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QPVS MB DPOàBODF RV�JM N�B BDDPSEÊF FO BDDFQUBOU E�FODBESFS DF USBWBJM EPDUPSBM
 QPVS
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UPVKPVST� .FSDJ Æ NFT GPSNJEBCMFT QBSFOUT QPVS N�BWPJS UPVKPVST TPVUFOV EBOT NFT
DIPJY� .FSDJ Æ 7JDUPSJOF EPOU MB QBUJFODF FU MB UFOESFTTF OPVT POU QFSNJT EF QBTTFS
DFT USPJT CFMMFT BOOÊFT EBOT MB TÊSÊOJUÊ� +F SFNFSDJF ÊHBMFNFOU 4FSHF FU #SJHJUUF QPVS
MFVS BQQPSU OVUSJUJG KPVSOBMJFS�
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�NTRODUCTION

-�BDPVTUJRVF E�VO FTQBDF
 D�FTU�Æ�EJSF M�FOTFNCMF EFT RVBMJUÊT SFMBUJWFT Æ TB TPOP�
SJUÊ
 QFVU NPEJàFS DPOTJEÊSBCMFNFOU MB QFSDFQUJPO E�VO ÊWÊOFNFOU TPOPSF RVJ T�Z QSP�
EVJU� -B QFSDFQUJPO E�VOF WPJY EBOT VOF DBUIÊESBMF FTU USÍT EJGGÊSFOUF EF DFMMF E�VOF
WPJY EBOT VOF TBMMF EF CBJO� $F QIÊOPNÍOF FTU EÚ Æ MB SÊWFSCÊSBUJPO EV TPO� -B SÊ�
WFSCÊSBUJPO DPSSFTQPOE Æ MB QSPMPOHBUJPO E�VO QIÊOPNÍOF TPOPSF FO SBJTPO EF MB
SÊáFYJPO EV TPO TVS MFT TVSGBDFT E�VO FTQBDF DPNQMÍUFNFOU PV QBSUJFMMFNFOU DMPT�
"JOTJ
 TBOT QPVS BVUBOU ËUSF Æ M�PSJHJOF EF M�FYDJUBUJPO TPOPSF
 M�FTQBDF TF NBOJGFTUF EF
NBOJÍSF BVEJCMF
 SÊWÊMBOU BJOTJ TB GPSNF
 MFT NBUÊSJBVY RVJ MF DPOTUJUVFOU PV FODPSF
MFT PCKFUT RV�JM DPOUJFOU� /PUSF QFSDFQUJPO EFT TPVSDFT TPOPSFT QFVU ËUSF TJNQMFNFOU
JOáVFODÊF QBS MB QSÊTFODF PV M�BCTFODF E�VO NVS
 E�VOF QPSUF PVWFSUF PV QBS MB UFN�
QÊSBUVSF EF MB QJÍDF� -B SÊWFSCÊSBUJPO EV TPO EBOT VO FTQBDF QBSUJDJQF Æ SFOESF DFU
FOWJSPOOFNFOU QSÊTFOU EBOT MB NFTVSF PÜ FMMF SFOTFJHOF M�BVEJUFVS TVS MFT DBSBDUÊSJT�
UJRVFT EF M�FOWJSPOOFNFOU RVJ M�FOUPVSF�

%FQVJT M�BQQBSJUJPO EF M�FOSFHJTUSFNFOU FU EF MB EJGGVTJPO TPOPSF
 MFT JOHÊOJFVST
EV TPO POU FNQMPZÊ EFT FGGFUT EF SÊWFSCÊSBUJPO
 D�FTU�Æ�EJSF EFT QSPDÊEÊT BSUJàDJFMT
WJTBOU MB SFQSPEVDUJPO EF QSPQSJÊUÊT BDPVTUJRVFT E�VOF TBMMF� $FT FGGFUT EF SÊWFSCÊSB�
UJPO QFSNFUUFOU EF QMPOHFS M�BVEJUFVS EBOT VO DPOUFYUF BDPVTUJRVF QBSUJDVMJFS FU EF
DSÊFS EFT SFMBUJPOT FOUSF MFT TPVSDFT TPOPSFT FOSFHJTUSÊFT QPVS NJFVY MFT NÊMBOHFS�
$FT QSPDÊEÊT POU QBS FYFNQMF DPOTJTUÊ Æ VUJMJTFS EFT EJTQPTJUJGT EF WJCSBUJPOT NÊDB�
OJRVFT FNQMPZBOU EFT SFTTPSUT
 EFT QMBRVFT NÊUBMMJRVFT PV Æ VUJMJTFS QMVT TJNQMFNFOU
VOF DIBNCSF E�ÊDIP TQÊDJBMFNFOU DPOTUSVJUF� %ÊTPSNBJT
 MFT FGGFUT EF SÊWFSCÊSBUJPO
TPOU RVBTJ�FYDMVTJWFNFOU QSPEVJUT QBS EFT QSPDÊEÊT OVNÊSJRVFT RVJ TPOU QMVT TJNQMFT
Æ NBOJQVMFS FU Æ QBSBNÊUSFS� %F OPNCSFVTFT NÊUIPEFT FYJTUFOU QPVS TZOUIÊUJTFS OV�
NÊSJRVFNFOU VO FGGFU EF SÊWFSCÊSBUJPO EF IBVUF RVBMJUÊ FU TPOU VUJMJTÊFT EBOT EFT EP�
NBJOFT BVTTJ WBSJÊT RVF MB QSPEVDUJPO NVTJDBMF
 DJOÊNBUPHSBQIJRVF
 SBEJPQIPOJRVF
FU EBOT MF EPNBJOF EV KFV WJEÊP�

-FT UFDIOPMPHJFT EJUFT jJNNFSTJWFTv POU GBJU M�PCKFU DFT EFSOJÍSFT BOOÊFT E�VO WÊ�
SJUBCMF FOHPVFNFOU
 QSJODJQBMFNFOU TVTDJUÊ QBS MB SÊBMJUÊ WJSUVFMMF FU MB SÊBMJUÊ BVH�
NFOUÊF� -FT GPSNFT BVEJPWJTVFMMFT DPNQMFYFT MJÊFT Æ DFT UFDIOPMPHJFT JNQMJRVFOU EF
OPVWFBVY FOKFVY UFDIOJRVFT FU FTUIÊUJRVFT � EF OPVWFBVY PVUJMT TPOU OÊDFTTBJSFT QPVS
QFSNFUUSF E�BVUSFT NBOJÍSFT EF DSÊFS
 EF NPOUSFS
 EF SBDPOUFS
 EF USBOTNFUUSF EFT
TFOTBUJPOT FU EFT ÊNPUJPOT� &O TPMMJDJUBOU M�PVÐF FU MB WVF
 FO FOHBHFBOU MF DPSQT FU M�BU�
UFOUJPO EV TQFDUBUFVS EBOT M�FTQBDF WJSUVFM
 MFT EJTQPTJUJGT JNNFSTJGT WJTFOU Æ QSPEVJSF
EFT TFOTBUJPOT EF QSÊTFODF
 Æ SÊEVJSF M�ÊDBSU FOUSF FTQBDF QIZTJRVF FU FTQBDF TJNVMÊ� ©
DFUUF àO
 MF SFOEV TPOPSF CJOBVSBM FTU DPVSBNNFOU FNQMPZÊ QPVS TJNVMFS MB QSÊTFODF
EF TPVSDFT TPOPSFT TJUVÊFT EBOT UPVUFT MFT EJSFDUJPOT EF M�FTQBDF FO DSÊBOU EFT JOEJDFT
EF MPDBMJTBUJPO TPOPSF� $FUUF UFDIOPMPHJF DPOTJTUF Æ SFQSPEVJSF MFT àMUSBHFT JOUSPEVJUT
QBS MB UËUF FU MFT QBWJMMPOT EFT PSFJMMFT EÊQFOEBOUT EF MB QSPWFOBODF EV TPO� 0O QFVU
BJOTJ EPOOFS Æ FOUFOESF Æ M�BVEJUFVS VOF TDÍOF TPOPSF QFSÉVF FO EFIPST EF TB UËUF
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EBOT M�FTQBDF FOWJSPOOBOU FU DFDJ TJNQMFNFOU HSÄDF Æ VO DBTRVF BVEJP� 1PVS EFT SBJ�
TPOT QSBUJRVFT
 MFT àMUSBHFT QSPQSFT Æ MB UËUF EF M�BVEJUFVS OF QFVWFOU HÊOÊSBMFNFOU
QBT ËUSF QSJT FO DPNQUF� %FT àMUSFT DPSSFTQPOEBOU Æ DFVY E�VOF BVUSF QFSTPOOF PV
E�VOF UËUF BSUJàDJFMMF TPOU TPVWFOU VUJMJTÊT� %BOT DF DBT
 MF SFOEV CJOBVSBM FTU RVBMJàÊ
EF OPO�JOEJWJEVBMJTÊ� -PSTRV�JM FTU BTTPDJÊ Æ VO EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT EF
UËUF
 MF SFOEV CJOBVSBM FTU EJU EZOBNJRVF� &O VUJMJTBOU VO UFM EJTQPTJUJG EF TVJWJ � JODMVT
OBUJWFNFOU EBOT MFT WJTJPDBTRVFT EF SÊBMJUÊ WJSUVFMMF � MB TDÍOF TPOPSF UPVSOF FO BDDPSE
BWFD MFT NPVWFNFOUT EF UËUF EF M�BVEJUFVS
 EF MB NËNF NBOJÍSF RVF MB TDÍOF WJTVFMMF�

"WFD MB QSPEVDUJPO DSPJTTBOUF EFT DPOUFOVT EFTUJOÊT Æ MB SÊBMJUÊ WJSUVFMMF
 QPVS
MFTRVFMT MF SÊBMJTNF FU MB TFOTBUJPO E�JNNFSTJPO TPOU QSJNPSEJBVY
 VOF BUUFOUJPO QBS�
UJDVMJÍSF EPJU ËUSF QPSUÊF QBS MFT JOHÊOJFVST EV TPO Æ MB DPODFQUJPO EF M�FTQBDF TPOPSF
FU QMVT QSÊDJTÊNFOU Æ M�VTBHF EFT FGGFUT EF SÊWFSCÊSBUJPO� -�VUJMJTBUJPO E�VO FGGFU EF SÊ�
WFSCÊSBUJPO DPOUFYUVBMJTF M�ÊDPVUF
 BNÊMJPSF OPUBNNFOU MB QFSDFQUJPO EF MB EJTUBODF

M�FYUFSOBMJTBUJPO 	MB DBQBDJUÊ Æ QFSDFWPJS MFT TPOT FO EFIPST EF TB UËUF
 FU MB TFOTB�
UJPO EF QSÊTFODF� 1PVSUBOU
 MFT PVUJMT EFTUJOÊT Æ DSÊFS VO FGGFU EF SÊWFSCÊSBUJPO QPVS
MB QSPEVDUJPO EF DPOUFOVT JNNFSTJGT TPOU USÍT TJNJMBJSFT Æ DFVY VUJMJTÊT QPVS MB WJEÊP
OPO����◦ PV QPVS EFT GPSNBUT TPOPSFT �% UFMT RVF MB TUÊSÊPQIPOJF� %F OPVWFBVY PV�
UJMT FU OPVWFMMFT QSBUJRVFT QFSNFUUSBJFOU BVY JOHÊOJFVST EV TPO EF NJFVY QSFOESF FO
DPOTJEÊSBUJPO MB EJNFOTJPO TQBUJBMF EV TPO JNNFSTJG�

%BOT DFUUF UIÍTF
 OPVT TPVIBJUPOT ÊUVEJFS MFT MJFOT FOUSF MFT QSPQSJÊUÊT UFNQPSFMMFT

TQFDUSBMFT FU TQBUJBMFT E�VO FTQBDF TPOPSF FU EFT BUUSJCVUT QFSDFQUJGT � D�FTU�Æ�EJSF EFT
DBSBDUÊSJTUJRVFT TPOPSFT QFSDFQUJCMFT � EF M�BDPVTUJRVF E�VOF TBMMF� -�JEFOUJàDBUJPO EF
DFT MJFOT QFSNFUUSB VO DPOUSÔMF EFT BUUSJCVUT QFSDFQUJGT FU EPOD VOF BJEF Æ MB DPODFQUJPO
E�VO FTQBDF TPOPSF�

1PVS DFMB OPVT BWPOT JEFOUJàÊ EFVY QSÊ�SFRVJT� %�VOF QBSU
 JM FTU OÊDFTTBJSF E�ÊUV�
EJFS M�JOáVFODF EV DPOUFOV BVEJPWJTVFM TVS MFT BUUSJCVUT QFSDFQUJGT BàO E�ÊUBCMJS MFT
GBDUFVST Æ QSFOESF FO DPNQUF EBOT MF DPOUSÔMF E�VO FGGFU EF SÊWFSCÊSBUJPO� 1MVT QSÊDJ�
TÊNFOU
 OPVT ÊUVEJFSPOT DPNNFOU MB QSÊTFODF E�JNBHFT FU MB OBUVSF EF MB TPVSDF TP�
OPSF QFVWFOU JOáVFODFS MB QFSDFQUJPO EF M�FTQBDF TPOPSF� %�BVUSF QBSU
 JM FTU OÊDFTTBJSF
E�JEFOUJàFS MFT ÊMÊNFOUT QFSUJOFOUT EV TJHOBM TPOPSF Æ NBOJQVMFS� &O FGGFU
 MB EFTDSJQ�
UJPO E�VO FTQBDF TPOPSF QFVU DPOTUJUVFS VO HSBOE OPNCSF EF EPOOÊFT FU MB SÊEVDUJPO
EF DFT EPOOÊFT QFVU QFSNFUUSF EF TJNQMJàFS MB EFTDSJQUJPO EF M�BDPVTUJRVF E�VOF TBMMF
FU BJOTJ EF NJFVY BQQSÊIFOEFS MFT FGGFUT EF MB NPEJàDBUJPO EV TJHOBM TPOPSF� %BOT VO
DPOUFYUF PÜ MFT SFTTPVSDFT FO DBMDVMT TPOU MJNJUÊFT
 MB SÊEVDUJPO EFT EPOOÊFT QSÊTFOUF
ÊHBMFNFOU M�BWBOUBHF EF EJNJOVFS MFT PQÊSBUJPOT OÊDFTTBJSFT Æ MB SFQSPEVDUJPO E�VO
FTQBDF TPOPSF�

%BOT DF EPDVNFOU
 OPVT ÊUVEJFSPOT MB QFSDFQUJPO EF M�FTQBDF TPOPSF TFMPO VOF SF�
QSPEVDUJPO DPNNVOÊNFOU FNQMPZÊF EBOT MF DPOUFYUF EF MB SÊBMJUÊ WJSUVFMMF � VO SFOEV
CJOBVSBM EZOBNJRVF OPO�JOEJWJEVBMJTÊ� #JFO RVF M�VUJMJTBUJPO E�VO SFOEV CJOBVSBM OPO�
JOEJWJEVBMJTÊ QVJTTF BDDSPÏUSF MFT FSSFVST EF MPDBMJTBUJPO FU EFT EJGàDVMUÊT E�FYUFSOBMJTB�
UJPO
 DFT QSPCMÍNFT TPOU FGàDBDFNFOU BUUÊOVÊT QBS MB QSÊTFODF EF SÊWFSCÊSBUJPO EBOT
MFT TJHOBVY TPOPSFT FU M�VTBHF E�VO EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT EF UËUF� 1BS
BJMMFVST
 OPVT VUJMJTFSPOT MF GPSNBU BNCJTPOJRVF QPVS MB SFQSÊTFOUBUJPO TQBUJBMF EFT
TDÍOFT TPOPSFT ÊUVEJÊFT� $F GPSNBU SÊQBOEV QFSNFU MB SFQSPEVDUJPO E�VO DIBNQ TP�
OPSF EÊDSJU Æ MB QPTJUJPO EF MB UËUF E�VO BVEJUFVS FU MB QSJTF FO DPNQUF FGàDBDF EFT
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NPVWFNFOUT EF UËUF� 1PVS VOF EFTDSJQUJPO EÊUBJMMÊF EV SFOEV CJOBVSBM BEPQUÊ EBOT MF
CVU EF SFQSPEVJSF M�BDPVTUJRVF E�VOF TBMMF
 MF MFDUFVS QFVU TF SÊGÊSFS BVY BOOFYFT "
 #
FU $�

%BOT MB QSFNJÍSF QBSUJF EV EPDVNFOU
 BQSÍT BWPJS FYQPTÊ MB NPEÊMJTBUJPO BJOTJ
RVF MFT NFTVSFT QIZTJRVFT FU QFSDFQUJWFT EF M�BDPVTUJRVF E�VOF TBMMF
 OPVT QSÊTFOUF�
SPOT EFVY ÊUVEFT QPSUBOU TVS M�JOáVFODF EF GBDUFVST KPVBOU VO SÔMF JNQPSUBOU EBOT MB
QFSDFQUJPO EF M�FTQBDF �

� 6OF ÊUVEF QPSUBOU TVS M�JOáVFODF EF MB WJTJPO TVS MB QFSDFQUJPO EF M�BDPVTUJRVF
E�VOF TBMMF� %F OPNCSFVTFT ÊUVEFT GPOU ÊUBU E�VOF JOáVFODF TJHOJàDBUJWF EF
M�FOWJSPOOFNFOU WJTVFM TVS MB QFSDFQUJPO EF MB QPTJUJPO E�VOF TPVSDF� 2V�FO
FTU�JM EF MB QFSDFQUJPO EF M�BDPVTUJRVF  -B QSÊTFODF EFT JOGPSNBUJPOT WJTVFMMFT
JNQMJRVF�U�FMMF VOF BUUFOUJPO NPJOESF WJT Æ WJT EFT JOGPSNBUJPOT TPOPSFT  -F
DBT ÊDIÊBOU
 FTU�JM QPTTJCMF EF SÊEVJSF MB QSÊDJTJPO EFT JOGPSNBUJPOT TPOPSFT  
/PVT EÊUFSNJOFSPOT TJ MFT UFTUT QFSDFQUJGT MJÊT Æ M�ÊUVEF EFT BUUSJCVUT QFSDFQUJGT
EPJWFOU JODMVSF MB DPNQPTBOUF WJTVFMMF EFT FTQBDFT ÊUVEJÊT�

� 6OF ÊUVEF QPSUBOU TVS M�JOáVFODF EF MB TPVSDF TPOPSF TVS MB QFSDFQUJPO EF
M�BDPVTUJRVF E�VOF TBMMF� -B TPVSDF TPOPSF KPVF VO SÔMF GPOEBNFOUBM QPVS SÊ�
WÊMFS MFT QSPQSJÊUÊT BDPVTUJRVFT E�VOF TBMMF� %BOT RVFMMF NFTVSF EFT TPVSDFT
TPOPSFT DPNNVOFT JOáVFODFOU�FMMF DFUUF QFSDFQUJPO  /PVT DIFSDIFSPOT Æ TB�
WPJS Æ RVFM QPJOU MB QFSDFQUJPO E�FTQBDFT TPOPSFT QFVU DIBOHFS E�VOF TPVSDF
TPOPSF Æ M�BVUSF� /PVT EÊUFSNJOFSPOT TJ MFT UFTUT QFSDFQUJGT MJÊT Æ M�ÊUVEF EFT
BUUSJCVUT QFSDFQUJGT EPJWFOU JODMVSF VO HSBOE OPNCSF EF TPVSDFT TPOPSFT�

%BOT MB TFDPOEF QBSUJF EV EPDVNFOU
 OPVT JEFOUJàFSPOT MFT QBSBNÍUSFT EF SÊQPOTFT
JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMFT 	43*3T
 � UFMT RVF EFT SÊáFYJPOT TQÊDVMBJSFT PV EFT
QFOUFT EF EÊDSPJTTBODF � OÊDFTTBJSFT FU TVGàTBOUT Æ MB SFQSPEVDUJPO àEÍMF EF M�BDPVT�
UJRVF E�VOF TBMMF FU RVJ GBDJMJUFOU MF DPOUSÔMF EF MB SFQSPEVDUJPO TPOPSF� %BOT VO QSF�
NJFS UFNQT
 MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO FYJTUBOUFT RVJ POU JEFOUJàÊ EF UFMT QBSB�
NÍUSFT TFSPOU EÊDSJUFT� $FT NÊUIPEFT O�BZBOU QBT EÊUFSNJOÊ MB QSÊDJTJPO BWFD MBRVFMMF
QBSBNÊUSFS EFT 43*3T EBOT OPUSF DPOUFYUF E�ÊDPVUF
 OPVT QSÊTFOUFSPOT EFVY ÊUVEFT
WJTBOU Æ ÊWBMVFS MFT SÊTPMVUJPOT TVGàTBOUFT QPVS MB QBSBNÊUSJTBUJPO �

� 6OF ÊUVEF QPSUBOU TVS MB SÊTPMVUJPO TQBUJBMF� /PVT PCTFSWFSPOT TJ JM FTU QFSUJ�
OFOU E�VO QPJOU EF WVF QFSDFQUJG EF SFQSPEVJSF MFT QSFNJÍSFT SÊáFYJPOT FU MB
SÊWFSCÊSBUJPO UBSEJWF E�VOF 43*3 BWFD VOF QSÊDJTJPO TQBUJBMF SÊEVJUF FO UFSNFT
E�PSESF BNCJTPOJRVF�

� 6OF ÊUVEF QPSUBOU TVS MB SÊTPMVUJPO UFNQPSFMMF FU GSÊRVFOUJFMMF EF MB QBSBNÊUSJ�
TBUJPO EFT QSFNJÍSFT SÊáFYJPOT� /PVT PCTFSWFSPOT TJ JM FTU QFSUJOFOU EF SFQSP�
EVJSF MB SÊQBSUJUJPO TQBUJBMF EF M�ÊOFSHJF TPOPSF EFT QSFNJÍSFT SÊáFYJPOT BWFD
EFT QSÊDJTJPOT UFNQPSFMMF FU GSÊRVFOUJFMMF SÊEVJUFT�

%BOT MB EFSOJÍSF QBSUJF EV EPDVNFOU
 GBVUF EF QPVWPJS ÊUVEJFS MF DPOUSÔMF EF UPVT
MFT BUUSJCVUT QFSDFQUJGT SÊDVSSFOUT
 OPVT OPVT DPODFOUSFSPOT TVS MF DPOUSÔMF EF EFVY
BUUSJCVUT SFMBUJGT BVY JNQSFTTJPOT TQBUJBMFT EF M�BDPVTUJRVF E�VOF TBMMF� -F UFSNF jJN�
QSFTTJPOT TQBUJBMFTv EÊTJHOF EBOT MB MJUUÊSBUVSF EFVY BUUSJCVUT QFSDFQUJGT EJTUJODUT � MB
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MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU� /PVT UFOUFSPOT E�BCPSE E�JEFOUJàFS
MFT QSPQSJÊUÊT BDPVTUJRVFT E�VO DIBNQ TPOPSF RVJ TPOU MJÊFT Æ MB QFSDFQUJPO E�VOF
TPVSDF MBSHF FU Æ MB TFOTBUJPO E�FOWFMPQQFNFOU� %FVY ÊUVEFT ÊWBMVBOU MF DPOUSÔMF EF
DFT BUUSJCVUT QFSDFQUJGT TFSPOU FOTVJUF QSÊTFOUÊFT �

� 6OF ÊUVEF QPSUBOU TVS MF DPOUSÔMF EF MB MBSHFVS BQQBSFOUF EF TPVSDF� 1MVTJFVST
NÊUIPEFT EF USBOTGPSNBUJPO TQBUJBMF QFSNFUUBOU E�BDDSPÏUSF FU EF SÊEVJSF MB
MBSHFVS BQQBSFOUF EF TPVSDF TFSPOU ÊWBMVÊFT�

� 6OF ÊUVEF QPSUBOU TVS MF DPOUSÔMF EF MB EJSFDUJWJUÊ EF M�ÊOFSHJF UBSEJWF� 6OF
BSDIJUFDUVSF EF SÊWFSCÊSBUFVS BSUJàDJFM CBTÊF TVS QMVTJFVST SÊTFBVY SÊDVSTJGT EF
MJHOFT Æ SFUBSE TFSB EÊDSJUF FU TB DBQBDJUÊ Æ SFQSPEVJSF MB TFOTBUJPO E�FOWFMPQ�
QFNFOU TFSB ÊWBMVÊF�
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�ODdLISATION ET MESURES DE

L¤ACOUSTIQUE D¤UNE SALLE

$F QSFNJFS DIBQJUSF DBSBDUÊSJTF M�BDPVTUJRVF E�VOF TBMMF TPVT EJGGÊSFOUT BTQFDUT� 1SF�
NJÍSFNFOU
 OPVT EÊDSJWPOT MFT QSPQSJÊUÊT QIZTJRVFT EV QIÊOPNÍOF EF SÊWFSCÊSBUJPO
GPSNÊ QBS MB QSPQBHBUJPO EFT POEFT TPOPSFT EBOT VO FTQBDF DMPT� &O QBSUJDVMJFS
 OPVT
EÊUBJMMPOT MFT TUSVDUVSFT UFNQPSFMMF FU GSÊRVFOUJFMMF RVJ SÊHJTTFOU DF QIÊOPNÍOF� 1PVS
DF GBJSF
 OPVT QSÊTFOUPOT MB NPEÊMJTBUJPO E�VOF TBMMF DPNNF VO DBOBM EF USBOTNJTTJPO
BDPVTUJRVF FOUSF VOF TPVSDF TPOPSF FU VO SÊDFQUFVS RVJ QFVU ËUSF EÊDSJU QBS VOF PV
QMVTJFVST SÊQPOTFT JNQVMTJPOOFMMFT� %FVYJÍNFNFOU
 MFT EJGGÊSFOUT BUUSJCVUT QFSDFQUJGT
DPVSBNNFOU VUJMJTÊT EBOT MB MJUUÊSBUVSF QPVS DBSBDUÊSJTFS MB QFSDFQUJPO EF M�BDPVTUJRVF
E�VOF TBMMF TPOU QSÊTFOUÊT� /PVT FYQPTPOT EFT MFYJRVFT ÊMBCPSÊT QPVS VOJGPSNJTFS MFT
UFSNFT FU EÊàOJUJPOT FNQMPZÊT EBOT MFT ÊWBMVBUJPOT QFSDFQUJWFT� &OàO
 OPVT QSÊTFO�
UPOT QMVTJFVST QBSBNÍUSFT BDPVTUJRVFT FYUSBJUT EF SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF RVJ
TPOU QFSUJOFOUT QPVS DBSBDUÊSJTFS EFT BUUSJCVUT QFSDFQUJGT� $FSUBJOT EF DFT QBSBNÍUSFT
BDPVTUJRVFT TPOU EÊDSJUT EBOT MB OPSNF *40 ������� $FMMF�DJ OF DPVWSF DFQFOEBOU
RVF MF DBT EFT TBMMFT EF TQFDUBDMF FU OF QFSNFU QBT EF DPVWSJS M�FOTFNCMF EFT BUUSJCVUT
QFSDFQUJGT JEFOUJàÊT� %F QMVT
 MB DBSBDUÊSJTBUJPO PCKFDUJWF EFT BUUSJCVUT QFSDFQUJGT SFTUF
QBSUJFMMF
 OPUBNNFOU QPVS MB MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU�

8BMMBDF 4BCJOF FTU DPOTJEÊSÊ DPNNF VO QSÊDVSTFVS EBOT MF EPNBJOF EF M�BDPVT�
UJRVF EFT TBMMFT� *M GVU MF QSFNJFS Æ MJFS MF UFNQT EF SÊWFSCÊSBUJPO � MF UFNQT OÊDFTTBJSF
Æ DF RVF M�JOUFOTJUÊ TPOPSF EÊDSPJTTF EF �� E# � BV WPMVNF FU BVY TVSGBDFT BCTPSCBOUFT
E�VOF TBMMF <�>� "V EÊCVU EV TJÍDMF EFSOJFS
 MFT USBWBVY FO BDPVTUJRVF TF TPOU DPOTB�
DSÊT Æ M�ÊUVEF EFT WBMFVST PQUJNBMFT EV UFNQT EF SÊWFSCÊSBUJPO FU EF TB EÊQFOEBODF
FO GSÊRVFODF� "QSÍT MFT BOOÊFT ��
 M�ÊUVEF EF M�BDPVTUJRVF EFT TBMMFT T�FTU ÊUFOEVF Æ
M�BOBMZTF E�BVUSFT DSJUÍSFT QFSDFQUJGT � FO UÊNPJHOFOU MFT USBWBVY EF SÊGÊSFODF EF -FP
#FSBOFL <�>� 0O Z USPVWF VOF EFTDSJQUJPO DPNQMÍUF E�VOF DFOUBJOF EF TBMMFT EF DPODFSU
Æ USBWFST MF NPOEF
 EFT SFMBUJPOT FOUSF QSPQSJÊUÊT QIZTJRVFT FU QFSDFQUJWFT EFT TBMMFT
BJOTJ RV�VO DMBTTFNFOU EF �� TBMMFT TFMPO MFVS RVBMJUÊ BDPVTUJRVF TVS MB CBTF E�JO�
UFSWJFXT FU EF RVFTUJPOOBJSFT SFNQMJT QBS EFT FYQFSUT EV NJMJFV 	BDPVTUJDJFOT
 DIFGT

ÒÚ
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E�PSDIFTUSFT
 NVTJDJFOT
 DSJUJRVFT
� -FT USBWBVY EF #FSBOFL TF TPOU MBSHFNFOU GPOEÊT
TVS M�FYQÊSJFODF E�BVEJUFVST FYQFSUT BJOTJ RVF TVS TPO JOUVJUJPO FU TPO JOUFSQSÊUBUJPO�
1BS MB TVJUF E�BVUSFT ÊUVEFT POU QFSNJT E�FYBNJOFS M�BDPVTUJRVF EFT TBMMFT TFMPO EFT
NÊUIPEFT QMVT DPOUSÔMÊFT FU QMVT SJHPVSFVTFT� -FT OPNCSFVTFT ÊUVEFT SÊBMJTÊFT EFQVJT
POU NFOÊ Æ M�ÊMBCPSBUJPO E�VO TUBOEBSE EF M�*OUFSOBUJPOBM 0SHBOJ[BUJPO GPS 4UBOEBS�
EJ[BUJPO QPVS MB NFTVSF EF QBSBNÍUSFT BDPVTUJRVFT EBOT MFT TBMMFT EF DPODFSU � M�*40
������ <�>� $FUUF OPSNF DBSBDUÊSJTF DJOR BTQFDUT EF MB QFSDFQUJPO EF M�BDPVTUJRVF EF
TBMMFT EF DPODFSU � MB SÊWFSCÊSBODF
 MB DMBSUÊ
 MB GPSDF TPOPSF
 MB MBSHFVS BQQBSFOUF EF
TPVSDF FU M�FOWFMPQQFNFOU� /PVT WFSSPOT EBOT DF DIBQJUSF RVF MB OPSNF *40 ������
SFTUF JODPNQMÍUF FO UFSNFT EF QBSBNÍUSFT BDPVTUJRVFT QPVS DBSBDUÊSJTFS MB QFSDFQUJPO
EF M�BDPVTUJRVF FU RVF E�BVUSFT DBSBDUÊSJTBUJPOT QIZTJRVFT POU ÊUÊ ÊUBCMJFT
 OPUBNNFOU
QPVS EÊDSJSF MFT JNQSFTTJPOT TQBUJBMFT� 1BS BJMMFVST
 MB MJTUF EFT QSPQSJÊUÊT QFSDFQUJWFT
DPVWFSUFT QBS MB OPSNF *40 ������ O�FTU QBT FYIBVTUJWF FU E�BVUSFT BTQFDUT SÊDVSSFOUT
EBOT MB MJUUÊSBUVSF QFSNFUUFOU EF EÊDSJSF MB QFSDFQUJPO EF M�BDPVTUJRVF E�VOF TBMMF� 1PVS
NFTVSFS M�JOáVFODF EF M�BDPVTUJRVF TVS DFT QSPQSJÊUÊT QFSDFQUJWFT
 M�FOKFV FTU E�JEFOUJ�
àFS MFVS PSJHJOFT QIZTJRVFT� 1PVS DFMB
 JM FTU VUJMF EF GPSNBMJTFS Æ M�BJEF E�VO NPEÍMF MB
NBOJÍSF EPOU MFT ÊMÊNFOUT RVJ JOUFSWJFOOFOU EBOT MF QSPDFTTVT EF SÊWFSCÊSBUJPO T�PS�
HBOJTFOU FU JOUFSBHJTTFOU MFT VOT QBS SBQQPSU BVY BVUSFT�

Ò�Ò� �ODdLISATION DE L¤ACOUSTIQUE D¤UNE SALLE

Ò�Ò�Ò� �ARACTdRISATION TEMPORELLE

-F TPO QSPEVJU QBS VOF TPVSDF TPOPSF EBOT VO FTQBDF DMPT OF EJTQBSBÏU QBT JNNÊ�
EJBUFNFOU BQSÍT M�BSSËU EF MB TPVSDF
 NBJT SFTUF BVEJCMF QFOEBOU VO DFSUBJO UFNQT BWFD
VOF JOUFOTJUÊ TPOPSF EÊDSPJTTBOUF� -B SÊWFSCÊSBUJPO DPSSFTQPOE Æ DFUUF QFSTJTUBODF EV
TPO EBOT VO FTQBDF FO SBJTPO EF NVMUJQMFT SÊáFYJPOT TVS MFT TVSGBDFT DPOTUJUVBOU M�FO�
WJSPOOFNFOU EBOT MFRVFM JM TF QSPQBHF <�>� -F UFSNF jSÊáFYJPOv EÊTJHOF MF QSPDFTTVT
BVRVFM FTU TPVNJT VOF POEF TPOPSF MPSTRV�FMMF GSBQQF VO NVS FU EÊTJHOF ÊHBMFNFOU
MF SÊTVMUBU EF DF QSPDFTTVT� &O JOUFSBHJTTBOU BJOTJ BWFD MF MJFV EBOT MFRVFM JM ÊWPMVF

MF TPO WÊIJDVMF Æ M�BVEJUFVS EFT JOGPSNBUJPOT SFMBUJWFT Æ MB QPTJUJPO EF MB TPVSDF
 Æ MB
HÊPNÊUSJF FU BVY NBUÊSJBVY EF MB TBMMF�

%BOT VO FTQBDF EPOOÊ
 MF USBKFU FOUSF VO ÊNFUUFVS TPOPSF FU VO SÊDFQUFVS QFVU ËUSF
BTTJNJMÊ Æ VO PV QMVTJFVST àMUSFT MJOÊBJSFT JOWBSJBOUT EBOT MF UFNQT � VOF PV QMVTJFVST
SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF� -B SÊWFSCÊSBUJPO QFVU BMPST ËUSF DPOTJEÊSÊF DPNNF
MB TPNNF EF UPVUFT MFT SÊáFYJPOT TPOPSFT BSSJWBOU Æ VO DFSUBJO QPJOU EF MB TBMMF BQSÍT
RVF DFMMF�DJ B ÊUÊ FYDJUÊF QBS VO TJHOBM TPOPSF JNQVMTJG� 6OF UFMMF SÊQPOTF FTU DPNQPTÊF
E�VO HSBOE OPNCSF EF SÊáFYJPOT
 DPNNF MF NPOUSF TDIÊNBUJRVFNFOU MB àHVSF ����
$F EJBHSBNNF TJNQMJàÊ EF MB SÊQPOTF JNQVMTJPOOFMMF E�VOF TBMMF
 FTU ÊHBMFNFOU BQQFMÊ
jÊDIPHSBNNFv PV jEJBHSBNNF EF SÊáFYJPOv�

*M FTU DPVSBOU EF EÊDPNQPTFS DFUUF SÊQPOTF JNQVMTJPOOFMMF FO QMVTJFVST SÊHJPOT
UFNQPSFMMFT QPVWBOU DPNQSFOESF � MF TPO EJSFDU
 EFT SÊáFYJPOT TQÊDVMBJSFT QSÊDPDFT
FU VOF SÊWFSCÊSBUJPO UBSEJWF <�>� 6O TJHOBM TPOPSF RVJ TF QSPQBHF TBOT SÊáFYJPOT EF�
QVJT VOF TPVSDF WFST VO BVEJUFVS BSSJWF BQSÍT VOF DFSUBJOF EVSÊF EFQVJT VOF EJSFDUJPO
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'ñïýúí ��� m .PEÊMJTBUJPO E�VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF FO USPJT SÊHJPOT UFNQPSFMMFT EJTUJODUFT�

QSÊDJTF� 6O UFM TJHOBM FTU RVBMJàÊ EF TPO EJSFDU� *M FTU TVJWJ QBS EFT SÊáFYJPOT QSÊDPDFT
BQQBSBJTTBOU EF NBOJÍSF TQPSBEJRVF FU QSPWFOBOU EF EJSFDUJPOT EJTUJODUFT EÊUFSNJOÊFT
QBS MB HÊPNÊUSJF EF MB QJÍDF� -FVST JODJEFODF
 SFUBSE FU BNQMJUVEF POU VOF JOáVFODF
JNQPSUBOUF TVS OPUSF QFSDFQUJPO EF M�FTQBDF�

&O TF QSPQBHFBOU
 DFT POEFT TPOPSFT TF SÊáÊDIJTTFOU TVS MFT TVSGBDFT EF M�FTQBDF
DMPT FU TPOU EJTQFSTÊFT EBOT EJWFSTFT EJSFDUJPOT� -B EFOTJUÊ EF SÊáFYJPO � PV EFOTJUÊ
E�ÊDIP � BVHNFOUF BV GVS FU Æ NFTVSF EV UFNQT Æ UFM QPJOU RVF MFT SÊáFYJPOT OF QFVWFOU
QMVT ËUSF QFSÉVFT JOEJWJEVFMMFNFOU� -B EFOTJUÊ E�ÊDIP δE 
 FO VO QPJOU EF M�FTQBDF E�VOF
TBMMF SFDUBOHVMBJSF BVY QBSPJT SJHJEFT
 FTU VOF GPODUJPO RVBESBUJRVF EV UFNQT E�BSSJWÊF
FU JOWFSTFNFOU QSPQPSUJPOOFMMF BV WPMVNF EF MB TBMMF V <�> �

δE =
ENS

Et
= 4π

c3t2

V
	���


PÜ Nr FTU MF OPNCSF EF SÊáFYJPOT
 t FTU MF UFNQT E�BSSJWÊF EF MB SÊáFYJPO FU c FTU MB
DÊMÊSJUÊ EV TPO� $FUUF SFMBUJPO RVBESBUJRVF EF MB EFOTJUÊ E�ÊDIP BV UFNQT E�BSSJWÊF TF
WÊSJàF ÊHBMFNFOU QPVS EFT TBMMFT EF GPSNF BSCJUSBJSF <�>�

" NFTVSF RVF MF UFNQT BWBODF
 MF DIBNQ TPOPSF TF DPOTUJUVF E�VO HSBOE OPNCSF
E�POEFT TPOPSFT EÊDPSSÊMÊFT
 FO SBJTPO EF MB EJWFSTJUÊ EFT NPEJàDBUJPOT TQFDUSBMFT FU
UFNQPSFMMFT TVCJFT QBS MF TJHOBM TPOPSF ÊNFUUFVS� "QSÍT VO DFSUBJO UFNQT
 MF DIBNQ
TPOPSF FTU EJU EJGGVT <�> � JM SÊTVMUF EF MB TVQFSQPTJUJPO E�VO HSBOE OPNCSF E�POEFT
QMBOFT
 EF TPSUF RVF UPVUFT MFT EJSFDUJPOT EF QSPQBHBUJPO TPOU ÊHBMFNFOU QSPCBCMFT FU
RVF MFT SFMBUJPOT EF QIBTF EFT POEFT TPOU BMÊBUPJSFT FO DIBRVF QPJOU EPOOÊ EF M�FT�
QBDF� %BOT EFT TJUVBUJPOT SÊFMMFT
 EV GBJU EFT OPNCSFVTFT JSSÊHVMBSJUÊT EF GPSNFT RVJ
DPOTUJUVFOU VO FTQBDF
 MF DIBNQ TPOPSF QFVU ËUSF BTTF[ CJFO BQQSPYJNÊ QBS VO DIBNQ
EJGGVT� /ÊBONPJOT
 JM FTU DPNNVO EF SFODPOUSFS EFT SÊWFSCÊSBUJPOT UBSEJWFT EPOU MB
EJTUSJCVUJPO BMÊBUPJSF EF M�ÊOFSHJF O�FTU QBT VOJGPSNF EBOT UPVUFT MFT EJSFDUJPOT EF M�FT�
QBDF� %BOT DF DBT
 MF DIBNQ TPOPSF SÊWFSCÊSÊ FTU EJU BOJTPUSPQF FU QFVU ËUSF DBSBDUÊSJTÊ
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QBS VO EFHSÊ QMVT PV NPJOT ÊMFWÊ EF EJGGVTJPO RVF OPVT OPNNFSPOT EJGGVTJWJUÊ EBOT
MB TVJUF EV EPDVNFOU�

-FT DPNQPSUFNFOUT UFNQPSFM FU TQBUJBM E�VO DIBNQ EJGGVT QFVWFOU ËUSF DBSBDUÊSJTÊT
QBS VO QSPDFTTVT TUPDIBTUJRVF <�>� $F TPOU MFT DBSBDUÊSJTUJRVFT TUBUJTUJRVFT GPSNÊFT QBS
M�FOTFNCMF EFT SÊáFYJPOT RVJ EFWJFOOFOU QFSUJOFOUFT E�VO QPJOU EF WVF QFSDFQUJG� -FT
SÊáFYJPOT UBSEJWFT USBOTQPSUBOU EF NPJOT FO NPJOT E�ÊOFSHJF
 MB NFTVSF h EV DIBNQ
EJGGVT FO VO QPJOU EF M�FTQBDF QFVU�ËUSF NPEÊMJTÊF QBS VO PV QMVTJFVST CSVJUT HBVTTJFOT
Æ NPZFOOF OVMMF BZBOU VOF EÊDSPJTTBODF FYQPOFOUJFMMF EF TPO ÊOFSHJF <�
 �> �

h(t) = b(t)e−αt 	���


PÜ α > 0 FU b(t) FTU VO QSPDFTTVT HBVTTJFO DFOUSÊ SÊTVMUBOU E�VO HSBOE OPNCSF EF
DPOUSJCVUJPOT JOEÊQFOEBOUFT�

-F UFNQT BQSÍT MFRVFM MF DIBNQ TPOPSF EFWJFOU EJGGVT FTU OPNNÊ UFNQT EFNÊMBOHF�
-B SÊWFSCÊSBUJPO UBSEJWF � PV RVFVF EF SÊWFSCÊSBUJPO � ÊUBOU DPNNVOÊNFOU BTTJNJMÊF Æ
VO DIBNQ EJGGVT
 MF UFNQT EFNÊMBOHF DPSSFTQPOE EPOD BV UFNQT EF USBOTJUJPO FOUSF MFT
SÊáFYJPOT QSÊDPDFT FU MB SÊWFSCÊSBUJPO UBSEJWF� %�VO QPJOU EF WVF QFSDFQUJG MF UFNQT EF
NÊMBOHF QFVU ËUSF EÊàOJ DPNNF MF NPNFOU PÜ MB RVFVF EF SÊWFSCÊSBUJPO OF QFVU ËUSF
EJTUJOHVÊF EF DFMMF NFTVSÊF FO UPVUF BVUSF QPTJUJPO EF M�BVEJUFVS EBOT MB QJÍDF FU�PV
E�PSJFOUBUJPO EF M�BVEJUFVS <��>� #JFO RVF MF UFNQT EF NÊMBOHF EÊQFOEF EF M�FTQBDF
DPOTJEÊSÊ
 EFT WBMFVST EF M�PSESF EF �� NT QPVS MFT HSBOEFT TBMMFT FU EF �� NT QPVS MFT
QFUJUFT TPOU DPVSBNNFOU VUJMJTÊFT <�>�

Ò�Ò�Ó� �ARACTdRISATION FRdQUENTIELLE

%�VO QPJOU EF WVF GSÊRVFOUJFM
 MFT POEFT TPOPSFT TPOU NPEJàÊFT EJGGÊSFNNFOU TF�
MPO MB GSÊRVFODF QBS MFT NBUÊSJBVY RVJ DPOTUJUVFOU M�FTQBDF FU FO SBJTPO EF MB HÊPNÊUSJF
EF MB TBMMF EFT SÊTPOBODFT BQQBSBJTTFOU Æ DFSUBJOFT GSÊRVFODFT� 0O SFUSPVWF VOF TFH�
NFOUBUJPO TJNJMBJSF BV DPNQPSUFNFOU UFNQPSFM BWFD VOF SÊHJPO GSÊRVFOUJFMMF CBTTF
GSÊRVFODF PÜ EFT SÊTPOBODFT TPOU QFSDFQUJCMFT JOEJWJEVFMMFNFOU FU VOF SÊHJPO IBVUF
GSÊRVFODF PÜ DF TPOU EFT DBSBDUÊSJTBUJPOT TUBUJTUJRVFT EFT SÊTPOBODFT RVJ TPOU SFQSÊ�
TFOUBUJWFT EF MB QFSDFQUJPO EF MB SÊWFSCÊSBUJPO <�>�

4FMPO MB HÊPNÊUSJF FU MFT NBUÊSJBVY DPOTUJUVBOU M�FTQBDF EBOT MFRVFM TF QSPQBHFOU
EFT POEFT TPOPSFT
 VO FOTFNCMF EF GPODUJPOT � OPNNÊFT NPEFT � GPSNFOU VOF CBTF
EF M�FTQBDF EFT TPMVUJPOT EF M�ÊRVBUJPO E�POEF <�>� -B QSPQBHBUJPO EV TPO EBOT VOF
TBMMF FTU EÊUFSNJOÊF QBS DFT NPEFT QSPQSFT EF MB TBMMF� *M T�BHJU E�POEFT TUBUJPOOBJSFT
USJEJNFOTJPOOFMMFT RVJ QFVWFOU ËUSF FYDJUÊFT BVY GSÊRVFODFT QSPQSFT � PV GSÊRVFODF
EF SÊTPOBODF � DBSBDUÊSJTUJRVFT EF MB TBMMF� $IBRVF NPEF QSPQSF FTU BTTPDJÊ Æ VOF SÊ�
QBSUJUJPO TQBUJBMF EJGGÊSFOUF EF MB QSFTTJPO TPOPSF RVJ JNQMJRVF QBSGPJT E�JNQPSUBOUFT
áVDUVBUJPOT EF M�JOUFOTJUÊ TPOPSF� © CBTTF GSÊRVFODF
 MFT NPEFT TPOU JTPMÊT FU EJGGÊ�
SFOUJBCMFT NBJT QPVS VOF HBNNF EF GSÊRVFODF QMVT ÊMFWÊF JM O�FTU QBT TJNQMF EF MFT
EJTUJOHVFS� -B EFOTJUÊ NPZFOOF EFT GSÊRVFODFT EF SÊTPOBODF δf 
 D�FTU�Æ�EJSF MF OPNCSF
EF GSÊRVFODFT EF SÊTPOBODF Nf QBS )[ Æ VOF GSÊRVFODF f 
 QFVU ËUSF BQQSPDIÊF QBS MB
GPSNVMF TVJWBOUF QPVS VOF TBMMF EF GPSNF BSCJUSBJSF <��> �
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δf =
ENf

Ef
≈ 4π

V f2

c3
	���


PÜ c FTU MB WJUFTTF EV TPO
 FU V FTU MF WPMVNF EF M�FTQBDF� %F NBOJÍSF TJNJMBJSF Æ MB
EFOTJUÊ E�ÊDIP
 MF EFOTJUÊ EFT GSÊRVFODFT EF SÊTPOBODF FTU QSPQPSUJPOOFMMF Æ MB GSÊ�
RVFODF BV DBSSÊ FU BV WPMVNF EF MB TBMMF� $FUUF BQQSPYJNBUJPO FTU BQQMJDBCMF MPSTRVF
MB MPOHVFVS E�POEF FTU QFUJUF QBS SBQQPSU BVY EJNFOTJPOT EF MB TBMMF FU FTU E�BVUBOU
QMVT WSBJ RVF MB GSÊRVFODF BVHNFOUF�

0O EÊàOJU MB MBSHFVS EF CBOEF E�VO NPEF DPNNF M�FOTFNCMF EFT QPJOUT TJUVÊT
Æ �� E# EF QBSU FU E�BVUSF EV jQJDv E�ÊOFSHJF TJUVÊ Æ MB GSÊRVFODF EF SÊTPOBODF� 4J
MB MBSHFVS EF CBOEF EFT NPEFT FTU CFBVDPVQ QMVT HSBOEF RVF M�FTQBDFNFOU FOUSF MFT
NPEFT
 MFVS DIFWBVDIFNFOU OF QFSNFUUSB QBT EF MFT EJTUJOHVFS JOEJWJEVFMMFNFOU� -F
SFDPVWSFNFOU EFWJFOU USPQ ÊMFWÊ FU DPOEVJU Æ BEPQUFS VOF BQQSPDIF TUBUJTUJRVF� -B
GSÊRVFODF EF 4DIS�EFS FTU MB WBMFVS BV�EFTTVT EF MBRVFMMF DFT NPEFT OF TPOU QMVT
EJTUJOHVBCMFT JOEJWJEVFMMFNFOU <��>� &MMF FTU EÊUFSNJOÊF FO DPOTJEÊSBOU RVF EFT NPEFT
OF TPOU QBT JEFOUJàBCMFT JOEJWJEVFMMFNFOU TJ M�FTQBDFNFOU NPZFO FOUSF EFVY NPEFT
DPOTÊDVUJGT FTU JOGÊSJFVS Æ VO UJFST EF MB MBSHFVS EF CBOEF EF DIBRVF NPEF� $FUUF
GSÊRVFODF MJNJUF fTDI
 DBMDVMÊF E�BQSÍT MB EFOTJUÊ NPZFOOF EFT GSÊRVFODF EF SÊTPOBODF
EF M�ÊRVBUJPO 	���

 FTU EPOOÊF QBS �

fTDI ≈ 2000

√
T

V
	���


PÜ T DPSSFTQPOE BV UFNQT EF SÊWFSCÊSBUJPO
 D�FTU�Æ�EJSF BV UFNQT OÊDFTTBJSF Æ VOF
EÊDSPJTTBODF EF M�JOUFOTJUÊ TPOPSF EF �� E# BQSÍT M�FYUJODUJPO E�VOF TPVSDF TPOPSF
DPOUJOVF� %F NBOJÍSF HÊOÊSBMF
 MB GSÊRVFODF EF 4DIS�EFS FTU JOGÊSJFVSF Æ �� )[ EBOT
MFT TBMMFT EF HSBOE WPMVNF 	FY � 5 = 1.5 T FU 7 = 2000 N�
� -F TFVJM FTU TJ GBJCMF RVF
MFT GSÊRVFODFT GPOEBNFOUBMFT EF MB QMVQBSU EFT TPVSDFT TPOPSFT VTVFMMFT TPOU CJFO QMVT
ÊMFWÊFT� $F O�FTU RVF EBOT MFT QFUJUFT TBMMFT RV�VOF QBSUJF EF MB HBNNF EF GSÊRVFODFT
VTVFMMFT TF TJUVF FO EFTTPVT EF fTDI� $F TFVJM QFVU QBS FYFNQMF T�ÊMFWFS Æ ��� )[ 	FY �
5 = 0.7 s FU 7 = 37 N�
�

"JOTJ
 EBOT VOF SÊHJPO QBSUJDVMJÍSF EV EPNBJOF UFNQT�GSÊRVFODF
 EÊMJNJUÊ QBS MB
GSÊRVFODF EF 4DIS�EFS FU MF UFNQT EF NÊMBOHF
 MB EFOTJUÊ GSÊRVFOUJFMMF FU UFNQPSFMMF
TPOU BTTF[ ÊMFWÊFT QPVS RVF MB SÊWFSCÊSBUJPO QVJTTF ËUSF EÊDSJUF EF GBÉPO TUPDIBTUJRVF�

Ò�Ó� �ESURES PERCEPTIVES DE L¤ACOUSTIQUE D¤UNE SALLE

-B DBSBDUÊSJTBUJPO E�VO TPO FTU MJÊF Æ MB NFTVSF EF EJGGÊSFOUT BTQFDUT
 RVJ QFVU ËUSF
FGGFDUVÊF TFMPO EFT QFSTQFDUJWFT USÍT EJGGÊSFOUFT� 6O ÊWÍOFNFOU BDPVTUJRVF QFVU ËUSF
BOBMZTÊ FO FNQMPZBOU EFT DBQUFVST QIZTJRVFT 	VO PV QMVTJFVST NJDSPQIPOFT
 BàO EF
RVBOUJàFS VOF PV QMVTJFVST EF TFT HSBOEFVST QIZTJRVFT UFMMFT RVF MF OJWFBV TPOPSF
 MF
DPOUFOV GSÊRVFOUJFM PV FODPSF MF UFNQT EF SÊWFSCÊSBUJPO� *M QFVU ÊHBMFNFOU ËUSF DBSBD�
UÊSJTÊ FO FNQMPZBOU EFT DBQUFVST TFOTPSJFMT 	MFT PSFJMMFT E�VO BVEJUFVS
 BàO EF RVBOUJ�
àFS MFT TFOTBUJPOT BVEJUJWFT RVF DFMVJ�DJ ÊQSPVWF MPSTRV�JM FTU DPOGSPOUÊ Æ M�ÊWÊOFNFOU
BDPVTUJRVF� 0O QBSMF BMPST E�ÊWBMVBUJPO QFSDFQUJWF <��>�
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-�ÊWBMVBUJPO QFSDFQUJWF QFVU ËUSF E�PSESF QFSDFQUJG PV BGGFDUJG� %BOT MF QSFNJFS
DBT
 MF TVKFU FGGFDUVF VOF RVBOUJàDBUJPO TFOTPSJFMMF EF QSPQSJÊUÊT BVEJUJWFT EV TUJNVMVT
QFSÉV TBOT RVF O�JOUFSWJFOOFOU TFT ÊNPUJPOT
 HPÚUT PV PQJOJPOT� -�PCKFDUJG QSJODJQBM
FTU EF EPOOFS EFT JOGPSNBUJPOT TVS MB DBSBDUÊSJTUJRVF EV TPO UFM RV�JM FTU QFSÉV QBS MF
TZTUÍNF BVEJUJG� -FT DBSBDUÊSJTUJRVFT EV TUJNVMVT QFSÉV TPOU ÊWBMVÊFT FO UFSNFT PCKFD�
UJGT� $FUUF BQQSPDIF QPTUVMF RVF MB QFSDFQUJPO EF DFSUBJOFT DBSBDUÊSJTUJRVFT TPOPSFT FTU
DPNNVOF Æ UPVT MFT BVEJUFVST TJ CJFO RVF MFVS ÊWBMVBUJPO NÍOF Æ EFT RVBOUJàDBUJPOT
TJNJMBJSFT QPVS VO HSBOE OPNCSF EF TVKFUT� *M FTU JNQPSUBOU RVF DFT DBSBDUÊSJTUJRVFT
TPJFOU CJFO EÊàOJFT FU RVF MFT TVKFUT BJFOU MB NËNF DPNQSÊIFOTJPO EF MFVS TJHOJàDBUJPO�

%BOT MF DBT EF KVHFNFOUT BGGFDUJGT
 M�ÊWBMVBUJPO QFSDFQUJWF FTU BTTPDJÊF Æ VOF PQJ�
OJPO QFSTPOOFMMF UFMMF RVF EFT KVHFNFOUT EF QSÊGÊSFODF PV EF HËOF� -FT EPOOÊFT DPM�
MFDUÊFT E�VO TVKFU Æ M�BVUSF QFVWFOU EPOD ËUSF USÍT WBSJBCMFT FU DF TPOU MFT UFOEBODFT
PCTFSWÊFT BV TFJO E�VOF QPQVMBUJPO RVJ TPOU HÊOÊSBMFNFOU ÊUVEJÊFT� $F UZQF E�ÊWBMVB�
UJPO OF TFSB QBT BCPSEÊ EBOT DF EPDVNFOU�

Ò�Ó�Ò� �ES MdTHODES D¤dVALUATION PERCEPTIVE

6OF NÊUIPEF E�BOBMZTF TFOTPSJFMMF QFVU ËUSF EÊàOJF DPNNF jVO NPZFO E�ÊWPRVFS
VOF SÊQPOTF EF MB QBSU EFT TVKFUT
 RVJ QFVU ËUSF NFTVSÊF EF UFMMF TPSUF RVF MFT EPO�
OÊFT QVJTTFOU ËUSF BOBMZTÊFT FU JOUFSQSÊUÊFTv <��>� &MMF EÊTJHOF EPOD VOF NBOJÍSF EF
QSÊTFOUFS MFT TUJNVMJ Æ EFT TVKFUT
 MB DPMMFDUF EF EPOOÊFT FU M�JOUFSQSÊUBUJPO EFT SÊTVM�
UBUT E�BOBMZTF FO WVF EF SÊQPOESF BV RVFTUJPOOFNFOU EFT FYQÊSJNFOUBUFVST� 6O HSBOE
OPNCSF EF NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF FYJTUF FU FMMFT QFVWFOU ËUSF EJGGÊSFODJÊFT
FO UFSNF EF QSÊDJTJPO
 SPCVTUFTTF
 EF GBDJMJUÊ EF NJTF FO �VWSF PV E�BEÊRVBUJPO BWFD
EFT TJUVBUJPOT SÊFMMFT� &MMFT QFVWFOU BWPJS QPVS CVU EF EÊUFSNJOFS PV RVBOUJàFS VO PV
QMVTJFVST BUUSJCVUT QFSDFQUJGT PV EJNFOTJPOT QFSDFQUJWFT� 6O BUUSJCVU QFSDFQUJG EÊTJHOF
VOF DBSBDUÊSJTUJRVF QFSDFQUJCMF <��>� *M FTU HÊOÊSBMFNFOU ÊUSPJUFNFOU BTTPDJÊ Æ VO UFSNF
DBSBDUÊSJTBOU DFUUF QFSDFQUJPO� -B DPNCJOBJTPO E�VO UFSNF FU E�VOF EÊàOJUJPO QFSNFU
MB CPOOF DPNQSÊIFOTJPO FU DPNNVOJDBUJPO EF M�BUUSJCVU�

-B OPUJPO EF EJNFOTJPOT QFSDFQUJWFT FTU ÊHBMFNFOU DPNNVOÊNFOU VUJMJTÊFT EBOT
MFT NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF� &MMF TF SÊGÍSF Æ MB TUSVDUVSF QFSDFQUJWF TPVT�
KBDFOUF BV KVHFNFOU E�VO FOTFNCMF EF TUJNVMJ� &O QBSUJDVMJFS
 MB EJNFOTJPO EÊTJHOF VO
BYF SÊTVMUBOU E�VOF BOBMZTF TUBUJTUJRVF NVMUJWBSJÊF� "JOTJ
 VOF EJNFOTJPO QFVU SÊTVMUFS
E�VOF DPNCJOBJTPO EF QMVTJFVST BUUSJCVUT TFMPO EJGGÊSFOUFT QPOEÊSBUJPOT FU OPO ËUSF
VOJRVFNFOU DPSSÊMÊF Æ VO BUUSJCVU <��>�

1BSNJ MFT NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF TF USPVWFOU EJGGÊSFOUFT DBUÊHPSJFT � MFT
NÊUIPEFT EJTDSJNJOBOUFT
 JOUÊHSBUJWFT FU EFTDSJQUJWFT� -FT NÊUIPEFT EJTDSJNJOBOUFT
TPOU QSJODJQBMFNFOU FNQMPZÊFT QPVS EÊUFSNJOFS T�JM FYJTUF VOF EJGGÊSFODF QFSDFQUJCMF
FOUSF QMVTJFVST TUJNVMJ� -FT KVHFNFOUT FGGFDUVÊT QBS MFT TVKFUT TPOU TPJU CJOBJSFT
 TPJU
QFSNFUUFOU E�ÊUBCMJS VOF SFMBUJPO E�PSESF FOUSF MFT TUJNVMJ TBOT UPVUFGPJT ÊWBMVFS EF
NBOJÍSF RVBOUJUBUJWF MB EJTUBODF RVJ MFT TÊQBSF� -FT BQQSÊDJBUJPOT EFT TVKFUT QFVWFOU
DPODFSOFS EFT BUUSJCVUT QFSDFQUJGT
 EFT KVHFNFOUT EF RVBMJUÊ PV EF QSÊGÊSFODF� 1BSNJ
DFT NÊUIPEFT EF EJTDSJNJOBUJPO TF USPVWFOU MF UFTU "#9 <��>
 MF UFTU EVP�USJP <��>
 MB
DPNQBSBJTPO QBS QBJSF <��> PV FODPSF MF UFTU UFUSBE <��>�

-FT NÊUIPEFT JOUÊHSBUJWFT EÊTJHOFOU VOF GBNJMMF EF NÊUIPEFT EBOT MBRVFMMF MFT TV�
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KFUT KVHFOU MB QFSDFQUJPO E�VO FOTFNCMF EF TUJNVMJ TFMPO VO VOJRVF DSJUÍSF UFMMF RVF
MB RVBMJUÊ
 MB EÊHSBEBUJPO PV MB QSÊGÊSFODF� &MMFT FNQMPJFOU HÊOÊSBMFNFOU VOF ÊDIFMMF
IÊEPOJRVF Æ � QPJOUT
 <��>� "JOTJ
 VOF TFVMF WBSJBCMF FTU KVHÊF QBS MFT TVKFUT EBOT
M�ÊWBMVBUJPO FO VUJMJTBOU VOF TFVMF ÊDIFMMF EF OPUBUJPO� $FT NÊUIPEFT TPOU USÍT SÊQBO�
EVFT FU MFVS VTBHF FTU TPVNJT Æ EFT OPSNFT CJFO ÊUBCMJFT� &O QBSUJDVMJFS
 EFVY TUBO�
EBSET *56 TPOU MFT QMVT DPVSBNNFOU VUJMJTÊFT � MB SFDPNNBOEBUJPO #4������� <��> FU
MB SFDPNNBOEBUJPO #4������� <��>� -B QSFNJÍSF
 ÊHBMFNFOU BQQFMÊ .64)3" 	UFTU
.6MUJ�4UJNVMVT XJUI )JEEFO 3FGFSFODF BOE "ODIPS

 FTU VUJMJTÊF QPVS ÊWBMVFS QSJODJ�
QBMFNFOU MB EÊHSBEBUJPO FO SBQQPSU Æ VOF SÊGÊSFODF� &MMF FTU BQQMJRVÊF BVY DBT PÜ EFT
BSUFGBDUT TPOU QSÊTFOUT FU DMBJSFNFOU BVEJCMFT� -B TFDPOEF FTU VOF NÊUIPEF QMVT QSÊ�
DJTF FU FNQMPZÊF MPST EF M�ÊWBMVBUJPO EF TJUVBUJPOT PÜ MFT BSUFGBDUT TPOU QFV BVEJCMFT�
$FT EFVY NÊUIPEFT TFSPOU BCPSEÊFT QMVT BNQMFNFOU EBOT MF DIBQJUSF �
 � FU ��

-FT NÊUIPEFT EFTDSJQUJWFT WJTFOU Æ JEFOUJàFS FU RVBOUJàFS EFT BUUSJCVUT PV EJNFO�
TJPOT QFSDFQUJWFT MJÊT Æ VO FOTFNCMF EF TUJNVMJ BWFD VO HSPVQF EF TVKFUT FOUSBJOÊT�
%BOT DFUUF PQUJRVF
 JM QFVU ËUSF EFNBOEÊ BVY TVKFUT EF WFSCBMJTFS MFT TFOTBUJPOT QFS�
ÉVFT BV NPZFO E�VO WPDBCVMBJSF JOEJWJEVFM PV DPNNVO Æ UPVT MFT TVKFUT� -PSTRV�VO
WPDBCVMBJSF JOEJWJEVFM FTU FNQMPZÊ
 MF TVKFU EÊDSJU BWFD TFT QSPQSFT UFSNFT MFT TFOTB�
UJPOT QFSÉVFT� 0O QBSMF BMPST E�*OEJWJEVBM 7PDBCVMBSZ .FUIPET� *M FTU QPTTJCMF RVF MFT
TVKFUT QFSÉPJWFOU MFT TUJNVMJ EF MB NËNF NBOJÍSF UPVU FO VUJMJTBOU EFT UFSNFT EJGGÊSFOUT
QPVS FYQSJNFS MFVST TFOTBUJPOT� $�FTU BMPST Æ M�FYQÊSJNFOUBUFVS E�FGGFDUVFS M�BOBMZTF
MJOHVJTUJRVF QFSNFUUBOU EFT SBQQSPDIFNFOUT FOUSF MFT EJGGÊSFOUFT UFSNJOPMPHJFT FN�
QMPZÊFT EBOT MF CVU EF EÊUFSNJOFS MFT BUUSJCVUT QFSDFQUJGT JODMVT EBOT M�FOTFNCMF EF
UFTU� 0O USPVWF QBSNJ DFT NÊUIPEFT MF 'SFF�$IPJDF 1SPàMJOH <��>
 MF 'MBTI 1SPàMF <��>

M�*OEJWJEVBM 7PDBCVMBSZ 1SPàMJOH <��> FU MB 3FQFSUPSZ (SJE 5FDIOJRVF <��
 ��>�

6OF EFT NBOJÍSFT EF NJOJNJTFS MFT JODFSUJUVEFT EV MBOHBHF FTU EF GBJSF FO TPSUF RVF
MFT TVKFUT T�BDDPSEFOU QSÊBMBCMFNFOU TVS VO WPDBCVMBJSF QSÊDJT Æ FNQMPZFS� 0O QBSMF
BMPST EF$POTFOTVT 7PDBCVMBSZ.FUIPET� 6O FOTFNCMF EF TVKFUT FTU VUJMJTÊ QPVS EÊàOJS
PV TÊMFDUJPOOFS VO FOTFNCMF EF UFSNFT DPNNVOT RVJ EÊDSJWFOU MFT BUUSJCVUT QFSDFQUJGT
EFT TUJNVMJ DPOTJEÊSÊT� %F QMVT
 VO PV QMVTJFVST TUJNVMJ TPOPSFT QFVWFOU ËUSF VUJMJTÊT
FO HVJTF EF SÊGÊSFODF QPVS JMMVTUSFS MFT UFSNFT QSÊTFOUT EBOT MF WPDBCVMBJSF DPNNVO�
-FT TVKFUT VUJMJTFOU FOTVJUF DF WPDBCVMBJSF QPVS KVHFS MFT TUJNVMJ� 0O DPNQUF QBSNJ DFT
NÊUIPEFT MB 'MBWPS 1SPàMF .FUIPE <��>
 MB 2VBOUJUBUJWF %FTDSJQUJWF "OBMZTJT <��> PV
MB 4FNBOUJD %JGGFSFOUJBM .FUIPE <��>� &MMFT TPOU DPOTJEÊSÊFT DPNNF QMVT GBTUJEJFVTFT
Æ NFUUSF FO �VWSF QBS SBQQPSU BVY NÊUIPEFT Æ WPDBCVMBJSF JOEJWJEVFM
 DBS OÊDFTTJUFOU
VO FGGPSU TVQQMÊNFOUBJSF QPVS PCUFOJS VO WPDBCVMBJSF GBJTBOU DPOTFOTVT�

%FT BQQSPDIFT EJUFT JOEJSFDUFT QFVWFOU ÊHBMFNFOU ËUSF VUJMJTÊFT EBOT MFT NÊUIPEFT
EFTDSJQUJWFT� $POUSBJSFNFOU BVY NÊUIPEFT EJSFDUFT
 MFT NÊUIPEFT JOEJSFDUFT OF EF�
NBOEFOU QBT BVY TVKFUT EF KVHFS EFT BUUSJCVUT TQÊDJàRVFT NBJT EÊUFSNJOFOU VO FTQBDF
QFSDFQUJG NVMUJEJNFOTJPOOFM MBUFOU EJSFDUFNFOU Æ QBSUJS E�VOF BOBMZTF NVMUJWBSJÊF�
"WFD DFT NÊUIPEFT
 JM O�FTU EPOD QBT OÊDFTTBJSF EF QSÊTVQQPTFS EV OPNCSF OJ EF MB
OBUVSF EFT BUUSJCVUT QFSDFQUJGT FO KFV EBOT MF KVHFNFOU EFT TUJNVMJ� *M FTU FO FGGFU QPT�
TJCMF E�BOBMZTFS MB QFSDFQUJPO E�VO FOTFNCMF EF TUJNVMJ FO EÊHBHFBOU VOF PV QMVTJFVST
EJNFOTJPOT QFSDFQUJWFT TPVT�KBDFOUFT RVJ FYQMJRVFOU MFVST EJTQBSJUÊT� -FT EJNFOTJPOT
QFSDFQUJWFT QFVWFOU ËUSF SÊWÊMÊFT QBS M�BOBMZTF EFT EJGGÊSFODFT QFSÉVFT FOUSF MFT TUJNVMJ�
1BSNJ DFT NÊUIPEFT TF USPVWFOU M�BOBMZTF NVMUJEJNFOTJPOOFMMF PV .VMUJEJNFOTJPOBM
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4DBMJOH 	.%4
 <��>
 MF 'SFF 4PSUJOH <��>
 MF 1SPKFDUJWF .BQQJOH <��>
 MB 1FSDFQUVBM
4USVDUVSF "OBMZTJT <��
 ��>�

$FT NÊUIPEFT TFNCMFOU JOUÊSFTTBOUFT DBS O�JOUSPEVJTFOU QBT EF CJBJT QPUFOUJFMT BT�
TPDJÊT Æ M�VUJMJTBUJPO E�BUUSJCVUT QFSDFQUJGT� -FT ÊWBMVBUFVST DPNQBSFOU PV USJFOU MFT
TUJNVMJ TFMPO DF RV�JMT QFSÉPJWFOU� %BOT MF DBT EF M�BOBMZTF NVMUJEJNFOTJPOOFMMF
 EFT
QBJSFT EF TUJNVMJ TPOU QSÊTFOUÊFT BVY TVKFUT BVYRVFMT JM FTU TFVMFNFOU EFNBOEÊ EF KV�
HFS EV EFHSÊ EF TJNJMBSJUÊ PV EF EJTTFNCMBODF� -�BOBMZTF EFT NBUSJDFT EF EJTTFNCMBODF
SÊTVMUBOUFT GPVSOJU MFT DPPSEPOOÊFT EF DFT TUJNVMJ TVS DIBDVOF EFT EJNFOTJPOT QFSDFQ�
UJWFT TVQQPTÊFT TPVT�UFOESF MFVS QFSDFQUJPO <��>� $FQFOEBOU
 M�VO EFT EÊàT EF MB .%4
DPOTJTUF Æ USPVWFS MF CPO OPNCSF EF EJNFOTJPOT QFSDFQUJWFT
 D�FTU�Æ�EJSF MFT EJNFO�
TJPOT RVJ NÊSJUFOU E�ËUSF JOUFSQSÊUÊFT� *M JODPNCF BV DIFSDIFVS EF USPVWFS MB OBUVSF
EF DFT EJNFOTJPOT DBS BVDVOF JOGPSNBUJPO BEEJUJPOOFMMF O�FTU SFDVFJMMJF BVQSÍT EFT TV�
KFUT� $FUUF UÄDIF QFVU T�BWÊSFS DPNQMFYF FU M�JOUFSQSÊUBUJPO EFT EJNFOTJPOT WBSJFS E�VO
FYQÊSJNFOUBUFVS Æ M�BVUSF�

-FT TVKFUT QFVWFOU EJGGÊSFS EBOT MFVS NBOJÍSF EF KVHFS MB EJTTFNCMBODF FOUSF TUJ�
NVMJ� "àO EF QSFOESF FO DPOTJEÊSBUJPO DFT EJGGÊSFODFT JOEJWJEVFMMFT
 $BSSPM FU BM� POU
ÊMBCPSÊ M�*OEJWJEVBM %JGGFSFODF 4DBMJOH 	*/%4$"-
 <��>� $FUUF NÊUIPEF FTU GPOEÊF
TVS M�IZQPUIÍTF RVF UPVT MFT TVKFUT VUJMJTFOU MFT NËNFT EJNFOTJPOT QFSDFQUJWFT QPVS
KVHFS MFT TUJNVMJ NBJT RV�JMT Z BQQMJRVFOU EFT QPOEÊSBUJPOT EJGGÊSFOUFT� "JOTJ M�BOBMZTF
*/%4$"- USPVWF VO HSPVQF EF EJNFOTJPOT QFSDFQUJWFT DPNNVOFT Æ UPVT MFT TVKFUT

BVYRVFMMFT TPOU BTTPDJÊFT Æ MB GPJT MFT DPPSEPOOÊFT EF DIBRVF TUJNVMVT FU EF DIBRVF
TVKFU� $FUUF NÊUIPEF TFSB BCPSEÊF QMVT BNQMFNFOU EBOT MF DIBQJUSF � FU MF DIBQJUSF ��
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$FT NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF TPOU EFT PVUJMT QSÊDJFVY QPVS ÊUVEJFS MB QFS�
DFQUJPO TPOPSF FU QMVT QSÊDJTÊNFOU JDJ MB QFSDFQUJPO E�VO FTQBDF TPOPSF� &MMFT PGGSFOU
VO DBESF SJHPVSFVY QFSNFUUBOU EF EÊàOJS FU E�ÊWBMVFS EFT BUUSJCVUT QFSDFQUJGT PV EF
SÊWÊMFS EFT EJNFOTJPOT QFSDFQUJWFT� /ÊBONPJOT
 MFT OPNCSFVTFT DPOUSJCVUJPOT EBOT DF
EPNBJOF NPOUSFOU Æ QMVTJFVST ÊHBSET RVF M�BDPVTUJRVF EFT TBMMFT FTU VO TVKFU E�ÊUVEF
DPNQMFYF�

%�BCPSE
 VO FTQBDF TPOPSF OF QFVU QBT ËUSF QFSÉV FO UBOU RVF UFM NBJT TFVMFNFOU
DPNNF VONJMJFV EF QSPQBHBUJPO NPEJàBOU MFT QSPQSJÊUÊT EV DPOUFOV BVEJUJG QSÊTFOUÊ�
%FT TPVSDFT TPOPSFT TPOU OÊDFTTBJSFT QPVS FYDJUFS M�FTQBDF TPOPSF FU MF SFOESF QFSDFQ�
UJCMF� $FUUF FYDJUBUJPO QSPEVJU VOF SÊQPOTF DPNQMFYF EF MB TBMMF FU OPVT QFSDFWPOT FO
QBSUJF M�FTQBDF QBS MB NPEJàDBUJPO EV TQFDUSF
 EF M�JOUFOTJUÊ FU EF MB TÊRVFODF UFNQP�
SFMMF EF MB TPVSDF TPOPSF� -FT EÊUBJMT BDPVTUJRVFT E�VO FTQBDF TPOU SBSFNFOU FYDJUÊT
QBS VO HSBOE OPNCSF EF TPVSDFT EJGGÊSFOUFT EBOT VOF MBSHF HBNNF EF GSÊRVFODFT

E�BNQMJUVEF PV EF QPTJUJPOT FU OF TPOU EPOD QBT UPVKPVST BQQBSFOUT� -FT QSPQSJÊUÊT
QFSÉVFT E�VO FTQBDF EÊQFOEFOU EPOD GPSUFNFOU EFT QSPQSJÊUÊT EF MB TPVSDF TPOPSF
JNQMJRVÊF <��>�

&OTVJUF
 MB QFSDFQUJPO B VOF OBUVSF NVMUJ�NPEBMF� -�JOUFSBDUJPO JNBHF�TPO FTU QBS
FYFNQMF VO NÊDBOJTNF DPNQMFYF EPOU MB TÊQBSBUJPO FU MF USBJUFNFOU JOEÊQFOEBOU FTU
DPNNPEF QPVS M�BOBMZTF NBJT TFNCMF QFV SÊBMJTUF <��>� 1MVTJFVST ÊUVEFT POU OPUBN�
NFOU FYBNJOÊ M�JOáVFODF EF MB WJTJPO TVS M�ÊWBMVBUJPO EF MB MPDBMJTBUJPO EFT TPVSDFT TP�
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OPSFT <��m��>
 MB QFSDFQUJPO EF MB EJTUBODF BVEJUJWF <��m��>
 M�FYUFSOBMJTBUJPO <��m��>
PV MFT JNQSFTTJPOT TQBUJBMFT <��m��>� #FBVDPVQ EF NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWFT
TF TPOU BQQMJRVÊFT Æ M�ÊWBMVBUJPO E�BUUSJCVUT QFSDFQUJG EBOT EFT FYQÊSJFODFT TFVMFNFOU
TPOPSFT� 1PVSUBOU
 JM FTU BTTF[ SBSF E�FYQÊSJNFOUFS VO FTQBDF TBOT BQQSÊDJFS TPO BTQFDU
WJTVFM�

%F QMVT
 MFT QSPQSJÊUÊT TQBUJBMFT QFSÉVFT E�VO FTQBDF TPOPSF EÊQFOEFOU EF M�FYQÊ�
SJFODF FU EFT QSÊGÊSFODFT EF M�BVEJUFVS BVRVFM PO T�BESFTTF� -B DBQBDJUÊ Æ QFSDFWPJS
EFT BUUSJCVUT TQBUJBVY EBOT VO TUJNVMVT TPOPSF QFVU WBSJFS E�VO HSPVQF EF TVKFUT Æ
M�BVUSF FU JM FTU QPTTJCMF RVF EFT EJGGÊSFODFT NBKFVSFT BQQBSBJTTFOU EBOT MFVS SBQQPSU
BV QIÊOPNÍOF BDPVTUJRVF� -FT BVEJUFVST FYQÊSJNFOUÊT BDRVJÍSFOU VOF DBQBDJUÊ Æ EJT�
UJOHVFS M�BDPVTUJRVF FO UBOU RV�PCKFU BVEJUJG EJTUJODU FO EJTDSJNJOBOU EBOT MF DIBNQ
TPOPSF MFT DBSBDUÊSJTUJRVFT QSPQSFT Æ MB TPVSDF FU Æ MB TBMMF� *M O�FTU QBT ÊWJEFOU RV�VOF
DPIÊSFODF QFSDFQUJWF QVJTTF ËUSF EÊHBHÊF QPVS UPVU HSPVQF E�BVEJUFVST � MFT NVTJDJFOT

BDPVTUJDJFOT
 BSDIJUFDUFT
 JOHÊOJFVST EV TPO
 PV BVEJUFVST JOFYQÊSJNFOUÊT FOWJTBHFOU
M�BDPVTUJRVF TPVT VO BOHMF QBSUJDVMJFS
 TBOT RV�BVDVO EF DFT QPJOUT EF WVF OF DBSBDUÊ�
SJTF Æ MVJ TFVM M�BDPVTUJRVF E�VOF TBMMF� 6OF TÊMFDUJPO BMÊBUPJSF E�JOEJWJEVT OF QPVSSBJU
QSPEVJSF EFT SÊTVMUBUT SFQSÊTFOUBUJGT QPVS UPVUFT DFT DBUÊHPSJFT E�BVEJUFVST�

" DFMB T�BKPVUF MF GBJU RVF SFUSBOTDSJSF VOF FYQÊSJFODF TFOTPSJFMMF QBS MB QBSPMF
O�FTU QBT VO FYFSDJDF TJNQMF QPVS VO TVKFU� -�BOBMZTF EV MBOHBHF QPVS EÊDSJSF EFT TFO�
TBUJPO FTU VOF FOUSFQSJTF DPNQMFYF QPVS VO FYQÊSJNFOUBUFVS � RVF TJHOJàF SÊFMMFNFOU
VO NPU VUJMJTÊ EBOT VO DPOUFYUF TQÊDJàRVF QBS VOF QFSTPOOF QBSUJDVMJÍSF  2VFM FTU
MF DPOUSBJSF EF jEPVYv  &TU�DF jEVSv
 jGPSUv PV jSVHVFVYv  1FVU�PO HSPVQFS EFT
UFSNFT TZOPOZNFT RVJ O�POU QBT MFT NËNFT BOUPOZNFT  " DFUUF EJGàDVMUÊ T�BKPVUF
MF GBJU RVF MFT BEKFDUJGT QPVS EÊDSJSF EFT JNQSFTTJPOT TPOPSFT QFVWFOU ËUSF QMVT PV
NPJOT EÊWFMPQQÊT TFMPO MB MBOHVF VUJMJTÊF� &O HÊOÊSBM
 M�BVEJUJPO O�B QBT EF WPDBCV�
MBJSF QSPQSF BVTTJ ÊMBCPSÊ RVF DFMVJ EF MB WJTJPO
 MF UPVDIFS PV MF HPÚU � PO EJU E�VOF
NÊMPEJF RV�FMMF FTU TPNCSF
 E�VO IBVU�QBSMFVS RV�JM FTU USBOTQBSFOU
 E�VOF BNCJBODF
RV�FMMF FTU GFVUSÊF
 E�VO TPO RV�JM FTU CSJMMBOU PV DIBVE� 1PVS #MFTTFS <��>
 DF DPOTUBU
FTU E�BVUBOU QMVT WSBJ QPVS MB DBSBDUÊSJTBUJPO EF TFOTBUJPOT TPOPSFT MJÊFT Æ M�FTQBDF FU
DF NBORVF MJOHVJTUJRVF QFVU ËUSF FYQMJRVÊ QBS QMVTJFVST GBDUFVST� %�VOF QBSU
 FO ÊUBOU
GPOEBNFOUBMFNFOU PSJFOUÊ WFST MB DPNNVOJDBUJPO WJTVFMMF
 OPUSF DVMUVSF BDDPSEF QFV
E�JNQPSUBODF BVY TFOTBUJPOT BVEJUJWFT FU EPOD Æ MB DPOTDJFODF BVEJUJWF EF M�FTQBDF�
%�BVUSF QBSU
 OPUSF BQUJUVEF Æ QFSDFWPJS VOF BDPVTUJRVF EF TBMMF EÊQFOE EF OPUSF NÊ�
NPJSF BVEJUJWF RVJ FTU QBSGPJT QFV àBCMF� 1PVS DPNQBSFS M�BDPVTUJRVF EF EFVY QJÍDFT
JM FTU HÊOÊSBMFNFOU OÊDFTTBJSF EF TF TPVWFOJS E�VO FTQBDF QFOEBOU QMVTJFVST NJOVUFT
PV KPVST
 WPJSF EBWBOUBHF� *M GBVU DPNQUFS MB QMVQBSU EV UFNQT TVS OPUSF NÊNPJSF
Æ MPOH�UFSNF RVJ
 TBOT QSBUJRVF PV FOUSBJOFNFOU
 FTU NPJOT àBCMF RVF MB NÊNPJSF Æ
DPVSU�UFSNF� #JFO FOUFOEV
 EFT TJNVMBUFVST EF SÊWFSCÊSBUJPO QFVWFOU ËUSF FNQMPZÊT
QPVS QFSNFUUSF MB DPNQBSBJTPO EJSFDUF FOUSF EFVY FTQBDFT EJGGÊSFOUT NBJT TFVMT DFS�
UBJOT QSPGFTTJPOOFMT Z POU BDDÍT FU MB àEÊMJUÊ EF MB SFQSÊTFOUBUJPO O�FTU QBT UPVKPVST
TBUJTGBJTBOUF� 1PVS DFUUF SBJTPO
 QFV E�JOEJWJEVT BDDVNVMFOU EFT FYQÊSJFODFT TPOPSFT
TQBUJBMFT FU TPOU FO NFTVSF EF MFT USBOTNFUUSF�

&OàO
 MFT ÊUVEFT FO MBCPSBUPJSFT QFSNFUUFOU VOF ÊWBMVBUJPO EÊUBJMMÊF EF M�BDPVT�
UJRVF E�VOF TBMMF NBJT MFT DPOEJUJPOT SFTUFOU TVQFSàDJFMMFT QBS SBQQPSU BV DBESF SÊFM
E�ÊDPVUF PÜ M�FYQÊSJFODF DPNQPSUF EF OPNCSFVY BTQFDUT EJGàDJMFT Æ SFQSPEVJSF� /ÊBO�
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NPJOT
 DFT ÊUVEFT POU GPVSOJ EFT JOGPSNBUJPOT QSÊDJFVTFT TVS MB QFSDFQUJPO EF M�BDPVT�
UJRVF FU POU WÊSJàÊ FU ÊUFOEV EFT PCTFSWBUJPOT GBJUFT EBOT EFT DPOEJUJPOT SÊFMMFT� %F
QMVT
 MFT SÊDFOUT QSPHSÍT UFDIOPMPHJRVFT FO BDPVTUJRVF WJSUVFMMF QFSNFUUFOU EF SÊBMJTFS
EFT FYQÊSJFODFT FO MBCPSBUPJSF BWFD VO QMVT HSBOE DPOUSÔMF FYQÊSJNFOUBM�

Ò�Ó�Ô� �ES LEXIQUES D¤AčRIBUTS PERCEPTIFS

%F OPNCSFVTFT NÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF POU ÊUÊ FNQMPZÊFT EJSFDUFNFOU
EBOT EFT TBMMFT EF DPODFSU PV EBOT EFT MBCPSBUPJSFT QPVS ÊMBCPSFS EFT FOTFNCMFT E�BU�
USJCVUT QFSDFQUJGT QFSNFUUBOU M�ÊWBMVBUJPO EF M�BDPVTUJRVF EF TBMMFT EF DPODFSU� %FT
EÊNBSDIFT TJNJMBJSFT POU ÊHBMFNFOU ÊUÊ FOUSFQSJTFT QPVS M�ÊWBMVBUJPO E�FOWJSPOOF�
NFOUT BDPVTUJRVFT WJSUVFMT PV EF UFDIOPMPHJFT EF TQBUJBMJTBUJPO� ;BDIBSPW SFDFOTF QBS
FYFNQMF QMVTJFVST ÊUVEFT BZBOU ÊMBCPSÊ PV VUJMJTÊ EFT BUUSJCVUT QFSDFQUJGT EBOT DFT EP�
NBJOFT EF SFDIFSDIF <��>� $FT ÊUVEFT TPOU SÊQFSUPSJÊFT EBOT MF 5BCMFBV ��� RVJ QFSNFU
E�FYQPTFS MB WBSJBCJMJUÊ EV OPNCSF E�BUUSJCVUT FNQMPZÊT E�VOF ÊUVEF Æ M�BVUSF� -FT BU�
USJCVUT FNQMPZÊT GVSFOU TPJU EÊàOJT BE IPD QBS MFT FYQÊSJNFOUBUFVST FVY�NËNFT TPJU
MF SÊTVMUBU E�BOBMZTFT MJOHVJTUJRVFT BQQMJRVÊFT BVY WFSCBMJTBUJPOT E�VO HSPVQF EF TV�
KFUT� " M�ÊWJEFODF
 CJFO RVF DFT SFDIFSDIFT BJFOU SFDFOTÊ VO HSBOE OPNCSF E�BUUSJCVUT
QFSDFQUJGT EFQVJT QMVTJFVST EÊDFOOJFT
 JM OF TFNCMF QBT RV�VO FOTFNCMF àYF E�BUUSJCVUT
QFSDFQUJGT TF TPJFOU JNQPTÊT DPNNF BUUSJCVUT EF SÊGÊSFODF� "VDVO WÊSJUBCMF DPOTFOTVT
OF T�FTU EPOD EÊHBHÊ DPODFSOBOU MFT BUUSJCVUT Æ VUJMJTFS QPVS EÊDSJSF MB QFSDFQUJPO EF
M�FTQBDF TPOPSF� *M FTU WSBJ RVF MB TJHOJàDBUJPO FU MB WBMJEJUÊ EFT BUUSJCVUT EÊàOJT E�VOF
ÊUVEF Æ M�BVUSF QFVWFOU ËUSF SFNJTFT FO DBVTF EBOT MB NFTVSF PÜ �
 DFSUBJOFT EÊàOJUJPOT
TPOU USPQ QFV QSÊDJTFT
 �
 EFT EÊàOJUJPOT EJGGÊSFOUFT QFVWFOU EÊTJHOFS MF NËNF BUUSJCVU
�
 EFT BUUSJCVUT EJGGÊSFOUT QFVWFOU GBJSF SÊGÊSFODF Æ MB NËNF EÊàOJUJPO�

/ÊBONPJOT
 DFSUBJOT BUUSJCVUT TPOU SÊDVSSFOUT FU TFNCMFOU BTTF[ TJNJMBJSFT EBOT
MFVST EÊàOJUJPOT <��>� 1MVUÔU RVF E�VUJMJTFS VO FOTFNCMF E�BUUSJCVUT EJGGÊSFOUT Æ DIBRVF
ÊUVEF
 QMVTJFVST USBWBVY POU EFQVJT FOUSFQSJT EF DSÊFS VO MFYJRVF QFSNFUUBOU EF EÊ�
DSJSF MFT DBSBDUÊSJTUJRVFT TQBUJBMFT E�VO FOWJSPOOFNFOU TPOPSF� 'PSUFT E�VOF MJUUÊSBUVSF
BCPOEBOUF TVS MF TVKFU
 DFT ÊUVEFT TF OPVSSJTTFOU EFT FGGPSUT MJOHVJTUJRVFT FU EFT SÊTVM�
UBUT JTTVT EFNÊUIPEFT E�ÊWBMVBUJPO QFSDFQUJWF WBSJÊFT FNQMPZÊFT EBOT EFT MBCPSBUPJSFT
PV EBOT EFT TBMMFT EF DPODFSU� %F UFMT MFYJRVFT TPOU EFT JOTUSVNFOUT E�BOBMZTF VUJMFT
Æ M�ÊUVEF DPNQBSÊF EF EJGGÊSFOUFT FYQÊSJNFOUBUJPOT FU QFVWFOU TFSWJS EF CBTF Æ EF GV�
UVSFT SFDIFSDIFT� 1PVS ÊMBCPSFS VO MFYJRVF JM FTU OÊDFTTBJSF EF TBUJTGBJSF BVUBOU RVF
QPTTJCMF MFT GBDUFVST TVJWBOUT �

� MFT BUUSJCVUT FU MFVS EÊàOJUJPO EPJWFOU GBJSF DPOTFOTVT �
� MFT EÊàOJUJPOT OF EPJWFOU QBT ËUSF TVKFUUFT Æ BNCJHVÐUÊ �
� MFT BUUSJCVUT EPJWFOU QFSNFUUSF EF EPOOFS EFT ÊWBMVBUJPOT SFQSPEVDUJCMFT �
� MFT BUUSJCVUT EPJWFOU QFSNFUUSF EF EJTDSJNJOFS FGàDBDFNFOU EFT FTQBDFT TPOPSFT �
� MFT BUUSJCVUT EPJWFOU ËUSFT GBJCMFNFOU DPSSÊMÊT�

1BSNJ MFT QSPQPTJUJPOT SÊDFOUFT EF MFYJRVFT E�BUUSJCVUT QFSDFQUJGT
 TF USPVWFOU �
� MFT USBWBVY EF ;BDIBSPW FU BM� <��> BZBOU NFOÊ Æ M�ÊMBCPSBUJPO EV MFYJRVF

OPNNÊ 5IF 4PVOE 8IFFM EFTUJOÊ Æ EFT DIBNQT E�BQQMJDBUJPO WBSJÊT EF M�BVEJP
TQBUJBMJTÊ �
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4PVSDF 3ÊGÊSFODF "OOÊF /PNCSF E�BUUSJCVUT

8JMLFOT <��> ���� ��
(BCSJFMTTPO BOE 4KÕHSFO <��> ���� �

5PPMF <��> ���� ��
-BWBOEJFS <��> ���� ��
-FUPXTLJ <��> ���� ��

,BIMF <��> ���� �
.BTPO BOE 3VNTFZ <��> ���� �

;BDIBSPW BOE ,PJWVOJFNJ <��> ���� ��
3VNTFZ <��> ���� ��

#FSH BOE 3VNTFZ <��> ���� ��
(VBTUBWJOP BOE ,BU[ <��> ���� �

-PSIP <��> ���� ��
#FSH BOE 3VNTFZ <��> ���� ��

$IPJTFM BOE 8JDLFMNBJFS <��> ���� �
4B[EPW FU BM <��> ���� �

4JM[MF <��> ���� �
8JUUFL <��> ���� ��

1FEFSTFO <��> ���� ∼���
-PLLJ FU BM <��> ���� ��

-F #BHPVTTF FU BM <��> ���� ��
-JOEBV FU BM <��> ���� ��

,BQMBOJT FU BM <��> ���� ��

5BCMFBV ��� m -JTUF OPO FYIBVTUJWF EV OPNCSF E�BUUSJCVUT EÊàOJT EBOT EJWFSTFT ÊUVEFT EV EPNBJOF EF
M�BDPVTUJRVF EFT TBMMFT EF DPODFSU
 EF M�ÊWBMVBUJPO E�FOWJSPOOFNFOU TPOPSF WJSUVFM PV EF UFDIOPMPHJF EF
TQBUJBMJTBUJPO TPOPSF� %�BQSÍT ;BDIBSPW <��>�

� MF 4QBUJBM "VEJP 2VBMJUZ *OWFOUPSZ 	4"2*
 QSPQPTÊ QBS -JOEBV FU BM� <��> EFT�
UJOÊ Æ M�ÊWBMVBUJPO EF UFDIOPMPHJFT EF TQBUJBMJTBUJPO TPOPSF VUJMJTÊFT QPVS MB
SFQSPEVDUJPO PV MB TZOUIÍTF E�FOWJSPOOFNFOU BDPVTUJRVF �

� MF3PPN"DPVTUJDBM 2VBMJUZ *OWFOUPSZ 	3"2*
 QSPQPTÊ QBS8FJO[JFSM FU BM� <��>
EFTUJOÊ Æ M�ÊWBMVBUJPO E�BDPVTUJRVF EF TBMMFT EF DPODFSU�

"V DPVST EF DFT USBWBVY
 MB NÊUIPEF EV 'PDVT (SPVQ <��> GÚU FNQMPZÊF� $FUUF QSP�
DÊEVSF DPOTJTUF Æ NFUUSF FO �VWSF EFT EJTDVTTJPOT FO HSPVQF TVQFSWJTÊFT QBS VO PV
QMVTJFVST NPEÊSBUFVST� $FVY�DJ EPJWFOU T�BTTVSFS RVF MB QBSPMF DJSDVMF ÊRVJUBCMFNFOU
FU SFTUFOU BUUFOUJGT Æ MB DPNNVOJDBUJPO OPO�WFSCBMF� $FT EJTDVTTJPOT POU QFSNJT M�ÊMB�
CPSBUJPO EF WPDBCVMBJSFT GBJTBOU DPOTFOTVT HSÄDF Æ M�FYQÊSJFODF QSBUJRVF FU UIÊPSJRVF
EF HSPVQFT E�FYQFSUT�

�HE �OUND �HEEL
6OF 4PVOE 8IFFM PV SPVF E�BUUSJCVUT FTU VOF SFQSÊTFOUBUJPO WJTVFMMF IJÊSBSDIJRVF

E�VO MFYJRVF E�BUUSJCVUT QFSDFQUJGT� -FT BUUSJCVUT QSÊTFOUBOU EFT TJNJMJUVEFT TPOU QMB�
DÊT EBOT MB NËNF DBUÊHPSJF FU MFT DBUÊHPSJFT TJNJMBJSFT TPOU SFHSPVQÊFT� ;BDIBSPW FU
BM� <��> POU ÊMBCPSÊ DF MFYJRVF QPVS GBWPSJTFS M�ÊWBMVBUJPO QFSDFQUJWF EBOT EFT DIBNQT
E�BQQMJDBUJPO WBSJÊT EF M�BVEJP TQBUJBMJTÊ� -FT BVUFVST POU QV FYUSBJSF EBOT MFT �� ÊUVEFT
EV UBCMFBV ���
 ��� BUUSJCVUT QFSDFQUJGT BJOTJ RVF MFVS EÊàOJUJPO� 6O OPNCSF DPOTÊ�
RVFOU E�FOUSF FVY BZBOU EFT EÊàOJUJPOT TJNJMBJSFT
 VOF DMBTTJàDBUJPO TÊNBOUJRVF B QFS�
NJT EF SÊEVJSF DF OPNCSF EF UFSNFT Æ �� HSPVQFT E�BUUSJCVUT <��>� %BOT VO TFDPOE
UFNQT
 VO QBOFM EF EPV[F FYQFSUT FOUSFQSJSFOU EF QBTTFS FO SFWVF MFT HSPVQFT BJOTJ
DPOTUJUVÊT BàO EF MFT SFDPNCJOFS QVJT EF MFT EÊDSJSF QSÊDJTÊNFOU� $FUUF QSPDÊEVSF
T�BQQBSFOUF Æ MB NÊUIPEF EF 'PDVT (SPVQ TBOT RV�FMMF TPJU FYQMJDJUFNFOU NFOUJPOOÊF
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EBOT M�ÊUVEF� 4VJUF Æ DFT EJTDVTTJPOT
 EPV[F BUUSJCVUT QFSDFQUJGT FO MJFO BWFD MB QFSDFQ�
UJPO EF M�FTQBDF POU ÊUÊ EÊàOJT� *MT TPOU SFQPSUÊT EBOT MF UBCMFBV ���
 MFVS EÊàOJUJPOT
TPOU EJTQPOJCMFT EBOT MB SÊGÊSFODF <��>�

$BUÊHPSJF 5FSNF 4PVT�UFSNF

4QBUJBM &YUFOU %FQUI

8JEUI

&OWFMPQNFOU )PSJ[POUBM &OWFMPQNFOU

7FSUJDBM &OWFMPQNFOU

-PDBMJ[BUJPO %JTUBODF

*OUFSOBMJUZ

-PDBMJTBCJMJUZ

4QBUJBM � 5JNCSBM $MBSJUZ

&OWJSPONFOU 3FWFSCFSBODF -FWFM PG 3FWFSCFSBODF

%VSBUJPO PG 3FWFSCFSBODF

5BCMFBV ��� m "UUSJCVUT QFSDFQUJGT FO MJFO BWFD MB QFSDFQUJPO EF M�FTQBDF TPOPSF TÊMFDUJPOOÊT EBOT M�ÊUVEF EF
;BDIBSPW FU BM� <��>

�E ����

-F 4"2* FTU VO MFYJRVF DPNQSFOBOU �� UFSNFT EÊDSJWBOU MFT RVBMJUÊT QFSDFQUJWFT
QFSNFUUBOU EF DPNQBSFS EFT FTQBDFT TPOPSFT WJSUVFMT FOUSF FVY PV Æ EFT SÊGÊSFODFT�
$F MFYJRVF GVU ÊUBCMJ QBS �� FYQFSUT HFSNBOPQIPOFT EF M�BDPVTUJRVF WJSUVFMMF� $FT
FYQFSUT POU QSJT QBSU BVY EJTDVTTJPOT TFMPO VO UXP�XBZ 'PDVT (SPVQ 	MFT QBSUJDJQBOUT
ÊUBJFOU TÊQBSÊT FO EFVY HSPVQFT � VO HSPVQF EF EJTDVTTJPO BWFD EFVY NPEÊSBUFVST FU
VO HSPVQF E�PCTFSWBUJPO
� $JOR BVUSFT FYQFSUT O�BZBOU QBT QSJT QBSU BVY EJTDVTTJPOT
POU FOTVJUF QBTTÊ FO SFWVF MF WPDBCVMBJSF ÊUBCMJ BàO EF MFWFS UPVUF BNCJHVÐUÊ TVS MFT
UFSNFT FU MFVS EÊàOJUJPO� -B USBEVDUJPO FO BOHMBJT B FOTVJUF ÊUÊ BTTVSÊF QBS IVJU FYQFSUT
CJMJOHVFT�

-FT �� UFSNFT TPOU DMBTTÊT TFMPO IVJU DBUÊHPSJFT � 5JNCSF
 5POBMOFTT
 (FPNFUSZ

3PPN
 5JNF #FIBWJPS
 %ZOBNJDT
 "SUJGBDUT FU (FOFSBM� -�VTBHF EF DF MFYJRVF FTU EFT�
UJOÊ Æ M�ÊWBMVBUJPO QFSDFQUJWF EF UFDIOPMPHJF EF TQBUJBMJTBUJPO TPOPSF QPVS MB TZOUIÍTF
E�FOWJSPOOFNFOU BDPVTUJRVF� $FSUBJOT UFSNFT EÊTJHOFOU EFT QSPQSJÊUÊT JOIÊSFOUFT Æ VO
EJTQPTJUJG EF SFQSPEVDUJPO FU OPO EFT BUUSJCVUT QFSDFQUJGT MJÊ Æ MB QFSDFQUJPO EF M�BDPVT�
UJRVF 	QBS FYFNQMF � 1JUDIFE
 *NQVMTJWF
 /PJTF�-JLF BSUJGBDUT
 3FTQPOTJWFOFTT
 4QBUJBM
EJTJOUFHSBUJPO
 FUD���
� 4FVMT EFT UFSNFT BQQMJDBCMFT Æ MB DBSBDUÊSJTBUJPO QFSDFQUJWF E�VO
FTQBDF FU OPO BV NPUFVS EF SFQSPEVDUJPO TPOU EPOD SFQPSUÊT EBOT MF UBCMFBV ���� 6O
QSPUPDPMF EF UFTU CBTÊ TVS DF MFYJRVF B ÊUÊ ÊMBCPSÊ FU JODPSQPSÊ Æ VOF MJCSBJSJF."5-"#
EF UFTU QFSDFQUJG OPNNÊF 8IJT1&3 <��>�
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$BUÊHPSJF 5FSNF

(FOFSBM $MBSJUZ

4QFFDI *OUFMMJHJCJMJUZ

/BUVSBMOFTT

1SFTFODF

3PPN -FWFM PG SFWFSCFSBUJPO

%VSBUJPO PG SFWFSCFSBUJPO

&OWFMPQNFOU 	CZ SFWFSCFSBUJPO


(FPNFUSZ %JTUBODF

%FQUI

8JEUI

)FJHIU

-PDBMJ[BCJMJUZ

5JNCSF 5POF DPMPS CSJHIU�EBSL

)JHI � .JE � -PX�GSFRVFODZ UPOF DPMPS

4IBSQOFTT

3PVHIOFTT

$PNC àMUFS DPMPSBUJPO

.FUBMJD UPOF DPMPS

5BCMFBV ��� m "UUSJCVUT QFSDFQUJGT FO MJFO BWFD MB QFSDFQUJPO EF M�FTQBDF TPOPSF TÊMFDUJPOOÊT QBSNJ MFT UFSNFT
EV 4"2* <��>

�E ����
-F 3"2* FTU VO PVUJM EFTUJOÊ Æ M�ÊWBMVBUJPO EF MB RVBMJUÊ BDPVTUJRVF EFT TBMMFT EF

TQFDUBDMFT QPVS MB NVTJRVF FU MB QBSPMF� *M B ÊUÊ EÊWFMPQQÊ FO SBTTFNCMBOU EBOT VO
QSFNJFS UFNQT EFT DPOOBJTTBODFT EF �� FYQFSUT HFSNBOPQIPOFT TQÊDJBMJTÊT FO BDPVT�
UJRVF EFT TBMMFT PV FO QTZDIPBDPVTUJRVF
 JTTVT EV NPOEF VOJWFSTJUBJSF PV EV DPOTFJM
FO BDPVTUJRVF� -F HSPVQF EF EJTDVTTJPO B GPVSOJ VOF UFSNJOPMPHJF DPNQMÍUF TPVT MB
GPSNF E�VOF MJTUF EF �� ÊMÊNFOUT QFSNFUUBOU EF EÊDSJSF MFT BTQFDUT QFSUJOFOUT E�FOWJ�
SPOOFNFOUT UFMT RVF EFT TBMMFT EF SÊQÊUJUJPO
 EF DPOGÊSFODF
 EF NVTJRVF EF DIBNCSF

EF DPODFSU TZNQIPOJRVF PV EFT HSBOEFT DBUIÊESBMFT� -FT SÊTVMUBUT JTTVT EV HSPVQF EF
EJTDVTTJPO POU FOTVJUF TFSWJ EF CBTF Æ VO UFTU E�ÊDPVUF QPVS ÊWBMVFS VO FOTFNCMF EF
TUJNVMJ� $F UFTU B QFSNJT E�ÊUVEJFS MFT EÊQFOEBODFT TUBUJTUJRVFT EFT UFSNFT DIPJTJT QBS
MFT FYQFSUT FU BJOTJ E�FOWJTBHFS MB SÊEVDUJPO EV WPDBCVMBJSF� -F UFTU QFSDFQUJG B DPOTJTUÊ
FO M�ÊWBMVBUJPO EF �� TBMMFT EPOU MFT BDPVTUJRVFT POU ÊUÊ TJNVMÊFT HSÄDF Æ EFT NPEÊ�
MJTBUJPOT FO USPJT EJNFOTJPOT FU BV NPUFVS EF DBMDVM 3"7&/ <��>� -B QMVQBSU EF DFT
NPEÍMFT DPSSFTQPOEBJU Æ EFT TBMMFT FYJTUBOUFT� %FT NPEÍMFT TBOT ÊRVJWBMFOU SÊFM POU
ÊUÊ DSÊÊT BàO RVF UPVT MFT BUUSJCVUT QSÊEÊàOJT QVJTTFOU ËUSF QFSÉVT QBSNJ MFT TUJNVMJ EV
UFTU� 1PVS DIBDVOF EFT TBMMFT
 EFVY QPTJUJPOT E�ÊDPVUFT POU ÊUÊ DPOTJEÊSÊFT BJOTJ RVF
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USPJT DPOUFOVT TPOPSFT FOSFHJTUSÊFT EBOT VOF DIBNCSF BOÊDIPÐRVF � VO PSDIFTUSF TZN�
QIPOJRVF
 VOF USPNQFUUF TPMP FU VO EJTDPVST ESBNBUJRVF 	M�PSDIFTUSF TZNQIPOJRVF
O�B DFQFOEBOU ÊUÊ VUJMJTÊ RVF QPVS �� TBMMFT QPVS EFT SBJTPOT EF UBJMMF
� -F UFTU B ÊUÊ
FGGFDUVÊ FO MBCPSBUPJSF FO VUJMJTBOU VOF TZOUIÍTF CJOBVSBMF EZOBNJRVF� ��� TVKFUT POU
QBSUJDJQÊ Æ M�ÊWBMVBUJPO� $IBDVO E�FOUSF FVY B OPUÊ �� TUJNVMJ TFMPO MFT UFSNFT ÊMB�
CPSÊT QBS MF HSPVQF EF EJTDVTTJPO� -F UFTU GVU SÊQÊUÊ BWFD �� QBSUJDJQBOUT
 TPJU ���
EFT TVKFUT JOJUJBVY
 BàO EF UFTUFS MB àBCJMJUÊ EF M�ÊWBMVBUJPO EFT BUUSJCVUT BV DPVST EV
UFNQT�

-�BOBMZTF GBDUPSJFMMF EFT EPOOÊFT EV RVFTUJPOOBJSF B BCPVUJ Æ M�ÊMBCPSBUJPO E�VO
MFYJRVF QPVWBOU DPNQSFOESF KVTRV�Æ OFVG EJNFOTJPOT QFSDFQUJWFT� -FT UFSNFT DPS�
SFTQPOEBOUT POU ÊUÊ TÊMFDUJPOOÊT TVS MB CBTF E�VO UFTU EF àBCJMJUÊ JOUFS�TVKFU
 JOUSB�
TVKFU FU E�JOEÊQFOEBODF TUBUJTUJRVF� -�FOTFNCMF EF DFT BUUSJCVUT FTU SBQQPSUÊ EBOT MF
UBCMFBV ����

%�VO QPJOU EF WVF TUBUJTUJRVF
 MB WFSTJPO EV 3"2* DPNQSFOBOU MFT � QSFNJÍSFT
EJNFOTJPOT FTU DFMMF HBSBOUJTTBOU VOF JOEÊQFOEBODF TVGàTBOUF EFT EJGGÊSFOUT BUUSJCVUT�
4BOT QPVWPJS QFSNFUUSF E�JEFOUJàFS VOF BDPVTUJRVF EF NBOJÍSF VOJRVF
 DFUUF WFSTJPO
QFSNFU EF DBSBDUÊSJTFS VOF BDPVTUJRVF EF NBOJÍSF TVGàTBNNFOU DPNQMÍUF QPVS ËUSF
FO NFTVSF EF EJTDSJNJOFS MFT �� TBMMFT EV DPSQVT VUJMJTÊ�

-B EJNFOTJPO MJÊF Æ MB RVBMJUÊ QFSÉVF QFVU ËUSF DPOTJEÊSÊF DPNNF VO BTQFDU EF
TFDPOE PSESF RVJ SÊTVMUF EFT BVUSFT EJNFOTJPOT QFSDFQUJWFT� -FT KVHFNFOUT EF RVBMJUÊ
TF TPOU BWÊSÊT QPTJUJWFNFOU DPSSÊMÊT BVY KVHFNFOU EF CSJMMBODF FU EF GPSDF TPOPSF FU
OÊHBUJWFNFOU DPSSÊMÊT BVY KVHFNFOU MJÊT Æ MB DPMPSBUJPO FU Æ M�JSSÊHVMBSJUÊ EF MB EÊDSPJT�
TBODF TPOPSF� $FQFOEBOU DFT EJNFOTJPOT O�FYQMJRVBJFOU RVF MB NPJUJÊ EF MB WBSJBODF
EFT KVHFNFOUT EF RVBMJUÊ� %�BVUSFT BUUSJCVUT OPO NFTVSÊT TFNCMFOU EPOD ÊHBMFNFOU FO
KFV EBOT MF KVHFNFOU EF M�BDPVTUJRVF E�VOF TBMMF�

-�ÊUVEF EF MB WBMJEJUÊ TUBUJTUJRVF EV WPDBCVMBJSF ÊMBCPSÊ QBS MFT FYQFSUT FTU VOF
QMVT�WBMVF QBS SBQQPSU BVY MFYJRVFT NFOUJPOOÊT QSÊDÊEFNNFOU EBOT MB NFTVSF PÜ FMMF
BTTVSF RV�BWFD VO OPNCSF SFTUSFJOU EF UFSNFT PO QVJTTF PCUFOJS VOF DBSBDUÊSJTBUJPO
SFMBUJWFNFOU DPNQMÍUF E�VO WBTUF DPSQVT EF TBMMFT FU DPIÊSFOUF E�VO TVKFU Æ M�BVUSF FU
BV DPVST EV UFNQT� 6OF UFMMF ÊUVEF BQQMJRVÊF BVY QFUJUFT TBMMFT QFSNFUUSBJU E�ÊUBCMJS VO
MFYJRVF TQÊDJàRVF Æ DF UZQF E�FTQBDF NBMIFVSFVTFNFOU USPQ TPVWFOU ÊDBSUÊ EFT ÊUVEFT
QFSDFQUJWFT FO BDPVTUJRVF�

-B CBTF EF EPOOÊFT BZBOU TFSWJ Æ M�ÊWBMVBUJPO QFSDFQUJWF B ÊUÊ QVCMJÊF BWFD MB NP�
EÊMJTBUJPO EF UPVT MFT FOWJSPOOFNFOUT BDPVTUJRVFT
 MFT SÊQPOTFT JNQVMTJPOOFMMFT EF
TBMMF FU MFT ÊWBMVBUJPOT QFSDFQUJWFT BTTPDJÊFT <��>� 1PVS DIBRVF TBMMF
 JM FTU QPTTJCMF EF
NFUUSF FO QBSBMMÍMF MFT TUJNVMJ TPOPSFT BWFD MFT OPUFT NPZFOOFT PCUFOVFT TFMPO MFT BU�
USJCVUT ÊUBCMJT QBS MFT FYQFSUT PV TFMPO MFT � QSFNJÍSFT EJNFOTJPOT EV 3"2*� "JOTJ
 FO
QMVT EFT UFSNFT FU EÊàOJUJPOT JODMVT EBOT DFMVJ�DJ DFT FYFNQMF TPOPSFT QFSNFUUFOU EF
QSÊDJTFS MB TJHOJàDBUJPO EFT BUUSJCVUT QBS M�ÊDPVUF� 1BS BJMMFVST
 DFUUF CBTF EF EPOOÊFT
QFVU TFSWJS EF TPDMF BV EÊWFMPQQFNFOU PV Æ MB SFEÊàOJUJPO EF NFTVSFT QIZTJRVFT QPVS
MB QSÊEJDUJPO EFT BUUSJCVUT QFSDFQUJGT EV MFYJRVF�
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%JNFOTJPO 5FSNF 1ÔMFT

2VBMJUZ -JLJOH * MJLF JU � * EPO�U MJLF JU

3PPN BDPVTUJD TVJUBCJMJUZ TVJUBCMF � OPU TVJUBCMF

&BTF PG MJTUFOJOH EJGàDVMU � FGGPSUMFTT

(MPCBM CBMBODF CBMBODFE � VOCBMBODFE

4USFOHUI 4J[F TNBMM � MBSHF

-PVEOFTT TPGU �MPVE

8JEUI TNBMM � MBSHF

3FWFSCFSBODF %VSBUJPO PG SFWFSCFSBODF TIPSU � MPOH

3FWFSCFSBODF ESZ � SFWFSCFSBOU

4USFOHUI PG SFWFSCFSBUJPO XFBL � TUSPOH

&OWFMPQNFOU CZ SFWFSCFSBUJPO XFBL � TUSPOH

#SJMMBODF #SJMMBODF OPU CSJMMBOU � WFSZ CSJMMBOU

5POF DPMPS CSJHIU � EBSL CSJHIU � EBSL

5SFCMF SBOHF DIBSBDUFSJTUJD BUUFOVBUFE � FNQIBTJ[FE

*SSFHVMBS %FDBZ 'MVUUFS FDIP OPOF � WFSZ TUSPOH

&DIP OPOF � WFSZ TUSPOH

*SSFHVMBSJUZ JO TPVOE EFDBZ OPOF � WFSZ TUSPOH

$PMPSBUJPO #PVNJOFTT OPU CPPNZ � WFSZ CPPNZ

3PVHIOFTT OPU SPVHI � WFSZ SPVHI

$PNC àMUFS DPMPSBUJPO OPOF � WFSZ TUSPOH

$MBSJUZ 5FNQPSBM DMBSJUZ DMFBS � CMVSSFE

4QBUJBM USBOTQBSFODZ CMVSSFE � USBOTQBSFOU

1SFDJTJPO PG MPDBMJ[BUJPO QSFDJTF � EJGGVTF

-JWFMJOFTT -JWFMJOFTT EFBE � MJWFMZ

4QBUJBM QSFDFOTF MPX � IJHI

%ZOBNJD SBOHF TNBMM � MBSHF

*OUJNBDZ *OUJNBDZ SFNPUF � JOUJNBUF

%JTUBODF DMPTF � EJTUBOU

8BSNUI DPPM � XBSN

4JOHMF *UFNT .FUBMJD UPOF DPMPS OPU NFUBMMJD � WFSZ NFUBMMJD

0QFOOFTT PQFO � DPOTUSJDUFE

"UUBDL TPGU � DSJTQ

3JDIOFTT PG TPVOE MPX � IJHI

5BCMFBV ��� m -FT UFSNFT EV 3"2* ÊMBCPSÊT TVJUF Æ M�BOBMZTF TUBUJTUJRVFT EF M�ÊWBMVBUJPO QFSDFQUJWF EF TBMMFT
EF TQFDUBDMF�

Ò�Ô� �ESURES PHYSIQUES DE L¤ACOUSTIQUE D¤UNE SALLE

#JFO RVF MF UFNQT EF SÊWFSCÊSBUJPO TPJU VOF NFTVSF JODPOUPVSOBCMF QPVS EÊDSJSF
VOF BDPVTUJRVF
 JM FTU MPJO EF QPVWPJS MB DBSBDUÊSJTFS FOUJÍSFNFOU FU OF EPOOF RV�VOF
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JOEJDBUJPO EFT QSPQSJÊUÊT BDPVTUJRVFT� %JWFSTFT ÊUVEFT QFSDFQUJWFT POU NPOUSÊ RVF QMV�
TJFVST RVBOUJUÊT FYUSBJUFT EJSFDUFNFOU E�VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF QFVWFOU
BWPJS EFT DPSSÊMBUJPOT BWFD EFT BUUSJCVUT QFSDFQUJGT� /PVT EÊTJHOFSPOT DFT RVBOUJUÊT QBS
jQBSBNÍUSFT BDPVTUJRVFTv� %FT SBQQPSUT E�ÊOFSHJFT
 QSFTTJPOT BDPVTUJRVFT PV EFT JO�
EJDFT EF DPSSÊMBUJPOT CJOBVSBMFT GPVSOJTTFOU VOF EFTDSJQUJPO QMVT DPNQMÍUF EF M�BDPVT�
UJRVF E�VOF TBMMF� -BDBUJT FU BM� EÊOPNCSFOU EBOT VO CSFG IJTUPSJRVF �� QBSBNÍUSFT
EJGGÊSFOUT EÊàOJT EFQVJT MFT BOOÊFT �� <��> FU RVFMRVFT VOT E�FOUSF FVY àHVSFOU EBOT
MB OPSNF *40 ������ <�> RVJ WJTF Æ TUBOEBSEJTFS MB NFTVSF EFT QBSBNÍUSFT BDPVTUJRVFT
E�VOF TBMMF�

&O SBJTPO EF MB WBSJBCJMJUÊ EV NJMJFV EF QSPQBHBUJPO
 JM FTU EJGàDJMF E�BTTPDJFS VOF
VOJRVF WBMFVS EF QBSBNÍUSF Æ VO FTQBDF TPOPSF� -F NJMJFV QFVU GBJSF M�PCKFU EF UVS�
CVMFODF FO SBJTPO EF UPVSOPJFNFOUT EF NBTTFT E�BJS
 EF SÊGSBDUJPO FO SBJTPO EV EÊ�
QMBDFNFOU EF DPVDIFT UIFSNJRVFT PV EF NPEJàDBUJPO EF M�BCTPSQUJPO FO SBJTPO EF MB
QSÊTFODF E�PCKFUT PV E�BVEJUFVST EBOT MB TBMMF� 6O HSBOE WPMVNF JNQMJRVF EF MPOHT
USBKFUT EF QSPQBHBUJPO EFT POEFT TPOPSFT BV DPVST EFTRVFMMFT UPVUFT DFT QFSUVSCBUJPOT
EZOBNJRVFT QFVWFOU BQQBSBJUSF� %FVY SÊQPOTFT JNQVMTJPOOFMMFT NFTVSÊFT EBOT VO
FTQBDF TPOPSF TPOU BMPST UPVKPVST EJGGÊSFOUFT � TBOT QPVS BVUBOU RVF DFT EJGGÊSFODFT
TPJFOU UPVKPVST QFSDFQUJCMFT� %F QMVT
 DIBRVF ÊMÊNFOU EV EJTQPTJUJG EF NFTVSF FTU TVT�
DFQUJCMF EF GBJSF WBSJFS MFT SÊTVMUBUT E�VOF NFTVSF Æ M�BVUSF FU QPTF BJOTJ MB RVFTUJPO
EF MB QSÊDJTJPO FU EF MB SFQSPEVDUJCJMJUÊ� -FT FGGFUT EJSFDUJPOOFMT EF MB TPVSDF QFVWFOU
OPUBNNFOU BWPJS VO JNQBDU JNQPSUBOU TVS MFT WBSJBUJPOT FOUSF EFVY QPTJUJPOT EF NF�
TVSF <��>� "JOTJ
 MB OPSNF *40 ������ <�> EÊDSJU QMVTJFVST TQÊDJàDBUJPOT FO MJFO BWFD MB
QSPDÊEVSF EF NFTVSF DPODFSOBOU MB QPTJUJPO FU MB EJSFDUJWJUÊ EFT TPVSDFT FU EFT NJDSP�
QIPOFT � MB QSÊTFODF E�VO BVEJUPJSF FU EF NVTJDJFOT � MF OPNCSF EF NFTVSFT NJOJNBMFT
Æ FGGFDUVFS TFMPO MF WPMVNF EF MB TBMMF� $FT TQÊDJàDBUJPOT QFSNFUUFOU E�PCUFOJS EFT
SÊTVMUBUT DPNQBSBCMFT FU SFQSPEVDUJCMFT�

5ZQF 1BSBNÍUSF .PZFOOF +/% 7BMFVST UZQJRVFT

%VSÊFT EF EÊDSPJTTBODF &%5 
 530
 520 	T
 ��� � ���� )[ �� <� � �>

.FTVSFT EF $MBSUÊ %50 ��� � ���� )[ ���� <��� � ���>

$80
 $50 	E#
 ��� � ���� )[ � <�� � �>

5T 	NT
 ��� � ���� )[ �� <�� � ���>

'PSDF 4POPSF ( 	E#
 ��� � ���� )[ � <�� � ��>

*NQSFTTJPOT TQBUJBMFT +-'
 +-'$ ��� � ���� )[ ���� <���� � ����>

-+ 	E#
 ��� � ���� )[ /$ <��� � �>

*"$$ /$ ����� /$

5BCMFBV ��� m 3ÊTVNÊ EFT QBSBNÍUSFT BDPVTUJRVFT QSÊTFOUT EBOT MB OPSNF *40 ������
 EFT CBOEFT E�PD�
UBWF E�BQSÍT MFTRVFMT PCUFOJS VOF WBMFVS NPZFOOF
 EFT QMVT QFUJUFT EJGGÊSFODFT QFSDFQUJCMFT FU EFT WBMFVST
UZQJRVFT SFODPOUSÊFT QPVS EFT TBMMFT EF TQFDUBDMFT� -B NPZFOOF TVS MFT CBOEFT E�PDUBWF TJHOJàF MB NPZFOOF
BSJUINÊUJRVF EFT WBMFVST EBOT MFT CBOEFT E�PDUBWF FYDFQUÊ QPVS -+ EPOU MF DBMDVM EF MB NPZFOOF FTU PCUFOV
FO NPZFOOBOU QSÊBMBCMFNFOU MFT ÊOFSHJFT QBS CBOEF E�PDUBWF�

-F UBCMFBV ��� MJTUF MFT QBSBNÍUSFT BDPVTUJRVFT TQÊDJàÊT EBOT MB OPSNF RVJ GVSFOU



Ò�Ô� �ESURES PHYSIQUES DE L¤ACOUSTIQUE D¤UNE SALLE

Ò

ÔÖ

TÊMFDUJPOOÊT FO SBJTPO EF MFVS JNQPSUBODF TVCKFDUJWF FU EF MFVST GBDJMJUÊ EF DBMDVM DBS
QPVWBOU ËUSF EJSFDUFNFOU PCUFOVT E�BQSÍT MB SÊQPOTF JNQVMTJPOOFMMF� $FT QBSBNÍUSFT
BDPVTUJRVFT QFVWFOU ËUSF DMBTTÊT TFMPO RVBUSF UZQFT EF NFTVSFT � MFT NFTVSFT EF EVSÊF
EF EÊDSPJTTBODF
 EF GPSDF TPOPSF
 EF DMBSUÊ FU E�JNQSFTTJPOT TQBUJBMFT�

Ò�Ô�Ò� �ES DURdES DE DdCROISSANCE

-FT EVSÊFT EF EÊDSPJTTBODF DPSSFTQPOEFOU BVY UFNQT FYQSJNÊT FO TFDPOEF OÊDFT�
TBJSFT BV OJWFBV EF QSFTTJPO TPOPSF QPVS EÊDSPJUSF EF �� E# <�>� -FT UFNQT EF SÊWFSCÊ�
SBUJPO TPOU MJÊT BVY QSPQSJÊUÊT QIZTJRVFT EF MB TBMMF UFMMFT RVF MF WPMVNF FU MFT TVSGBDFT
RVJ MB DPOTUJUVFOU� -B GPSNF EF MB QJÍDF
 MFT NBUÊSJBVY EFT NVST
 M�BNFVCMFNFOU JO�
áVFODFOU MFT WBMFVST EF UFNQT EF SÊWFSCÊSBUJPO� %FVY UZQFT EF EVSÊF EF EÊDSPJTTBODF
TPOU EÊàOJT � MF UFNQT EF SÊWFSCÊSBUJPO 	530
 520 PV 35
 FU MB EVSÊF EF EÊDSPJTTBODF
JOJUJBMF OPUÊF &%5 	QPVS &BSMZ %FDBZ 5JNF
�

$FT QBSBNÍUSFT TPOU DBMDVMÊT E�BQSÍT MB EÊDSPJTTBODF EV OJWFBV EF MB QSFTTJPO TP�
OPSF FO GPODUJPO EV UFNQT
 BQSÍT RV�VOF TPVSDF TPOPSF T�FTU BSSËUÊF E�ÊNFUUSF VO TJHOBM
DPOUJOV� $FUUF EÊDSPJTTBODF QFVU ËUSF TPJU NFTVSÊF BQSÍT M�BSSËU TPVEBJO EF MB TPVSDF
PV FTUJNÊF E�BQSÍT MB NÊUIPEF EF MB SÊQPOTF JNQVMTJPOOFMMF JOUÊHSÊF� $FUUF NÊUIPEF
OÊDFTTJUF MF DBMDVM EF MB DPVSCF EF 4DIS�EFS
 D�FTU Æ EJSF M�JOUÊHSBUJPO EF MB SÊQPOTF
JNQVMTJPOOFMMF EF TBMMF ÊMFWÊF BV DBSSÊ FU SFUPVSOÊF EBOT MF UFNQT <��>� /PUPOT E DFUUF
DPVSCF �

E(t) =

∫ t

∞
p2(τ)E(−τ) 	���


'ñïýúí ��� m $PVSCF EF 4DIS�EFS
 QMBHFT UFNQPSFMMFT
 QMBHFT EZOBNJRVFT FU QFOUFT EF EÊDSPJTTBODFT DBM�
DVMÊF TVS �� FU �� E# EF EZOBNJRVF�

-�&%5 DPSSFTQPOE Æ MB EVSÊF EF EÊDSPJTTBODF DBMDVMÊ E�BQSÍT VOF SÊHSFTTJPO MJ�
OÊBJSF FGGFDUVÊF TVS MFT �� QSFNJFST EÊDJCFMT EF EÊDSPJTTBODF� -F UFNQT EF SÊWFSCÊSB�
UJPO FTU DBMDVMÊ HSÄDF Æ VOF SÊHSFTTJPO MJOÊBJSF FGGFDUVÊF TVS MB DPVSCF EF EÊDSPJTTBODF
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FOUSF MFT OJWFBVY � E# FU �� E# JOGÊSJFVS BV OJWFBV JOJUJBM� -PSTRVF MF SBQQPSU EF TJ�
HOBM TVS CSVJU OF MF QFSNFU QBT
 DFUUF SÊHSFTTJPO MJOÊBJSF QFVU ËUSF FGGFDUVÊF TVS VOF
EZOBNJRVF EF �� E#� -FT UFNQT EF SÊWFSCÊSBUJPO DBMDVMÊT TVS EFT QFOUFT VUJMJTBOU ��
FU �� E# EF EZOBNJRVF TPOU OPNNÊT 520 FU 530 SFTQFDUJWFNFOU�

-B àHVSF ��� JMMVTUSF MFT EJGGÊSFOUFT QMBHFT UFNQPSFMMFT FU MFT EZOBNJRVFT E�BQSÍT
MFTRVFMMFT MFT EVSÊFT EF EÊDSPJTTBODFT TPOU DBMDVMÊFT� 6OF GPJT MF DPFGàDJFOU EJSFDUFVS a
EF MB SÊHSFTTJPO MJOÊBJSF DBMDVMÊ
 MB EVSÊF EF EÊDSPJTTBODF DPSSFTQPOEBOUF 5 FTU PCUFOVF
E�BQSÍT MB GPSNVMF TVJWBOUF �

5 =
−60

a
	���


'ñïýúí ��� m 7BMFVST BVY GSÊRVFODFT NPZFOOFT EF M�&%5 FU EV 35 FO GPODUJPO EF MB EJTUBODF FOUSF MB TPVSDF
FU MF NJDSPQIPOF EBOT MF /PSUIFSO "MCFSUB +VCJMFF "VEJUPSJVN� %�BQSÍT #SBEMFZ <��>�

-FT UFNQT EF EÊDSPJTTBODF TPOU DBMDVMÊT QBS CBOEF E�PDUBWF PV UJFST E�PDUBWF� 6OF
WBMFVS VOJRVF EF DFT UFNQT FTU HÊOÊSBMFNFOU SFQPSUÊF
 FMMF DPSSFTQPOE Æ MB NPZFOOF
EFT WBMFVST DBMDVMÊFT QBS CBOEF E�PDUBWF Æ ��� )[ FU � L)[ PV Æ MB NPZFOOF EFT �
WBMFVST DBMDVMÊFT QBS UJFST E�PDUBWF EF ��� )[ Æ ���� )[�

#JFO RVF MFT NFTVSFT NPZFOOFT E�&%5 FU MF UFNQT EF SÊWFSCÊSBUJPO QSÊTFOUFOU
QBSGPJT VOF GPSUF DPSSÊMBUJPO
 MB QSFNJÍSF TFNCMF QMVT TFOTJCMF Æ MB QPTJUJPO EF NFTVSF
FU FTU QMVT Æ NËNF EF SFáÊUFS EFT QBSUJDVMBSJUÊT EF MB SÊWFSCÊSBUJPO E�VOF TBMMF <��>�
"MPST RV�VOF NPZFOOF TQBUJBMF EV UFNQT EF SÊWFSCÊSBUJPO GPVSOJU VOF JOGPSNBUJPO
BDPVTUJRVF TVS MB QSPQSJÊUÊ E�VOF TBMMF
 VOF VOJRVF WBMFVS E�&%5 OF QFVU ËUSF PCUF�
OVF QPVS EÊDSJSF VOF TBMMF QBSUJDVMJÍSF� $�FTU QPVSRVPJ M�&%5 FTU KVHÊF DPNNF BZBOU
VOF JNQPSUBODF TVCKFDUJWF QMVT HSBOEF RVF MF UFNQT EF SÊWFSCÊSBUJPO� -B àHVSF ���
QSÊTFOUF EFT WBMFVST EF 35 FU E�&%5 PCUFOVFT EBOT EJGGÊSFOUT QPTJUJPOT EF NFTVSFT
E�VOF TBMMF� 0O DPOTUBUF VOF WBSJBCJMJUÊ EF M�&%5 FO GPODUJPO EF MB EJTUBODF Æ MB TPVSDF
RVJ O�FTU QBT QSÊTFOUF QPVS MF 35� %�BQSÍT 1FMPSTPO <��>
 MPSTRVF M�PO DPOTJEÍSF EFT
NFTVSFT FGGFDUVÊFT FO EJGGÊSFOUT QPJOUT E�VOF TBMMF
 MFT WBMFVST EF DPSSÊMBUJPO FOUSF MFT
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WBMFVST EF 35 FU E�&%5 QFVWFOU WBSJFS EF ��� Æ ���� TFMPO MB TBMMF� -B EÊQFOEBODF
FOUSF MF 35 FU M�&%5 WBSJF EPOD TFMPO MB TBMMF ÊUVEJÊF�

-B OPSNF TUJQVMF RVF M�&%5 FTU jTVCKFDUJWFNFOU QMVT JNQPSUBOUF FU MJÊF Æ MB SÊ�
WFSCÊSBODF
 BMPST RVF MF UFNQT EF SÊWFSCÊSBUJPO FTU MJÊ BVY QSPQSJÊUÊT QIZTJRVFT EF MB
TBMMFv� -B SÊWFSCÊSBODF EÊTJHOF M�ÊWBMVBUJPO TVCKFDUJWF EV QIÊOPNÍOF EF SÊWFSCÊSB�
UJPO QFSNFUUBOU EF RVBMJàFS VO FTQBDF EF TFD PV EF SÊWFSCÊSBOU�

4FMPO MFT NBUÊSJBVY RVJ MFT DPOTUJUVFOU
 JM FTU QPTTJCMF RV�VOF HSBOEF TBMMF FU RV�VOF
TBMMF EF UBJMMF NPZFOOF BJFOU MFT NËNFT WBMFVST EF EVSÊFT EF EÊDSPJTTBODF
 RVJ OF
TBVSBJFOU Æ FMMFT TFVMFT DBSBDUÊSJTFS MFT FTQBDFT EF NBOJÍSF VOJRVF� $�FTU QPVSRVPJ
E�BVUSFT DSJUÍSFT POU ÊUÊ JOUSPEVJUT BàO EF EÊDSJSF QMVT àOFNFOU MFT DBSBDUÊSJTUJRVFT EF
M�BDPVTUJRVF E�VOF TBMMF�

Ò�Ô�Ó� �ES MESURES DE CLARTd

%BOT VO DIBNQ TPOPSF SÊWFSCÊSÊ
 M�BVEJUFVS FTU TPVNJT B VO HSBOE OPNCSF E�POEFT
TPOPSFT BSSJWBOU TPVT UPVUFT MFT JODJEFODFT� $FSUBJOFT EF DFT POEFT TPOPSFT WJFOOFOU
SFOGPSDFS MB QFSDFQUJPO EV TJHOBM BMPST RVF E�BVUSFT OVJTFOU Æ TPO JOUFMMJHJCJMJUÊ�

&O VUJMJTBOU VO IBVU�QBSMFVS SFQSPEVJTBOU MB WPJY E�VO PSBUFVS EBOT VOF TBMMF
 )FM�
NVU )BBT DPOTUBUB RVF UBOU RVF MF EÊDBMBHF FOUSF MF TJHOBM JTTV EF M�PSBUFVS FU EV
IBVU�QBSMFVS SFTUF JOGÊSJFVS Æ �� NT
 MB MPDBMJTBUJPO EV TPO QFSÉVF QBS M�BVEJUPJSF O�FTU
QBT QFSUVSCÊF � DFMB NËNF MPSTRVF MF OJWFBV EV IBVU�QBSMFVS FTU TVQÊSJFVS EF �� E# Æ
DFMVJ EF M�PSBUFVS <��>� -FT SÊáFYJPOT RVJ TF QSPEVJTFOU EBOT VO DPVSU MBQT EF UFNQT �
OPNNÊ TFVJM E�ÊDIP � BQSÍT MF TPO EJSFDU OF TPOU QBT QFSÉVFT DPNNF EFT ÊWÊOFNFOUT
EJTUJODUT
 NBJT GVTJPOOFOU QFSDFQUJWFNFOU BWFD MF TPO EJSFDU� -F TFVJM E�ÊDIP FTU EÊ�
QFOEBOU EF MB TPVSDF TPOPSF FNQMPZÊF� %FT WBMFVST PTDJMMBOU FOUSF � NT QPVS EFT DMJDT
FU �� NT QPVS EF MB QBSPMF TPOU QSÊTFOUT EBOT MB MJUUÊSBUVSF <��>� -B EJSFDUJPO E�JODJ�
EFODF QFSÉVF EF M�FOTFNCMF EFT SÊáFYJPOT RVJ POU GVTJPOOÊ FO VO VOJRVF ÊWÍOFNFOU
TPOPSF FTU EÊUFSNJOÊF QBS DFMMF EV QSFNJFS GSPOU E�POEF 	MF TPO EJSFDU
� 0O QBSMF BMPST
E�FGGFU EF QSÊDÊEFODF� &O SBJTPO EF MFVS DBQBDJUÊ Æ GVTJPOOFS BWFD MF TPO EJSFDU MFT SÊ�
áFYJPOT QSÊDPDFT QFVWFOU ËUSF VO BUPVU QPVS SFOGPSDFS TB QFSDFQUJPO FU BJOTJ GBWPSJTFS
M�BUUSJCVU QFSDFQUJG OPNNÊ DMBSUÊ�

-B NFTVSF EF DMBSUÊ MB QMVT SFODPOUSÊF EBOT MB MJUUÊSBUVSF DPSSFTQPOE BV SBUJP FOUSF
MFT RVBOUJUÊT E�ÊOFSHJF TPOPSF QPSUÊFT QBS MFT SÊáFYJPOT QSÊDPDFT FU QBS MFT SÊáFYJPOT
UBSEJWFT� $�FTU QPVSRVPJ QMVT MB WBMFVS EF DFU JOEJDF FTU ÊMFWÊF NFJMMFVSF FTU MB DMBSUÊ� *M
FTU DBMDVMÊ BWFD VOF MJNJUF UFNQPSFMMF EFT QSFNJÍSFT SÊáFYJPOT
 te
 àYÊF Æ �� PV �� NT
TFMPO RVF MF QBSBNÍUSF FTU EFTUJOÊ Æ DBSBDUÊSJTFS MB DMBSUÊ EF MB QBSPMF PV EF MB NVTJRVF
SFTQFDUJWFNFOU�

$te = 10 MPH10

∫ te

0
p2(t)Et

∫ ∞

te

p2(t)Et
	���


-B OPSNF EÊàOJU ÊHBMFNFOU VOF NFTVSF EF MB EÊàOJUJPO
 MF %50
 DPNNF MF SBQQPSU
FOUSF M�ÊOFSHJF QSÊDPDF FU M�ÊOFSHJF UPUBMF� $F QBSBNÍUSF FTU HÊOÊSBMFNFOU FNQMPZÊ
QPVS EÊDSJSF MB QFSDFQUJPO EF MB QBSPMF�
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%50 =

∫ 0,050s

0
p2(t)Et

∫ ∞

0
p2(t)EU

	���


-B OPSNF *40 ������ <��>
 EFTUJOÊF Æ MB NFTVSF EFT QBSBNÍUSFT BDPVTUJRVFT EF
CVSFBVY PVWFSUT
 DPOUJFOU VOF NFTVSF QMVT ÊMBCPSÊF EF M�JOUFMMJHJCJMJUÊ EF MB QBSPMF �
M�JOEJDF EF USBOTNJTTJPO EF MB QBSPMF OPUÊ 45* 	QPVS 4QFFDI 5SBOTNJTTJPO *OEFY
� $FUUF
NFTVSF FTU GPOEÊF TVS MB DBQBDJUÊ EF M�BVEJUFVS Æ EÊUFDUFS EFT NPEVMBUJPOT E�BNQMJUVEF
EBOT MF TJHOBM EF QBSPMF <��>� -F 45* FTU GPODUJPO EV UFNQT EF SÊWFSCÊSBUJPO EF M�FTQBDF
DPOTJEÊSÊ BJOTJ RVF MF SBQQPSU TJHOBM TVS CSVJU QBS CBOEF EF GSÊRVFODF�

-F UFNQT DFOUSBM 5T DPSSFTQPOE BV DFOUSF EF HSBWJUÊ EF MB SÊQPOTF JNQVMTJPOOFMMF
BV DBSSÊ NFTVSÊF FO TFDPOEFT� *M SFQSÊTFOUF MF NPNFOU PÜ M�ÊOFSHJF DPOUFOVF EBOT MB
SÊQPOTF JNQVMTJPOOFMMF FO BNPOU FTU ÊHBMF Æ M�ÊOFSHJF DPOUFOVF FO BWBM� $F QBSBNÍUSF
QFSNFU EF OF QBT VUJMJTFS EF MJNJUF UFNQPSFMMF FOUSF MFT SÊáFYJPOT QSÊDPDFT FU UBSEJWFT�

5T =

∫ ∞

0
tp2(t)Et

∫ ∞

0
p2(t)Et

	���


4FMPO QMVTJFVST ÊUVEFT
 MFT WBMFVST EFT NFTVSFT EF DMBSUÊ TPOU BTTF[ CJFO DPSSÊMÊFT
BVY EVSÊFT EF EÊDSPJTTBODF DF RVJ TVHHÍSF RV�FMMFT GPVSOJTTFOU ÊHBMFNFOU EFT JOEJDB�
UJPOT TVS MB SÊWFSCÊSBODF <��
 ��m��>� #JFO RV�FMMFT BJFOU FNQMPZÊ VO OPNCSF EF TBMMFT
EJGGÊSFOU
 EFT NPZFOOBHFT TQBUJBVY FU GSÊRVFOUJFMT EJGGÊSFOUT
 DFT ÊUVEFT SBQQPSUFOU FO
FGGFU RVF DFT QBSBNÍUSFT OF TPOU QBT JOEÊQFOEBOUT � FO BUUFTUF MF UBCMFBV ��� RVJ SBT�
TFNCMF MFT DPFGàDJFOUT EF DPSSÊMBUJPO PCUFOVT�

#SBEMFZ <��> 1FMPSTPO <��> #FSBOFL <��> $FSEB <��> 1PMBDL <��>

35
 &%5 ����� ���� ���� ���� ����

35
 $80 ������ ���� ����� ����� �����

&%5
 $80 ������ ����� ����� ����� �����

5T
 35 ����� ���� � ���� ����

5T
 &%5 ����� ���� � ���� ����

5T
 $80 ������ ����� � ����� �����

5BCMFBV ��� m $PSSÊMBUJPOT FOUSF MFT EVSÊFT EF EÊDSPJTTBODF FU NFTVSFT EF DMBSUÊ DBMDVMÊFT EBOT QMVTJFVST
TBMMFT
 TFMPO � ÊUVEFT EJGGÊSFOUFT�

%BOT M�ÊUVEF EF 1PMBDL <��>
 M�BOBMZTF TUBUJTUJRVF E�VO FOTFNCMF EF �� TBMMFT EF
DPODFSUT FU UIÊÄUSFT QBSJTJFOT B ÊUÊ SÊBMJTÊF <��>� "àO EF DBSBDUÊSJTFS MFT TBMMFT JM DPOTJ�
EÊSB MFT JOEJDFT TVJWBOUT � 530
 &%5
 5T
 (
 $80
 +LF 
 #3 đ FU 53 Ē� -FT SÊTVMUBUT

�� #BTT SBUJP 	SBQQPSU FOUSF MF UFNQT EF SÊWFSCÊSBUJPO NPZFOT Æ ��� )[ FU ��� )[ TVS MF UFNQT EF
SÊWFSCÊSBUJPO NPZFOT Æ ��� )[ FU � L)[
�

�� 5SFCMF SBUJP 	SBQQPSU FOUSF MF UFNQT EF SÊWFSCÊSBUJPO NPZFOT Æ � L)[ FU � L)[ TVS MF UFNQT EF
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E�VOF BOBMZTF QBS DPNQPTBOUFT QSJODJQBMFT B ÊUBCMJ RVF RVBUSF DPNQPTBOUFT QSJODJ�
QBMFT DPOUSJCVBJFOU Æ ��� Æ MB WBSJBODF EFT EPOOÊFT FU RVF MF 530
 &%5
 5T FU $80

DPOUSJCVBJFOU GPSUFNFOU Æ MB QSFNJÍSF DPNQPTBOUF EF M�BOBMZTF 	SFTQPOTBCMF EF ���
EF MB WBSJBODF EFT EPOOÊFT
� $FDJ BUUFTUF E�VOF GPSUF DPSSÊMBUJPO FOUSF MFT EVSÊFT EF EÊ�
DSPJTTBODF FU MFT NFTVSFT EF DMBSUÊ� -B GPSDF TPOPSF ( � EÊàOJF EBOT MB TFDUJPO TVJWBOUF
� ÊUBJU VO GBDUFVS EJTDSJNJOBOU QPVS EJTUJOHVFS MFT FTQBDFT DPOTJEÊSÊT EBOT MB NFTVSF
PÜ FMMF DPOUSJCVBJU GPSUFNFOU Æ MB TFDPOEF DPNQPTBOUF QSJODJQBMF RVJ FYQMJRVBJU ���
EF MB WBSJBODF EFT EPOOÊFT�

Ò�Ô�Ô� �A FORCE SONORE

-B GPSDF TPOPSF
 OPUÊF (
 FTU VOF NFTVSF EF MB DPOUSJCVUJPO EFT SÊáFYJPOT E�VOF
TBMMF BV DIBNQ TPOPSF HÊOÊSÊ QBS VOF TPVSDF FO UFSNF EF OJWFBV TPOPSF� 6OF TBMMF
SÊWFSCÊSBOUF QSPDVSF QBS FYFNQMF VOF TFOTBUJPO EF OJWFBV TPOPSF QMVT JNQPSUBOUF
RV�VOF TBMMF BCTPSCBOUF� &MMF QFVU ËUSF NFTVSÊF DPNNF MB EJGGÊSFODF EFT OJWFBVY EF
QSFTTJPO TPOPSF EF MB SÊQPOTF JNQVMTJPOFMMF EF TBMMF FU EF MB SÊQPOTF NFTVSÊF Æ �� N
EF MB NËNF TPVSDF TPOPSF FO DIBNQ MJCSF� "JOTJ


( = 10 MPH10

∫ ∞

0
p2(t)dt

∫ ∞

0
p210(t)dt

= Lp − Lp,10 	����


BWFD p(t) MB QSFTTJPO TPOPSF JOTUBOUBOÊF EF MB SÊQPOTF JNQVMTJPOOFMMF
 p10(t) FTU DFMMF
NFTVSÊF Æ �� N FO DIBNQ MJCSF
 Lp FU Lp,10 MFT OJWFBVY EF QSFTTJPO TPOPSF SFTQFDUJGT
EF p(t) FU p10(t)�

%BOT MF DBT PÜ JM O�FTU QBT QPTTJCMF E�FGGFDUVFS MB NFTVSF EF Lp,10 EBOT VOF DIBNCSF
BOÊDIPÐRVF TVGàTBNNFOU HSBOEF
 MF OJWFBV TPOPSF Æ VOF EJTUBODF d EF MB TPVSDF QFVU
ËUSF DBMDVMÊ QVJT Lp,10 PCUFOV EF MB NBOJÍSF TVJWBOUF �

Lp,10 = Lp,d + 20 MPH10(
d

10
) 	����


-PSTRVF M�PO SÊBMJTF DFUUF NFTVSF FO DIBNQ MJCSF JM FTU SFDPNNBOEÊ E�FGGFDUVFS
EFT NFTVSFT UPVT MFT ����◦ BVUPVS EF MB TPVSDF TPOPSF FU EF DBMDVMFS MB NPZFOOF EFT
OJWFBVY EF QSFTTJPO TPOPSF QPVS NPZFOOFS TB EJSFDUJWJUÊ <�>�

%FT WBSJBOUFT EF DF QBSBNÍUSF TPOU QSÊTFOUFT EBOT MB MJUUÊSBUVSF � MB GPSDF TPOPSF FTU
QBSGPJT FTUJNÊF E�BQSÍT EJGGÊSFOUFT SÊHJPOT UFNQPSFMMFT EF MB SÊQPOTF JNQVMTJPOOFMMF
EF TBMMF� -B GPSDF TPOPSF DBMDVMÊF TVS MB QBSUJF QSÊDPDF EF MB SÊQPOTF JNQVMTJPOOFMMF
B NPOUSÊ EFT DPSSÊMBUJPOT BWFD MB MBSHFVS BQQBSFOUF EF MB TPVSDF <��
 ��> PV BWFD
M�FOWFMPQQFNFOU MPSTRV�FMMF FTU DBMDVMÊF TVS MB QBSUJF UBSEJWF <��
 ��>� -B GPSDF TPOPSF
EFT CBTTFT FU EFT BJHVT B ÊHBMFNFOU ÊUÊ FNQMPZÊF BàO E�BQQSÊIFOEFS MB RVBMJUÊ UPOBMF
E�VOF TBMMF <��
 ��>�

SÊWFSCÊSBUJPO NPZFOT Æ ��� )[ FU � L)[
�
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Ò�Ô�Õ� �ES MESURES D¤IMPRESSION SPATIALE

%BOT MB MJUUÊSBUVSF
 MFT JNQSFTTJPOT TQBUJBMFT EÊTJHOFOU EFVY BUUSJCVUT QFSDFQUJGT
EJTUJODUT MJÊT Æ EFT BTQFDUT EJGGÊSFOUT EV DIBNQ TPOPSF � MB MBSHFVS BQQBSFOUF EF TPVSDF
OPUÊF "48 	QPVS "QQBSFOU 4PVSDF 8JEUI
 FU M�FOWFMPQQFNFOU OPUÊ -&7 	QPVS -JTUF�
OFS &OWFMPQNFOU
� -F QSFNJFS DPSSFTQPOE Æ M�ÊUFOEVF TQBUJBMF EF MB TPVSDF FU TFNCMF
ËUSF QSJODJQBMFNFOU JOáVFODÊ QBS M�ÊOFSHJF QSÊDPDF� -F TFDPOE DPSSFTQPOE Æ M�JNQSFT�
TJPO E�ËUSF FOWFMPQQÊ QBS MF DIBNQ SÊWFSCÊSÊ FU FTU HÊOÊSBMFNFOU MJÊ BVY QSPQSJÊUÊT
TQBUJBMFT EF MB SÊWFSCÊSBUJPO UBSEJWF�

�A LARGEUR APPARENTE DE SOURCE
&O SBJTPO EF M�FGGFU EF QSÊDÊEFODF DFSUBJOFT SÊáFYJPOT QSÊDPDFT OF TPOU QBT QFSÉVFT

DPNNF EFT ÊDIPT EJTUJODUT NBJT GVTJPOOFOU QFSDFQUJWFNFOU BWFD MF TPO EJSFDU <��>�
$FUUF BHHMPNÊSBUJPO TPOPSF TFNCMF QSPWFOJS EF MB EJSFDUJPO EV QSFNJFS GSPOU E�POEF

DFMMF EV TPO EJSFDU� -PSTRVF DF TPOU EFT SÊáFYJPOT QSÊDPDFT MBUÊSBMFT RVJ GVTJPOOFOU
BWFD MF TPO EJSFDU
 FMMFT UFOEFOU Æ áPVUFS MB MPDBMJTBUJPO EV TPO FU BJOTJ Æ ÊMBSHJS MB
TPVSDF TPOPSF�

/ÊBONPJOT
 JM TFNCMF RVF NËNF MPSTRVF MFT SÊáFYJPOT QSÊDPDFT OF GVTJPOOFOU QBT
BWFD MF TPO EJSFDU NBJT TPOU QFSÉVFT TÊQBSÊNFOU
 FMMFT DPOUSJCVFOU ÊHBMFNFOU Æ M�"48�
%BOT VOF ÊUVEF NFOÊF QBS #BSSPO <��>
 VO UFTU QFSDFQUJG GÚU SÊBMJTÊ FO DPOTJEÊSBOU
VOF TPVSDF FU VOF SÊáFYJPO TÊQBSÊFT E�VO BOHMF EF ���� -�FYQÊSJFODF NPOUSF RVF MB
SÊáFYJPO DPOUSJCVF Æ MB TFOTBUJPO EF MBSHFVS NËNF MPSTRV�FMMF FTU QFSÉVF DPNNF VO
ÊDIP EJTUJODU� *M TFNCMF DFQFOEBOU RVF DF QIÊOPNÍOF EÊQFOEF EF MB EJSFDUJPO E�JO�
DJEFODF � FO DPOTJEÊSBOU VOF SÊáFYJPO TÊQBSÊF E�VO BOHMF EF ����
 .PSJNPUP FU BM�
SBQQPSUFOU BV DPOUSBJSF RVF MB MBSHFVS EF TPVSDF BQQBSBJTTBJU QMVT ÊUSPJUF MPSTRVF MB
TPVSDF ÊUBJU QFSÉVF DPNNF VO ÊDIP EJTUJODU <���>�

+PIOTPO FU BM� <���> POU ÊUVEJÊ MB SÊHJPO E�JODJEFODF QSPEVJTBOU VOF "48 NBYJ�
NVN EBOT MF QMBO IPSJ[POUBM FO QSÊTFODF E�VO TPO EJSFDU GSPOUBM FU FO VUJMJTBOU VOF
TFVMF SÊáFYJPO� -FT TVKFUT O�POU QBT QFSÉV EF EJGGÊSFODF FO UFSNF E�"48 QPVS VOF
SÊáFYJPO TJUVÊF FOUSF ��� FU ����� %F QMVT
 EBOT DFUUF SÊHJPO BOHVMBJSF
 M�JOáVFODF EF
MB SÊáFYJPO TVS M�"48 OF TFNCMBJU QBT ËUSF BGGFDUÊF QBS MF SFUBSE EF MB SÊáFYJPO KVT�
RV�Æ �� NT� 5PVUF SÊáFYJPO DPOUFOVF EBOT DFUUF SÊHJPO BOHVMBJSF FU UFNQPSFMMF TFNCMF
EPOD QSPEVJSF VOF "48 NBYJNVN�

1MVTJFVST QBSBNÍUSFT BDPVTUJRVFT EÊàOJT EBOT MB OPSNF *40 ������ <�> TPOU DFOTÊT
QSÊEJSF M�"48 � MB GSBDUJPO MBUÊSBMF 	+-'

 MF DPFGàDJFOU EF GSBDUJPO MBUÊSBMF 	+-'$
 FU MF
DPFGàDJFOU EF DPSSÊMBUJPO JOUFSBVSBMF 	*"$$
�

-B GSBDUJPO E�ÊOFSHJF MBUÊSBMF QFVU ËUSF RVBOUJàÊF HSÄDF BVY �� QSFNJÍSFT NJMMJTF�
DPOEFT BQSÍT MF TPO EJSFDU EFT SÊQPOTFT JNQVMTJPOOFMMFT NFTVSÊFT BWFD VO NJDSPQIPOF
PNOJEJSFDUJPOOFM FU VO NJDSPQIPOF CJEJSFDUJPOFM QPJOUBOU EBOT MFT EJSFDUJPOT MBUÊ�
SBMFT �

+-' =

∫ 80ms

5ms
p2L(t)Et

∫ 80ms

0
p2(t)Et

	����
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PÜ p2L DPSSFTQPOE Æ M�ÊOFSHJF EF MB SÊQPOTF JNQVMTJPOOFMMF NFTVSÊF BWFD MF NJDSPQIPOF
CJEJSFDUJPOOFM�

­UBOU EPOOÊ RVF MB EJSFDUJWJUÊ E�VO NJDSPQIPOF CJEJSFDUJPOFMMF TVJU VO NPUJG FO
DPTJOVT FU RVF MB QSFTTJPO FTU ÊMFWÊF BV DBSSÊ
 MB DPOUSJCVUJPO E�VOF SÊáFYJPO MBUÊSBMF
WBSJF TFMPO MF DBSSÊ EV DPTJOVT EF M�BOHMF E�JODJEFODF� 6O BVUSF QBSBNÍUSF
 OPNNÊ
DPFGàDJFOU EF GSBDUJPO MBUÊSBM
 FTU ÊHBMFNFOU EÊàOJ EBOT MB OPSNF� *M QSFOE FO DPOTJ�
EÊSBUJPO MB DPOUSJCVUJPO EF MB SÊáFYJPO TFMPO MF DPTJOVT � FU OPO MF DPTJOVT BV DBSSÊ �
EF M�BOHMF E�JODJEFODF �

+-'$ =

∫ 80ms

5ms
|pL(t) · p(t)| Et

∫ 80ms

0
p2(t)Et

	����


1BS BJMMFVST
 MF DPFGàDJFOU EF DPSSÊMBUJPO JOUÊSBVSBM FTU EÊàOJ DPNNF MF NBYJNVN
FO WBMFVS BCTPMVF EF MB GPODUJPO EF DPSSFMBUJPO JOUÊSBVSBMF �

*"$$t1,t2 = NBY
∣∣*"$'t1,t2

(τ)
∣∣, PÜ − 1 NT < τ < 1 NT 	����


BWFD

*"$'t1,t2(τ) =

[∫ t2

t1

pl(t) · pS(t+ τ)Et
]
/

[∫ t2

t1

p2l (t)Et
∫ t2

t1

p2r(t)Et
]1/2

	����


PÜ pl FTU MB SÊQPOTF JNQVMTJPOOFMMF Æ M�FOUSÊF EV DPOEVJU BVEJUJG HBVDIF FU pr DFMMF Æ
M�FOUSÊF EV ESPJU�

6O DPFGàDJFOU OVM DPSSFTQPOE Æ VO DIBNQ EJGGVT FU BV DPOUSBJSF VO DPFGàDJFOU
QSPDIF EF � DPSSFTQPOE Æ VOF JNBHF TPOPSF USÍT ÊUSPJUF� -�VUJMJTBUJPO EV #JOBVSBM
2VBMJUZ *OEFY 	#2*

 QSPQPTÊ QBS #FSBOFL <���>
 FTU ÊHBMFNFOU SÊQBOEVF �

#2* = 1− *"$$&� 	����


PÜ *"$$&� EÊTJHOF MF DPFGàDJFOU EF DPSSÊMBUJPO JOUFSBVSBMF DBMDVMÊ TVS M�ÊOFSHJF QSÊ�
DPDF FU NPZFOOÊ TVS MFT CBOEFT EF GSÊRVFODFT Æ ��� )[
 � L)[ FU � L)[�

%F 7SJFT FU BM� <���> SFNFUUFOU FO DBVTF MB QFSUJOFODF EF DFT QBSBNÍUSFT DBS JMT
QFVWFOU QSÊTFOUFS EF MBSHFT áVDUVBUJPOT FOUSF EFVY QPJOUT EF NFTVSFT QSPDIFT TBOT
QPVS BVUBOU RV�VO DIBOHFNFOU E�"48 OF TPJU QFSÉV� -FT WBMFVST EF +VTU /PUJDFBCMF
%JGGFSFODF 	+/%
 ÊUBCMJFT EBOT MB MJUUÊSBUVSF MFVS TFNCMFOU BJOTJ USPQ GBJCMFT� 3FJDIBSEU
FU 4DINJEU SBQQPSUFOU QBS FYFNQMF EFT WBMFVST EF +/% DPNQSJTFT FOUSF ���� FU ����
QPVS VOF WBMFVS EF +LF DPNQSJTF FOUSF ��� FU ��� <���>� 1PVS MB DPSSÊMBUJPO JOUFSBVSBMF

$PY FU BM� SBQQPSUFOU VO +/% EF ����� QPVS VOF WBMFVS E�*"$$ EF ���� <���>� %F
QMVT
 JM FTU QPTTJCMF RVF DFT WBMFVST TPJFOU EÊQFOEBOUFT EF MB TPVSDF TPOPSF FU EV OJWFBV
E�ÊDPVUF <���
 ���>�

1PVS DPOUSFS MB WBSJBCJMJUÊ EF DFT QBSBNÍUSFT BDPVTUJRVFT
 E�BVUSFT POU ÊUÊ QSP�
QPTÊT � MB GPSDF TPOPSF MBUÊSBMF QSÊDPDF (&- <��
 ��>
 MFT GSBDUJPOT MBUÊSBMFT QSÊDPDFT
àMUSÊFT QBS TFDUFVS BOHVMBJSF #-'$ FU #-' <���> PV MF NPEÍMF BVEJUJG QPVS MB QFSDFQUJPO
BDPVTUJRVF EF TBMMF 3"1 <���
 ���>�
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&O FGGFU
 EF 7SJFT FU BM� <���> NFUUFOU FO MVNJÍSF MF GBJU RVF MFT NFTVSFT EF MBSHFVS
BQQBSFOUF EF TPVSDF TPOU TVKFUUFT Æ EFT áVDUVBUJPOT FO SBJTPO E�JOUFSGÊSFODFT FOUSF
POEFT TPOPSFT� ­UBOU EPOOÊ RVF MB QFSDFQUJPO EF M�"48 OF áVDUVF QBT EF MB NËNF
NBOJÍSF
 JM TFNCMF RVF MF TZTUÍNF BVEJUJG OF TPJU QBT TFOTJCMF Æ DFT QIÊOPNÍOFT E�JO�
UFSGÊSFODFT� *MT QSPQPTFOU BMPST EF DBMDVMFS +-' FU +-'$ TFMPO EFT TFDUFVST BOHVMBJSFT
QMVT QSÊDJT RVF DFMVJ DBQUÊ QBS VO NJDSPQIPOF CJEJSFDUJPOOFM DBS MFT POEFT TPOPSFT
DBQUÊFT QBS DF EJQÔMF QFVWFOU TF NÊMBOHFS FU BJOTJ DSÊFS EFT JOUFSGÊSFODFT DPOTUSVD�
UJWFT PV EFTUSVDUJWFT� 6UJMJTFS EFT TFDUFVST BOHVMBJSFT QMVT QSÊDJT HSÄDF Æ VO àMUSBHF
TQBUJBM QFSNFUUSBJFOU EF MJNJUFS DFT JOUFSGÊSFODFT� $FDJ JNQMJRVF EF NFTVSFS MB SÊQPOTF
JNQVMTJPOOFMMF BWFD VO SÊTFBV EF NJDSPQIPOFT FU OPO VO NJDSPQIPOF CJEJSFDUJPOOFM
QPVS ËUSF DBQBCMF EF àMUSFS MF DIBNQ TPOPSF QBS TFDUFVS BOHVMBJSF� 4PJFOU #-' FU #-'$
MFT GSBDUJPOT MBUÊSBMFT QSÊDPDFT àMUSÊFT QBS TFDUFVS BOHVMBJSF �

#-' =

∫ 80ms

5ms

N∑

n=0

(pi(t) DPTφ)
2 dt

∫ 80ms

0

N∑

n=0

pi(t)
2dt

	����


#-'$ =

∫ 80ms

5ms

N∑

n=0

|pi(t)||pi(t) DPTφ|dt

∫ 80ms

0

N∑

n=0

pi(t)
2dt

	����


BWFD N MF OPNCSF EF TFDUFVST BOHVMBJSFT FU φ EÊTJHOF M�B[JNVU�
,MPDLHFUIFS FU WBO EF 1BS POU EÊàOJ EFT QSÊEJDUFVST E�JNQSFTTJPOT TQBUJBMFT FO

VUJMJTBOU EFT NFTVSFT EF DPSSÊMBUJPO JOUFSBVSBMF <���>� $FUUF NÊUIPEF FNQMPJF VOF
NPEÊMJTBUJPO QTZDIPBDPVTUJRVF EFT MJNJUFT EF MB QFSDFQUJPO TQBUJBMF OPNNÊF 3"1�
&MMF FTU EJSFDUFNFOU BQQMJRVÊF BV TJHOBVY CJOBVSBVY FU OPO BVY SÊQPOTFT JNQVMTJPO�
OFMMFT DPOUSBJSFNFOU BVY NFTVSFT NFOUJPOOÊFT QSÊDÊEFNNFOU� -FT JOEJDFT CJOBVSBVY
TPOU FYUSBJUT EFT TJHOBVY FU NBOJQVMÊT FO QSFOBOU FO DPNQUF VOF QSPQSJÊUÊ EF MB QFS�
DFQUJPO TQBUJBMF � MF TZTUÍNF BVEJUJG FTU TFOTJCMF BVY QFUJUFT WBSJBUJPOT EF MB DPSSÊMBUJPO
JOUFSBVSBMF MPSTRVF MB DPSSÊMBUJPO FTU JNQPSUBOUF FU QFV TFOTJCMF BVY WBSJBUJPOT MPSTRVF
MB DPSSÊMBUJPO FTU GBJCMF� 6OF GPODUJPO QVJTTBODF FTU EPOD BQQMJRVÊF BVY NFTVSFT EF
DPSSÊMBUJPO JOUFSBVSBMF� %F QMVT MFT TJHOBVY CJOBVSBVY TPOU QSÊBMBCMFNFOU àMUSÊT FO
VUJMJTBOU �� àMUSFT HBNNBUPOF E�PSESF �� 1PVS MB QSÊEJDUJPO EF MB MBSHFVS BQQBSFOUF
EF TPVSDF
 MFT DPFGàDJFOUT EF DPSSÊMBUJPO JOUFSBVSBMF TPOU DBMDVMÊT FU QPOEÊSÊT QBS VOF
FTUJNBUJPO P EF MB QSPCBCJMJUÊ RVF MB GFOËUSF UFNQPSFMMF DPVSBOUF DPOUJFOOF MF DIBNQ
EJSFDU� 4PJU 3"1"48 MB QSÊEJDUJPO EF MB MBSHFVS BQQBSFOUF EF MB TPVSDF �

3"1"48 = 1−

∑

n,c

*"$$4(n, c)P (n, c)

∑

n,c

P (n, c)
	����
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-B QSPCBCJMJUÊ P FTU FTUJNÊF E�BQSÍT MF SBQQPSU FOUSF MF OJWFBV TPOPSF EF DIBRVF
TFHNFOU EJWJTÊ QBS MF OJWFBV TPOPSF EV TFHNFOU QSÊDÊEFOU� -F SBQQPSU QFSNFU EF EÊ�
UFSNJOFS TJ MFT TFHNFOUT DPOUJFOOFOU EV TPO EJSFDU PV TJ JMT TPOU EPNJOÊT QBS MB SÊ�
WFSCÊSBUJPO� -�FTUJNBUJPO EF MB MBSHFVS BQQBSFOUF EF TPVSDF T�FTU NPOUSÊF QMVT QFSGPS�
NBOUF BWFD MF 3"1"48 RVF MF #2* EBOT VO UFTU QFSDFQUJG NFOÊ QBS /PWBL FU ,MPDL�
HFUIFS <���>�

�¤ENVELOPPEMENT
-�FOWFMPQQFNFOU DPSSFTQPOE Æ M�JNQSFTTJPO TVCKFDUJWF E�ËUSF FOUPVSÊ QBS MF DIBNQ

TPOPSF SÊWFSCÊSÊ� -FT QSPQSJÊUÊT QIZTJRVFT EF MB SÊWFSCÊSBUJPO RVJ JOáVFODFOU DFU BU�
USJCVU TFNCMFOU ËUSF MB EJTUSJCVUJPO UFNQPSFMMF EFT SÊáFYJPOT
 MFVS EJTUSJCVUJPO TQBUJBMF
BJOTJ RVF MF OJWFBV EF MB SÊWFSCÊSBUJPO UBSEJWF�

&O FGGFU
 MF SBQQPSU FOUSF M�ÊOFSHJF QSÊDPDF FU M�ÊOFSHJF UBSEJWF BGGFDUF MB TFOTBUJPO
E�FOWFMPQQFNFOU <��
 ���
 ���>� -�FOWFMPQQFNFOU FTU JOWFSTFNFOU QSPQPSUJPOOFM Æ DF
SBQQPSU DBS D�FTU M�ÊOFSHJF UBSEJWF RVJ TFNCMF MF QMVT QBSUJDJQFS Æ M�FOWFMPQQFNFOU� 1BS
BJMMFVST
 JM FTU ÊHBMFNFOU QPTTJCMF E�BVHNFOUFS MB TFOTBUJPO E�FOWFMPQQFNFOU FO BVH�
NFOUBOU MF UFNQT EF SÊWFSCÊSBUJPO EV DIBNQ TPOPSF� $FQFOEBOU
 #SBEMFZ FU 4PVMPESF
POU NPOUSÊ RVF M�ÊRVJMJCSF FOUSF M�ÊOFSHJF TPOPSF QSÊDPDF FU UBSEJWF FTU QMVT JOáVFOU
RVF MB WBSJBUJPO EV UFNQT EF SÊWFSCÊSBUJPO <��>�

%F QMVT
 MFT ÊUVEFT EF #SBEMFZ FU 4PVMPESF NPOUSFOU VOF JOáVFODF EFT SÊáFYJPOT MB�
UÊSBMFT UBSEJWFT TVS M�FOWFMPQQFNFOU <��
 ��>� %BOT VOF NPJOESF NFTVSF
 MFT SÊáFYJPOT
UBSEJWFT WFOBOU EFT BVUSFT EJSFDUJPOT EF M�FTQBDF � EFWBOU
 EFSSJÍSF PV BV EFTTVT EF
M�BVEJUFVS � POU BVTTJ VO JNQBDU TVS M�FOWFMPQQFNFOU <���m���>�

$FT SÊTVMUBUT POU QFSNJT EF EÊàOJS VOF NFTVSF EF M�FOWFMPQQFNFOU OPNNÊF -+
	BVQBSBWBOU OPUÊ (--
 -( PV -(∞

80

 MB GPSDF EF M�ÊOFSHJF MBUÊSBMF UBSEJWF �

-+ = 10 MPH10

∫ ∞

80ms
p2L(t)dt

∫ ∞

0
p210(t)dt

	����


BWFD pL MB QSFTTJPO TPOPSF JOTUBOUBOÊF EF MB SÊQPOTF JNQVMTJPOOFMMF EF TBMMF NFTVSÊF
BWFD VO NJDSPQIPOF CJEJSFDUJPOOFM QPTJUJPOOÊ QFSQFOEJDVMBJSFNFOU Æ MB TPVSDF FU p10
MB SÊQPOTF JNQVMTJPOOFMMF EF MB TPVSDF NFTVSÊF Æ �� NÍUSFT EF MB TPVSDF FO DIBNQ
MJCSF� $F QBSBNÍUSF FTU DBMDVMÊ QBS CBOEF EF GSÊRVFODF FU DPOUSBJSFNFOU BVY BVUSFT
QBSBNÍUSF EÊàOJT EBOT MB OPSNF
 TB WBMFVS NPZFOOF OF SÊTVMUF QBT E�VOF NPZFOOF
BSJUINÊUJRVF BQQMJRVÊF BVY WBMFVST EF DIBRVF CBOEF EF GSÊRVFODF NBJT BVY RVBOUJUÊT
E�ÊOFSHJFT DPOUFOVFT EBOT MB QBSUJF UBSEJWF EF DIBRVF CBOEF EF GSÊRVFODF �

-+,NPZ = 10 MPH10
1

4

4∑

i=1

10-+,J/10 	����


#JFO RV�FMMFT OF àHVSFOU QBT EBOT MB OPSNF
 E�BVUSFT NFTVSFT EF M�FOWFMPQQFNFOU
TPOU DPNNVOÊNFOU VUJMJTÊFT � MB GSBDUJPO MBUÊSBMF E�ÊOFSHJF UBSEJWF 	--'
 <��>
 MB GPSDF
TPOPSF UBSEJWF 	(MBUF
 <���> FU MF DPFGàDJFOU EF DPSSÊMBUJPO JOUFSBVSBMF EF MB SÊWFSCÊSB�
UJPO UBSEJWF 	*"$$-
�
 <���>�
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--' FTU VO QBSBNÍUSF TJNJMBJSF Æ +-' NBJT DBMDVMÊ TVS MB QBSUJF UBSEJWF EF MB SÊQPOTF
JNQVMTJPOOFMMF�

--' =

∫ ∞

80ms
p2L(t)dt

∫ ∞

80ms
p2(t)dt

	����


PÜ p DPSSFTQPOE Æ MB QSFTTJPO TPOPSF JOTUBOUBOÊF EF MB SÊQPOTF JNQVMTJPOOFMMF EF
TBMMF NFTVSÊF BWFD VO NJDSPQIPOF PNOJEJSFDUJPOOFM FU pL M�ÊOFSHJF EF MB SÊQPOTF JN�
QVMTJPOOFMMF NFTVSÊF BWFD VO NJDSPQIPOF CJEJSFDUJPOOFM�

(MBUF FTU VOF NFTVSF EF GPSDF TPOPSF BQQMJRVÊF Æ MB SÊWFSCÊSBUJPO UBSEJWF�

(MBUF = 10 MPH10

∫ ∞

80ms
p2(t)dt

∫ ∞

0
p210(t)dt

	����


"JOTJ -+ QFVU T�FYQSJNFS FO GPODUJPO --' FU (MBUF �

-+ = (MBUF + 10 MPH10(--') 	����


&O BOBMZTBOU MFT NFTVSFT FGGFDUVÊFT EBOT �� TBMMFT EF TQFDUBDMFT
 #BSSPO <���>
DPOTUBUB RVF MF GBDUFVS DPOUSJCVBOU MF QMVT Æ MB NFTVSF EF -+ FTU MB GPSDF TPOPSF UBSEJWF �
MB WBSJBODF EF MB GSBDUJPO MBUÊSBMF UBSEJWF ÊUBOU CFBVDPVQ QMVT GBJCMF�

-F QBSBNÍUSF *"$$-,� EÊTJHOF MF DPFGàDJFOU EF DPSSÊMBUJPO JOUFSBVSBMF DBMDVMÊ TVS
M�ÊOFSHJF UBSEJWF E�BQSÍT M�ÊRVBUJPO 	����
 BWFD t1 = 0.080 FU t2 = 1� &MMF DPSSFTQPOE
Æ MB NPZFOOF EFT WBMFVST PCUFOVFT QPVS MFT CBOEFT EF GSÊRVFODF DFOUSÊFT TVS ��� )[

� L)[ FU � L)[�

#JFO RVF DFT QBSBNÍUSFT TPJFOU EÊàOJT QPVS DBSBDUÊSJTFS M�ÊOFSHJF TPOPSF BV�EFMÆ
EF �� NT
 MFT SÊáFYJPOT TPOPSFT QFVWFOU ÊHBMFNFOU DPOUSJCVFS Æ MB TFOTBUJPO E�FOWF�
MPQQFNFOU FO�EFÉÆ EF DFUUF MJNJUF <���
 ���>� %JDL FU BM� SBQQPSUFOU RVF EFT NPEJà�
DBUJPOT BQQPSUÊFT Æ MB QBSUJF QSÊDPDF E�VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF QFVWFOU
JOáVFODFS MB TFOTBUJPO E�FOWFMPQQFNFOU UBOEJT RV�BV EFMÆ EF ��� NT EF UFMMFT NPEJ�
àDBUJPOT O�POU RV�VO GBJCMF JNQBDU <���>� %�BVUSFT WBMFVST EF M�PSESF EF ��� NT TPOU
QSÊTFOUFT EBOT MB MJUUÊSBUVSF <���
 ���>� 4PVMPESF FU BM� <���> QSPQPTFOU ÊHBMFNFOU
E�VUJMJTFS VOF MJNJUF UFNQPSFMMF EÊQFOEBOUF EF MB GSÊRVFODF 	��� NT Æ ��� )[ KVTRV�Æ
�� NT Æ � L)[
� %F QMVT BNQMFT ÊUVEFT TFNCMFOU OÊDFTTBJSFT QPVS EÊUFSNJOFS BWFD
QSÊDJTJPO M�JOáVFODF EFT EJGGÊSFOUFT SÊHJPOT UFNQPSFMMFT FU TQBUJBMFT TVS MB TFOTBUJPO
E�FOWFMPQQFNFOU�

"JOTJ
 DFSUBJOFT ÊUVEFT TPVUJFOOFOU RVF MFT QBSBNÍUSFT BDPVTUJRVFT DPVSBNNFOU
VUJMJTÊT OF TPOU QBT BEBQUÊT Æ MB NFTVSF EF M�FOWFMPQQFNFOU <���
 ���
 ���>� %�VOF
QBSU
 M�VTBHF E�VO NJDSPQIPOF CJEJSFDUJPOOFM EBOT MB NFTVSF EF -+ PV --' TPVT�FTUJNF
M�JNQPSUBODF EF MB SÊWFSCÊSBUJPO QSPWFOBOU EF EJSFDUJPOT OPO MBUÊSBMFT� %�BVUSF QBSU
 MB
TFHNFOUBUJPO UFNQPSFMMF EF �� NT TPVWFOU VUJMJTÊF EBOT MFT NFTVSFT DPVSBOUFT TFNCMF
BSCJUSBJSF FU OÊHMJHF TPVWFOU M�JOáVFODF EFT QSFNJÍSFT SÊáFYJPOT� %�BVUSFT QBSBNÍUSFT
POU BJOTJ ÊUÊ QSPQPTÊT
 UFMT RVF MF SBQQPSU E�ÊOFSHJF BWBOU BSSJÍSF 	'#3
 <���>
 MF UFNQT
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DFOUSBM TQBUJBMFNFOU ÊRVJMJCSÊ 	4#5T
 <���>
 MB NFTVSF E�FOWFMPQQFNFOU JTTVF EV NP�
EÍMF BVEJUJG QPVS MB QFSDFQUJPO BDPVTUJRVF EF TBMMF 	3"1
 <���>�

.PSJNPUP FU BM� POU NPOUSÊ RVF M�FOWFMPQQFNFOU DSPJU BWFD MB RVBOUJUÊ E�ÊOFS�
HJF SÊáÊDIJF QSPWFOBOU EF M�BSSJÍSF EF M�BVEJUFVS� -F SBQQPSU E�ÊOFSHJF BWBOU BSSJÍSF
'#3 B EPOD ÊUÊ JOUSPEVJU QPVS QSÊEJSF MB TFOTBUJPO E�FOWFMPQQFNFOU� *M FTU EÊàOJ QBS
M�ÊRVBUJPO TVJWBOUF �

'#3 = 10 MPH (EG/EC) 	����


BWFD EG FU EC M�ÊOFSHJF DPOUFOVF SFTQFDUJWFNFOU EBOT MB QBSUJF GSPOUBMF FU BSSJÍSF EV
QMBO IPSJ[POUBM� -�ÊOFSHJF EV TPO EJSFDU O�FTU QBT JODMVTF EBOT DFUUF ÊRVBUJPO
 EF NËNF
RVF MFT SÊáFYJPOT DPOUFOVFT EBOT MF QMBO DPSPOBM 	D�FTU�Æ�EJSF MF QMBO RVJ DPVQF Æ BOHMF
ESPJU MF QMBO IPSJ[POUBM FU MF QMBO NÊEJBO FU RVJ DPOUJFOU M�BYF JOUFSBVSBM
�

)BOZV FU ,JNVSB POU NJT FO ÊWJEFODF M�JOUFSBDUJPO FOUSF MF OJWFBV FU MB EJTUSJCV�
UJPO BOHVMBJSF EF M�ÊOFSHJF � MB DPOUSJCVUJPO EF SÊáFYJPOT Æ M�FOWFMPQQFNFOU EÊQFOE EV
OJWFBV FU EF MB EJSFDUJPO E�BSSJWÊF EFT BVUSFT SÊáFYJPOT <���>� 1BS FYFNQMF
 M�FGàDBDJUÊ
EFT SÊáFYJPOT GSPOUBMFT EJGGÍSF TFMPO MB EJSFDUJPO E�BSSJWÊF EFT BVUSFT SÊáFYJPOT� -B
QSÊTFODF EF SÊáFYJPOT GSPOUBMFT QBSUJDJQF Æ MB TFOTBUJPO E�FOWFMPQQFNFOU MPSTRVF EF
M�ÊOFSHJF BSSJWF ÊHBMFNFOU QBS M�BSSJÍSF � D�FTU Æ EJSF MPSTRVF M�ÊRVJMJCSF TQBUJBM BWBOU �
BSSJÍSF BVHNFOUF� "JOTJ VOF MBSHF EJTUSJCVUJPO BOHVMBJSF EFT EJSFDUJPOT E�JODJEFODFT
BJOTJ RV�VOF EJTUSJCVUJPO E�ÊOFSHJF ÊRVJMJCSÊF EBOT M�FTQBDF QBSUJDJQFOU Æ MB TFOTB�
UJPO E�FOWFMPQQFNFOU� &O E�BVUSFT UFSNFT
 QMVT M�BVEJUFVS FTU FOUPVSÊ EF SÊáFYJPOT
EF UPVUFT MFT EJSFDUJPOT BWFD VO OJWFBV VOJGPSNF
 QMVT M�JNQSFTTJPO E�FOWFMPQQFNFOU
FTU GPSUF� 1PVS NFTVSFS DFUUF DBSBDUÊSJTUJRVF )BOZV FU ,JNVSB POU JOUSPEVJU MF UFNQT
DFOUSBM TQBUJBMFNFOU ÊRVJMJCSÊ 4#5T� 4PJU TTJ MF UFNQT DFOUSBM DBMDVMÊ EBOT VOF EJSFDUJPO
i �

TTJ =

∫ ∞

0
tp2i (t)Et

∫ ∞

0
p2(t)Et

	����


BWFD pi MB QSFTTJPO TPOPSF NFTVSÊF EBOT MB EJSFDUJPO i FU p MB QSFTTJPO NFTVSÊF HSÄDF
Æ VO NJDSPQIPOF PNOJEJSFDUJPOOFM� -FT UFNQT DFOUSBVY TPOU DBMDVMÊT EBOT QMVTJFVST
EJSFDUJPOT VOJGPSNÊNFOU SÊQBSUJFT EBOT MF QMBO IPSJ[POUBM� $IBRVF UFNQT DFOUSBM FTU
FOTVJUF QPOEÊSÊ EF UFMMF TPSUF RVF MFT UFNQT DFOUSBVY DBMDVMÊT EBOT MFT EJSFDUJPOT GSPO�
UBMFT FU BSSJÍSFT TPJFOU QPOEÊSÊT QBS ��� FU DFVY DBMDVMÊT EBOT MFT EJSFDUJPOT MBUÊSBMFT
QBS �� 4PJU ai MF SÊTVMUBU EF DFUUF QPOEÊSBUJPO �

ai = T4J (1 + | TJO θJ|) /2 	����


BWFD θJ M�BOHMF FOUSF MF QMBO NÊEJBO FU M�BYF EF MB EJSFDUJPO VUJMJTÊF QPVS MF DBMDVM EV
UFNQT DFOUSBM� "àO EF QSFOESF FO DPOTJEÊSBUJPO M�JOUFSBDUJPO FOUSF MFT EJSFDUJPOT E�JO�
DJEFODF EFT SÊáFYJPOT EBOT MFVS DPOUSJCVUJPO Æ M�FOWFMPQQFNFOU
 MF 4#5T FTU PCUFOV
FO QPOEÊSBOU MFT DPFGàDJFOU ai QBS DFVY DPSSFTQPOEBOU BVY BVUSFT EJSFDUJPOT BWFD VOF
JNQPSUBODF QMVT PV NPJOT HSBOEF TFMPO M�BOHMF RVJ MFT TÊQBSF�
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4#5T =

⎡

⎣
n∑

i=0

n∑

j=0

aiaj TJO (θij)

⎤

⎦

1
2

	����


PÜ θij FTU M�BOHMF FOUSF MFT EJSFDUJPOT i FU j�
-F NPEÍMF EF QFSDFQUJPO EFT JNQSFTTJPOT TQBUJBMFT 3"1 <���> EÊDSJU QPVS MF DBMDVM

EF MB MBSHFVS BQQBSFOUF EF TPVSDF QFSNFU ÊHBMFNFOU E�FTUJNFS MB TFOTBUJPO E�FOWFMPQ�
QFNFOU� %F MB NËNF NBOJÍSF
 MFT DPFGàDJFOUT EF DPSSÊMBUJPO JOUFSBVSBMF EFT TJHOBVY
CJOBVSBVY DPOTJEÊSÊT TPOU DBMDVMÊT FU QPOEÊSÊT QBS VOF FTUJNBUJPO P EF MB QSPCBCJ�
MJUÊ RVF MB GFOËUSF UFNQPSFMMF DPVSBOUF DPOUJFOOF MF DIBNQ EJSFDU� 4PJU 3"1-&7 VOF
FTUJNBUJPO EF M�FOWFMPQQFNFOU �

3"1-&7 = 1−

∑

n,c

*"$$4(n, c)(1− P (n, c))

∑

n,c

P (n, c)
	����


�ES LIENS ENTRE LARGEUR APPARENTE DE SOURCE ET ENVELOPPEMENT
#SBEMFZ FU BM� POU NPOUSÊ RVF MFT DPNQPTBOUFT QSÊDPDFT FU UBSEJWFT E�VOF SÊQPOTF

JNQVMTJPOOFMMF EF TBMMF QFVWFOU BWPJS EFT JOáVFODFT DPOUSBJSFT TVS DFT JNQSFTTJPOT
TQBUJBMFT <��
 ��>� 1BS FYFNQMF
 BDDSPÏUSF M�ÊOFSHJF UBSEJWF UFOE Æ BNPJOESJS M�"48 FU
BDDSPÏUSF M�ÊOFSHJF QSÊDPDF UFOE Æ BNPJOESJS M�FOWFMPQQFNFOU� *MT NPOUSFOU ÊHBMFNFOU
RVF M�"48 FTU NPJOT BGGFDUÊ QBS MB NPEJàDBUJPO EV SBQQPSU E�ÊOFSHJF QSÊDPDF FU UBS�
EJWF � M�"48 TFNCMF ËUSF NPJOT NBTRVÊF QBS M�ÊOFSHJF UBSEJWF RVF M�FOWFMPQQFNFOU
OF M�FTU QBS M�ÊOFSHJF QSÊDPDF� &O SBJTPO EF DFT JOUFSBDUJPOT
 MFT EFVY BUUSJCVUT QFS�
DFQUJGT DPFYJTUFOU EBOT EFT QSPQPSUJPOT EJGGÊSFOUFT TFMPO MFT TBMMFT� #JFO RVF DFT EFVY
BUUSJCVUT TPJFOU EÊàOJT FU QFSÉVT DPNNF EFT BUUSJCVUT EJTUJODUT
 JM TFNCMF RVF M�"48
FU M�FOWFMPQQFNFOU TPJFOU JOUJNFNFOU MJÊT FU QBSGPJT EJGàDJMFT Æ EJTUJOHVFS�

-B NFTVSF EF DFT BUUSJCVUT FNQMPJF VO NJDSPQIPOF CJEJSFDUJPOOFM QPVS DBQUFS MB
DPOUSJCVUJPO EF M�ÊOFSHJF MBUÊSBMF� $FQFOEBOU M�VUJMJTBUJPO E�VO SÊTFBV EF NJDSPQIPOFT
QSÊTFOUF M�BWBOUBHF E�PGGSJS VOF SÊTPMVUJPO TQBUJBMF QMVT ÊMFWÊF RVF MB NFTVSF VUJMJTBOU
VOF EJSFDUJWJUÊ FO EJQÔMF� -FT NFTVSFT EF SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT FGGFDUVÊFT
Æ M�BJEF E�VO SÊTFBV EF NJDSPQIPOFT QFVWFOU GBJSF M�PCKFU E�VOF BOBMZTF TQBUJBMF EV
DIBNQ TPOPSF BV NPZFO EF UFDIOJRVFT EF GPSNBUJPO EF GBJTDFBV 	PV CFBNGPSNJOH
FO BOHMBJT
 EBOT MF EPNBJOF EFT IBSNPOJRVFT TQIÊSJRVFT� $FUUF BQQSPDIF QFSNFU�
USBJU EF QSFOESF FO DPOTJEÊSBUJPO MB DPOUSJCVUJPO E�ÊOFSHJF QSPWFOBOU EF EJSFDUJPOT
OPO�MBUÊSBMFT RVJ TFNCMFOU QBSUJDJQFS Æ MB TFOTBUJPO E�FOWFMPQQFNFOU� %F QMVT
 FMMF
QFSNFUUSBJU EF TBUJTGBJSF MFT QSÊDJTJPOT BOHVMBJSFT OÊDFTTBJSFT QPVS MF DBMDVM EV #-'

#-'$ PV EV 4#5T� /PUPOT OÊBONPJOT RVF MPSTRV�VOF EJSFDUJWJUÊ CJEJSFDUJPOOFMMF FTU
OÊDFTTBJSF
 MB EJSFDUJWJUÊ FO CBTTFT FU IBVUFT GSÊRVFODFT E�VO SÊTFBV EF NJDSPQIPOFT
QFVU T�ÊMPJHOFS EV NPUJG FO EJQÔMF
 TFMPO MF SÊTFBV EF NJDSPQIPOFT VUJMJTÊ <���>�

%F QMVT
 M�ÊUVEF EFT JNQSFTTJPOT TQBUJBMFT B QSJODJQBMFNFOU FNQMPZÊ EFT DIBNQT
TPOPSFT TJNVMÊT SFQSPEVJUT TVS VO OPNCSF MJNJUÊ EF IBVU�QBSMFVST
 DPVWSBOU BJOTJ
VOF [POF BOHVMBJSF MJNJUÊF
 FU BWFD QBSGPJT VO GBJCMF OPNCSF EF SÊáFYJPOT� $�FTU QBS
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FYFNQMF MF DBT EFT ÊUVEFT EF #BSSPO <���> PV EF #SBEMFZ FU 4PVMPESF <��
 ��> Æ M�PSJ�
HJOF EF MB OPSNBMJTBUJPO EFT QBSBNÍUSFT +-'
 +-'$ FU -+ SFTQFDUJWFNFOU� #JFO RV�JMT
QFSNFUUFOU VO FYBNFO SJHPVSFVY EFT SÊTVMUBUT
 DFT DBT TPOU NPJOT SFQSÊTFOUBUJGT EV
DIBNQ TPOPSF SÊFM WÊDV EBOT VOF TBMMF EF DPODFSU EPOU MB QBSUJF UBSEJWF FTU HÊOÊSB�
MFNFOU QMVT EJGGVTF� -FT SÊDFOUT QSPHSÍT UFDIOPMPHJRVFT FO BDPVTUJRVF WJSUVFMMF QFS�
NFUUFOU MB SFQSPEVDUJPO EF DIBNQT TPOPSFT UPVU FO PGGSBOU VO DPOUSÔMF FYQÊSJNFOUBM
QMVT JNQPSUBOU�

Ò�Õ� �ONCLUSION

1MVTJFVST WPDBCVMBJSFT EÊàOJT ad hoc BV NPZFO EF UFTUT TVCKFDUJGT FO TJUVBUJPO EF
DPODFSU PV FO MBCPSBUPJSF POU QFSNJT EF EÊUFSNJOFS EF USÍT OPNCSFVY BUUSJCVUT QFS�
DFQUJGT EPOU DFSUBJOT TPOU SÊDVSSFOUT� $FT FOTFNCMFT E�BUUSJCVUT POU ÊUÊ ÊMBCPSÊT TFMPO
EJWFSTFT NÊUIPEFT E�BOBMZTF TFOTPSJFMMF FU QPVS EFT BQQMJDBUJPOT EJGGÊSFOUFT� -�FYB�
NFO EF DFT ÊUVEFT NPOUSF RVF MFT KVHFNFOUT TVCKFDUJGT EF M�BDPVTUJRVF E�VOF TBMMF
JNQMJRVFOU EF OPNCSFVY BUUSJCVUT QFSDFQUJGT� &O SBJTPO EFT NÊUIPEFT E�BOBMZTF TFO�
TPSJFMMF FU EFT TUJNVMJ FNQMPZÊT
 MF OPNCSF E�BUUSJCVUT QFSDFQUJGT FO KFV EJGGÍSF HSBOEF�
NFOU BJOTJ RVF MFT UFSNFT FU EÊàOJUJPOT VUJMJTÊT QPVS MFT EÊDSJSF� /ÊBONPJOT
 DFT UFSNFT
QFSDFQUJGT QFSNFUUFOU EF EÊUBJMMFS EFT FYQÊSJFODFT TFOTPSJFMMFT FU E�BMJNFOUFS VOF UFS�
NJOPMPHJF TPOPSF� 1MVTJFVST ÊUVEFT TF TPOU OPVSSJFT EF DFT FGGPSUT MJOHVJTUJRVFT FU EF
M�FYQÊSJFODF QSBUJRVF E�FYQFSUT FO TQBUJBMJTBUJPO TPOPSF QPVS ÊMBCPSFS EFT MFYJRVFT
E�BUUSJCVUT QFSDFQUJGT QFSNFUUBOU MB EFTDSJQUJPO EF M�BDPVTUJRVF E�VOF TBMMF� &O QBSUJ�
DVMJFS
 FO TF CBTBOU Æ MB GPJT TVS M�FYQÊSJFODF EF QMVTJFVST FYQFSUT FU TVS VOF ÊUVEF TUB�
UJTUJRVF QFSNFUUBOU E�BUUFTUFS EF MB RVBMJUÊ EF M�FOTFNCMF E�BUUSJCVUT ÊMBCPSÊ
 MF 3"2*
FTU VO JOTUSVNFOU E�BOBMZTF QSÊDJFVY QPVS KVHFS EF M�BDPVTUJRVF E�VOF TBMMF EF DPODFSU�
%FT EÊNBSDIFT TJNJMBJSFT EPJWFOU ËUSF FOUSFQSJTFT QPVS DPVWSJS MF DBT EFT TBMMFT EF QMVT
QFUJUT WPMVNFT�

-B QMVQBSU EFT ÊUVEFT QFSDFQUJWFT TF TPOU DPODFOUSÊFT TVS EFT TPVSDFT TQÊDJàRVFT
	JOTUSVNFOUT EF NVTJRVF
 WPJY
 FU O�FO POU HÊOÊSBMFNFOU DPOTJEÊSÊ RV�VO OPNCSF
MJNJUÊ QPVS EFT SBJTPOT QSBUJRVFT� 0S
 MB TPVSDF FTU VO ÊMÊNFOU FTTFOUJFM EV DIBNQ
TPOPSF EBOT MB NFTVSF PÜ M�BDPVTUJRVF E�VOF TBMMF OF QFVU QBT ËUSF QFSÉVF FO UBOU RVF
UFMMF NBJT TFVMFNFOU DPNNF VO NJMJFV GBÉPOOBOU MFT QSPQSJÊUÊT TQBUJBMFT
 UFNQPSFMMFT
FU TQFDUSBMFT EFT TPVSDFT TPOPSFT RV�JM DPOUJFOU� 4FVMFT RVFMRVFT ÊUVEFT POU NFOUJPOOÊ
M�JNQBDU EF MB TPVSDF TPOPSF TVS MB QFSDFQUJPO EF M�FTQBDF TBOT QPVS BVUBOU RV�FMMF
GBTTF M�PCKFU E�VOF ÊUVEF BQQSPGPOEJF� 1BS BJMMFVST
 QPVS MFT FYQÊSJNFOUBUJPOT NFOÊFT
FO MBCPSBUPJSF
 M�JNQSFTTJPO WJTVFMMF EF M�FTQBDF TPOPSF ÊUVEJÊ O�ÊUBJU HÊOÊSBMFNFOU
QBT DPOTJEÊSÊF� %BOT VOF TJUVBUJPO E�ÊDPVUF SÊFMMF
 DFT EFVY ÊMÊNFOUT JNQPSUBOUT GPOU
QBSUJF JOUÊHSBOUF EF MB QFSDFQUJPO EF M�FTQBDF� *MT TPOU BMPST TVTDFQUJCMFT EF CJBJTFS MFT
SÊTVMUBUT E�VOF ÊWBMVBUJPO QFSDFQUJWF TJ JMT OF TPOU QBT DPSSFDUFNFOU QSJT FO DPNQUF�
*M QBSBJU EPOD JNQPSUBOU E�ÊUBCMJS �
 TJ M�FOWJSPOOFNFOU WJTVFM B VOF JOáVFODF TJHOJà�
DBUJWF TVS MB QFSDFQUJPO EF M�BDPVTUJRVF EFT TBMMFT � �
 EBOT RVFMMF NFTVSF EFT TPVSDFT
TPOPSFT VTVFMMFT QFVWFOU JOáVFODFS OPUSF BQQSÊDJBUJPO EF M�BDPVTUJRVF EFT TBMMFT� $FT
RVFTUJPOT GPOU M�PCKFU EV DIBQJUSF � FU � SFTQFDUJWFNFOU�

$POKPJOUFNFOU BVY ÊUVEFT QFSDFQUJWFT
 EF OPNCSFVY QBSBNÍUSFT BDPVTUJRVFT POU
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ÊUÊ ÊMBCPSÊT QPVS DBSBDUÊSJTFS MFT QSPQSJÊUÊT BDPVTUJRVFT E�VOF TBMMF EFQVJT MB EÊàOJUJPO
EV UFNQT EF SÊWFSCÊSBUJPO QBS 4BCJOF� $FSUBJOT TF TPOU JNQPTÊT FO SBJTPO EF MFVS
QFSUJOFODF QFSDFQUJWF NBJT QMVTJFVST DSJUJRVFT QFVWFOU ËUSF ÊNJTFT Æ M�ÊHBSE EF DFUUF
OPSNBMJTBUJPO�

%�VOF QBSU
 MB DBSBDUÊSJTBUJPO EF MB QFSDFQUJPO E�VOF TBMMF BV NPZFO EF DFT QBSB�
NÍUSFT BDPVTUJRVFT QBSBJU JODPNQMÍUF� -FT BUUSJCVUT QFSDFQUJGT EÊàOJT EBOT MFT MFYJRVFT
OF TPOU QBT UPVT DPVWFSUT QBS MFT QBSBNÍUSFT EF MB OPSNF � MB CSJMMBODF
 MB DPMPSBUJPO
PV M�JOUJNJUÊ TPOU QBS FYFNQMF EFT BUUSJCVUT RVJ OF TPOU QBT SFQSÊTFOUÊT�

%�BVUSF QBSU
 DFSUBJOT QBSBNÍUSFT BDPVTUJRVFT TFNCMFOU SFEPOEBOUT� 1MVTJFVST E�FO�
USF FVY TFNCMFOU QSFOESF FO DPNQUF MFT NËNFT QSPQSJÊUÊT BDPVTUJRVFT BV WV EF MFVST
DPSSÊMBUJPOT� $�FTU QBS FYFNQMF MF DBT EFT EVSÊFT EF EÊDSPJTTBODF FU EFT NFTVSFT EF
DMBSUÊ RVJ TPOU GPSUFNFOU DPSSÊMÊFT FOUSF FMMFT� %F QMVT
 DFSUBJOT QBSBNÍUSFT BDPVT�
UJRVFT QSÊTFOUFOU VOF GPSUF WBSJBCJMJUÊ TFMPO MB QPTJUJPO EBOT MB TBMMF� $�FTU OPUBNNFOU
MF DBT EFT NFTVSFT EF MBSHFVS BQQBSFOUF EF TPVSDF� %FT BMUFSOBUJWFT
 UFMMFT RVF MF #-' PV
MF #-'$
 POU ÊUÊ QSPQPTÊFT QPVS DPOUSFDBSSFS DFUUF WBSJBCJMJUÊ FO FNQMPZBOU VO SÊTFBV
EF NJDSPQIPOFT�

%F TVSDSPJU
 MB MJNJUF UFNQPSFMMF EÊàOJTTBOU MB SÊHJPO EFT QSFNJÍSFT SÊáFYJPOT FU
EFT SÊáFYJPOT UBSEJWFT àYÊF EBOT MB OPSNF QBSBJU BSCJUSBJSF FU MF DBMDVM EF DFUUF WBMFVS
FO DPIÊSFODF BWFD M�FTQBDF ÊUVEJÊ TFNCMF QMVT KVEJDJFVY
 E�BVUBOU QMVT MPSTRVF RVF
M�PO DPOTJEÍSF EFT QFUJUT FTQBDFT QPVS MFTRVFMT DFT MJNJUFT UFNQPSFMMFT TPOU TVTDFQ�
UJCMFT E�ËUSF EJGGÊSFOUFT <��>� *M FTU E�BJMMFVST OÊDFTTBJSF EF DPOàSNFS RVF MFT DPSSÊMB�
UJPOT JEFOUJàÊFT FOUSF QBSBNÍUSFT BDPVTUJRVFT FU BUUSJCVUT QFSDFQUJGT QPVS MFT TBMMFT EF
DPODFSU T�BQQMJRVFOU ÊHBMFNFOU BVY QFUJUT FTQBDFT� .BMIFVSFVTFNFOU
 QPVS MFT TBMMFT
EPOU MF WPMVNF FTU JOGÊSJFVS Æ 300m3
 MB OPSNF *40 OF TF DPODFOUSF RVF TVS MB NFTVSF
EV UFNQT EF SÊWFSCÊSBUJPO <���> PV TVS M�JOUFMMJHJCJMJUÊ EF MB QBSPMF QPVS MFT CVSFBVY
PVWFSUT <��>�

&OàO
 QMVTJFVST TPVSDFT E�JODFSUJUVEFT QFSTJTUFOU DPODFSOBOU MFT TPVSDFT FU SÊDFQ�
UFVST FNQMPZÊT� #JFO RVF MB OPSNF SFDPNNBOEF M�VTBHF E�VOF TPVSDF PNOJEJSFDUJPO�
OFMMF QPVS FGGFDUVFS MFT NFTVSFT
 VOF TPVSDF TPOPSF PNOJEJSFDUJPOOFMMF O�FTU RV�BQ�
QSPYJNBUJWFNFOU PNOJEJSFDUJPOFMMF
 DF RVJ QFVU BWPJS VO JNQBDU TVS MB NFTVSF <���

���>� 0O QFVU E�BJMMFVST TF EFNBOEFS TJ M�VTBHF E�VOF TPVSDF PNOJEJSFDUJPOOFMMF TFVMF�
NFOU FTU QFSUJOFOU EBOT MB NFTVSF PÜ JM O�FTU QBT SFQSÊTFOUBUJG E�VOF TJUVBUJPO SÊFMMF
EBOT MBRVFMMF PO SFODPOUSF MF QMVT TPVWFOU EFT TPVSDFT TPOPSFT BZBOU EFT EJSFDUJWJUÊT
CJFO EJGGÊSFOUFT� %�BVUSFT TPVSDFT E�JODFSUJUVEFT QFVWFOU QSPWFOJS EFT NFTVSFT CJOBV�
SBMFT FGGFDUVÊFT QPVS MF DBMDVM EFT DPFGàDJFOUT EF DPSSÊMBUJPO JOUFSBVSBMF� -FT DBSBDUÊ�
SJTUJRVFT EF M�PSFJMMF IVNBJOF ÊUBOU JOEJWJEVFMMFT
 MB HÊOÊSBMJTBUJPO PV MB DPNQBSBJTPO
EF DFT QBSBNÍUSFT E�VOF ÊUVEF Æ M�BVUSF TFNCMF QSPCMÊNBUJRVF� -FT OPSNFT EÊàOJFT
QPVS MFT UËUFT BSUJàDJFMMFT <���> TQÊDJàFOU VOF DFSUBJOF GPSNF EF UËUF FU EF UPSTF NBJT
QBT EF QBWJMMPO
 VO ÊMÊNFOU QIZTJPMPHJRVF QPVSUBOU DSVDJBM� "V EFMÆ EFT CJBJT SFMBUJGT
BVY TPVSDFT FU SÊDFQUFVST FNQMPZÊT
 MF QPTU�USBJUFNFOU EFT SÊQPOTFT JNQVMTJPOOFMMFT
DPOUJFOU EJWFST EFHSÊT EF MJCFSUÊ DPODFSOBOU M�JNQMÊNFOUBUJPO EFT àMUSBHFT FU JOUÊHSB�
UJPOT
 RVJ QFVWFOU JOáVFODFS TJHOJàDBUJWFNFOU MFT SÊTVMUBUT <���
 ���>�

.BMHSÊ DFT MJNJUFT
 MFT NFTVSFT QIZTJRVFT FU QFSDFQUJWFT QFSNFUUFOU EF DBSBDUÊSJ�
TFS M�BDPVTUJRVF E�VOF TBMMF TPVT EF NVMUJQMFT BTQFDUT� &O QBSUJDVMJFS
 MB QBSUJF *** TF
DPODFOUSFSB TVS M�ÊWBMVBUJPO QIZTJRVF FU QFSDFQUJWF EF MB MBSHFVS BQQBSFOUF EF TPVSDF
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�¤INċUENCE DE LA VISION SUR LA

PERCEPTION DE L¤ACOUSTIQUE D¤UNE
SALLE

1FV E�ÊUVEFT POU BCPSEÊ M�JOáVFODF EFT JOEJDFT WJTVFMT TVS MB QFSDFQUJPO EF M�FTQBDF TP�
OPSF
 BV�EFMÆ EF MFVS JOáVFODF TVS MB QPTJUJPO QFSÉVF EF MB TPVSDF TPOPSF� %FT ÊUVEFT
BOUÊSJFVSFT TVHHÍSFOU RVF MB QFSDFQUJPO EFT SÊáFYJPOT UBSEJWFT O�FTU QBT BGGFDUÊF QBS MB
WJTJPO E�VOF TBMMF
 NBJT TFVM VO OPNCSF MJNJUÊ E�BUUSJCVUT QFSDFQUJGT B ÊUÊ ÊUVEJÊ� %BOT
DF DIBQJUSF
 MFT JOUFSBDUJPOT BVEJPWJTVFMMFT TPOU FYBNJOÊFT TBOT GBJSF E�IZQPUIÍTFT TVS
MF OPNCSF FU MB OBUVSF EFT EJNFOTJPOT QFSDFQUJWFT JNQMJRVÊFT EBOT MB QFSDFQUJPO EF
M�FTQBDF TPOPSF� /PVT BOBMZTPOT MFT SÊTVMUBUT E�VO UFTU QFSDFQUJG EBOT MFRVFM EFT TVKFUT
POU KVHÊ EF MB EJTTFNCMBODF QFSÉVF FOUSF EFT FTQBDFT TPOPSFT UPVU FO SFHBSEBOU VO
TUJNVMVT WJTVFM EPOOÊ� %FT DPNQBSBJTPOT QBS QBJSFT POU ÊUÊ SÊQÊUÊFT FO VUJMJTBOU QMV�
TJFVST DPOEJUJPOT WJTVFMMFT FU VOF DPOEJUJPO VOJRVFNFOU TPOPSF� -�FYQÊSJNFOUBUJPO B
ÊUÊ SÊBMJTÊ EBOT VO FOWJSPOOFNFOU WJSUVFM FO VUJMJTBOU VO WJTJPDBTRVF FU VO SFOEV CJ�
OBVSBM EZOBNJRVF� *M BQQBSBJU RVF MB NPEBMJUÊ WJTVFMMF O�B QBT FV E�JNQBDU TVS MFT
EJGGÊSFODFT QFSÉVFT FOUSF MFT FTQBDFT TPOPSFT� $FUUF ÊUVEF B GBJU M�PCKFU E�VOF QVCMJ�
DBUJPO EBOT MF KPVSOBM EF M�"VEJP &OHJOFFSJOH 4PDJFUZ 	7PMVNF ��
 /VNÊSP ���
 Q�
�������
 KVJMMFU ����
�

Ó�Ò� �ES INTERACTIONS ENTRE MODALITdS SONORE ET VISUELLE

%JWFSTFT ÊUVEFT POU EÊàOJ EF OPNCSFVY BUUSJCVUT QFSDFQUJGT MJÊT Æ M�ÊWBMVBUJPO E�FO�
WJSPOOFNFOUT BDPVTUJRVFT WJSUVFMT
 EF UFDIOPMPHJFT EF TQBUJBMJTBUJPO PV EF M�BDPVT�
UJRVF EFT TBMMFT EF DPODFSU <�>� $FSUBJOT USBWBVY POU VUJMJTÊ EFT TBMMFT FYJTUBOUFT FU POU
FGGFDUVÊ EFT ÊUVEFT QFSDFQUJWFT EJSFDUFNFOU EBOT DFT TBMMFT PV EBOT EFT MBCPSBUPJSFT Æ
M�BJEF E�FOSFHJTUSFNFOUT� $FQFOEBOU
 EBOT DF EFSOJFS DBT EF àHVSF
 PO QFVU BGàSNFS
RV�JM Z B VO NBORVF EF DPOUSÔMF FYQÊSJNFOUBM DPODFSOBOU MFT TUJNVMJ QSÊTFOUÊT � M�JN�

