsdohphqw ohv qrwlrqv vxlydqwhv = irqfwlrq
ìqhujlh oleuh pxowl0sxlwv/ xq fulwëuh gh qxfoìdwlrq edvì vxu oh frqfhsw gh eduulëuh g*ìqhujlh hw
xqh orl flqìwltxh g*lqwhuidfh edvìh vxu od wkìrulh g*dfwlydwlrq wkhupltxh1

61415 Prgëohv pdfurvfrsltxhv edvìv vxu od plfurpìfdqltxh
Fh jurxsh gh prgëohv xwlolvh o*dssurfkh gh od wkhuprg|qdpltxh srxu gìfuluh od wudqvlwlrq

hw h{sorlwh od plfurpìfdqltxh +sodqv g*kdelwdw/ yduldqwhv gh pduwhqvlwh, srxu hvwlphu o*ìqhujlh
g*lqwhudfwlrq olìh ã od wudqvlwlrq gdqv oh pdwìuldx/ odtxhooh hvw od foì gh yrþwh gx pìfdqlvph
gh wudqvlwlrq1

Fh w|sh gh prgëoh lqwurgxlw o*ìqhujlh oleuh g*Khopkrow} vrxv od iruph =

# @ �J���� .Z ���� .Z���� +614,
Rü =

� �J���� @ E+W � W�,} uhsuìvhqwh od yduldwlrq g*ìqhujlh fklpltxh dvvrflìh ã od wudqvl0
wlrq gh skdvh1 E hvw xqh frqvwdqwh pdwìuldx/ W� hvw od whpsìudwxuh g*ìtxloleuh wkhupr0fklpltxh srxydqw íwuh ìjdohphqw frqvlgìuìh frpph xqh frqvwdqwh pdwìuldx hw �qdoh0
phqw } hvw od iudfwlrq yroxpltxh gh pduwhqvlwh1

� Z ���� @ D��������� uhsuìvhqwh o*ìqhujlh gh vxuidfh l1h1 o*ìqhujlh dvvrflìh ã od suìvhqfh
g*xqh lqwhuidfh hqwuh pduwhqvlwh hw dxvwìqlwh1 D���� hvw o*dluh wrwdoh gh od vxuidfh gh
o*lqwhuidfh hw ����� hvw o*ìqhujlh gh vxuidfh sdu xqlwì g*dluh1

� Z���� @ Z ��� .Z � � uhsuìvhqwh o*ìqhujlh pìfdqltxh1 Z ��� hvw oh wudydlo pìfdqltxh
h{whuqh +rx pdfur, fruuhvsrqgdqw ã od fkdujh dssoltxìh hwZ � � hvw oh wudydlo pìfdqltxh
lqwhuqh +rx plfur, uhodwli ã o*ìqhujlh g*lqwhudfwlrq hqwuh skdvhv1

Xqh irupxodwlrq dssursulìh gh fhwwh ìqhujlh g*lqwhudfwlrq hvw hvvhqwlhooh srxu od shuwlqhqfh
gx prgëoh hw sdvvh sdu od frqqdlvvdqfh gh o*ìyroxwlrq gh od plfurvwuxfwxuh1 Fh w|sh gh prgëoh/
ã o*lqlwldwlyh gh Sdwrru hw do1 ^SDW;;`/ ìwdqw ìwdeol ã ghx{ qlyhdx{ g*ìfkhooh qìfhvvlwh xqh
glvwlqfwlrq hqwuh ohv txdqwlwìv plfur +orfdohv, hw pdfur +joredohv, hq whuphv gh frqwudlqwh
hw gh gìirupdwlrq sdu h{hpsoh1 Sdu dloohxuv/ o*xwlolvdwlrq gh whfkqltxhv g*krprjìqìlvdwlrq
dgìtxdwhv shuphw gh gìwhuplqhu ohv txdqwlwìv pdfur ã sduwlu ghv txdqwlwìv plfur1 Gdqv fh
fdv/ o*ìqhujlh g*lqwhudfwlrq gx prqrfulvwdo shxw íwuh vìsduìh hq ghx{ sduwlhv = xqh suhplëuh
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sduwlh uhodwlyh ã o*lqwhudfwlrq hqwuh od pduwhqvlwh hw o*dxvwìqlwh hw xqh ghx{lëph sduwlh uhodwlyh
ã o*lqwhudfwlrq hqwuh ohv gl�ìuhqwhv yduldqwhv gh pduwhqvlwh1

Gdqv ^SDW<6` hvw vxjjìuìh o*xwlolvdwlrq gh od gìirupdwlrq gh wudqvlwlrq gdqv xq prqr0
fulvwdo edvìh vxu ohv sdudpëwuhv fulvwdoorjudskltxhv1 Dx olhx g*xwlolvhu o*dssurfkh g*Hvkhoe|0
Nuùqhu/ xqh pdwulfh g*lqwhudfwlrq vlpsol�ìh d shuplv gh irupxohu o*ìqhujlh g*lqwhudfwlrq1 Oh
frpsruwhphqw gx sro|fulvwdo shxw íwuh rewhqx hqvxlwh juåfh ã xqh whfkqltxh g*krprjìqìlvd0
wlrq1

Hq vxlydqw xqh gìpdufkh vlplodluh/ Jrr hw Oh{fhoohqw ^JRR<:`/ rqw gìyhorssì xq prgëoh
gh frpsruwhphqw srxu DPI prqrfulvwdoolq1 Vxssrvdqw txh fkdtxh sodtxhwwh gh pduwhqvlwh
hvw frqvwlwxìh g*xqh vhxoh yduldqwh gh pduwhqvlwh/ od iruph jìqìudoh gh o*ìqhujlh oleuh hw o*ìqhu0
jlh gh vxuidfh dx{ lqwhuidfhv suìvhqwìhv suìfìghpphqw d ìwì frqvhuyìh1 Hq rxwuh/ xqh iruph
txdgudwltxh hq whuphv gh iudfwlrq yroxpltxh gh pduwhqvlwh d ìwì sursrvìh srxu Z � �= Hq
frqvlgìudqw xqh ìqhujlh oleuh qrq frqyh{h/ ohxu prgëoh shuphw gh uhsuìvhqwhu o*h�hw pìprluh
grxeoh vhqv gdqv oh fdv gh fkdujhphqwv wulglphqvlrqqhov sursruwlrqqhov hw qrq0sursruwlrqqhov1

Vxq hw Kzdqj ^VXQ<6d`^VXQ<6e` rqw sursrvì xq prgëoh edvì vxu o*dqdo|vh gx pìfdqlvph
sk|vltxh plfurvwuxfwxudo oruv gh od wudqvlwlrq1 O*lq xhqfh gh fhv pìfdqlvphv vxu oh frpsruwh0
phqw pdfurvfrsltxh oruv gx surfhvvxv gh wudqvlwlrq rx gh uìrulhqwdwlrq hvw sulvh hq frpswh/
uhqgdqw srvvleoh od ghvfulswlrq hw o*lqwhusuìwdwlrq gh skìqrpëqhv whoohv txh od svhxgrìodvwl0
flwì hw o*h�hw pìprluh gh iruph sdu fh prgëoh1 Sdu frqwuh/ gdqv oh fdv gh fkdujhphqwv soxv
frpsoh{hv frpelqdqw wudqvlwlrq hw uìrulhqwdwlrq +qrq0sursruwlrqqhov,/ oh prgëoh dwwhlqw vhv
olplwhv1

Kxdqj hw Eulqvrq ^KXD<;` rqw gìyhorssì xq prgëoh 6G jìqìudo pxowl0yduldqwhv gdqv oh
fdv g*xq prqrfulvwdo1 Edvì vxu xqh dssurfkh g*Hvkhoe|0Nuùqhu d�q gh gìwhuplqhu o*ìqhujlh
g*lqwhudfwlrq hqwuh ohv gl�ìuhqwhv yduldqwhv/ lo prgìolvh od svhxgrìodvwlflwì hw o*h�hw pìprluh
gh iruph1 Ohxu dssurfkh hvw ruljlqdoh hq fh vhqv tx*hooh lqwìjuh od suìvhqfh gh yduldqwhv
gh pduwhqvlwh dxwr0dffrpprgdqwh/ ohvtxhoohv qh frqwulexhqw sdv ã o*ìqhujlh g*lqwhudfwlrq/
dpìolrudqw dlqvl o*ìydoxdwlrq txdqwlwdwlyh gh fhwwh ìqhujlh grqw o*lpsruwdqfh hvw fdslwdoh srxu
od ghvfulswlrq ghv sursulìwìv ghv DPI1 Xwlolvdqw ohv uhodwlrqv ìwdeolhv hqwuh sdudpëwuhv gh
pdlooh hw wudqvlwlrq gh skdvh srxu gl�ìuhqwv w|shv g*DPI/ Kxdqj ^KXD<<` d sursrvì xqh
irupxoh jìqìudoh shuphwwdqw gh gìfuluh ohv vxuidfhv gh wudqvlwlrq ã sduwlu ghv frqwudlqwhv gh
gìexw gh wudqvlwlrq hq wudfwlrq hw hq frpsuhvvlrq hq fdofxodqw o*ìqhujlh gh �slorwdjh� gh od
wudqvlwlrq gh skdvh1 Fhwwh dssurfkh vh olplwh dx fdv ghv QlWl1

Er|g hw Odjrxgdv ^ER\<9d` rqw plv ã sur�w fhuwdlqhv whfkqltxhv g*krprjìqìlvdwlrq whoohv
txh od pìwkrgh dxwr0frkìuhqwh srxu rewhqlu ohv ìtxdwlrqv frqvwlwxwlyhv lpsolflwhv g*xq sr0
o|fulvwdo hq vh edvdqw vxu ohv grqqìhv g*xq prqrfulvwdo1 Wrxwhirlv/ xqh whooh whfkqltxh q*hvw
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h!fdfh tx*ã o*ìfkhooh pdfur g*rü od qìfhvvlwì g*xwlolvhu oh sureoëph ã o*ìfkhooh plfur frpph
�o gluhfwhxu srxu ìoderuhu xq prgëoh pdfur skìqrpìqrorjltxh dgìtxdw1 Er hw Odjrxgdv
^ER<<d`^ER<<e`^ER<<f` rqw ìwxglì ohv h�hwv gh o*kìwìurjìqìlwì lqlwldoh gx pdwìuldx/ fdudf0
wìulvwltxh hvvhqwlhooh gh o*lqlwldwlrq gh od wudqvlwlrq gh skdvh/ hw gh skìqrpëqhv sodvwltxhv
orfdx{ vxu o*ìfurxlvvdjh joredo1 Fhwwh irupxodwlrq shuphw gh prgìolvhu g*xqh píph idêrq od
uìsrqvh wkhuprpìfdqltxh ghv DPI ìgxtxìv hw uhfxlwv gdqv oh fdv gh vroolfdwlrqv pìfdqltxhv
hw wkhupltxhv pdlv ìjdohphqw o*h�hw pìprluh grxeoh vhqv hw ohv erxfohv lqwhuqhv g*k|vwìuìvlv1
Fhwwh dssurfkh hvw lqwìuhvvdqwh fdu hooh dxwrulvh od sulvh hq frpswh gh fkdujhphqwv f|foltxhv
pdlv q*hvw sdv ydolgìh sdu xqh frqiurqwdwlrq dyhf o*h{sìulhqfh1

Fhwwh olvwh/ orlq g*íwuh h{kdxvwlyh/ vh olplwh ã xqh ghvfulswlrq vrppdluh ghv sulqflsdx{
frxudqwv vxlylv hq pdwlëuh gh prgëohv pdfurvfrsltxhv edvìv vxu od plfurpìfdqltxh1 Od ol0
plwdwlrq dfwxhooh gh fh w|sh g*dssurfkh uìvlgh gdqv oh idlw txh o*h�hw ghv frqwudlqwhv vxu od
jìrjudsklh gh o*lqwhuidfh q*hvw sdv h{dplqìh1

61416 Prgëohv skìqrpìqrorjltxhv pdfurvfrsltxhv
Frqvwuxlwv gdqv oh fdguh gh od wkhuprg|qdpltxh ghv surfhvvxv luuìyhuvleohv/ od soxsduw ghv

prgëohv pdfurvfrsltxhv vrqw edvìv vxu oh gldjudpph gh Fodsh|urq frqwudlqwh0whpsìudwxuh
ghv DPI rü ohv uìjlrqv gh wudqvlwlrq gh od pduwhqvlwh ã od skdvh pëuh rx gh od skdvh pëuh
ã od pduwhqvlwh vrqw gìwhuplqìhv h{sìulphqwdohphqw1 Fh suhplhu w|sh g*dssurfkh v*dssxlh
gluhfwhphqw vxu ghv sdudpëwuhv pdwìuldx{1 Od vhfrqgh dssurfkh q*lpsoltxh sdv o*h{sorlwdwlrq
gluhfwh gx gldjudpph pdlv xwlolvh ghv sdudpëwuhv pdwìuldx{ soxv irqgdphqwdx{1 Fh w|sh gh
prgëoh frqylhqw jìqìudohphqw elhq srxu oh glphqvlrqqhphqw gh vwuxfwxuhv hw od frqfhswlrq/
qrwdpphqw hq udlvrq gh ohxu vlpsolflwì hw gh ohxu suìflvlrq/ ohv gldjudpphv gh skdvh ìwdqw
ìwdeolv ã sduwlu ghv grqqìhv h{sìulphqwdohv1

D o*khxuh dfwxhooh/ xqh odujh sduwlh ghv prgëohv pdfurv wudlwh vhxohphqw gx fdv xqld{ldo1
Hq h�hw/ oh pdqtxh gh grqqìhv h{sìulphqwdohv pxowld{ldohv hvw uìgklelwrluh ã o*h{whqvlrq ghv
prgëohv skìqrpìqrorjltxhv hq 6G1 Sdupl ohv wuëv qrpeuhxvhv frqwulexwlrqv dssruwìhv dx
grpdlqh gh od prgìolvdwlrq pdfurvfrsltxh/ lo hvw gl!floh gh idluh uhvvruwlu xq prgëoh1 Pdlv
lo hvw lqwìuhvvdqw gh idluh xq wrxu g*krul}rq ghv gl�ìuhqwhv ìfrohv ã wudyhuv xq fhuwdlq qrpeuh
gh wudydx{ pdmhxuv1 Sdu dloohxuv/ rq shxw uhpdutxhu ghx{ fdwìjrulhv gh prgëohv = ohv pr0
gëohv pdfurv wkìrultxhv qh gìyhorssdqw sdv frpsoëwhphqw o*dvshfw lqwìjudwlrq qxpìultxh ghv
orlv gh frpsruwhphqw hw g*dxwuhv gìwdloodqw ghv vfkìpdv qxpìultxhv urexvwhv1 Fhwwh ghuqlëuh
fdwìjrulh vhud h{soruìh soxv hq gìwdlov hq lqwurgxfwlrq gh od sduwlh v*lqwìuhvvdqw ã o*lpsoì0
phqwdwlrq qxpìultxh ghv orlv gh frpsruwhphqw1 F*hvw srxutxrl/ fhuwdlqv wudydx{ lpsruwdqwv
qh vrqw sdv suìvhqwìv gëv pdlqwhqdqw srxu ìylwhu xqh fhuwdlqh uhgrqgdqfh1 Rq shxw dmrxwhu
tx*dxfxq prgëoh jìqìudo shuphwwdqw gh vlpxohu oh frpsruwhphqw wkhuprpìfdqltxh ghv DPI
qh idlw o*xqdqlplwì srxu o*lqvwdqw1 Gh qrpeuhx{ wudydx{ xwlolvhqw uìjxolëuhphqw ghv uhodwlrqv
frqvwlwxwlyhv ghv soxv vlpsohv frpelqdqw ghx{ uhodwlrqv gl�ìuhqwhv edvìhv vxu od sodvwlflwì
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uhsuìvhqwdqw uhvshfwlyhphqw od fkdujh hw od gìfkdujh1 Od wudqvlwlrq gh skdvh v*rsìudqw gdqv
oh pdwìuldx hvw dvvrflìh ã xq fulwëuh g*ìfrxohphqw frpph hq sodvwlflwì1 Od udlvrq gh fhwwh
frqqhfwlrq hqwuh sodvwlflwì hw frpsruwhphqw vxshuìodvwltxh ghv DPI wurxyh vrq ruljlqh gdqv
od wudqvlwlrq gh skdvh hooh0píph/ vrq h�hw ìwdqw hq txhotxh vruwh vlplodluh ã fhoxl gh o*ìfrxoh0
phqw sodvwltxh1 D sduwlu gh oã/ xqh uhodwlrq sodvwltxh dssursulìh grlw íwuh gì�qlh hq suhqdqw
hq frpswh o*lpsruwdqfh gh o*h�hw gh od whpsìudwxuh1

Fh sdudjudskh v*lqwìuhvvh ã txdwuh prgëohv frqvwlwxwliv skìqrpìqrorjltxhv gìfulydqw od
uìsrqvh wkhuprpìfdqltxh pdfurvfrsltxh ghv DPI sro|fulvwdoolqv1 Fhv prgëohv vljql�fdwliv
vrqw eulëyhphqw h{srvìv hw fulwltxìv gdqv fhwwh vhfwlrq1 Rq | vrxoljqh ìjdohphqw fhuwdlqv
dvshfwv hvvhqwlhov gh od ghvfulswlrq gh fkdujhphqwv sursruwlrqqhov1 Gdqv wrxv ohv fdv/ ql oh
frqfhsw g*lqvwdelolwì wkhuprg|qdpltxh jìqìudqw ohv wudqvlwlrqv gh skdvh pduwhqvlwltxh/ ql od
gìshqgdqfh ã o*klvwrluh gx frpsruwhphqw qh vrqw sulv hq frpswh1

Prgëoh gh Oxeolqhu M1 hw Dxulffklr I1 ^OXE<9` Sxlvtxh od jìqìudolwì g*xq prgëoh
ìodvwrsodvwltxh shuphw gh gìfuluh oh frpsruwhphqw g*xq vrolgh srxydqw íwuh gl�ìuhqw g*xq
prgëoh ìodvwltxh0sodvwltxh fodvvltxh/ xq prgëoh gh sodvwlflwì jìqìudolvì hvw sursrvì sdu fhv
dxwhxuv gdqv oh fdguh g*xqh dssolfdwlrq ã od svhxgrìodvwlflwì ghv DPI vrxv fkdujhphqw sur0
sruwlrqqho1 Fhwwh suhplëuh whqwdwlyh gh frqvwuxfwlrq g*xq prgëoh gh frpsruwhphqw ghv DPI
v*lqvsludqw gh od sodvwlflwì hvw sulqflsdohphqw edvìh vxu od sduwlfxodulwì gx surfhvvxv ìodvwltxh
+ìodvwlflwì0wudqvlwlrq gh skdvh0ìodvwlflwì,1 Ohv orlv g*ìwdw hw od glvvlsdwlrq lqwulqvëtxh/ gì�0
qlh frpph xqh irqfwlrq ghv yduldeohv g*ìwdw hw gh ohxuv wdx{/ vrqw gìulyìhv gh o*lqìjdolwì gh
Fodxvlxv0Gxkhp1 Wrxwhirlv/ ohv sursulìwìv hw od iruph gh od irqfwlrq ìqhujlh oleuh vsìfl�txh
qh vrqw sdv suìvhqwìhv1

Ohv vxuidfhv gh fkdujh vrqw gì�qlhv ã sduwlu g*xq gldjudpph gh skdvh frqwudlqwh0whpsìudwxuh
sdu ghv irqfwlrqv lqgìshqgdqwhv ghv yduldeohv lqwhuqhv gh od iruph I @ � � wdq �W 1

Dlqvl/ od wudqvirupdwlrq gluhfwh hvw h�hfwlyh hqwuh ohv gurlwhv g*ìtxdwlrq � @ wdq � �W �P �¡�

hw � @ wdq � �W �P �¢�/ hw sdu frqvìtxhqw vhxohphqw vl �� wdq �W dxjphqwh1 Gh od píph id0
êrq/ od wudqvirupdwlrq lqyhuvh hvw h�hfwlyh hqwuh ohv gurlwhv g*ìtxdwlrq � @ wdq � �W �D�¡� hw
� @ wdq � �W �D�¢�/ hw vhxohphqw vl ��wdq �W glplqxh1 Ohv ìtxdwlrqv ghv flqìwltxhv gh wudqv0
irupdwlrq/ uholdqw od iudfwlrq yroxpltxh gh pduwhqvlwh ã od frqwudlqwh srxu xqh whpsìudwxuh
gh uìiìuhqfh W£/ vrqw fkrlvlhv whoohv txh =

;
A?

A=

b} @ e¤ ¥¦^¦§¨©ª «+¬§¤®̄,`° +4� }, srxu +D$P,
b} @ e± ¥¦^¦§¨©ª «+¬§±®̄ ,`°} srxu +P $ D, +615,

Rü e¤ hw e± vrqw ghv sdudpëwuhv pdwìuldx{1
Oh wudlwhphqw jìqìudo gh od fkdujh0gìfkdujh sduwlhooh sdu dgdswdwlrq ghv gurlwhv gh wudqv0

irupdwlrq dyhf oh fkdujhphqw q*hvw sdv fodluhphqw h{srvì1 D qrwuh frqqdlvvdqfh/ ohv prgëohv
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6141 Od txíwh gh od prgìolvdwlrq gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI

irupxoìv hq xwlolvdqw oh gldjudpph frqwudlqwh0whpsìudwxuh +txl uhoëyh gh od suhplëuh lpsru0
wdqfh gdqv od frpsuìkhqvlrq gx surfhvvxv gh wudqvirupdwlrq pduwhqvlwltxh gdqv ohv DPI,
vrqw looxvwuìv sdu ghv edqghv gh wudqvirupdwlrq �{hv/ l1h1 lqgìshqgdqwhv gh o*klvwrluh gh fkdu0
jhphqw/ hw ghv irqfwlrqv gh frqyhuvlrq gh o*dxwìqlwh hq pduwhqvlwh �gìwzlqqìh� vrxv xqh iruph
dojìeultxh h{srqhqwlhooh rx frvlqxv1

Srxu ghv fdofxov 6G/ xqh frqwudlqwh ìtxlydohqwh gh w|sh M² � L³ +M² hw L³ uhsuìvhqwdqw
uhvshfwlyhphqw oh ghx{lëph hw suhplhu lqyduldqwv gx gìyldwhxu ghv frqwudlqwhv, hvw xwlolvìh
d�q gh suhqguh hq frpswh od glvv|pìwulh wudfwlrq0frpsuhvvlrq hw ohv fkdqjhphqwv gh yroxph
oruv gh od wudqvlwlrq gh skdvh1

Prgëoh gh Er|g M1J1 dqg Odjrxgdv G1F1 ^ER\<9d`
Fhv dxwhxuv rqw idlw oh fkrl{ gh o*ìqhujlh gh Jleev +J, soxw÷w txh o*ìqhujlh oleuh g*Khop0

krow} srxu oh srwhqwlho wkhuprg|qdpltxh1 Srxu o*dqdo|vh g*xq prqrfulvwdo/ fhwwh ìqhujlh hvw
gì�qlh frpph od vrpph ghv ìqhujlhv gh Jleev ghv hvsëfhv frqvwlwxdqwhv hw g*xqh ìqhujlh
gh pìodqjh J´� +whuph gh frkìuhqfh,1 Hq frqvlgìudqw/ oruv gh od wudqvlwlrq gh skdvh gluhfwh/
ohv yduldqwhv gh pduwhqvlwh frpph ghv lqfoxvlrqv qrq0krprjëqhv l1h1 ghv qrq0krprjìqìlwìv
txl uhsuìvhqwhqw ghv gìirupdwlrqv lqìodvwltxhv rx ghv gìirupdwlrqv gh wudqvirupdwlrq gdqv od
pdwulfh dxvwìqlwltxh/ o*ìqhujlh gh pìodqjh hvw frqvwlwxìh g*xqh ìqhujlh qìjoljhdeoh vwrfnìh ã
o*lqwhuidfh hqwuh o*dxvwìqlwh hw od pduwhqvlwh hw g*xqh ìqhujlh gh gìirupdwlrq lqìodvwltxh whooh
txh J´� � J��µ1

Gdqv od irupxodwlrq g*xq prgëoh skìqrpìqrorjltxh ã ghx{ skdvhv +dxvwìqlwh0pduwhqvlwh
gìwzlqqìh,/ o*ìqhujlh gh gìirupdwlrq lqìodvwltxh hvw dssur{lpìh sdu xq gìyhorsshphqw hq vì0
ulhv/ ohv frqvwdqwhv +e�> l @ 4> 5> hwf====, ghv vìulhv ìwdqw ìydoxìhv ã sduwlu gh o*h{sìulhqfh1 Hq
frqvlgìudqw od iudfwlrq yroxpltxh gh pduwhqvlwh } hw oh whqvhxu ghv gìirupdwlrqv gh wudqviru0
pdwlrq %�� frpph yduldeohv lqwhuqhv hq o*devhqfh gh uìrulhqwdwlrq/ od iruph sursrvìh srxuJ��µ
hvw vlplodluh ã od iruph xwlolvìh hq sodvwlflwì srxu ghv ìfurxlvvdjhv lvrwurshv hw flqìpdwltxhv
olqìdluhv gdqv odtxhooh %�� frqvwlwxh od yduldeoh g*ìfurxlvvdjh flqìpdwltxh =

J��µ @ 4
5e³}

². 4
5e²

¬%��%�� +616,
Od glvvlsdwlrq pìfdqltxh hvw doruv =

G���� @¬ b%������ � �CJC} b} A 3> ���� @ � � �CJ
��µ

C%�� +617,

Sdu oh idlw/ hq frqvlgìudqw oh whqvhxu gx wdx{ gh gìirupdwlrq gh wudqvirupdwlrq b%�� frpph
ìwdqw sursruwlrqqho ã b} who txh b%�� @ �b}/ rq rewlhqw =
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Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

G���� @ �b} A 3> � @¬ ����� � �CJC} +618,
Doruv txh od wudqvirupdwlrq gluhfwh hvw slorwìh sdu od frqwudlqwh dssoltxìh/ od wudqvirupd0

wlrq lqyhuvh hvw vxssrvìh slorwìh sdu %�� +frqvlgìudwlrqv flqìpdwltxhv,1 Hq h�hw/ oh surfhvvxv
vxlyl sdu od pduwhqvlwh srxu uhwrxuqhu ã o*ìwdw gh skdvh �sduhqw� gìshqg gx surfhvvxv gh
wudqvirupdwlrq suìfìghqw1 Fh srvwxodw ruljlqdo hqwudñqh ohv uhodwlrqv vxlydqwhv =

� @
;
?

=
�
�
����> �����¶ �

> �����¶ @
t ·

² ¬ +ghy�,ghy� vl b} A 3
� �%��> %���¶� > %���¶ @

t ²· ¬%��%�� vl b} ? 3 +619,

Fhv píphv uhodwlrqv rqw ìwì ìwdeolhv gdqv fh wudydlo gh wkëvh sdu h{whqvlrq gh o*dssolfdwlrq
gx sulqflsh gh glvvlsdwlrq pd{lpxp dx fdv gh od wudqvirupdwlrq lqyhuvh1

Xqh ydohxu qrq0qxooh gx wdx{ b} hvw rewhqxh vhxohphqw oruvtxh od irufh wkhuprg|qdpltxh
� dwwhlqw xqh ydohxu vhxlo frqvwdqwh1 Od irqfwlrq g*ìfrxohphqw vxlydqwh hvw doruv lqwurgxlwh =

! @ 4
5�

²� \ 9 3>
+ � @ 5\ vl b} A 3
�� @ 5\ vl b} ? 3 +61:,

ã sduwlu gh odtxhooh od orl g*ìyroxwlrq gh od wudqvlwlrq gh skdvh hvw gìulyìh =

b} @ b�C¸! @ b�� +61;,
Frpph fhod d ìwì plv hq ìylghqfh gdqv ^DXU34e`/ o*ìwxgh dqdo|wltxh gx prgëoh uìdolvìh

sdu ohv dxwhxuv qh shuphw sdv g*dssuìflhu vrq h!fdflwì1
Gdqv ghv sxeolfdwlrqv uìfhqwhv ^ER<<e` hw ^ODJ<<`/ xqh iruph jìqìultxh gh o*ìqhujlh

gh pìodqjh J´� hvw rewhqxh sdu xqh dqdo|vh plfurpìfdqltxh g*xq yroxph uhsuìvhqwdwli hq
suìvhqfh gh gìirupdwlrqv sodvwltxhv1 Hq qrwdqw � hw [ /uhsuìvhqwdqw uhvshfwlyhphqw ohv
frqwudlqwhv �gudj� hw �edfn� +yduldeohv g*ìfurxlvvdjh flqìpdwltxh,/ gxhv dx{ lqwhudfwlrqv
gh od wudqvirupdwlrq gh skdvh dyhf ghv frqwudlqwhv uìvlgxhoohv orfdohv lqgxlwhv ã od irlv sdu
ghv gìirupdwlrqv lqìodvwltxhv sodvwltxhv hw gh wudqvirupdwlrq/ fhwwh ìqhujlh v*ìfulw =

J´� @ �4
�
] ¹

�
�� +}, .¬ [ +},C¹%��� g} +61<,

H{suhvvlrq srxydqw íwuh jurvvlëuhphqw dssur{lpìh sdu =

J´� @ �4
�
�� +}, .¬ [ +}, C¹%��� } +6143,
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6141 Od txíwh gh od prgìolvdwlrq gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI

Xqh ghvfulswlrq irqfwlrqqhooh gh � hw [ hvw lqwurgxlwh gdqv ^ER<<e`1 Hq vxssrvdqw ghv
gìirupdwlrqv sodvwltxhv frqvwdqwhv oruv gh od wudqvlwlrq gh skdvh/ o*ìyroxwlrq gh } hw gh %��
hvw wrxmrxuv grqqìh sdu ohv uhodwlrqv +619, hw +61;,1 Ohv uìvxowdwv rewhqxv srxu xqh wudqvlwlrq
gh skdvh lqgxlwh wkhupltxhphqw vrxv xqh fkdujh dssoltxìh frqvwdqwh vrqw hq dffrug dyhf ohv
uìvxowdwv h{sìulphqwdx{1

Prgëoh gh Vrx}d D1F1/ Pdpl|d H1Q1 hw ]rxdlq Q1 ^VRX<;`
Fh prgëoh skìqrpìqrorjltxh gìfulw oh frpsruwhphqw pìfdqltxh wulglphqvlrqqho gh vr0

olghv sro|fulvwdoolqv vxelvvdqw xqh wudqvlwlrq gh skdvh lqgxlwh vrxv frqwudlqwh1 Lo d ìwì gì0
yhorssì gdqv oh fdguh gh od wkìrulh ghv pdwìuldx{ vwdqgdugv jìqìudolvìv hq vxssrvdqw od
frqwudlqwh gh yhuurxloodjh vxlydqwh srxu od wudqvlwlrq gh skdvh =

Lº �%��� @
+ 3 vl ��%���� ? �

.4 vlqrq +6144,

Rü � hvw od gìirupdwlrq gh wudqvirupdwlrq xqld{ldoh pd{lpxp1
Ohv h�hwv flqìpdwltxhv pdfurvfrsltxhv gh od wudqvlwlrq gh skdvh ìwdqw gìfulwv sdu oh

whqvhxu gh gìirupdwlrq gh wudqvirupdwlrq %��/ od iruph vxlydqwh gh o*ìqhujlh oleuh vsìfl�txh
hvw sursrvìh =

# @ #�» �%� %���. �¤ +W ,��%����. e
5

¬%��%�� . Lº �%��� +6145,
Rü �¤ +W , hvw xqh irqfwlrq srvlwlyh hw prqrwrqh furlvvdqwh gh od whpsìudwxuh hw e xq

sdudpëwuh pdwìuldx uholì ã o*ìfurxlvvdjh1
Fhwwh h{suhvvlrq shuphw g*rewhqlu xqh irufh gh slorwdjh gh od wudqvlwlrq gh skdvh ����

dssduwhqdqw dx vrxv0gl�ìuhqwlho 0C¼½¾# sxlvtxh # hvw frqyh{h pdlv sdv qìfhvvdluhphqw gl�ì0
uhqwldeoh =

Srxu 3 ? ��%���� ? �/ ���� hvw grqqìh sdu =

���� @ ghy� � e%�� � �¤ +W , %��n%��n +6146,
Xqh ydohxu qrq0qxooh gx wdx{ b%�� hvw rewhqxh vhxohphqw oruvtxh �������� dwwhlqw xqh ydohxu

vhxlo \ frqvwdqwh1 Od irqfwlrq g*ìfrxohphqw vxlydqwh hvw doruv lqwurgxlwh =

* @
�������

���� \ 9 3 +6147,
ã sduwlu gh odtxhooh od orl g*ìyroxwlrq gh od wudqvlwlrq gh skdvh hvw gìulyìh =
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Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

b%�� @ b�C¦¿ÀÀ* @ b� ����n����n +6148,
Edvì vxu od gì�qlwlrq g*xqh irqfwlrq g*ìfrxohphqw xqltxh srxu oh wudlwhphqw ã od irlv ghv

wudqvirupdwlrqv gluhfwhv hw lqyhuvhv/ fh prgëoh v*lqvsludqw gh od sodvwlflwì qh shuphw sdv od
prgìolvdwlrq ghv erxfohv lqwhuqhv hw derxwlw ã ghv uìsrqvhv qrq uìdolvwhv gdqv oh fdv gh od
svhxgrìodvwlflwì lgìdoh +e @ 3,1 Hq frqvlgìudqw/ sdu h{hpsoh/ xq hvvdl gh wudfwlrq sxuh/ od
wudqvirupdwlrq lqyhuvh srxu xqh gìfkdujh sduwlhooh txhofrqtxh hw srxu xqh whpsìudwxuh gh
uìiìuhqfh W @ W£ A D�¢ / vh surgxlw srxu xqh frqwudlqwh qìjdwlyh sxlvtxh od wudqvlwlrq gh
skdvh d olhx oruvtxh m�m @ s6@5 +�¤ +W£, . \ ,1

Prgëoh gh Tlgzdl P1D1 hw Odjrxgdv G1F1 ^TLG33e`
Fh prgëoh wkhuprpìfdqltxh gh wudqvlwlrq gh skdvh lqgxlwh vrxv frqwudlqwh gdqv ohv DPI

sro|fulvwdoolqv hvw edvì vxu ghx{ srwhqwlhov +srwhqwlho gh Jleev J hw srwhqwlho gh wudqvirupd0
wlrq,1 Lo xwlolvh xqh irupxodwlrq odjudqjlhqqh hw uhsuìvhqwh ohv fkdqjhphqwv gdqv od plfur0
vwuxfwxuh gx pdwìuldx dx pr|hq gx whqvhxu gh gìirupdwlrq gh wudqvirupdwlrq odjudqjlhq H��
hw gh od iudfwlrq yroxpltxh gh pduwhqvlwh }1 Od glvvlsdwlrq lqwulqvëtxh hvw grqqìh sdu =

G���� @¬ bH��V � ��C¹J+V>W> }, b} A 3 +6149,
Rü �� hvw od ghqvlwì pdvvltxh gdqv od frq�jxudwlrq odjudqjlhqqh hw V oh vhfrqg whqvhxu

ghv frqwudlqwhv gh Slrod0Nlufkkr�1
Hq frqvlgìudqw ghv wdx{ sursruwlrqqhov hw hq vxssrvdqw xqh píph phvxuh gh glvvlsdwlrq

srxu fkdtxh wudqvirupdwlrq/ ghx{ irqfwlrqv g*ìfrxohphqw vrqw lqwurgxlwhv whoohv txh =

*Á�+V>W> }, @ 	+V,� ��C¹J+V>W> },� \ 9 3
*�Á+V>W> }, @ 	+V,� ��C¹J+V>W> }, . \ A 3 +614:,

D�q gh uhqguh frpswh ghv gl�ìuhqwv frpsruwhphqwv g*ìfurxlvvdjh gxv ã o*lqwhudfwlrq
hqwuh pduwhqvlwh/ dxvwìqlwh hw yduldqwhv gh pduwhqvlwh hoohv0píphv +whuph gh frkìuhqfh,/ ghx{
ìqhujlhv gh pìodqjh J´� gl�ìuhqwhv vrqw sursrvìhv =

J´� @ ³·��e¤· }
·
. ³²��e¤² }². +e³. e², } srxu +d$p,

J´� @ ³·��e±· }
·
. ³²��e±² }². +e³� e², } srxu +p$ d, +614;,

Rü e±Â¤· / e±Â¤² / e³ hw e² vrqw ghv sdudpëwuhv pdwìuldx{1 Fhwwh lqlwldwlyh lpsoltxh xqh
gìshqgdqfh dx wudmhw gh fkdujhphqw gh o*ìqhujlh gh Jleev/ fh txl q*hvw sdv dffhswdeoh1
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6141 Od txíwh gh od prgìolvdwlrq gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI

Frpph C¹J gìshqg gh V hq udlvrq gh od iruph sursrvìh srxu o*ìqhujlh gh Jleev/ xq fdguh
frqvwlwxwli qrq0dvvrflì d ìwì dgrswì d�q gh gìulyhu ohv orlv g*ìyroxwlrq gh od wudqvirupdwlrq gx
sulqflsh gh glvvlsdwlrq pd{lpxp1 O*ìyroxwlrq gh od gìirupdwlrq gh wudqvirupdwlrq vh uhyëoh
íwuh gìshqgdqwh gh o*ìyroxwlrq gh od iudfwlrq yroxpltxh gh pduwhqvlwh whooh txh =

bH�� @ b}C¡	+V, +614<,
Fhwwh h{suhvvlrq vxjjëuh xqh gluhfwlrq g*ìfrxohphqw qrupdoh dx{ irqfwlrqv srwhqwlho vxl0

ydqwhv =

�Á�+V> W> }, @ 	+V,�	Á�+W> },
��Á+V> W> }, @ 	+V,�	�Á+W> }, +6153,

gì�qlvvdqw dlqvl xqh uìjlrq frqwudlqwh srxu fkdtxh wudqvlwlrq gh skdvh1 Frpph fhod d
ìwì plv hq ìylghqfh sdu ohv dxwhxuv/ xqh uìjlrq frqwudlqwh frqyh{h fruuhvsrqgdqw dx grpdlqh
ìodvwr0glvvlsdwli hvw qìfhvvdluh srxu dvvxuhu o*h{lvwhqfh g*xq plqlpxp joredo gh od glvvlsdwlrq
lqyhuvh G����1 Fhwwh frqglwlrq q*hvw sdv yìul�ìh oruv gh od wudqvirupdwlrq lqyhuvh fdu oh
grpdlqh gìolplwì sdu xqh píph irqfwlrq srxu ohv wudqvirupdwlrqv gluhfwh hw lqyhuvh hvw qrq0
frqyh{h1

Xqh irqfwlrq gh wudqvirupdwlrq jìqìudolvìh srxu odtxhooh 	+V, hvw edvìh vxu ohv wurlv
lqyduldqwv gx gìyldwhxu ghv frqwudlqwhv +M² � M· � L³, hvw lqwurgxlwh d�q gh uhqguh frpswh
gh od glvv|pìwulh wudfwlrq0frpsuhvvlrq hw gh od gìirupdwlrq gh wudqvirupdwlrq yroxpltxh1
Od gìshqgdqfh ã od suhvvlrq gh od wudqvlwlrq gh skdvh ghv DPI l1h1 o*dxjphqwdwlrq gh od
frqwudlqwh h�hfwlyh dyhf fhooh gh od suhvvlrq k|gurvwdwltxh ghphxuh xq vxmhw frqwuryhuvì1

Hq rxwuh/ xqh irupxodwlrq odjudqjlhqqh grlw íwuh xwlolvìh dyhf suxghqfh fdu od wudfh wu bH��

q*h{sulph sdv oh fkdqjhphqw gh yroxph oruv gh od wudqvlwlrq gh skdvh gdqv oh fdv jìqìudo hw
od frqwudlqwh ìtxlydohqwh 	+V, frpsduìh ã od irqfwlrq vhxlo gh wudqvirupdwlrq h{sìulphqwdoh
grlw íwuh gì�qlh gdqv o*hvsdfh ghv frqwudlqwhv yudlhv1

61417 Frqfoxvlrq
Od suìvhqwdwlrq ghv DPI idlwh gdqv oh suhplhu fkdslwuh phw hq ìylghqfh od ydulìwì hw od

frpsoh{lwì ghv skìqrpëqhv rsìudqw gdqv oh pdwìuldx ã o*ìfkhooh plfurvfrsltxh1 Sdu frqvì0
txhqw/ od frqvwuxfwlrq g*xq prgëoh gh frpsruwhphqw frqvwlwxwli ghv DPI gluhfwhphqw edvì
vxu od plfurpìfdqltxh ghv wudqvlwlrqv gh skdvh vhpeoh íwuh xq wudydlo �wlwdqhvtxh�1 F*hvw
srxutxrl od soxsduw ghv dxwhxuv rqw uhfrxuv ã xqh wkìrulh frqwlqxh wkhuprpìfdqltxh irqgìh
vxu xq irupdolvph ã yduldeohv lqwhuqhv1

Od flqìpdwltxh ghv wudqvlwlrqv gh skdvh pduwhqvlwltxh ghv DPI grqqh txhotxhv lqglfd0
wlrqv ã sursrv gh od vwuxfwxuh ghv yduldeohv lqwhuqhv1 Vhorq oh qlyhdx gh ghvfulswlrq yrxox/ ohv
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yduldeohv lqwhuqhv grlyhqw shuphwwuh gh gìfuluh od suìvhqfh hw ohv fdudfwìulvwltxhv ghv gl�ì0
uhqwhv skdvhv hw ghyudlhqw/ gdqv fh vhqv/ uhsuìvhqwhu od iudfwlrq uhvshfwlyh gh fkdtxh skdvh hw
ohxu rulhqwdwlrq1

Od flqìwltxh ghv wudqvlwlrqv gh skdvh pduwhqvlwltxh ghv DPI irxuqlw ghv uhqvhljqhphqwv
txdqw ã od gì�qlwlrq ghv ìtxdwlrqv g*ìyroxwlrq ghv yduldeohv lqwhuqhv srxu od frqvwuxfwlrq
g*xq prgëoh frqvwlwxwli1 Qrwdpphqw/ fh ghuqlhu grlw íwuh hq phvxuh gh uhqguh frpswh ghv
vsìfl�flwìv vxlydqwhv =

� skìqrpëqh g*k|vwìuìvlv wìprljqdqw gh surfhvvxv sursuhv ã fkdtxh wudqvlwlrq gh skdvh/
� gìshqgdqfh gh o*ìwdw wkhuprpìfdqltxh ã o*klvwrluh gx pdwìuldx/
� ìyhqwxhooh gìshqgdqfh ã od suhvvlrq k|gurvwdwltxh gh fhuwdlqhv wudqvlwlrqv gh skdvh hq
whuphv gh frqglwlrqv lqlwldohv hw g*ìtxdwlrqv g*ìyroxwlrq/

� srvvlelolwì gh uìdolvhu xqh wudqvlwlrq lqyhuvh frpsoëwh dx pr|hq gh f|fohv wkhuprpìfd0
qltxhv dssursulìv

� sulvh hq frpswh ghv fkdujhv hw gìfkdujhv sduwlhoohv1
Hq rxwuh/ soxvlhxuv ìwxghv h{sìulphqwdohv rqw lqgltxì txh ohv wudqvlwlrqv gh skdvh v*rsì0

udqw gdqv soxvlhxuv DPI vrqw lqgìshqgdqwhv ghv ylwhvvhv1 Gh vxufurlw/ od wudqvlwlrq gh skdvh
shxw íwuh vìtxhqwlhooh1 Sdu h{hpsoh/ oh QlWl shxw vxelu xqh wudqvlwlrq dxvwìqlwh �$ U skdvh
+skdvh ukrperìgudoh, txdvl0uìyhuvleoh pìfdqltxhphqw l1h1 vdqv k|vwìuìvlv vxlyl gh od wudqvl0
wlrq pduwhqvlwltxh/ luuìyhuvleoh1 Od uhvwulfwlrq ghv prgëohv gh w|sh UOW ^UDQ<5`^UDQ<;` dx
fdv g*xqh idleoh gìshqgdqfh ã o*klvwrluh srxu ghv fkdujhv hw gìfkdujhv sduwlhoohv hvw gluhfwh0
phqw ã o*ruljlqh gx prgëoh sursrvì sdu od vxlwh1

615 Fdguh wkhuprg|qdpltxh frqvwlwxwli gx prgëoh
Oh frpsruwhphqw ghv DPI hvw dvvrflì ã xqh wudqvirupdwlrq gh skdvh vrolgh0vrolgh gh

o*dxvwìqlwh yhuv od pduwhqvlwh1 Oh fdudfwëuh elskdvltxh ghv DPI qìfhvvlwh od sulvh hq frpswh
g*xqh ìqhujlh g*lqwhudfwlrq gdqv od gì�qlwlrq gh od irqfwlrq ìqhujlh oleuh vsìfl�txh g*Khop0
krow}1 Dlqvl/ od prgìolvdwlrq gx frpsruwhphqw ghv DPI gìshqg judqghphqw gh od gì�qlwlrq
gh fhwwh ìqhujlh g*lqwhudfwlrq1 Hq o*devhqfh g*xqh frqqdlvvdqfh vx!vdqwh gh od qxfoìdwlrq hw
gh od furlvvdqfh gh od pduwhqvlwh gdqv o*dxvwìqlwh shuphwwdqw g*derxwlu ã xqh iruph h{dfwh
gh fhwwh ìqhujlh/ xqh prgìolvdwlrq skìqrpìqrorjltxh frqvwuxlwh vxu oh prgëoh gh od sodvwlflwì
hvw xqh dowhuqdwlyh lqwìuhvvdqwh1 Ohv orlv g*ìyroxwlrq gh wudqvlwlrq gh skdvh vrqw gìulyìhv sdu
h{whqvlrq gx sulqflsh gh glvvlsdwlrq pd{lpxp dx fdv gh od vxshuìodvwlflwì1 Od prgìolvdwlrq
sursrvìh lfl suìwhqg ìjdohphqw uhqguh frpswh gh od gìshqgdqfh ã o*klvwrluh gx pdwìuldx ghv
DPI hw v*dssxlh vxu xqh irupxodwlrq qrq0dvvrflìh gh od wudqvirupdwlrq lqyhuvh wulglphqvlrq0
qhooh ^ERX35d`^ERX35e`1

Gx srlqw gh yxh gh od wkhuprg|qdpltxh/ oh surfhvvxv gh wudqvlwlrq gh skdvh lqgxlw vrxv
frqwudlqwh hvw luuìyhuvleoh1 Xqh prgìolvdwlrq frkìuhqwh shxw íwuh hqylvdjìh gdqv oh fdguh gh

:;



6151 Fdguh wkhuprg|qdpltxh frqvwlwxwli gx prgëoh

od wkhuprg|qdpltxh ghv surfhvvxv luuìyhuvleohv hq xwlolvdqw oh frqfhsw g*ìtxloleuh frqwudlqw
^ULF:4`1 Fhwwh qrwlrq vxjjëuh txh oh wdx{ ghv yduldeohv g*ìwdw rx ohv orlv g*ìfrxohphqw fru0
uhvsrqgdqw ã fhuwdlqhv irufhv wkhuprg|qdpltxhv shxyhqw v*dqqxohu píph vl fhv irufhv vrqw
qrq0qxoohv1

D�q gh gì�qlu xqh irqfwlrq ìqhujlh oleuh vsìfl�txh g*Khopkrow} srxu ohv DPI ã o*ìtxloleuh
frqwudlqw/ o*ìqhujlh oleuh vsìfl�txh g*xq pìodqjh gh ghx{ skdvhv vrolghv dyhf lqwhudfwlrq hqwuh
skdvhv hvw xwlolvìh ^PXO;<`^PXO<4`^KXR<6` =

# +%> }> W , @ +4� },#Á . }#� .#´� +6154,
Rü } uhsuìvhqwh od iudfwlrq yroxpltxh gh pduwhqvlwh/ #Á hw #� vrqw uhvshfwlyhphqw ohv ìqhujlhv
oleuhv vsìfl�txhv gh o*dxvwìqlwh sxuh hw gh od pduwhqvlwh sxuh hw #´� uhsuìvhqwh xqh ìqhujlh
g*lqwhudfwlrq1

Hq vxssrvdqw txh ohv ghx{ skdvhv srvvìghqw ohv píphv sursulìwìv vxlydqwhv = pdvvh yr0
oxpltxh �/ prgxoh g*\rxqj H/ frh!flhqw gh glodwdwlrq wkhupltxh � hw fkdohxu vsìfl�txh fÃ/
#Á hw #� shxyhqw v*h{sulphu +fi �jxuh 614, =

#Á +%Á> }> W , @ #Á
� .

³Ä �Å² +%Á,� � +W � W£,� %Á
#� +%�> }> W , @ #�

� . ³Ä �Å² +%� ��%,� � +W � W£,� +%� ��%, +6155,

( )εψ a

εε∆

aψ

mψ

a
0

ψ

m
0

ψ

( )εψ m

Ilj1 614 = Irqfwlrq ìqhujlh oleuh vsìfl�txh gh fkdtxh skdvh ã od whpsìudwxuh gh uìiìuhqfh
W£

Rü +W � W£, hvw o*ìfduw gh whpsìudwxuh hqwuh od whpsìudwxuh frxudqwh W hw xqh whpsìud0
wxuh gh uìiìuhqfh W£/ �% hvw od gìirupdwlrq dvvrflìh ã od irupdwlrq gh pduwhqvlwh/ %Á hw %�
vrqw uhvshfwlyhphqw ohv gìirupdwlrqv wrwdohv gh o*dxvwìqlwh hw gh od pduwhqvlwh/ hw ohv h{suhv0
vlrqv ghv ìqhujlhv oleuhv vsìfl�txhv gh fkdtxh skdvh ã o*ìwdw oleuh gh frqwudlqwh vrqw grqqìhv
sdu =

:<
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#Á
� @ xÁÆ£� W vÁÆ£. fÃ

k
+W � W£,� W oq ¬¬

l

#�
� @ x�Æ£� W v�Æ£. fÃ

k
+W � W£,� W oq ¬¬

l +6156,

Rü xÁÆ£> x�Æ£> vÁÆ£ hw v�Æ£ vrqw ohv ydohxuv ghv ìqhujlhv lqwhuqhv hw ghv hqwurslhv ã od whp0
sìudwxuh gh uìiìuhqfh fkrlvlh W£=

Hwdqw grqqì txh od wudqvlwlrq gh skdvh hvw vdqv gl�xvlrq/ od frpsrvlwlrq fklpltxh ghv
skdvhv uhvwh lqfkdqjìh1

Srxu xqh gìirupdwlrq pdfurvfrsltxh wrwdoh grqqìh %/ rq vxssrvh txh %Á hw %� vdwlvirqw
od uhodwlrq vxlydqwh =

% @ +4� }, �Á . }%� +6157,
Srxu fh prgëoh g*duudqjhphqw lqwhuqh dxvwìqlwh0pduwhqvlwh/ ohv frqglwlrqv g*ìtxloleuh

wkhuprg|qdpltxh gx plolhx elskdvì vrqw rewhqxhv ã sduwlu ghv frqglwlrqv g*rswlpdolwì gh od
irqfwlrq odjudqjlhqqh vxlydqwh =

OÇ @ # . � ^%� +4� }, %Á . }%�` +6158,
rü � @ �@� hvw od frqwudlqwh pdfurvfrsltxh gh Nlufkkr� mrxdqw oh u÷oh gh pxowlsolfdwhxu

gh Odjudqjh +� ^%� +4� }, %Á . }%�` @ 3,1
Srxu xq hqvhpeoh +%> }> W , grqqì/ fhv frqglwlrqv prqwuhqw txh ohv frqwudlqwhv gdqv ohv

ghx{ skdvhv l1h1 �Á @ �C¼È#Á hw �� @ �C¼É#� vrqw ìjdohv dx{ frqwudlqwhv yudlhv gh Fdxfk|
� whoohv txh ^UDQ<5` =

� @ H �%� %�� � � +W � W£,� +6159,
Rü %�� @ }�% uhsuìvhqwh od gìirupdwlrq gh wudqvlwlrq gh skdvh pdfurvfrsltxh odtxhooh

hvw suìsrqgìudqwh ghydqw od gìirupdwlrq ìodvwltxh fruuhvsrqgdqwh1
Od uhodwlrq %�� @ }�% vlpsol�h frqvlgìudeohphqw o*dssurfkh fdu hooh ljqruh oh idlw txh od

pduwhqvlwh shxw suìvhqwhu gh qrpeuhxvhv rulhqwdwlrqv rx yduldqwhv1
O*ìqhujlh oleuh vsìfl�txh g*Khopkrow} g*xq v|vwëph elskdvì hvw gì�qlh ã o*ìtxloleuh frqwudlqw

frpph ìwdqw xqh irqfwlrq srwhqwlho srxu �= Dlqvl =

# +%> }> W , @ ÅÄ � ³² +%� }�%,� � +W � W£,� +%� }�%,
.xÁÆ£� WvÁÆ£. fÃ

k
+W � W£,� W oq ¬¬

l� } ��. #´� +615:,

Rü �� @ �x� � W�v� @ #Á� #� irufh prwulfh gh od wudqvlwlrq gh skdvh lqgxlwh wkhupl0
txhphqw ã o*ìwdw oleuh gh frqwudlqwh dyhf �x� @ xÁÆ£� x�Æ£ hw �v� @ vÁÆ£� v�Æ£1
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Od glvvlsdwlrq lqwulqvëtxh gdqv oh fdv sduwlfxolhu gh surfhvvxv lvrwkhuphv slorwìv hq frqwudlqwh
ã xqh whpsìudwxuh gh uìiìuhqfh W @ W£ v*h{sulph doruv =

G���� @ � b��� . �
�
��� C¹#´�

�
b} � 3 +615;,

Ohv ìwdwv g*ìtxloleuh wkhuprg|qdpltxh vrqw fhx{ srxu ohvtxhov od glvvlsdwlrq v*dqqxoh srxu
q*lpsruwh txho fkdqjhphqw g*ìwdw dgplvvleoh1 Gìshqgdqwv gh od iruph gh o*ìqhujlh g*lqwhudf0
wlrq #´�/ fhv ìwdwv gì�qlvvhqw oh olhx ghv srlqwv gh uhwrxuqhphqw srxu ohv fkdujhv hw gìfkdujhv
sduwlhoohv/ lqgltxdqw doruv xqh fhuwdlqh iruph g*lqvwdelolwì1 Hq h�hw/ oh v|vwëph elskdvì ìwdqw
hq ìwdw g*ìtxloleuh lqvwdeoh/ whqg ã wurxyhu o*ìwdw oh soxv vwdeoh +fi �jxuh 615,1 O*lqvwdelolwì dx{
ìwdwv g*ìtxloleuh hvw od vrxufh sulqflsdoh gh od irupdwlrq ghv erxfohv g*k|vwìuìvlv ^KXR<6` l1h1
od wkhuprg|qdpltxh ghv wudqvlwlrqv gh skdvh grlw íwuh edvìh vxu od gì�qlwlrq g*xqh irqfwlrq
ìqhujlh oleuh qrq0frqyh{h1 Hq o*devhqfh g*xqh frqqdlvvdqfh vx!vdqwh gh od qxfoìdwlrq hw gh od
furlvvdqfh gh od pduwhqvlwh gdqv o*dxvwìqlwh phqdqw ã xqh iruph h{dfwh gh o*ìqhujlh g*lqwhudf0
wlrq #´�/ P oohu hw do1 ^PXO;<` rqw lqwurgxlw od irqfwlrq od soxv vlpsoh gh } +4� }, vdwlvidlvdqw
#´� @ 3 oruvtxh } @ 3 +dxvwìqlwh sxuh, rx oruvtxh } @ 4 +pduwhqvlwh sxuh,1 Fhwwh iruph olplwh
od prgìolvdwlrq dx w|sh gh frpsruwhphqw gìfulw �jxuh +615d, rü ohv ìwdwv g*ìtxloleuh lqvwdeoh
vrqw orfdolvìv oh orqj g*xqh gurlwh gldjrqdoh ã o*lqwìulhxu gh od erxfoh g*k|vwìuìvlv1 Gdqv od
frqwlqxlwì/ Udqlhfnl hw do1 rqw gì�ql xqh ìqhujlh g*lqwhudfwlrq gìshqgdqw gh od whpsìudwxuh
^UDQ<5`^UDQ<;` hq xwlolvdqw oh frqfhsw �g*hqwurslh hw g*ìqhujlh lqwhuqh frq�jxudwlrqqhoohv�1

O*dssurfkh suìvhqwìh lfl hvw xqh prgìolvdwlrq skìqrpìqrorjltxh1 Hooh shuphw gh suhqguh
hq frpswh gl�ìuhqwhv frq�jxudwlrqv gh olhx{ g*ìwdwv g*ìtxloleuh lqvwdeoh +fi �jxuhv 615e hw
615f,1 H{sorlwdqw od qrwlrq g*ìtxloleuh frqwudlqw/ od ghvfulswlrq wkhuprg|qdpltxh sursrvìh
uhsrvh g*xqh sduw vxu xqh irqfwlrq ìqhujlh oleuh vsìfl�txh vxssrvìh qrq0frqyh{h pdlv qrq0
h{solflwìh hw g*dxwuh sduw vxu ghx{ surfhvvxv glvvlsdwliv qrupdx{ lqgìshqgdqwv/ xq srxu od
wudqvirupdwlrq gluhfwh +d $ p, hw o*dxwuh srxu od wudqvirupdwlrq lqyhuvh +p $ d,= Ohv
orlv g*ìyroxwlrq gh fkdtxh wudqvlwlrq gh skdvh vrqw rewhqxhv sdu h{whqvlrq gx sulqflsh gh
glvvlsdwlrq pd{lpxp1 Od ydolglwì gh o*k|srwkëvh gh glvvlsdwlrq pd{lpxp shxw íwuh yìul�ìh
sdu h{dphq gh od suìglfwlrq gx prgëoh dlqvl ìwdeol1

Lqlwlìh gdqv ohv wudydx{ ^ERX<;e`^ERX<<` sursrvdqw xqh flqìpdwltxh hq wudqvirupdwlrqv
�qlhv srxu od fodvvh ghv prgëohv UÊ/ fhwwh prgìolvdwlrq shuphw ìjdohphqw gh suhqguh hq
frpswh od gìshqgdqfh gx frpsruwhphqw ã o*klvwrluh gx pdwìuldx1 Ohv prgëohv glw UOW
+Udqlhfnl Oh{fhoohqw Wdqdnd, vrqw ghv fdv sduwlfxolhuv txl v*lqvfulyhqw gluhfwhphqw gdqv fhwwh
fodvvh1

616 Wkhuprg|qdpltxh gh o*ìtxloleuh frqwudlqw
Ohv surjuëv uìdolvìv hq pdwlëuh gh prgìolvdwlrq ghv frpsruwhphqwv sodvwltxhv ghv pdwì0

uldx{ dx frxuv ghv ghuqlëuhv gìfhqqlhv grlyhqw ehdxfrxs ã o*h{sorlwdwlrq hw ã o*dssolfdwlrq ghv
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Ilj1 615 = +d, Fx]qDo ^KXR<6`/ +e, QlWl ^OH[<8` dqg FxDoEh ^ERXY34`

rxwlov pdwkìpdwltxhv prghuqhv ã od pìfdqltxh ghv plolhx{ frqwlqxv sdu Jhupdlq ^JHU:4`/
Hghohq ^HGH:7` / Kdoskhq hw Qjx|hq ^KDO:8`1

O*dssurfkh hqylvdjìh dgrswh oh srlqw gh yxh vrxwhqx sdu Ulfh ^ULF:4` hw glvfxwì sdu Jhu0
pdlq hw do ^JHU;6` sxlv Oxeolqhu ^OXE<3`/ ohtxho srvwxoh o*h{lvwhqfh g*xq ìtxloleuh frqwudlqw1
Fh ghuqlhu shuphw od ghvfulswlrq ghv surfhvvxv wkhuprg|qdpltxhv edvìv vxu od gì�qlwlrq gh
ghx{ srwhqwlhov = oh srwhqwlho wkhuprg|qdpltxh grqqdqw ohv orlv g*ìwdw hw oh srwhqwlho gh
glvvlsdwlrq grqqdqw ohv orlv g*ìyroxwlrq srxu xq hqvhpeoh gh yduldeohv lqwhuqhv dvvrflì dx{
surfhvvxv luuìyhuvleohv sdu oh eldlv gh o*k|srwkëvh gh qrupdolwì jìqìudolvìh1

Od vxlwh gh fh sdudjudskh udsshooh eulëyhphqw ohv ìtxdwlrqv gh edvh gh od wkhuprg|0
qdpltxh srxu xq plolhx frqwlqx lqìodvwltxh dyhf yduldeohv lqwhuqhv/ xwlolvdqw o*ìqhujlh oleuh
g*Khopkrow} frpph srwhqwlho wkhuprg|qdpltxh gdqv oh fdv gh surfhvvxv lvrwkhuphv1

Gdqv xq suhplhu whpsv/ rq vxssrvh txh o*ìwdw wkhuprg|qdpltxh orfdo hvw gìwhuplqì
sdu oh whqvhxu gh gìirupdwlrq wrwdo %/ gì�ql frpph od sduwlh v|pìwultxh gx judglhqw gx
fkdpsv gh gìsodfhphqw gdqv o*k|srwkëvh ghv shwlwhv shuwxuedwlrqv/ vd sduwlh lqìodvwltxh %� /
od whpsìudwxuh W hw xq hqvhpeoh gh yduldeohv lqwhuqhv ���Ë> sÌ� > m> n 5 Q� = O*ìqhujlh oleuh
vsìfl�txh rx ìqhujlh oleuh sdu xqlwì gh pdvvh hvw doruv gì�qlh sdu od irqfwlrq frqvwlwxwlyh
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# @ # �%� %� > �Ë> sÌ> W� = Srxu od soxsduw ghv vrolghv/ rq frqvlgëuh oh gìfrxsodjh ghv uìsrqvhv
ìodvwltxhv hw lqìodvwltxhv +glvvlsdwli,/ o*ìqhujlh oleuh v*h{sulph doruv vrxv od iruph =

# @ # �%� %� > �Ë> sÌ> W� @ #�» �%� %� > W�. #´� ��Ë> sÌ> W� +615<,
Hq idlvdqw o*k|srwkëvh gh od wkìrulh lq�qlwìvlpdoh/ od gl�ìuhqfh gh gìirupdwlrq % � %� 

shxw íwuh lghqwl�ìh frpph ìwdqw ìjdoh ã od gìirupdwlrq ìodvwltxh %�»1
Oh vhfrqg sulqflsh gh od wkhuprg|qdpltxh h{sulpì sdu o*lqìjdolwì gh Fodxvlxv0Gxkhp

^PDO9<`^PDX<5` shuphw g*derxwlu g*xqh sduw ã od orl g*ìwdw =

� @ �C¼§¼ÍÎ#�» �%� %� > W� +6163,
rü � hvw oh whqvhxu ghv frqwudlqwhv yudlhv gh Fdxfk| hw � hvw od pdvvh yroxpltxh > hw

g*dxwuh sduw ã o*h{suhvvlrq gh od irqfwlrq gh glvvlsdwlrq orfdoh/ txl/ h{sulpìh vrxv od iruph
gxdoh/ v*ìfulw =

G���� ��>[Ë> UÌ> b%� > b�Ë> bsÌ� @¬ b%� � �[
Ë

¬ b�Ë[Ë �[

Ì
UÌ bsÌ � 3 +6164,

rü [Ë @ �CÏÐ#´� hw UÌ @ �CÑÒ#´� vrqw ohv irufhv wkhuprg|qdpltxhv1
Srxu ohv pdwìuldx{ vwdqgdugv jìqìudolvìv dx vhqv lqwurgxlw sdu Kdoskhq hw Qjx|hq ^KDO:8`/

ohv orlv g*ìyroxwlrq dvvrflìhv rx ohv wdx{ gh yduldeohv lqwhuqhv vrqw gìulyìhv gh o*k|srwkëvh gh
qrupdolwì gh o*ìfrxohphqw lqìodvwltxh sdu udssruw ã xqh vxuidfh g*ìfrxohphqw/ odtxhooh hvw
gì�qlh frpph xqh irqfwlrq frqvwlwxwlyh gh �/ [Ë hw sÌ1

617 Vxshuìodvwlflwì xqlglphqvlrqqhooh
Oh frpsruwhphqw vxshuìodvwltxh rx svhxgrìodvwltxh ghv DPI/ gìfulw gdqv od sduwlh lq0

wurgxfwlyh hvw xq frpsruwhphqw uìyhuvleoh pdlv glvvlsdwli dvvrflì dx{ wudqvlwlrqv gh skdvh
+d#$p, lqgxlwhv pìfdqltxhphqw1

Gdqv oh fdguh g*xqh prgìolvdwlrq wkhuprg|qdpltxh/ rq shxw xwlolvhu od irqfwlrq ìqhujlh
oleuh vsìfl�txh g*Khopkrow} sursrvìh gdqv o*ìtxdwlrq +615:, =

# @ # �%� %��> }> W� @ #�» �%� %��> W�. #��§�� +}> W , .#´� +}> W , +6165,
Rü #�» hvw od sduwlh wkhuprìodvwltxh grqqìh sdu =

#�» �%� %��> W� @ H
�
�4
5
�%� %���� � +W � W£,

� �%� %��� +6166,
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hw #��§�� hvw od sduwlh fklpltxh0wkhupltxh whooh txh =

#��§�� +}> W , @ xÁ�£� WvÁ�£. fÃ
�
+W � W£,� W oq W

W£
�� } �� +6167,

61714 Glvvlsdwlrq pìfdqltxh hw irqfwlrqv gh fkdujh
Ghv phvxuhv ìohfwultxhv �lq0vlwx� h�hfwxìhv oruv g*hvvdlv gh wudfwlrq rqw shuplv g*ìwdeolu

xqh uhodwlrq gh sursruwlrqqdolwì hqwuh %�� hw od iudfwlrq yroxpltxh gh pduwhqvlwh } ^YDF<3` =

%�� @ �}> b%�� @ � b} +6168,
Fhwwh uhodwlrq shuphw doruv g*rewhqlu o*h{suhvvlrq vxlydqwh gh od glvvlsdwlrq pìfdqltxh =

G���� @ � b} � 3> � @ �� . ��� � �C¹#´� +6169,
Oh idfwhxu gh sursruwlrqqdolwì � uhsuìvhqwh od gìirupdwlrq gh wudqvirupdwlrq pd{lpxp

suhqdqw ghx{ ydohxuv gl�ìuhqwhv hq udlvrq gh od glvv|pìwulh gx frpsruwhphqw hq wudfwlrq0
frpsuhvvlrq +fi �jxuh 616,1
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( )ztrε

z

nco mpress ioγγ =

( )0,0 >≥ πz&

( )0,0 <≤ πz&

elε

tractionγγ =

Ilj1 616 = Uìsrqvh vxshuìodvwltxh = glvv|pìwulh wudfwlrq0frpsuhvvlrq

Od wudqvirupdwlrq gluhfwh +d $ p, hvw fdudfwìulvìh sdu + b} A 3 hw � A 3, wdqglv txh od
wudqvirupdwlrq lqyhuvh +p $ d, hvw fdudfwìulvìh sdu + b} ? 3 hw � ? 3, rü � hvw od irufh gh
slorwdjh gh od wudqvlwlrq gh skdvh1
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D�q g*ìwdeolu ohv orlv g*ìyroxwlrq vxshuìodvwltxh gdqv oh frqwh{wh g*xqh prgìolvdwlrq ã ghx{
srwhqwlhov/ xq surfhvvxv glvvlsdwli qrupdo lqgìshqgdqw hvw hqylvdjì srxu fkdtxh wudqvirupd0
wlrq1 Gdqv fhwwh rswltxh/ od vxshuìodvwlflwì hvw gì�qlh sdu o*ìqhujlh oleuh vsìfl�txh vxssrvìh
qrq0frqyh{h +uhodwlrq 6165, hw ghx{ pìfdqlvphv glvvlsdwliv qrupdx{ dvvrflìv ^ERX33`/ l1h1
txh srxu wrxw lqvwdqw oh surgxlw � b} hvw grqqì sdu ghx{ irqfwlrqv lqgìshqgdqwhv gh b}/ ohv
yduldeohv g*ìwdw ìwdqw xwlolvìhv frpph sdudpëwuhv =

G���� @ GÁ� + b}> }> W , vl b} A 3
G���� @ G�Á + b}> }> W , vl b} ? 3 +616:,

Gdqv oh fdv sduwlfxolhu g*xq frpsruwhphqw lqgìshqgdqw ghv ylwhvvhv +frpsruwhphqw lghq0
wltxh ã od sodvwlflwì,/ fhv irqfwlrqv vrqw frqyh{hv/ srvlwlyhphqw krprjëqhv g*ruguh xq1 Xq
fkrl{ vlpsoh srxu fhv irqfwlrqv +fi �jxuh 617, =

GÁ� + b}> }> W , @ �Á� +}> W , b} > �Á� +}> W , A 3
G�Á + b}> }> W , @ ��Á +}> W , b} > ��Á +}> W , ? 3 +616;,

shuphw gh gì�qlu ghv irqfwlrqv qrq0qìjdwlyhv hw frqwlqxhv whoohv txh GÁ� +3> }> W , @ 3 hw
G�Á +3> }> W , @ 31

z&

amDmaD

martensiteaustenite →martensiteaustenite ←

am
β

amamtg πβ =

ma
β

mamatg πβ =

0>′=′
amamtg πβ 0<′=′

mamatg πβ

Ilj1 617 = Irqfwlrqv gh glvvlsdwlrq

Hq vxlydqw oh irupdolvph ghv pdwìuldx{ vwdqgdugv jìqìudolvìv/ oh pìfdqlvph glvvlsdwli dlqvl
frqvlgìuì hvw fdudfwìulvì sdu ohv irufhv gh slorwdjh �Á� +}> W , hw ��Á +}> W , uhvshfwlyhphqw srxu
od wudqvirupdwlrq gluhfwh hw lqyhuvh1 Fhv irufhv dssduwlhqqhqw dx vrxv0gl�ìuhqwlho CGÁ� hw
CG�Á/ uhvshfwlyhphqw gh GÁ� hw G�Á1 Od yduldeoh dvvrflìh b} dssduwlhqw txdqw ã hooh dx vrxv0
gl�ìuhqwlho ghv wudqvirupìhv gh Ohjhqguh GÓÁ� hw GÓ�Á1fdudfwìulvdqw ohv grpdlqhv ìodvwltxhv
hq wudqvirupdwlrqv gluhfwhv hw lqyhuvhv1

;8
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Ohv wudqvirupdwlrqv gh Ohjhqguh0Ihqfkho gh GÁ� hw G�Á ìwdqw gì�qlhv sdu =

GÓÁ� +�> }> W , @ Vxs
¥¹Ô�
i� b} �GÁ� + b}> }> W ,j

GÓ�Á +�> }> W , @ Vxs
¥¹Õ�
i� b} �G�Á + b}> }> W ,j +616<,

Dlqvl =

GÓÁ� +�> }> W , @
+ 3

.4
vl � � �Á� +}> W , � 3
vl � � �Á� +}> W , A 3

GÓ�Á +�> }> W , @
+ 3

.4
vl � � . ��Á +}> W , � 3
vl � � . ��Á +}> W , A 3

+6173,

GÓÁ� hw GÓ�Á vrqw ohv irqfwlrqv lqglfdwulfhv uhvshfwlyhphqw ghv grpdlqhv frqyh{hv Á� @
i� � 3 @ � � �Á� � 3j hw �Á @ i� � 3 @ � � ��Á � 3j1

GÁ� hw G�Á q*ìwdqw sdv gìulydeohv ã o*ruljlqh + b} @ 3,/ oh frpsruwhphqw hvw ìodvwltxh vl
� ? �Á� rx vl � A ��Á +fi �jxuh 618,1

π

*
Dam

*
Dma

martensiteaustenite →martensiteaustenite ←

maπ amπ

{ }0/ ≥−=Ω mama πππ

{ }0/ ≤−=Ω amam πππ

amπ ′

maπ ′

Ilj1 618 = Grpdlqhv g*ìfrxohphqw

Od wudqvirupdwlrq gluhfwh vh surgxlw oruvtxh � @ �Á� wdqglv txh od wudqvirupdwlrq lqyhuvh
vh surgxlw srxu � @ ��Á/ b} dssduwhqdqw dx{ vrxv0gl�ìuhqwlhov CGÓÁ� hw CGÓ�Á uhvshfwlyhphqw
gh GÓÁ� hw GÓ�Á ^PRU9:`^URF:5` l1h1 =

+� � a�, b} � 3 ; +�> a�, 5 Á� rx �Á +6174,
Sdu h{whqvlrq gx sulqflsh gh glvvlsdwlrq pd{lpxp dx{ frpsruwhphqwv vxshuìodvwltxhv/

fhwwh lqìjdolwì vh wudgxlw sdu oh idlw txh sdupl wrxwhv ohv irufhv prwulfhv dgplvvleohv gh wudq0
vlwlrq gh skdvh/ fhooh dvvrflìh ã xqh ydohxu gh b} grqqìh pd{lplvh od glvvlsdwlrq1 Gëv oruv =

G���� @ Pd{Ö×Õ×ÈÉ ia� b}j @ PlqÖ×Õ×ÈÉ i�a� b}j +6175,

;9
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srxu od wudqvirupdwlrq gluhfwh hw srxu od wudqvirupdwlrq lqyhuvh =

G���� @ Pd{Ö×Ô×ÉÈ ia� b}j @ PlqÖ×Ô×ÉÈ i�a� b}j +6176,
O*xwlolvdwlrq gh irqfwlrqv odjudqjlhqqhv shuphw gh wudqviruphu fhv sureoëphv frqwudlqwv

hq sureoëphv qrq frqwudlqwv ^EHU;5` =

OÁ�
�
a�> b�Á�

�
@ �a� b} . b�Á�!Á� +a�> }> W , > !Á� +a�> }> W , @ a� � �Á� +}> W ,

O�Á
�
a�> b��Á

�
@ �a� b} � b��Á!�Á +a�> }> W , > !�Á +a�> }> W , @ a� � ��Á +}> W , +6177,

Ohv frqglwlrqv g*rswlpdolwì gh fhv irqfwlrqv derxwlvvhqw fodvvltxhphqw dx{ orlv g*ìyroxwlrq
vxshuìodvwltxh hw dx{ frqglwlrqv g*ìfrxohphqw1 Rq rewlhqw =

CÖ×OÁ� @ � b} . b�Á�CÖ×!Á� @ 3> C ¥ØÈÉOÁ� @ !Á� @ 3> b�Á� � 3> b�Á�!Á� @ 3
CÖ×O�Á @ � b} � b��ÁCÖ×!�Á @ 3> C ¥ØÉÈO�Á @ !�Á @ 3> b��Á � 3> b��Á!�Á @ 3

+6178,
D sduwlu ghv frqglwlrqv g*ìfrxohphqw !Á� @ 3 hw !�Á @ 3/ rq shxw ìwdeolu txh a� @ �1 Ohv

pxowlsolfdwhxuv gh Odjudqjh b�Á� hw b��Á vrqw gìulyìv ghv frqglwlrqv g*lqwhudfwlrq b!Á� @ 3 hw
b!�Á @ 31

Hq uhsuhqdqw od uhodwlrq +6169,/ rq shxw doruv hq gìgxluh ohv frqwudlqwhv vhxlov ghv wudqv0
irupdwlrqv gluhfwhv hw lqyhuvhv whoohv txh =

*Á� @ ÙÈÉº @ � � �Á� +}> W , � 3> ��Á� @ ���� . �C¹#´� +}> W , . �Á� +}> W ,
*�Á @ ÙÉÈº @ � � ��Á +}> W , � 3> ���Á @ ���� . �C¹#´� +}> W , . ��Á +}> W , +6179,

Gdqv oh fdguh g*xqh dssurfkh skìqrpìqrorjltxh rü o*ìqhujlh g*lqwhudfwlrq #´� q*hvw sdv
qìfhvvdluhphqw gì�qlh/ ghv orlv g*ìfurxlvvdjh vrqw xwlolvìhv srxu grqqhu fhv frqwudlqwhv vhxlov
pdlv ìjdohphqw srxu uhsuìvhqwhu xq fkdujhphqw hq erxfoh h{whuqh +fi �jxuh 61:, =

�Á� +}> W , @ �Ú Á� m¹Û� +W , . iÁ� +},
��Á +}> W , @ �Ú�Á m¹Û³ +W , . i�Á +}, +617:,

Ohv irqfwlrqv �Ú Á� m¹Û� +W , hw �Ú�Á m¹Û³ +W , gìshqgdqwhv gh od whpsìudwxuh vrqw ohv
frqwudlqwhv g*ìfrxohphqw lqlwldohv fruuhvsrqgdqw dx{ frqwudlqwhv gh gìexw gh fkdtxh wudqv0
irupdwlrq =

�Ú Á� m¹Û� +W , @ wdq � �W �P ��
�

�Ú�Á m¹Û³ +W , @ wdq � �W �D��
� +617;,

;:
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Transformation directe
σ

T

ma →

ma ←

0
sA

0
sM

0
fM

Transformation inverse

0=zYamσ

1=zYamσ

1=zYmaσ

θ

( )0
0 fzYma ATtg −== θσ

0
fAT

Ilj1 619 = Gldjudpph g*ìwdw = whpsìudwxuhv hw frqwudlqwhv ghv wudqvlwlrqv gh skdvh

Vhorq oh gldjudpph g*ìwdw frqwudlqwh0whpsìudwxuh lgìdolvì +fi �jxuh 415,/ srxu xqh whp0
sìudwxuh furlvvdqwh/ rq revhuyh xqh dxjphqwhqwdwlrq olqìdluh ghv frqwudlqwhv vhxlov wdqglv txh
od wdlooh gh o*k|vwìuìvlv uhvwh lqfkdqjìh1

D fh vwdgh/ ohv irqfwlrqv frqvwlwxwlyhv iÁ� +}, hw i�Á +}, gì�qlvvhqw ohv oljqhv iurqwlëuhv
ghv erxfohv srxu ohv DPI sro|fulvwdoolqv1 Hoohv wudgxlvhqw o*h�hw g*xqh lqfrpsdwlelolwì hqwuh
ohv judlqv +fi �jxuh 61:,1

décharge partielle à

partir de 
M

z
1=zYmaσ

0=zYamσ

σ

ε

( )zfam

( )zfma

Mz
A

B

C

D ( )zgma

( )zgam

Ilj1 61: = Irqfwlrqv frqvwlwxwlyhv srxu xqh prgìolvdwlrq skìqrpìqrorjltxh gh od vxshuìodv0
wlflwì

Gdqv oh fdv rü o*rq rsëuh gh od pdqlëuh vxlydqwh = oh surfhvvxv gh fkdujhphqw hvw lqwhu0
urpsx dydqw od wudqvirupdwlrq frpsoëwh ã xq qlyhdx rü od iudfwlrq yroxpltxh gh pduwhqvlwh

;;
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hvw whooh txh } @ }Ü ? 4/ sxlv vxlyl g*xqh gìfkdujh1 Oruvtxh od gurlwh g*ìtxloleuh lqvwdeoh
hvw dwwhlqwh/ oh pdwìuldx elskdvì/ gdqv xq ìwdw lqvwdeoh/ whqg ã wurxyhu xq ìwdw g*ìtxloleuh
soxv vwdeoh oh orqj gh od gurlwh gh frpsruwhphqw ìodvwltxh1 Oh srlqw uhqfrqwuì vxu od gurlwh
g*ìtxloleuh lqvwdeoh hvw oh srlqw gh uhwrxuqhphqw gh od gìfkdujh lqwhuqh1 Lo hvw grqqì sdu od
ydohxu gh od irqfwlrq frqvwlwxwlyh jÝÞ +}, hq } @ }Ü +fi �jxuh 61:, fh txl vljql�h txh fhwwh
irqfwlrq jÝÞ +}, gì�qlw oh olhx ghv srlqwv gh uhwrxuqhphqw ghv gìfkdujhv lqwhuqhv1 Gh od píph
idêrq/ jÞÝ +}, gì�qlw oh olhx ghv srlqwv gh uhwrxuqhphqw ghv fkdujhv lqwhuqhv1 Dlqvl =

�ÞÝ +}> W , @ �ÞÝ �}> W > }Ü� @ �ÞÝ ��ß ÞÝ +W , > iÞÝ +}, > jÞÝ �}Ü��

�ÝÞ +}> W , @ �ÝÞ �}> W > }Ü� @ �ÝÞ ��ßÝÞ +W , > iÝÞ +}, > jÝÞ �}Ü�� +617<,
Frqwudlqwhv vhxlov txl shxyhqw íwuh jìqìudolvìhv vrxv od iruph =

�ÞÝ @ �ÞÝ +}> W >kÞÝ,
�ÝÞ @ �ÝÞ +}> W >kÝÞ, +6183,

Rü kÞÝ hw kÝÞ uhsuìvhqwhqw xq hqvhpeoh gh sdudpëwuhv g*klvwrluh1
Hq frqvlgìudqw fhv uhodwlrqv hw o*ìtxdwlrq +6179,/ rq frqvwdwh grqf xqh gìshqgdqfh ã

o*klvwrluh ghv irqfwlrqv gh glvvlsdwlrq ìwdeolhv hq +616;, whoohv txh =

GÞÝ @ �ÞÝ +}> W >kÞÝ, b} > �ÞÝ +}> W >kÞÝ, A 3
GÝÞ @ �ÝÞ +}> W >kÝÞ, b} > �ÝÞ +}> W >kÝÞ, ? 3 +6184,

61715 Yduldeohv g*klvwrluh hw erxfohv lqwhuqhv
O*ìqhujlh glvvlsìh oruv gh od wudqvlwlrq gh skdvh gìshqg grqf g*xq hqvhpeoh gh sdudpëwuhv

g*klvwrluh1 Oh fdudfwëuh gìshqgdqw ã o*klvwrluh ghv DPI hvw looxvwuì vxu od �jxuh +615, rü oh
pdwìuldx uhwurxyh oh srlqw dwwhlqw oruv gh o*lqwhuuxswlrq gh od fkdujh mxvwh dydqw od gìfkdujh/
frpph v*lo dydlw pìprulvì fh srlqw1

Gx suhplhu sulqflsh gh od wkhuprg|qdpltxh/ rq shxw wluhu o*h{suhvvlrq gx wdx{ gh fkdohxu
dvvrflì ã xqh vrxufh lqwhuqh =

bt @ � bx� � b% +6185,
Rü x hvw o*ìqhujlh lqwhuqh vsìfl�txh gx pìodqjh gh skdvhv whooh txh =

x @ # . Wv +6186,
O*hqwurslh vsìfl�txh v hvw wluìh gh od orl g*ìwdw v @ �Cà# �%� %áâ> }> W�1 O*h{sorlwdwlrq

frpelqìh ghv uhodwlrqv +6165,/ +6166, hw +6167, shuphw g*ìfuluh gdqv oh fdv g*xq surfhvvxv gh
fkdujh0gìfkdujh lvrwkhuph =

;<
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bt @ �� �+xÞãä� xÝãä, . WCåàæ#çè� b} � � b%áâ . �Cæ#çè b}
.H�W � b%� b%áâ�. �fé bW � �WCåàà#çè bW +6187,

Rü H hvw oh prgxoh g*\rxqj hw fé od fkdohxu vsìfl�txh gx pdwìuldx1
Dyhf ohv uhodwlrqv +6167, hw +6184,/ rq rewlhqw =

bt @ ��W �+vÞãä� vÝãä, . WCåàæ#çè� b} � �ê +}> W >kê, b}
.H�W � b%� b%áâ�. �fé bW � �WCåàà#çè bW +6188,

dyhf { @ dp srxu od wudqvirupdwlrq gluhfwh hw { @ pd srxu od wudqvirupdwlrq lqyhuvh1
Fhwwh uhodwlrq uhsuìvhqwh oh wdx{ gh fkdohxu lpsoltxì sdu ohv wudqvlwlrqv gh skdvh1 Oh fxpxo
g*ìqhujlh glvvlsìh hvw doruv gìwhuplqì sdu lqwìjudwlrq gh ��ê +}> W >kê, b}1

Rq shxw glvwlqjxhu ghx{ w|shv gh gìshqgdqfh ã o*klvwrluh ghv DPI1 Fhuwdlqv dooldjhv
suìvhqwhqw xqh idleoh gìshqgdqfh ã o*klvwrluh +fi1 �jxuh 615d hw 615e, l1h1 txh ohv gìfkdujhv rx
uhfkdujhv sduwlhoohv vxlyhqw g*derug xqh uìsrqvh ìodvwltxh1 Dx frqwudluh/ ohv dooldjhv gìshqgdqw
iruwhphqw gh o*klvwrluh vrqw fdudfwìulvìv sdu o*devhqfh gh wudqvlwlrq ìodvwltxh +fi1 �jxuh 615f,1

D�q g*h{soltxhu xqh idleoh gìshqgdqfh ã o*klvwrluh/ rq frqvlgëuh oh fkhplq gh fkdujhphqw
uhsuìvhqwì vxu od �jxuh 61;d rü iÞÝ +}, hw iÝÞ +}, vrqw uhvshfwlyhphqw ohv irqfwlrqv g*ìfurxlv0
vdjh ghv wudqvirupdwlrqv gluhfwhv hw lqyhuvhv1 Vl o*rq gìfkdujh dx srlqw l/ od iudfwlrq yroxpltxh
gh pduwhqvlwh fruuhvsrqgdqwh }Üè hvw pìprulvìh gh vruwh txh kÝÞ @ �}Üè �1 Oh srlqw m hvw
doruv grqqì sdu jÝÞ �}Üè �/ oh frpsruwhphqw ìwdqw ìodvwltxh hqwuh l hw m1 Vl o*rq h�hfwxh xqh
uhfkdujh dydqw g*dwwhlqguh oh srlqw m/ o*ìfkdqwloorq uhwrxuqh doruv dx srlqw l hw oh sdudpëwuh
g*klvwrluh }Üè hvw dqqxoì gh vruwh txh kÝÞ @ iBj1 Sdu frqwuh/ vl o*rq gìfkdujh mxvtx*dx srlqw
n hq vxlydqw od orl g*ìfurxlvvdjh iÝÞ +},/ sxlv o*rq uhfkdujh/ od iudfwlrq yroxpltxh gh pduwhq0
vlwh fruuhvsrqgdqwh }Ýë hvw pìprulvìh whooh txh kÞÝ @ i}Ýë j1 Oh srlqw o hvw doruv grqqì sdu
jÞÝ +}Ýë ,/ oh frpsruwhphqw ìwdqw ìodvwltxh hqwuh n hw o1 Vl o*rq h�hfwxh xqh gìfkdujh dydqw
g*dyrlu dwwhlqw oh srlqw o/ o*ìfkdqwloorq uhwrxuqh doruv dx srlqw n hw oh sdudpëwuh g*klvwrluh }Ýë
hvw dqqxoì gh vruwh txh kÞÝ @ iBj wdqglv txh kÝÞ @ �}Üè �1 Txdqg oh srlqw o hvw gìsdvvì/ oh
sdudpëwuh g*klvwrluh }Üè hvw dqqxoì gh vruwh txh kÝÞ @ iBj wdqglv txh kÞÝ @ i}Ýë j1

Hqvxlwh/ srxu h{soltxhu xqh iruwh gìshqgdqfh ã o*klvwrluh/ rq frqvlgëuh oh fkhplq gh fkdu0
jhphqw uhsuìvhqwì vxu od �jxuh +61;e,1 Rq lqwurgxlw od irqfwlrq g*ìfurxlvvdjh vxlydqwh srxu
od wudqvirupdwlrq gluhfwh =

iÞÝ +}, @ �ìi +}, +6189,
Rü �ì hvw xq sdudpëwuh pdwìuldx +fi1 �jxuh 61;e, hw i xqh irqfwlrq gh od iudfwlrq yrox0

pltxh gh pduwhqvlwh yìul�dqw i +3, @ 3 hw i +4, @ 41 Oh fkrl{ gh i fruuhvsrqg ã xq sro|q÷ph

<3
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Ilj1 61; = Irqfwlrqv frqvwlwxwlyhv gh od prgìolvdwlrq skìqrpìqrorjltxh gh od svhxgrìodvwl0
flwì = +d, idleoh gìshqgdqfh ã o*klvwrluh/ +e, iruwh gìshqgdqfh ã o*klvwrluh

shuphwwdqw gh uhsuìvhqwhu od iruph ghv erxfohv h{whuqhv hw lqwhuqhv gdqv oh fdv g*xqh iruwh
gìshqgdqfh ã o*klvwrluh1 D�q gh vlpsol�hu od prgìolvdwlrq sursrvìh/ rq fkrlvlw i whooh txh
i +4� }, @ 4� i +}, =

i +}, @
�
4� q

7
�
} . q

%�
} � 4

5
�í

. 4
;
&
> q 5 ^3> 7` +618:,

Vl o*rq h�hfwxh xqh gìfkdujh dx srlqw l/ od iudfwlrq yroxpltxh gh pduwhqvlwh fruuhvsrq0
gdqwh }Üè hvw pìprulvìh gh vruwh txh kÝÞ @ �}Üè �1 Hqwuh ohv srlqwv l hw m/ od irqfwlrq
g*ìfurxlvvdjh hvw grqqìh sdu =

<4
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iÝÞ +}, @ i èÝÞ. i
� }
}Üè

��iÞÝ �}Üè �� i èÝÞ� > i èÝÞ @ �a�ì}Üè +618;,

Rü a�ì hvw xq sdudpëwuh pdwìuldx +fi1 �jxuh 61;e,1
Vl o*rq uhfkdujh dx srlqw m/ od iudfwlrq yroxpltxh gh pduwhqvlwh fruuhvsrqgdqwh }Ýî hvw

pìprulvìh dyhf }Üè gh vruwh txh kÞÝ @
q
}Üè > }Ýî

r1 Hqwuh ohv srlqwv m hw o/ od irqfwlrq g*ìfurxlv0
vdjh hvw grqqìh sdu =

iÞÝ +}, @ iÝÞ �}Ýî �. i
# } � }Ýî
}Üè � }Ýî

$
�iÞÝ �}Üè �� iÝÞ �}Ýî �� +618<,

Hq sduwdqw gx srlqw o hw hq uhfkdujhdqw mxvtx*ã l/ od erxfoh lqwhuqh +lml, hvw uhihupìh hw
ohv sdudpëwuhv g*klvwrluh }Üè hw }Ýî vrqw doruv dqqxoìv gh vruwh txh kÞÝ @ kÝÞ @ iBj1 Dx
ghoã gx srlqw l/ od wudqvlwlrq gh skdvh hvw slorwìh sdu o*ìtxdwlrq +6189,1

Wrxwhirlv/ vl o*rq h�hfwxh xqh gìfkdujh dx srlqw o/ od iudfwlrq yroxpltxh gh pduwhqvlwh fru0
uhvsrqgdqwh }Üï hvw pìprulvìh gh vruwh txh kÝÞ @

q
}Üè > }Ýî > }Üï

r hw od irqfwlrq g*ìfurxlvvdjh
v*ìfulw =

iÝÞ +}, @ iÞÝ �}Üï �. i
# }Üï � }
}Üï � }Ýî

$
�iÝÞ �}Ýî �� iÞÝ �}Üï �� +6193,

Hq vxlydqw fh vfkìpd/ od iruph ghv irqfwlrqv g*ìfurxlvvdjh shxw íwuh jìqìudolvìh sdu uì0
fxuuhqfh1

618 Vxshuìodvwlflwì wulglphqvlrqqhooh
O*ìqhujlh oleuh vsìfl�txh g*Khopkrow} gdqv oh fdv g*xqh irupxodwlrq wulglphqvlrqqhooh

gx frpsruwhphqw vxshuìodvwltxh hvw grqqìh sdu ohv uhodwlrqv +6165,/ +6166, hw +6167, gdqv
ohvtxhoohv rq uhpsodfh ohv yduldeohv vfdodluhv % hw %áâ sdu ohv yduldeohv whqvrulhoohv % hw %áâ
uhsuìvhqwdqw uhvshfwlyhphqw oh whqvhxu gh gìirupdwlrq wrwdoh hw oh whqvhxu gh gìirupdwlrq gh
wudqvirupdwlrq1 Dlqvl =

# @ # �%� %áâ> }> W� @ #ðï �%� %áâ> W�. #ñòóáò +}> W , . #çè +}> W , +6194,
Dyhf #ðï uhsuìvhqwdqw od sduwlh wkhuprìodvwltxh =

#ðï �%� %áâ> W� @ 4
5�

à �%� %áâ�Fð �%� %áâ�� 4
�
à �%� %áâ�� +W � Wä, +6195,

<5



6181 Vxshuìodvwlflwì wulglphqvlrqqhooh

Fð hw � @ L� ìwdqw uhvshfwlyhphqw ohv whqvhxuv gh frpsruwhphqw ìodvwltxh hw ghv frh!0
flhqwv gh glodwdwlrq wkhupltxh1

Od glvvlsdwlrq pìfdqltxh hvw doruv =

GÝðñò @à b%áâ� �U b} � 3> U @ �� k�ô � Cæ#çè +}> W ,
l +6196,

Od wudqvirupdwlrq gluhfwh hvw fdudfwìulvìh sdu b} A 3 hw od wudqvirupdwlrq lqyhuvh sdu b} ? 31
Hq vxssrvdqw/ frpph gdqv oh fdv xqlglphqvlrqqho/ xq surfhvvxv glvvlsdwli qrupdo lqgì0

shqgdqw srxu fkdtxh wudqvirupdwlrq/ GÝðñò hvw grqqì srxu wrxw lqvwdqw sdu ghx{ irqfwlrqv
lqgìshqgdqwhv gh b%áâ hw b} =

GÝðñò @ GÞÝ �� b%áâ> b}� > +}> W >kÞÝ,� vl b} A 3
GÝðñò @ GÝÞ �� b%áâ> b}� > +}> W >kÝÞ,� vl b} ? 3 +6197,

Gdqv oh fdv sduwlfxolhu g*xq frpsruwhphqw lqgìshqgdqw gx whpsv +frpsruwhphqw gh w|sh
sodvwltxh,/ fhv irqfwlrqv vrqw frqyh{hv/ srvlwlyhphqw krprjëqhv g*ruguh xq1

Sxlvtxh od wudqvirupdwlrq gluhfwh shxw íwuh lqlwlìh gdqv q*lpsruwh txhooh gluhfwlrq/ GÞÝ
hvw xqh irqfwlrq txdvl0srvlwlyhphqw krprjëqh gì�qlvvdqw xq f÷qh frqyh{h gdqv xq hvsdfh ã
kxlw glphqvlrqv who txh GÞÝ ^+3> 3, > +}> W >kÞÝ,` @ 31 Vhorq od wkìrulh ghv pdwìuldx{ vwdqgdugv
jìqìudolvìv/ ohv irufhv wkhuprg|qdpltxhv � hw U dssduwlhqqhqw dx{ vrxv0gl�ìuhqwlhov CGÞÝ
gh GÞÝ1

Ohv yduldeohv gxdohv b%áâ hw b} dssduwlhqqhqw doruv dx vrxv0gl�ìuhqwlho CGõÞÝ gh od irqfwlrq
lqglfdwulfh gx grpdlqh frqyh{h ÞÝ @ i+�>U, @ *ÞÝ +�>U, � 3j l1h1 oh grpdlqh ìodvwr0
glvvlsdwli1

Dlqvl =

à b%áâ +� � a�,� �
U� aU

�
b} � 3 ; k+�> a�,>�U> aU�l 5 ÞÝ +6198,

fh txl vljql�h txh sdupl wrxwhv ohv irufhv wkhuprg|qdpltxhv dgplvvleohv/ fhoohv dvvrflìhv
ã xq hqvhpeoh � b%áâ> ö}

� grqqì pd{lplvhqw od glvvlsdwlrq pìfdqltxh l1h1 =

GÝðñò @ Pd{÷øùú øäûüýþÿ
qà b%áâa� � aU ö}

r
@ Plq÷øùú øäûüýþÿ

q��à b%áâa� � aU ö}
�r +6199,

Frqvlgìudqw doruv oh sureoëph fodvvltxh gh plqlplvdwlrq vdqv frqwudlqwh gh od irqfwlrq gh
Odjudqjh vxlydqwh =

OÞÝ
�
a�> aU> ö�ÞÝ

�
@ �à b%áâa� . aU ö} . ö�ÞÝ*ÞÝ

�
a�> aU

� +619:,
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Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

ohv orlv g*ìyroxwlrq b%áâ hw b} gh od wudqvirupdwlrq gluhfwh vrqw rewhqxhv ã sduwlu ghv frqgl0
wlrqv g*rswlpdolwì =

b%áâ @ ö�ÞÝCøù*ÞÝ> ö} @ � ö�ÞÝC øä*ÞÝ> *ÞÝ @ 3> ö�ÞÝ � 3> ö�ÞÝ*ÞÝ @ 3 +619;,
Od frqglwlrq g*ìfrxohphqw *ÞÝ @ 3 shuphw g*ìwdeolu txh a� @ � hw aU @ U1 Oh pxowlsolfd0

whxu gh Odjudqjh ö�ÞÝhvw gìulyì gh od frqglwlrq g*lqwhudfwlrq b*ÞÝ @ 31
O*k|srwkëvh gh qrupdolwì frqwhqxh gdqv fhv uhodwlrqv d ìwì yhul�ìh h{sìulphqwdohphqw

sdu Erxyhw ^ERX34d` gdqv oh fdv g*xq dooldjh FxDoEh +fi �jxuh 61<,1 Vxu fhwwh �jxuh/ ohv
 ëfkhv uhsuìvhqwhqw od gluhfwlrq gh od wudqvirupdwlrq gh skdvh1

Ilj1 61< = Vxuidfh gh gìexw gh wudqvirupdwlrq srxu ghv hvvdlv gh elfrpsuhvvlrq hw gh wudfwlrq0
suhvvlrq lqwhuqh vxu xq FxDoEh ^ERX34d`

Sdu dqdorjlh dyhf oh fdv xqlglphqvlrqqho +ìtxdwlrq 6179,/ rq lqwurgxlw doruv od irqfwlrq
g*ìfrxohphqw vxlydqwh srxu od wudqvirupdwlrq gluhfwh =

*ÞÝ +�>U, @ 	 +�,�	ÞÝ +U, � 3 +619<,
Fh txl shuphw doruv g*rewhqlu =

b%áâ @ ö�ÞÝCù	> ö} @ ö�ÞÝCä	ÞÝ @ ö�ÞÝ
�� +61:3,

�� hvw od gìirupdwlrq gh wudqvirupdwlrq pd{lpxp gdqv od gluhfwlrq gh od frqwudlqwh
vhxlo 	ÞÝ1 Hq dffrug dyhf od gì�qlwlrq gx grpdlqh ìodvwrglvvlsdwli ÞÝ gdqv o*hvsdfh ghv
irufhv wkhuprg|qdpltxhv/ od frqwudlqwh vhxlo 	ÞÝ hvw gì�qlh frpph xqh irqfwlrq gh U1
Qìdqprlqv/ od uhodwlrq +6196e, lqgltxh txh fhooh0fl shxw ìjdohphqw íwuh frqvlgìuìh frpph
xqh irqfwlrq frqvwlwxwlyh gh } hw gh W gìfulydqw o*h�hw gh o*lqwhudfwlrq hqwuh ohv fulvwdx{
rulhqwìv gl�ìuhpphqw gdqv ohv dooldjhv sro|fulvwdoolqv ã pìprluh gh iruph1
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6181 Vxshuìodvwlflwì wulglphqvlrqqhooh

Gdqv oh fdv g*xq frpsruwhphqw lvrwursh hw lqgìshqgdqw ghv ylwhvvhv/ od irqfwlrq vfdodluh
	 gx whqvhxu ghv frqwudlqwhv gh Fdxfk| rx frqwudlqwh h�hfwlyh/ hvw srvlwlyhphqw krprjëqh
g*ruguh xq hw lqyduldqwh gdqv oh jurxsh ruwkrjrqdo frpsohw l1h1 hooh grlw yìul�hu 	 �t�à t� @
	+�, srxu q*lpsruwh txhooh urwdwlrq t whooh txh tà t @à tt @ L1 Vl od yduldwlrq gh yroxph hvw
qìjoljhdeoh oruv gh od wudqvirupdwlrq doruv 	 gìshqg gh Må hw Mí/ uhvshfwlyhphqw ghx{lëphhw wurlvlëph lqyduldqwv gx gìyldwhxu ghv frqwudlqwhv d�q gh suhqguh hq frpswh oh fdudfwëuh
glvv|pìwultxh gh od vxshuìodvwlflwì +fi1 �jxuh 6143, =

	 @ ss6Må +4 . d|ù,â > |ù @ 5:
5

Mí
+6Må,

í�å +61:4,
rü s> d hw u vrqw ghv frqvwdqwhv/ hw Må hw Mí vrqw grqqìv sdu ohv h{suhvvlrqv =

Må @
4
5
à
+ghy�,ghy�> Mí @ 4

6
à
+ghy�,å ghy� +61:5,

0=amϕ
Iσ

0=maϕ

II Iσ
II

σ

Domaine élastique

maΩ

amϕσ∂

amϕσ∂−

Direction de chargement

Direction de la transformation
directe

Direction de la transformation
inverse

{ }0/ ≥Π−ΠΠ=Ω mama

Ilj1 6143 = Irqfwlrqv g*ìfrxohphqw hw gluhfwlrqv gh wudqvirupdwlrq srxu fkdtxh wudqvlwlrq
gh skdvh1 Fdv g*xq fkdujhphqw sursruwlrqqho1

Od glvv|pìwulh wudfwlrq0frpsuhvvlrq shxw íwuh plvh hq ìylghqfh srxu gl�ìuhqwhv ydohxuv gh
u ^UHM33`^JLO<<`/ fhuwdlqhv ydohxuv gh d srxydqw rffdvlrqqhu xqh shuwh gh od frqyh{lwì1 Fh
sureoëph shxw íwuh frqwrxuqì hq fkrlvlvvdqw xqh iruph dowhuqdwlyh gh 	/ ã vdyrlu ^ERX34E` =

	 @ s6Må i +|ù, > i +|ù, @ frv
�d frv ^4� d +4� |ù,`

6
�

+61:6,
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Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

rü d hvw xq sdudpëwuh pdwìuldx dssduwhqdqw ã ^3> 4` = Rq uhwurxyh dlqvl od frqwudlqwh
h�hfwlyh gh Yrq0Plvhv srxu d @ 3 wdqglv txh oh udssruw pd{lpxp gh glvv|pìwulh +doruv ìjdo
ã 5, hvw rewhqx srxu d @ 41 Od �jxuh prqwuh txh od vxuidfh g*ìfrxohphqw fruuhvsrqgdqwh
gdqv oh sodq gx gìyldwhxu ghv frqwudlqwhv hvw xq wuldqjoh ìtxlodwìudo1

1=a

Iσ

0=a

IIIσ
II

σ

Ilj1 6144 = Vxuidfhv g*ìfrxohphqw vxshuìodvwltxh srxu gl�ìuhqwhv ydohxuv gh d gdqv oh sodq
gx gìyldwhxu ghv frqwudlqwhv

Gdqv oh fdv ghv DPI/ ohv ydohxuv gh d lghqwl�ìhv shuphwwhqw gh frqvhuyhu od frqyh{lwì
srxu od iruph jìqìudoh grqqìh gdqv od uhodwlrq +61:4,1 Hq sduwlfxolhu/ oh fkrl{ fruuhvsrqgdqw
ã s @ u @ 4 d ìwì idlw gdqv ^OH[<<` =

i +|ù, @ 4 . d|ù +61:7,
Fhwwh gì�qlwlrq gh od frqwudlqwh ìtxlydohqwh qh shuphw sdv g*rewhqlu xqh glvv|pìwulh

wudfwlrq0frpsuhvvlrq pd{lpdoh +glvv|pìwulh frpsulvh hqwuh 4 hw 4/5;9, wrxw hq uhvwdqw frqyh{h1
Oruv gh o*lqwhuuxswlrq gh od wudqvirupdwlrq gluhfwh vxlylh g*xqh gìfkdujh/ od wudqvirupdwlrq

lqyhuvh qh shxw sdv vh surgxluh gdqv q*lpsruwh txhooh gluhfwlrq1 Gëv oruv/ od irqfwlrq gh
glvvlsdwlrq GÝÞ +ìt1 6197, qh shxw sdv íwuh xq f÷qh frpsohw1

Od uhodwlrq +61:3, shuphw g*ìwdeolu od uhodwlrq vxlydqwh hqwuh b%áâ hw b} oruv gh od wudqviru0
pdwlrq gluhfwh =

b%áâ @ b}��Cù	 +61:8,
Sxlvtxh ohv gìirupdwlrqv gh wudqvirupdwlrq grlyhqw íwuh uìfxsìudeohv oruv gh od wudqviru0

pdwlrq lqyhuvh/ rq shxw doruv ìfuluh txh GÝÞ �� b%áâ> b}� > +}> W >kÝÞ,� � GÝÞ ^ b}> +}> W >kÝÞ,`/ fh
txl shuphw g*lqwurgxluh xqh irqfwlrq gh glvvlsdwlrq olqìdluh g*xqh pdqlëuh lghqwltxh dx fdv
xqlglphqvlrqqho =

<9



6181 Vxshuìodvwlflwì wulglphqvlrqqhooh

GÞÝ ^ b}> +}> W >kÝÞ,` @ �ÞÝ +}> W >kÞÝ, b}> �ÞÝ +}> W >kÞÝ, A 3 srxu d$p
GÝÞ ^ b}> +}> W >kÝÞ,` @ �ÝÞ +}> W >kÝÞ, b}> �ÝÞ +}> W >kÝÞ, ? 3 srxu p$ d +61:9,

Od uëjoh gh qrupdolwì shuphw g*ìfuluh b} @ � b�ÝÞ C�!ÝÞ dyhf =

!ÝÞ @ ���ÝÞ +}> W >kÝÞ, � 3> � @ �� à �Cù	�� . �
k
�ô� Cæ#çè +}> W ,

l +61::,
Sdu frqvìtxhqw/ xqh irqfwlrq g*ìfrxohphqw xqltxh shxw íwuh rewhqxh gdqv o*hvsdfh ghv

gìyldwhxuv ghv frqwudlqwhv srxu wrxwhv ohv wudqvirupdwlrqv lqyhuvhv srvvleohv/ hq frqvlgìudqw
ghv fkhplqv gh fkdujhphqw sursruwlrqqhov1 Rq hqwhqg sdu fkdujhphqw sursruwlrqqho rx fkdu0
jhphqw udgldo/ xq fkdujhphqw grqw oh fkdpsv gh frqwudlqwhv dssoltxì hvw gì�ql sdu od uhodwlrq
� @ i+w,D rü D hvw xq whqvhxu frqvwdqw hw i+w, xqh irqfwlrq srvlwlyh gx whpsv1

Ilqdohphqw =

*ÝÞ @à �Cù	�� �	ÝÞ +}> W >kÝÞ, � 3 +61:;,
rü =

à �Cù	�� @ 	+�, > 	ÝÞ +}> W >kÝÞ, @ 4
��

k���ô . �Cæ#çè +}> W , . �ÝÞ +}> W >kÝÞ,
l

+61:<,
Gdqv oh fdguh g*xqh dssurfkh skìqrpìqrorjltxh/ od frqwudlqwh vhxlo 	ÝÞ hvw gì�qlh frpph

gdqv oh fdv xqlglphqvlrqqho +Uhodwlrq 617<e,1
Hq dffrug dyhf oh irupdolvph ghv pdwìuldx{ vwdqgdugv jìqìudolvìv/ od gluhfwlrq gh o*ìfrx0

ohphqw gh od wudqvirupdwlrq lqyhuvh srxu xq ìwdw gh frqwudlqwh grqqì grlw íwuh qrupdoh/ dx
srlqw fruuhvsrqgdqw gh o*hvsdfh gx gìyldwhxu ghv frqwudlqwhv/ ã xq grpdlqh frqyh{h � frqwh0
qdqw ÝÞ @ i� @ ���ÝÞ � 3j hw h{wìulhxu ã fh grpdlqh1 Hq h�hw/ o*xwlolvdwlrq gx sulqflsh
gh glvvlsdwlrq pd{lpxp qìfhvvlwh xqh uìjlrq frqwudlqwh frqyh{h d�q gh jdudqwlu o*xqlflwì ghv
orlv g*ìyroxwlrq1 Fh frqvwdw vxjjëuh o*ìoderudwlrq g*xq fdguh frqvwlwxwli qrq0dvvrflì srxu ohv
wudqvirupdwlrqv lqyhuvhv1 Rq hqylvdjh doruv oh srwhqwlho gh glvvlsdwlrq � +�>U, whooh txh =

� +�>U, A 3 vl ���ÝÞ A 3
� +�>U, @ 3 vl ���ÝÞ @ 3 +61;3,

Hwdqw grqqì txh srxu xq fkdujhphqw sursruwlrqqho rq shxw ìfuluh =

Cù	 @ b%áâ�� b%áâ�� @ %áân%áân +61;4,

<:
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rq shxw doruv fkrlvlu � +�>U, vrxv od iruph vxlydqwh =

� +�>U, @
à%áân%áân� �	ÝÞ +U, � 3> 	ÝÞ +U, � 	ÝÞ +}> W >kÝÞ, +61;5,

Hw �qdohphqw =

b%áâ @ � b�Cù� @ � b� %áân%áân > b} @ b�Cä� @ � b�Cä	ÝÞ @ � b�
�� > b� @ �� b�ÝÞ +61;6,

Od gì�qlwlrq gh od qruph gh %áâ qìfhvvlwh xqh ìwxgh soxv dssurirqglh srxu dvvxuhu od
ihuphwxuh gh od erxfoh g*k|vwìuìvlv/ fdudfwìulvwltxh gh od vxshuìodvwlflwì1 Hq rxwuh/ od prgì0
olvdwlrq gìyhorssìh hvw irqgìh vxu o*k|srwkëvh ghv shwlwhv shuwxedwlrqv pdlv shxw v*ìwhqguh
idflohphqw dx fdv ghv wudqvirupdwlrqv �qlhv frpph rq oh prqwuhud xowìulhxuhphqw1

619 Dssolfdwlrq ã od idplooh ghv prgëohv UOW = idleoh gìshq0
gdqfh ã o*klvwrluh

Hq gì�qlvvdqw xqh ìqhujlh g*lqwhudfwlrq #çè uhodwlyhphqw vlpsoh/ od idplooh ghv prgëohv
UOW/ ìyrtxìh gdqv od sduwlh eleolrjudsklh ^UDQ<5`^UDQ<;`/ shuphw gh uhqguh frpswh ghv
frq�jxudwlrqv gh wudqvirupdwlrq suìvhqwìhv gdqv od �jxuh +615d, rü od wudqvlwlrq ghv erxfohv
lqwhuqhv hvw vlwxìh oh orqj g*xqh oljqh gldjrqdoh hqfruh dsshoìh gurlwh g*ìtxloleuh lqvwdeoh hw
gì�qlh sdu � @ 31 Dlqvl/ srxu xqh vroolflwdwlrq grqqìh/ od uìsrqvh ghv dooldjhv srvvìgdqw xqh
idleoh gìshqgdqfh ã o*klvwrluh hvw fdudfwìulvìh sdu fhwwh gurlwh1 Frpph lo hq d ìwì txhvwlrq
gdqv od sduwlh eleolrjudsklh/ oh fkrl{ gh P oohu frqfhuqdqw #çè hvw xqh irqfwlrq vlpsoh gh
}/ ã vdyrlu }= +4� }, whooh txh #çè @ 3 srxu } @ 3 +dxvwhqlwh sxuh, hw } @ 4 +pduwhqvlwh
sxuh,1 Gdqv oh fdguh gh o*dssurfkh gìyhorssìh/ ohv gl�ìuhqwhv fdudfwìulvwltxhv ghv prgëohv
UOW shxyhqw íwuh vsìfl�ìv gdqv od Wdeoh +614,1

61: Prgëoh uhsuìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh
Srxu ohv dooldjhv fdudfwìulvìv sdu o*devhqfh gh wudqvlwlrq ìodvwltxh hq gìfkdujhv rx uh0

fkdujhv sduwlhoohv/ l1h1 gìshqgdqw iruwhphqw gh o*klvwrluh/ od idplooh ghv prgëohv UOW q*hvw
soxv dssursulìh1 Gdqv od sduwlh suìfìghqwh/ xq prgëoh skìqrpìqrorjltxh wulglphqvlrqqho gh
od vxshuìodvwlflwì ghv DPI/ frqvwuxlw vxu xqh dssurfkh lghqwltxh ã fhooh gh od sodvwlflwì/ d
ìwì sursrvì1 Jìqìudolvdqw od soxsduw ghv dssurfkhv sursrvìhv ã fh mrxu/ fh prgëoh shuphw
gh suhqguh hq frpswh gl�ìuhqwhv frq�jxudwlrqv gh uìsrqvh +fi �jxuh 615, hq gì�qlvvdqw ghv
orlv g*ìfurxlvvdjh dgìtxdwhv hq o*devhqfh g*xqh frqqdlvvdqfh vx!vdqwh ghv skìqrpëqhv gh
qxfoìdwlrq hw gh furlvvdqfh gh od pduwhqvlwh gdqv o*dxvwìqlwh1 Od gì�qlwlrq g*xq hqvhpeoh gh
yduldeohv g*klvwrluh shuphw gh uhsuìvhqwhu od iruwh gìshqgdqfh ã o*klvwrluh gx frpsruwhphqw
gx pdwìuldx1 Ohv gl�ìuhqwhv fdudfwìulvwltxhv gh fhv prgëohv vrqw vsìfl�ìhv gdqv od Wdeoh +615,1
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61:1 Prgëoh uhsuìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh

Hqhujlh g*lqwhudfwlrq #çè +}> W , @ } +4� },!èá +W , dyhf !èá +W , @ xô � Wvô

xô hqhujlh lqwhuqh hw vô hqwurslh gh frq�jxudwlrq frqvwdqwhv

Orl g*ìwdw � @ � ������� @ Fð%ð> b� @ Fð b%ð

Fð whqvhxu gh frpsruwhphqw ìodvwltxh

Orlv g*ìyroxwlrq b%áâ @ b�ÞÝCù	> b} @ b�ÞÝ@�� srxu d �$p

b%áâ @ � b�Cù�> b} @ � b�@�� srxu p �$ d

Irqfwlrqv g*ìfrxohphqw � !ÞÝ @ ��*ÞÝ @ ���ÞÝ +}> W >kÞÝ, 9 3
rü �ÞÝ +}> W >kÞÝ, @ n	+}> kÞÝ, srxu d �$p

� !ÝÞ @ ��*ÝÞ @ ���ÝÞ +}> W >kÞÝ, A 3
rü �ÝÞ +}> W >kÝÞ, @ nå+}> kÝÞ, srxu p �$ d

Irufh wkhuprg|qdpltxh � @ ��1à +Cù	,� . ��ô +W ,� � +4� 5},!èá +W ,

Irqfwlrqv g*ìfurxlvvdjh � n	+}, @ 5!èá
�P ô
� } . ��óì��óå��æÞ oq +4� },

P ô
 whps1 gìexw wudqvi1 gluhfwh ìwdw oleuh gh frqwudlqwhv

� nå+}, @ �5!èá �Dô
� +4� }, . ���
ì
��óå��

÷	óæ
û

Þ� oq +},

Dô
 whps1 gìexw wudqvi1 lqyhuvh ìwdw oleuh gh frqwudlqwhv

Frqwudlqwh ìtxlydohqwh à +Cù	,� @ 	+�, @ s6Må1i +|ù,
dyhf i +|ù, @ 4 . d|ù

d sdudpëwuh gh glvv|pìwulh wudfwlrq0frpsuhvvlrq

Wde1 614 = Fdudfwìulvwltxhv ghv prgëohv UOW uhsuìvhqwdqw xqh idleoh gìshqgdqfh ã o*klvwrluh
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Orl g*ìwdw � @ � ������� @ Fð%ð> b� @ Fð b%ð

Fð whqvhxu gh frpsruwhphqw ìodvwltxh

Irqfwlrqv g*ìfrxohphqw *ÞÝ @ 	+�,�	ÞÝ +}> W >kÞÝ, � 3 srxu d �$p

*ÝÞ @ 	+�,�	ÝÞ +}> W >kÝÞ, � 3 srxu p �$ d

Orlv g*ìyroxwlrq b%áâ @ b�ÞÝCù	> b} @ b�ÞÝ@�� srxu d �$p

b%áâ @ � b�Cù�> b} @ � b�@�� srxu p �$ d

Srwhqwlho gh glvvlsdwlrq � @
�������� �� �	ÝÞ +}>kÝÞ, � 3 srxu p �$ d

Irqfwlrqv vhxlo � 	ÞÝ +}> W >kÞÝ, @ �ß ÞÝ mæ�ô +W , . iÞÝ +}>kÞÝ,

�ß ÞÝ mæ�ô +W , @ wdq � �W �P ô
�
�

frqwudlqwh gh gìexw gh wudqvirupdwlrq gluhfwh
iÞÝ +}>kÞÝ, irqfwlrq g*ìfurxlvvdjh wudqvirupdwlrq gluhfwh

� 	ÝÞ +}> W >kÝÞ, @ �ßÝÞ mæ�	 +W , . iÝÞ +}>kÝÞ,

�ßÝÞ mæ�	 +W , @ wdq � �W �Dô
�
�

frqwudlqwh gh gìexw gh wudqvirupdwlrq lqyhuvh
iÝÞ +}>kÝÞ, irqfwlrq g*ìfurxlvvdjh wudqvirupdwlrq lqyhuvh

Frqwudlqwh ìtxlydohqwh à +Cù	,� @ 	+�, @ s6Må1i +|ù,
dyhf i +|ù, @ 4 . d|ù

d sdudpëwuh gh glvv|pìwulh wudfwlrq0frpsuhvvlrq

Wde1 615 = Fdudfwìulvwltxhv ghv prgëohv uhsuìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh
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61;1 Flqìpdwltxh hq wudqvirupdwlrqv �qlhv

61; Flqìpdwltxh hq wudqvirupdwlrqv �qlhv
Gdqv od shuvshfwlyh gh o*ìwxgh gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI hq wudqviru0

pdwlrqv �qlhv/ rq fkrlvlw gh frqvwuxluh xqh flqìpdwltxh v*dssx|dqw vxu od qrwlrq gh frq�jxud0
wlrq lqwhupìgldluh gìirupìh lqwurgxlwh sdu Hfnduw ^HFN7;` hw od qrwlrq gh yhfwhxuv gluhfwhxuv
lqlwlìh sdu Frvvhudw ^FRV3<` hw uhsulvh sdu Pdqgho ^PDQ:4`1

Od irupxodwlrq gx frpsruwhphqw svhxgrìodvwltxh hq wudqvirupdwlrqv �qlhv qìfhvvlwh/
frpph hq shwlwhv shuwxuedwlrqv/ od gìfrpsrvlwlrq gh od wudqvirupdwlrq wrwdoh hq xqh sduwlh
ìodvwltxh hw xqh sduwlh uhodwlyh ã od wudqvlwlrq gh skdvh1

Hq jìqìudolvdqw od qrwlrq gh frq�jxudwlrq lqwhupìgldluh ã ghv ìwdwv frqwudlqwv hw hq vxssr0
vdqw xq frpsruwhphqw ìodvwltxh lqgìshqgdqw gh o*ìwdw gh skdvh/ rq lqwurgxlw od gìfrpsrvlwlrq
pxowlsolfdwlyh vxlydqwh gx judglhqw gh od wudqvirupdwlrq I =

I @ +L . %ð, tI áâ +61;7,
I áâ uhsuìvhqwh oh judglhqw gh od wudqvirupdwlrq dvvrflìh ã od wudqvlwlrq gh skdvh1 Lo shu0

phw gh uholhu xqh frq�jxudwlrq gh uìiìuhqfh ã xqh frq�jxudwlrq lqwhupìgldluh gdqv odtxhooh
dx prlqv xq uhsëuh gluhfwhxu U�/ dwwdfkì g*xqh fhuwdlqh idêrq ã od vwuxfwxuh lqwhuqh gx pd0
wìuldx/ frqvhuyh vrq rulhqwdwlrq lqlwldoh1 Dx frxuv gx prxyhphqw/ fh uhsëuh ìyroxh sdu xqh
urwdwlrq t gx jurxsh ruwkrjrqdo � @ �t @ tà t @ L> ghw t @ 4� txl qrxv shuphw g*dwwhlqguh od
frq�jxudwlrq �qdoh gdqv odtxhooh xqh phvxuh gh gìirupdwlrq ìodvwltxh olqìdluh %ð hvw phvxuìh
+Srxu ohv pdwìuldx{ pìwdooltxhv/ ohv gìirupdwlrqv ìodvwltxhv uhvwhqw shwlwhv l1h1 n%ðn � 4,1

Od qrwlrq gh gluhfwhxuv hvw irqgdphqwdoh hq wudqvirupdwlrqv �qlhv fdu hooh shuphw g*rulhq0
whu hw grqf gh �{hu od frq�jxudwlrq lqwhupìgldluh gì�qlh frpph xqh iurqwlëuh hqwuh o*lqìodv0
wlflwì hw fh txl qh o*hvw sdv1

Oh frpsruwhphqw svhxgrìodvwltxh/ ìwdqw dvvrflì ã xqh wudqvirupdwlrq gh skdvh vrolgh0
vrolgh glvsodflyh hw uìyhuvleoh oh orqj gh sodqv fdudfwìulvwltxhv dsshoìv �sodqv g*kdelwdw�/ xq
uhsëuh ruwkrqrupì gluhfw gì�ql ã sduwlu g*xq sodq g*kdelwdw srxuudlw íwuh frqvlgìuì frpph
gluhfwhxu1 O*dfwlydwlrq ghv sodqv g*kdelwdw gìshqg gh o*rulhqwdwlrq gx judlq sdu udssruw dx{
vroolflwdwlrqv1 D o*ìfkhooh gx Y1H1U1/ xq uhsëuh gì�ql frpph xqh pr|hqqh ghv uhsëuhv ghv
gluhfwhxuv olìv dx{ judlqv hvw gluhfwhxu1 Hq rxwuh/ ã o*ìfkhooh gx judlq/ soxvlhxuv uhsëuhv gluhf0
whxuv/ olìv dx{ yduldqwhv gh pduwhqvlwh/ shxyhqw íwuh gì�qlv1

Oh judglhqw ghv ylwhvvhv hvw grqqì sdu od uhodwlrq =

O @ bII ó	 +61;8,
Dyhf =� bI @ b%ðtI á� . +L . %ð, btI á� . +L . %ð, t bI á�

� I ó	 @ �I á��ó	 à t +L . %ð,ó	 � �I á��ó	 à t +L � %ð,
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(a)

(b)

M RD

RD

RD1

RD2RD3

Ilj1 6145 = Uhsëuh gluhfwhxu +UG, srxu oh YHU +d, hw uhsëuhv gluhfwhxuv olìv dx{ sodqv
g*kdelwdw +e,

Hq qìjoljhdqw ohv whuphv g*ruguh vxsìulhxu hq %ð/ rq rewlhqw =

O @ b%ð . %ð btà t � btà t%ð . t
k bI á� �I á��ó	

l à t . btà t +61;9,
Rq hq gìgxlw doruv o*h{suhvvlrq gx wdx{ gh gìirupdwlrq G hw gx wdx{ gh urwdwlrq Z =

G @ O
 @ G�%ð . t
k bI á� �I á��ó	

l
 à t +61;:,

Z @ O� @ t
k bI á� �I á��ó	

l� à t . btà t +61;;,
G�%ð hvw od gìulyìh remhfwlyh urwdwlrqqhooh sdu od urwdwlrq t gh %ð +judqghxu hxoìulhqqh,1

Hooh frqvlvwh ã wudqvsruwhu %ð gh F� gdqv F��/ ã gìulyhu oh uìvxowdw gdqv fhwwh píph frq�jx0
udwlrq sxlv ã h�hfwxhu oh wudqvsruw lqyhuvh +fi �jxuh 6146, =

G�%ð @ b%ð . %ð btà t � btà t%ð @ t ggw
�à t%ðt�à t @ t b%ðà� t +61;<,

Gdqv od frq�jxudwlrq lqwhupìgldluh F��/ hq frqvlgìudqw od uhodwlrq +61;:,/ rq rewlhqw
doruv =

à tGt @ b%ð� .
k bI á� �I á��ó	

l
 +61<3,
Sdu dloohxuv/ G gìfulydqw ohv ylwhvvhv gh gìirupdwlrq gdqv od frq�jxudwlrq frxudqwh Fá/ lohvw lqwìuhvvdqw gh vdyrlu txho hvw vrq uhsuìvhqwdqw Odjudqjlhq1 Ohv ylwhvvhv ghv gìirupdwlrqv
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RC qF CC ≡
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 DR  

 DR  

Ilj1 6146 = Gìfrpsrvlwlrq gx judglhqw gh wudqvirupdwlrq wrwdoh srxu xq pdwìuldx ã wudqvlwlrq
gh skdvh

gh Juhhq0Odjudqjh bH vhpeoh íwuh oh fkrl{ oh soxv qdwxuho1 Hq frqvlgëudqw oh whqvhxu judglhqw
gh wudqvirupdwlrq I / rq shxw prqwuhu txh fhv whqvhxuv vrqw uholìv sdu od uhodwlrq vxlydqwh =

bH @à IGI +61<4,
Fh txl hvw vljql�h txh oh whqvhxu wdx{ gh gìirupdwlrq gh Juhhq0Odjudqjh hvw gì�ql ã

sduwlu g*xq wudqvsruw frqyhfwli hw grqf/ bH q*hvw sdv xq erq uhsuìvhqwdqw srxu ohv ylwhvvhv gh
gìirupdwlrq1 Hq h�hw/ vhv ìoìphqwv sulqflsdx{ q*rqw sdv xqh vljql�fdwlrq sk|vltxh gluhfwh0
phqw h{sorlwdeoh/ hq sduwlfxolhu wu+ bH, @ 3 q*hqwudñqh sdv wu+G, @ 3/ frqglwlrq qìfhvvdluh srxu
wudgxluh o*lqfrpsuhvvlelolwì gx pdwìuldx1 Xq erq uhsuìvhqwdqw srxu ohv ylwhvvhv gh gìirupd0
wlrq vhudlw xqh txdqwlwì vhpeodeoh ã G1 Xqh urwdwlrq hvw xq wudqvsruw shuphwwdqw g*rewhqlu
xqh whooh txdqwlwì1 Dlqvl/ hq gì�qlvvdqw oh wdx{ gh gìirupdwlrq G frpph od gìulyìh remhfwlyh
urwdwlrqqhooh sdu od urwdwlrq t g*xqh phvxuh gh gìirupdwlrq whqvrulhooh fxpxoìh g ^JLO<6`/ rq
rewlhqw =

G @ G�g @ t bg� à t +61<5,
Hq rxwuh/ rq shxw qrwhu txh wu+G, @ wu

� bg�
�

@ 3 shuphw h�hfwlyhphqw gh wudgxluh
o*lqfrpsuhvvlelolwì gx pdwìuldx1

Hq gì�qlwlyh/ ohv uhodwlrqv +61<5, hw +61<3, grqqhqw od uhodwlrq vxlydqwh gdqv od frq�jxud0
wlrq lqwhupìgldluh F�� =

bg� @ b%ð� . bgáâ� +61<6,
Fhwwh uhodwlrq shuphw g*ìwhqguh dx fdv ghv wudqvirupdwlrqv �qlhv od gìfrpsrvlwlrq dggl0

wlyh ghv wdx{ gh gìirupdwlrq fxpxoìh bg� hq xqh sduwlh ìodvwltxh b%ð� hw xqh sduwlh lqìodvwltxh
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bgáâ� @
k bI á� �I á��ó	

l
 dvvrflìh ã od wudqvlwlrq gh skdvh1 Rq rewlhqw grqf gdqv od frq�jxudwlrq
lqwhupìgldluh F�� xq irupdolvph yrlvlq gh fhoxl ghv shwlwhv shuwxedwlrqv1

Srxu gì�qlu F�� ã wrxw lqvwdqw dx frxuv gh od wudqvirupdwlrq/ rq xwlolvh o*h{suhvvlrq gx
wdx{ gh urwdwlrq Z 1 Rq shxw uhpdqlhu od uhodwlrq +61;;, srxu ìfuluh =

btà t @Z � t
k bI á� �I á��ó	

l� à t +61<7,
Rü =
� Z � @ btà t gì�qlw od ylwhvvh gh urwdwlrq gx uhsëuh gluhfwhxu U� hw grqf g*xqh fhuwdlqh
idêrq fhooh gh od plfurvwuxfwxuh gx pdwìuldx/

� Z gì�qlw od ylwhvvh gh urwdwlrq gx plolhx pdwìulho1 Fhwwh ylwhvvh hvw frpsoëwhphqw
frqqxh sdu od flqìpdwltxh gh od wudqvirupdwlrq/

� t
k bI á� �I á��ó	

l� à t gì�qlw od ylwhvvh uhodwlyh gx plolhx pdwìulho sdu udssruw ã vd plfur0
vwuxfwxuh1 Fh txl wudgxlw txh oh prxyhphqw ghv judlqv shxw íwuh frpsoëwhphqw gl�ìuhqw
gh fhoxl gx plolhx yx ã o*ìfkhooh pdfurvfrsltxh1

Srxu gìwhuplqhu Z � hw grqf t/ rq shxw lqwìjuhu od uhodwlrq vxlydqwh = bt @ Z �t dyhf
t má�ô @ L hq surfìgdqw gh wurlv idêrqv =

Od suhplëuh whfkqltxh hvw od soxv qdwxuhooh hw frqvlvwh ã gì�qlu t k bI á� �I á��ó	
l� à t sdu

xqh dssurfkh plfur0pdfur1
Od vhfrqgh hvw prlqv sk|vltxh hw frqvlvwh ã xwlolvhu ohv wkìruëphv gh uhsuìvhqwdwlrq ghv

irqfwlrqv whqvrulhoohv dqwlv|pìwultxhv ã yduldeohv whqvrulhoohv uhsuìvhqwdwlyhv gh od flqìpdwltxh
hw gh od orl gh frpsruwhphqw1

Od ghuqlëuh pìwkrgh hvw skìqrpìqrorjltxh hw frqvlvwh ã fkrlvlu flqìpdwltxhphqw Z � rx
t d sulrul hw g*hq yìul�hu txdolwdwlyhphqw hw2rx txdqwlwdwlyhphqw od ydolglwì1 Gdqv oh fdguh gh
fhwwh dssurfkh/ ã o*lpdjh gh od gìpdufkh xwlolvìh srxu o*h{whqvlrq hq wudqvirupdwlrqv �qlhv
gx frpsruwhphqw ìodvwltxh gh od frtxh +fi fkdslwuh 5,/ xqh idplooh gh urwdwlrqv flqìpdwltxhv
remhfwlyhv t shxw íwuh rewhqxh sdu uìvroxwlrq gx sureoëph gl�ìuhqwlho vxlydqw =

btà t @Z � @ +4� ),Z . ) bUàU> t má�ô @ L > ) 5 ^3> 4` +61<8,
Rü U hvw od urwdwlrq sursuh gh od gìfrpsrvlwlrq srodluh gh I = I @ UX @ Y U
Hq sduwlfxolhu/ ohv ghx{ fdv olplwhv ) @ 3 hw ) @ 4 gì�qlvvhqw uhvshfwlyhphqw od urwdwlrq

gx uhsëuh frurwdwlrqqho hw fhooh gx uhsëuh wrxuqdqw hq urwdwlrq sursuh1
Srxu xq sro|fulvwdo/ dx qlyhdx gx YHU/ oh uhsëuh gluhfwhxu hvw xqh pr|hqqh ghv uhsëuhv

gluhfwhxuv olìv dx{ judlqv1 Rq shxw grqf frqvlgìuhu frpph doìdwrluh rx svhxgr0doìdwrluh od
uìsduwlwlrq ghv gluhfwlrqv ghv sodqv g*kdelwdw/ l1h1 tx*lo q*h{lvwh sdv gh gluhfwlrq sulyloìjlìh1
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Sdu frqvìtxhqw/ oh frpsruwhphqw hvw frqvlgìuì lvrwursh1 Dlqvl/ q*lpsruwh txhooh urwdwlrq
remhfwlyh shxw frqyhqlu1 Srxu ghv udlvrqv gh vlpsolflwì hw gh uhsuìvhqwdwlylwì txdolwdwlyh gx
frpsruwhphqw/ rq fkrlvlud oh fdv ) @ 4 vrlw =

t @ U +61<9,
Oh uhsëuh wrxuqdqw vhud oh uhsëuh gluhfwhxu U� sdu od urwdwlrq sursuh/ uhsuìvhqwdqw xqh

pr|hqqh odjudqjlhqqh ghv urwdwlrqv pdwìulhoohv1

61< Frpsruwhphqw vxshuìodvwltxh hq wudqvirupdwlrqv �qlhv
Oh frpsruwhphqw svhxgrìodvwltxh ghv DPI hq wudqvirupdwlrqv �qlhv srxu ghv wudmhwv gh

fkdujhphqw sursruwlrqqhov gìulyh gx fdguh frqvwlwxwli ìwdeol gdqv o*k|srwkëvh ghv shwlwhv shu0
wxuedwlrqv1 Rq vxssrvh txh o*ìwdw gx pdwìuldx hvw frpsoëwhphqw gì�ql gdqv od frq�jxudwlrq
lqwhupìgldluh sdu oh whqvhxu ghv gìirupdwlrqv ìodvwltxhv %ð� @ g� � gáâ� / od iudfwlrq yroxpltxh
gh pduwhqvlwh } hw od whpsìudwxuh W 1 Gdqv fh fdv/ ã sduwlu gh o*lqìjdolwì gh Fodxvlxv0Gxkhp/
rq rewlhqw gluhfwhphqw od glvvlsdwlrq pìfdqltxh hq uhsuhqdqw o*h{suhvvlrq ìwdeolh oruv gh od
frqvwuxfwlrq gx fdguh wkhuprg|qdpltxh =

GÝðñò @à bgáâ� �� �U b} � 3> U @ ���ô+W , . �Cæ#çè+}> W , +61<:,
Rü �� @à t�t hvw oh whqvhxu ghv frqwudlqwhv gh Fdxfk| gdqv od frq�jxudwlrq �wrxuqìh�

lqwhupìgldluh1
Hq vxlydqw od gìpdufkh h{srvìh oruv gh od gì�qlwlrq gx fdguh Shwlwhv Shuwxuedwlrqv/ rq

rewlhqw ohv orlv g*ìyroxwlrq hw ohv irqfwlrqv vhxlov gdqv od frq�jxudwlrq lqwhupìgldluh1
Gdqv oh fdv gh od wudqvirupdwlrq gluhfwh +d �$p, =

bgáâ� @ b}��Cù�	
*ÞÝ ���> U� @ 	 �����	ÞÝ +U, � 3 +61<;,

Rü �� hvw od gìirupdwlrq gh wudqvirupdwlrq pd{lpxp gdqv od gluhfwlrq gh od frqwudlqwh
vhxlo +hq flvdloohphqw, 	ÞÝ +}> W >kÞÝ, @ 	�� ����ô . �Cæ#çè +}> W , . �ÞÝ +}> W >kÞÝ,�1

Od frqwudlqwh ìtxlydohqwh 	 ���� hvw grqqìh sdu od uhodwlrq =

	 @ s6Måi +|ù, > i +|ù, @ 4 . d|ù +61<<,
Dyhf =

Må @
4
5
à
+ghy�, ghy�> |ù @ 5:

5
Mí

+6Må,
í�å hw Mí @à +ghy�,å ghy� +61433,
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Gdqv oh fdv gh od wudqvirupdwlrq lqyhuvh +p �$ d,/ od orl g*ìyroxwlrq hvw grqqìh sdu od
uhodwlrq =

bgáâ� @ � b�ÝÞCù�� @ � b�ÝÞ gáâ���gáâ� �� > b} @ b�ÝÞCä� +61434,
Rü od irqfwlrq gh fkdujh � hvw whooh txh =

� ���> U� @
�
ç���nç��� n�� �	ÝÞ +U, � 3

	ÝÞ +U, � 	ÝÞ +}> W >kÝÞ, @ 	�� ����ô . �Cæ#çè +}> W , . �ÝÞ +}> W >kÝÞ,�
+61435,

Gdqv oh fdv g*xq fkdujhphqw sursruwlrqqho/ wrxw fkdqjhphqw g*ìwdw frxudqw gx v|vwëph
q*hvw srvvleoh xqltxhphqw txh sdu fkdqjhphqw gh od iudfwlrq yroxpltxh gh pduwhqvlwh1 Fh
txh o*rq shxw uìvxphu sdu od uhodwlrq vxlydqwh =

bgáâ� @ Q b} +61436,
RüQ hvw oh whqvhxu shuphwwdqw gh gìwhuplqhu od gluhfwlrq gh od wudqvirupdwlrq frqvlgìuìh =

Q @
+ Cù�*ÞÝ srxu od wudqvirupdwlrq gluhfwh + b} A 3,

Cù�� srxu od wudqvirupdwlrq lqyhuvh + b} ? 3, +61437,

6143 Frqfoxvlrq
Oh exw uhfkhufkì hw d!fkì gh o*dfwlylwì lqwhqvh judylwdqw dxwrxu ghv DPI ghphxuh ìyl0

ghpphqw od plvh dx srlqw g*xq prgëoh gh frpsruwhphqw wkhuprpìfdqltxh wulglphqvlrqqho
fdsdeoh gh vlpxohu ohv sursulìwìv hw fdudfwìulvwltxhv pdfurvfrsltxhv hvvhqwlhoohv ghv dooldjhv
ã pìprluh gh iruph/ fhwwh irupxodwlrq ghydqw íwuh gluhfwhphqw h{sorlwdeoh srxu oh gìyhors0
shphqw g*xq dojrulwkph g*lqwìjudwlrq urexvwh gdqv xq frgh ìohphqw �ql1

Gdqv fhwwh sduwlh/ oh irupdolvph odujhphqw xwlolvì ghv pdwìuldx{ vwdqgdugv jìqìudolvìv d
ìwì frqvlgìuì srxu gì�qlu xq fdguh frqvwlwxwli xql�ì hw frkìuhqw srxu od ghvfulswlrq gh od vx0
shuìodvwlflwì ghv DPI srxu ghv wudmhwv gh fkdujhphqw sursruwlrqqhov1 G*derug dssoltxìh dx{
DPI sro|fulvwdoolqv vrxplv ã ghv vroolflwdwlrqv xqld{ldohv/ od prgìolvdwlrq sursrvìh hvw edvìh
vxu o*xwlolvdwlrq gh o*ìqhujlh oleuh vsìfl�txh g*Khopkrow} frpph srwhqwlho wkhuprg|qdpltxh
hw ghx{ surfhvvxv glvvlsdwliv qrupdx{ lqgìshqgdqwv grqqdqw ghv srwhqwlhov gh glvvlsdwlrq
olqìdluhv srxu ohv wudqvirupdwlrqv gluhfwhv hw lqyhuvhv1 Od phvxuh gh glvvlsdwlrq/ txl shxw íwuh
gl�ìuhqwh srxu fkdtxh wudqvirupdwlrq/ frpsuhqg xq hqvhpeoh gh yduldeohv g*klvwrluh d�q
gh suhqguh hq frpswh od gìshqgdqfh ã o*klvwrluh gh od uìsrqvh ghv DPI oruv gh gìfkdujhv0
uhfkdujhv sduwlhoohv1 Ohv orlv g*ìyroxwlrq gh od wudqvlwlrq gh skdvh vrqw rewhqxhv hq vxssrvdqw
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ydolgh oh sulqflsh gh glvvlsdwlrq pd{lpxp1 Hq wudqvlwlrq gh skdvh/ oh fdguh frqvwlwxwli sursrvì
dx gìexw gh fh fkdslwuh srxu gh shwlwhv shuwxuedwlrqv/ d ìwì ìwhqgx dx fdv ghv wudqvirupdwlrqv
�qlhv hq xwlolvdqw ohv judqghxuv dgìtxdwhv gdqv od frq�jxudwlrq lqwhupìgldluh1

Od gìpdufkh xwlolvìh srxu frqvwuxluh xqh flqìpdwltxh gh judqghv wudqvirupdwlrqv srxu
o*ìwxgh gx frpsruwhphqw wkhuprpìfdqltxh ghv DPI hvw edvìh vxu od gìfrpsrvlwlrq pxo0
wlsolfdwlyh gx judglhqw gh wudqvirupdwlrq wrwdoh hw od wkìrulh ghv plolhx{ ã gluhfwhxuv1 Rq
rewlhqw doruv xqh gìfrpsrvlwlrq dgglwlyh gh od phvxuh gh gìirupdwlrq gdqv xq irupdolvph
yrlvlq gh fhoxl ghv shwlwhv shuwxedwlrqv1 Ohv orlv frqvwlwxwlyhv rewhqxhv shxyhqw doruv íwuh
lqwìjuìhv gdqv oh fdguh g*xqh pìwkrgh lqfuìphqwdoh dvvrflìh dx vfkìpd lwìudwli gh Qhzwrq1

43:



Fkdslwuh 61 Prgìolvdwlrq gx Frpsruwhphqw Vxshuìodvwltxh ghv DPI

43;



Fkdslwuh 7

Hwxgh H{sìulphqwdoh

O*revhuydwlrq ghv skìqrpëqhv sk|vltxhv uìvxowdqw gh o*dssolfdwlrq g*xq ìwdw gh frqwudlqwh
wkhuprpìfdqltxh ã xq pdwìuldx hvw oh suhplhu sdv yhuv od prgìolvdwlrq1 Ohv hvvdlv h{sìul0
phqwdx{ shuphwwhqw gh phwwuh hq ìylghqfh od uìsrqvh gx pdwìuldx ã xqh vroolflwdwlrq grqqìh1
Od ulfkhvvh ghv sxeolfdwlrqv hw wudydx{ gdqv oh grpdlqh h{sìulphqwdo q*d g*ìjdoh txh vd gl0
yhuvlwì pdlv fh fkdslwuh q*d sdv srxu yrfdwlrq gh idluh oh elodq gh fhwwh dfwlylwì1 Rq glvwlqjxh
ghx{ w|shv g*hvvdlv1 Ohv suhplhuv vrqw ghv hvvdlv krprjëqhv whov txh od wudfwlrq0frpsuhvvlrq/
oh flvdloohphqw rx od wruvlrq/ lov vhuyhqw qrwdpphqw ã gìwhuplqhu ohv sdudpëwuhv gx prgëoh
gìyhorssì1 Oh vhfrqg w|sh g*hvvdlv frqfhuqh ohv hvvdlv txh o*rq dsshooh jìqìudohphqw hvvdlv
gh vwuxfwxuh/ ohvtxhov vrqw qrq0krprjëqhv1 Lov shuphwwhqw gh ydolghu o*lqwìjudwlrq qxpìultxh
ghv orlv gh frpsruwhphqw gx prgëoh rx o*lpsodqwdwlrq g*xq ìoìphqw �ql gdqv xq frgh gh
fdofxo1 F*hvw gdqv fhw hvsulw txh fhwwh ìwxgh h{sìulphqwdoh d ìwì phqìh1 G*derug wrxuqìv yhuv
o*lghqwl�fdwlrq ghv sdudpëwuhv qìfhvvdluhv ã od vlpxodwlrq qxpìultxh/ ghv hvvdlv pìfdqltxhv
vlpsohv whov txh od wudfwlrq rqw ìwì h�hfwxìv1 Od qìfhvvlwì g*rewhqlu xqh edvh h{sìulphqwdoh gh
ydolgdwlrq frpelqìh ã o*h{lvwhqfh gh edqfv g*hvvdlv odujhphqw ìsurxyìv dx vhlq gx oderudwrluh
qrxv rqw srxvvì ã uìdolvhu ghv hvvdlv pìfdqltxhv wulglphqvlrqqhov rulhqwìv yhuv od fdudfwìulvd0
wlrq gh vwuxfwxuhv plqfhv dyhf qrwdpphqw o*hvvdl gh jrq hphqw1 Hq�q/ ghv hvvdlv gh wudfwlrq
vxu ghv sodtxhv wurxìhv rqw ìwì uìdolvìv1 Fhv hvvdlv ylvhqw sulqflsdohphqw ã ìydoxhu o*h!fdflwì
gh o*rxwlo qxpìultxh gìyhorssì1

714 Pdwìuldx{ whvwìv
O*hvvdl gh wudfwlrq d wrxw g*derug shuplv gh �suhqguh frqqdlvvdqfh� ghv pdwìuldx{ hq

lghqwl�dqw ohxuv sdudpëwuhv1 Hqvxlwh/ ghv hvvdlv �vwuxfwxuhv� rqw ìwì h�hfwxìv1 Fhwwh ìwxgh
h{sìulphqwdoh d ìwì phqìh vxu wurlv w|shv g*DPI =

� Fx]qDo vrxv od iruph gh sodtxh g*ìsdlvvhxu 3/4 pp +irxuqlw sdu od vrflìwì Wuì�pìwdx{,/
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Fkdslwuh 71 Hwxgh H{sìulphqwdoh

� FxDoEh vrxv od iruph gh sodtxh g*ìsdlvvhxu 3/4 pp +irxuqlw sdu od vrflìwì dl5p,/
� QlWl vrxv od iruph gh sodtxh g*ìsdlvvhxu 3/8 pp +irxuqlw sdu Lvwlwxwr shu o*Hqhujhwlfd
h oh Lqwhuidvl/ Xqlwì gh Ohffr,1

715 Hvvdl gh wudfwlrq
Xqh pdfklqh gh wudfwlrq0frpsuhvvlrq ìohfwultxh LQVWURQ 9358 d ìwì xwlolvìh srxu uìd0

olvhu ohv hvvdlv gh wudfwlrq/ ìtxlsìh g*xqh fhooxoh gh irufh gh 433 nQ1 Ohv hvvdlv vrqw uìdolvìv ã
gìsodfhphqw lpsrvì1 Od ylwhvvh gh fkdujhphqw hvw vx!vdpphqw ohqwh srxu ìylwhu o*ìfkdx�h0
phqw gh o*ìsurxyhwwh l1h1 3/38 pp2v1

71514 Plvh hq rhxyuh
Ohv hvvdlv gh wudfwlrq vxu edqghv plqfhv vrqw frqiurqwìv sulqflsdohphqw dx sureoëph gh

sulvh gh o*ìsurxyhwwh gdqv ohv pruv1 Ohv pruv dxwr0vhuudqwv qh vrqw sdv dgdswìv srxu ghv
ìfkdqwloorqv gh idleoh ìsdlvvhxu fdu oh jolvvhphqw gh o*ìsurxyhwwh yrluh vd gìfkluxuh vrqw iuì0
txhqwv1 Srxu ìylwhu fhv lqfrqyìqlhqwv/ ghv pruv vlpsohv frqvwlwxìv g*xqh jrxslooh gh fhqwudjh
hw gh sodtxhv olvvhv/ grqw oh vhuudjh hvw dvvxuì sdu ghx{ ylv/ shuphwwhqw xq doljqhphqw hw
xq pdlqwlhq vdwlvidlvdqwv gh o*ìsurxyhwwh1 Hq fh txl frqfhuqh od phvxuh ghv gìirupdwlrqv/ oh
wudglwlrqqho h{whqvrpëwuh ã mdxjhv gh gìirupdwlrq qh frqylhqw sdv srxu ghv edqghv plqfhv
fdu vrq srlgv prgl�h o*ìwdw gh frqwudlqwh lqlwldo1 Srxu xq hvvdl gh wudfwlrq vlpsoh/ rq shxw
xwlolvhu oh gìsodfhphqw gh od wudyhuvh preloh gh od pdfklqh g*hvvdl hq v*dvvxudqw wrxwhirlv
g*xqh oìjëuh plvh vrxv whqvlrq gh o*hqvhpeoh d�q g*ìylwhu wrxw mhx +fi �jxuh +714,,1

a) b)

Ilj1 714 = Frq�jxudwlrq gh o*hvvdl gh wudfwlrq = +d, Pdfklqh gh wudfwlrq +e, Hsurxyhwwh hw
fdpìud FFG

Ohv ìsurxyhwwhv xwlolvìhv vrqw ghv edqghv plqfhv suìvhqwdqw xqh }rqh xwloh gh glphqvlrqv
65{4; pp1
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7151 Hvvdl gh wudfwlrq

71515 Uìvxowdwv
Rq rewlhqw doruv ohv frxuehv gh wudfwlrq frqwudlqwh0gìirupdwlrq vxlydqwhv srxu fkdtxh

pdwìuldx +fi �jxuh 715, ã od whpsìudwxuh W@635 N1
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(c) NiTi
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Ilj1 715 = Frxueh frqwudlqwh0gìirupdwlrq hvvdl gh wudfwlrq = +d, Fx]qDo/ +e, FxDoEh hw +f,
QlWl

Vxu od �jxuh +716, hvw lqgltxìh od pìwkrgh xwlolvìh srxu gìwhfwhu ohv frqwudlqwhv gh gìexw
gh wudqvirupdwlrq �� ! hw ��! 1
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Ilj1 716 = Pìwkrgh ghv wdqjhqwhv srxu od gìwhfwlrq ghv frqwudlqwhv vhxlov 0 Fdv gx Fx]qDo

Fx]qDo FxDoEh QlWl"#$þÿ"% +PSd@&N, 5/77 5/: 9/;9"#'()"% +PSd@&N, 6/87 6/< :/47
P *+ +&N, 565 4<7 589
D*++&N, 5;8 55< 595

Wde1 714 = Hyroxwlrq ghv frqwudlqwhv vhxlov dyhf od whpsìudwxuh 0 Whpsìudwxuhv gh wudqviru0
pdwlrq

Ohv hvvdlv gh wudfwlrq rqw ìwì h�hfwxìv ã wurlv whpsìudwxuhv gl�ìuhqwhv/ uhvshfwlyhphqw
W @ 5<6&N/ W @ 635&N hw W @ 645&N/ d�q gh srxyrlu rewhqlu o*ìyroxwlrq ghv frqwudlqwhv
vhxlov gh gìexw gh wudqvirupdwlrq gluhfwh hw lqyhuvh dyhf od whpsìudwxuh +fi �jxuh 717,1
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Ilj1 717 = Hyroxwlrq ghv frqwudlqwhv vhxlov dyhf od whpsìudwxuh srxu ohv wurlv pdwìuldx{ whvwìv

Fh gldjudpph shuphw gh gìwhuplqhu od yduldwlrq ghv frqwudlqwhv vhxlov dyhf od whpsìudwxuh
dx pr|hq g*xqh uìjuhvvlrq olqìdluh pdlv ìjdohphqw ohv whpsìudwxuhv gh wudqvirupdwlrq1 Ohv
uìvxowdwv vrqw uhjurxsìv gdqv oh wdeohdx +714,1
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7161 Hvvdl gh wudfwlrq vxu sodtxh wurxìh

716 Hvvdl gh wudfwlrq vxu sodtxh wurxìh
Srxu fh w|sh g*hvvdl/ od gl!fxowì vh vlwxh dx qlyhdx gh od phvxuh ghv gìirupdwlrqv1 Od

vroxwlrq dgrswìh frqvlvwh ã xwlolvhu xq v|vwëph g*dftxlvlwlrq ylgìr frpelqì ã xq orjlflho
g*dqdo|vh g*lpdjhv1 Oh glvsrvlwli xwlolvì srxu ohv hvvdlv gh wudfwlrq dyhf dftxlvlwlrq ylgìr d
ìwì gìyhorssì dx OPDUF sdu M0I1 Plfkho ^PLF35`1 Gdqv oh fdv g*xqh sodtxh wurxìh hw grqf
g*xq skìqrpëqh gh frqfhqwudwlrq gh frqwudlqwh/ lo hvw ìylghpphqw lqwìuhvvdqw g*revhuyhu
o*ìyroxwlrq ghv gìirupdwlrqv dxwrxu gx wurx1 O*dftxlvlwlrq ylgìr hvw sduidlwhphqw dgdswìh ã
fh w|sh g*hvvdl1

Ohv ìsurxyhwwhv rqw ghv glphqvlrqv lghqwltxhv dx fdv suìfìghqw hw suìvhqwhqw xq wurx gh
gldpëwuh < pp1 Ohv hvvdlv rqw ìwì uìdolvìv ã od whpsìudwxuh W @ 635&N1 O*hvvdl hvw uìdolvì ã
h�ruw lpsrvì1

71614 Phvxuh ghv gìirupdwlrqv
Oh v|vwëph gh phvxuh sdu dftxlvlwlrq g*lpdjhv ìyrtxì suìfìghpphqw hvw uhsuìvhqwì vxu

od �jxuh 7181 Fh glvsrvlwli uìsrqg dx{ h{ljhqfhv gx orjlflho gh wudlwhphqw g*lpdjhv Vsrxqfk
gìyhorssì sdu S1 Ydfkhu hw V1 Gxprxolq gx oderudwrluh gh pìfdqltxh gh o*HVLD ^YDF<<`1 Hq
h�hw/ fh orjlflho qh shxw íwuh xwlolvì txh vxu ghv remhwv sodqv vroolflwìv gdqv ohxu sodq1 Lo hvw
edvì vxu ghv lpdjhv qxpìultxhv qrlu hw eodqf g*xq píph hqvhpeoh ã ghx{ lqvwdqwv gìwhuplqìv
shuphwwdqw doruv g*ìydoxhu oh fkdps gh gìsodfhphqw1

U imposé

Zoom macro

PC + librairie MIL

Caméra CCD

Ilj1 718 = Vfkìpd gx glvsrvlwli g*dftxlvlwlrq g*lpdjhv

Od suìflvlrq gx fkdps gh gìsodfhphqw hvw ìwurlwhphqw olìh ã od txdolwì ghv lpdjhv qxpì0
ultxhv1 Fhoohv0fl grlyhqw suìvhqwhu ghv qlyhdx{ gh julv frqwlqxv hw doìdwrluhv1 Srxu | sduyhqlu/
rq xwlolvh xqh fdpìud qxpìultxh FFG +Fkdujhg Frxsohg Ghylfh, hw xq prxfkhwlv gh shlqwxuh
qrluh1 O*dftxlvlwlrq ghv lpdjhv hvw uìdolvìh dx pr|hq g*xqh fduwh g*dftxlvlwlrq ylgìr1 Hq vh
edvdqw vxu od oleudlulh PLO +Pdwur{ Lpdjlqj Oleudu|,/ xq surjudpph g*dftxlvlwlrq g*lpdjhv
shuphw gh �{hu oh whpsv wrwdo g*dftxlvlwlrq hw o*lqwhuydooh hqwuh fkdtxh lpdjh1 Srxu ohv hvvdlv
h�hfwxìv/ o*dftxlvlwlrq hvw idlwh ã od iuìtxhqfh gh fhqw lpdjhv vxu od gxuìh gh o*hvvdl1 Od �jxuh
vxlydqwh +fi �jxuh 719, uhjurxsh ohv folfkìv uìdolvìv oruv gh o*hvvdl gh wudfwlrq vxu ohv sodtxhv
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wurxìhv srxu ohv gl�ìuhqwv pdwìuldx{ ìwxglìv ã ghx{ lqvwdqwv suìflv = dx gìexw gh o*hvvdl
+frq�jxudwlrq lqlwldoh, hw dx plolhx gh o*hvvdl +frq�jxudwlrq hq �q gh fkdujh,1 Rq shxw revhu0
yhu/ dx pr|hq ghv fhufohv urxjhv +frq�jxudwlrq lqlwldoh gx wurx,/ oh fkdpsv gh gìsodfhphqw
dxwrxu gx wurx1 Sdu dloohxuv/ rq shxw ìjdohphqw qrwhu o*h�hw gh Srlvvrq1 Fh vrqw fhv folfkìv
txh oh orjlflho gh wudlwhphqw g*lpdjhv yd dqdo|vhu srxu rewhqlu oh fkdpsv gh gìirupdwlrq1 Ohv
uìvxowdwv uhodwliv ã o*dqdo|vh g*lpdjhv srxu ohv gl�ìuhqwv pdwìuldx{ whvwìv vrqw suìvhqwìv gdqv
oh fkdslwuh 8 oruv gh od frpsdudlvrq h{sìulhqfh yv1 vlpxodwlrq gh od uìsduwlwlrq ghv lvrydohxuv
gh od frpsrvdqwh H,, gx whqvhxu gh gìirupdwlrq gh Juhhq�Odjudqjh1

(a) CuZnAl

(b) CuAlBe

(c) NiTi

Configuration initiale Configuration fin charge

(a) CuZnAl

(b) CuAlBe

(c) NiTi

x

y

Ilj1 719 = Revhuydwlrq ghv ìsurxyhwwhv hq gìexw g*hvvdl hw hq �q gh fkdujhphqw = +d, Fx]qDo/
+e, FxDoEh hw +f, QlWl

71615 Surfìgxuh g*xwlolvdwlrq gx orjlflho
O*dqdo|vh g*lpdjhv uhsrvh vxu od frpsdudlvrq vxffhvvlyh ghv qlyhdx{ gh julv hqwuh ghx{

lpdjhv1 Fhv qlyhdx{ gh julv vrqw lqwhusroìv sxlv fruuìoìv d�q gh gìwhuplqhu oh fkdps gh
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gìsodfhphqw dvvrflì ã xq qlyhdx gh fkdujhphqw grqqì1 Od gìwhuplqdwlrq gx fkdps gh gìsod0
fhphqw v*dssxlh vxu o*ìyroxwlrq g*xqh julooh yluwxhooh gì�qlh vxu o*lpdjh gh uìiìuhqfh dx gìexw
gh o*hvvdl1 O*xwlolvdwhxu fkrlvlw od pdlooh gh fhwwh julooh hq irqfwlrq gh od suìflvlrq yrxoxh1

O*xwlolvdwhxu uhsëuh xq píph sl{ho vxu ohv lpdjhv lqlwldohv hw �qdohv1 D sduwlu gh fh sl{ho/
oh orjlflho gìwhuplqh gh pdqlëuh lwìudwlyh o*ìyroxwlrq g*xqh pdlooh gh od julooh1 Fdofxodqw od
gl�ìuhqfh ghv qlyhdx{ gh julv gx píph sl{ho hqwuh ohv ghx{ frq�jxudwlrqv/ lo uhsrvlwlrqqh
fh sl{ho d�q gh plqlplvhu fhwwh gl�ìuhqfh1 Txdqg od gl�ìuhqfh hqwuh ghx{ qlyhdx{ gh julv
hvw lqiìulhxuh ã xqh wroìudqfh �{ìh sdu o*xwlolvdwhxu/ oh surfhvvxv sdvvh ã xqh dxwuh pdlooh1
Fhwwh pìwkrgh hvw dssoltxìh ã fkdtxh qrhxg gh fkdtxh pdlooh gh od julooh1 Rq rewlhqw doruv
xq fkdps gh gìsodfhphqw srxu o*hqvhpeoh gh od }rqh g*ìwxgh1 Hqvxlwh/ oh orjlflho ìydoxh ohv
frpsrvdqwhv H--> H,, hw H-, gx whqvhxu gh gìirupdwlrq gh Juhhq0Odjudqjh dx srlqw ìwxglì1

71616 ]rqh g*dftxlvlwlrq
O*dqdo|vh g*lpdjhv shuphw g*rewhqlu ohv fkdpsv gh gìsodfhphqw hw gh gìirupdwlrq vxu

o*hqvhpeoh gh o*ìsurxyhwwh1 D o*lpdjh gx surfhvvxv xwlolvì srxu xqh phvxuh gh gìirupdwlrq
dyhf xq h{whqvrpëwuh/ rq gì�qlw xqh }rqh g*dqdo|vh dxwrxu gx wurx1 Gdqv od phvxuh rü oh
v|vwëph shuphw gh vxlyuh o*ìyroxwlrq ghv frpsrvdqwhv sodqhv gh gìirupdwlrq vxu o*ìsurxyhwwh/
lo hvw doruv srvvleoh gh yìul�hu od uìsduwlwlrq gx fkdps gh gìirupdwlrq hw qrwdpphqw vrq
krprjìqìlwì rx kìwìurjìqìlwì1

71617 Uìvxowdwv
Hq xwlolvdqw oh gìsodfhphqw gh od wudyhuvh preloh gh od pdfklqh g*hvvdl ã o*h{wuíplwì gh

o*ìsurxyhwwh hq irqfwlrq gh o*h�ruw dssoltxì/ rq rewlhqw ohv frxuehv gh wudfwlrq hq whuphv
g*h�ruw0gìsodfhphqw vxlydqwhv srxu fkdtxh pdwìuldx +fi �jxuh 71:,1

D�q g*ìydoxhu o*lq xhqfh gx wurx vxu od sodtxh/ rq shxw frpsduhu gluhfwhphqw ohv uìsrqvhv
hq wudfwlrq g*xqh edqgh ylhujh hw g*xqh edqgh wurxìh hq whuphv g*h�ruw0gìsodfhphqw +fi �jxuh
71;,1

Oh uìvxowdw gh o*dqdo|vh g*lpdjhv h�hfwxìh vxu ohv hvvdlv gh wudfwlrq v*h{sulph hq whuphv
ghv frpsrvdqwhv sodqhv g*xqh phvxuh gh gìirupdwlrq gh w|sh Juhhq0Odjudqjh = H--> H,, hw
H-,1 Dlqvl/ rq rewlhqw od uìsduwlwlrq ghv lvrydohxuv gh whooh rx whooh frpsrvdqwh1 Gdqv oh fdv
ghv pdwìuldx{ whvwìv/ ohv lvrydohxuv h{sìulphqwdohv gh od frpsrvdqwh H,, vhurqw frpsduìhv ã
fhoohv rewhqxhv sdu vlpxodwlrq gdqv od sduwlh ydolgdwlrq gx fkdslwuh frqfhuqdqw od ydolgdwlrq
qxpìultxh1
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Ilj1 71: = Frxueh h�ruw0gìsodfhphqw hvvdl gh wudfwlrq vxu edqgh wurxìh = +d, Fx]qDo/ +e,
FxDoEh hw +f, QlWl
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7161 Hvvdl gh wudfwlrq vxu sodtxh wurxìh

(a) CuZnAl
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(b) CuAlBe
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Ilj1 71; = Frpsdudlvrq ghv frxuehv uìsrqvhv hq wudfwlrq vxu edqgh wurxìh hw wudfwlrq vxu
edqgh ylhujh = +d, Fx]qDo/ +e, FxDoEh hw +f, QlWl
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Fkdslwuh 71 Hwxgh H{sìulphqwdoh

717 Hvvdl gh jrq hphqw
Jìqìudohphqw xwlolvì gdqv o*ìwxgh gx irupdjh ghv pdwìuldx{ gxfwlohv/ o*hvvdl gh jrq h0

phqw hvw frqvlgìuì frpph xq hvvdl pdmhxu sdupl ohv surfìgxuhv gh phvxuh ghv sursulìwìv
pìfdqltxhv ghv pdwìuldx{ gh idleoh ìsdlvvhxu1 Lo shuphw qrwdpphqw gh gìwhuplqhu =

� ohv prgxohv ìodvwltxhv/
� od olplwh g*ìodvwlflwì/
� od frqwudlqwh ã od uxswxuh/
� ohv frqwudlqwhv uìvlgxhoohv1
Gdqv oh frqwh{wh gh �opv plqfhv/ o*hvvdl gh jrq hphqw suìvhqwh ghx{ dydqwdjhv sdu udssruw

ã xq hvvdl gh wudfwlrq1 Wrxw g*derug/ od wdlooh hw od iudjlolwì ghv ìfkdqwloorqv vrqw ghv idfwhxuv
vhqvleohv ã o*doljqhphqw gdqv ohv pruv oruv g*xq hvvdl gh wudfwlrq1 Gh soxv/ o*xvlqdjh g*xqh
jìrpìwulh vsìfl�txh ghv ìsurxyhwwhv srxu o*hvvdl gh wudfwlrq hqjhqguh vrxyhqw ghv dprufhv
gh �vvxuh1 O*hvvdl gh jrq hphqw q*hvw sdv frqiurqwì ã fhv sureoëphv1 Sdu dloohxuv/ fhw hvvdl
shuphw gh gìwhuplqhu oh frpsruwhphqw ghv pdwìuldx{ srxu ghv gìirupdwlrqv ehdxfrxs soxv
lpsruwdqwhv txh gdqv oh fdv gh o*hvvdl gh wudfwlrq1

Wrxwhirlv/ od pdqlsxodwlrq h{sìulphqwdoh gh jrq hphqw plvh hq rhxyuh srxu fh wudydlo
qh shuphw sdv g*dwwhlqguh ghv grqqìhv whoohv txh od frqwudlqwh ã od uxswxuh rx ohv frqwudlqwhv
uìvlgxhoohv1

71714 Sulqflsh
Rq vrxphw xqh sodtxh g*ìsdlvvhxu h/ hqfdvwuìh vxu vrq srxuwrxu/ ã od suhvvlrq xqlodwìudoh

g*xq  xlgh +fi �jxuh 71<, hw rq ìwxglh oh frpsruwhphqw gh od sodtxh1 Hq sduwlfxolhu/ rq fkhufkh
ã gìwhuplqhu od uhodwlrq S @ i+k, oldqw od suhvvlrq S dssoltxìh sdu oh  xlgh ã od kdxwhxu k
gh od gìirupìh gh od sodtxh1 Dlqvl/ rq shxw h�hfwxhu fhw hvvdl dxvvl elhq vxu ghv pdwìuldx{
iudjlohv txh gxfwlohv1 Fhwwh ìwxgh vh olplwhud ã ghv sodtxhv flufxodluhv1

Wrxwhirlv/ o*hvvdl gh jrq hphqw hvw soxv gl!floh ã dqdo|vhu dx srlqw gh yxh wkìrulh tx*xq
hvvdl gh wudfwlrq1 Soxvlhxuv prgëohv shuphwwdqw o*dqdo|vh gh od gì h{lrq g*xqh sodtxh vrxplvh
ã xqh suhvvlrq k|gurvwdwltxh h{lvwhqw1 V*dssx|dqw vxu ghv frqglwlrqv olplwhv hw ghv iruphv gh
sodtxh jrq ìh vsìfl�txhv/ lo hq uìvxowh ghv prgëohv frpsruwhphqwdx{ gl�ìuhqwv1

71715 Glvsrvlwli h{sìulphqwdo
Oh glvsrvlwli xwlolvì srxu ohv hvvdlv gh jrq hphqw k|gudxoltxh d ìwì gìyhorssì dx OPDUF

sdu oh M0I1 Plfkho ^PLF35`1 Vlpsoh gdqv vd frqfhswlrq/ lo hvw frqvwlwxì g*xq eorf pdwulfh/
g*xq vhuuh0 dq/ g*xq sruwltxh gh pdlqwlhq gx fdswhxu gh gìsodfhphqw dx fhqwuh gh od sodtxh
hw g*xq jurxsh k|gudxoltxh shuphwwdqw od plvh vrxv suhvvlrq gh od fdylwì +fi �jxuh 71<,1 Xq
fdswhxu gh suhvvlrq sodfì gdqv oh flufxlw k|gudxoltxh grqqh od suhvvlrq gx  xlgh vrxv oh  dq1
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7171 Hvvdl gh jrq hphqw
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Ilj1 71< = Sulqflsh gh o*hvvdl gh jrq hphqw

Od pdfklqh g*hvvdl hvw ìtxlsìh g*xq fdswhxu gh gìsodfhphqw srvlwlrqqì dx fhqwuh gh od sodtxh
hw phvxudqw od kdxwhxu gh jrq hphqw1 Fh fdswhxu grqqh gluhfwhphqw od gì h{lrq pd{lpdoh
gh od sodtxh1 O*dftxlvlwlrq ghv grqqìhv hvw jìuìh sdu xqh fhqwudoh gh w|sh VSLGHU ; +fi �jxuh
7143,1
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Capteur de pression
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Spider8

Ilj1 7143 = V|vwëph g*dftxlvlwlrq gh grqqìhv srxu o*hvvdl gh jrq hphqw

Oh gldpëwuh gx vhuuh0 dq xwlolvì hvw ìjdo ã 88 pp1 Od plvh hq sodfh gx vhuuh0 dq hvw od
sduwlh od soxv gìolfdwh gh o*hvvdl1 Oh vhuudjh ghv ìfurxv gh pdlqwlhq srxydqw hqjhqguhu ghv
h�ruwv gh  h{lrq gdqv oh  dq/ xqh gìirupdwlrq lqlwldoh lqgìvludeoh shxw íwuh revhuyìh1 Xq
vhuudjh hq ìwrloh shuphw gh glplqxhu yrluh gh vxssulphu fhw lqfrqyìqlhqw1

Ohv hvvdlv rqw ìwì uìdolvìv ã od whpsìudwxuh W @ 635&N1

71716 Prgëoh dqdo|wltxh
O*dqqh{h D suìvhqwh od irupxodwlrq dqdo|wltxh gx jrq hphqw ghv sodtxhv1 Srxu ìwdeolu oh

prgëoh jìrpìwultxh/ soxvlhxuv k|srwkëvhv vlpsol�fdwulfhv vrqw xwlolvìhv ^KLO83`1 Oh pdwìuldx
ìwdqw vxssrvì lvrwursh/ ohv gìirupdwlrqv flufrqiìuhqwlhoohv hw wdqjhqwlhoohv dx s÷oh vrqw lghq0
wltxhv1 Od iruph gh od fdorwwh hvw vxssrvìh vskìultxh/ f*hvw srxutxrl wrxw srlqw gh od sodtxh
dxud xqh wudmhfwrluh hq duf gh fhufoh dx frxuv gx jrq hphqw1 Od sodtxh whvwìh ìwdqw gh
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Fkdslwuh 71 Hwxgh H{sìulphqwdoh

idleoh ìsdlvvhxu/ xqh prgìolvdwlrq gh w|sh sodtxh hvw hqylvdjhdeoh1 Rq xwlolvh o*lqwhusuìwdwlrq
jìrpìwultxh grqqìh �jxuh +D16, gh o*dqqh{h D1

71717 Uìvxowdwv
Hq vxlydqw oh sulqflsh h{srvì dxsdudydqw/ od �jxuh +7144, grqqh o*ìyroxwlrq gx jrq hphqw

dx fhqwuh gh od sodtxh/ hqfruh dsshoì s÷oh/ hq irqfwlrq gh od suhvvlrq dssoltxìh srxu ohv
gl�ìuhqwv pdwìuldx{ suìvhqwìv dx gìexw gh fh fkdslwuh1
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(c) NiTi
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Ilj1 7144 = Hvvdl gh jrq hphqw gh sodtxh srxu gl�ìuhqwv pdwìuldx{ = +d, Fx]qDo/ +e, FxDoEh
hw +f, QlWl

718 Lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx{
Gdqv od shuvshfwlyh gh od vlpxodwlrq ghv hvvdlv �vwuxfwxuhv� l1h1 o*hvvdl gh jrq hphqw hw

o*hvvdl gh wudfwlrq vxu sodtxh wurxìh/ ohv sdudpëwuhv gx pdwìuldx vrqw gluhfwhphqw lghqwl�ìv
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7181 Lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx{

ã sduwlu gh od uìsrqvh hq wudfwlrq1

71814 Fdv ghv prgëohv UOW
Ohv gl�ìuhqwv sdudpëwuhv qìfhvvdluhv ã od vlpxodwlrq qxpìultxh vrqw = H> �> �> �.> d/> d0>

d> �v1> v1> P 12 hw D12=
Oh frpsruwhphqw ìodvwltxh ghv gl�ìuhqwv ìfkdqwloorqv whvwìv ìwdqw vxssrvì lvrwursh/ oh

prgxoh g*\rxqj H hvw gìwhuplqì ã sduwlu g*xq hvvdl gh wudfwlrq ã xqh whpsìudwxuh W frqqxh
srxu fkdtxh hvvdl1

Od ydohxu gx frh!flhqw gh Srlvvrq hvw fkrlvlh vhorq od ydohxu fodvvltxh xwlolvìh gdqv od
olwwìudwxuh srxu fkdtxh pdwìuldx1

Od pdvvh yroxpltxh � hvw gìwhuplqìh sdu xqh orl ghv pìodqjhv1
Od gìirupdwlrq gh wudqvirupdwlrq pd{lpdoh �. +hq flvdloohphqw, hw oh sdudpëwuh d uhsuì0

vhqwdqw od glvv|pìwulh wudfwlrq0frpsuhvvlrq vrqw rewhqxv ã sduwlu ghv uhodwlrqv =
+ �. +4 . d, @ �3

�. +4� d, @ �4 +714,

Rü �3 hw �4 vrqw uhvshfwlyhphqw od gìirupdwlrq gh wudqvirupdwlrq pd{lpdoh hq wudfwlrq
hw hq frpsuhvvlrq1 Frpswh whqx gh od gl!fxowì gh uìdolvhu ghv hvvdlv hq frpsuhvvlrq vxu qrv
ìsurxyhwwhv/ qrxv dyrqv xwlolvì xq udssruw n hqwuh ohv frqwudlqwhv vhxlov hq wudfwlrq +w, hw
hq frpsuhvvlrq +f,1 Fhv frqwudlqwhv yìul�hqw ohv uhodwlrqv vxlydqwhv +�5 67 m891 +W , @ �:67 hw
�576 m89/ +W , @ �:76, =

��:67�3 =�3 @ ��:67�4 =�4 hw ��:76
�3 =�3 @ ��:76

�4 =�4 +715,
Ohv ydohxuv fodvvltxhv gh n fruuhvsrqgdqw dx fdv ghv pdwìuldx{ pdvvliv vrqw gì�qlhv sdu

ohv uhodwlrqv vxlydqwhv =

n @
��:67�4
+�:67,3 @

��:76
�4

+�:76,3 +716,

Oh wdeohdx +715, uhjurxsh ohv ydohxuv gh n srxu gl�ìuhqwv w|shv g*DPI1
Fx]qDo FxDoEh QlWl

n 4/66 4/55 4/8
Wde1 715 = Udssruw ghv frqwudlqwhv vhxlov hq frpsuhvvlrq hw hq wudfwlrq srxu gl�ìuhqwv w|shv
gh pdwìuldx{ pdvvliv ^UHM33`

Ohv uhodwlrqv +715, hw +716, shuphwwhqw doruv g*ìwdeolu gluhfwhphqw od uhodwlrq vxlydqwh =
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n @ �3
�4 +717,

Fhwwh ghuqlëuh uhodwlrq/ frpelqìh dyhf od uhodwlrq +714, shuphw gh gìwhuplqhu ohv ydohxuv
�. hw d qìfhvvdluhv ã od vlpxodwlrq +fi wdeohdx 716, whov txh =

d @ n � 4
n . 4 +718,

Fx]qDo FxDoEh QlWl
d 3/47 3/4 3/5

Wde1 716 = Ydohxu gh od glvv|pìwulh wudfwlrq0frpsuhvvlrq srxu gl�ìuhqwv w|shv gh pdwìuldx{
Ohv sdudpëwuhv d/ hw d0 uhodwliv ã o*ìfurxlvvdjh vrqw ìjdohphqw lghqwliìv ã sduwlu gh od

frxueh uìsrqvh hq wudfwlrq1
Od ydohxu ghv sdudpëwuhv �v1> v1>P 12 hw D12 hvw gìwhuplqìh ã sduwlu ghv frqwudlqwhv vhxlov

gh gìexw gh wudqvirupdwlrq gluhfwh �:67 hw lqyhuvh �:76 hw ghv yduldwlrqv ghv fhv frqwudlqwhv
vhxlov dyhf od whpsìudwxuh uhvshfwlyhphqw F7 hw F6 srxu ohv wudqvirupdwlrqv pduwhqvlwltxh
hw dxvwìqlwltxh/ yduldwlrqv rewhqxhv hq h�hfwxdqw ghv hvvdlv gh wudfwlrq ã gl�ìuhqwhv whpsì0
udwxuhv ^ERX34d` =

;
AAAAA?

AAAAA=

F7 @ ;<=>?;@ @ � A2BC2BDEF/G6H
F6 @ ;<=?>;@ @ � A2BG2BDEF/G6H
�:67 @ ;<=>?;@ �W �P 12 �

�:76 @
;<=?>;@ �W �D12�

+719,

Fhv uhodwlrqv shuphwwhqw grqf g*ìfuluh =
;
AAAAA?

AAAAA=

�v1 @ DEF/G6H0I +F7 .F6,
v1 @ DEF/G6H0I +F6 �F7,
P 12 @ W � <=>?J?
D12 @ W � <=?>J>

+71:,

Hq rxwuh/ oh prgëoh UOW qìfhvvlwh ìjdohphqw od frqqdlvvdqfh gh �x1 hw x1/ ohvtxhov vrqw
dffhvvleohv gluhfwhphqw hq uìvroydqw oh v|vwëph vxlydqw ^URJ<6` =

+ P 12 @ AKBCKBA2BC2B
D12 @ AKBGKBA2BG2B

+71;,

Qrwrqv txh o*xqlwì xwlolvìh srxu ohv sdudpëwuhv �v1/ v1/ �x1 hw x1 hvw oh M=njC/=LNC/=
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7181 Lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx{

71815 Fdv ghv prgëohv suìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh
Ohv gl�ìuhqwv sdudpëwuhv qìfhvvdluhv ã od vlpxodwlrq qxpìultxh vrqw =H> �> �.> d> �5 67 m891 +W , >

�A> a�A hw q1

z

( )zfam

( )zfma

A

B

C

∆σ

∆σ̂

Fonctions
constitutives

Ilj1 7145 = Lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx = fdv ghv prgëohv uhsuìvhqwdqw xqh iruwh
gìshqgdqfh ã o*klvwrluh

H> �> �.> d vrqw lghqwl�ìv hq vxlydqw od pìwkrgh suìfìghqwh1
�5 67 m891 +W , hvw od frqwudlqwh gh gìexw gh wudqvirupdwlrq pduwhqvlwltxh1
q 5 ^3> 7` hvw xq sdudpëwuh pdwìuldx shuphwwdqw gh suìflvhu od irqfwlrq gh od iudfwlrq

yroxpltxh gh pduwhqvlwh i +}, yìul�dqw i +3, @ 3 hw i +4, @ 4 shuphwwdqw gh gì�qlu ohv irqf0
wlrqv g*ìfurxlvvdjh i67 +}, hw i76 +}, +fi sdudjudskh Yduldeohv g*klvwrluh hw erxfohv lqwhuqhv
gx fkdslwuh 6,1

�A uhsuìvhqwh od yduldwlrq gh od judqghxu flqìwltxh srxu od wudqvirupdwlrq gluhfwh +fi
�jxuh 7145,1

a�A hvw od gl�ìuhqfh gh od judqghxu flqìwltxh hqwuh xqh fkdujh hw gìfkdujh frpsoëwh1

71816 Uìvxowdwv gh o*lghqwl�fdwlrq ghv sdudpëwuhv
Hq h{sorlwdqw ohv frxuehv gh uìsrqvh hq wudfwlrq srxu fkdfxq ghv pdwìuldx{ lqwurgxlwv

dxsdudydqw/ ohv pìwkrghv g*lghqwl�fdwlrq suìfìghqwhv shuphwwhqw g*rewhqlu ohv sdudpëwuhv
xwlolvìv srxu od vlpxodwlrq qxpìultxh +fi wdeohdx{ 717/ 718 hw 719,1

H � � �. d/ d0 d �v1 v1 P 12 D12
+JSd, +nj@pM, +M=njC/, +M=njC/, +X=V=L=, +X=V=L=, +LN, +LN,
49/8 3/6 ::33 3/39 3/38 3/3; 3/47 59/87 7/;; 565 5;8

Wde1 717 = Sdudpëwuhv pdwìuldx{ Fx]qDo
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Fkdslwuh 71 Hwxgh H{sìulphqwdoh

H � � �. d/ d0 d �v1 v1 P 12 D12
+JSd, +nj@pM, +M=njC/, +M=njC/, +X=V=L=, +X=V=L=, +LN, +LN,
46/8 3/6 9733 3/37; 3/36; 3/35; 3/5 95/95 4/58 589 595

Wde1 718 = Sdudpëwuhv pdwìuldx{ QlWl

H+JSd, � �5 67m891 +PSd, �A +PSd, a�A +PSd, �. q d
4;/: 3/6 533 763 683 3/3: 5 3/4

Wde1 719 = Sdudpëwuhv pdwìuldx{ FxDoEh

719 Uhfdodjh ghv sdudpëwuhv srxu od prgìolvdwlrq hq wudqv0
irupdwlrqv �qlhv

Od soxsduw ghv prgëohv gìyhorssìv srxu od vxshuìodvwlflwì ghv DPI vrqw edvìv vxu xq
irupdolvph shwlwhv shuwxedwlrqv hw ohxuv sdudpëwuhv vrqw lghqwl�ìv gluhfwhphqw gdqv fhwwh
k|srwkëvh +o*lghqwl�fdwlrq sdudpìwultxh fruuljh gdqv fh fdv ohv huuhxuv gh od prgìolvdwlrq
txdqg ohv gìirupdwlrqv ghylhqqhqw lpsruwdqwhv,1 Ohv sdudpëwuhv gx prgëoh UOW vrqw lghq0
wl�ìv ã sduwlu g*xq hvvdl gh wudfwlrq sxuh ^ERX33` gh píph txh ohv sdudpëwuhv gx prgëoh
suìvhqwdqw xqh iruwh gìshqgdqfh ã o*klvwrluh1

Fhshqgdqw/ gdqv oh fdv g*xqh dqdo|vh hq wudqvirupdwlrqv �qlhv/ o*xwlolvdwlrq gh whov sd0
udpëwuhv shxw íwuh od vrxufh g*huuhxuv gh suìflvlrq1 Gìvluhx{ gh phwwuh ã sur�w od pìwkrgh
g*lghqwl�fdwlrq plvh dx srlqw gdqv oh frqwh{wh ghv shwlwhv shuwxedwlrqv/ od qdwxuh d{ldoh gh
o*hvvdl gh wudfwlrq lpsoltxh xqh phvxuh gh gìirupdwlrq whqvrulhooh fxpxoìh orjdulwkpltxh1
Fhwwh phvxuh shxw íwuh xwlolvìh srxu ìylwhu xqh uìlghqwl�fdwlrq ghv sdudpëwuhv hq wudqviru0
pdwlrqv �qlhv1 Dlqvl/ fhuwdlqv gh fhv sdudpëwuhv shxyhqw íwuh udslghphqw rewhqxv ã sduwlu gh
fhx{ lghqwl�ìv gdqv o*k|srwkëvh ghv shwlwhv shuwxedwlrqv hq dssoltxdqw o*dssurfkh vxlydqwh1

�3 uhsuìvhqwdqw od gìirupdwlrq gh wudqvirupdwlrq pd{lpdoh hq wudfwlrq/ od phvxuh gh gì0
irupdwlrq whqvrulhooh fxpxoìh orjdulwkpltxh hqwudñqh gluhfwhphqw xqh uhodwlrq uholdqw +�3,NN
hw +�3,@O +SS hw WI uhsuìvhqwdqw uhvshfwlyhphqw od gìirupdwlrq gh wudqvirupdwlrq pd{lpdoh
hq wudfwlrq gdqv oh fdv ghv Shwlwhv Shuwxuedwlrqv hw ghv Wudqvirupdwlrqv Ilqlhv, =

+�3,@O @ oq ^4 . +�3,NN ` +71<,

Rq shxw uhpdutxhu/ sdu dloohxuv/ txh ohv whpsìudwxuhv gh wudqvirupdwlrq qh fkdqjhqw sdv
txhooh txh vrlw o*dssurfkh xwlolvìh/ fh txl vljql�h txh ohv frqwudlqwhv gh gìexw gh wudqvirupdwlrq
qh fkdqjhqw sdv qrq soxv1 Ohv dxwuhv sdudpëwuhv gx prgëoh vxlyhqw oh píph sulqflsh =
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71:1 Frqfoxvlrq
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+�x1,@O @ FDPHQRFDPHSS +�x1,NN hw +x1,@O @ FDPHQRFDPHSS +x1,NN
+�v1,@O @ FDPHQRFDPHSS +�v1,NN hw +v1,@O @ FDPHQRFDPHSS +v1,NN +7143,

�x1 hw �v1 uhsuìvhqwdqw uhvshfwlyhphqw o*ìqhujlh lqwhuqh hw od yduldwlrq g*hqwurslh1
Dlqvl/ ohv sdudpëwuhv uhfdofxoìv srxu ohv gl�ìuhqwv pdwìuldx{ whvwìv vrqw grqqìv gdqv ohv

wdeohdx{ vxlydqwv1
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Wde1 71< = Sdudpëwuhv pdwìuldx{ FxDoEh uhfdoìv

71: Frqfoxvlrq
Od edvh h{sìulphqwdoh rewhqxh vxlwh ã fhv gl�ìuhqwv hvvdlv ylhqw frpsoìwhu ohv uìvxowdwv

h{sìulphqwdx{ glvsrqleohv ^RUJ<9` ^RUJ<;` ^ERX34d` txl vrqw xwlolvìv gdqv od sduwlh qx0
pìultxh1 Dlqvl/ ohv hvvdlv krprjëqhv frpph od wudfwlrq shuphwwhqw g*lghqwl�hu ohv sdudpëwuhv
ghv pdwìuldx{ grqw rq yhxw vlpxohu oh frpsruwhphqw1 Txdqw dx{ hvvdlv h{sìulphqwdx{ gh
vwuxfwxuh whov txh od od wudfwlrq vxu ghv sodtxhv wurxìhv hw oh jrq hphqw/ od frpsdudlvrq ghv
uìsrqvhv h{sìulphqwdohv hw qxpìultxhv shuphw gh ydolghu ã od irlv oh prgëoh pìfdqltxh hw
qxpìultxh1

Xqh lghqwl�fdwlrq lqyhuvh shuphwwdqw g*lghqwl�hu ohv sdudpëwuhv gx pdwìuldx hvw frxuv
gh uìdolvdwlrq1 Hooh frpelqh ohv shuirupdqfhv g*xq dojrulwkph jìqìwltxh hw o*h!fdflwì ghv
pìwkrghv gh uìvroxwlrq orfdoh1 Fh wudydlo v*lqvfulw ìjdohphqw gdqv oh fdguh gx gìyhorsshphqw
g*xq rxwlo srxu od frqfhswlrq rswlpdoh gh vwuxfwxuhv lqwìjudqw ohv DPI1
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Fkdslwuh 8

Lqwìjudwlrq Qxpìultxh

Od jìqìudolvdwlrq gh o*xwlolvdwlrq ghv DPI hw hq sduwlfxolhu ohxu lqwìjudwlrq gdqv ghv
v|vwëphv dgdswdwliv hw dxwuhv vwuxfwxuhv pìfdqltxhv sdvvh sdu oh gìyhorsshphqw g*rxwlov qx0
pìultxhv shuirupdqwv shuphwwdqw od vlpxodwlrq gh ohxuv frpsruwhphqwv plfur hw pdfur pì0
fdqltxhv frpsoh{hv1 Fh ehvrlq furlvvdqw/ lqlwlì sdu ohv surfhvvxv gh frqfhswlrq/ uhsrvh dydqw
wrxw vxu xqh prgìolvdwlrq wkhuprpìfdqltxh vx!vdpphqw jìqìudoh/ l1h1 uhqgdqw frpswh gh
wudmhwv gh fkdujhphqwv wkhuprpìfdqltxhv frpsoh{hv1 G*dxwuh sduw/ srxu uìsrqguh ã fhwwh
ghpdqgh soxv txh mdpdlv g*dfwxdolwì/ gh qrpeuhx{ dxwhxuv rqw frqfhqwuì ohxuv uhfkhufkhv vxu
o*dvshfw lpsoìphqwdwlrq qxpìultxh ghv orlv gh frpsruwhphqw fdudfwìulvwltxhv ghv DPI1

Sdudooëohphqw/ ohv hvvdlv h{sìulphqwdx{ vh vrqw shuihfwlrqqìv hw frqvlvwhqw/ sdu h{hpsoh/
ã dssoltxhu ghv fkdujhphqwv sursruwlrqqhov hw qrq0sursruwlrqqhov ydulìv frpelqdqw wudf0
wlrq2suhvvlrq lqwhuqh2wruvlrq vxu ghv wxehv hq DPI ^OLP<<`1 Dyhf o*hqulfklvvhphqw ghv uìvxo0
wdwv hw ghv surfìgxuhv h{sìulphqwdohv/ o*lpsoìphqwdwlrq suìflvh ghv prgëohv DPI frqvwlwxwliv
wulglphqvlrqqhov dx pr|hq g*dojrulwkphv qxpìultxhv urexvwhv hvw ghyhqxh hqylvdjhdeoh1

Rq qh uhylhqgud sdv vxu ohv gl�ìuhqwhv dssurfkhv gìyhorssìhv srxu od prgìolvdwlrq ghv
DPI hw h{srvìhv gdqv od suhplëuh sduwlh1 Sdu frqwuh/ od suìvhqwh sduwlh v*lqvfulw gdqv od
frqwlqxlwì gh fhwwh uhyxh eleolrjudskltxh ghv prgëohv/ hooh v*d!fkh frpph xq frpsoìphqw
hw v*lqwìuhvvh sulqflsdohphqw ã o*dvshfw lpsoìphqwdwlrq qxpìultxh1 Fhwwh frxuwh uhyxh ghv
sulqflsdx{ wudydx{ vxu oh vxmhw q*d sdv srxu suìwhqwlrq g*íwuh frpsoëwh pdlv ylvh gdydqwdjh
ã grqqhu xqh ghvfulswlrq txdolwdwlyh ghv gl�ìuhqwv vfkìpdv qxpìultxhv xwlolvìv1 Hq rxwuh/
o*lqwìjudwlrq qxpìultxh gh orlv gh frpsruwhphqw sursuhv dx{ DPI vh qrxuulw ìylghpphqw
ghv whfkqltxhv ìoderuìhv qrwdpphqw srxu ohv pdwìuldx{ srvvìgdqw xq frpsruwhphqw ìodvwr0
sodvwltxh/ vlplodluh ã fhoxl ghv DPI frpph qrxv oh yhuurqv sdu od vxlwh wrxw gx prlqv oruv gh
od skdvh gh fkdujh1 F*hvw srxutxrl/ fhuwdlqhv ghv uìiìuhqfhv doodqw vxlyuh qh wudlwhqw sdv vsì0
fl�txhphqw gx fdv ghv DPI pdlv v*lqwìuhvvhqw ã o*lpsoìphqwdwlrq ghv orlv gh frpsruwhphqw
gh pdwìuldx{ ìodvwrsodvwltxhv lvrwurshv1
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Fkdslwuh 81 Lqwìjudwlrq Qxpìultxh

814 D sursrv ghv vfkìpdv g*lqwìjudwlrq qxpìultxh
Sdupl ohv gl�ìuhqwhv dssurfkhv ìyrtxìhv gdqv od sduwlh lqwurgxfwlyh/ gh qrpeuhx{ wud0

ydx{ rqw uìyìoì txh od vwuxfwxuh ghv ìtxdwlrqv uhsuìvhqwdqw oh frpsruwhphqw pdfurvfrsltxh
frqvwlwxwli ghv DPI hvw uhodwlyhphqw vlplodluh ã fhooh ghv prgëohv ìodvwrsodvwltxhv fodvvltxhv
lqgìshqgdqwv gx wdx{ gh gìirupdwlrq1 Fhv prgëohv v*dssxlhqw vxu od gìirupdwlrq gh wudqviru0
pdwlrq frpph yduldeoh lqwhuqh/ vxu xqh irqfwlrq gh wudqvirupdwlrq shuphwwdqw gh gìwhuplqhu
oh gìexw gh wudqvirupdwlrq hw vxu xqh ìtxdwlrq g*ìyroxwlrq srxu od gìirupdwlrq gh wudqviru0
pdwlrq1 Xqh whooh vwuxfwxuh shuphw g*dssoltxhu gluhfwhphqw wrxwhv ohv whfkqltxhv qxpìultxhv
xwlolvìhv gdqv oh fdv gh orlv gh frpsruwhphqw ìodvwrsodvwltxhv lqgìshqgdqwhv gx wdx{ gh gìiru0
pdwlrq1 Dlqvl/ ohv dojrulwkphv gh uhwrxu vxu od vxuidfh gh fkdujh frqylhqqhqw srxu o*lqwìjudwlrq
ghv prgëohv ìodvwltxh0wudqvirupdwlrq wkhuprpìfdqltxh ghv DPI1

Fh w|sh g*dojrulwkph/ odujhphqw ìsurxyì fhv ghuqlëuhv dqqìhv gdqv oh fdguh gh o*ìodvwrsodv0
wlflwì ^PDW<7`^RUW;9`/ hvw ìjdohphqw dsshoì dojrulwkph gh suìglfwlrq ìodvwltxh 0 fruuhfwlrq
sodvwltxh1 Frpph vrq qrp o*lqgltxh/ oh sulqflsh frqvlvwh ã h�hfwxhu xqh suìglfwlrq g*xq ìwdw
g*hvvdl sxuhphqw ìodvwltxh vxlylh g*xqh skdvh gh fruuhfwlrq +uhwrxu vxu od vxuidfh gh fkdujh,
sodvwltxh +gdqv oh fdv ghv DPI/ lo v*djlw g*xqh wudqvirupdwlrq,/ odtxhooh shuphw g*dvvxuhu
od frqwlqxlwì gx vfkìpd lwìudwli gh idêrq frkìuhqwh dyhf ohv orlv g*ìfrxohphqw ìwdeolhv1 Sdu
dloohxuv/ o*h{whqvlrq dx fdv ghv wudqvirupdwlrqv �qlhv gh fhv dojrulwkphv d ìwì dpsohphqw
ìwxglìh1 Vlpr d gìyhorssì xq fdguh wkhuprg|qdpltxh edvì vxu oh sulqflsh gh glvvlsdwlrq
pd{lpxp srxu o*ìwxgh gx frpsruwhphqw ìodvwrsodvwltxh hq wudqvirupdwlrqv �qlhv ^VLP;;d`
xwlolvdqw xqh gìfrpsrvlwlrq pxowlsolfdwlyh gx judglhqw gh gìirupdwlrq dx vhqv gh Ohh ^OHH9<`1
Gdqv xq vhfrqg yrohw/ lo v*hvw shqfkì vxu ohv dvshfwv qxpìultxhv gh fhwwh prgìolvdwlrq olplwdqw
vrq ìwxgh ã xqh irqfwlrq gh fkdujh gh w|sh Yrq Plvhv ^VLP;;e` pdlv gìprqwudqw qìdqprlqv od
srvvlelolwì g*rewhqlu xqh lpsoìphqwdwlrq qxpìultxh h!fdfh srxu od vlpxodwlrq ã soxv judqgh
ìfkhooh gx frpsruwhphqw ìodvwrsodvwltxh lvrwursh1 Fh wudydlo ixw uhsulv hqvxlwh sdu Prudq hw
do1 txl rqw dqdo|vì gl�ìuhqwv dvshfwv gh o*lpsoìphqwdwlrq qxpìultxh hq frpsdudqw qrwdpphqw
ghx{ vfkìpdv g*lqwìjudwlrq ^PRU<3`1 Sxlv Vlpr hw Phvfknh rqw sursrvì xqh h{whqvlrq ghv
wudydx{ gh Vlpr vxu oh vxmhw ã xq irupdw soxv jìqìudo gh od sodvwlflwì pxowl0vxuidfh ^VLP<6`1
Soxv uìfhpphqw/ [ldr hw do1 rqw suìvhqwì xqh wkìrulh gh o*ìodvwrsodvwlflwì �qlh frpelqdqw xqh
gìfrpsrvlwlrq dgglwlyh gx wdx{ gh gìirupdwlrq hw pxowlsolfdwlyh gx judglhqw gh gìirupdwlrq
hw glvfxwdqw gh o*lqwìuíw gx fkrl{ g*xqh phvxuh gh gìirupdwlrq orjdulwkpltxh ^[LD<:`1

Ohv dojrulwkphv gh uhwrxu vxu od vxuidfh gh fkdujh shxyhqw ydulhu vhorq od glvfuìwlvdwlrq
dgrswìh srxu o*lqwìjudwlrq qxpìultxh ghv ìtxdwlrqv g*ìyroxwlrq hw vhorq od surfìgxuh lwìud0
wlyh xwlolvìh srxu od uìvroxwlrq gh o*hqvhpeoh ghv ìtxdwlrqv dojìeultxhv qrq0olqìdluhv gdqv od
sduwlh fruuhfwlrq1 Sdupl ohv dojrulwkphv gh uhwrxu vxu od vxuidfh gh fkdujh suìvhqwìv gdqv od
olwwìudwxuh/ rq shxw flwhu oh wuëv xwlolvì dojrulwkph gh uhwrxu udgldo edvì vxu od uìjoh gx pl0
srlqw1 Fh vxmhw q*ìwdqw sdv oh fhqwuh g*lqwìuíw gh qrwuh ìwxgh/ rq shxw vh uhsruwhu ã o*rxyudjh
gh uìiìuhqfh hq od pdwlëuh ^VLP<;`1 Qìdqprlqv/ rq shxw grqqhu txhotxhv fdudfwìulvlwltxhv
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8151 D sursrv gh od prgìolvdwlrq qxpìultxh ghv DPI

lqwìuhvvdqwhv ghv sulqflsdx{ vfkìpdv g*lqwìjudwlrq1
Od soxsduw ghv dojrulwkphv gh uhwrxu v*dssxlhqw vxu ghv uëjohv g*lqwìjudwlrq/ fdv sduwlfx0

olhuv ghv uìjohv gx wudsë}h hw gx pl0srlqw/ txl/ jìqìudolvìhv frqyhqdeohphqw shuphwwhqw gh
idflolwhu od yìul�fdwlrq gh od frqglwlrq gh frkìuhqfh sodvwltxh ìjdohphqw dsshoìh ìtxdwlrq gh
frkìuhqfh1 Od vwdelolwì gh fhv dojrulwkphv gdqv oh fdv gh o*lqìodvwlflwì d ìwì ìwxglìh sdu Ruwl}
hw Srsry ^RUW;8` +D0vwdelolwì, sxlv sdu Vlpr hw Jrylqgmhh ^VLP<4` +E0vwdelolwì,1 Lo uhvvruw
gh fhv wudydx{ ohv frqfoxvlrqv vxlydqwhv = ohv vwudwìjlhv rulhqwìhv yhuv o*dydqw +pìwkrghv h{sol0
flwhv, olplwhqw lqfrqwhvwdeohphqw oh fkrl{ ghv sdv gh whpsv gx idlw ghv frqglwlrqv gh vwdelolwì1
Ohv vwudwìjlhv g*lqwìjudwlrq duulëuh +pìwkrghv lpsolflwhv, dvvxuhqw txdqw ã hooh od vwdelolwì
gh od vroxwlrq lqfuìphqwdoh1 Xqh suìflvlrq vxssoìphqwdluh shxw ìjdohphqw íwuh rewhqxh dyhf
ohv pìwkrghv lpsolflwhv rx vhpl0lpsolflwhv1 O*lqwìjudwlrq sxuhphqw lpsolflwh hvw g*xqh sduw
lqfrqglwlrqqhoohphqw vwdeoh ã frqglwlrq txh od vxuidfh gh fkdujh vrlw frqyh{h/ hw g*dxwuh sduw/
hooh hvw suìflvh dx suhplhu ruguh1 Rq prqwuh qìdqprlqv tx*hooh shxw íwuh soxv suìflvh txh od
pìwkrgh vhpl0lpsolflwh oruvtxh od wdlooh ghv lqfuìphqwv ghylhqw judqgh ^ERX<7`1

815 D sursrv gh od prgìolvdwlrq qxpìultxh ghv DPI
Hq suhplhu olhx/ rq shxw qrwhu/ srxu wrxv ohv prgëohv xqlglphqvlrqqhov lpsoìphqwìv/

o*xwlolvdwlrq v|vwìpdwltxh g*xqh glvfuìwlvdwlrq lpsolflwh glwh Hxohu0duulëuh ghv uhodwlrqv frqvwl0
wxwlyhv srxu h�hfwxhu o*lqwìjudwlrq qxpìultxh1

Ohv suìfxuvhxuv hq pdwlëuh g*lpsoìphqwdwlrq qxpìultxh gh prgëohv frqvwlwxwliv ghv DPI
ixuhqw Eulqvrq hw Odpphulqj ^EUL<6d`1 Xwlolvdqw ghv ìoìphqwv gh srxwuh gdqv ghv vwuxfwxuhv
wuhloolv/ ohxuv wudydx{ sruwhqw vxu o*dqdo|vh ìoìphqw �ql gx frpsruwhphqw ghv DPI1

Sdu od vxlwh/ Wurfkx hw Tldq ^WUR<:` rqw gìyhorssì xqh dssurfkh hq wudqvirupdwlrqv �qlhv
edvìh vxu xqh irupxodwlrq odjudqjlhqqh uìdfwxdolvìh v*dssx|dqw vxu od wkìrulh gh od sodvwlflwì
fodvvltxh1 Hq vìsdudqw uhvshfwlyhphqw ohv fkdujhphqwv pìfdqltxhv hw wkhupltxhv/ lov rqw
vlpxoì qxpìultxhphqw od vxshuìodvwlflwì hw o*h�hw pìprluh dx pr|hq qrwdpphqw g*ìoìphqwv
�qlv gh srxwuh jìrpìwultxhphqw qrq0olqìdluhv1 Fhshqgdqw/ fh wudydlo v*dssxlh vxu ghx{ fulwëuhv
gh w|sh Yrq0Plvhv hw qh shuphw grqf sdv od sulvh hq frpswh gh od glvv|pìwulh wudfwlrq0
frpsuhvvlrq1 Oh fdv gh od gìfkdujh q*hvw sdv suìflvì gdqv fhwwh ìwxgh1

Dxulffklr hw Wd|oru rqw ìjdohphqw sursrvì ghv wudydx{ frqfhuqdqw od prgìolvdwlrq qx0
pìultxh xqlglphqvlrqqhooh hw lvrwkhuph ghv DPI hq wudqvirupdwlrqv �qlhv ^DXU<:d`1 Fhwwh
prgìolvdwlrq xwlolvh o*dssurfkh sursrvìh sdu Vlpr/ suìvhqwìh suìfìghpphqw1 Frqiurqwdqw ohv
uìvxowdwv qxpìultxhv gh gl�ìuhqwv hvvdlv xqld{ldx{ whov txh od  h{lrq wurlv rx txdwuh srlqwv ã
ghv frxuehv h{sìulphqwdohv/ ohxu lpsoìphqwdwlrq d ìwì ydolgìh ^DXU<:g`^DXU<:h`1 G*dxwuh
sduw/ gdqv od frqwlqxlwì gh fh wudydlo/ Dxulffklr d suìvhqwì xq prgëoh gh od vxshuìodvwlflwì ghv
DPI hq wudqvirupdwlrqv �qlhv gìulyì gh vhv ìwxghv suìfìghqwhv gdqv xq irupdw dssursulì
srxu xqh dqdo|vh 6G ^DXU34d`1 Soxv uìfhpphqw/ Dxulffklr hw Shwulql ^DXU35` rqw sursrvì
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xq prgëoh qxpìultxh vxshuìodvwltxh hq v*dssx|dqw vxu oh prgëoh wkhuprpìfdqltxh wulglphq0
vlrqqho gìyhorssì sdu Vrx}d hw do1 hw gìfulw dx gìexw gx fkdslwuh 61 Fh prgëoh hvw edvì vxu
xqh vxuidfh gh fkdujh xqltxh hw lpsoltxh xqh iruph ghv erxfohv lqwhuqhv qrq frqiruph dx{
uìvxowdwv h{sìulphqwdx{ oruv g*xq fkdujhphqw xqld{ldo frpsoh{h1

Sdudooëohphqw/ Dxulffklr hw Vdffr rqw h{soruì ohv yrl{ gh od prgìolvdwlrq qxpìultxh xql0
glphqvlrqqhooh hw lvrwkhuph ghv DPI ^DXU<:e`^DXU<:f`1 Od surfìgxuh gh uhwrxu vxu od
vxuidfh gh fkdujh xwlolvìh hvw ruljlqdoh sxlvtx*hooh qìfhvvlwh o*lqwurgxfwlrq gh ghx{ ìwdwv g*hv0
vdl ìodvwltxh +suìglfwlrq ìodvwltxh, = oh suhplhu hvw dvvrflì ã dxfxqh ìyroxwlrq gh od wudqvlwlrq
gh skdvh doruv txh oh vhfrqg hvw dvvrflì ã xqh ìyroxwlrq frpsoëwh gh od wudqvlwlrq1 Fh ghuqlhu
shuphw gh uhwurxyhu oh grpdlqh g*ìodvwlflwì gh od pduwhqvlwh ã od �q gh od wudqvirupdwlrq1
Hq�q/ derugdqw oh sureoëph gx frxsodjh wkhuprpìfdqltxh ghv DPI/ Dxulffklr hw Vdffr
^DXU<<e` rqw sursrvì xqh prgìolvdwlrq 4G uhqgdqw frpswh ghv h�hwv pìprluh hw g*xqh
uìrulhqwdwlrq ìyhqwxhooh hq v*dssx|dqw vxu xq vfkìpd g*lqwìjudwlrq lpsolflwh1

Frpph qrxv o*dyrqv vrxoljqì gdqv od uhyxh eleolrjudskltxh ghv sulqflsdx{ prgëohv DPI/
od soxsduw ghv wudydx{ vh olplwhqw dx fdv 4G xwlolvdqw xqh pìwkrgh lpsolflwh1 Hq fh txl
frqfhuqh o*lpsoìphqwdwlrq ghv prgëohv 6G/ fhwwh pìwkrgh hvw soxv frpsoltxìh ã phwwuh hq
rhxyuh/ f*hvw srxutxrl Odjrxgdv hw do1 ^ODJ<7` rqw sursrvì xq dojrulwkph gh uhwrxu vxu
od vxuidfh gh fkdujh edvì vxu xqh glvfuìwlvdwlrq h{solflwh ghv uhodwlrqv frqvwlwxwlyhv1 Gdqv
od frqwlqxlwì ghv wudydx{ sursrvìv sdu Er|g hw Odjrxgdv ^ER\<9d`/ Tlgzdl hw Odjrxgdv
^TLG33d` rqw whvwì ohv shuirupdqfhv dxvvl elhq hq whuphv gh frqyhujhqfh/ txh gh suìflvlrq
hw gh whpsv gh fdofxo gx prgëoh hq frpsdudqw ghx{ vfkìpdv g*lqwìjudwlrq gl�ìuhqwv = xq
suhplhu vfkìpd h{solflwh hw xq vhfrqg lpsolflwh srxu xq fulwëuh hq M51

816 Dojrulwkph gh fdofxo ghv frqwudlqwhv
Fhwwh sduwlh v*lqwìuhvvh ã od ghvfulswlrq lqfuìphqwdoh gx frpsruwhphqw vxshuìodvwltxh ghv

DPI hq wudqvirupdwlrqv �qlhv1 D sduwlu ghv orlv frqvwlwxwlyhv h{sulpìhv gdqv od frq�jxudwlrq
lqwhupìgldluh +fi fkdslwuh 6,/ rq gì�qlw ohv orlv lqfuìphqwdohv gh od vxshuìodvwlflwì1 Sduwdqw
gx frqvwdw txh oh irupdolvph rewhqx hq wudqvirupdwlrqv �qlhv hvw yrlvlq gh fhoxl ghv shwlwhv
shuwxuedwlrqv/ rq shxw hqylvdjhu xq vfkìpd gh suìglfwlrq0fruuhfwlrq srxu oh fdofxo gh o*ìwdw
gx pdwìuldx ã od �q gh o*lqfuìphqw frqvlgìuì > o*dfwxdolvdwlrq gx uhsëuh wrxuqdqw ìwdqw uìdolvìh
ã sduwlu gh od wudqvirupdwlrq jìrpìwultxh1

81614 Gì�qlwlrq hw sursulìwìv ghv orlv lqfuìphqwdohv
Gdqv oh fdguh g*xqh pìwkrgh lqfuìphqwdoh dvvrflìh dx vfkìpd lwìudwli gh Qhzwrq/ o*ìwdw gx

pdwìuldx +TG/�U> TG/}, hvw gìwhuplqì vxu fkdtxh lqfuìphqw ã sduwlu gh vrq ìwdw ã o*lqfuìphqw
frqyhujhqw suìfìghqw �T�U> T}� hw gx gìsodfhphqw lqfuìphqwdo�gU +sureoëph ã gìsodfhphqw
lpsrvì,1 Hq rxwuh/ frqvlgìudqw o*ìwdw gx pdwìuldx gì�ql sdu �U/ wudqvsruwì gx whqvhxu ghv
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frqwudlqwhv gh Fdxfk| sdu od urwdwlrq t/ rq grlw uìvrxguh oh sureoëph ã gìsodfhphqw lpsrvì
vxlydqw vxu fkdtxh lqwhuydooh ^Tw>TG/ w` =

�T�U> T}� . �gU , �TG/�U> TG/}� +814,
Srxu gì�qlu oh olhq h{lvwdqw d sulrul hqwuh g*xqh sduw/ ohv txdqwlwìv T +�, ã o*lqvwdqw Tw

l1h1 dx gìexw gh o*lqfuìphqw hw oh gìsodfhphqw lqfuìphqwdo �gU/ hw g*dxwuh sduw ohv txdqwlwìv
TG/ +�, ã o*lqvwdqw TG/w l1h1 ã od �q gh o*lqfuìphqw +orlv lqfuìphqwdohv,/ rq xwlolvh ohv orlv
frqvwlwxwlyhv gx pdwìuldx1 Od prgìolvdwlrq gx frpsruwhphqw hvw doruv srvvleoh pr|hqqdqw oh
uhvshfw g*xq fhuwdlq qrpeuh gh uëjohv1 Hq sduwlfxolhu/ oruvtxh �gU $ 3/ ohv orlv lqfuìphqwdohv
grlyhqw uhgrqqhu ohv orlv frqvwlwxwlyhv grqw hoohv vrqw lvvxhv1 Hq rxwuh/ ohv vroxwlrqv rewhqxhv
grlyhqw íwuh vwdeohv hw vx!vdpphqw suìflvhv1 Ilqdohphqw/ fhv orlv grlyhqw íwuh remhfwlyhv l1h1
shuphwwuh ohv urwdwlrqv gh frusv uljlgh vdqv jìqìuhu gh frqwudlqwhv �fwlyhv1

81615 Orlv lqfuìphqwdohv gh od vxshuìodvwlflwì hq wudqvirupdwlrqv �qlhv
Euhi udssho gx fkdslwuh 6 = gdqv od frq�jxudwlrq lqwhupìgldluh/ ohv orlv frqvwlwxwlyhv vrqw

grqqìhv sdu =
;
AA?

AA=

b�U @ FV b%VU
*67 � 3 srxu od wudqvirupdwlrq gluhfwh
*76 � 3 srxu od wudqvirupdwlrq lqyhuvh

+815,

Rü =;
AAAAAAA?

AAAAAAA=

b�U hvw od gìulyìh sdu udssruw dx whpsv gx wudqvsruwì gx whqvhxu ghv frqwudlqwhv gh
Fdxfk| sdu od urwdwlrq t
FV hvw oh whqvhxu gh Krrnh jìqìudolvì
b%VU hvw od gìulyìh sdu udssruw dx whpsv gx wudqvsruwì gx whqvhxu gh gìirupdwlrq ìodv0
wltxh sdu od urwdwlrq t

Hw sdu =

bg3WU @ �.Q b} +816,
Rü Q hvw oh whqvhxu shuphwwdqw gh gì�qlu od gluhfwlrq gh od wudqvirupdwlrq frqvlgìuìh =

Q @
+ C<X*67 srxu od wudqvirupdwlrq gluhfwh + b} A 3,

C<X� srxu od wudqvirupdwlrq lqyhuvh + b} ? 3, +817,

Rü � hvw od irqfwlrq svhxgr0srwhqwlho gh glvvlsdwlrq gì�qlh gdqv oh fkdslwuh 6 hw grqqìh
sdu =
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� ��U> }>k76� @
@g3WU��g3WU ���U �	76 +}>k76, � 3

Sdu dloohxuv/ od gìfrpsrvlwlrq dgglwlyh gdqv od frq�jxudwlrq lqwhupìgldluh gx wdx{ gh gì0
irupdwlrq wrwdoh bgU hq xqh sduwlh ìodvwltxh hw xqh sduwlh qrq0ìodvwltxh dvvrflìh ã od wudqvlwlrq
gh skdvh v*ìfulw =

bgU @ b%VU . bg3WU +818,
Od uhodwlrq +815d, ghylhqw doruv =

b�U @ FV
� bgU � bg3WU

� +819,
Hq lqwìjudqw fhwwh uhodwlrq hqwuh ghx{ lqvwdqwv Tw hw TG/w gdqv od frq�jxudwlrq lqwhupì0

gldluh/ rq rewlhqw =

TG/�U @T �U .��U @T �U .FV ��gU ��g3WU � +81:,
Rü =

�gU @
YZ[3]

Y3
bgUgw hw �g3WU @

YZ[3]

Y3
bg3WU gw +81;,

Fhv orlv g*ìyroxwlrqv shxyhqw íwuh lqwìjuìhv qxpìultxhphqw dx pr|hq gh pìwkrghv lpsol0
flwhv sdu oh eldlv gh od uëjoh gx pl0srlqw jìqìudolvìh1

81616 Uëjoh gx pl0srlqw jìqìudolvìh
Srxu ohv orlv frqvwlwxwlyhv ìodvwr0glvvlsdwlyhv gx w|sh gh fhoohv ìwdeolhv srxu ohv wudqvlwlrqv

gluhfwh hw lqyhuvh/ oh sureoëph txl vh srvh vxu fkdtxh lqfuìphqw fruuhvsrqgdqw ã ghx{ lqvwdqwv
glvwlqfwv Tw hw TG/w hvw g*lqwìjuhu hqwuh fhv ghx{ lqvwdqwv od txdqwlwì b�k +�, dyhf b� � 3 hw
� @ � +w,1

Srxu fhod hw gdqv oh fdv xqlglphqvlrqqho/ rq xwlolvh oh wkìruëph ghv ydohxuv lqwhupìgldluhv
txl v*ìqrqfh =

Vrlw i xqh irqfwlrq vfdodluh srvlwlyh frqwlqxh hw j xqh irqfwlrq vfdodluh frqwlqxh doruv =

< TG\w 5 ^Tw>TG/ w` @
YZ[3]

Y3
i +w, j +w,gw @ j +TG\w,

YZ[3]

Y3
i +w,gw / � 5 ^3> 4` +81<,
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Hq h�hw/ i ìwdqw srvlwlyh hw j frqwlqxh/ rq d =

Plq +j, =
YZ[3]

Y3
i +w, gw �

YZ[3]

Y3
i +w, j +w, gw �Pd{ +j, =

YZ[3]

Y3
i +w,gw +8143,

Hq srvdqw b� @ i hw k @ j/ lo ylhqw doruv =
YZ[3]

Y3
b�=k +� +w,,gw @ k +� +TG\w,,

YZ[3]

Y3
b�gw @ ��=k +� +TG\w,, / � 5 ^3> 4` +8144,

Dyhf =
;
AA?

AA=

� +TG\w, @ � +Tw. ��w, @\ � @T � . ���
�w @ TG/w� Tw
�� @ TG/� � T�

+8145,

Fh txl fruuhvsrqg dx vfkìpd g*lqwìjudwlrq glw gx �pl0srlqw�1
Wrxwhirlv/ oh wkìruëph ghv ydohxuv lqwhupìgldluhv/ vxu ohtxho uhsrvh fh vfkìpd/ q*hvw soxv

ydodeoh gdqv oh fdv gh irqfwlrqv ã yduldeohv whqvrulhoohv1 Srxuwdqw/ fh vfkìpd uhvwh oh soxv
xwlolvì1 Vd jìqìudolvdwlrq ã xqh irupxodwlrq hq uìiìuhqwlho wrxuqdqw grqqh =

YZ[3]

Y3
b�=k ��U� gw @ ��=k � TG\�U� +8146,

Od pìwkrgh gx pl0srlqw jìqìudolvìh hvw lqfrqglwlrqqhoohphqw E0vwdeoh srxu � A 3> 8
^VLP<4`+Hooh hvw D0vwdeoh vxu oh píph lqwhuydooh ^RUW;8`, hw vd suìflvlrq hvw rswlpdoh srxu
� @ 3> 8 +lqwìjudwlrq vhpl0lpsolflwh,^VLP<4`^RUW;8`1 Qìdqprlqv/ srxu ghv lqfuìphqwv lp0
sruwdqwv/ fhwwh suìflvlrq whqg yhuv fhooh g*xqh lqwìjudwlrq sxuhphqw lpsolflwh � @ 4 ^ERX<7`/
txl suìvhqwh o*dydqwdjh g*íwuh sduwlfxolëuhphqw vlpsoh ã phwwuh hq rhxyuh1 F*hvw fhwwh ghuqlëuh
txl d ìwì xwlolvìh gdqv fh txl vxlw1

81617 Vfkìpd suìglfwhxu0fruuhfwhxu
Frpph dqqrqfì hq lqwurgxfwlrq/ lo hvw srvvleoh g*xwlolvhu xq dojrulwkph gh uhwrxu vxu od

vxuidfh gh fkdujh gh w|sh suìglfwlrq ìodvwltxh vxlylh ìyhqwxhoohphqw g*xqh fruuhfwlrq lqìodv0
wltxh l1h1 vxshuìodvwltxh gdqv oh fdv ghv DPI1 O*ìwdsh gh suìglfwlrq ìodvwltxh vxssrvh txh
o*lqfuìphqw gh gìirupdwlrq gh wudqvirupdwlrq hvw qxooh1 O*ìwdsh gh fruuhfwlrq vxshuìodvwltxh
ylvh ã uhvwdxuhu od frkìuhqfh vl o*ìwdw ìodvwltxh suìglw hvw hq ghkruv rx hq ghgdqv gh od vxuidfh
gh wudqvirupdwlrq vhorq txh o*rq vh wurxyh hq wudqvirupdwlrq gluhfwh rx lqyhuvh +*67 A 3 rx
*76 ? 3, hq xwlolvdqw frpph frqglwlrqv lqlwldohv ohv ydohxuv gh o*ìwdw gx pdwìuldx ã o*lvvxh gh
od suìglfwlrq ìodvwltxh1
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Suìglfwlrq ìodvwltxh
Gdqv fhwwh ìwdsh/ oh frpsruwhphqw gx pdwìuldx hvw vxssrvì xqltxhphqw ìodvwltxh f*hvw

srxutxrl o*ìyroxwlrq ghv frpsrvdqwhv uhodwlyhv ã od wudqvlwlrq gh skdvh q*hvw sdv sulvh hq
frpswh1 Ohv orlv lqfuìphqwdohv v*ìfulyhqw doruv =

TG/�]U @T �U .FV�gU> TG/}] @T } +8147,
Rü TG/�]U uhsuìvhqwh o*ìwdw gh frqwudlqwh g*hvvdl ìodvwltxh hw �gU hvw o*lqfuìphqw gh gìiru0

pdwlrq wrwdoh1
Gdqv oh fdv ghv wudqvirupdwlrqv �qlhv/ od sulqflsdoh gl!fxowì frqvlvwh ã ìydoxhu �gU hq

lqwìjudqw bgU @@ tGt @@ UGU hqwuh Tw hw TG/w1 Hq vh uìiìudqw dx gìyhorsshphqw suìvhqwì
gdqv oh fdguh k|shuìodvwltxh +fi fkdslwuh 5,/ rq ìwdeolw txh ohv frpsrvdqwhv gh P gdqv FTG\
vrqw fhoohv gh �gU @@ UTG\

��wGTG\
�U@

TG\ @ UTG\PUTG\ gdqv od frq�jxudwlrq F^T sdu
udssruw dx uìiìuhqwlho wrxuqdqw1

Vl od wudqvirupdwlrq gx plolhx hvw gìfulwh sdu udssruw ã xq uhsëuh dwwdfkì ã xqh gluhfwlrq
pdwìulhooh/ fh txl hvw oh fdv gh fhwwh ìwxgh +fi fkdslwh 5,/ o*remhfwlylwì lqfuìphqwdoh gx vfkìpd
g*lqwìjudwlrq hvw dvvxuìh srxu wrxwh ydohxu gh �1 Fhwwh ghuqlëuh yd mxvwh shuphwwuh gh mrxhu vxu
od suìflvlrq gx vfkìpd txl hvw dvvrflìh dx fkrl{ gx fkhplq g*lqwhusrodwlrq hw ã od uëjoh gx pl0
srlqw jìqìudolvìh1 Gdqv qrwuh fdv/ o*lqwìjudwlrq qxpìultxh h�hfwxìh srxu o*ìydoxdwlrq gh �gU
xwlolvh od ydohxu � @ 4@5/ odtxhooh shuphw g*rewhqlu xqh suìflvlrq ã o*ruguh 5 ^KXJ;3`^SLQ;6`1

Vl o*ìwdw g*hvvdl ìodvwltxh shuphw gh yìul�hu uhvshfwlyhphqw *67 �TG/�]U>T }>k]67� � 3
+wudqvirupdwlrq d$p, rx *76 �TG/�]U>T }>k]76

� � 3 hq v*dvvxudqw txh o*ìwdw g*hvvdl ìodvwltxh
q*d sdv frpsoëwhphqw wudyhuvì od vxuidfh gh fkdujh +wudqvirupdwlrqp$ d,/ doruv oh fulwëuh gh
wudqvirupdwlrq hvw yìul�ì = o*ìwdw g*hvvdl ìodvwltxh TG/�]U hvw grqf o*ìwdw �qdo gh o*lqfuìphqw1 Rq
shxw qrwhu txh k]67 hw k]76 uhsuìvhqwhqw o*hqvhpeoh ghv yduldeohv g*klvwrluh rewhqxhv mxvtx*ã
o*lqvwdqw Tw1

Vlqrq/ ohv frqglwlrqv gh fkdujh0gìfkdujh vrqw ylroìhv hw o*ìwdw g*hvvdl ìodvwltxh hvw doruv
xwlolvì frpph frqglwlrq lqlwldoh oruv gh od skdvh gh fruuhfwlrq1

Fhv whvwv qìfhvvlwhqw gh v*dvvxuhu suìdodeohphqw g*xqh sduw txh o*hvvdl hvw gdqv od skdvh
gh fkdujh rx gh gìfkdujh hw g*dxwuh sduw txh od frqglwlrq olplwh gh wudqvirupdwlrq q*hvw sdv
dwwhlqwh +} @ 4 srxu d$p hw } @ 3 srxu p$ d,1

Fruuhfwlrq vxshuìodvwltxh
O*ìwdw g*hvvdl ìodvwltxh ylrodqw oh fulwëuh gh wudqvirupdwlrq +uhvshfwlyhphqw gluhfwh hw

lqyhuvh,/ lo idxw fruuljhu fhw ìwdw srxu uhvwdxuhu ohv frqglwlrqv gh frkìuhqfh lqìodvwltxh hq
h�hfwxdqw xq uhwrxu vxu od vxuidfh gh fkdujh =
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TG/�U @TG/ �]U �FV�g3WU +8148,
Rü TG/�]U uhsuìvhqwh o*ìwdw gh frqwudlqwh g*hvvdl ìodvwltxh1
Oh sureoëph frqvlvwh doruv ã lqwìjuhu od orl g*ìyroxwlrq gh wudqvirupdwlrq bg3WU vxu o*lqwhu0

ydooh ^Tw>TG/ w` hq xwlolvdqw od uhodwlrq +816, =

�g3WU @
YZ[3]

Y3
bg3WU gw @

YZ[3]

Y3
�.Q ��U� b}gw +8149,

Od uëjoh gx pl0srlqw jìqìudolvìh shuphw doruv g*ìfuluh =

�g3WU @ �.�}Q �TG\�U� +814:,
Hq uìvxpì/ o*ìwdw gh frqwudlqwh gh suìglfwlrq ìodvwltxh TG/�]U hvw udphqìh vxu od vxuidfh

gh fkdujh hq �q g*lqfuìphqw sdu od surmhfwlrq vxlydqw od gluhfwlrq gh od qrupdoh Q �TG\�U�
+fi �jxuh 814,/ od yduldwlrq gh iudfwlrq yroxpltxh gh pduwhqvlwh �} ìwdqw rewhqxh hq iruêdqw
ohv frqglwlrqv gh vhxlo hq �q g*lqfuìphqw1

0=n amϕ

01 =+ amn ϕ

qnσ

*
qn σ1+

qn σ1+

+n 1
N

Ilj1 814 = Lqwhusuìwdwlrq jìrpìwultxh gx uhwrxu vxu od vxuidfh gh fkdujh sdu od pìwkrgh gx
pl0srlqw jìqìudolvìh +fdv � @ 4, srxu od wudqvirupdwlrq gluhfwh = xqlflwì gh od vroxwlrq

Xqh looxvwudwlrq gh fh vfkìpd hvw grqqìh gdqv oh fdv g*xqh lqwìjudwlrq lpsolflwh +� @ 4,
vxu od �jxuh +814,1
Fdv sduwlfxolhu gh od gìfkdujh = Fruuhfwlrq lqìodvwltxh lqwhupìgldluh

Oruv gh od wudqvirupdwlrq lqyhuvh/ oh grpdlqh ìodvwltxh fdudfwìulvdqw oh olhx ghv wudqviru0
pdwlrqv lqyhuvhv srvvleohv q*ìwdqw sdv frqyh{h +fi fdguh wkhuprg|qdpltxh fkdslwuh 6,/ xqh
ìwdsh gh fruuhfwlrq lqwhupìgldluh hvw qìfhvvdluh srxu dvvxuhu o*xqlflwì gh od vroxwlrq fdofxoìh1
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01 =+ man ϕ

0=manϕ
qnσ

N

*
qn σ1+

κσ qn 1+ 0=κn

qn σ1+

01 =+ man ϕ

0=manϕ
qnσ

N

*
qn σ1+

κσ qn 1+ 0=κn

qn σ1+

Ilj1 815 = Hwdsh gh fruuhfwlrq lqwhupìgldluh srxu oh fdofxo gh o*ìwdw gh frqwudlqwh oruv gh od
wudqvirupdwlrq lqyhuvh = qrq0xqlflwì gh od vroxwlrq

Hq jxlvh g*looxvwudwlrq/ od �jxuh +815, uhsuìvhqwh oh fdv rü od suìglfwlrq ìodvwltxh _`a�]b
wudyhuvh frpsoëwhphqw od vxuidfh gh fkdujh uhodwlyh ã od wudqvirupdwlrq lqyhuvh1 Dlqvl/ rq shxw
yhqlu fruuljhu vxu od vxuidfh _`a*cd �_`a�b>_`a}>kecd

� @ 3 hq ghx{ srlqwv1 O*lgìh frqvlvwh
grqf ã fdofxohu xq ìwdw gh frqwudlqwh lqìodvwltxh sdu surmhfwlrq gh o*ìwdw gh frqwudlqwh g*hvvdl
ìodvwltxh vxu oh grpdlqh frqyh{h gì�ql sdu _� �_�b>_ }>kecd

� � 3 =

_`a�fb @_`a �eb � �g�}fFhQ +814;,
�}f hvw gìwhuplqì hq iruêdqw od frqglwlrq � �_`a�fb >_ }>kecd

� @ 3 =

�}f @
iQ _`a�eb �	cd +_}>kecd,

�g iQFhQ @_`a }f�_ } +814<,
Rx hqfruh =

_`a}f @_ } .
iQ _`a�eb �	cd +_}>kecd,

�g iQFhQ +8153,
Fhwwh fruuhfwlrq lqwhupìgldluh shuphw gh �udssurfkhu� o*ìwdw gh frqwudlqwhv gh o*ìwdw uh0

fkhufkì vxu od vxuidfh *cd �_`a�b>_`a }>kcd� @ 3 =

_`a�b @_`a �fb � �g +_`a}f�_ },FhQ +8154,

Srxu uhprqwhu dx{ frqwudlqwhv gh Fdxfk|/ rq xwlolvh oh idlw txh ohv frpsrvdqwhv gh �b hw
gh � vrqw ohv píphv gdqv oh uhsëuh wrxuqdqw1

O*dssurfkh sursrvìh hvw lqwìjuìh gdqv xq frqwh{wh gh frtxh vsdwldoh hq suhqdqw hq frpswh
ohv vsìfl�flwìv gh o*ìoìphqw �ql gh frtxh ã wurlv qrhxgv ã lqwhusrodwlrq pl{wh ghv frpsrvdqwhv
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gh flvdloohphqw wudqvyhuvh lqwurgxlw gdqv oh fkdslwuh 51 Hq dgdswdqw ohv orlv lqfuìphqwdohv dx{
fdv ghv frtxhv l1h1 hq frqvlgìudqw o*k|srwkëvh gh frqwudlqwh qrupdoh qxooh �jj @ 3/ lo hvw doruv
srvvleoh gh vlpxohu oh frpsruwhphqw gh vwuxfwxuhv DPI gh wuëv idleoh ìsdlvvhxu1

81618 Lqwìjudwlrq lpsolflwh
Dsshoìh ìjdohphqw pìwkrgh g*Hxohu duulëuh/ hooh fruuhvsrqg ã od ydohxu � @ 41
Srxu dooìjhu ohv qrwdwlrqv hw jìqìudolvhu od surfìgxuh gh fdofxo frqvlgìuìh/ lghqwltxh srxu od

wudqvirupdwlrq gluhfwh hw lqyhuvh/ rq gìvljqhud sdu od vxlwh od irqfwlrq gh fkdujh sdu *+�b> },1
Gh soxv/ ohv txdqwlwìv k +�, gìvljqhurqw gìvrupdlv ohv txdqwlwìv frqqxhv hq gìexw g*lqfuìphqw
wdqglv txh ohv txdqwlwìv +�, uhsuìvhqwhurqw ohv txdqwlwìv lqfrqqxhv ã od �q gh o*lqfuìphqw1

Dojrulwkph gh fdofxo srxu od wudqvirupdwlrq gluhfwh
Srxu od wudqvirupdwlrq gluhfwh/ od gluhfwlrq gh o*ìfrxohphqw hvw grqqìh sdu Q @ Clm*1 Rq

olqìdulvh oh v|vwëph vxlydqw hq xwlolvdqw od pìwkrgh gh Qhzwrq =
+ gnob � pgnob � �g +} � p}, Clm* @ 3

*+�b> }, @ 3 +8155,

Fh txl grqqh dx yrlvlqdjh gh od vroxwlrq ã o*lwìudwlrq +n . 4, srxu xq sureoëph slorwì sdu
ohv gìirupdwlrqv =

;
?

=
�� �gnob �qr`as

qrs . �g�} qrsCtlmlm*qrs� ��b�q
r`asqrs . �g�} q

r`asqrs Clm*qrs. uq
rs
uvwm @ 3

Clm*qrs� ��b�q
r`asqrs . �} q

r`asqrs Cx*qrs. uq
rsy @ 3 +8156,

Rü uq
rs
uvwm hw uqrsy gìvljqhqw ohv uìvlgxv ã o*lwìudwlrq +n, =

uq
rs
uvwm @ � �gnob �q

rs
. pgnob . �g�} qrsClm*qrs

uq
rsy @ *+��b�q

rs
> } qrs>kdc, @ *qrs +8157,

Hq xwlolvdqw od yduldwlrq gh od uhodwlrq +8148,/ rq rewlhqw g*dxwuh sduw =

� ��b�q
r`as
qrs @ �Fh� �gnob �q

r`as
qrs +8158,

Od vxevwlwxwlrq gh +8156,d gdqv +8158, grqqh =

� ��b�q
r`as
qrs @ �Fh

�
�g�} qrsCtlmlm*qrs� ��b�q

r`as
qrs . �g�} q

r`asqrs Clm*qrs. uq
rs
uvwm

�

G*rü =
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� �Fh�za � ��b�q
r`as
qrs @ �g�} qrsCtlmlm*qrs� ��b�q

r`as
qrs . �g�} q

r`asqrs Clm*qrs. uq
rs
uvwm

Vrlw hqfruh =
k�Fh�za. �g�} qrsCtlmlm*qrsl � ��b�q

r`asqrs . �g�} qr`a
s

qrs Clm*qrs. uqr
s

uvwm @ 3 +8159,
Dlqvl/ ohv ìtxdwlrqv +8156,e hw +8159, shuphwwhqw g*ìfuluh oh sureoëph vrxv od iruph pd0

wulflhooh vxlydqwh =
5

7 uq
rs
uvwm
uq
rsy

6

8.
% Jqrs �gClm*qrs

Clm*qrs Cx*qrs
&5

7 � ��b�q
r`asqrs

�} qr`a
s

qrs

6

8 @
% 3

3
&

+815:,

Rü Jqrs @ �Fh�za.�g�} qrsCtlmlm*qrs hvw xq whqvhxu g*ruguh txdwuh gì�ql srvlwli sxlvtx*lo
hvw od vrpph gx whqvhxu gì�ql srvlwli �Fh�za hw gx whqvhxu grqqì sdu �g�} qrsCtlmlm*qrs ohtxho
hvw ìjdohphqw gì�ql srvlwli gdqv oh fdv oh soxv jìqìudo +* @ *dc hvw frqyh{h hw �g�} A 3,1
Fh v|vwëph shxw íwuh uìgxlw gh od idêrq vxlydqwh srxu fdofxohu }1

Od vxevwlwxwlrq gh +8159, gdqv +8156,e grqqh =

�iClm*qrs�Jqrs�za��g�} q
r`asqrs Clm*qrs. uq

rs
uvwm

�
. �} q

r`asqrs Cx*qrs. uqrsy @ 3
Hw grqf =

�} q
r`asqrs

�
�g iClm*qrs�Jqrs�zaClm*qrs� Cx*qrs� @ � iClm*qrs�Jqrs�za uq

rs
uvwm . uqrsy

Hw �qdohphqw =

�} q
r`asqrs @

uqr
sy � iClm*qrs�Jqrs�za uqr

s
uvwm

�g iClm*qrs�Jqrs�zaClm*qrs� Cx*qrs +815;,

D sduwlu gh o*lqfuìphqw gh iudfwlrq yroxpltxh gh pduwhqvlwh �} qr`asqrs / rq shxw doruv dfwxdol0
vhu o*ìwdw gh frqwudlqwh ��b�qrs/ o*ìwdw gh gìirupdwlrq gh wudqvirupdwlrq �gnob �q

rs hw od iudfwlrq
yroxpltxh gh pduwhqvlwh } qrs srxu o*lwìudwlrq +n . 4, =

��b�q
r`as @ ��b�q

rs
. � ��b�q

r`asqrs
�gnob �q

r`as @ �gnob �q
rs
. � �gnob �q

r`as
qrs

} qr`as @ } qrs. �} q
r`asqrs

+815<,

O*dojrulwkph gìwdlooì gdqv od Wdeoh +814, gìfulw xq vfkìpd gh uìvroxwlrq lwìudwli jìqìudo
dssoltxì srxu fkdtxh lqfuìphqw gh fkdujhphqw hw fkdtxh lwìudwlrq gx vfkìpd gh uìvroxwlrq
gh o*ìtxloleuh joredo gh od vwuxfwxuh1
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41 Srxu n @ 3> ��b�q
rs
@ p�b �gnob �q

rs
@ pgnob } qrs @ p}

51 Suìglfwlrq ìodvwltxh = Fdofxo gh o*ìwdw hw gx fulwëuh g*hvvdl ìodvwltxh
�eb @ p�b .Fh = �gb
*e @ *+�eb>p }>kedc,

61 Yìul�fdwlrq fkdujh 0 ydohxu olplwh p} @ 4 qrq dwwhlqwh
Wudlwhphqw ghv yduldeohv g*klvwrluh

71 Yìul�fdwlrq gx fulwëuh g*hvvdl ìodvwltxh
Vl m*em � 3 doruv

�b @ �eb hw } @ p} hw kdc @ kedc H[LW
Vlqrq

*qrs @ *e Wudqvirupdwlrq gluhfwh JRWR 8
Ilq

81 Fruuhfwlrq vxshuìodvwltxh = Fdofxo gh o*lqfuìphqw gh iudfwlrq yroxpltxh gh pduwhqvlwh
�} q

r`asqrs @
o{|}~ z ���my{|}+�{|},��o{|}�vwm

�� ���my{|}+�{|},����my{|}z��y{|}

Fdofxo gh � ��b�qr`asqrs hw � �gnob �qr`asqrs

91 Dfwxdolvdwlrq ghv yduldeohv g*ìwdw hw ghv yduldeohv lqwhuqhv
��b�q

r`as @ ��b�q
rs
. � ��b�q

r`asqrs
} qr`as @ } qrs. �} q

r`asqrs
�gnob �q

r`as @ �gnob �q
rs
. � �gnob �q

r`as
qrs

91 Whvw gh frqyhujhqfh
Vl ��*qr`as�� ? Wro�hudqfh doruv

Whvw vxu o*ìtxloleuh joredo
Vlqrq

Lwìudwlrq vxlydqwh n @ n . 4
JRWR 8

Ilq
Wde1 814 = Dojrulwkph lpsolflwh 0 wudqvirupdwlrq gluhfwh
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Dojrulwkph gh fdofxo srxu od wudqvirupdwlrq lqyhuvh
Gdqv fh fdv/ od gluhfwlrq gh o*ìfrxohphqw grqqìh sdu Q @ Clm� @

uvwmnuvwm n hvw frqvwdqwh ã
od gìfkdujh/ f*hvw srxutxrl ClmQ @ 3= O*ìwdw gx pdwìuldx ã fruuljhu hvw fhoxl rewhqx vxlwh ã
od fruuhfwlrq lqìodvwltxh lqwhupìgldluh suìvhqwì suìfìghpphqw1 Hq xwlolvdqw od yduldwlrq gh od
uhodwlrq +8154,/ rq rewlhqw doruv =

� ��b�q
r`as
qrs @ ��g�} qr`asqrs FhQ

Hq xwlolvdqw od pìwkrgh gh Qhzwrq srxu uìvrxguh od uhodwlrq *+�b> }>kcd, @ 3/ rq shxw
ìfuluh dx yrlvlqdjh gh od vroxwlrq ã o*lwìudwlrq +n . 4, =

Clm*qrs� ��b�q
r`asqrs . �} q

r`asqrs Cx*qrs @ �*qrs

Hq frpelqdqw ohv ghx{ ghuqlëuhv uhodwlrqv/ rq rewlhqw =

��g�} qr`asqrs
iClm*qrsFhQ . �} q

r`asqrs Cx*qrs @ �*qrs

Hw �qdohphqw =

�} q
r`asqrs @ *qrs

�g iClm*qrsFhQ � Cx*qrs +8163,

D sduwlu o*lqfuìphqw gh iudfwlrq yroxpltxh gh pduwhqvlwh �} qr`asqrs / rq shxw doruv dfwxdolvhu
o*ìwdw gh frqwudlqwh ��b�q

rs/ o*ìwdw gh gìirupdwlrq gh wudqvirupdwlrq �gnob �q
rs hw od iudfwlrq

yroxpltxh gh pduwhqvlwh } qrs srxu o*lwìudwlrq +n . 4, =
��b�q

r`as @ �fb . � ��b�q
r`asqrs

�gnob �q
r`as @ �gnob �q

rs
. �g�} qr`a

s
qrs Q

} qr`as @ } qrs. �} q
r`asqrs

+8164,

O*dojrulwkph g*lpsoìphqwdwlrq gìwdlooì gdqv od Wdeoh +815, gìfulw xq vfkìpd gh uìvroxwlrq
lwìudwli jìqìudo dssoltxì srxu fkdtxh lqfuìphqw gh fkdujhphqw hw fkdtxh lwìudwlrq gx vfkìpd
gh uìvroxwlrq gh o*ìtxloleuh joredo gh od vwuxfwxuh1

81619 Surfìgxuh gh uìvroxwlrq lpsolflwh g*xq prgëoh gh frpsruwhphqw aj
gh od vxshuìodvwlflwì ghv DPI

Od uìvroxwlrq gx sureoëph frqvwlwxwli lqfuìphqwdo hw o*ìydoxdwlrq g*xq rsìudwhxu wdqjhqw
frkìuhqw +suìvhqwì sdu od vxlwh, qìfhvvlwhqw o*lqyhuvlrq gx whqvhxu J g*ruguh 7 lqwurgxlw suì0
fìghpphqw =
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41 Srxu n @ 3> ��b�q
rs
@ p�b �gnob �q

rs
@ pgnob } qrs @ p}

51 Suìglfwlrq ìodvwltxh = Fdofxo gh o*ìwdw hw gx fulwëuh g*hvvdl ìodvwltxh
�eb @ p�b .Fh = �gb
*e @ *+�eb>p }>kecd,

61 Yìul�fdwlrq gìfkdujh 0 ydohxu olplwh p} @ 3 qrq dwwhlqwh
Wudlwhphqw ghv yduldeohv g*klvwrluh
Fulwëuh gh �qrq0wudyhuvhphqw� gh od vxuidfh gh fkdujh

71 Yìul�fdwlrq gx fulwëuh g*hvvdl ìodvwltxh
Vl m*em � 3 doruv

�b @ �eb hw } @ p} hw kcd @ kecd H[LW
Vlqrq

*qrs @ *e Wudqvirupdwlrq lqyhuvh JRWR 8
Ilq

81 Fruuhfwlrq lqwhupìgldluh = Fdofxo gh o*ìwdw lqwhupìgldluh sdu surmhfwlrq
gh o*ìwdw g*hvvdl ìodvwltxh vxu oh grpdlqh frqyh{h gì�ql sdu � �p�b>p }>kcd� � 3

}f @ p} . ��l�mzg��qkx����s�� �����
�fb @ �eb � �g +}f� p},FhQ

91 Fruuhfwlrq vxshuìodvwltxh = Fdofxo gh o*lqfuìphqw gh iudfwlrq yroxpltxh gh pduwhqvlwh
�} q

r`asqrs @ y{|}qx{|}����s�� ���my{|}���z��y{|}

:1 Dfwxdolvdwlrq ghv yduldeohv g*ìwdw hw ghv yduldeohv lqwhuqhv
} qr`as @ } qrs. �} q

r`asqrs
��b�q

r`as @ �fb � �g �} qr`as� }f�FhQ
�gnob �q

r`as @ �gnob �q
rs
. � �gnob �q

r`as
qrs

;1 Whvw gh frqyhujhqfh
Vl ��*qr`as�� ? Wro�hudqfh doruv

Whvw vxu o*ìtxloleuh joredo
Vlqrq

Lwìudwlrq vxlydqwh n @ n . 4
JRWR 8

Ilq
Wde1 815 = Dojrulwkph lpsolflwh 0 wudqvirupdwlrq lqyhuvh

474



Fkdslwuh 81 Lqwìjudwlrq Qxpìultxh

J @ �Fh�za. �g�}Ctlmlm* +8165,
Rü Fh hvw oh whqvhxu gh Krrnh jìqìudolvì/ �} hvw od yduldwlrq gh iudfwlrq yroxpltxh gh

pduwhqvlwh vxu o*lqfuìphqw hw Ctll* od gìulyìh vhfrqgh gh od irqfwlrq g*ìfrxohphqw1
Od gl!fxowì ã lqyhuvhu fh whqvhxu uìvlgh qrwdpphqw gdqv oh fdofxo gh od gìulyìh vhfrqgh

txl ghylhqw udslghphqw frpsoltxì oruvtxh od irqfwlrq g*ìfrxohphqw gìshqg gh Mj1 Gdqv fhwwh
shuvshfwlyh/ lo d ìwì surxyì gdqv ^SDO34` txh o*k|srwkëvh g*xq frpsruwhphqw lvrwursh hq0
wudñqh xqh irupxoh gh uhsuìvhqwdwlrq srxu Jza txl hvw xqh frpelqdlvrq olqìdluh gh surgxlwv
whqvrulhov gldgltxhv +, hw fduuìv +� hvw oh surgxlw fduuì gh whqvhxuv gì�ql srxu wrxv whqvhxuv
gx vhfrqg ruguh sdu = +D�E,F @ DF iE,1 Wrxwhv ohv rsìudwlrqv whqvrulhoohv uhtxlvhv srxu
fdofxohu ohv frh!flhqwv gh od irupxoh dgrswìh vrqw uìdolvìhv vrxv xqh iruph h{solflwh1

817 Fdofxo rsìudwhxu wdqjhqw frkìuhqw
D�q gh frqvhuyhu od frqyhujhqfh gx vfkìpd gh Qhzwrq srxu od uìvroxwlrq gh o*ìtxloleuh

joredo/ Vlpr hw Wd|oru ^VLP;8`^VLP;9` rqw suìfrqlvì o*xwlolvdwlrq g*xq rsìudwhxu wdqjhqw
frkìuhqw dyhf o*dojrulwkph gh fdofxo ghv frqwudlqwhv/ gdqv qrwuh fdv xq dojrulwkph gh w|sh
Hxohu0duulëuh1

Fhw rsìudwhxu wdqjhqw frkìuhqw F���/ dvvrflì ã od frq�jxudwlrq lqwhupìgldluh wrxuqìh F�_
+fi fkdslwuh 5, hw dx frxsoh frqmxjxì phvxuh gh gìirupdwlrq whqvrulhooh fxpxoìh gb0 whqvhxu
ghv frqwudlqwhv �b shxw íwuh gì�ql sdu =

g�b @ F��� = g �gb� +8166,

81714 Wudqvirupdwlrq gluhfwh
Gdqv fh fdv/ ohv orlv lqfuhphqwdohv vrqw grqqìhv sdu ohv uhodwlrqv =

+ �b @ p�b .Fh�gb �Fh �gnob � pgnob �
gnob @ pgnob . �g�}Clm* +8167,

Hq gl�ìuhqfldqw fhv ghx{ uhodwlrqv/ rq rewlhqw =

+ g�b @ Fhg �gb��Fhg �gnob �
g �gnob � @ �gg}Clm*. �g�}Ctlmlm*g�b +8168,

Hq uhpsodêdqw od ghx{lëph ìtxdwlrq gdqv od suhplëuh/ lo ylhqw =

475



8171 Fdofxo rsìudwhxu wdqjhqw frkìuhqw

g�b @ Fhg �gb�� �gFh
k
g}Clm*.�}Ctlmlm*g�b

l +8169,
Hw hq uhjurxsdqw ohv whuphv =

k
L . �g�}FhCtlmlm*

l
g�b @ Fhg �gb�� �gg}FhClm* +816:,

Vrlw hqfruh =

Fh
k�Fh�za. �g�}Ctlmlm*

l
g�b @ Fhg �gb�� �gg}FhClm* +816;,

H{suhvvlrq gdqv odtxhooh rq uhwurxyh oh whqvhxu J @ �Fh�za.�g�}Ctlmlm*1 Rq shxw doruv
ìfuluh =

g�b @ �FhJ�zaFhg �gb�� �gg} �FhJ�zaFhClm* +816<,
Hq qrwdqw txh Q @ Clm* hw hq vlpsol�dqw/ rq rewlhqw =

g�b @ Jzag �gb�� �gg}JzaQ +8173,
Srxu gìwhuplqhu g}/ rq xwlolvh o*ìtxdwlrq gh frkìuhqfh txh o*rq gl�ìuhqflh =

g* ��b> }� @ 3 +8174,
G*rü =

g* ��b> }� @ Clm* = g�b . Cx*g} @ iQg�b . Cx*g} @ 3 +8175,
Hq xwlolvdqw od uhodwlrq +8173,/ rq shxw ìfuluh =

iQ �Jzag �gb�� �gg}JzaQ�. Cx*g} @ 3
Hq uhjurxsdqw ohv whuphv hq g}/ rq rewlhqw od uhodwlrq =

g} ��g iQJzaQ � Cx*� @i QJzag �gb�

Hw �qdohphqw =
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g} @
iQJzag �gb�

�g iQJzaQ � Cx* +8176,
Srxu gìwhuplqhu o*h{suhvvlrq gh o*rsìudwhxu wdqjhqw frkìuhqw/ rq xwlolvh ã qrxyhdx o*h{0

suhvvlrq gh g�b grqqìh sdu +8173,/ lo ylhqw =

g�b @ Jzag �gb�� �g
iQJzag �gb�

�g iQJzaQ � Cx*J
zaQ

Vrlw hqfruh =

g�b @ F���g �gb� +8177,
Rü F��� hvw o*rsìudwhxu wdqjhqw frkìuhqw srxu od wudqvirupdwlrq gluhfwh grqqì sdu =

F��� @ Jza� �g JzaQ i �JzaQ�

�g iQJzaQ � Cx* +8178,

81715 Wudqvirupdwlrq lqyhuvh
Gdqv fh fdv/ ohv orlv lqfuhphqwdohv vrqw grqqìhv sdu ohv uhodwlrqv =

+ �b @ p�b .Fh�gb �Fh �gnob � pgnob �
gnob @ pgnob . �g�}Q @ pgnob . �g +} � }f. }f� p},Q +8179,

Hq gl�ìuhqfldqw fhv ghx{ uhodwlrqv hw hq qrwdqw txh srxu od wudqvirupdwlrq lqyhuvh ClmQ @
3/ rq rewlhqw =

+ g�b @ Fhg �gb��Fhg �gnob �
g �gnob � @ �gg}Q +817:,

Hq uhpsodêdqw od ghx{lëph ìtxdwlrq gdqv od suhplëuh/ lo ylhqw =

g�b @ Fhg �gb�� �gg}FhQ +817;,
Gh píph txh suìfìghpphqw/ srxu gìwhuplqhu g}/ rq xwlolvh o*ìtxdwlrq gh frkìuhqfh txh

o*rq gl�ìuhqflh =

g* ��b> }� @ iQg�b . Cx*g} @ 3 +817<,
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Hq xwlolvdqw od uhodwlrq +817;,/ rq shxw ìfuluh =

iQ �Fhg �gb�� �gg}FhQ�. Cx*g} @ 3
Oh uhjurxshphqw ghv whuphv hq g} grqqh doruv =

g} ��g iQFhQ � Cx*� @i QFhg �gb�

Hw �qdohphqw =

g} @
iQFhg �gb�

�g iQFhQ � Cx* +8183,
O*h{suhvvlrq gh g�b grqqìh sdu +817;, shuphw doruv g*rewhqlu o*h{suhvvlrq gh o*rsìudwhxu

wdqjhqw frkìuhqw F��� srxu od wudqvirupdwlrq lqyhuvh whooh txh =

g�b @ Fhg �gb�� �g
iQFhg �gb�

�g iQFhQ � Cx*FhQ @ F���g �gb� +8184,
Dyhf =

F��� @ Fh � �g FhQ i �FhQ�

�g iQFhQ � Cx* +8185,

Gdqv oh fdguh g*xqh dssurfkh odjudqjlhqqh uìdfwxdolvìh oruv gh od uìvroxwlrq gx sureoëph
g*ìtxloleuh joredo/ fhw rsìudwhxu wdqjhqw frkìuhqw F���/ gì�ql gdqv od frq�jxudwlrq wrxuqìh
F�_ hw uholdqw ohv txdqwlwìv g_`a �gb� hw g_`a�b grlw íwuh prgl�ì gh idêrq ã uholhu ohv txdqwlwìv
g_`aV hw g_`aH gì�qlhv gdqv od frq�jxudwlrq gh uìiìuhqfh F_1 Oh wudqvsruw gh o*rsìudwhxu
wdqjhqw frkìuhqw gh od frq�jxudwlrq wrxuqìh F�_ ã od frq�jxudwlrq gh uìiìuhqfh F_ hvw doruv
lghqwltxh ã fhoxl h�hfwxì gdqv oh fkdslwuh 5 srxu o*rsìudwhxu wdqjhqw ìodvwltxh1

818 Ydolgdwlrq gh od prgìolvdwlrq qxpìultxh
Ohv dojrulwkphv gh fdofxo suìfìghqwv edvìv vxu od pìwkrgh g*lqwìjudwlrq lpsolflwh rqw ìwì

lpsoìphqwì gdqv oh frgh ìoìphqwv �qlv FDVWHP 53331
Dlqvl/ fhuwdlqv hvvdlv ìoìphqwdluhv whov txh od wudfwlrq/ od frpsuhvvlrq hw oh flvdloohphqw

pdlv ìjdohphqw ghv hvvdlv 6G h1j1 wudfwlrq vxu sodtxh wurxìh hw jrq hphqw rqw ìwì vlpxoìv sxlv
frpsduìv dx{ uìvxowdwv h{sìulphqwdx{ d�q gh ydolghu oh prgëoh sursrvì1 Hq�q/ xq h{hpsoh gh
vlpxodwlrq vxu xqh vwuxfwxuh frpsoh{h +plfurslqfh lqwurgxlwh gdqv oh fkdslwuh 4, hvw sursrvì
srxu vrxoljqhu ohv dswlwxghv gx prgëoh gdqv ghv vlwxdwlrqv soxv frpsoh{hv1
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81814 Hvvdl gh wudfwlrq
Frpswh whqx ghv sdudpëwuhv pdwìuldx{ uhfdoìv srxu xqh vlpxodwlrq hq wudqvirupdwlrqv �0

qlhv +fi wdeohdx{ 816/ 817 hw 818,/ ohv hvvdlv gh wudfwlrq rqw ìwì vlpxoìv d�q gh yìul�hu o*lq xhqfh
gx uhfdodjh1 Od frq�jxudwlrq gh o*hvvdl hvw lghqwltxh ã fhooh xwlolvìh oruv gh od vlpxodwlrq hq
shwlwhv shuwxuedwlrqv1

H � � �g da dt d �vp vp P p� Dp�
+JSd, +nj@pj, +M=njza, +M=njza, +X=V=L=, +X=V=L=, +N, +N,
49/8 3/6 ::33 3/38; 3/38 3/3; 3/47 58/:: 7/99 565 5;8

Wde1 816 = Sdudpëwuhv pdwìuldx{ Fx]qDo uhfdoìv

H � � �g da dt d �vp vp P p� Dp�
+JSd, +nj@pj, +M=njza, +M=njza, +X=V=L=, +X=V=L=, +N, +N,
46/8 3/6 9733 3/37: 3/36; 3/35; 3/5 94/49 4/55 589 595

Wde1 817 = Sdudpëwuhv pdwìuldx{ QlWl uhfdoìv

H+JSd, � �� dcmx�p +PSd, �� +PSd, a�� +PSd, �g q d
4;/: 3/6 533 763 683 3/39:9 5 3/4

Wde1 818 = Sdudpëwuhv pdwìuldx{ FxDoEh uhfdoìv

81815 Hvvdlv wudfwlrq frpsuhvvlrq
Fh w|sh g*hvvdl ylvh ã phwwuh hq ìylghqfh od glvv|pìwulh wudfwlrq0frpsuhvvlrq1 Ohv sdud0

pëwuhv pdwìuldx{ gx QlWl ìtxldwrpltxh xwlolvì srxu fhw hvvdl vrqw suìvhqwìv gdqv oh wdeohdx
vxlydqw1
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(b) CuAlBe 
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(c) NiTi
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Ilj1 816 = Hvvdl gh wudfwlrq 0 Frpsdudlvrq h{sìulhqfh 2 vlpxodwlrq Shwlwhv Shuwxuedwlrqv 2
Wudqvirupdwlrqv Ilqlhv dyhf uhfdodjh

H � � �g da dt d �vp vp P p� Dp�
+JSd, +nj@pj, +M=njza, +M=njza, +X=V=L=, +X=V=L=, +�N, +�N,
88 3/5< 9833 3/3868 3/8 3/5 3/4;< :6 3 5;3 633

Wde1 819 = Glvv|pìwulh wudfwlrq2frpsuhvvlrq 0 Sdudpëwuhv pdwìuldx{ QlWl
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Od uìsrqvh rewhqxh hvw hqvxlwh frpsduìh dx{ srlqwv h{sìulphqwdx{ ^RUJ<9`1
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Ilj1 817 = Glvv|pìwulh wudfwlrq 2 frpsuhvvlrq 0 Frpsdudlvrq h{sìulhqfh 2 vlpxodwlrq
^RUJ<9`

81816 Flvdloohphqw
Oh pdwìuldx xwlolvì srxu fhw hvvdl gh flvdloohphqw hvw fhoxl gh o*hvvdl gh wudfwlrq0frpsuhvvlrq1

Od uìsrqvh lvvxh gh od vlpxodwlrq qxpìultxh hvw frpsduìh gluhfwhphqw dx{ srlqwv h{sìulphq0
wdx{ ^RUJ<;` vxu od �jxuh +818,1
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Ilj1 818 = Hvvdl gh flvdloohphqw 0 Frpsdudlvrq h{sìulhqfh ^RUJ<;` 2 vlpxodwlrq

81817 Erxfohv lqwhuqhv
Od prgìolvdwlrq uìdolvìh shuphw ìjdohphqw gh vlpxohu oh frpsruwhphqw g*xq pdwìuldx ylv

ã ylv ghv erxfohv lqwhuqhv/ fkdujhv rx gìfkdujhv sduwlhoohv +hq wudfwlrq vxu ohv �jxuhv 819 hw
81:,1 Srxu ghv hvvdlv soxv frpsoh{hv/ od uìsduwlwlrq ghv frqwudlqwhv gdqv od vwuxfwxuh q*hvw sdv
krprjëqh/ fh txl lpsoltxh ghv fkdujhv hw ghv gìfkdujhv ã ghv ìwdwv gh frqwudlqwh gl�ìuhqwv1

H+JSd, � �� dcmx�p +PSd, �� +PSd, a�� +PSd, �g q d
:8 3/6 44< 5:3 633 3/389; 5 3/4

Wde1 81: = Iruwh gìshqgdqfh ã o*klvwrluh 0 Sdudpëwuhv FxDoEh
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Ilj1 819 = Erxfohv lqwhuqhv oruv g*xq hvvdl gh wudfwlrq 0 Iruwh gìshqgdqfh ã o*klvwrluh 0 Fdv
g*xq FxDoEh 0 Frpsdudlvrq h{sìulhqfh ^ERX34d` 2 vlpxodwlrq

O*h{hpsoh gx FxDoEh/ grqw ohv sdudpëwuhv vrqw grqqìv gdqv oh wdeohdx suìfìghqw/ suìvhqwh
xqh iruwh gìshqgdqfh ã o*klvwrluh +fi �jxuh 819,1 Od frxueh lvvxh gh od vlpxodwlrq fruuhvsrqg
elhq ã od frxueh h{sìulphqwdoh ^ERX34d`1

H � � �g da dt d �vp vp P p� Dp�
+JSd, +nj@pj, +M=njza, +M=njza, +X=V=L=, +X=V=L=, +�N, +�N,

9 3/6 ::33 3/397; 8 8 3 53/< 3 5:8 5;3
Wde1 81; = Idleoh gìshqgdqfh ã o*klvwrluh 0 Sdudpëwuhv Fx]qDo ^KXR<6`

Oh fdv gx Fx]qDo +fi wdeohdx 81;, hvw xq h{hpsoh g*xqh idleoh gìshqgdqfh ã o*klvwrluh
+fi �jxuh 81:,1 Rq revhuyh ohv gìfkdujhv +�jxuh 81:d, hw ohv fkdujhv sduwlhoohv +�jxuh 81:e,1
Od frpsdudlvrq dyhf ghv hvvdlv h{sìulphqwdx{ suìvhqwdqw soxvlhxuv erxfohv lqwhuqhv srxu
xqh vroolflwdwlrq 6G vhudlw wrxwhirlv soxv vljql�fdwlyh srxu frq�uphu oh erq frpsruwhphqw gx
prgëoh ylv0ã0ylv ghv erxfohv lqwhuqhv tx*xq hvvdl gh wudfwlrq dyhf xqh vhxoh erxfoh1

81818 Hvvdl gh wudfwlrq vxu sodtxh wurxìh
Ohv frqglwlrqv gh v|pìwulh gh o*hvvdl shuphwwhqw gh uhvwuhlqguh o*ìwxgh ã xq txduw gh

sodtxh1 Ohv glphqvlrqv hw oh pdloodjh xwlolvìv srxu vlpxohu fhw hvvdl vrqw lqgltxìv vxu od �jxuh
81;1 O*hvvdl hvw uìdolvì ã h�ruw lpsrvì1 Oh pdloodjh frpswh 499 ìoìphqwv gh frtxh ã wurlv
qrhxgv1 Fhwwh vlpxodwlrq hvw uìdolvìh dyhf 53 lqfuìphqwv srxu od fkdujh0gìfkdujh1 Oh wdeohdx
vxlydqw +fi wdeohdx 81<, lqgltxh o*ìsdlvvhxu ghv ìsurxyhwwhv srxu ohv pdwìuldx{ whvwìv1 Hq
rxwuh/ rq xwlolvh ohv sdudpëwuhv gh od wudfwlrq vlpsoh srxu h�hfwxhu od vlpxodwlrq vxu fkdtxh
w|sh gh pdwìuldx +wdeohdx{ 816/ 818 hw 817,1

Ohv uìsrqvhv rewhqxhv hq wudqvirupdwlrqv �qlhv shuphwwhqw g*dssuìflhu o*h�hw gx uhfdodjh
sdu udssruw ã o*h{sìulhqfh hw ã od vlpxodwlrq SS +fi �jxuh 81<,1 Hoohv uhsuìvhqwhqw o*ìyroxwlrq
gx gìsodfhphqw g*xqh ghv h{wuíplwìv gh o*ìsurxyhwwh hq irqfwlrq gh o*h�ruw dssoltxì dx píph
hqgurlw1
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Ilj1 81: = Erxfohv lqwhuqhv oruv g*xq hvvdl gh wudfwlrq 0 Idleoh gìshqgdqfh ã o*klvwrluh 0 Fdv
g*xq prqrfulvwdo gh Fx]qDo = +d, Gìfkdujhv sduwlhoohv +e, Uhfkdujhv sduwlhoohv 0 Frpsdudlvrq
h{sìulhqfh ^KXR<6` 2 vlpxodwlrq

Fx]qDo FxDoEh QlWl
Hsdlvvhxu +pp, 3/4 3/4 3/8

Wde1 81< = Hsdlvvhxu ghv ìsurxyhwwhv

16

9

φ 9

Ilj1 81; = Hvvdl gh wudfwlrq vxu xqh sodtxh wurxìh = pdloodjh hw gì�qlwlrq jìrpìwultxh
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(a) CuZnAl
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Ilj1 81< = Hvvdl gh wudfwlrq vxu sodtxh wurxìh0 Frpsdudlvrq h{sìulhqfh 2 vlpxodwlrq Shwlwhv
Shuwxuedwlrqv 2 Wudqvirupdwlrqv Ilqlhv dyhf uhfdodjh
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Uìsduwlwlrq ghv lvrydohxuv
O*dqdo|vh ghv lpdjhv/ rewhqxhv oruv ghv hvvdlv h{sìulphqwdx{/ juåfh dx orjlflho g*dqdo|vh

g*lpdjhv Vsrxqfk suìvhqwì gdqv oh fkdslwuh 7/ shuphw g*rewhqlu qrwdpphqw od uìsduwlwlrq
ghv lvrydohxuv gh od frpsrvdqwh H�� +�| ìwdqw od gluhfwlrq gh od vroolflwdwlrq, gx whqvhxu ghv
gìirupdwlrqv gh Juhhq Odjudqjh gdqv od }rqh g*dqdo|vh1 Fhv uìvxowdwv shxyhqw íwuh frpsduìv
ã od uìsduwlwlrq ghv lvrydohxuv rewhqxhv dyhf ohv vlpxodwlrqv qxpìultxhv fruuhvsrqgdqwhv +fi
�jxuhv 8143/ 8144/ 8145,1

Od }rqh g*dqdo|vh g*lpdjhv d ghv glphqvlrqv yduldeohv vhorq o*hvvdl srxu ghv udlvrqv gh
qhwwhwì ghv folfkìv1 Dlqvl/ o*revhuydwlrq vh olplwh ã od }rqh dxwrxu gx wurx srxu oh Fx]qDo
wdqglv txh oh FxDoEh hw oh QlWl suìvhqwhqw ghv }rqhv g*dqdo|vh soxv judqghv1 Vxu ohv �jxuhv
vxlydqwhv/ oh fhufoh urxjh lqgltxh od frq�jxudwlrq lqlwldoh gx wurx1

(a)

(b)

8,43 %

y

x

Ilj1 8143 = Hvvdl gh wudfwlrq vxu sodtxh wurxìh 0 Uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh
H|| 0 Fdv gx Fx]qDo 0 +d, Dqdo|vh g*lpdjhv +e, Vlpxodwlrq

Ohv vlpxodwlrqv qxpìultxhv shuphwwhqw h�hfwlyhphqw gh uhwurxyhu od frqfhqwudwlrq gh
frqwudlqwhv dxwrxu gh od }rqh gx wurx1 Od uìsduwlrq hq �[� ghv lvrydohxuv hvw elhq revhuydeoh
gdqv oh fdv gx FxDoEh hw gx QlWl pdlv q*dssdudñw sdv gdqv oh fdv gx Fx]qDo1 Od qhwwhwì
ghv lpdjhv ìwdqw sulprugldoh srxu xqh dqdo|vh fruuhfwh/ lo vx!w g*xqh oìjëuh prgl�fdwlrq gh
od plvh dx srlqw oruv gh od suìfkdujh gh o*ìsurxyhwwh srxu idxvvhu fhwwh dqdo|vh1

Vlpxodwlrq srxu gl�ìuhqwv qlyhdx{ gh fkdujhphqw
D�q g*revhuyhu od uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh H�� hw gh od iudfwlrq yrox0

pltxh gh pduwhqvlwh dvvrflìh srxu ghv qlyhdx{ gh fkdujhphqw soxv lpsruwdqwv / ghv vlpxod0
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(a)
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Ilj1 8144 = Hvvdl gh wudfwlrq vxu sodtxh wurxìh 0 Uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh
H|| 0 Fdv gx FxDoEh 0 +d, Dqdo|vh g*lpdjhv +e, Vlpxodwlrq

wlrqv rqw ìwì h�hfwxìhv gdqv oh fdv gx FxDoEh1 Rq uhoëyh dlqvl ghv ydohxuv gh H�� gh o*ruguh
gh 4:( hw 56 ( dxwrxu gx wurx1

81819 Hvvdl gh jrq hphqw
Ohv frqglwlrqv gh v|pìwulh gh o*hvvdl shuphwwhqw gh uhvwuhlqguh o*ìwxgh ã xq txduw gh

sodtxh1 Xqh sodtxh flufxodluh hqfdvwuìh vxu vrq srxuwrxu hvw vrxplvh ã xqh suhvvlrq1 Oh
pdloodjh frpswh 455 ìoìphqwv gh frtxh ã wurlv qrhxgv txl frpswhqw : srlqwv gh Jdxvv gdqv
o*ìsdlvvhxu1 Fhwwh vlpxodwlrq hvw uìdolvìh dyhf 533 lqfuìphqwv srxu od fkdujh0gìfkdujh1 Odujh0
phqw gìfulw gdqv od sduwlh h{sìulphqwdoh/ o*hvvdl gh jrq hphqw shuphw gh yìul�hu oh frpsru0
whphqw hq wudqvirupdwlrqv �qlhv gx prgëoh lpsodqwì gdqv oh fdv g*xqh vroolflwdwlrq ìtxleld{ì1
Ohv glphqvlrqv hw oh pdloodjh xwlolvìv srxu vlpxohu fhw hvvdl vrqw lqgltxìv vxu od �jxuh +8148,1
O*ìsdlvvhxu ghv gl�ìuhqwhv sodtxhv xwlolvìhv srxu od vlpxodwlrq hvw grqqìh gdqv oh wdeohdx
+81<,1 Ohv sdudpëwuhv xwlolvìv srxu od vlpxodwlrq vrqw glvsrqleohv gdqv ohv wdeohdx{ +816,/
+818, hw +817,1
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Ilj1 8145 = Hvvdl gh wudfwlrq vxu sodtxh wurxìh 0 Uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh
H|| 0 Fdv gx QlWl 0 +d, Dqdo|vh g*lpdjhv +e, Vlpxodwlrq

Ilj1 8146 = Hvvdl gh wudfwlrq vxu sodtxh wurxìh 0 Uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh
H|| hw gh od iudfwlrq yroxpltxh gh pduwhqvlwh
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Ilj1 8147 = Hvvdl gh wudfwlrq vxu sodtxh wurxìh 0 Uìsduwlwlrq ghv lvrydohxuv gh od frpsrvdqwh
H|| hw gh od iudfwlrq yroxpltxh gh pduwhqvlwh

∅ 55

Ilj1 8148 = Hvvdl gh jrq hphqw = pdloodjh hw gì�qlwlrq jìrpìwultxh
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(b) CuAlBe
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(c) NiTi
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Ilj1 8149 = Hvvdl gh jrq hphqw 0 Frpsdudlvrq h{sìulhqfh 2 vlpxodwlrq srxu gl�ìuhqwv pd0
wìuldx{ = +d, Fx]qDo/ +e, FxDoEh hw +f, QlWl
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8181: Plfurslqfh
Oh prgëoh gh frpsruwhphqw hq wudqvirupdwlrqv �qlhv gìyhorssì wurxyh gdqv od plfurslqfh

+lqwurgxlwh gdqv od sduwlh dssolfdwlrqv gx fkdslwuh 4, xq h{hpsoh shuwlqhqw g*dssolfdwlrq1 Ohv
glphqvlrqv joredohv gh fhwwh vwuxfwxuh vrqw 8> ;�5�3> 56 pp1 Ohv gìwdlov gh od jìrpìwulh vrqw
glvsrqleohv gdqv ^NRK35`1 Rq shxw udsshohu udslghphqw oh sulqflsh gh od plfurslqfh = xq
prxyhphqw gh wudqvodwlrq g*xq dfwlrqqhxu hq DPI frppdqgh od urwdwlrq hw dlqvl o*rxyhuwxuh
ghv påfkrluhv gh od slqfh1 Xq dxwuh dfwlrqqhxu hq DPI/ vlwxì gdqv od }rqh dwwhqdqwh dx{
påfkrluhv/ shuphw gh frppdqghu od ihuphwxuh ghv slqfhv +fi sdjh 53,1 Oh irqfwlrqqhphqw gh
fhwwh plfurslqfh lqgxlw gh judqghv gì hfwlrqv hw ghv urwdwlrqv lpsruwdqwhv1 Ohv sdudpëwuhv gx
QlWl xwlolvìv srxu od vlpxodwlrq vrqw grqqìv gdqv oh wdeohdx +8143,1 Od whpsìudwxuh gh o*hvvdl
hvw W @ 5<;�N1 Fhwwh vlpxodwlrq hvw uìdolvìh dyhf 73 lqfuìphqwv srxu od fkdujh0gìfkdujh1

H � � �� d� d� d �v  v  P  ¡ D ¡
+JSd, +nj@p¢, +M=nj£�, +M=nj£�, +X=V=L=, +X=V=L=, +�N, +�N,
95 3/6 9833 3/39 3/35 3/47 3/5 58/< 9/: 583 5<<

Wde1 8143 = Sdudpëwuhv gx pdwìuldx gh od plfurslqfh
O*dfwlrqqhphqw gh o*hqvhpeoh hvw g*ruljlqh wkhupltxh sxlvtxh edvì vxu o*h�hw Mrxoh1 Qrwuh

prgëoh ìwdqw ìwdeol srxu ghv fkdujhphqwv lvrwkhuphv/ fhwwh vlpxodwlrq hvw uìdolvìh hq lpsrvdqw
o*h�ruw vxu o*dfwlrqqhxu olqìdluh1 Rq rewlhqw doruv od gìirupìh gh od plfurslqfh gdqv od srvlwlrq
ihupìh +fi �jxuh 814:,1
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Ilj1 814: = Vlpxodwlrq gx irqfwlrqqhphqw g*xqh plfurslqfh ^NRK35` 0 Frq�jxudwlrq 0
Pdloodjh 0 Gìirupìh

G*dxwuh sduw/ rq frqvwdwh txh ohv dfwlrqqhxuv/ vwuxfwxuhv plqfhv frxuehv/ suìvhqwhqw ghv
frqfhqwudwlrqv gh frqwudlqwhv frpph hq wìprljqh od uìsduwlwlrq gh od iudfwlrq yroxpltxh gdqv
od plfurslqfh +fi �jxuh 814;,1

Oh irqfwlrqqhphqw gh od plfurslqfh ìwdqw edvì vxu o*h�hw pìprluh vlpsoh vhqv/ lo hvw lqwì0
uhvvdqw g*revhuyhu od frxueh uholdqw o*h�ruw h{hufì vxu o*dfwlrqqhxu olqìdluh dx gìsodfhphqw gh
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Ilj1 814; = Vlpxodwlrq gx irqfwlrqqhphqw g*xqh plfurslqfh ^NRK35` 0 Uìsduwlwlrq gh od
iudfwlrq yroxpltxh gh pduwhqvlwh

fh ghuqlhu +V�, gdqv od gluhfwlrq �{/ pdlv ìjdohphqw oh gìsodfhphqw vxlydqw �{ hw �| gh o*h{wuí0
plwì gh od påfkrluh +V�, +fi �jxuh 814<,1 Xqh gìirupdwlrq uìvlgxhooh lpsruwdqwh ghphxuh ã od
gìfkdujh pdlv fhooh0fl hvw uìfxsìuìh sdu fkdx�djh +sdu h�hw Mrxoh, dx0ghvvxv gh od whpsìud0
wxuh gh �q gh wudqvirupdwlrq dxvwìqlwltxh D ¤1 Od uìfxsìudwlrq ghv gìirupdwlrqv frppdqgh
dlqvl o*rxyhuwxuh hw od ihuphwxuh ghv påfkrluhv gh od plfurslqfh1
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Ilj1 814< = Hyroxwlrq ghv gìsodfhphqwv ghv srlqwv V� +Dfwlrqqhxu olqìdluh, hw V� +H{wuìplwì
påfkrluh, hq irqfwlrq gh o*h�ruw dssoltxì dx qlyhdx gh o*dfwlrqqhxu olqìdluh

819 Frqfoxvlrq
Gdqv oh fdguh g*xqh pìwkrgh lqfuìphqwdoh dvvrflìh dx vfkìpd lwìudwli gh Qhzwrq/ o*lq0

wìjudwlrq qxpìultxh gh orlv frqvwlwxwlyhv ìwdeolhv gdqv oh fkdslwuh 7 v*lqvsluh ghv whfkqltxhv
qxpìultxhv ìoderuìhv srxu ohv pdwìuldx{ ìodvwrsodvwltxhv hw qrwdpphqw xq dojrulwkph gh uh0
wrxu vxu od vxuidfh gh fkdujh gx w|sh suìglfwlrq0fruuhfwlrq1 Xqh pìwkrgh lpsolflwh hvw xwlolvìh
srxu h�hfwxhu o*lqwìjudwlrq1 Xqh ìwdsh gh fruuhfwlrq lqwhupìgldluh shuphw g*dvvxuhu o*xqlflwì
gh od vroxwlrq oruv gh od wudqvirupdwlrq lqyhuvh1 Oh prgëoh qxpìultxh dlqvl rewhqx d ìwì lp0
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soìphqwì gdqv FDVWHP 53331 Xqh vìulh g*hvvdlv hq wudqvirupdwlrqv �qlhv shuphw gh vlpxohu
od uìsrqvh gx pdwìuldx srxu ghv vroolflwdwlrqv glyhuvhv1 Fhv uìsrqvhv vrqw hqvxlwh frpsduìhv
dx{ uìvxowdwv h{sìulphqwdx{ d�q gh ydolghu oh prgëoh gìyhorssì1 Od vlpxodwlrq gx frpsru0
whphqw gh od plfurslqfh hvw xq hvvdl vwuxfwxuh shuphwwdqw gh phwwuh hq ìylghqfh o*dswlwxgh
gx prgëoh ylv0ã0ylv gh fkdujhphqwv pìfdqltxhv frpsoh{hv srxu ghv vwuxfwxuhv frpsoh{hv1
Fhw h{hpsoh hvw g*dxwdqw soxv lqwìuhvvdqw tx*lo dsshooh xqh prgìolvdwlrq srxu ghv wudmhwv gh
fkdujhphqw qrq0sursruwlrqqhov1 Hq h�hw/ oh slqfhphqw g*xq remhw sdu ohv påfkrluhv d srxu
h�hw gh prgl�hu od gluhfwlrq gh fkdujhphqw/ jìqìudqw doruv xqh uìrulhqwdwlrq ghv sodtxhwwhv
gh pduwhqvlwh1
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Oh wudydlo suìvhqwì gdqv fh pìprluh hvw ìyroxwli gdqv oh vhqv rü lo v*lqvfulw gdqv xqh orjltxh
g*ìtxlsh/ rxyudqw qìfhvvdluhphqw ghv shuvshfwlyhv1 O*ìoìphqw gh frtxh lpsodqwì gdqv oh frgh
ìoìphqw �ql FDVWHP 5333 d ìwì uhsulv sxlv gìyhorssì srxu shuphwwuh oh fdofxo pxowlfrxfkhv
wdqglv txh oh prgëoh gh frpsruwhphqw ghv DPI lpsoìphqwì hvw h{sorlwì sdu xq prgxoh
g*krprjìqìlvdwlrq1

O*dfwlylwì �DPI� gx jurxsh Prgìolvdwlrq Qxpìultxh ghv Pdwìuldx{ hw Vwuxfwxuhv d srxu
remhfwli oh gìyhorsshphqw g*rxwlov g*dlgh ã od frqfhswlrq rswlpdoh gh vwuxfwxuhv k|eulghv lqwì0
judqw ghv DPI frpph ìoìphqwv gh frppdqgh1 Hq rxwuh/ od soxsduw ghv prgëohv gh frpsru0
whphqw ghv DPI v*lqwìuhvvh dxmrxug*kxl dx skìqrpëqh gh fuìdwlrq sxlv gh uìrulhqwdwlrq gh od
pduwhqvlwh rffdvlrqqì sdu ghv fkdujhphqwv qrq0sursruwlrqqhov1 F*hvw srxutxrl o*h{whqvlrq gx
prgëoh gìyhorssì srxu vlpxohu fh w|sh gh fkdujhphqw hvw lqfrqwrxuqdeoh1 Fhv ghx{ dvshfwv
frqvwlwxhqw ohv shuvshfwlyhv ã frxuw whuph gh fh wudydlo1 D pr|hq whuph/ ohv prgìolvdwlrqv
pìfdqltxhv hw qxpìultxhv sursrvìhv ghyurqw íwuh frpsoìwìhv d�q gh suhqguh hq frpswh ghv
fkdujhphqwv dqlvrwkhuphv1 Fh frxsodjh wkhupr0pìfdqltxh hvw hqylvdjì gdqv xq frqwh{wh gh
frtxhv g|qdpltxhv1

914 Shuvshfwlyh g*dssolfdwlrq dx{ vwuxfwxuhv dgdswdwlyhv
Oh gìyhorsshphqw ghv whfkqrorjlhv gh od frppxqlfdwlrq/ ohv h{ljhqfhv gh o*dìurqdxwltxh/

ohv ehvrlqv gh o*dìurvsdwldoh vh frqmxjxhqw ã xqh ghpdqgh furlvvdqwh gh vwdelolwì jìrpìwultxh
ghv vwuxfwxuhv pìfdqltxhv vrxplvhv ã ghv frqglwlrqv hqylurqqhphqwdohv yduldeohv1 Rq shxw
flwhu o*h{hpsoh fdudfwìulvwltxh ghv uì hfwhxuv g*dqwhqqhv vsdwldohv/ txl/ vrxplv ã ghv yduldwlrqv
wkhupltxhv g*xqh dpsolwxgh gh soxv gh 533�F/ grlyhqw frqvhuyhu xqh iruph gìwhuplqìh1 Dyhf
ohv fkdujhphqwv wkhupltxhv/ ohv vwuxfwxuhv vrqw ìjdohphqw vrxyhqw vrxplvhv ã ghv fkdujhphqwv
pìfdqltxhv rx k|jurvfrsltxhv1

Srxu uìsrqguh ã fhwwh frqwudlqwh gh vwdelolwì/ ohv lqgxvwulhov hw ohv vflhqwl�txhv frpswdlhqw
hqfruh uìfhpphqw vxu xqh rswlplvdwlrq ghv sursulìwìv pdwìulhoohv1 O*xwlolvdwlrq gh vwuxfwxuhv
vdqgzlfk srxu ohv uì hfwhxuv g*dqwhqqhv vsdwldohv wurxyh vrq ruljlqh gdqv fhwwh yrorqwì g*rswl0
plvdwlrq1 Dlqvl/ ohv lqjìqlhxuv vh vrqw wrxuqìv yhuv ghv pdwìuldx{ r�udqw gh idleohv glodwdwlrqv
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hw gh iruwhv udlghxuv hq  h{lrq1 Hq fh vhqv/ ohv pdwìuldx{ frpsrvlwhv r�uhqw xq frpsurplv gì0
�dqw wrxwh frqfxuuhqfh idfh ã g*dxwuhv pdwìuldx{ hq whuphv gh sursulìwìv wkhuprpìfdqltxhv/
pdvvh yroxpltxh hw frþw1

Ohv vroxwlrqv rulhqwìhv yhuv o*rswlplvdwlrq gx pdwìuldx rqw dwwhlqw ohxuv olplwhv gx idlw/
qrwdpphqw/ gh o*lpsrvvlelolwì gh pdlqwhqlu vwulfwhphqw xqh iruph jìrpìwultxh vrxv ghv fkdu0
jhphqwv yduldeohv1 O*lgìh ghv vwuxfwxuhv dgdswdwlyhv d grqf ìphujì lo | d xqh gl}dlqh g*dqqìhv1
Fhv vwuxfwxuhv shuphwwhqw g*�dqdo|vhu� ohv fkdujhphqwv hw gh frqwudedodqfhu ohxuv h�hwv sdu
ghv skìqrpëqhv lqwhuqhv rx h{whuqhv ã od vwuxfwxuh grqw rq yhxw jdudqwlu od iruph1

Rq shxw glvwlqjxhu ghx{ w|shv g*dssolfdwlrqv ghv vwuxfwxuhv dgdswdwlyhv = oh frqwu÷oh dfwli
hw oh frqwu÷oh sdvvli1

Xqh vwuxfwxuh dgdswdwlyh hvw ã od edvh xqh vwuxfwxuh fodvvltxh frpsruwdqw xq uìvhdx gh
fdswhxuv shuphwwdqw gh mdxjhu ohv fkdujhphqwv h{wìulhxuv yduldeohv hw xq uìvhdx g*dfwlrqqhxuv
shuphwwdqw gh uìsrqguh gh idêrq dgìtxdwh dx{ lqirupdwlrqv uhêxhv sdu ohv fdswhxuv1 Od
vwuxfwxuh/ hq dgdswdqw vd uìsrqvh dx{ vwlpxol h{wìulhxuv/ yd doruv prgl�hu o*ìwdw sk|vltxh gh
od vwuxfwxuh1 Gdqv fhuwdlqv fdv/ fhw hqvhpeoh shxw vh uìvxphu ã xq pdwìuldx xqltxh/ ã o*lqvwdu
ghv DPI/ fxpxodqw ohv irqfwlrqv gh fdswhxu0dqdo|vhxu0dfwlrqqhxu1 Gdqv od soxsduw ghv fdv/
fhv irqfwlrqv vrqw glvmrlqwhv1 Ohv sursulìwìv wkhuprpìfdqltxhv uhpdutxdeohv gh fhv dooldjhv
hq irqw/ hq h�hw/ gh wuëv erqv fdqglgdwv srxu ghv dssolfdwlrqv hq frqwu÷oh dfwli rx sdvvli gh
vwuxfwxuhv frpsrvlwhv1

Xq dxwuh lqwìuíw ghv vwuxfwxuhv dgdswdwlyhv/ píph hq o*devhqfh gh fkdujhphqwv h{wìulhxuv
yduldeohv uìvlgh gdqv od frqwu÷odelolwì ghv iruphv1 Gdqv oh fdv gx uì hfwhxuv g*dqwhqqhv/ lo hvw
srvvleoh gh prgl�hu vd jìrpìwulh gh idêrq ã o*dgdswhu ã od uhfhswlrq gh fhuwdlqhv iuìtxhqfhv1
Dx0ghoã ghv sureoëphv vwdwltxhv whov txh oh frqwu÷oh gh iruph/ xq ghv lqwìuíwv pdmhxuv ghv
vwuxfwxuhv dgdswdwlyhv uìvlgh gdqv od srvvlelolwì g*xq frqwu÷oh g|qdpltxh1 D wlwuh g*h{hpsoh/
rq shxw flwhu oh frqiruw yleurdfrxvwltxh ghv yìklfxohv1

91414 H{hpsohv g*dssolfdwlrq ghv DPI dx{ vwuxfwxuhv dgdswdwlyhv
Ohv DPI vrqw grqf vrxyhqw xwlolvìv dx vhlq gh vwuxfwxuhv k|eulghv rü lov vrqw frxsoìv

dyhf ghv pdwìuldx{ frpsrvlwhv/ ohv u÷ohv tx*lov shxyhqw mrxhu vrqw qrpeuhx{ hw wrxfkhqw ã
gl�ìuhqwv dvshfwv pìfdqltxhv ^YDQ<<`1

� Frqwu÷oh dfwli gh iruph = o*h�hw pìprluh gh iruph hvw xwlolvì srxu prgl�hu od iruph gh
od pdwulfh gx frpsrvlwh +fi �jxuh 8153,1

� Uhod{dwlrq = od pduwhqvlwh lqgxlwh sdu ohv frqwudlqwhv shuphw gh uhoåfkhu ohv frqwudlqwhv
lpsrvìhv/ fhoohv0fl srxydqw íwuh gxhv ã xq fkdujhphqw sduwlfxolhu/ ghv gl�ìuhqfhv hqwuh
ohv frh!flhqwv gh glodwdwlrq wkhupltxhv rx ã ghv fkrfv wkhupltxhv1

� Frqwu÷oh gh od iuìtxhqfh gh yleudwlrq = o*lqwurgxfwlrq g*xq DPI shuphw gh prgl�hu
iruwhphqw oh frpsruwhphqw g*xq frpsrvlwh hw lqgxlw fhuwdlqhv sduwlfxodulwìv frpph od
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Ilj1 8153 = Dmxvwhphqw gh od frxuexuh g*xqh dloh g*dylrq lqwìjudqw ghv �ov DPI

prgl�fdwlrq gh od iuìtxhqfh sursuh vxlydqw od vwuxfwxuh gh o*DPI1 Oruvtxh oh pdwìuldx
hvw wudyhuvì sdu xq frxudqw ìohfwultxh/ od vwuxfwxuh frqqdñw xq ìfkdx�hphqw txl hqwudñqh
o*dssdulwlrq gh pduwhqvlwh fh txl prgl�h vrq vshfwuh gh uìvrqdqfh +fi �jxuh 8154,1

Ilj1 8154 = Prgl�fdwlrq gx vshfwuh gh yleudwlrq g*xqh vwuxfwxuh

91415 Gh od prgìolvdwlrq gx frpsruwhphqw ghv vwuxfwxuhv plqfhv hq DPI
yhuv oh fdofxo pxowlfrxfkhv

Ohv rxwlov gìyhorssìv hw whvwìv oruv fh wudydlo gh wkëvh v*lqvfulyhqw frpsoëwhphqw gdqv fhwwh
orjltxh ghv vwuxfwxuhv dgdswdwlyhv1Ohv vwuxfwxuhv plqfhv hq DPI lqwhuylhqqhqw iuìtxhpphqw
gdqv fh w|sh gh vwuxfwxuhv qrwdpphqw hq fh txl frqfhuqh oh frqwu÷oh gh iruph sdvvli/ o*lq0
wìjudwlrq ghv DPI gdqv oh exw g*xq frqwu÷oh dfwli ìwdqw judqghphqw olplwì sdu oh whpsv gh
uìsrqvh frqvìtxhqw ghv DPI ã xq vwlpxoxv h{wìulhxu1

O*ìoìphqw gh frtxh suìvhqwì dx gìexw gh fh udssruw d ìwì gìyhorssì d�q gh uìdolvhu gx
fdofxo pxowlfrxfkhv ruwkrwurshv ^FDU34`1 Dlqvl/ lo hvw srvvleoh gh frqvlgìuhu xqh orl gh frp0
sruwhphqw sdu frxfkh srxu vlpxohu od uìsrqvh g*xqh vwuxfwxuh frpsrvlwh ã xqh vroolflwdwlrq
grqqìh +fi �jxuh 8155,1
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Ilj1 8155 = Xwlolvdwlrq gh o*ìoìphqw gh frtxh srxu oh fdofxo pxowlfrxfkhv 0 Dssolfdwlrq vxu
xq vwudwl�ì yhuuh ìsr{|2DPI2yhuuh ìsr{|

O*h{hpsoh vxlydqw ylvh ã gìprqwuhu o*dswlwxgh gh o*ìoìphqw hw gh od orl gh frpsruwhphqw
DPI lpsodqwìv gdqv oh frgh ìoìphqwv �qlv FDVWHP ã vlpxohu od uìsrqvh hq  h{lrq g*xqh
vwuxfwxuh frpsrvlwh1 Od frq�jxudwlrq gh fhw hvvdl hvw lghqwltxh ã fhooh xwlolvìh gdqv oh fkdslwuh
suìfìghqw1 O*DPI xwlolvì hvw oh Fx]qDo suìvhqwì doruv1

Fhwwh vwuxfwxuh k|eulgh hvw frqvwlwxìh gh wurlv frxfkhv = xqh frxfkh g*DPI sulvh hq
vdqgzlfk hqwuh ghx{ frxfkhv gh frpsrvlwh uìvlqh ìsr{|0�euh gh yhuuh1 Sdu udssruw ã xqh
gluhfwlrq grqqìh/ od frxfkh vxsìulhxuh suìvhqwh xqh gluhfwlrq g*dqlvrwurslh g*rulhqwdwlrq � hw
od frxfkh lqiìulhxuh xqh gluhfwlrq g*dqlvrwurslh g*rulhqwdwlrq �1

Oh frpsruwhphqw ghv frxfkhv frpsrvlwhv yhuuh0ìsr{| hw od prgìolvdwlrq qxpìultxh fru0
uhvsrqgdqwh rqw ìwì gìyhorssìv dx vhlq gh o*ìtxlsh ^ERX36` hw lpsodqwìv gdqv FDVWHP
53331

Hq rxwuh/ lo hvw srvvleoh gh mrxhu vxu o*rulhqwdwlrq gh fkdtxh frxfkh/ fh txl shuphw g*ìydoxhu
o*lq xhqfh gh o*rulhqwdwlrq ghv frxfkhv vxu od uìsrqvh joredoh gh od vwuxfwxuh frpsrvlwh +fi
�jxuh 8156,1

91416 Frqfoxvlrq
Od fdsdflwì uìhooh gh idluh gx fdofxo qxpìultxh gh vwuxfwxuhv k|eulghv lqwìjudqw ohv DPI

vrxv iruph gh �opv plqfhv grlw hqfruh íwuh frq�upìh sdu xqh frqiurqwdwlrq dyhf o*h{sìulhqfh
srxu ghv wudmhwv gh fkdujhphqw txhofrqtxhv1
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Ilj1 8156 = Lq xhqfh ghv DPI vxu od uìsrqvh hq  h{lrq g*xqh vwuxfwxuh k|eulgh 0 H�hw gh
o*rulhqwdwlrq ghv frxfkhv

915 H{whqvlrq dx fdv gh fkdujhphqwv qrq0sursruwlrqqhov
Oh gìyhorsshphqw ghv dssolfdwlrqv lqwìjudqw ohv DPI sdvvh sdu od pxowlsolfdwlrq ghv hv0

vdlv pxowld{ldx{1 Ohv suhplhuv hvvdlv svhxgrìodvwltxhv vrxv fkdujhphqw pxowld{ldx{ rqw plv
hq ìylghqfh ghv skìqrpëqhv whov txh od uìrulhqwdwlrq ghv yduldqwhv gh pduwhqvlwh/ uìyìodqw ohv
olplwhv gh od soxsduw ghv prgëohv gh frpsruwhphqw gìyhorssìv gdqv oh frqwh{wh gh fkdujh0
phqwv sursruwlrqqhov1 Od olwwìudwxuh sruwdqw vxu ohv DPI v*hqulfklw gh wudydx{ h{sìulphqwdx{
gdqv fh grpdlqh1Sduudooëohphqw/ ohv prgëohv gh frpsruwhphqw shuphwwdqw gh uhqguh frpswh
gh fkdujhphqwv qrq0sursruwlrqqhov whqghqw ã vh pxowlsolhu1 Dlqvl/ lo hvw lqwìuhvvdqw g*ìwhqguh
oh prgëoh gh frpsruwhphqw srxu fh w|sh gh fkdujhphqw ^ERX35e`1

498



Shuvshfwlyhv

499



Frqfoxvlrq

Dxfxq prgëoh qh suìwhqg h{soltxhu sduidlwhphqw od uìdolwì1 Od udlvrq g*íwuh g*xq pr0
gëoh gh frpsruwhphqw uìvlgh gdqv od yrorqwì gh uhsuìvhqwhu oh soxv suìflvìphqw srvvleoh ghv
skìqrpëqhv sk|vltxhv1 Od frpelqdlvrq prgëoh qxpìultxh2h{sìulhqfh2rxwlov lqirupdwltxhv
shuphw pdlqwhqdqw gh uìdolvhu ghv vlpxodwlrqv vxu ghv vwuxfwxuhv ìoderuìhv1

Ohv pxowlsohv idfhwwhv gx frpsruwhphqw ghv DPI frpsoltxhqw od jìqìudolvdwlrq g*xq pr0
gëoh fdsdeoh gh wrxwhv ohv vlpxohu1 Qrpeuhxvhv vrqw ohv iìhv txl vh vrqw shqfkìhv vxu oh ehufhdx
ghv DPI1 Dxmrxug*kxl/ fhv pdwìuldx{ rqw dwwhlqw xqh fhuwdlqh �pdwxulwì� frpph hq wìprljqh
ohxu odujh xwlolvdwlrq gdqv gh qrpeuhx{ grpdlqhv1 Gìvrupdlv/ o*dyhqlu ghv DPI vhpeoh vh
gì�qlu hq whuphv gh frpsrvdqwhv gh vwuxfwxuhv dgdswdwlyhv/ qrwdpphqw srxu oh frqwu÷oh df0
wli hw sdvvli ghv vwuxfwxuhv frpsrvlwhv fdu ohv ìoìphqwv gh frppdqgh hq DPI fxpxohqw ohv
irqfwlrqv gh fdswhxu/ surfhvvhxu hw dfwlrqqhxu/ shuphwwdqw xqh lqwìjudwlrq pd{lpxp gdqv
xq hvsdfh plqlpxp1

Oh frgh ìoìphqw �ql FDVWHP 5333 qh glvsrvdlw sdv g*ìoìphqwv shuphwwdqw oh fdofxo gh
vwuxfwxuhv frtxhv hq wuëv idleoh ìsdlvvhxu hq udlvrq gx sureoëph gh yhuurxloodjh1 Od suhplëuh
sduwlh gh fhwwh wkëvh d ìwì frqvdfuìh ã o*lpsodqwdwlrq gdqv oh frgh g*xq ìoìphqw gh frtxh
gìjìqìuì grqw od flqìpdwltxh shuphw g*lvrohu ohv whuphv gh flvdloohphqw wudqvyhuvh d�q g*hi0
ihfwxhu xqh lqwhusrodwlrq pl{wh gh fhv frpsrvdqwhv gdqv oh exw gh uhpìglhu dx yhuurxloodjh1
O*remhfwli gh fdofxov gh vwuxfwxuh sdvvdlw ìjdohphqw sdu xqh h{whqvlrq gh o*ìoìphqw gdqv xq
frqwh{wh gh judqghv wudqvirupdwlrqv1 Wrxw fh wudydlo dxudlw hx xq lqwìuíw olplwì vdqv xqh
ydolgdwlrq uljrxuhxvh sdu xqh fdpsdjqh g*hvvdlv gh uìiìuhqfhv1

Oh vhfrqg judqg fkdqwlhu gh fh wudydlo sruwdlw vxu od plvh dx srlqw g*xq prgëoh gh frpsru0
whphqw skìqrpìqrorjltxh gh od vxshuìodvwlflwì ghv Dooldjhv ã Pìprluh gh Iruph1 V*dssx|dqw
vxu od wkìrulh ghv pdwìuldx{ vwdqgdugv jìqìudolvìv hw ohv prgëohv fodvvltxhv gh od sodvwlflwì/
lo v*lqvfulw gdqv xq fdguh wkhuprg|qdpltxh vwulfw1 Fh fdguh hvw vx!vdpphqw jìqìudo srxu
hqjorehu od soxsduw ghv prgëohv frqfhuqdqw ohv DPI/ qrwdpphqw oh prgëoh UOW pdlv ìjdoh0
phqw xq prgëoh srxu ghv pdwìuldx{ grqw oh frpsruwhphqw suìvhqwh xqh iruwh gìshqgdqfh ã
vrq klvwrluh1 O*ruljlqdolwì gh fh prgëoh vh uìyëoh ìjdohphqw vrxv g*dxwuhv dqjohv1 Dx0ghoã gh
vrq fdudfwëuh jìqìudo/ lo suhqg hq frpswh od glvv|pìwulh wudfwlrq0frpsuhvvlrq hw shuphw gh
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vlpxohu ghv erxfohv lqwhuqhv1 Hq rxwuh/ o*h{whqvlrq gx fdguh hq wudqvirupdwlrqv �qlhv v*ds0
sxlh vxu ohv qrwlrqv gh frq�jxudwlrq lqwhupìgldluh gìirupìh hw gh yhfwhxuv gluhfwhxuv txl
shuphwwhqw g*rewhqlu xq irupdolvph yrlvlq gh fhoxl ghv shwlwhv shuwxuedwlrqv1

Xqh h{fxuvlrq gdqv oh grpdlqh h{sìulphqwdo d ìwì qìfhvvdluh srxu dpìolruhu od edvh gh
grqqìhv hq yxh gh o*lghqwl�fdwlrq ghv sdudpëwuhv pdwìuldx hw gh od ydolgdwlrq ghv hvvdlv gh
vwuxfwxuh1 Fhwwh wåfkh d ìwì judqghphqw idflolwìh sdu o*h{lvwhqfh gh edqfv g*hvvdlv ìsurxyìv
dx vhlq gx oderudwrluh1 Xqh plvh hq rhxyuh dlvìh ghv pdqlsxodwlrqv d udslghphqw grqqì ghv
uìvxowdwv h{sorlwdeohv1 Xqh lghqwl�fdwlrq lqyhuvh/ edvìh vxu xq dojrulwkph jìqìwltxh hw ghv
pìwkrghv gh uìvroxwlrq orfdoh/ hvw hq frxuv gh uìdolvdwlrq hw ghyudlw shuphwwuh surfkdlqhphqw
g*lghqwl�hu gh idêrq rswlpdoh ohv sdudpëwuhv gx pdwìuldx ã sduwlu gh uìsrqvhv h{sìulphqwdohv1

Oh ghuqlhu yrohw gh fhwwh ìwxgh hvw uhodwli ã o*lqwìjudwlrq qxpìultxh ghv orlv gh frpsruwh0
phqw gx prgëoh/ dx pr|hq g*xqh pìwkrgh lpsolflwh/ vxlylh gh o*lpsodqwdwlrq gdqv oh frgh1
Xq dojrulwkph suìglfwhxu0fruuhfwhxu vsìfl�txh/ shuphwwdqw gh jìuhu od wudqvlwlrq gh skdvh
lqyhuvh frpswh whqx gh od uìgxfwlrq krprwkìwltxh gh od vxuidfh vhxlo dvvrflìh/ d ìwì ghyhorssì
hw ydolgì sdu o*h{sìulhqfh gdqv oh fdv ghv wudqvirupdwlrqv �qlhv1 Lo vhpeoh wrxwhirlv xwloh gh
srxuvxlyuh fhwwh fdpsdjqh g*hvvdlv gh ydolgdwlrq sdu od frpsdudlvrq dyhf g*dxwuhv hvvdlv h{0
sìulphqwdx{ hq judqghv wudqvirupdwlrqv srxu glyhuvhv vroolflwdwlrqv1 Fh frpsoìphqw g*ìwxgh
hvw lqglvshqvdeoh srxu �delolvhu hw rswlpdolvhu o*rxwlo qxpìultxh gìyhorssì1 O*lqwìjudwlrq gx
prgëoh gdqv oh frqwh{wh gh o*ìoìphqw �ql gh frtxh gìjìqìuì shuphw g*hqylvdjhu ghv fdofxov
vxu ghv vwuxfwxuhv wuëv plqfhv hq wudqvirupdwlrqv �qlhv vrxv fkdujhphqwv sursruwlrqqhov1 Hq
dmrxwdqw ã fhod o*dswlwxgh dx fdofxo pxowlfrxfkhv gh fhw ìoìphqw/ rq rewlhqw xqh shuvshfwlyh
wuëv lqwìuhvvdqwh hq whuphv gh vwuxfwxuhv dgdswdwlyhv1
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^DEH<6` Deh|dudwqh U1 dqg Nqrzohv M1N1/ D frqwlqxxp prgho ri d wkhuprhodvwlf vrolg
fdsdeoh ri xqghujrlqj skdvh wudqvlwlrqv / M1 Phfk1 Sk|v1 Vrolgv/ Yro1 74/ s1 8740
8:4/ 4<<61

^DKP:4` Dkpdg V1/ Lurqv E1 P1/ ]lhqnlhzlf} R1 F1/ Dqdo|vlv ri wklfn dqg wklq vkhoo vwuxf0
wxuhv e| fxuyhg �qlwh hohphqwv > Lqw1 M1 iru Qxp1 Phwk1 lq Hqjqj1/ Yro1 5:/ s1
5:405;6/ 4<:41

^DLP34` Kdxwfrhxu D1/ kwws =22zzz1d5lp1frp/ 53341
^DXU<8` Dxulffklr I1/ Vkdsh phpru| door|v = dssolfdwlrqv/ plfurphfkdqlfv/ pdfurprgho0

olqj dqg qxphulfdo vlpxodwlrqv/ SkG wkhvlv/ Xqlyhuvlw| ri Fdoliruqld dw Ehunhoh|/
FD/ XVD/ 4<<81

^DXU<:d` Dxulffklr I1 hw Wd|oru U1/ Vkdsh0phpru| door|v = prghoolqj dqg qxphulfdo vlpx0
odwlrqv ri wkh �qlwh0vwudlq vxshuhodvwlf ehkdylru/ Frpsxw1 Phwkrgv Dsso1 Phfk1
Hqjuj1/ Yro1 476/ s1 4:804<7/ 4<<:1

^DXU<:e` Dxulffklr I1/ Wd|oru U1 hw Oxeolqhu M1/ Vkdsh0phpru| door|v = pdfurprghoolqj dqg
qxphulfdo vlpxodwlrqv ri wkh vxshuhodvwlf ehkdylru/ Frpsxw1 Phwkrgv Dsso1 Phfk1
Hqjuj1/ Yro1 479/ s1 5;40645/ 4<<:1

^DXU<:f` Dxuulfklr I1 dqg Oxeolqhu M1/ D xqld{ldo prgho iru vkdsh phpru| door|v/ Lqw1 M1
Vro1 Vwuxfwxuhv/ Yro1 67/ s1 69340694;/ 4<<:1

^DXU<:g` Dxulffklr I1 dqg Vdffr H1/ D vxshuhodvwlf vkdsh door| ehdp prgho/ M1 Lqw1 Pdw1
V|v1 Vwuxfw1/ Yro1 ;/ 4<<:1

^DXU<:h` Dxulffklr I1/ Vdffr H1/ D rqh0glphqvlrqdo prgho iru vxshuhodvwlf vkdsh0phpru|
door|v zlwk gl�huhqw hodvwlf surshuwlhv ehwzhhq dxvwhqlwh dqg pduwhqvlwh > Lqw1 M1
Qrq0Olqhdu Phfkdqlfv/ Yro1 65/ q�9/ s1 443404447/ 4<<:1

^DXU<<d` Dxulffklr I1/ Wd|oru U1O1/ D uhwxuq0pds dojrulwkp iru jhqhudo dvvrfldwlyh lvrwurslf
hodvwr0sodvwlf pdwhuldov lq odujh ghirupdwlrq uhjlphv/ Lqw1 M1 ri Sodvwlflw|/ Yro1 48/
s1 468<046:;/ 4<<<1
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^DXU<<e` Dxulffklr I1/ Vdffr H1/ D whpshudwxuh0ghshqghqw ehdp iru vkdsh phpru| door|v =
frqvwlwxwlyh prghoolqj/ �qlwh0hohphqw lpsohphqwdwlrq dqg qxphulfdo vlpxodwlrqv/
Frpsxw1 Phwkrgv Dsso1 Phfk1 Hqjuj1/ Yro1 4:7/ s1 4:404<3/ 4<<<1

^DXU34d` Dxuulfklr I1/ D urexvw lqwhjudwlrq dojrulwkp iru d �qlwh vwudlq vkdsh phpru| door|
vxshuhodvwlf prgho/ Lqw1 M1 Sodvwlflw|/ Yro1 4:/ s1 <:40<<3/ 53341

^DXU34e` Dxulffklr I1/ Frqvlghudwlrq rq wkh frqvwlwxwlyh prgholqj ri vkdsh0phpru| door|v/
Vkdsh Phpru| Door|v Dgydqfhv lq Prghoolqj dqg Dssolfdwlrqv/ I1 Dxulffklr/ O1
Idudyhool/ J1 Pdjrqhwwh ) Y1 Wruud Hgwv1/ FLPQH/ Edufhorqd/ Vsdlq/ s1 45804;:/
53341

^DXU35` Dxulffklr I1 dqg Shwulql O1/ Lpsuryhphqwv dqg dojrulwkplfdo frqvlghudwlrqv rq
d uhfhqw wkuhh0glphqvlrqdo prgho ghvfulelqj vwuhvv0lqgxfhg vrolg skdvh wudqviru0
pdwlrqv/ Lqw1 Mrxuqdo iru Qxphulfdo Phwkrgv lq Hqjuj1/ Yro1 88/ s1 4588045;7/
53351

^EDL57` Edlq H1F1/ Wudqv1 DLPH/ Yro1 :3/ s1 58/ 4<571
^EDO<5` Edoo M1 dqg Mdphv U1/ Sursrvhg h{shulphqwdo whvwv ri d wkhru| ri �qh plfurvwuxf0

wxuh dqg wkh wzr0zhoo sureohp/ Sklo1 Wudqvdfwlrqv ri wkh Ur|do Vrflhw|/ Vhulhv D
66;/ s1 6;<0783/ 4<<51

^EDW<3d` Edwr} M1 O1 hw Gkdww J1/ Prgìolvdwlrq ghv Vwuxfwxuhv sdu Hoìphqwv Ilqlv/ Yro1 526/
Khuphv/ 4<<31

^EDW;9d` Edwkh N0M1 dqg Gyrunlq H1Q1/ D irupxodwlrq ri jhqhudo vkhoo hohphqwv 0 Wkh xvh
ri pl{hg lqwhusrodwlrq ri whqvruldo frpsrqhqwv/ Lqw1 Mrxuqdo iru Qxp1 Phwk1 Lq
Hqj1/ Yro1 55/ s1 9<:0:55/ 4<;91

^EDW;9e` Edwkh N1 M1/ Gyrunlq H1 Q1/ D irxu qrgh sodwh ehqglqj hohphqw edvhg rq Plqg0
olq2Uhlvvqhu sodwh wkhru| dqg d pl{hg lqwhusrodwlrq/ Lqw1 M1 iru Qxp1 Phwk1 lq
Hqjqj1/ Yro1 55/ s1 9<:0:55/ 4<;91

^EDW<3e` Edwkh N1 M1/ Exfdohp P1 O1/ Euh}}l I1/ Glvsodfhphqw dqg vwuhvv frqyhujhqfh ri
rxu PLWF sodwh ehqglqj hohphqwv > Hqjlqhhulqj Frpsxwdwlrqv/ Yro1 :/ s1 5<40635/
4<<31

^EDW<9` Edwkh N1 M1/ Ilqlwh Hohphqw Surfhgxuhv/ Suhqwlfh Kdoo/ 4<<91
^EHD8<` Ehdpv M1 Z1/ Vwuxfwxuh Dqg Surshuwlhv ri Wklq Ilopv/ Hgv1 F1 D1 Qhxjhedxhu/ M1

Zloh| dqg Vrqv/ Qhz \run/ 4<8<1
^EHO;8` Eho|wvfknr W1/Vwroduvnl K1/ OlxZ1N1/ Fdushqwhu Q1 dqg Rqj M1V1/ Vwuhvv surmhfwlrq

iru phpeudqh dqg vkhdu orfnlqj lq vkhoo �qlwh hohphqwv/ Frps1 Phwk1 Lq Dsso1
Phfk1 dqg Hqj1/ Yro1 84/ s1 554058;/ 4<;81

^EHU;5` Ehuwvhndv G1 S1/ Frqvwudlqhg rswlpl}dwlrq dqg odjudqjh pxowlsolhu phwkrgv/ Dfd0
ghplf Suhvv/ Qhz \run/ 4<;51
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^EKD<<` Ekdwwdfkdu|d N1/ Fu|vwdoorjudsklf dwwulexwhv ri d vkdsh phpru| door|/ M1 Hqjl0
qhhulqj Pdwhuldov dqg Whfkqrorj|/ Yro1 454/ s1 <60<:/ 4<<<1

^ER<<d` Er ]1/ Odjrxgdv G1F1 dqg Ploohu G1/ Pdwhuldo fkdudfwhul}dwlrq ri vpd dfwxdwruv
xqghu qrq sursruwlrqdo ordglqj/ M1 Hqjlqhhulqj Pdwhuldov dqg Whfkqrorj|/ Yro1
454/ s1 :;0;8/ 4<<<1

^ER<<e` Er ]1/ Odjrxgdv G1 F1/ Wkhuprphfkdqlfdo prgholqj ri sro|fu|vwdoolqh VPDv xq0
ghu f|folf ordglqj1 Sduw L = wkhruhwlfdo ghulydwlrqv/ Lqw1 M1 Hqjqj1 Vf1/ Yro1 6:/ s1
43;<04473/ 4<<<1

^ER<<f` Er ]1/ Odjrxgdv G1 F1/ Wkhuprphfkdqlfdo prgholqj ri sro|fu|vwdoolqh VPDv xq0
ghu f|folf ordglqj/ Sduw LY = prgholqj ri plqru k|vwhuhvlv orrsv/ Lqw1 M1 Hqjqj1 Vf1/
Yro1 6:/ s1 45380457</ 4<<<1

^ERL<5` Erlvvh S1/ Gdqlho M1 O1 dqg Jholq M1 F1/ D vlpsoh lvrsdudphwulf wkuhh0qrgh vkhoo
�qlwh hohphqw/ Frpsxwhuv ) Vwuxfwxuhv/ Yro1 77/ q�9/ s1 4596045:6/ 4<<51

^ERL<6` Erlvvh S1/ Gdqlho M1O1 hw Jholq M1F1/ Hoìphqw �ql gh frtxh ã wurlv qrhxgv srxu
oh fdofxo ghv vwuxfwxuhv plqfhv hq judqghv gìirupdwlrqv/ Uhyxh Hxursìhqqh ghv
Hoìphqwv Ilqlv/ Yro1 5/ q�5/ s1 4:<053</ 4<<61

^ERL<7` Erlvvh S1/ Gdqlho M1 O1 dqg Jholq M1 F1/ D F  wkuhh0qrgh vkhoo hohphqw iru qrq0olqhdu
vwuxfwxudo dqdo|vlv/ Lqw1 M1 iru Qxp1 Phwk1 lq Hqjqj1/ Yro1 6:/ 4<<71

^ERL<9` Erlvvh S1/ Jholq M1F1 dqg Gdqlho M1O1/ Frpsxwdwlrq ri wklq vwuxfwxuhv dw odujh
vwudlqv dqg odujh urwdwlrqv xvlqj vlpsoh F  lvrsdudphwulf wkuhh0qrgh vkhoo hohphqw/
Frpsxwhuv dqg vwuxfw1/ Yro1 8;/ q�5/ s1 57<0594/ 4<<91

^ERQ<7` Erqqrwwh H1/ Hwxgh ghv sursulìwìv pìfdqltxhv ghv �opv plqfhv1 Dssolfdwlrq dx
vlolflxp prqrfulvwdoolq/ Wkëvh gh Grfwrudw q�763/ Xqlyhuvlwì gh Iudqfkh0Frpwì/
4<<71

^ERX<7` Erxedndu P1 O1/ Frqwulexwlrq ã od vlpxodwlrq qxpìultxh gh o*hperxwlvvdjh ghv
w÷ohv1 Sulvh hq frpswh gx frpsruwhphqw ìodvwrsodvwltxh dqlvrwursh/Wkëvh gh Grf0
wrudw q�74;/ Xqlyhuvlwì gh Iudqfkh0Frpwì/ 4<<71

^ERX<;d` Erxedndu P O1 hw Erlvvh S1/ Frpsruwhphqw ìodvwrsodvwltxh dqlvrwursh srxu o*dqd0
o|vh qxpìultxh ghv frtxhv plqfhv hq judqghv wudqvirupdwlrqv/ Uhyxh Hxursìhqqh
ghv Hoìphqwv Ilqlv/ Yro1 :/ q�9/ s1 :3<0:68/ 4<<;1

^ERX<;e` Erxedndu P1 O1/ Pr|qh V1/ Oh{fhoohqw Fk1 hw Erlvvh S1/ Dqdo|vh hw suìglfwlrq
60G gx frpsruwhphqw gh vwuxfwxuhv hq dooldjhv ã pìprluh gh iruph ã judqghv
gìirupdwlrqv svhxgrìodvwltxhv/ Uhyxh Hxursìhqqh ghv Hoìphqwv Ilqlv/ Yro1 :/ q�;/
s1 <40443/ 4<<;1

^ERX<<` Erxedndu P1O/ Pr|qh V1/ Oh{fhoohqw Fk1 dqg Erlvvh S1/ Vkdsh phpru| door|v
svhxgrhodvwlf �qlwh vwudlq = wkhru| dqg qxphulfdo dssolfdwlrqv/ MVPH/ Yro1 454/ s1
7707:/ 4<<<1
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^ERX35d` Erxedndu P1O1 dqg Oh{fhoohqw F1/ Vrph wrrov iru prghoolqj vkdsh phpru| door|v1
Wkhuprphfkdqlfdo ehkdylrxu dqg vrph h!flhqw xvh/ Wklug Zruog Frqihuhqfh rq
Vwuxfwxudo Frqwuro/ Frpr/ Lwdo|/ 53351

^ERX35e` Erxedndu P1 O1/ Gh od prgìolvdwlrq qxpìultxh gh pdwìuldx{ frpsrvlwhv rx ã
wudqvlwlrq gh skdvh/ KGU q�444/ Xqlyhuvlwì gh Iudqfkh0Frpwì/ 53351

^ERX36` Erxedndu P1O1/ Ydqj O1/ Wulydxgh| I1 dqg Shuuhx{ G1/ D phvr0pdfur �qlwh hoh0
phqw prghoolqj ri odplqdwh vwuxfwxuhv0 Sduw LL = wlph ghshqghqw ehkdylrxu/ Frp0
srvlwh Vwuxfwxuhv/ 93/ s1 5:80638/ 53361

^ERX33` Erxyhw F1/ Erxedndu P1O1 dqg Oh{fhoohqw F1/ Wzr qrupdo glvvlsdwlyh surfhvvhv
iru wkhuprphfkdqlfdo prghoolqj ri vkdsh phpru| door|v/ LDVV 0 LDFP Irxuwk
lqwhuqdwlrqdo Froortxlxp rq frpsxwdwlrqv ri vkhoo dqg vsdwldo vwuxfwxuhv/ Fkdqld
0 Fuhwh/ Juhhfh/ 53331

^ERX34d` Erxyhw Fk1/ Gh o*xqld{ldo dx pxowld{ldo = frpsruwhphqw svhxgrìodvwltxh ghv do0
oldjhv ã pìprluh gh iruph/ Wkëvh gh Grfwrudw q�;:3/ Xqlyhuvlwì gh Iudqfkh0Frpwì/
53341

^ERX34e` Erxyhw F1/ Erxedndu P1O1 dqg Oh{fhoohqw F1/ Whqvlrq0frpsuhvvlrq dv|phwulf hi0
ihfw rq wkh qxphulfdo prghoolqj ri svhxgrhodvwlf vkdsh phpru| door|v/ HFFP
5334 Fudfrz Srodqg Mxqh 5905</ 53341

^ER\<9d` Er|g M1 J1 dqg Odjrxgdv G1 F1/ D wkhuprg|qdplfdo frqvwlwxwlyh prgho iru vkdsh
phpru| pdwhuldov1 Sduw L = Wkh prqrolwklf vkdsh phpru| door|/ Lqw1 M1 ri Sodvwlflw|/
Yro1 45/ q�9/ s1 ;380;75/ 4<<91

^EUH;<` Euh}}l I1/ Edwkh N1 M1 dqg Iruwlq P1/ Pl{hg0lqwhusrodwhg hohphqwv iru Uhlvv0
qhu2Plqgolq sodwhv/ Lqw1 M1 iru Qxp1 Phwk1 lq Hqjqj1/ Yro1 5;/ s1 4:;:04;34/ 4<;<1

^EUL<6d` Eulqvrq O1 dqg Odpphulqj U1/ Ilqlwh hohphqw dqdo|vlv ri wkh ehkdylru ri vkdsh
phpru| door|v dqg wkhlu dssolfdwlrqv/ Lqw1 M1 ri Vrolgv dqg Vwuxfwxuhv/ Yro1 63/ s1
6594065;3/ 4<<61

^EXF<:` Exfdohp P1O1 dqg Edwkh N1M1/ Ilqlwh hohphqw dqdo|vlv ri vkhoo vwuxfwxuhv/ Dufklyhv
ri Frpsxwdwlrqdo Phwkrgv lq Hqj1/ Yro1 7/ s1 6094/ 4<<:1

^EXH96` Exhkohu Z1M1/ Jloiulfk M1Y1 dqg Zloh| U1F1/ M1 Dsso1 Sk|v1/ Yro167/ s1 47:8/ 4<961
^FDU34` Fdueloohw V1/ Fdofxo pxowlfrxfkh gdqv xq ìoìphqw frtxh dyhf flvdloohphqw wudqv0

yhuvh 0 Dssolfdwlrqv ã ghv pdwìuldx{ pxowlfrxfkhv/ G1H1D1 gh o*Hfroh Qdwlrqdoh
Vxsìulhxuh gh Pìfdqltxh hw ghv Plfurwhfkltxhv/ 53341

^FKD84` Fkdqj O1F1 dqg Uhdg W1D1/ Wudqv1 DLPH / Yro1 4<4/ s1 7:/ 4<841
^FRV3<` Frvvhudw H1 dqg I1/ Wkìrulh ghv frusv gìirupdeohv/ Khupdqq/ Sdulv/ 4<3<1
^GDQ<;` Gdqlho M0O1/ Frqwulexwlrq ã od vlpxodwlrq gh o*hperxwlvvdjh/ Wkëvh gh Grfwrudw/

Xqlyhuvlwì g*Ruoìdqv/ 4<<;1
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^GLQ;<` Glqj \1/ Ilqlwh0urwdwlrqv hohphqwh }xu jhrphwulvfk qlfkw olqhduhq dqdo|vh doojhphl0
qhu  çfkhqwudzhunh/ Lqvwlwxw i u Nrqvwuxnwlyhq Lqjhqlhxuedx/ Uxku Xqlyhuvlwçw
Erfkxp/ Whfkqlfdo Uhssruw/ q�9/ 4<;<1

^GRJ;;` Grjxl D1/ Flqìpdwltxh elglphqvlrqqhooh hq judqghv gìirupdwlrqv1 Dssolfdwlrq ã
od wudfwlrq kruv d{hv hw ã od wruvlrq/ M1 Pìfd1 Wk1 hw Dsso1/ Yro1 4/ 4<;;1

^GRJ;<` Grjxl D1/ Sodvwlflwì dqlvrwursh hq judqghv gìirupdwlrqv/ Wkëvh gh Grfwrudw ëv0
Vflhqfh/ Xqlyhuvlwì Fodxgh Ehuqdug/ O|rq L/ 4<;<1

^GYR;7` Gyrunlq H1 Q1 dqg Edwkh N1 M1/ D frqwlqxxp phfkdqlfv edvhg irxu0qrgh vkhoo
hohphqw iru jhqhudo qrq0olqhdu dqdo|vlv/ Hqjlqhhulqj Frpsxwdwlrqv/ Yro1 4/ s1 ::0
;;/ 4<;71

^HFN7;` Hfnduw F1/ Wkh wkhuprg|qdplfv ri luuhyhuvleoh surfhvvhv = LY1 Wkh wkhru| ri hodv0
wlflw| dqg dqhodvwlflw|/ Sk|vlfdo Uhylhz :5/ 6:6/ 4<7;1

^HGH:7` Hghohq G1 F1/ Rq wkh fkdudfwhulvdwlrq ri  x{hv lq qrq0olqhdu luuhyhuvleoh wkhupr0
g|qdplfv/ Lqw1 M1 Hqjqj1 Vfl1/ Yro1 45/ s1 6<:/ 4<:71

^IDO;3` Idon I1/ Prgho iuhh hqhuj|/ phfkdqlfv dqg wkhuprg|qdplfv ri vkdsh phpru|
door|v/ Dfwd Phw1/ Yro1 5; / s1 4::604:;3/ 4<;31

^IUH;6` Iuhvvhqjhdv F1 hw Prolqdul D1/ Uhsuìvhqwdwlrq gx frpsruwhphqw sodvwltxh dqlvr0
wursh dx{ judqghv gìirupdwlrqv/ Udssruw Juhfr/ q�;4/ 4<;61

^JDD<6` Jddorxo K1/ Frqwulexwlrq ã od prgìolvdwlrq gh o*ìodvwrsodvwlflwì dqlvrwursh hq
judqghv gìirupdwlrqv1 Dssolfdwlrq dx{ w÷ohv g*hperxwlvvdjh/ Wkëvh gh Grfwrudw/
H1F1O|rq/ Iudqfh/ 4<<61

^JDO<;` Jdoo N1/ Vhklwrjox K1/ Pdlhu K1 M1 dqg Mdfrexv N/ Vwuhvv0lqgxfhg pduwhqvlwlf
wudqvirupdwlrqv lq sro|fu|vwdoolqh Fx]qDo vkdsh phpru| door|v xqghu gl�huhqw
vwuhvv vwdwhv/ Phw1 Pdw1 Wudqv1/ s1 :980::6/ 4<<;1

^JHU:4` Jhupdlq S/ Frxuv gh pìfdqltxh ghv plolhx{ frqwlqxv/ Wrph 4/ Pdvvrq hw Flh/
4<:41

^JHU;6` Jhupdlq S1/ Qjx|hq T1 V1 dqg Vxtxhw S1/ Frqwlqxxp Wkhuprg|qdplfv/ M1 Dsso1
Phfk1/ Yro1 83/ s1 434304353/ 4<;61

^JLO<<` Jloohw \1/ Sdwrru H1 dqg Ehuyhloohu P1/ Fdofxodwlrq ri svhxgrhodvwlf hohphqwv xvlqj
d qrq v|pphwulfdo wkhuprphfdqlfkdo fulwhulrq dqg dvvrfldwhg uxoh/ M1 Lqwho1 Pdw1
Whfk1/ Yro1 </ s1 69906:;/ 4<<<1

^JLO<6` Jloruplql S1/ Urxglhu S1 hw Urxjìh S1/ Ohv gìirupdwlrqv fxpxoìhv whqvrulhoohv/ F1
U1 Dfdg1 Vf1 Sdulv/ W1 649/ Vìulh LL/ s1 47<<04837/ 4<<61

^JRR<:` Jrr E1 F1 dqg Oh{fhoohqw/ Plfurphfkdqlfv0edvhg prgholqj ri wzr0zd| phpru|
h�hfw ri d vlqjoh fu|vwdoolqh vkdsh0phpru| door|/ Dfwd Pdwhuldod / Yro1 78/ s1 :5:0
:6:/ 4<<:1
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^KDO:8` Kdoskhq E1 hw Qjx|hq T1 V1 > Vxu ohv pdwìuldx{ vwdqgdugv jìqìudolvìv/ M1 gh Pì0
fdqltxh/ Yro1 47/ q�4/ s1 6<096/ 4<:81

^KLO83` Kloo U1/ D wkhru| ri wkh sodvwlf exojlqj ri d phwdo gldskudjp e| odwhudo suhvvxuh/
Sklo1 Pdj1/ Yro1 74/ q�:/ s1 446604475/ 4<831

^KRU::` Kruuljprh J1/ Ilqlwh hohphqw lqvwdelolw| dqdo|vlv ri iuhh irup vkhoov/ Glylvlrq ri
Vwuxfwxudo Phfkdqlfv/ Qruzhjldq Lqvwlwxwh ri Whfkqrorj|/ Xqlyhuvlw| ri Wurqg0
khlp/ Uhsruw ::05/ 4<::1

^KXD<;` Kxdqj P1 dqg Eulqvrq O1 F1/ D Pxowlyduldqw prgho iru vlqjoh fu|vwdo vkdsh ph0
pru| door| ehkdylru/ M1 Phfkdqlfv dqg Sk|vlfv ri Vrolgv/ Yro1 79/ s1 46:<0473</
4<<;1

^KXD<<` Z1 Kxdqj/ \lhog vxuidfhv ri vkdsh phpru| door|v dqg wkhlu dssolfdwlrqv/ Dfwd
Pdwhuldod/ Yro1 7:/ s1 5:9<05::9/ 4<<<1

^KXJ;3` Kxjkhv W1 M1 U1 dqg Zlqjhw M1/ Ilqlwh urwdwlrq h�hfwv lq qxphulfdo lqwhjudwlrq ri
udwh frqvwlwxwlyh htxdwlrqv dulvlqj lq odujh ghirupdwlrq dqdo|vlv/ Lqw1 M1 iru Qxp1
Phwk1 lq Hqjqj1/ Yro1 48/ s1 4;9504;9:/ 4<;31

^KXJ;4` Kxjkhv W1M1U dqg Olx Z1N1/ Qrqolqhdu �qlwh hohphqw dqdo|vlv ri vkhoov = Sduw
L1 Wkuhh glphqvlrqqdo vkhoov/ Frps1 Phwk1 Lq Dsso1 Phf1 Dqg Hqj1/ Yro1 59/ s1
6640695/ 4<;41

^KXR<6` Kxr \1/ P oohu L1/ Qrqhtxloleulxp wkhuprg|qdplfv ri svhxgrhodvwlflw|/ Frqwlqxxp
Phfk1 Wkhuprg|q1/ Yro1 8/ s1 4960537/ 4<<61

^NHU<3` Nhuehu W1/ Uhyxh ghv ìoìphqwv �qlv gh frtxh dx wudyhuv ghv skìqrpëqhv gh yhu0
urxloodjh hw gh ohxuv uhpëghv/ Od uhfkhufkh dìurvsdwldoh/ q�6/ s1 780:9/ 4<<31

^NRK<;` Nrko P1 dqg Vnuredqhn N1R1/ Olqhdu dfwxdwruv edvhg rq wkh vkdsh phpru| h�hfw/
Vhqvruv dqg dfwxdwruv/ D:3/ s1 4370444/ 4<<;1

^NRK35` Nrko P1/ Nuhyhw E1 dqg Mxvw H1/ VPD plfurjulsshu v|vwhp/ Vhqvruv dqg dfwxdwruv/
D <:0<;/ s1 9790985/ 53351

^ODJ<9` Odjrxgdv G1F1/ Er ]1 dqg Tlgzdl P1D1/ D xql�hg wkhuprg|qdplf frqvwlwxwlyh
prgho iru vpd dqg �qlwh hohphqw dqdo|vlv ri dfwlyh phwdo pdwul{ frpsrvlwh/ Ph0
fkdqlfv ri Frpsrvlwh Pdwhuldo dqg Vwuxfwxuhv/ Yro1 6/ s1 48604:</ 4<<91

^ODJ<<` Odjrxgdv G1 F1/ Er ]1/ Wkhuprphfkdqlfdo prgholqj ri sro|fu|vwdoolqh VPDv xq0
ghu f|folf ordglqj1 Sduw LL = pdwhuldo fkdudfwhul}dwlrq dqg h{shulphqwdo uhvxowv iru
d vwdeoh wudqvirupdwlrq f|foh/ Lqw1 M1 Hqjqj1 Vf1/ Yro1 6:/ s1 4474044:6/ 4<<<1

^OHH9<` Ohh H1/ Hodvwlf0sodvwlf ghirupdwlrqv dw �qlwh vwudlqv/ M1 Dsso1 Phfk1/ Yro1 69/ s1
409/ 4<9<1

^OHS33` Ohssçqlhpl D1/ Vkdsh phpru| door|v 0 dssolfdwlrqv dqg frpphufldo dvshfwv/
kwws =22zzz1dg1wxw1�2dfl2frxuvhv2:985:2Vhplqduv53332VPD1sgi/ 53331
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^OH[<<` Oh{fhoohqw F1/ Uhm}qhu M1/ Erxyhw Fk1/ Urelqhw S1 hw Fdoorfk V1/ Frpsruwhphqw
svhxgrìodvwltxh ghv dooldjhv ã pìprluh gh iruph vrxv vroolflwdwlrqv pxowld{ldohv ud0
gldohv = dssurfkh h{sìulphqwdoh hw prgìolvdwlrq pdfurvfrsltxh skìqrpìqrorjltxh/
6<ëph Frqjuëv gh Phwdooxujlh/ Txìehf/ s1 :60;;/ 4<<<1

^OLP<<` Olp M1W1 dqg PfGrzhoo G1O1/ Phfkdqlfdo ehkdylrxu ri d QlWl vkdsh phpru| door|
xqghu d{ldo0wruvlrqdo sursruwlrqdo dqg qrqsursruwlrqdo ordglqj/ Mrxuqdo ri Hqjuj
Pdwhuldov dqg Whfkqrorj|/ Yro1 454/ s1 <04;/ 4<<<1

^OLQ<3` Olq S1/ Lq0vlwx phdvxuhphqw ri phfkdqlfdo surshuwlhv ri pxowlod|hu0frdwlqjv/ SkG1
Wkhvlv/ PLW/ Ervwrq/ 4<<31

^OXE<9` Oxeolqhu M1 dqg Dxulffklr I1/ Jhqhudol}hg sodvwlflw| dqg vkdsh0phpru| door|v/ Lqw1
M1 Vrolgv Vwuxfwxuhv/ Yro1 66/ q�:/ s1 <<404336/ 4<<91

^PDO9<` Pdoyhuq O1 H1/ Lqwurgxfwlrq wr wkh phfkdqlfv ri d frqwlqxrxv phglxp/ Suhqwlfh0
Kdoo/ Vhulhv lq Hqjlqhhulqj ri wkh Sk|vlfdo Vflhqfhv/ 4<9<1

^PDQ:4` Pdqgho M1/ Sodvwlflwì hw Ylvfrsodvwlflwì/ Frxuv F1L1V1P1 <:/ Xglqh/ Vsulqjhu/ Qhz
\run/ 4<:41

^PDW<7` Pdw}hqploohu D1 dqg Wd|oru U1O1/ D uhwxuq pdsslqj dojrulwkp iru lvrwurslf hodv0
wrsodvwlflw|/ Lqw1 Mrxuqdo iru Qxp1 Phwk1 Lq Hqj1/ Yro1 6:/ s1 ;460;59/ 4<<71

^PDX<5` Pdxjlq J1 D1/ Wkh wkhuprphfkdqlfv ri sodvwlflw| dqg iudfwxuh > Fdpeulgjh Wh{wv
lq Dssolhg Pdwkhpdwlfv/ Fdpeulgjh Xqlyhuvlw| Suhvv/ 4<<51

^PLF35` Plfkho M1I1/ Prgìolvdwlrq pìfdqltxh hw vlpxodwlrq qxpìultxh gh od plvh hq iruph
ghv vwuxfwxuhv hq wuëv idleohv glphqvlrqv/ Wkëvh gh Grfwrudw q�<84/ Xqlyhuvlwì gh
Iudqfkh0Frpwì/ 53351

^PRU<3` Prudq E1/ Ruwl} P1 dqg Vklk F1I1/ Irupxodwlrq ri lpsolflw �qlwh hohphqw phwkrgv
iru pxowlsolfdwlyh �qlwh ghirupdwlrq sodvwlflw|/ Lqw1 M1 Qxp1 Phwkrgv ri Hqjlqhh0
ulqj/ Yro1 5</ s1 7;60847/ 4<<31

^PRU9:` Pruhdx M1 M1/ Irqfwlrqqhoohv frqyh{hv/ Vìplqdluh vxu ohv ìtxdwlrqv dx{ gìulyìhv
sduwlhoohv/ Frxuv gx Frooëjh gh Iudqfh/ 4<9909:1

^PR\<;` Pr|qh V1/ Hwxgh h{sìulphqwdoh hw qxpìultxh gh vwuxfwxuhv hq dooldjh ã pìprluh
gh iruph/ Wkëvh gh Grfwrudw q�99;/ Xqlyhuvlwì gh Iudqfkh0Frpwì/ 4<<;1

^PXO;<` P oohu L1/ Rq wkh vl}h ri wkh k|vwhuhvlv lq svhxgr0hodvwlflw|/ Frqwlqxxp Phfk1
Wkhuprg|q1/ Yro1 4/ s1 4580475/ 4<;<1

^PXO<4` P oohu L1 dqg [x K1/ Rq wkh svhxgrhodvwlf k|vwhuhvlv/ Dfwd1 Phwd1 Pdwhu1/ Yro1 6</
s1 59605:4/ 4<<41

^QDJ;7` Qdjwhjddo M1 F1 dqg Yhogsdxv I1 H1/ Rq wkh lpsohphqwdwlrq ri �qlwh vwudlq sodv0
wlflw| htxdwlrqv lq d qxphulfdo prgho/ Qxphulfdo Dqdo|vlv ri Iruplqj Surfhvvhv/
Hgwv1 M1 I1 W1 Slwwpdq/ R1 F1 ]lhqnlhzlf}/ U1 G1 Zrrg dqg M1 P1 Doh{dqghu/ 4<;71
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^RUJ<9` Rujhdv O1 dqg Idylhu G1/ Qrq v|pphwulf whqvlrq0frpsuhvvlrq ehkdylru ri QlWl
door|/ M1 gh Sk|vltxh LY/ F;/ s1 9380943/ 4<<91

^RUJ<;` Rujhdv O1 dqg Idylhu G1/ Vwuhvv0lqgxfhg pduwhqvlwlf wudqvirupdwlrq ri d QlWl door|
lq lvrwkhupdo vkhdu/ whqvlrq dqg frpsuhvvlrq/ Dfwd Pdwhuldod/ Yro1 79/ s1 88:<0
88<4/ 4<<;1

^RUW;8` Ruwl} P dqg Srsry H1S1/ Dffxudf| dqg vwdelolw| ri lqwhjudwlrq dojrulwkpv iru
hodvwrsodvwlf frqvwlwxwlyh uhodwlrqv/ Lqw1 Mrxuqdo iru Qxphulfdo Phwkrgv lq Hqjuj1/
Yro1 54/ s14894048:9/ 4<;81

^RUW;9` Ruwl} P1 dqg Vlpr M1F1/ Dq dqdo|vlv ri d qhz fodvv ri lqwhjudwlrq dojrulwkp iru
hodvwrsodvwlf frqvwlwxwlyh uhodwlrqv/ Lqw1 M1 Qxp1 Phwkrgv ri Hqjlqhhulqj/ Yro1 56/
s1 6860699/ 4<;91

^RWV35` Rwvxnd N1dqg Ndnhvklwd W1/ Vflhqfh dqg whfkqrorj| ri vkdsh phpru| door|v = Qhz
ghyhorsphqwv/ kwws =22zzz1puv1ruj2sxeolfdwlrqv2exoohwlq/ 53351

^SDO34` Sdod}}r Y1/ Urvdwl O1 hw Ydorurvr Q1/ Vroxwlrq surfhgxuhv iru M6 sodvwlflw| dqg
ylvfrsodvwlflw|/ Frps1 Phwk1 lq Dsso1 Phfk1 Hqjqj1/ Duw1 q� 5:7:/ s1 406:/ 53341

^SDW;;` Sdwrru H1/ Hehukdugw D1 dqg Ehuyhloohu P1/ Wkhuprphfkdqlfdo ehkdylru ri vkdsh
phpru| door|v/ Dufk1 Phfk/ Yro1 73/ s1 :880:<7/ 4<;;1

^SDW<6` Sdwrru H1/ Hehukdugw D1 dqg Ehuyhloohu P1/ Plfurphfkdqlfdo prghoolqj ri vxshuh0
odvwlflw| lq vkdsh phpru| door|v/ Slwpdq Uhvhdufk Qrwhv lq Pdwkhpdwlfv/ 5<9/ s1
6;087/ 4<<61

^SLQ;6` Slqvn| S1 P1/ Ruwl} P1 dqg Slvwhu N1 V1/ Qxphulfdo lqwhjudwlrq ri udwh frqvwlwxwlyh
htxdwlrqv lq �qlwh ghirupdwlrq dqdo|vlv/ Frps1 Phwk1 lq Dsso1 Phfk1 Hqjqj1/ Yro1
73/ s1 46:048;/ 4<;61

^TLG33d` Tlgzdl P1 D1 dqg Odjrxgdv G1 F1/ Qxphulfdo lpsohphqwdwlrq ri d vkdsh phpru|
door| wkhuprphfkdqlfdo frqvwlwxwlyh prgho xvlqj uhwxuq pdsslqj dojrulwkpv/ Lqw1
M1 Qxphu1 Phwk1 Hqjqj1/ Yro1 7:/ s1 44560449;/ 53331

^TLG33e` Tlgzdl P1 D1 dqg Odjrxgdv G1 F1/ Rq wkhuprphfkdqlfv dqg wudqvirupdwlrq vxu0
idfhv ri sro|fu|vwdoolqh QlWl vkdsh phpru| door| pdwhuldo/ Lqw1 M1 ri Sodvwlflw|/
Yro1 49/ s1 463<04676/ 53331

^UDQ<5` Udqlhfnl E1/ Oh{fhoohqw F1 dqg Wdqdnd N1/ Wkhuprg|qdplf prghov ri svhxgrhodvwlf
ehkdylrxu ri vkdsh phpru| door|v/ Dufk1 Phfk1/ Yro1 77/ s1 59405;7/ 4<<51

^UDQ<;` Udqlhfnl E1 dqg Oh{fhoohqw F1/ Wkhuprg|qdplfv ri lvrwurslf svhxgrhodvwlflw| lq
vkdsh phpru| door|v/ Hxu1 M1 Phfk1 D2Vrolgv/ Yro1 4:/ q�5/ s1 4;80538/ 4<<;1

^UHM33` Uhm}qhu M1/ Prgìolvdwlrq ghv dooldjhv ã pìprluh gh iruph vrxplv d ghv vroolflwdwlrqv
pxowld{ldohv rx ã ghv judglhqwv gh frqwudlqwh/ Wkëvh gh Grfwrudw q�;4:/ Xqlyhuvlwì
gh Iudqfkh0Frpwì/ 53331
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^ULF:4` Ulfh U1 M1/ Lqhodvwlf frqvwlwxwlyh uhodwlrqv iru vrolgv = dq lqwhuqdo yduldeoh wkhru|
dqg lwv dssolfdwlrq wr phwdo sodvwlflw|/ M1 Phfk1 Sk|1 Vrolgv/ Yro1 4</ s1 7660788/
4<:41

^URF:5` Urfndihoodu U1 W1/ Frqyh{ dqdo|vlv > Sulqfhwrq Xqlyhuvlw| Suhvv/ 4<:51
^URJ<6` Urjxhgd0Ehuulhw F1/ Prgìolvdwlrq wkhuprg|qdpltxh gx frpsruwhphqw svhxgrì0

odvwltxh ghv dooldjhv ã pìprluh gh iruph/ Wkëvh gh Grfwrudw q�669/ Xqlyhuvlwì gh
Iudqfkh0Frpwì/ 4<<61

^VLP;8` Vlpr M1 dqg Ruwl} P1/ D xql�hg dssurdfk wr �qlwh ghirupdwlrq hodvwrsodvwlf dqdo|0
vlv edvhg rq wkh xvh ri k|shuhodvwlf frqvwlwxwlyh htxdwlrqv/ Frps1 Phwk1 Lq Dsso1
Phfk1 dqg Hqjuj/ Yro1 7</ s1 5540578/ 4<;81

^VLP;9` Vlpr M1 dqg Wd|oru U1/ Frqvlvwhqw wdqjhqw rshudwruv iru udwh lqghshqghqw hodvwr0
sodvwlflw|/ Frpsxw1 Phwk1 Dsso1 Phfk1 Hqjuj1/ Yro1 7;/ s1434044;/ 4<;91

^VLP;;d` Vlpr M1F1/ D iudphzrun iru �qlwh vwudlq hodvwrsodvwlflw| edvhg rq pd{lpxp sodvwlf
glvvlsdwlrq dqg wkh pxowlsolfdwlyh ghfrpsrvlwlrq = Sduw L1 Frqwlqxxp irupxodwlrq/
Frpsxw1 Phwk1 Dsso1 Phfk1 Hqju1/ Yro1 99/ s1 4<<054</ 4<;;1

^VLP;;e` Vlpr M1F1/ D iudphzrun iru �qlwh vwudlq hodvwrsodvwlflw| edvhg rq pd{lpxp sodvwlf
glvvlsdwlrq dqg wkh pxowlsolfdwlyh ghfrpsrvlwlrq = Sduw LL1 Frpsxwdwlrqdo dvshfwv/
Frpsxw1 Phwk1 Dsso1 Phfk1 Hqju1/ Yro1 9;/ s1 4064/ 4<;;1

^VLP<4` Vlpr M1F1 dqg Jrylqgmhh V1/ Qrq0olqhdu E0vwdelolw| dqg v|pphwu| suhvhuylqj uh0
wxuq pdsslqj dojrulwkpv iru sodvwlflw| dqg ylvfrsodvwlflw|/ Lqw1 Mrxuqdo iru Qxph0
ulfdo Phwkrgv lq Hqjuj1/ Yro1 64/ s1 48404:9/ 4<<41

^VLP<5` Vlpr M1F1/ Dojrulwkpv iru vwdwlf dqg g|qdplf pxowlsolfdwlyh sodvwlflw| wkdw suh0
vhuyh wkh fodvvlfdo uhwxuq pdsslqj vfkhphv ri wkh lq�qlwhvlpdo wkhru|/ Frpsxw1
Phwkrgv Dsso1 Phfk1 Hqjuj1/Yro1 <</ s1 940445/ 4<<51

^VLP<6` Vlpr M1F1 dqg Phvfknh J1/ D qhz fodvv ri dojrulwkpv iru fodvvlfdo sodvwlflw| h{0
whqghg wr �qlwh vwudlqv1 Dssolfdwlrqv wr jhrpdwhuldov/ Frpsxwdwlrqdo phfkdqlfv/
Yro1 44/ s1 58605:;/ 4<<61

^VLP<;` Vlpr M1F1 dqg Kxjkhv W1M1U1/ Frpsxwdwlrqdo Lqhodvwlflw|/ Vsulqjhu/ Qhz \run/
4<<;1

^VRX<;` Vrx}d D1 F1/ Pdpl|d H1 Q1/ ]rxdlq Q1/ Wkuhh0glphqvlrqdo prgho iru vrolgv xq0
ghujrlqj vwuhvv0lqgxfhg skdvh wudqvirupdwlrqv/ Hxu1 M1 Phfk1 D2Vrolgv/ Yro1 4:/ s1
:;<0;39/ 4<<;1
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D Irupxodwlrq dqdo|wltxh gx jrq hphqw ghv sodtxhv
D14 K|srwkëvhv jìqìudohv

Lo hvw suìiìudeoh gh frqvlgìuhu oh fkdujhphqw pìfdqltxh ìtxlydohqw srxu ìwdeolu od uhodwlrq
S @ i+k, gdqv ohv gl�ìuhqwv fdv +fi �jxuh D14,1

S

FF

S

M M

M : moment d’encastrement
F , S : réactions aux limites

Ilj1 D14 = Fkdujhphqw pìfdqltxh ìtxlydohqw

Rq glvwlqjxh ghx{ fdv sduwlfxolhuv gh od  h{lrq ghv sodtxhv plqfhv vrxplvhv ã ghv fkdujhv
wudqvyhuvdohv ^ERQ<7` =

� Fdv ghv idleohv  ëfkhv 4 k@h
Od uhodwlrq S @ i+k, hvw gìwhuplqìh hq xwlolvdqw ohv k|srwkëvhv vxlydqwhv =
0 Ohv gìirupdwlrqv gdqv oh sodq pr|hq gh od sodtxh vrqw qxoohv fdu V @ 3 hw fh sodq uhvwh

qhxwuh oruv gh od  h{lrq/
0 xqh vxevhfwlrq gurlwh dydqw gìirupdwlrq ghphxuh gurlwh dsuëv gìirupdwlrq/
0 o*ìwdw pr|hq gh frqwudlqwh hvw sodq/ od sodtxh ìwdqw plqfh/ hw ohv frqwudlqwhv qrupdohv ã

od sodtxh shxyhqw íwuh qìjoljìhv1
� Fdv ghv judqghv  ëfkhv k@h 4
Od uhodwlrq S @ i+k, q*hvw soxv olqìdluh frpph gdqv oh fdv suìfìghqw hw gìshqg ghv

k|srwkëvhv idlwhv vxu od iruph gh od phpeudqh gìirupìh1 Ohv gìirupdwlrqv gdqv oh sodq
pr|hq qh vrqw sdv qxoohv hq udlvrq gh o*h{lvwhqfh ghv h�ruwv gh uìdfwlrq V1
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D15 Plvh hq ìtxdwlrq gx sureoëph
Rq frqvlgëuh xqh phpeudqh flufxodluh lvrwursh gh gldpëwuh lqlwldo 5d hw g*ìsdlvvhxu h gh

vruwh txh oh udssruw h@d vrlw shwlw1 Dlqvl/ ohv frqwudlqwhv gh  h{lrq hw gh flvdloohphqw shxyhqw
íwuh qìjoljìhv1 +Wrxwhirlv/ fhwwh dssur{lpdwlrq frqfhuqdqw od  h{lrq q*hvw sdv mxvwl�ìh gdqv
xqh }rqh surfkh gh o*hqfdvwuhphqw píph vl od sodtxh hvw gh idleoh ìsdlvvhxu1 Pdlv/ ohv h�hwv
gh erug vrqw orfdolvìv hw shxyhqw/ pdojuì wrxw/ íwuh qìjoljìv,1 Hqvxlwh/ rq dssoltxh ã fhwwh
sodtxh xqh suhvvlrq k|gurvwdwltxh S txl hqjhqguh xqh  ëfkh k dx fhqwuh1

Od iruph gh od sodtxh gìirupìh shxw íwuh dvvlploìh ã fhooh g*xqh fdorwwh vskìultxh/ f*hvw
srxutxrl rq gì�qlw xq uhsëuh vskìultxh ?��u> ��> �*� olì ã xq srlqw P gh od phpeudqh1 Od
surmhfwlrq gh ? gdqv oh uhsëuh +�{> �|> �}, hvw whooh txh =
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Ilj1 D15 = Frrugrqqìhv vskìultxhv

Rq shxw uhsuìvhqwhu od sodtxh flufxodluh vrxv suhvvlrq gdqv o*k|srwkëvh g*xqh phpeudqh
gìirupìh g*xqh fdorwwh vskìultxh1 Rq rewlhqw od �jxuh +D16, vxlydqwh =

l

x
§

z
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0θF
§ 0θF
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F
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0θ0θ−

l
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l

ll
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(0,-2R+h)

(0,0)
(a,0)(-a,0)

(0,h)
(xB,hB)(xA,hA)

(xi,0)
l

Ilj1 D16 = Gìirupìh g*xqh sodtxh flufxodluh vrxv suhvvlrq
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O*ìtxloleuh ghv irufhv dssoltxìhv ã od sodtxh v*ìfulw =

[g�I¨ . �I© @ �3 +D14,
rü �I© hvw od irufh uìvxowdqw gh od suhvvlrq hw g�I¨ hvw od uìvxowdqwh ghv irufhv v*dssoltxdqw

vxu od vxuidfh gV¨1
Frpswh whqx gh od frq�jxudwlrq gx sureoëph +idleoh ìsdlvvhxu,/ rq idlw o*k|srwkëvh g*xq

ìwdw gh frqwudlqwh pr|hqqh sodqh1 Gh fh idlw/ od frqwudlqwh �¨ hvw lqgìshqgdqwh gh o*ìsdlvvhxu1
G*dxwuh sduw/ vxu oh erug gh od phpeudqh/ g�I¨ @ �¨gV¨�� dyhf gV¨ @ h +U vlq �, g*1 Dlqvl/ hq
h{sulpdqw g�I¨ gdqv od edvh +�{> �|> �}, hw sdu lqwìjudwlrq vxu od vxuidfh gh od vxevhfwlrq Vª gh
od sodtxh flufxodluh vhorq o*ìsdlvvhxu/ rq rewlhqw =

�I¨ @
]

«¬ gi�{.
]

«¬ gi®�| .
]

«¬ gi¯�} +D15,
Srxu ghv udlvrqv gh v|pìwulh gh uìyroxwlrq/ ohv ghx{ suhplhuv whuphv gh o*h{suhvvlrq

suìfìghqwh v*dqqxohqw/ lo uhvwh doruv hq surmhwdqw vhorq o*d{h �} =

�I¨=�} @ I¨ @ �] ®°
± �¨hU vlq® �=g* +D16,

Dlqvl/ srxu od fdorwwh vskìultxh +� 5 ^��±> �±`,/ rq rewlhqw od irufh uìvxowdqwh =

[g�I¨ @ �5��¨hU vlq® �±=�} +D17,
Gh píph/ od irufh �I² uìvxowdqw gh od suhvvlrq vh fdofxoh gh od pdqlëuh vxlydqwh =

�I² @
]

« S=�u=gV²
dyhf gV² @ +Ug�, = +U vlq �,g* +D18,

Sdu surmhfwlrq gdqv +�{> �|> �}, hw sdu lqwìjudwlrq vxu od vxuidfh V² fruuhvsrqgdqw ã od sodtxh
flufxodluh/ rq rewlhqw =

�I² @
]

«³ gi�{.
]

«³ gi®�| .
]

«³ gi¯�} +D19,
Srxu ghv udlvrqv gh v|pìwulh/ ohv ghx{ suhplhuv whuphv gh o*h{suhvvlrq suìfìghqwh v*dq0

qxohqw/ lo uhvwh doruv hq surmhwdqw vhorq o*d{h �} =

�I² =�} @ I² @ SU®] ¨´
µ¨´ frv � vlq �=g�

] ®°
± g* +D1:,

4;4



Dqqh{h

Vrlw xqh irufh jìqìuìh sdu od suhvvlrq whooh txh =

�I² @ �SU® vlq® �±=�} +D1;,
Hq uììfulydqw o*ìtxdwlrq g*ìtxloleuh hq surmhfwlrq +D14, vxu o*d{h �}/ dyhf ohv uhodwlrqv +D17,

hw +D1;,/ rq rewlhqw �qdohphqw =

�5��¨hU vlq® �± . �SU® vlq® �± @ 3

G*rü =

�¨ @ SU
5h +D1<,

Oh ud|rq gh frxuexuh ìwdqw sdu gì�qlwlrq frqvwdqw srxu od fdorwwh +k|srwkëvh gh frqwudlqwhv
sodqhv hw gh vskìulflwì gh od fdorwwh,/ rq hq gìgxlw txh =

�¨ @ �* @ SU
5h +D143,

Rü �¶ gìvljqh od frqwudlqwh flufrqiìuhqwlhooh1
Hq rxwuh/ ìwdqw grqqì txh �· @ S doruv rq shxw qìjoljhu �· ghydqw �¨ hw �* +fdu U h,1

Oh whqvhxu ghv frqwudlqwhv v*ìfulw doruv =

�+·̧ ¹ ¸̈¹¶̧, @

5

997

3 3 3
3 �¨ 3
3 3 �*

6

::8 +D144,

D16 Uhodwlrq � ' sE��
Htxdwlrqv gl�ìuhqwlhoohv gh od gìirupìh

Wlprvkhqnr ^WLP94` d ìwdeol fhv uhodwlrqv sdu xq fdofxo txh fhwwh sduwlh yd suìvhqwhu1 Rq
gì�qlw ohv prphqwv gh  h{lrq sdu xqlwì gh orqjxhxu P· hw P¨ djlvvdqw vxu oh frqwrxu gh od
phpeudqh1 Gdqv oh fdv gh od  h{lrq sxuh/ fhv prphqwv vrqw whov txh =

;
?

=
P· @ G

� º» .  º¼
�

P· @ G
� º¼ .  º»

� +D145,

Rü U¨ hw U· vrqw ohv ud|rqv gh frxuexuh sulqflsdx{ gh od phpeudqh gdqv ohv gluhfwlrqv
�� hw �u =
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+ º¼ @ ·
½¾½·º» @ �½¿¾½·¿

+D146,

Dyhf =
+ k hvw od  ëfkh g*xq srlqw P +u> �> *,

G @ ÀÁ
Â

®ÃµÄ¿Å hvw od uljlglwì hq  h{lrq gh od sodtxh +D147,

Hq lqwurgxlvdqw od ydohxu ghv ud|rqv gh frxuexuh sulqflsdx{ gdqv ohv ìtxdwlrqv ghv pr0
phqwv gh  h{lrq/ sxlv hq ìfulydqw o*ìtxloleuh ghv prphqwv gh  h{lrq vxu xq ìoìphqw gh od
phpeudqh/ rq rewlhqw doruv o*ìtxdwlrq gl�ìuhqwlhooh gh od gìirupìh =

g¯k
gu¯ . 4

u
g®k
gu® � 4

u®
gk
gu @ T

G
Rü T hvw o*h�ruw gh flvdloohphqw sdu xqlwì gh orqjxhxu djlvvdqw vxu xqh vxevhfwlrq f|olq0

gultxh gh ud|rq u who txh =

5�uT @
] ·
± 5�uSgu +D148,

S ìwdqw od suhvvlrq dssoltxìh vxu od phpeudqh1
Dlqvl/ rq rewlhqw =

4
u
g
gu

�
u g
gu

�
u g
gu

�
ugkgu

���
@ S

G +D149,

Fdv ghv idleohv  ëfkhv 4 k@h
Ohv frqvwdqwhv g*lqwìjudwlrq gh o*ìtxdwlrq suìfìghqwh vrqw gìwhuplqìhv hq xwlolvdqw oh idlw

txh od shqwh gh od vxuidfh  ìfklh hvw qxooh hq u @ 3 +dx fhqwuh gh od phpeudqh, hw u @ d +vxu
oh srxuwrxu,1 Hq rxwuh/ od  ëfkh hvw qxooh hq u @ d +ã o*hqfdvwuhphqw,1 Fh txl vh wudgxlw sdu =

�gk
gu @ 3

�

·Æ± >
�gk
gu @ 3

�

·ÆÇ hw +k @ 3,·ÆÇ +D14:,
Hq xwlolvdqw fhv uhodwlrqv oruv gh o*lqwìjudwlrq/ rq shxw �qdohphqw h{sulphu S hq irqfwlrq

gh k =

S @ 49
6

H
+4� �®,

kh¯
dÈ +D14;,
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Fdv ghv judqghv  ëfkhv k@h 4
Oruv g*xq sureoëph hq  h{lrq g*xqh sodtxh/ oruvtxh od  ëfkh q*hvw soxv shwlwh ghydqw

o*ìsdlvvhxu pdlv uhvwh idleoh sdu udssruw dx{ dxwuhv glphqvlrqv/ od gìirupdwlrq gx sodq pr|hq
gh od sodtxh q*hvw soxv qxooh1 Lo dssdudñw doruv ghv h�ruwv shushqglfxodluhv ã fh sodq1 F*hvw
srxutxrl lo idxw uhfrqvlgìuhu od irupxodwlrq gx sureoëph hq suhqdqw hq frpswh fhwwh gìiru0
pdwlrq gx sodq pr|hq1 Dlqvl/ od uhodwlrq S @ i+k, q*hvw soxv olqìdluh1

Gdqv od vxlwh/ gl�ìuhqwhv h{suhvvlrqv dqdo|wltxhv gh od uhodwlrq S @ i+k, vrqw suìvhqwìhv
Irupxodwlrq gh Wlprvkhqnr Ghx{ pìwkrghv rqw ìwì xwlolvìhv srxu gìwhuplqhu od uhodwlrq
S @ i+k,= Od suhplëuh pìwkrgh frqvlvwh ã suhqguh hq frpswh od gìirupdwlrq gx sodq pr|hq1

Od vhfrqgh hvw edvìh vxu ghv frqvlgìudwlrqv ìqhujìwltxhv1 Wlprvkhqnr d vxssrvì txh
o*ìtxdwlrq gl�ìuhqwlhooh gh od iruph gh od vxuidfh  ìfklh hvw od píph txh srxu ohv shwlwhv
 ëfkhv1 O*h{suhvvlrq rewhqxh hvw doruv ^WLP94` =

S @ 49
6

\
4 .  

h¯k
dÈ

%
4 . 3> 7;;

�k
h
�®&

+D14<,

Irupxodwlrq gh Olq Olq d vxssrvì txh od phpeudqh gìirupìh hvw xqh sruwlrq gh vskëuh
hw txh od  ëfkh k hvw shwlwh idfh dx ud|rq d1 Hq xwlolvdqw od píph gìpdufkh txh Wlprvkhqnr/
od uhodwlrq S @ i+k, v*ìfulw doruv ^OLQ<3` =

S @
�:�  

6
� \ h¯k

dÈ +D153,

Irupxodwlrq gh Ehdpv Hq idlvdqw o*k|srwkëvh g*xqh fdorwwh vskìultxh/ hq frqvlgìudqw od
 ëfkh k dx fhqwuh gh od phpeudqh hw oh ud|rq lqlwldo d gh od phpeudqh flufxodluh/ Ehdpv d
xwlolvì od uhodwlrq vxlydqwh ^EHD8<` =

� @ Sd®
7kh +D154,

Hq vxssrvdqw oh pdwìuldx lvrwursh hw hq xwlolvdqw oh fdv +d  k,/ l1h1 xqh  ëfkh shwlwh
ghydqw oh ud|rq/ lo d frqvlgìuì txh od gìirupdwlrq hvw xqh yduldwlrq gh orqjxhxu gh od phpeudqh
gìirupìh/ vrlw =

% @ 5k®
6d® +D155,

Doruv/ od orl gh Krrnh shuphw g*ìfuluh � @ \ % +rü \ @ ÀµÄ hvw oh prgxoh prgxoh eld{ldo
gdqv oh fdv g*xq pdwìuldx lvrwursh,/ g*rü o*h{suhvvlrq =

S @ ;\ hk¯
6dÈ +D156,
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Irupxodwlrq gh Erqqrwwh Erqqrwwh d sursrvì xq gìyhorsshphqw gh od pìwkrgh gh Wl0
prvkhqnr dyhf xq uhfdodjh gh od frqvwdqwh F @ +4> 3;� 3> 6 , � 3> 68 h{s ��3> 88¾Á� sdu od
pìwkrgh ghv ìoìphqwv �qlv ^ERQ<7` =

S @ ;
6
\ h¯k
dÈ

% 5
4 .  .F

�k
h
�®&

+D157,

Irupxodwlrq jìqìudoh Fhooh0fl shuphw gh uhjurxshu vrxv xqh píph iruph od uhodwlrq
S @ i+k, dyhf xqh frqvwdqwh F gl�ìuhqwh vhorq oh w|sh gh irupxodwlrq uhwhqx =

S @ ;
6
\ h¯k
dÈ

% 5
4 .  .F

�k
h
�®&

+D158,

Od frqvwdqwh F hvw irqfwlrq gh +k> h>  , hw shxw suhqguh ohv iruphv vxlydqwhv =

F @ 4
F @ ±¹ÉÊËÌÄ
F @ ÊµÄÍ

F @ +4> 3;� 3> 6 ,� 3> 68 h{s ��3> 88¾Á�

Irupxodwlrq gh Ehdpv
Irupxodwlrq gh Wlprvkhqnr

Irupxodwlrq gh Olq
Irupxodwlrq gh Erqqrwwh

+D159,

Rq shxw uììfuluh fhwwh irupxodwlrq jìqìudoh vrxv oh iruph gh od vrpph ghv whuphv gh shwlwv
hw gh judqgv gìsodfhphqwv =

S @

49
6

\ h¯k
dÈ +4 .  ,� ~} �

Whuphv shwlwv
gìsodfhphqwv

.
F ;\ h¯k

6dÈ� ~} �
Whuphv judqgv
gìsodfhphqwv

+D15:,
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