ÖÚ
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QSFTTJPO WJTVFMMF EF M�FTQBDF TPOPSF ÊUVEJÊ O�ÊUBJU HÊOÊSBMFNFOU QBT DPOTJEÊSÊF <�m�>�
%BOT DF DIBQJUSF
 OPVT BCPSEPOT M�JOáVFODF EF MB WJTJPO TVS MB QFSDFQUJPO EF M�FTQBDF
TPOPSF BàO E�ÊWBMVFS TJ MF NBORVF EF DPOUSÔMF FYQÊSJNFOUBM DPODFSOBOU M�FOWJSPOOF�
NFOU WJTVFM B ÊUÊ QSÊKVEJDJBCMF Æ EF UFMMFT ÊUVEFT� © DFUUF àO
 OPVT BWPOT VUJMJTÊ EFT
UFDIOPMPHJFT BWBODÊFT E�BVSBMJTBUJPO FU EF WJTVBMJTBUJPO RVJ OPVT QFSNFUUFOU E�BWPJS
VO NFJMMFVS DPOUSÔMF FYQÊSJNFOUBM TVS MFT TUJNVMJ BVEJPWJTVFMT Æ M�ÊUVEF�

1MVTJFVST ÊUVEFT NPOUSFOU VOF JOUFSBDUJPO FOUSF MFT JOEJDFT BVEJUJGT FU WJTVFMT MJÊT Æ
MB QFSDFQUJPO EF M�FTQBDF� $FSUBJOFT ÊUVEFT POU OPUBNNFOU FYBNJOÊ M�JOáVFODF EF MB
WJTJPO TVS M�ÊWBMVBUJPO EF MB MPDBMJTBUJPO EFT TPVSDFT TPOPSFT <�m�>
 MB QFSDFQUJPO EF MB
EJTUBODF BVEJUJWF <��m��>
 M�FYUFSOBMJTBUJPO <��m��> PV MFT JNQSFTTJPOT TQBUJBMFT <��m
��>�

Ó�Ò�Ò� �OCALISATION DE SOURCE SONORE

*M TFNCMF RVF MB WJTJPO BJU VO GPSU JNQBDU TVS MB QFSDFQUJPO EF MB MPDBMJTBUJPO EFT
TPVSDFT TPOPSFT� © MB TVJUF EFT QSFNJFST USBWBVY EF +BDL FU 5IVSMPX <�>
 EF OPN�
CSFVTFT FYQÊSJFODFT POU ÊUÊ SÊBMJTÊFT QPVS EÊUFSNJOFS TJ MFT TVKFUT QPVWBJFOU QFSDFWPJS
VO TUJNVMVT BVEJUJG QFSDFQUJWFNFOU VOJàÊ BWFD VO PCKFU WJTVFM E�VOF MPDBMJTBUJPO EJG�
GÊSFOUF 	FGGFU EJU WFOUSJMPRVF
 <��m��>� 5PVT TPOU BSSJWÊT Æ MB DPODMVTJPO RV�VOF GPSUF
BUUSBDUJPO WJTVFMMF TF QSPEVJU FU RVF M�FGGFU BVHNFOUF BWFD MB EJNJOVUJPO EF MB EJGGÊSFODF
BOHVMBJSF FOUSF MFT QPTJUJPOT EFT TUJNVMJ TPOPSFT FU WJTVFMT� )FOESJDLY FU BM� <�> POU
ÊHBMFNFOU NJT FO ÊWJEFODF VOF QMVT GPSUF BUUSBDUJPO WJTVFMMF FO ÊMÊWBUJPO RV�FO B[JNVU�
#JTIPQ FU BM� <�> POU ÊUVEJÊ VOF BVUSF JOUFSBDUJPO JOUFSNPEBMF DPODFSOBOU MB MPDBMJTB�
UJPO EF MB TPVSDF � M�JNQBDU EFT JOEJDFT WJTVFMT TVS M�FGGFU EF QSÊDÊEFODF� %�BQSÍT DF
QIÊOPNÍOF
 MPSTRVF MF SFUBSE FOUSF MF TPO EJSFDU FU VOF SÊáFYJPO FTU DPVSU
 MB SÊáFYJPO
O�FTU QBT QFSÉVF DPNNF VO ÊWÊOFNFOU TPOPSF EJTUJODU� %BOT DF DBT
 MB MPDBMJTBUJPO
EF MB TPVSDF FTU EPNJOÊF QBS MB MPDBMJTBUJPO EV TPO EJSFDU� *M B ÊUÊ EÊNPOUSÊ RVF MB
GPSDF EF M�FGGFU EF QSÊDÊEFODF QFVU ËUSF SFOGPSDÊF MPSTRVF M�JOGPSNBUJPO WJTVFMMF DPÐO�
DJEF TQBUJBMFNFOU FU UFNQPSFMMFNFOU BWFD MF QSFNJFS GSPOU E�POEF
 D�FTU�Æ�EJSF BWFD MF
TPO EJSFDU� *OWFSTFNFOU
 M�FGGFU EF QSÊDÊEFODF FTU SÊEVJU MPSTRVF M�JOGPSNBUJPO WJTVFMMF
DPÐODJEF TQBUJBMFNFOU FU UFNQPSFMMFNFOU BWFD MB SÊáFYJPO�

Ó�Ò�Ó� �ERCEPTION DE LA DISTANCE

-�BUUSBDUJPO WJTVFMMF TF QSPEVJU ÊHBMFNFOU BWFD MB QFSDFQUJPO EF MB EJTUBODF TPOPSF

NËNF FO QSÊTFODF EF NVMUJQMFT JOEJDFT BVEJUJGT <��
 ��>� &O QBSUJDVMJFS
 )MÃEFL FU
BM� <��> POU NFTVSÊ MFT QFSGPSNBODFT EF MPDBMJTBUJPO Æ EJTUBODF EBOT VOF QJÍDF SÊWFS�
CÊSBOUF TPNCSF FO VUJMJTBOU EFT TBMWFT EF CSVJU RVJ ÊUBJFOU TQBUJBMFNFOU DPOHSVFOUFT
PV OPO DPOHSVFOUFT BWFD EFT TUJNVMJ WJTVFMT 	-&%
� *MT POU SBQQPSUÊ VO FGGFU WFOUSJ�
MPRVF FO EJTUBODF � VO EÊQMBDFNFOU WFST MFT TUJNVMJ WJTVFMT ÊUBJU QFSÉV MPSTRV�JMT ÊUBJFOU
QSÊTFOUÊT QMVT QSÍT PV QMVT MPJO EFT TUJNVMJ BVEJUJGT� &O PVUSF
 $BMDBHOP FU BM� <��> POU
TJHOBMÊ RVF
 NËNF MPSTRVF MB TPVSDF TPOPSF ÊUBJU WJTVFMMFNFOU PDDVMUÊF
 MFT KVHFNFOUT
BVEJUJGT EF EJTUBODF ÊUBJFOU QMVT QSÊDJT MPSTRVF EFT JOGPSNBUJPOT WJTVFMMFT EF M�FOTFNCMF
EF MB TDÍOF ÊUBJFOU EJTQPOJCMFT� *MT POU ÊNJT M�IZQPUIÍTF RVF EFT JOGPSNBUJPOT WJTVFMMFT
BVUSFT RVF MB EJTUBODF QFSÉVF QBS SBQQPSU Æ MB TPVSDF
 UFMMFT RVF MB UBJMMF EF MB QJÍDF
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QFVWFOU ËUSF VUJMJTÊFT QBS MFT BVEJUFVST QPVS FGGFDUVFS EFT KVHFNFOUT EF EJTUBODF BVEJ�
UJWF�

Ó�Ò�Ô� �XTERNALISATION

1MVTJFVST ÊUVEFT NPOUSFOU ÊHBMFNFOU RVF MFT BTQFDUT WJTVFMT POU VOF JOáVFODF TVS
M�FYUFSOBMJTBUJPO <��m��>� $FUUF DBQBDJUÊ Æ FOUFOESF EFT ÊWÊOFNFOUT BVEJUJGT IPST EF
MB UËUF FO ÊDPVUF CJOBVSBMF EJNJOVF TJ MB TBMMF EF TZOUIÍTF FU MB TBMMF E�ÊDPVUF TPOU OPO
DPOHSVFOUFT
 D�FTU�Æ�EJSF RVBOE VO EÊDBMBHF FTU QSÊTFOU FOUSF M�BDPVTUJRVF WJSUVFMMF FU
M�JNQSFTTJPO WJTVFMMF EF MB TBMMF E�ÊDPVUF�

%BOT VOF ÊUVEF NFOÊF QBS 6EFTFO FU BM� <��>
 EFT KVHFNFOUT E�FYUFSOBMJTBUJPO
POU ÊUÊ FGGFDUVÊT EBOT EFVY QJÍDFT � M�VOF DPOHSVFOUF FU M�BVUSF OPO DPOHSVFOUF BWFD
M�FTQBDF TPOPSF WJSUVFM EFT TUJNVMJ CJOBVSBVY� #JFO RVF MFT NËNFT ÊDIBOUJMMPOT TPOPSFT
CJOBVSBVY BJFOU ÊUÊ VUJMJTÊT � TFVMT MFT JOEJDFT WJTVFMT EJGGÊSBJFOU � MFT SÊTVMUBUT POU
NPOUSÊ EFT EJGGÊSFODFT TJHOJàDBUJWFT FOUSF MFT FOWJSPOOFNFOUT EF UFTU � MFT KVHFNFOUT
E�FYUFSOBMJTBUJPO ÊUBJFOU QMVT GBJCMFT EBOT MB DPOEJUJPO EF OPO DPOHSVFODF� -FT BVUFVST
POU ÊNJT M�IZQPUIÍTF RVF MPSTRVF MFT BUUFOUFT E�VO FOWJSPOOFNFOU TPOPSF SÊBMJTUF OF
TPOU QBT TBUJTGBJUFT
 FO QBSUJDVMJFS MPSTRV�VOF EJWFSHFODF FOUSF MFT SFQÍSFT WJTVFMT FU
BVEJUJGT TF QSPEVJU
 MF SÊBMJTNF EF MB TDÍOF TPOPSF FTU BGGFDUÊ FU DPOEVJU Æ VOF QFSDFQUJPO
JOUSB�DSÄOJFOOF�

*M TFNCMF EPOD RVF MB QFSDFQUJPO BVEJUJWF TPJU TFOTJCMFNFOU BGGFDUÊF QBS MFT JNQSFT�
TJPOT WJTVFMMFT EF MB TBMMF E�ÊDPVUF FU MFT BUUFOUFT EF M�BVEJUFVS � RVJ QFVWFOU ËUSF QBS
BJMMFVST NPEJàÊFT QBS MF QIÊOPNÍOF E�BQQSFOUJTTBHF <��>� /ÊBONPJOT
 MFT SÊTVMUBUT
E�VO UFTU E�FYUFSOBMJTBUJPO NFOÊ QBS (JM�$BSWBKBM FU BM� <��> POU NPOUSÊ RVF MB NP�
EBMJUÊ BVEJUJWF BWBJU VO JNQBDU QMVT JNQPSUBOU TVS M�FYUFSOBMJTBUJPO RVF MB NPEBMJUÊ
WJTVFMMF� %BOT MFVS FYQÊSJFODF
 VOF SÊQPOTF JNQVMTJPOOFMMF CJOBVSBMF EF TBMMF 	#3*3

B ÊUÊ NFTVSÊF EBOT VOF TBMMF EF SÊGÊSFODF QPVS DSÊFS EFT TUJNVMJ TPOPSFT JOEJWJEVB�
MJTÊT QPVS �� TVKFUT� -FT TUJNVMJ POU ÊUÊ SFTUJUVÊT BV DBTRVF
 MFT TVKFU ÊUBOU QSÊTFOUT
EBOT MB TBMMF EF SÊGÊSFODF FU EBOT EFVY BVUSFT TBMMFT � �
 VOF TBMMF QMVT QFUJUF FU QMVT
SÊWFSCÊSBOUF
 �
 VOF TBMMF QMVT HSBOEF FU BOÊDIPÐRVF� -B DPOHSVFODF FOUSF MB TBMMF EF
SÊGÊSFODF FU MFT TBMMFT EF UFTU EJGGÊSBJU TFMPO MF WPMVNF 	SFQÍSFT WJTVFMT
 FU MF UFNQT EF
SÊWFSCÊSBUJPO 	SFQÍSFT BVEJUJGT
� 5SPJT DPOEJUJPOT POU ÊUÊ UFTUÊFT �

� VOF DPOEJUJPO EF DPOHSVFODF BVEJUJWF� -F UFTU B ÊUÊ FGGFDUVÊ EBOT M�PCTDVSJUÊ FU
EFT TBMWFT EF CSVJU ÊUBJU EJGGVTÊFT FO QMVT EFT TUJNVMJ TPOPSFT QPVS GPVSOJS EFT
JOEJDFT BDPVTUJRVFT TVQQMÊNFOUBJSFT DPOHSVFOUT BWFD MB TBMMF E�ÊDPVUF�

� VOF DPOEJUJPO EF DPOHSVFODF WJTVFMMF� -FT TVKFUT QPVWBJFOU WPJS MB QJÍDF FU BV�
DVO TJHOBM BVEJUJG O�ÊUBJU EJGGVTÊ FO QMVT EFT TUJNVMJ TPOPSFT�

� VOF DPOEJUJPO EF DPOHSVFODF WJTVFMMF FU BVEJUJWF� -FT TVKFUT QPVWBJFOU WPJS MB
QJÍDF FU EFT TBMWFT EF CSVJU ÊUBJU EJGGVTÊFT FO QMVT EFT TUJNVMJ TPOPSFT QPVS GPVS�
OJS EFT JOEJDFT BDPVTUJRVFT TVQQMÊNFOUBJSFT DPOHSVFOUT BWFD MB TBMMF E�ÊDPVUF�

-FT BVUFVST POU JOEJRVÊ RVF MFT EFHSÊT E�FYUFSOBMJTBUJPO ÊUBJFOU DPOTJEÊSBCMFNFOU
SÊEVJUT MPSTRVF MFT TVKFUT SFDFWBJFOU EFT JOEJDFT BVEJUJGT TVQQMÊNFOUBJSFT EF MB TBMMF
E�ÊDPVUF RVJ OF DPSSFTQPOEBJFOU QBT Æ DFVY EF M�FTQBDF TPOPSF WJSUVFM� " DPOUSBSJP

MFT UBVY E�FYUFSOBMJTBUJPO O�ÊUBJFOU QBT BGGFDUÊT MPSTRVF MFT TVKFUT QPVWBJFOU WPJS VOF
QJÍDF EJGGÊSFOUF EF DFMMF RV�JMT FOUFOEBJFOU BV DBTRVF� 0O QFVU EPOD TVQQPTFS RVF MB
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DPOOBJTTBODF QSÊBMBCMF EFT DBSBDUÊSJTUJRVFT BDPVTUJRVFT EF M�FOWJSPOOFNFOU E�ÊDPVUF
QFVU BWPJS VO JNQBDU QMVT JNQPSUBOU TVS M�FYUFSOBMJTBUJPO RVF MFT BUUFOUFT BDPVTUJRVFT
CBTÊFT TVS MFT JOEJDFT WJTVFMT EF MB QJÍDF� $POUSBJSFNFOU BVY BVUSFT ÊUVEFT TVS M�FYUFS�
OBMJTBUJPO NFOUJPOOÊFT
 MFT JOEJDFT WJTVFMT EF MB TBMMF OF TFNCMFOU QBT BWPJS FV E�JO�
áVFODF TVS MFT KVHFNFOUT E�FYUFSOBMJTBUJPO� *M FTU DMBJS RVF MB WJTJPO QFVU CJBJTFS M�BV�
EJUJPO EF NVMUJQMFT GBÉPOT OPO USJWJBMFT FU RVF MFT MJFOT FOUSF MB QFSDFQUJPO WJTVFMMF FU
BVEJUJWF OF TPOU QBT FOUJÍSFNFOU DPNQSJT�

Ó�Ò�Õ� �MPRESSIONS SPATIALES

%FT QIPUPHSBQIJFT POU ÊUÊ VUJMJTÊFT DPNNF TVQQPSU WJTVFMT EBOT EF OPNCSFVTFT
ÊUVEFT TVS MFT JOUFSBDUJPOT BVEJPWJTVFMMFT NVMUJ�NPEBMFT� $FQFOEBOU
 -BSTTPO FU BM� <��>
POU NPOUSÊ RVF MF EFHSÊ EF SÊBMJTNF WJTVFM BGGFDUBJU M�ÊWBMVBUJPO EFT BUUSJCVUT QFSDFQUJGT
MJÊT Æ VOF TBMMF E�ÊDPVUF� &O QBSUJDVMJFS
 MFVS ÊUVEF B JOEJRVÊ RVF MFT TPVSDFT TPOPSFT
ÊUBJFOU DPOTJEÊSÊFT DPNNF CFBVDPVQ QMVT MBSHFT MPSTRVF MF TVKFU TF USPVWBJU EBOT MB
QJÍDF SÊFMMF PV VUJMJTBJU VO WJTJPDBTRVF OPUÊ ).% 	QPVS )FBE .PVOUFE %JTQMBZ
 QBS
SBQQPSU Æ EFT DPOEJUJPOT TBOT SFQÍSFT WJTVFMT PV VUJMJTBOU EFT QIPUPHSBQIJFT àYFT� &O
DPOTÊRVFODF
 1PTUNB FU ,BU[ <��
 ��> POU VUJMJTÊ VO EJTQPTJUJG EF UFTU BWFD VO IBVU EF�
HSÊ EF SÊBMJTNF WJTVFM � VO TZTUÍNF $"7& đ � QPVS ÊUVEJFS M�JOáVFODF EF MB WJTJPO TVS MB
QFSDFQUJPO BDPVTUJRVF EF MB QJÍDF� 1PVS MB QJÍDF ÊUVEJÊF
 JMT POU PCTFSWÊ VOF JOáVFODF
TJHOJàDBUJWF EFT SFQÍSFT WJTVFMT TVS MB QFSDFQUJPO EF MB EJTUBODF BMPST RV�BVDVOF JO�
áVFODF TJHOJàDBUJWF DPODFSOBOU MB MBSHFVS BQQBSFOUF EF MB TPVSDF PV M�FOWFMPQQFNFOU
O�B ÊUÊ USPVWÊF� 0O QFVU ÊNFUUSF M�IZQPUIÍTF RVF MFT EJGGÊSFOUFT DPOàHVSBUJPOT EF UFTU
PV MFT EJGGÊSFODFT FOUSF MFT FTQBDFT TPOPSFT VUJMJTÊT EBOT DFT ÊUVEFT QFVWFOU FYQMJRVFS
MFT SÊTVMUBUT DPOUSBEJDUPJSFT PCUFOVT DPODFSOBOU MB MBSHFVS BQQBSFOUF EF MB TPVSDF�
%�BVUSFT ÊUVEFT TPOU OÊDFTTBJSFT QPVS EÊUFSNJOFS TJ MFT JOEJDFT WJTVFMT POU VO JNQBDU
TVS MB QFSDFQUJPO EF M�FTQBDF TPOPSF� "MPST RVF MB QFSDFQUJPO EF MB EJTUBODF
 MB MPDBMJTB�
UJPO FU M�FYUFSOBMJTBUJPO E�VOF TPVSDF TPOPSF TFNCMFOU ËUSF JOáVFODÊFT QBS EFT JOEJDFT
WJTVFMT
 M�JOáVFODF EF MB WJTJPO TVS E�BVUSFT BUUSJCVUT TPOPSFT TQBUJBVY SFTUF áPVF�

3ÊDFNNFOU
 4DIVUUF FU BM <��> POU ÊUVEJÊ M�JOáVFODF EF MB WJTJPO TVS MB SÊWFSCÊSBODF
	EFHSFF PG SFWFSCFSBUJPO EBOT MF UFYUF
 BV TFJO E�FOWJSPOOFNFOUT WJSUVFMT BVEJPWJTVFMT�
5SPJT DPOEJUJPOT POU ÊUÊ UFTUÊFT � �
 FOWJSPOOFNFOUT BVEJUJGT FU WJTVFMT DPOHSVFOUT
 �

FOWJSPOOFNFOUT BVEJUJGT FU WJTVFMT OPO DPOHSVFOUT
 FU �
 DPOEJUJPO BVEJUJWF TFVMF� *MT
O�POU DPOTUBUÊ BVDVOF JOáVFODF EF MB WJTJPO TVS MFT SÊQPOTFT EFT TVKFUT
 RVF M�FOWJSPO�
OFNFOU TPJU DPOHSVFOU PV OPO DPOHSVFOU� $FQFOEBOU
 DFUUF ÊUVEF B QPSUÊ M�BUUFOUJPO
TVS MB SÊWFSCÊSBODF VOJRVFNFOU FU MFT TVKFUT QFVWFOU EPOD BWPJS CBTÊ MFVS KVHFNFOU TVS
EFT DBSBDUÊSJTUJRVFT MJNJUÊFT
 UFMMFT RVF MF UFNQT EF SÊWFSCÊSBUJPO PV MF SBQQPSU FOUSF
M�ÊOFSHJF EV TPO EJSFDU FU M�ÊOFSHJF EV DIBNQ SÊWFSCÊSÊ� -B QFSDFQUJPO EF M�FTQBDF TP�
OPSF FTU HÊOÊSBMFNFOU DPOTJEÊSÊF DPNNF NVMUJEJNFOTJPOOFMMF FU JNQMJRVF E�BVUSFT
BUUSJCVUT QFSDFQUJGT UFMT RVF MB DMBSUÊ
 M�FOWFMPQQFNFOU
 MB CSJMMBODF PV MB MBSHFVS 	WPJS
TFDUJPO �����
� 1BS DPOTÊRVFOU
 VO QSPUPDPMF EF UFTU RVJ O�PSJFOUF QBT M�BUUFOUJPO WFST
VOF DBSBDUÊSJTUJRVF TPOPSF QBSUJDVMJÍSF TFSBJU QMVT FO QIBTF BWFD VOF QFSDFQUJPO OBUV�

�� 6O TZTUÍNF $"7& 	QPVS $PNQVUFS "VUPNBUJD 7JSUVBM &OWJSPONFOU
 EÊTJHOF VO FTQBDF EF SÊBMJUÊ
WJSUVFMMF HÊOÊSBMFNFOU DVCJRVF EBOT MFRVFM EFT JNBHFT TPOU QSPKFUÊFT TVS TFT QBSPJT QPVS DSÊFS VO FOWJSPO�
OFNFOU JNNFSTJG RVJ QFSNFU Æ M�VUJMJTBUFVS EF TF EÊQMBDFS�
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SFMMF EF M�BDPVTUJRVF FU QPVSSBJU NFUUSF FO ÊWJEFODF EFT GBDUFVST BVUSFT RVF MB SÊWFSCÊ�
SBODF RVJ JOUFSBHJSBJFOU BWFD MB NPEBMJUÊ WJTVFMMF�

Ó�Ò�Ö� �E BUT DE L¤dTUDE

/PVT BWPOT FYBNJOÊ M�JOáVFODF EF NVMUJQMFT DPOEJUJPOT WJTVFMMFT TVS EFT OPUFT EF
EJTTFNCMBODF MJÊFT Æ VO FOTFNCMF EF TUJNVMJ TPOPSFT� -FT TVKFUT POU EÚ ÊWBMVFS MFT EJG�
GÊSFODFT QFSÉVFT FOUSF QMVTJFVST FTQBDFT TPOPSFT UPVU FO SFHBSEBOU VO NËNF TUJNVMVT
WJTVFM� -FT DPNQBSBJTPOT QBS QBJSFT POU ÊUÊ SÊQÊUÊFT BWFD EJGGÊSFOUT TUJNVMJ WJTVFMT 	Z
DPNQSJT EBOT VOF DPOEJUJPO VOJRVFNFOU TPOPSF
� /PVT O�BWPOT EPOD QBT GBJU E�IZ�
QPUIÍTFT TVS MF OPNCSF FU MB OBUVSF EFT EJNFOTJPOT QFSDFQUJWFT JNQMJRVÊFT EBOT MB
QFSDFQUJPO EF M�FTQBDF TPOPSF� &O PVUSF
 OPVT BWPOT VUJMJTÊ M�BOBMZTF NVMUJEJNFOTJPO�
OFMMF 	.%4
 QPVS OPVT BTTVSFS RVF MB TUSVDUVSF QFSDFQUJWF TPVT�KBDFOUF Æ MB QFSDFQUJPO
EFT FTQBDFT TPOPSFT FNQMPZÊT O�ÊUBJU QBT VOJEJNFOTJPOOFMMF�

$PNNF NFOUJPOOÊ QSÊDÊEFNNFOU
 FO QSÊTFODF EF DPOáJUT FOUSF MFT JOEJDFT WJTVFMT
FU BVEJUJGT EBOT MB QFSDFQUJPO EF M�FTQBDF
 MB WJTJPO EPNJOF FU CJBJTF HÊOÊSBMFNFOU
M�BVEJUJPO <��>� /PVT BWPOT NFOUJPOOÊ Æ UJUSF E�FYFNQMF
 M�JNQBDU EFT JNQSFTTJPOT
WJTVFMMFT E�VOF TBMMF E�ÊDPVUF TVS M�FYUFSOBMJTBUJPO EF TJHOBVY CJOBVSBVY PV FODPSF
M�BQQBSJUJPO E�VO FGGFU WFOUSJMPRVF MPSTRVF MFT TUJNVMJ BVEJP FU WJTVFM TPOU EJTDPSEBOUT
FO UFSNF EF MPDBMJTBUJPO � RVF DF TPJU QBS SBQQPSU Æ MFVS BOHMF E�JODJEFODF PV Æ MFVS
EJTUBODF� $F QIÊOPNÍOF QPVSSBJU T�FYQMJRVFS QBS MF GBJU RVF MF TZTUÍNF WJTVFM B VOF
QMVT HSBOEF QSÊDJTJPO TQBUJBMF RVF MF TZTUÍNF BVEJUJG FU FTU EPOD QMVT àBCMF <�
 ��
 ��>�
%F NËNF
 PO QFVU ÊNFUUSF M�IZQPUIÍTF RVF MB WJTJPO PGGSF QMVT E�JOGPSNBUJPOT TVS VOF
QJÍDF EPOOÊF 	DPNNF MB UBJMMF EF MB QJÍDF <��> QBS FYFNQMF

 DF RVJ QFVU CJBJTFS MB
QFSDFQUJPO EF M�FTQBDF TPOPSF QPVS MB SFOESF QMVT DPOGPSNF Æ OPT BUUFOUFT WJTVFMMFT

TVSUPVU TJ MFT FOWJSPOOFNFOUT WJTVFM FU BVEJUJG TPOU OPO DPOHSVFOUT� %BOT MB QSÊTFOUF
FYQÊSJNFOUBUJPO
 DF QIÊOPNÍOF QFVU DPOEVJSF Æ DF RVF MFT TVKFUT QFSÉPJWFOU NPJOT
EF EJGGÊSFODFT MPSTRV�JMT DPNQBSFOU EFT FTQBDFT TPOPSFT UPVU FO SFHBSEBOU VO NËNF
FTQBDF WJTVFM RVF MPSTRVF MFT DPNQBSBJTPOT TPOU FGGFDUVÊFT TBOT BVDVO SFQÍSF WJTVFM�

$PNNF M�ÊWBMVBUJPO EFT BUUSJCVUT QFSDFQUJGT TQBUJBVY TFNCMF ËUSF BGGFDUÊF QBS MF
EFHSÊ EF SÊBMJTNF WJTVFM <��>
 4DIVUUF FU BM� POU VUJMJTÊ VO ).% QPVS SFQSPEVJSF M�FT�
QBDF BWFD VOF IBVUF àEÊMJUÊ <��>� %F NËNF
 OPVT BWPOT VUJMJTÊ EFT WJEÊPT Æ ��� EFHSÊT
BGàDIÊFT TVS VO ).% BJOTJ RV�VOF SFQSPEVDUJPO TPOPSF CJOBVSBMF EZOBNJRVF QPVS
HBSBOUJS VOF RVBMJUÊ EF TJNVMBUJPO ÊMFWÊF� %F QMVT
 MFT FTQBDFT TPOPSFT JNQMJRVÊT POU
ÊUÊ NFTVSÊT BWFD VO SÊTFBV EFOTF EF NJDSPQIPOFT QPVS QFSNFUUSF VOF SFQSPEVDUJPO
QSÊDJTF EFT DIBNQT TPOPSFT�

Ó�Ó� �EST PERCEPTIF

Ó�Ó�Ò� �TIMULI VISUELS

-FT TUJNVMJ WJTVFMT DPOTJTUBJFOU FO VOF TDÍOF TJNQMF � VO BDUFVS TJUVÊ Æ ��� DN EF
EJTUBODF FU SÊDJUBOU VO QPÍNF EF (ÊSBSE EF /FSWBM � 'BOUBJTJF � EBOT RVBUSF FTQBDFT
EJGGÊSFOUT � EFT UPJMFUUFT
 VOF DVJTJOF
 VO SÊGFDUPJSF FU VOF QJTDJOF� -FT TUJNVMJ WJTVFMT
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	B
 75- 	C
 7$4

	D
 73' 	E
 714

'ñïýúí ��� m 1SPKFDUJPO ÊRVJSFDUBOHVMBJSF EFT EJGGÊSFOUT TUJNVMJ WJTVFMT� 75- � 5PJMFUUFT
 7$4 � $VJTJOF

73' � 3ÊGFDUPJSF
 714 � 1JTDJOF� -FT WPMVNFT EFT FTQBDFT DPODFSOÊT TPOU SFTQFDUJWFNFOU EF 23 m3
 81 m3

360 m3 FU 7448 m3�

TFSPOU EÊTJHOÊT SFTQFDUJWFNFOU QBS 75-
 7$4
 73' FU 714 EBOT MFT TFDUJPOT TVJWBOUFT�
6OF DJORVJÍNF DPOEJUJPO WJTVFMMF
 Æ TBWPJS M�BCTFODF UPUBMF E�JNBHF
 B ÊUÊ BKPVUÊF�
$FUUF DPOEJUJPO TFSB QBS MB TVJUF BQQFMÊF 7��

-FT TUJNVMJ WJTVFMT ÊUBJFOU EFT WJEÊPT ���◦
 FOSFHJTUSÊFT FO �, 	����× ���� QJYFMT

Æ �� JNBHFT QBS TFDPOEF Æ M�BJEF E�VOF DBNÊSB *OTUB��� 1SP� -FT WJEÊPT POU DPVWFSU
UPVU M�FTQBDF FO B[JNVU FU FO ÊMÊWBUJPO� %FT DBQUVSFT E�ÊDSBO EFT TUJNVMJ WJTVFMT TPOU
BGàDIÊFT EBOT MB àHVSF ����

"àO E�BTTVSFS EFT EJGGÊSFODFT NJOJNBMFT FOUSF MFT TUJNVMJ QBS SBQQPSU Æ MB QFSGPS�
NBODF EF M�BDUFVS
 VO IBVU�QBSMFVS EJGGVTBJU M�FOSFHJTUSFNFOU BOÊDIPÐRVF EF TB WPJY
EVSBOU MFT QSJTFT EF WVF FU M�BDUFVS EFWBJU SÊDJUFS MF QPÍNF EF NBOJÍSF TZODISPOF�
$F QSPDÊEÊ B QFSNJT E�BTTVSFS VOF TZODISPOJDJUÊ MBCJBMF QPVS UPVT MFT TUJNVMJ� "JOTJ

BVDVO TPO O�ÊUBJU FOSFHJTUSÊ MPST EF MB DBQUVSF EFT TUJNVMJ WJTVFMT� 6OF ÊUBQF EF QPTU�
TZODISPOJTBUJPO ÊUBJU FOTVJUF OÊDFTTBJSF QPVS TZODISPOJTFS MF TPO FU MB WJEÊP� 6O UFTU
JOGPSNFM FGGFDUVÊ QBS MFT BVUFVST FU EFT EJTDVTTJPOT JOGPSNFMMFT BWFD MFT TVKFUT POU TVH�
HÊSÊ RV�JM O�Z BWBJU QBT EF EÊTZODISPOJTBUJPO QFSDFQUJCMF�

Ó�Ó�Ó� �dPONSES IMPULSIONNELLES DE SALLES

%PV[F FTQBDFT EJGGÊSFOUT POU ÊUÊ VUJMJTÊT QPVS DSÊFS MFT TUJNVMJ BVEJP
 Z DPNQSJT MFT
RVBUSF FTQBDFT VUJMJTÊT QPVS MFT TUJNVMJ WJTVFMT� $FT FTQBDFT POU ÊUÊ DIPJTJT EF GBÉPO Æ
DPVWSJS VOF MBSHF HBNNF EF EJGGÊSFODFT QFSDFQUJCMFT� -FT FTQBDFT TPOPSFT DPOTJEÊSÊT
O�ÊUBJFOU QBT TFVMFNFOU MJNJUÊT BVY TBMMFT EF DPODFSU PV BVY HSBOET WPMVNFT
 RVJ TPOU
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QSJWJMÊHJÊT QBS VOF QBSUJF EF MB MJUUÊSBUVSF EF M�BDPVTUJRVF EFT TBMMFT
 NBJT DPNQSFOBJFOU
ÊHBMFNFOU EFT MJFVY EF MB WJF RVPUJEJFOOF� -FT EJGGÊSFOUFT NFTVSFT QSÊTFOUÊFT EBOT MF
UBCMFBV ��� JMMVTUSFOU DFUUF IÊUÊSPHÊOÊJUÊ� -FT QJÍDFT DPOTJEÊSÊFT DPVWSFOU VOF MBSHF
HBNNF EF UFNQT EF EÊDSPJTTBODF FU QSÊTFOUFOU EJWFST SBQQPSUT E�ÊOFSHJF QPVS EFT
UFNQT EF EÊDSPJTTBODF TJNJMBJSFT�

5BCMFBV ��� m "CSÊWJBUJPOT
 EVSÊFT EF EÊDSPJTTBODF
 SBQQPSU DIBNQ EJSFDU � DIBNQ SÊWFSCÊSÊ 	%33
 FU NF�
TVSFT EF DMBSUÊ EFT FTQBDFT TPOPSFT VUJMJTÊT EBOT MF UFTU QFSDFQUJG� -FT NFTVSFT POU ÊUÊ SÊBMJTÊFT BVY GSÊRVFODFT
NÊEJVNT� -FT WBMFVST NJOJNBMFT FU NBYJNBMFT TPOU BGàDIÊFT FO CMFV�

&TQBDF "CSÊWJBUJPO 35 &%5 %33 $�� %�� 5T

	T
 	T
 	E#
 	E#
 	�
 	NT


#PY #09 ���� ���� ����� ����� ����� ����

5PJMFUUFT 5-5 ���� ���� ����� ����� ����� ����

4BMMF EF SÊVOJPO 3&6 ���� ���� ���� ����� ����� ����

1FUJUF TBMMF EF DPODFSU 4$1 ���� ���� ���� ���� ����� ����

4BMMF EF DMBTTF $-" ���� ���� ���� ����� ����� ����

$VJTJOF $6* ���� ���� ����� ����� ����� ����

3FGFDUPJSF 3'$ ���� ���� ���� ����� ����� ����

4BMMF EF DPODFSU NPZFOOF 4$. ���� ���� ���� ����� ����� ����

1JTDJOF 14$ ���� ���� ���� ����� ����� ����

)BMMF )-- ���� ���� ���� ����� ����� ����

­HMJTF &(- ���� ���� ���� ���� ����� ����

$BUIÊESBMF $"5 ���� ���� ���� ����� ����� ����

-FT 43*3T POU ÊUÊ NFTVSÊFT BWFD M�BOUFOOF TQIÊSJRVF EF NJDSPQIPOF &JHFONJLF
&.�� FU VOF FODFJOUF (FOFMFD ����� -�FODFJOUF ÊUBJU QPTJUJPOOÊF Æ MB NËNF EJTUBODF
EV NJDSPQIPOF 	��� DN
 EBOT DIBRVF QJÍDF� 6O TJHOBM Æ CBMBZBHF TJOVTPÐEBM EF ��
TFDPOEFT GÚU VUJMJTÊ EVSBOU MB NFTVSF� -FT NFTVSFT EF SÊQPOTFT JNQVMTJPOOFMMFT POU
FOTVJUF ÊUÊ EÊCSVJUÊFT TFMPO MB QSPDÊEVSF EÊDSJUF QBS $BCSFSB FU BM� <��>� "àO EF DPN�
QFOTFS MB SÊQPOTF FO GSÊRVFODF EF M�FODFJOUF EBOT MFT NFTVSFT EF 43*3T
 VO àMUSF Æ
SÊQPOTF JNQVMTJPOOFMMF àOJF EF ��� ÊDIBOUJMMPOT B ÊUÊ BQQMJRVÊ BVY NFTVSFT� -B DPS�
SFDUJPO GSÊRVFOUJFMMF GÚU BQQMJRVÊF FOUSF �� )[ FU �� L)[� -F àMUSF GVU DBMDVMÊ E�BQSÍT
VOF NFTVSF EF MB SÊQPOTF JNQVMTJPOOFMMF EF M�FODFJOUF FGGFDUVÊF EBOT VOF DIBNCSF
BOÊDIPÐRVF BWFD VO NJDSPQIPOF PNOJEJSFDUJPOOFM TJUVÊ EBOT M�BYF EF M�FODFJOUF� &O�
àO
 MFT SÊQPOTFT JNQVMTJPOOFMMFT JTTVFT EFT DBQTVMFT EV NJDSPQIPOF TQIÊSJRVF GVSFOU
DPOWFSUJFT FO BNCJTPOJRVF Æ M�PSESF �� -FT QSPDÊEÊT FNQMPZÊT QPVS MB NFTVSF
 MF EÊ�
CSVJUBHF FU M�FODPEBHF EFT 43*3T TPOU EÊDSJUT FO EÊUBJM EBOT M�BOOFYF " FU #�

Ó�Ó�Ô� �TIMULI SONORES

6OF TFVMF TPVSDF TPOPSF B ÊUÊ DPOTJEÊSÊF EBOT DF UFTU � VOF WPJY NBTDVMJOF FOSFHJT�
USÊF EBOT VOF DIBNCSF BOÊDIPÐRVF SÊDJUBOU MF QPÍNF 'BOUBJTJF� -F TJHOBM FOSFHJTUSÊ B
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ÊUÊ DPOWPMVÊ BWFD MFT 43*3T DPSSFTQPOEBOU BVY �� FTQBDFT TPOPSFT� /PVT BWPOT EPOD
PCUFOV �� TUJNVMJ BNCJTPOJRVFT E�PSESF �� 6OF ÊHBMJTBUJPO EV WPMVNF TPOPSF B ÊUÊ FG�
GFDUVÊF TVCKFDUJWFNFOU QBS MFT FYQÊSJNFOUBUFVST BWBOU MF UFTU QFSDFQUJG 	FO BDDPSE BWFD
MB SFDPNNBOEBUJPO "&4 <��>

 EF NBOJÍSF Æ DF RVF MF WPMVNF TPOPSF QFSÉV SFTUF MF
NËNF E�VO TUJNVMJ TPOPSF Æ M�BVUSF� -B EVSÊF UPUBMF EFT TUJNVMJ ÊUBJU EF �� T 	EVSÊF EF
MB TPVSDF TPOPSF
 + �
� T 	UFNQT EF SÊWFSCÊSBUJPO EFT 43*3T MFT QMVT MPOHT
 = ��
� T�
-FT TUJNVMJ POU ÊUÊ ÊDIBOUJMMPOOÊT Æ VOF GSÊRVFODF EF ����� )[ BWFD VOF SÊTPMVUJPO
EF �� CJUT�

Ó�Ó�Õ� �INAURALISATION ET HEAD�TRACKING

-FT TJHOBVY BNCJTPOJRVFT POU ÊUÊ DPOWFSUJT FO TJHOBVY CJOBVSBVY FO VUJMJTBOU MF
QMVH�JO 745 #JOBVSBM %FDPEFS EJTQPOJCMF FO PQFO�TPVSDF <��>� $FU PVUJM VUJMJTF EFT
àMUSFT EF EÊDPEBHF CJOBVSBM DBMDVMÊT TFMPO MF QSPDÊEÊ FYQPTÊ FO BOOFYF $�� E�BQSÍT
���� )35'T NFTVSÊFT QBS VOF UËUF BSUJàDJFMMF /FVNBOO ,6 ��� <��>�

-�VUJMJTBUJPO E�)35'T OPO JOEJWJEVBMJTÊFT QFVU BDDSPÏUSF MFT PDDVSSFODFT EF DPOGV�
TJPO BWBOU�BSSJÍSF <��> PV QSPEVJSF EFT MPDBMJTBUJPOT JOUSB�DSÄOJFOOFT <��
 ��>� /ÊBO�
NPJOT
 DFT QSPCMÍNFT TPOU FGàDBDFNFOU BUUÊOVÊT HSÄDF Æ VO QSPDÊEÊ EF TVJWJ EFT NPV�
WFNFOUT EF UËUF 	IFBE�USBDLJOH
 <��
 ��> FU QBS MB QSÊTFODF EF SÊWFSCÊSBUJPO EBOT MFT
TJHOBVY TPOPSFT <��
 ��>� %F QMVT
 #FHBVMU FU BM� POU SBQQPSUÊ RVF MFT )35' JOEJ�
WJEVBMJTÊFT O�PGGSBJFOU QBT E�BWBOUBHF FO UFSNFT EF QSÊDJTJPO EF MPDBMJTBUJPO FU E�FY�
UFSOBMJTBUJPO QPVS MB TZOUIÍTF CJOBVSBMF EFT TUJNVMJ WPDBVY SFQSPEVJUT EBOT MF QMBO
IPSJ[POUBM <��>�

-F TVJWJ EFT NPVWFNFOUT EF UËUF B ÊUÊ SÊBMJTÊ FO VUJMJTBOU MF ).% FU MF QMVHJO
EF SPUBUJPO BNCJTPOJRVF BNCJY@SPUBUPS@P� <��>� -B MBUFODF EV EJTQPTJUJG EF TVJWJ EV
).% VUJMJTÊ ÊUBJU EF �� NT <��>�

Ó�Ó�Ö� �ROCEDURE

-F UFTU QFSDFQUJG DPOTJTUBJU FO EFT DPNQBSBJTPOT QBS QBJSFT TVDDFTTJWFT� " DIBRVF
BQQSÊDJBUJPO
 MFT TVKFUT EFWBJFOU OPUFS MB EJTTFNCMBODF FOUSF EFVY TUJNVMJ TPOPSFT�
$IBRVF QBJSF EF TUJNVMJ JNQMJRVBJU EFVY EFT �� FTQBDFT TPOPSFT QSÊTFOUÊT QMVT IBVU�
$IBRVF KVHFNFOU EF EJTTFNCMBODF ÊUBJU FGGFDUVÊ UPVU FO SFHBSEBOU VOF WJEÊP ��� TZO�
DISPOJTÊF BWFD MF TPO� -FNËNF TUJNVMVT WJTVFM ÊUBJU VUJMJTÊ QPVS DPNQBSFS EFVY TUJNVMJ
TPOPSFT� -FT ÊWBMVBUJPOT EF EJTTFNCMBODF QPVS UPVUFT MFT DPNQBSBJTPOT QBS QBJSFT POU
ÊUÊ FGGFDUVÊFT EBOT MFT DJOR DPOEJUJPOT WJTVFMMFT EJGGÊSFOUFT� 6O UPUBM EF �� KVHFNFOUT
QPVS DIBRVF DPOEJUJPO WJTVFMMF B EPOD ÊUÊ FGGFDUVÊ QBS DIBDVO EFT TVKFU� "V UPUBM
 MFT
TVKFUT EFWBJFOU ÊWBMVFS ��� QBJSFT EF TUJNVMJ TPOPSFT EBOT EFT DPOEJUJPOT WJTVFMMFT EJG�
GÊSFOUFT � MFT QBJSFT EF TUJNVMJ UFTUÊT DPNQSFOBJFOU TPJU EFT FTQBDFT TPOPSFT RVJ ÊUBJFOU
UPVT MFT EFVY OPO DPOHSVFOUT BWFD M�FTQBDF WJTVFM
 TPJU EFT FTQBDFT TPOPSFT EPOU VO
TFVM ÊUBJU DPOHSVFOU BWFD M�FTQBDF WJTVFM�

1PVS DIBRVF QBJSF
 JM GVU EFNBOEÊ BVY QBSUJDJQBOUT EF RVBOUJàFS MB EJGGÊSFODF QFS�
ÉVF FOUSF MFT TUJNVMJ FO EÊQMBÉBOU VO DVSTFVS TVS VOF ÊDIFMMF EF ��� QPJOUT EPOU MFT
FYUSÊNJUÊT ÊUBJFOU ÊUJRVFUÊFT jJEFOUJRVFv 	�
 FU jUSÍT EJGGÊSFOUv 	���
� "VDVOF ÊUJ�
RVFUUF PV HSBEVBUJPO JOUFSNÊEJBJSF O�ÊUBJFOU QSÊTFOUFT BàO E�ÊWJUFS UPVU CJBJT JOEÊTJ�
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SBCMF <��
 ��>� -FT TVKFUT POU SFÉV M�JOTUSVDUJPO FYQSFTTF EF OF QBT GFSNFS MFT ZFVY QFO�
EBOU UPVUF MB EVSÊF EF M�FYQÊSJFODF FU BWBJFOU MB QPTTJCJMJUÊ E�ÊDPVUFS MFT EFVY TUJNVMJ
EF NBOJÍSF SÊQÊUÊF FU EF QBTTFS EF M�VO Æ M�BVUSF FO DPVST EF MFDUVSF� -FT EJGGÊSFOUFT
QBJSFT
 BJOTJ RVF MF TUJNVMVT WJTVFM BTTPDJÊ
 POU ÊUÊ QSÊTFOUÊT EBOT VO PSESF BMÊBUPJSF�
-�PSESF EFT TUJNVMJ TPOPSFT BV TFJO EF DIBRVF QBJSF ÊUBJU ÊHBMFNFOU BMÊBUPJSF� $FT
SBOEPNJTBUJPOT ÊUBJFOU EJGGÊSFOUFT QPVS DIBRVF TVKFU�

-F NPUFVS EF MFDUVSF
 M�JOUFSGBDF HSBQIJRVF FU M�BDRVJTJUJPO EFT EPOOÊFT GVSFOU SÊB�
MJTÊT Æ M�BJEF EF 6OJUZ FU .BY� -�FYQÊSJFODF B ÊUÊ SÊBMJTÊF FO SÊBMJUÊ WJSUVFMMF Æ M�BJEF
E�VO ).% )5$ 7JWF FU E�VO DBTRVF 4FOOIFJTFS )% ����

-�FYQÊSJFODF DPOTJTUBJU FO EFVY TFTTJPOT EF UFTU E�VOF IFVSF DIBDVOF TVS EFT KPVST
EJGGÊSFOUT� "WBOU DIBRVF TFTTJPO
 MFT QBSUJDJQBOUT TF TPOU GBNJMJBSJTÊT BWFD MFT �� TUJNVMJ
TPOPSFT QFOEBOU DJOR NJOVUFT BàO E�BQQSÊIFOEFS MB EJWFSTJUÊ EFT TUJNVMJ JODMVT EBOT
MF UFTU�

Ó�Ó�×� �UJETS

0O[F TVKFUT ÄHÊT FO NPZFOOF EF �� BOT POU QBSUJDJQÊ BV UFTU QFSDFQUJG� *MT ÊUBJFOU
UPVT ÊUVEJBOUT EV.BTUFS *NBHF� 4PO EF M�6OJWFSTJUÊ EF #SFTU FU ÊUBJFOU EPOD GPSNÊT Æ
M�ÊDPVUF DSJUJRVF FO SBJTPO EFT FOTFJHOFNFOUT SFÉVT FO QSJTF EF TPO
 NPOUBHF FU NJYBHF�
"VDVO E�FOUSF FVY O�B EÊDMBSÊ EF QFSUF BVEJUJWF DPOOVF FU BVDVO O�BWBJU E�FYQÊSJFODF
FO 3ÊBMJUÊ 7JSUVFMMF�

Ó�Ô� �dSULTATS

Ó�Ô�Ò� �ATRICES DE DISSEMBLANCE

-FT OPUFT EF EJTTFNCMBODF GPSNFOU VOF NBUSJDF EF EJTTFNCMBODF EF EJNFOTJPO
��×�� 	QPVS MFT �� DPOEJUJPOT TPOPSFT
 QPVS DIBRVF TVKFU FU QPVS DIBRVF DPOEJUJPO
WJTVFMMF� -�PSESF EFT TUJNVMJ TPOPSFT EBOT DIBRVF QBJSF BZBOU ÊUÊ SBOEPNJTÊ
 MFT NB�
USJDFT EF EJTTFNCMBODF TPOU TZNÊUSJRVFT� -FT NBUSJDFT NPZFOOÊFT TVS UPVT MFT TVKFUT
TPOU QSÊTFOUÊFT FO àHVSF ��� QPVS MFT DJOR DPOEJUJPOT WJTVFMMFT� $FT àHVSFT QBSBJTTFOU
TJNJMBJSFT FU MFT NBUSJDFT QSÊTFOUFOU E�JNQPSUBOUT DPFGàDJFOUT EF DPSSÊMBUJPO EF 1FBS�
TPO 	> 0.94
 p < 0.001
� $FMB TVHHÍSF RVF MFT JOEJDFT EF WJTJPO POU VOF JOáVFODF
SFMBUJWFNFOU GBJCMF TVS MFT EJGGÊSFODFT QFSÉVFT FOUSF MFT FTQBDFT�

Ó�Ô�Ó� �NALYSE DE LA VARIANCE

$PNNF BVDVO QPJOU E�BODSBHF JOUFSNÊEJBJSF O�B ÊUÊ VUJMJTÊ TVS M�ÊDIFMMF EF EJTTFN�
CMBODF
 MFT SÊTVMUBUT EFT TVKFUT POU ÊUÊ OPSNBMJTÊT FO VUJMJTBOU MF TDPSF [
 RVJ USBEVJU MFT
OPUFT DPNNF M�ÊDBSU Æ MB NPZFOOF EFT TDPSFT EF MB QPQVMBUJPO FO UFSNF EF GSBDUJPO
E�ÊDBSU�UZQF� -F SÊTVMUBU OPSNBMJTÊ E�VO TVKFU zi T�ÊDSJU �

zi =
(xi − x̄i)

si
· s+ x̄ 	���
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	B
 7� 	C
 7$4 	D
 714

	E
 73' 	F
 75-

'ñïýúí ��� m .BUSJDFT EF EJTTFNCMBODF QPVS MFT DJOR DPOEJUJPOT WJTVFMMFT EV UFTU QFSDFQUJG� $IBRVF DBSSÊ
SFQSÊTFOUF MB OPUF EF EJTTFNCMBODF FOUSF EFVY FTQBDFT� -�ÊDIFMMF EF HSJT GBJU SÊGÊSFODF Æ MB NPZFOOF EFT
OPUFT EF EJTTFNCMBODF Æ USBWFST MFT TVKFUT� 6OF DPVMFVS QMVT TPNCSF TJHOJàF VOF QMVT HSBOEF EJTTFNCMBODF�

'BDUFVS EG 44 .4 ' Q η2	�


7 � ��� �� ��� ����� ����

1 �� ������ ���� ���� < 0.001 �����

7 � 1 ��� ����� �� ���� ����� ����

5BCMFBV ��� m 3ÊTVMUBUT EF M�"/07"� 7 � DPOEJUJPO WJTVFMMF
 1 � QBJSF E�FTQBDFT TPOPSFT
 44 � TPNNF EFT
DBSSÊT
 .4 � NPZFOOF EFT DBSSÊT
 ' � WBMFVS G
 Q � WBMFVS Q
 η2 � QSPQPSUJPO EF WBSJBODF FYQMJRVÊF�

PÜ xi DPSSFTQPOE Æ MB OPUF EPOOÊF QBS MF TVKFU i
 x̄i FTU MB OPUF NPZFOOF EV TVKFU i
 x̄
FTU MB OPUF NPZFOOF EF UPVT MFT TVKFUT
 si FTU M�ÊDBSU�UZQF EFT OPUFT EV TVKFU i FU s FTU
M�ÊDBSU�UZQF EFT OPUFT EF UPVT MFT TVKFUT�

"àO E�FGGFDUVFS VOF BOBMZTF EF MB WBSJBODF 	"/07"

 M�IZQPUIÍTF EF OPSNBMJUÊ
EPJU ËUSF SFNQMJF � MFT SÊTJEVT EFT PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF DFMMVMF 	VOF
DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT JOEÊQFOEBOUFT
 EPJWFOU ËUSF OPSNBMFNFOU EJT�
USJCVÊT <��>� 6O UFTU EF 4IBQJSP�8JML EF OPSNBMJUÊ EFT SÊTJEVT B ÊUÊ FGGFDUVÊ TVS DIBRVF
DFMMVMF Æ VO OJWFBV EF TJHOJàDBUJPO EF �� FU B SFKFUÊ M�IZQPUIÍTF OVMMF E�VOF EJTUSJCV�
UJPO OPSNBMF QPVS �� DFMMVMFT TFVMFNFOU TVS ���
 TPJU ����� EFT DFMMVMFT� -B QMVQBSU
EFT ÊUVEFT TUBUJTUJRVFT JOEJRVFOU RVF M�"/07" QFVU ËUSF SPCVTUF Æ DF HFOSF EF WJPMB�
UJPO <��>�

-FT SÊTVMUBUT OF DPOUFOBJFOU QBT EF WBMFVST BCFSSBOUFT 	PVUMJFST

 MFT SÊTJEVT TUV�
EFOUJTÊT EFT DFMMVMFT ÊUBOU DPNQSJT FOUSF �� FU �� <��>� -FT EPOOÊFT POU EPOD ÊUÊ TPV�
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NJTFT Æ VOF "/07" Æ NFTVSFT SÊQÊUÊFT BWFD MFT WBSJBCMFT JOEÊQFOEBOUFT TVJWBOUFT �
jDPOEJUJPO WJTVFMMFv 7 	�
 × jQBJSF E�FTQBDFT TPOPSFTv 1 	��
� -F UFTU EF TQIÊSJDJUÊ EF
.BVDIMZ B JOEJRVÊ RVF M�IZQPUIÍTF EF TQIÊSJDJUÊ ÊUBJU WBMJEÊF QPVS DIBRVF WBSJBCMF
JOEÊQFOEBOUF BJOTJ RVF QPVS MFVST JOUFSBDUJPOT� -FT SÊTVMUBUT TPOU QSÊTFOUÊT EBOT MF UB�
CMFBV ��� � TFVM M�FGGFU EFT QBJSFT E�FTQBDFT TPOPSFT B FV VOF JOáVFODF TJHOJàDBUJWF TVS
MFT TDPSFT EF EJTTFNCMBODF� "VDVO FGGFU TJNQMF EF MB WBSJBCMF JOEÊQFOEBOUF jDPOEJUJPO
WJTVFMMFv O�B ÊUÊ PCTFSWÊ <'	�
 ��
 � ���
 Q � �����>� -B WBMFVS EF TJHOJàDBUJWJUÊ BTTP�
DJÊF Æ M�JOUFSBDUJPO FOUSF MFT DPOEJUJPOT WJTVFMMFT FU MFT QBJSFT E�FTQBDFT TPOPSFT O�ÊUBJU
QBT TVGàTBNNFOU GBJCMF QPVS ËUSF TJHOJàDBUJWF <'	���
 ����
 � �
���
 Q � �
���>
 FU
MF QPVSDFOUBHF EF WBSJBODF JNQVUBCMF Æ DFUUF JOUFSBDUJPO O�ÊUBJU RVF EF �
����

Ó�Ô�Ô� �NALYSE MULTIDIMENSIONNELLE

'ñïýúí ��� m &TQBDF QFSDFQUJG CJEJNFOTJPOOFM SÊTVMUBOU EF M�BOBMZTF */%4$"-� -FT WBSJBODFT SFMBUJWFT BVY
EJNFOTJPOT � FU � TPOU SFTQFDUJWFNFOU EF �
��� FU �
����

­UBOU EPOOÊ RV�BVDVOF JOáVFODF EFT JOEJDFT WJTVFMT O�B ÊUÊ USPVWÊF EBOT M�FYQÊ�
SJFODF
 MFT NBUSJDFT EF EJTTFNCMBODF POU ÊUÊ NPZFOOÊFT TVS MFT EJGGÊSFOUFT DPOEJUJPOT
WJTVFMMFT� -�BOBMZTF NVMUJEJNFOTJPOOFMMF 	.%4
 B ÊUÊ VUJMJTÊF QPVS SÊWÊMFS MB TUSVDUVSF
QFSDFQUJWF TPVT�KBDFOUF BVY KVHFNFOUT EF EJTTFNCMBODF FOUSF TUJNVMJ� -B .%4 GPVS�
OJU MFT DPPSEPOOÊFT EF DFT TUJNVMJ TVS VOF PV QMVTJFVST EJNFOTJPOT QFSDFQUJWFT <��>�
&O QBSUJDVMJFS
 M�BOBMZTF */%4$"- <��> USPVWF VO HSPVQF EF EJNFOTJPOT QFSDFQUJWFT
RVJ TPOU DPNNVOFT Æ UPVT MFT TVKFUT FU GPVSOJU MFT DPPSEPOOÊFT DPSSFTQPOEBOUFT EF
DIBRVF TUJNVMVT� -�BOBMZTF GPVSOJU ÊHBMFNFOU MFT DPPSEPOOÊFT EF DIBRVF TVKFU TVS DFT
EJNFOTJPOT BàO E�FYBNJOFS BWFD RVFMMFT QPOEÊSBUJPOT EFT EJNFOTJPOT QFSDFQUJWFT JMT
POU FGGFDUVÊ MFVS KVHFNFOU� -�VO EFT EÊàT EF DF UZQF E�BOBMZTF DPOTJTUF Æ USPVWFS MF CPO
OPNCSF EF EJNFOTJPOT QFSDFQUJWFT
 D�FTU�Æ�EJSF MFT EJNFOTJPOT RVJ NÊSJUFOU E�ËUSF JO�
UFSQSÊUÊFT� -�BOBMZTF EF MB WBSJBODF FYQMJRVÊF FO GPODUJPO EF MB EJNFOTJPO EPOOF VO
JOEJDF TVS MF OPNCSF EF EJNFOTJPOT Æ DPOTJEÊSFS � JM FTU JOUÊSFTTBOU EF NBYJNJTFS MB
WBSJBODF FYQMJRVÊF EF MB TPMVUJPO KVTRV�Æ DF RV�FMMF BVHNFOUF EF NPJOT EF �� QBS
EJNFOTJPO BKPVUÊF <��>�

-�BOBMZTF B SÊWÊMÊ RVF M�FTTFOUJFM EF MB WBSJBODF QFVU ËUSF FYQMJRVÊ QBS EFVY EJ�
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NFOTJPOT� -B QSFNJÍSF EJNFOTJPO FYQMJRVF MB QMVQBSU EFT EJGGÊSFODFT QFSÉVFT FOUSF MFT
FTQBDFT TPOPSFT BWFD ��
� � EF MB WBSJBODF FYQMJRVÊF
 UBOEJT RVF MB EFVYJÍNF EJNFO�
TJPO FYQMJRVF QSFTRVF �� � EF MB WBSJBODF� -B SFQSÊTFOUBUJPO EFT �� TUJNVMJ TPOPSFT
EBOT DFU FTQBDF QFSDFQUJG FTU JMMVTUSÊF EBOT MB àHVSF ����

%FT BOBMZTFT TUBUJTUJRVFT TVQQMÊNFOUBJSFT POU ÊUÊ FGGFDUVÊFT BàO EF USPVWFS EFT DPS�
SÊMBUJPOT FOUSF MFT EJNFOTJPOT QFSDFQUJWFT PCUFOVFT FU MFT NFTVSFT BDPVTUJRVFT� 7JOHU�
EFVY QBSBNÍUSFT BDPVTUJRVFT � EPOU DFSUBJOT TPOU EÊàOJT EBOT MB OPSNF *40 �����
� <��> � POU ÊUÊ DBMDVMÊT Æ QBSUJS EFT �� 43*3T NFTVSÊFT TVS M�FOTFNCMF EV TQFDUSF
FU BVY GSÊRVFODFT NÊEJVN� -B QMVQBSU E�FOUSF FVY POU ÊUÊ DBMDVMÊT BWFD MF MPHJDJFM
"6303" <��>�

-B QSFNJÍSF EJNFOTJPO T�FTU BWÊSÊF CJFO DPSSÊMÊF BV MPHBSJUINF EFT UFNQT EF SÊ�
WFSCÊSBUJPO BVY GSÊRVFODFT NÊEJVN BWFD VO DPFGàDJFOU EF DPSSÊMBUJPO EF 1FBSTPO EF
�
���� 0O QFVU TVQQPTFS RVF M�BUUSJCVU QFSDFQUJG DPSSFTQPOEBOU FTU MB SÊWFSCÊSBODF
ÊUVEJÊF QBS 4DIVUUF FU BM� <��>� -B NFTVSF D50 TFNCMF FYQMJRVFS MB EFVYJÍNF EJNFO�
TJPO QFSDFQUJWF BWFD VO DPFGàDJFOU EF DPSSÊMBUJPO EF 1FBSTPO EF �
���� -FD50 NFTVSF
MF SBQQPSU FOUSF M�ÊOFSHJF QSÊDPDF FU M�ÊOFSHJF UPUBMF EF MB SÊQPOTF JNQVMTJPOOFMMF EF
MB QJÍDF� $FU JOEJDF FTU VOF NFTVSF EF DMBSUÊ QBSUJDVMJÍSFNFOU BEBQUÊF QPVS DBSBDUÊSJ�
TFS M�JOUFMMJHJCJMJUÊ EF MB QBSPMF <��>� 6OF BVUSF NFTVSF EF DMBSUÊ
 MF UFNQT DFOUSBM Ts

FTU ÊHBMFNFOU CJFO DPSSÊMÊ Æ MB TFDPOEF EJNFOTJPO BWFD VO DPFGàDJFOU EF 1FBSTPO EF
�
����

Ó�Õ� �ISCUSSION

-�BOBMZTF EF MB WBSJBODF B SÊWÊMÊ RVF MFT DPOEJUJPOT WJTVFMMFT O�BWBJFOU QBT E�JO�
áVFODF TJHOJàDBUJWF TVS MFT EJGGÊSFODFT QFSÉVFT FOUSF MFT FTQBDFT TPOPSFT� "JOTJ
 RVFMMF
RVF TPJU MB EJWFSHFODF FOUSF MFT DPOEJUJPOT WJTVFMMFT FU BVEJUJWFT
 RV�JM Z BJU VO DPOUFOV
WJTVFM PV OPO
 MB NPEBMJUÊ WJTVFMMF OF DIBOHF QBT MFT EJGGÊSFODFT QFSÉVFT FOUSF MFT FT�
QBDFT TPOPSFT�

-FT SÊTVMUBUT EF MB QSÊTFOUF FYQÊSJFODF TPOU FO BDDPSE BWFD MFT DPODMVTJPOT EF
4DIVUUF FU BM� <��> TFMPO MFTRVFMMFT MB WJTJPO O�B QBT E�JNQBDU TJHOJàDBUJG TVS MB QFS�
DFQUJPO EF MB SÊWFSCÊSBODF� $PNNF MB QSÊTFOUF FYQÊSJFODF O�B GBJU BVDVOF IZQPUIÍTF
TVS MFT EJNFOTJPOT JNQMJRVÊFT EBOT MB QFSDFQUJPO EF M�FTQBDF TPOPSF
 FMMF TVHHÍSF RVF
MB WJTJPO O�B QBT TFVMFNFOU VO GBJCMF JNQBDU TVS MB SÊWFSCÊSBODF
 NBJT BVTTJ QMVT HÊ�
OÊSBMFNFOU TVS MB QFSDFQUJPO HMPCBMF EFT FTQBDFT TPOPSFT�

6OF BOBMZTF NVMUJEJNFOTJPOOFMMF B ÊUÊ FGGFDUVÊF QPVS EÊUFSNJOFS TJ E�BVUSFT EJ�
NFOTJPOT RVF MB SÊWFSCÊSBODF ÊUBJFOU JNQMJRVÊFT QPVS EJTUJOHVFS MFT FTQBDFT TPOPSFT�
&MMF B SÊWÊMÊ RVF MB TUSVDUVSF TPVT�KBDFOUF Æ MB QFSDFQUJPO EFT FTQBDFT TPOPSFT ÊUBJU
NVMUJEJNFOTJPOOFMMF� &O QMVT EF MB SÊWFSCÊSBODF
 MFT BVEJUFVST TFNCMFOU BWPJS ÊWB�
MVÊ EFT DBSBDUÊSJTUJRVFT MJÊFT Æ MB DMBSUÊ� $FQFOEBOU
 OPVT QPVWPOT TVQQPTFS RVF MB
EFVYJÍNF EJNFOTJPO QFSDFQUJWF FTU MJÊF Æ MB TPVSDF TPOPSF VUJMJTÊF 	DBS MJÊF Æ M�JOUFMMJ�
HJCJMJUÊ EF MB WPJY
 FU RVF M�VUJMJTBUJPO E�BVUSFT TPVSDFT TPOPSFT QPVSSBJU BWPJS SÊWÊMÊ
EFT DBSBDUÊSJTUJRVFT QFSDFQUJWFT EJGGÊSFOUFT� &O PVUSF
 JM FTU QPTTJCMF RVF MB HBNNF
EFT BUUSJCVUT TQBUJBVY BVEJUJGT DPVWFSUT QBS MFT TBMMFT DPOTJEÊSÊFT O�BJU QBT ÊUÊ TVGà�
TBNNFOU MBSHF� &O E�BVUSFT UFSNFT
 MFT TVKFUT O�POU QFVU�ËUSF QBT QV ÊWBMVFS E�BVUSFT
BUUSJCVUT UFMT RVF M�FOWFMPQQFNFOU PV MB MBSHFVS BQQBSFOUF EF MB TPVSDF
 DBS MFT EJGGÊ�
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SFODFT FOUSF MFT TUJNVMJ TPOPSFT QPVS DFT BUUSJCVUT O�ÊUBJFOU QBT TVGàTBOUFT� %F QMVT

MB QMVQBSU EFT FTQBDFT TPOPSFT DPOTJEÊSÊT BWBJFOU VO %33 QPTJUJG 	DFDJ FTU EÚ BV GBJU
RVF MB TPVSDF TPOPSF ÊUBJU TJUVÊF Æ �
� N EV TVKFU
 FU QPVS MFT 43*3T BZBOU MF %33
MF QMVT ÊMFWÊF
 MB QBSUJF SÊWFSCÊSBOUF QFVU OF QBT BWPJS ÊUÊ BTTF[ GPSUF QBS SBQQPSU
BV TPO EJSFDU QPVS NFUUSF FO ÊWJEFODF EFT EJGGÊSFODFT EBOT MB QFSDFQUJPO EF DFSUBJOT
BUUSJCVUT� %JGGÊSFOUFT EJTUBODFT QPVSSBJFOU ËUSF VUJMJTÊFT QPVS EÊUFSNJOFS TJ VO %33
ÊMFWÊ B FV VO JNQBDU TVS MFT JOEJDFT EF EJTTFNCMBODF
 D�FTU�Æ�EJSF T�JM FYJTUF VO TFVJM
BV�EFTTVT EVRVFM MFT EJGGÊSFODFT EF SÊWFSCÊSBUJPO TPOU NBTRVÊFT QBS MF TPO EJSFDU� 1BS
DPOTÊRVFOU
 EFT ÊUVEFT TVQQMÊNFOUBJSFT EFWSBJFOU ËUSF SÊBMJTÊFT FO VUJMJTBOU E�BVUSFT
TPVSDFT TPOPSFT FU FTQBDFT TPOPSFT QPVS DPOàSNFS OPT SÊTVMUBUT�

-F OPNCSF MJNJUÊ EF EJNFOTJPOT QFSDFQUJWFT JNQMJRVÊFT EBOT DFUUF BOBMZTF FTU EÚ
BV GBJU RVF TFVMFNFOU �� FTQBDFT TPOPSFT POU ÊUÊ ÊUVEJÊT
 MF QSPDFTTVT EF DPNQBSBJTPOT
QBS QBJSFT ÊUBOU DISPOPQIBHF� %�BVUSFT QSPUPDPMFT
 UFMT RVF MFT UÄDIFT EF DMBTTJàDBUJPO
MJCSF
 BVSBJFOU QFSNJT E�VUJMJTFS VOF RVBOUJUÊ CFBVDPVQ QMVT JNQPSUBOUF EF TUJNVMJ
TPOPSFT FU EPOD EF EÊDPVWSJS QPUFOUJFMMFNFOU E�BVUSFT EJNFOTJPOT� $FQFOEBOU
 MF CVU
EF M�ÊUVEF ÊUBJU QMVUÔU E�FYBNJOFS M�JOáVFODF EF MB WJTJPO TVS MFT EJGGÊSFODFT QFSÉVFT
FOUSF MFT FTQBDFT TPOPSFT
 QMVUÔU RVF EF EÊUFSNJOFS UPVUFT MFT EJNFOTJPOT QFSDFQUJWFT
JNQMJRVÊFT� © DFUUF àO
 MB DPNQBSBJTPO QBS QBJSF FTU VOF NFJMMFVSF PQUJPO DBS D�FTU
VOF NÊUIPEF QMVT QSÊDJTF QPVS EJTDSJNJOFS EFT FTQBDFT RV�VOF UÄDIF EF DMBTTJàDBUJPO
MJCSF <��>�

Ó�Ö� �ONCLUSION

%BOT DF DIBQJUSF
 OPVT BWPOT ÊUVEJÊ M�FGGFU EF MB WJTJPO TVS MB QFSDFQUJPO EF M�BDPVT�
UJRVF EF TBMMFT FO VUJMJTBOU EFT DPNQBSBJTPOT QBS QBJSFT EF TUJNVMJ TPOPSFT TPVT EF NVM�
UJQMFT DPOEJUJPOT WJTVFMMFT� -FT SÊTVMUBUT POU NPOUSÊ RVF MB QFSDFQUJPO WJTVFMMF E�VOF
TBMMF O�BGGFDUBJU QBT MFT EJGGÊSFODFT QFSÉVFT FOUSF MFT FTQBDFT TPOPSFT ÊUVEJÊT� $FUUF
ÊUVEF B ÊUÊ SÊBMJTÊF FO VUJMJTBOU EFT OPUFT EF EJTTFNCMBODFT TBOT QSÊTVNFS EV OPNCSF FU
EF MB OBUVSF EFT EJNFOTJPOT QFSDFQUJWFT JNQMJRVÊFT � VOF BOBMZTF NVMUJEJNFOTJPOOFMMF
B SÊWÊMÊ RVF QSJODJQBMFNFOU EFVY EJNFOTJPOT � MB SÊWFSCÊSBODF FU MB DMBSUÊ � ÊUBJFOU
QSJTFT FO DPNQUF QBS MFT TVKFUT QPVS EJTUJOHVFS MFT FTQBDFT TPOPSFT� "QSÍT MFT ÊUVEFT
EF 4DIVUUF <��> FU EF 1PTUNB <��>
 MB QSÊTFOUF ÊUVEF BQQPSUF EPOD EF OPVWFMMFT QSFVWFT
EF M�BCTFODF E�JOáVFODF WJTVFMMF TVS MB QFSDFQUJPO BVEJUJWF EF M�FTQBDF�

"JOTJ
 EBOT MB TVJUF EF DF EPDVNFOU
 OPVT BWPOT GBJU MF DIPJY EF OF QBT QSFOESF
FO DPNQUF M�BTQFDU WJTVFM EFT FTQBDFT VUJMJTÊT QPVS ÊUVEJFS MB QFSDFQUJPO EF M�BDPVT�
UJRVF EFT TBMMFT� &O QBSUJDVMJFS
 MFT JOGPSNBUJPOT WJTVFMMFT OF TFSPOU QBT VUJMJTÊFT EBOT
MB EFVYJÍNF QBSUJF EV EPDVNFOU PÜ OPVT ÊUVEJFSPOT MB SÊEVDUJPO EFT EPOOÊFT VUJMFT Æ
MB SFQSPEVDUJPO EF M�BDPVTUJRVF E�VOF TBMMF� &O FGGFU
 QVJTRVF MB QSÊTFODF E�VO FOWJSPO�
OFNFOU WJTVFM OF TFNCMF QBT JOEVJSF VOF BUUFOUJPO NPJOESF WJT�Æ�WJT EFT JOGPSNBUJPOT
TPOPSFT
 FMMF OF QPVSSB QBT QFSNFUUSF VOF SÊEVDUJPO EF MB QSÊDJTJPO EFT TJHOBVY TP�
OPSFT�
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Ô
�¤INċUENCE DE LA SOURCE SONORE

SUR LA PERCEPTION DE L¤ACOUSTIQUE
D¤UNE SALLE

-F DIBQJUSF QSÊDÊEFOU TVHHÍSF VOF BCTFODF E�JOáVFODF EF MB WJTJPO TVS MB QFSDFQUJPO
TPOPSF EF M�BDPVTUJRVF E�VOF TBMMF� %BOT DF DIBQJUSF
 OPVT ÊUVEJPOT VO BVUSF GBDUFVS
JNQPSUBOU EF MB QFSDFQUJPO EF M�FTQBDF� $FUUF ÊUVEF FYQMPSF DPNNFOU MB OBUVSF E�VOF
TPVSDF TPOPSF QFVU JOáVFODFS MB QFSDFQUJPO EF M�BDPVTUJRVF E�VOF TBMMF� 1PVS DFMB
 VO
UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ BàO EF DPNQBSFS EF NVMUJQMFT FTQBDFT TPOPSFT TFMPO EJGGÊ�
SFOUFT DPOEJUJPOT EF TPVSDF� -FT SÊTVMUBUT NPOUSFOU RVF MB OBUVSF EF MB TPVSDF TPOPSF
QFVU BWPJS VOF GPSUF JOáVFODF TVS MB QFSDFQUJPO EF M�FTQBDF TPOPSF FU RVF M�VUJMJTBUJPO
EF QMVTJFVST TPVSDFT TPOPSFT QFVU QFSNFUUSF EF NFUUSF FO MVNJÍSF EJGGÊSFOUFT EJNFO�
TJPOT QFSDFQUJWFT MJÊFT Æ M�FTQBDF TPOPSF� $FUUF ÊUVEF B GBJU M�PCKFU E�VOF QSÊTFOUBUJPO
PSBMF Æ MB TFDPOEF DPOGÊSFODF JOUFSOBUJPOBMF j)FBEQIPOF 5FDIOPMPHZv PSHBOJTÊF QBS
M�"VEJP &OHJOFFSJOH 4PDJFUZ FO BPÚU ���� Æ 4BO 'SBODJTDP�

Ô�Ò� �NTRODUCTION

1BSNJ MFT OPNCSFVTFT ÊUVEFT BZBOU ÊUVEJÊ MB QFSDFQUJPO EF M�FTQBDF TPOPSF
 TFVMFT
RVFMRVFT ÊUVEFT POU NFOUJPOOÊ M�JNQBDU EF MB TPVSDF TPOPSF TVS MB QFSDFQUJPO EF M�FT�
QBDF TBOT QPVS BVUBOU RV�FMMF GBTTF M�PCKFU E�VOF ÊUVEF BQQSPGPOEJF� &O QBSUJDVMJFS

EBOT MF EPNBJOF EF M�BDPVTUJRVF EFT TBMMFT EF DPODFSUT
 ,IBMF <�> SBQQPSUF RVF MB QJÍDF
NVTJDBMF
 FO UFSNF EF DPNQPTJUJPO PV PSDIFTUSBUJPO
 QFVU TJHOJàDBUJWFNFOU JOáVFO�
DFS DFSUBJOT BUUSJCVUT QFSDFQUJGT� %BOT MF EPNBJOF EF MB SFQSPEVDUJPO BVEJP TQBUJBMJTÊF

(VBTUBWJOP FU ,BU[ <�> SBQQPSUFOU RVF MB QFSDFQUJPO EFT DBSBDUÊSJTUJRVFT TQBUJBMFT FU
TQFDUSBMFT E�VO TZTUÍNF EF SFQSPEVDUJPO NVMUJDBOBM EÊQFOE EV UZQF EF TPVSDF Æ EJG�
GVTFS 	NVTJRVF
 BNCJBODF JOUÊSJFVSF
 BNCJBODF FYUÊSJFVSF
� 1PVS (BCSJFMTPO <�>
 EF
OPNCSFVTFT FU DPNQMFYFT JOUFSBDUJPOT TPOU QPTTJCMFT FOUSF MFT DPOUFOVT EJGGVTÊT FU MF

ØØ
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TZTUÍNF EF SFQSPEVDUJPO TJ CJFO RV�JM FTU EJGàDJMF EF TÊQBSFS MFT FGGFUT EÚT BV TZTUÍNF
FU BV DPOUFOV TVS MFT SÊTVMUBUT E�VO UFTU QFSDFQUJG�

-B TPVSDF TPOPSF B OÊDFTTBJSFNFOU VO JNQBDU TVS MB QFSDFQUJPO E�VO FTQBDF TP�
OPSF EBOT MB NFTVSF PÜ MFT EÊUBJMT BDPVTUJRVFT E�VO FTQBDF OF TPOU QBT QFSDFQUJCMFT
TBOT TPVSDF� $PNNF VOF TPVSDF MVNJOFVTF FTU OÊDFTTBJSF QPVS JMMVNJOFS WJTVFMMFNFOU
VOF BSDIJUFDUVSF
 EFT TPVSDFT TPOPSFT TPOU OÊDFTTBJSFT QPVS jJMMVNJOFSv
 PV FYDJUFS

M�FTQBDF TPOPSF BàO EF MF SFOESF QFSDFQUJCMF� -FT FTQBDFT TPOPSFT TPOU SBSFNFOU FYDJ�
UÊT QBS VO HSBOE OPNCSF EF TPVSDFT EJGGÊSFOUFT EBOT VOF MBSHF HBNNF EF GSÊRVFODFT

E�BNQMJUVEFT FU EF QPTJUJPOT FU MFVS QSPQSJÊUÊT BDPVTUJRVFT OF TPOU EPOD QBT UPVKPVST
BQQBSFOUFT� -PSTRVF M�PO ÊUVEJF MB QFSDFQUJPO EF DBSBDUÊSJTUJRVFT BDPVTUJRVFT QSPQSFT
Æ VO FTQBDF TPOPSF
 PO QFVU BMPST TF EFNBOEFS TJ VOF HSBOEF WBSJÊUÊ EF TPVSDFT FTU OÊ�
DFTTBJSF BàO EF DPVWSJS MFT QSJODJQBVY BUUSJCVUT QFSDFQUJGT E�VO FTQBDF� *M FTU JNQPSUBOU
E�FTUJNFS EBOT RVFMMF NFTVSF VOF TPVSDF TPOPSF VTVFMMFNFOU VUJMJTÊF QFVU JOáVFODFS
DFT BUUSJCVUT
 D�FTU Æ EJSF E�ÊUVEJFS M�BNQMFVS EFT WBSJBUJPOT EF MB QFSDFQUJPO E�VOF
TPVSDF TPOPSF Æ M�BVUSF�

%BOT DFUUF PQUJRVF
 OPVT BWPOT FYQMPSÊ MFT TUSVDUVSFT QFSDFQUJWFT NVMUJEJNFO�
TJPOOFMMFT BTTPDJÊFT Æ MB QFSDFQUJPO E�VO FOTFNCMF E�FTQBDFT TPOPSFT TPVT EJGGÊSFOUFT
DPOEJUJPOT EF TPVSDFT� $FUUF ÊUVEF T�JOTDSJU EBOT MF DBESF E�VOF ÊDPVUF EF DPOUFOVT
JNNFSTJGT VUJMJTBOU MB SFQSPEVDUJPO CJOBVSBMF EZOBNJRVF� -FT TPVSDFT DIPJTJFT QPVS MF
UFTU DPOTJTUBJFOU FO EFT FYUSBJUT EF WPJY PV EF NVTJRVF FU MFT FTQBDFT TÊMFDUJPOOÊT OF
DPVWSBJFOU QBT TFVMFNFOU MFT TBMMFT EF DPODFSU FU MFT HSBOET WPMVNFT QSJWJMÊHJÊT EBOT
MB MJUUÊSBUVSF NBJT ÊHBMFNFOU E�BVUSFT UZQFT E�FTQBDFT FU EF UBJMMFT QMVT NPEFTUFT�

Ô�Ó� �EST PERCEPTIF

6O UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ BàO EF WÊSJàFS TJ MFT EJNFOTJPOT QFSDFQUJWFT VUJMJ�
TÊFT QBS MFT TVKFUT QPVS DPNQBSFS MFT TBMMFT ÊUBJFOU MFT NËNFT TFMPO MB TPVSDF VUJMJTÊF�
2VBUSF TPVSDFT TPOPSFT POU ÊUÊ VUJMJTÊFT� -F QSPUPDPMF EV UFTU DPOTJTUBJU FO EFT DPN�
QBSBJTPOT QBS QBJSFT TVDDFTTJWFT� 1PVS DIBRVF TPVSDF TPOPSF
 EPV[F FTQBDFT POU ÊUÊ
DPNQBSÊT EFVY Æ EFVY � DIBRVF QBJSF EF TUJNVMJ ÊUBJU DPOTUJUVÊF E�VO TJHOBM TPOPSF NP�
OPQIPOJRVF DPOWPMVÊ BWFD EFVY SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMFT 	43*3T

EJGGÊSFOUFT� "JOTJ DIBRVF TVKFU B FGGFDUVÊ � × �� KVHFNFOUT�

-FT 43*3T FNQMPZÊFT ÊUBJFOU MFT NËNFT RVF DFMMFT VUJMJTÊFT EBOT MF DIBQJUSF QSÊDÊ�
EFOU� -F MFDUFVS QFVU TF SÊGÊSFS Æ MB TFDUJPO ����� QPVS MB EFTDSJQUJPO EF DFT FTQBDFT FU
EF MB NÊUIPEF E�BDRVJTJUJPO FNQMPZÊF�

Ô�Ó�Ò� �OURCES SONORES

-F DIPJY EFT TJHOBVY TPOPSFT VUJMJTÊT EBOT MF UFTU T�FTU UPVSOÊ WFST EFT TPVSDFT
TVTDFQUJCMFT E�ËUSF SFODPOUSÊFT EBOT VOF TJUVBUJPO E�ÊDPVUF PSEJOBJSF FU OPO WFST EFT
TPVSDFT QMVT QBSUJDVMJÍSFT UFMMFT RVF EFT TJOVTPÐEFT PV CSVJUT KVHÊFT NPJOT ÊDPMPHJRVFT�
-F UFTU QFSDFQUJG ÊUBJU DPOTUJUVÊ EFT TPVSDFT TVJWBOUFT �

� 6OF WPJY E�IPNNF SÊDJUBOU RVBUSF QISBTFT
 FYUSBJUF EF MB CBTF EF EPOOÊF )BS�
WBSE 1TZDIPBDPVTUJD 4FOUFODFT <�> FOSFHJTUSÊF QBS "DPVTUJDBM %FTJHO $PMMBCP�
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SBUJWF -UE
 EBOT VOF DIBNCSF BOÊDIPÐRVF �
� 6OF WPJY EF TPQSBOP DIBOUBOU M�BSJB /FMMB QBDF EFM NFTUP SJQPTP E�BQSÍT .B�

SJB 4UVBSEB
 DPNQPTÊF QBS (BFUBOJ %POJ[FUUJ FU FOSFHJTUSÊF EBOT VOF DIBNCSF
BOÊDIPÐRVF�

� -�FOSFHJTUSFNFOU E�VO JOTUSVNFOU QFSDVTTJG � EFT CPOHPT � JTTV EF CJCMJPUIÍRVF
(FOFSBM 4FSJFT ���� 4PVOE '9 JODMVTF EBOT MB TPOPUIÍRVF 4PVOE *EFBT 	OV�
NÊSP �������
�

� 6OF TDÍOF EF àDUJPO DPNQPTÊF EF USPJT TPVSDFT � VOF WPJY GÊNJOJOF
 VO UÊMÊ�
QIPOF RVJ TPOOF FU EFT DPVQT QPSUÊT Æ VOF QPSUF� -�FOSFHJTUSFNFOU EF WPJY GVU
FGGFDUVÊ EBOT VO TUVEJP E�FOSFHJTUSFNFOU�

%BOT MFT TFDUJPOT TVJWBOUFT DFT TPVSDFT TFSPOU SFTQFDUJWFNFOU EÊTJHOÊFT QBS MFT
UFSNFT j 7PJY v
 j 4PQSBOP v
 j #POHPT v FU j 'JDUJPO v� -FT EVSÊFT EF DFT TJHOBVY
TPOPSFT ÊUBJFOU DPNQSJTFT FOUSF �� T FU �� T�

$IBRVF TPVSDF GÚU FOTVJUF DPOWPMVÊF BWFD MFT �� 43*3T
 EPOOBOU BJOTJ �� TUJNVMJ
FODPEÊT FO BNCJTPOJRVF E�PSESF �� 6OF ÊHBMJTBUJPO EV WPMVNF TPOPSF B ÊUÊ FGGFDUVÊF
TVCKFDUJWFNFOU QBS MFT FYQÊSJNFOUBUFVST BWBOU MF UFTU QFSDFQUJG 	FO BDDPSE BWFD MB SF�
DPNNBOEBUJPO "&4 <�>

 EF NBOJÍSF Æ RVF MF WPMVNF TPOPSF QFSÉV SFTUF MF NËNF
E�VO TUJNVMVT TPOPSF Æ M�BVUSF� -FT TUJNVMJ EJGGVTÊT ÊUBJFOU ÊDIBOUJMMPOOÊT Æ �� )[ FU
RVBOUJàÊT Æ �� CJUT�

Ô�Ó�Ó� �INAURALISATION ET HEAD�TRACKING

-FT TUJNVMJ GVSFOU EJGGVTÊ BV USBWFST E�VO DBTRVF BVEJP 4FOOIFJTFS )% ���� 1PVS
MFT NËNFT SBJTPOT ÊWPRVÊFT FO TFDUJPO �����
 OPVT BWPOT GBJU MF DIPJY E�VUJMJTFS EFT
)35'T OPO JOEJWJEVBMJTÊFT� -FT TJHOBVY BNCJTPOJRVFT GVSFOU FODPEÊ FO TJHOBVY CJ�
OBVSBVY HSÄDF BV QMVH�JO 745 OPNNÊ #JOBVSBM %FDPEFS <�>� $FU PVUJM VUJMJTF EFT
àMUSFT EF EÊDPEBHF CJOBVSBM DBMDVMÊT TFMPO MF QSPDÊEÊ FYQPTÊ FO BOOFYF $�� E�BQSÍT
���� )35'T NFTVSÊFT QBS VOF UËUF BSUJàDJFMMF /FVNBOO ,6 ��� <�>�

-F IFBE�USBDLJOH GÚU BTTVSÊ QBS MF EJTQPTJUJG ÊMFDUSPOJRVF OPNNÊ IFESPU <�> BTTPDJÊ
BV QMVH�JO EF SPUBUJPO BNCJTPOJRVF BNCJY@SPUBUPS@P� <�>� -B MBUFODF NPZFOOF EV
TZTUÍNF EF TVJWJ BJOTJ NJT FO QMBDF T�ÊMFWBJU Æ ��.�NT 	4% � �.�NT
� $FUUF WBMFVS
SFTUF FO EFÉÆ EV TFVJM EF EÊUFDUBCJMJUÊ àYÊ Æ �� NT QPVS EFT BVEJUFVST FYQFSUT <��>�

Ô�Ó�Ô� �ROCdDURE

1PVS DIBRVF TPVSDF TPOPSF
 MFT TVKFUT POU FGGFDUVÊ EFT DPNQBSBJTPOT QBS QBJSFT
FOUSF MFT �� FTQBDFT TPOPSFT
 TPJU �� ÊWBMVBUJPOT EF EJTTFNCMBODF� "JOTJ
 VO UPUBM EF
� × �� DPNQBSBJTPOT GVSFOU ÊWBMVÊFT QBS DIBRVF TVKFU� 1PVS DIBRVF QBJSF
 JM GVU EF�
NBOEÊ BVY QBSUJDJQBOUT EF RVBOUJàFS MB EJGGÊSFODF QFSÉVF FOUSF MFT FTQBDFT TPOPSFT
FO EÊQMBÉBOU VO DVSTFVS TVS VOF ÊDIFMMF EF ��� QPJOUT EPOU MFT FYUSÊNJUÊT ÊUBJFOU
ÊUJRVFUÊFT jJEFOUJRVFv 	�
 FU jUSÍT EJGGÊSFOUv 	���
� "VDVOF ÊUJRVFUUF PV HSBEVBUJPO
JOUFSNÊEJBJSF O�ÊUBJFOU QSÊTFOUFT BàO E�ÊWJUFS UPVU CJBJT JOEÊTJSBCMF <��
 ��>� -FT TVKFUT
BWBJFOU MB QPTTJCJMJUÊ E�ÊDPVUFS MFT EFVY TUJNVMJ FO CPVDMF FU EF DIBOHFS EF TUJNVMVT
TPOPSF FO DPVST EF MFDUVSF� -F NPUFVS EF MFDUVSF
 M�JOUFSGBDF HSBQIJRVF FU M�BDRVJTJUJPO
EFT EPOOÊFT GVSFOU SÊBMJTÊT TPVT MF MPHJDJFM .BY <��>�
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-�FYQÊSJNFOUBUJPO DPOTJTUBJU FO EFVY TFTTJPOT EF UFTU E�VOF IFVSF SÊBMJTÊFT TVS EFVY
KPVST EJGGÊSFOUT� "WBOU DIBRVF TFTTJPO
 MFT QBSUJDJQBOUT TF GBNJMJBSJTBJFOU QFOEBOU DJOR
NJOVUFT BWFD VOF TÊMFDUJPO EF TUJNVMJ JMMVTUSBOU MB EJWFSTJUÊ EFT TPVSDFT FU FTQBDFT
QSÊTFOUT EBOT MF UFTU�

-FT EJGGÊSFOUFT QBJSFT ÊUBJFOU QSÊTFOUÊFT BVY TVKFUT TFMPO VO PSESF BMÊBUPJSF� -�PSESF
EFT TUJNVMJ BV TFJO EF DIBRVF QBJSF ÊUBJU ÊHBMFNFOU BMÊBUPJSF� $FT PSEPOOBODFNFOUT
BMÊBUPJSFT ÊUBJFOU EJGGÊSFOUFT QPVS DIBRVF TVKFU�

Ô�Ó�Õ� �UJETS

�� TVKFUT ÄHÊT FO NPZFOOF EF �� BOT POU QSJT QBSU BV UFTU QFSDFQUJG� *MT ÊUBJFOU
UPVT ÊUVEJBOUT EV .BTUFS *NBHF � 4PO EF M�6OJWFSTJUÊ EF #SFTU FU ÊUBJFOU EPOD EÊKÆ
GPSNÊT Æ M�ÊDPVUF DSJUJRVF FO SBJTPO EFT FOTFJHOFNFOUT SFÉVT FO QSJTF EF TPO
 NPOUBHF
FU NJYBHF� "VDVO E�FOUSF FVY O�B EÊDMBSÊ EF QFSUF BVEJUJWF DPOOVF�

Ô�Ô� �dSULTATS

Ô�Ô�Ò� �ATRICES DE DISSIMILARITd

'ñïýúí ��� m.BUSJDFT EF EJTTFNCMBODFT PCUFOVFT QPVS MFT RVBUSF TPVSDFT TPOPSFT� $IBRVF DBSSÊ SFQSÊTFOUF
MB OPUF EF EJTTFNCMBODF FOUSF EFVY FTQBDFT NPZFOOÊT TVS UPVT MFT TVKFUT� -�ÊDIFMMF EF DPVMFVS SFQSÊTFOUF MB
WBMFVS EF DFUUF OPUF� 6OF DPVMFVS QMVT TPNCSF DPSSFTQPOE Æ VOF HSBOEF EJTTFNCMBODF�

1PVS DIBRVF TVKFU FU TPVSDF TPOPSF
 MFT ÊWBMVBUJPOT EFT EJTTFNCMBODFT QBS QBJSFT
GPVSOJSFOU EFT NBUSJDFT EF EJTTFNCMBODF EF EJNFOTJPO / × / PÜ / FTU MF OPNCSF
E�FTQBDFT TPOPSFT� ­UBOU EPOOÊ RVF M�PSESF EFT TUJNVMJ EBOT DIBRVF QBJSF O�ÊUBJU QBT
EJGGÊSFODJÊ
 MFT NBUSJDFT PCUFOVFT TPOU TZNÊUSJRVFT� -FT NBUSJDFT DPSSFTQPOEBOU Æ
DIBRVF TPVSDF POU ÊUÊ NPZFOOÊFT TVS M�FOTFNCMF EFT TVKFUT FU TPOU SFQSÊTFOUÊFT FO
àHVSF ���� -FT OPUFT EF EJTTFNCMBODFT ÊUBJFOU DPNQSJTFT FOUSF ����� FU ������ -F DPFG�
àDJFOU EF DPSSÊMBUJPO EF 1FBSTPO FOUSF DFT NBUSJDFT ÊUBJU SFMBUJWFNFOU HSBOE 	> 0.902

p < 0.001
� $FQFOEBOU
 EFVY EFT NBUSJDFT � 	C
 FU 	E
 � QBSBJTTBJFOU QMVT TPNCSFT
	DPOUFOBJFOU EFT OPUFT EF EJTTFNCMBODF QMVT JNQPSUBOUFT
� 7JTVFMMFNFOU
 VOF [POF
GPODÊF FU VOF [POF DMBJSF QFVWFOU ËUSF EJTUJOHVÊFT Æ USBWFST MFT EJGGÊSFOUFT TPVSDFT� $FT
[POFT DPSSFTQPOEFOU Æ EFVY HSPVQFT E�FTQBDFT �

� j $BUIÊESBMF v
 j ­HMJTF v
 j )BMM v FU j 1JTDJOF v�
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� j #PY v
 j 5PJMFUUFT v
 j 4BMMF EF SÊVOJPO v
 j 1FUJUF TBMMF EF DPODFSU v
 j 4BMMF
EF DMBTTF v
 j $VJTJOF v
 j 3ÊGFDUPJSF v FU j4BMMF EF DPODFSU NPZFOOF v�

­UBOU EPOOÊ RVF DFUUF EJTUJODUJPO TFNCMF DPSSFTQPOESF Æ VO ÊDBSU FO UFSNFT EF
WPMVNF
 MF QSFNJFS HSPVQF TFSB QBS MB TVJUF EÊTJHOÊ DPNNF ÊUBOU MFT jHSBOET WPMVNFTv
FU MF TFDPOE DPNNF ÊUBOU MFT jQFUJUT WPMVNFTv� -B àHVSF ��� NPOUSF FO FGGFU RVF MFT
EJTTFNCMBODFT TPOU QMVT HSBOEFT QPVS EFT QBJSFT RVJ BTTPDJFOU VO HSBOE WPMVNF FU VO
QFUJU WPMVNF RVF QPVS EFT QBJSFT EPOU MFT FTQBDFT TPOU VOJRVFNFOU DPNQSJT EBOT VO
EFT EFVY HSPVQFT�

Ô�Ô�Ó� �NALYSE DE LA VARIANCE

1PVS RVBOUJàFS M�JOáVFODF EF MB TPVSDF TPOPSF TVS MFT EJTTFNCMBODF QFSÉVFT
 VOF
"/07" ÆNFTVSFT SÊQÊUÊFT GÚU SÊBMJTÊF TFMPO MFT GBDUFVST TVJWBOUFT � TPVSDFT TPOPSFT 	�
OJWFBVY
× QBJSFT E�FTQBDFT 	�� OJWFBVY
� -FT SÊTVMUBUT POU ÊUÊ OPSNBMJTÊT QBS SBQQPSU
Æ MB NPZFOOF FU Æ M�ÊDBSU�UZQF FO VUJMJTBOU MB OPSNBMJTBUJPO EV TDPSF [ <��>�

6O UFTU EF 4IBQJSP�8JML EF OPSNBMJUÊ EFT SÊTJEVT B ÊUÊ FGGFDUVÊ TVS DIBRVF DFMMVMF
Æ VO OJWFBV EF TJHOJàDBUJPO EF �� FU B SFKFUÊ M�IZQPUIÍTF OVMMF E�VOF EJTUSJCVUJPO OPS�
NBMF QPVS �� DFMMVMFT TFVMFNFOU TVS ���
 TPJU ����� EFT DFMMVMFT� -B QMVQBSU EFT ÊUVEFT
TUBUJTUJRVFT JOEJRVFOU RVF M�"/07" QFVU ËUSF SPCVTUF Æ DF HFOSF EF WJPMBUJPO <��>
 TVS�
UPVU TJ MB UBJMMF EF M�ÊDIBOUJMMPO FTU TVQÊSJFVSF Æ �� PCTFSWBUJPOT QBS DFMMVMF <��>� "WFD
�� PCTFSWBUJPOT QBS DFMMVMF
 OPVT BWPOT DPOTJEÊSÊ RVF M�VUJMJTBUJPO EF M�"/07" QPVS
M�BOBMZTF TUBUJTUJRVF ÊUBJU UPVKPVST MÊHJUJNF�

-�FYBNFO EF DIBRVF DFMMVMF O�B QBT SÊWÊMÊ EF WBMFVST BCFSSBOUFT E�BQSÍT MF DSJUÍSF
EF M�ÊDBSU BCTPMV Æ MB NÊEJBOF <��>� %F QMVT
 MF UFTU EF TQIÊSJDJUÊ EF .BVDIMZ B JOEJRVÊ
RVF M�IZQPUIÍTF EF TQIÊSJDJUÊ ÊUBJU SFNQMJF QPVS DIBRVF WBSJBCMF JOEÊQFOEBOUF BJOTJ
RVF QPVS MFVS JOUFSBDUJPO�

'BDUFVS EG 44 .4 ' Q η2	�


4 � ����� ����� ���� ������ ���

1 �� ������� ����� ���� ������ ����

4 � 1 ��� ����� ��� ��� ������ ���

5BCMFBV ��� m 3ÊTVMUBUT JTTVT EF M�"/07"� 4 � TPVSDFT
 1 � QBJSFT
 44 � TPNNF EFT DBSSÊT
 .4 � NPZFOOF
EFT DBSSÊT
 ' � WBMFVS G
 Q � WBMFVS Q
 η2 � QSPQPSUJPO EF WBSJBODF FYQMJRVÊF�

-F UBCMFBV ��� NPOUSF RVF MFT EFVY WBSJBCMFT JOEÊQFOEBOUFT POU FV VOF JOáVFODF
TJHOJàDBUJWF TVS MFT OPUFT EF EJTTFNCMBODF FU RV�JM FYJTUF VOF JOUFSBDUJPO TJHOJàDBUJWF
FOUSF DFT EFVY WBSJBCMFT� $PODFSOBOU MB UBJMMF E�FGGFU
 OPUPOT RVF MB NBKFVSF QBSUJF EF
MB WBSJBODFT EFT SÊTVMUBUT FTU FYQMJRVÊF QBS MFT QBJSFT E�FTQBDFT TPOPSFT� -B WBSJBCMF 4
FU M�JOUFSBDUJPO 4�1 SFQSÊTFOUFOU SFTQFDUJWFNFOU ���� FU ���� EF MB WBSJBODF
 DF RVJ
TJHOJàF RVF TFVMFNFOU ����� EF MB WBSJBODF QFVU ËUSF FYQMJRVÊF QBS EFT GBDUFVST MJÊT
Æ MB TPVSDF�

$FQFOEBOU
 JM FTU QSPCBCMF RVF MFT FGGFUT MJÊT Æ MB TPVSDF TPJFOU BUUÊOVÊT QBS M�JN�
QPSUBOU DPOUSBTUF FOUSF MFT HSBOET FU MFT QFUJUT WPMVNFT� -F UBCMFBV ��� NPOUSF MF QPVS�
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1BJSFT E�FTQBDFT DPOTJEÊSÊFT

'BDUFVS 5PVUFT .JYUFT (SBOET 1FUJUT

4 ��� ��� ��� ����

1 ���� ���� ���� ����

4 � 1 ��� ��� ���� ���

5BCMFBV ��� m 1PVSDFOUBHF EF WBSJBODF 	η2
 FYQMJRVÊF QBS DIBRVF GBDUFVS FO DPOTJEÊSBOU UPVUFT MFT QBJSFT
	5PVUFT

 MFT QBJSFT DPNQSFOBOU EFT HSBOET WPMVNFT 	(SBOET

 -FT QBJSFT DPNQSFOBOU EFT QFUJUT WPMVNFT
	1FUJUFT
 FU MFT QBJSFT DPOTUJUVÊFT E�VO HSBOE FU E�VO QFUJU WPMVNF 	.JYUFT
� 4 � TPVSDFT
 1 � QBJSFT�

'ñïýúí ��� m /PUFT EF EJTTFNCMBODF NPZFOOFT BWFD MFT JOUFSWBMMFT EF DPOàBODF Æ ��� BTTPDJÊT QPVS MFT
RVBUSF TPVSDFT FU MFT RVBUSF FOTFNCMFT EF EPOOÊFT� j5PVUFTv � UPVUFT MFT QBJSFT DPOTJEÊSÊFT
 j(SBOETv �
QBJSFT MJNJUÊFT BVY HSBOET FTQBDFT VOJRVFNFOU
 j1FUJUTv � QBJSFT MJNJUÊFT BVY QFUJUT FTQBDFT VOJRVFNFOU

j.JYUFTv � QBJSFT NÊMBOHFBOU QFUJUT FU HSBOET FTQBDFT VOJRVFNFOU�

DFOUBHF EF WBSJBODF FYQMJRVÊF QBS DIBRVF GBDUFVS QPVS EJGGÊSFOUT TPVT�FOTFNCMFT EF
QBJSFT �

� j5PVUFTv QPVS MFRVFM UPVUFT MFT QBJSFT TPOU DPOTJEÊSÊFT �
� j.JYUFTv QPVS MFRVFM TFVMFT MFT QBJSFT DPNQPTÊFT E�VO QFUJU FU E�VO HSBOE WP�

MVNF TPOU DPOTJEÊSÊFT �
� j(SBOETv
 QPVS MFRVFM TFVMFT MFT QBJSFT JNQMJRVBOU VOJRVFNFOU EF HSBOET WP�

MVNFT TPOU DPOTJEÊSÊFT �
� j1FUJUTv
 QPVS MFRVFM TFVMFT MFT QBJSFT DPNQPTÊFT EF QFUJUT WPMVNFT TPOU DPOTJ�

EÊSÊFT�
0O EJTUJOHVF EBOT DF UBCMFBV RVF MPSTRVF M�PO DPOTJEÍSF VOJRVFNFOU MFT QBJSFT

EF HSBOET WPMVNFT
 MF QPVSDFOUBHF EF WBSJBODF FYQMJRVÊ QBS MB TPVSDF SFTUF GBJCMF�
4J M�PO DPOTJEÍSF VOJRVFNFOU MFT QBJSFT EF QFUJUT FTQBDFT
 MF QPVSDFOUBHF EF WBSJBODF
JNQVUBCMF Æ MB TPVSDF BVHNFOUF DPOTJEÊSBCMFNFOU� %BOT DF DBT
 MFT GBDUFVST MJÊT Æ MB
TPVSDF 	4 � 4 � 1
 FYQMJRVFOU QSÍT EF MB NPJUJÊ EF MB WBSJBODF 	�����
� 1BS DPOTÊRVFOU

MFT TPVSDFT TPOPSFT TFNCMBJFOU BWPJS VOF JOáVFODF CFBVDPVQ QMVT HSBOEF TVS MFT TDPSFT



Ô�Ô� �dSULTATS

Ô

ÙÔ

EF EJTTFNCMBODF MPST EF MB DPNQBSBJTPO EF QFUJUT WPMVNFT�
-B àHVSF ��� SFQSÊTFOUF MFT OPUFT EF EJTTFNCMBODF NPZFOOFT BWFD MFT JOUFSWBMMFT

EF DPOàBODF Æ ��� BTTPDJÊT QPVS DIBRVF TPVSDF TFMPO MFT RVBUSF FOTFNCMFT EF QBJSFT�
-FT EJGGÊSFODFT FOUSF MFT OPUFT EF EJTTFNCMBODF TFNCMFOU ËUSF BUUÊOVÊFT MPSTRVF M�PO
DPNQBSF EFT FTQBDFT USÍT EJGGÊSFOUT� 1MVT MFT OPUFT NPZFOOFT EF EJTTFNCMBODF TPOU
GBJCMFT
 QMVT MFT EJGGÊSFODFT FOUSF MFT TPVSDFT TPOU JNQPSUBOUFT�

Ô�Ô�Ô� �NALYSE MULTIDIMENSIONNELLE

'ñïýúí ��� m &TQBDFT CJEJNFOTJPOOFMT SÊTVMUBOUT EF M�BOBMZTF */%4$"- QPVS MFT RVBUSF TPVSDF TPOPSFT�

%BOT DFUUF ÊUVEF
 M�PCKFDUJG O�FTU QBT EF USPVWFS UPVUFT MFT EJNFOTJPOT QFSDFQUJWFT
FO KFV MPST EF M�ÊDPVUF EFT FTQBDFT TPOPSFT
 NBJT QMVUÔU E�FYBNJOFS TJ MF DIPJY EF MB
TPVSDF TPOPSF JOáVFODF MF OPNCSF
 MB OBUVSF FU MB QPOEÊSBUJPO EFT QSJODJQBMFT EJ�
NFOTJPOT QFSDFQUJWFT FO KFV� %FT BOBMZTFT */%4$"- <��> POU ÊUÊ SÊBMJTÊFT TVS MFT
NBUSJDFT EF EJTTFNCMBODF QPVS DPNQBSFS MFT TUSVDUVSFT QFSDFQUJWFT FO SBQQPSU BVY
RVBUSF TPVSDFT TPOPSFT�

1PVS DIBRVF TPVSDF TPOPSF
 M�BOBMZTF */%4$"- B SÊWÊMÊ RVF M�FTQBDF QFSDFQUJG
BTTPDJÊ ÊUBJU CJEJNFOTJPOOFM� -B àHVSF ��� SFQSÊTFOUF MFT DPPSEPOOÊFT EFT TUJNVMJ EBOT
M�FTQBDF QFSDFQUJG� 1PVS MFT RVBUSF TPVSDFT
 PO DPOTUBUF EF OFUUFT EJGGÊSFODFT FOUSF
MFT EJTUSJCVUJPOT EFT TUJNVMJ� %BOT M�FOTFNCMF
 MFT EFVY HSPVQFT E�FTQBDFT EÊàOJT �
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QFUJUT FU HSBOET WPMVNFT � TPOU DMBJSFNFOU JEFOUJàBCMFT CJFO RVF MF HSPVQF EFT HSBOET
WPMVNFT QVJTTF ËUSF TDJOEÊ FO EFVY TPVT�HSPVQFT BWFD DBUIÊESBMF FU ÊHMJTF E�VO DPUÊ
	35 > 3.56 T
 FU QJTDJOF FU IBMMF EF M�BVUSF 	35 < 2.58 T
�

4UJNVMVT %JNFOTJPO � %JNFOTJPO �

#POHPT ���� ����

4PQSBOP ���� ����

'JDUJPO ���� ����

7PJY ���� ���

5BCMFBV ��� m 1PVSDFOUBHF EF WBSJBODF EFT OPUFT EF EJTTFNCMBODFT BUUSJCVÊ Æ DIBDVOF EFT EFVY EJNFOTJPOT
QPVS MFT RVBUSF TPVSDFT�

-F UBCMFBV ��� SBQQPSUF M�JNQPSUBODF EFT EFVY EJNFOTJPOT QPVS DIBRVF TPVSDF
TPOPSF� %F HSBOEFT WBSJBUJPOT TPOU QSÊTFOUFT MF MPOH EFT EFVY BYFT � EF ����� Æ
����� EF WBSJBODF FYQMJRVÊF QPVS MFT QSFNJÍSFT EJNFOTJPOT FU EF ���� Æ �����
QPVS MFT TFDPOEFT EJNFOTJPOT� "MPST RVF MB QMVQBSU EFT EJGGÊSFODFT QFSÉVFT FOUSF MFT
FTQBDFT TPOPSFT QFVWFOU ËUSF BUUSJCVÊFT Æ MB QSFNJÍSF EJNFOTJPO EF j'JDUJPOv
 j7PJYv
FU j4PQSBOPv
 MFT EFVY EJNFOTJPOT QFSDFQUJWFT EF j#POHPTv TFNCMFOU BWPJS MB NËNF
JNQPSUBODF�

%JNFOTJPO � %JNFOTJPO �

'* #0 '& ." '* #0 '& ."

%JNFOTJPO � '* ���� ����� ����� � � � �

#0 ����� ����� � � � �

'& ����� � � � �

." � � � �

%JNFOTJPO � '* � ����� �

#0 ����� �

'& �

."

5BCMFBV ��� m $PFGàDJFOU EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT EJNFOTJPOT QFSDFQUJWFT BTTPDJÊFT BVY TPVSDFT
TPOPSFT� 4FVMT MFT DPFGàDJFOUT TVQÊSJFVST Æ ��� TPOU SBQQPSUÊT 	WBMFVS Q � ����� EBOT UPVT MFT DBT
� '* �
j'JDUJPOv
 #0 � j#POHPTv
 '& � j4PQSBOPv
 ." � j7PJYv�

-F UBCMFBV ��� SBTTFNCMF MFT QMVT HSBOET DPFGàDJFOUT EF DPSSÊMBUJPO 	� ���
 PCUF�
OVT FOUSF MFT EJGGÊSFOUFT EJNFOTJPOT QFSDFQUJWFT� -FT QSFNJÍSFT EJNFOTJPOT TPOU CJFO
DPSSÊMÊFT FOUSF FMMFT
 DF RVJ JOEJRVF RV�VO DSJUÍSF QFSDFQUJG DPNNVO B ÊUÊ VUJMJTÊ QPVS
EJTUJOHVFS MFT FTQBDFT TPOPSFT� %F QMVT
 j#POHPTv
 j'JDUJPOv FU j4PQSBOPv TFNCMFOU
QBSUBHFS MFVS EFVYJÍNF EJNFOTJPO QFSDFQUJWF�

*M FTU JOUÊSFTTBOU EF OPUFS RVF M�FTQBDF QFSDFQUJG PCUFOV QPVS MB TPVSDF j7PJYv FTU
WJTVFMMFNFOU BTTF[ TJNJMBJSF Æ DFMVJ PCUFOV QPVS MB TPVSDF TPOPSF EV DIBQJUSF QSÊDÊEFOU
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� EÊTJHOÊF j'BOUBJTJFv � EBOT MFRVFM MFT NËNFT 43*3T POU ÊUÊ FNQMPZÊFT� %F QMVT
 MFT
RVBOUJUÊT EF WBSJBODF FYQMJRVÊFT QBS MFVST EFVY EJNFOTJPOT TPOU TJNJMBJSFT � �����
FU ����� EF WBSJBODF FYQMJRVÊF QPVS MB QSFNJÍSF EJNFOTJPO EF j7PJYv FU j'BOUBJ�
TJFv SFTQFDUJWFNFOU � ���� FU ���� EF WBSJBODF FYQMJRVÊF QPVS MB TFDPOEF EJNFOTJPO
SFTQFDUJWFNFOU�

Ô�Ô�Õ� �ARACTdRISATIONS OBJECTIVES DES DIMENSIONS PERCEPTIVES

530,NJE MPH(530,NJE) -+ *"$$E,NJE 5T %50

%JNFOTJPO � '* ����� ����� � � � �

#0 � ���� � � � �

'& ����� ����� � � � �

." ����� ����� � ����� � �

%JNFOTJPO � '* � � ������ � � �

#0 ����� ����� � ����� � �

'& ����� � � ����� � �

." � � � � ����� �����

5BCMFBV ��� m $PFGàDJFOU EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT EJNFOTJPOT QFSDFQUJWFT BTTPDJÊFT BVY TPVSDFT
TPOPSFT FU MFT NFTVSFT EFT QBSBNÍUSFT E�BDPVTUJRVFT EF TBMMFT� 4FVMFT MFT DPFGàDJFOUT TVQÊSJFVST Æ ��� TPOU
SBQQPSUÊT 	WBMFVS Q � ����� EBOT UPVT MFT DBT
� '* � j'JDUJPOv
 #0 � j#POHPTv
 '& � j4PQSBOPv
 ." �
j7PJYv�

%BOT DFUUF TFDUJPO
 MFT EJNFOTJPOT QFSDFQUJWFT SÊWÊMÊFT QBS .%4 TPOU DPNQBSÊFT
BVY NFTVSFT BDPVTUJRVFT BàO EF QPVWPJS MFT DBSBDUÊSJTFS� 7JOHU�EFVY NFTVSFT EF QBSB�
NÍUSFT BDPVTUJRVFT
 EPOU EFT NFTVSFT EÊàOJFT EBOT MB OPSNF *40 ������ <��>
 POU ÊUÊ
EÊSJWÊFT EF DIBDVOF EFT EPV[F 43*3T� $FT NFTVSFT POU ÊUÊ DBMDVMÊFT BVY GSÊRVFODFT
NÊEJVNT FU TVS M�FOTFNCMF EV TQFDUSF EFT 43*3T� -B QMVQBSU EFT QBSBNÍUSFT POU ÊUÊ
DBMDVMÊT BWFD MF MPHJDJFM "6303" <��>�

-F UBCMFBV ��� SBTTFNCMF MFT QMVT HSBOET DPFGàDJFOUT EF DPSSÊMBUJPO 	� ���
 PCUFOVT
FOUSF MFT EJNFOTJPOT QFSDFQUJWFT EFT TPVSDFT TPOPSFT FU MFT NFTVSFT BDPVTUJRVFT� -FT
QSFNJÍSFT EJNFOTJPOT TF TPOU BWÊSÊFT ËUSF CJFO DPSSÊMÊFT BVY UFNQT EF SÊWFSCÊSBUJPO

CJFO RVF DF TPJU MF MPHBSJUINF EFT UFNQT EF SÊWFSCÊSBUJPO RVJ BQQBSBJTTF DPNNF MF
NFJMMFVS QSÊEJDUFVS�

"MPST RVF MFT TFDPOEFT EJNFOTJPOT EF j'JDUJPOv
 j#POHPTv FU j4PQSBOPv ÊUBJFOU
DPSSÊMÊFT FOUSF FMMFT
 BVDVOF DPSSÊMBUJPO DPNNVOF BWFD MFT EJNFOTJPOT QIZTJRVFT O�B
ÊUÊ USPVWÊFT� $FQFOEBOU
 DFSUBJOFT EF DFT EJNFOTJPOT TF TPOU SÊWÊMÊFT ËUSF DPSSÊMÊFT Æ
EFT JNQSFTTJPOT TQBUJBMFT UFMMFT RVF MF DPFGàDJFOU EF DPSSÊMBUJPO DSPJTÊF JOUFSBVSBM EF
M�ÊOFSHJF QSÊDPDF 	*"$$E,NJE
 PV MB GPSDF TPOPSF MBUÊSBMF UBSEJWF 	-+
� 1BS FYFNQMF
 MB
TFDPOEF EJNFOTJPO QFSDFQUJWF EF j#POHPTv FTU DPSSÊMÊF Æ *"$$E,NJE BWFD VO DPFGà�
DJFOU EF DPSSÊMBUJPO EF 1FBSTPO EF ������ -�*"$$E,NJE FTU DPVSBNNFOU VUJMJTÊ QPVS
DBSBDUÊSJTFS MB MBSHFVS EF TPVSDF BQQBSFOUF UBOEJT RVF -+ FTU MJÊ Æ MB TFOTBUJPO E�FOWF�
MPQQFNFOU <��>�

%FT NFTVSFT EF DMBSUÊ UFMMFT RVF 5T FU %50 TFNCMFOU FYQMJRVFS MB TFDPOEF EJNFOTJPO
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QFSDFQUJWF EF j7PJYv BWFD EFT DPFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO EF ����� FU �����
SFTQFDUJWFNFOU�

Ô�Õ� �ISCUSSION

-FT SÊTVMUBUT EF DFUUF FYQÊSJFODF NFUUFOU FO ÊWJEFODF M�JOáVFODF TJHOJàDBUJWF EF
MB TPVSDF TPOPSF TVS MB QFSDFQUJPO EF MB SÊWFSCÊSBUJPO� #JFO RVF MFT FGGFUT MJÊT Æ MB
TPVSDF BJFOU ÊUÊ BUUÊOVÊT QBS MF HSBOE DPOUSBTUF FOUSF MFT HSBOET FU MFT QFUJUT FTQBDFT

M�JOáVFODF EF MB TPVSDF TPOPSF FTU NJTF FO WBMFVS MPSTRVF M�PO DPOTJEÍSF VOJRVFNFOU MFT
QFUJUT FTQBDFT� $F QIÊOPNÍOF O�B QBT QV ËUSFNJT FO ÊWJEFODF FO DPOTJEÊSBOU TFVMFNFOU
EF HSBOET WPMVNFT� &O FGGFU
 MF QPVSDFOUBHF EF WBSJBODF FYQMJRVÊ QBS MB TPVSDF SFTUF
GBJCMF MPSTRVF M�PO DPOTJEÍSF DF HSPVQF E�FTQBDFT� -FT EJTTFNCMBODFT FOUSF FTQBDFT
EFWBJFOU ËUSF USPQ JNQPSUBOUFT EBOT DF DBT
 DPNNF FO BUUFTUFOU MFT WBMFVST EF UFNQT
EF SÊWFSCÊSBUJPO DPNQSJTFT FOUSF ��� T FU ���� T� -FT EJGGÊSFODFT FOUSF FTQBDFT TPOU
UFMMFNFOU JNQPSUBOUFT RV�FMMFT POU SÊEVJU M�JOáVFODF EF MB TPVSDF�

"JOTJ
 TVJUF Æ DFUUF FYQÊSJFODF
 EFVY IZQPUIÍTFT TPOU QPTTJCMFT � MFT GBDUFVST EÊ�
QFOEBOUT EFT QSPQSJÊUÊT EF MB TPVSDF EFWJFOOFOU QSÊEPNJOBOUT MPSTRVF �
 MF UFNQT EF
SÊWFSCÊSBUJPO FTU GBJCMF PV �
 MPSTRVF MF UFNQT EF SÊWFSCÊSBUJPO O�FTU QBT USÍT EJGGÊSFOU
E�VO FTQBDF TPOPSF Æ VO BVUSF�

*M FTU JOUÊSFTTBOU EF OPUFS RVF j#POHPTv B DPOEVJU BVY OPUFT EF EJTTFNCMBODF MFT
QMVT ÊMFWÊFT� -FT OPNCSFVY USBOTJUPJSFT DPNQSJT EBOT DFU JOTUSVNFOU QFSDVTTJG QFVWFOU
BWPJS SÊWÊMÊ EFT DBSBDUÊSJTUJRVFT GSÊRVFOUJFMMFT TVS VOF MBSHF QBSUJF EV TQFDUSF BVEJCMF
FU BJOTJ BJEÊ MFT TVKFUT Æ EJTDSJNJOFS MFT FTQBDFT TPOPSFT�

-�JOáVFODF EF MB TPVSDF TPOPSF FTU ÊHBMFNFOU DPOàSNÊF QBS MFT WBSJBUJPOT EF MB
OBUVSF FU M�JNQPSUBODF EF DFSUBJOFT EJNFOTJPOT QFSDFQUJWFT E�VOF TPVSDF Æ M�BVUSF� 6O
DSJUÍSF EF QFSDFQUJPO TFNCMF ËUSF DPNNVO Æ UPVUFT MFT TPVSDFT TPOPSFT UFTUÊFT� $FUUF EJ�
NFOTJPO ÊUBOU GPSUFNFOU DPSSÊMÊF BV UFNQT EF SÊWFSCÊSBUJPO
 PO QFVU QPTUVMFS RV�FMMF
DPSSFTQPOEBJU Æ MB SÊWFSCÊSBODF� #JFO RVF DFUUF EJNFOTJPO QFSDFQUJWF FYQMJRVF VOF
HSBOEF QBSUJF EF MB WBSJBODF NFTVSÊF
 TPO QPJET QFVU WBSJFS DPOTJEÊSBCMFNFOU E�VOF
TPVSDF Æ M�BVUSF� -FT TFDPOEFT EJNFOTJPOT EFT FTQBDFT QFSDFQUJGT ÊUBOU GBJCMFNFOU DPS�
SÊMÊFT
 JM O�B QBT ÊUÊ QPTTJCMF EF DPODMVSF RV�VO EFVYJÍNF DSJUÍSF QFSDFQUJG DPNNVO
ÊUBJU VUJMJTÊ QPVS UPVUFT MFT TPVSDFT� $FQFOEBOU
 MFT JNQSFTTJPOT TQBUJBMFT TF TPOU BWÊ�
SÊFT ËUSF MJÊFT BVY TFDPOEFT EJNFOTJPOT EF j'JDUJPOv
 j#POHPTv FU j4PQSBOPv
 UBOEJT
RVF EFT NFTVSFT EF DMBSUÊ ÊUBJFOU CJFO DPSSÊMÊFT Æ MB TFDPOEF EJNFOTJPO EF j7PJYv� %FT
DPSSÊMBUJPOT BWFD MFT NFTVSFT EF DMBSUÊ POU ÊHBMFNFOU ÊUÊ JEFOUJàÊFT QPVS MF TJHOBM EF
WPJY VUJMJTÊ EBOT MF DIBQJUSF QSÊDÊEFOU� *M TFNCMF EPOD RVF MFT EJNFOTJPOT QFSDFQUJWFT
VUJMJTÊFT MPST EF MB DPNQBSBJTPO EFT TUJNVMJ ÊUBJFOU MFT NËNFT QPVS DFT EFVY TPVSDFT
TPOPSFT EF NËNF OBUVSF�

%BOT DFUUF ÊUVEF
 M�PCKFDUJG O�ÊUBJU QBT EF EÊDPVWSJS UPVUFT MFT EJNFOTJPOT QFSDFQ�
UJWFT FO KFV MPST EF M�ÊDPVUF EF M�BDPVTUJRVF E�VOF TBMMF� © DFUUF àO
 VOF HSBOEF RVBOUJUÊ
EF TUJNVMJ TPOPSFT TFSBJU OÊDFTTBJSF FU E�BVUSFT NÊUIPEFT UFMMFT RVF MB UÄDIF EF DMBT�
TJàDBUJPO MJCSF TFSBJFOU QMVT DPNNPEF DBS MB DPNQBSBJTPO QBS QBJSF SFTUF USÍT DISP�
OPQIBHF� /PVT BWPOT QMVUÔU FYBNJOÊ DPNNFOU MFT FTQBDFT QFSDFQUJGT DIBOHFOU E�VOF
TPVSDF TPOPSF Æ VOF BVUSF FU Æ DFUUF àO
 VOF DPNQBSBJTPO QBS QBJSF FTU VOF NÊUIPEF
QMVT QSÊDJTF <��>�
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%BOT DF DIBQJUSF OPVT BWPOT ÊUVEJÊ MB QFSDFQUJPO EFT FTQBDFT TPOPSFT TFMPO M�FN�
QMPJ EF EJGGÊSFOUFT TPVSDFT EBOT VO DPOUFYUF EF EJGGVTJPO CJOBVSBMF EZOBNJRVF� -�FY�
QÊSJFODF B NPOUSÊ RVF MB TPVSDF TPOPSF B VOF GPSUF JOáVFODF TVS MB QFSDFQUJPO EF
M�BDPVTUJRVF E�VOF TBMMF
 Æ M�FYDFQUJPO E�VO BUUSJCVU QBSUJDVMJFS � MB SÊWFSCÊSBODF� $FUUF
DBSBDUÊSJTUJRVF QFSDFQUJWF B QFSNJT EF EJTDSJNJOFS MFT FTQBDFT TPOPSFT RVFMMF RVF TPJU
MB OBUVSF EF MB TPVSDF FNQMPZÊF� $FQFOEBOU
 TPO JNQPSUBODF O�ÊUBJU QBT MB NËNF
E�VOF TPVSDF Æ M�BVUSF� %F QMVT
 MB OBUVSF EF MB TFDPOEF DBSBDUÊSJTUJRVF QFSDFQUJWF WB�
SJBJU E�VOF TPVSDF Æ M�BVUSF� 1PVS DFSUBJOFT TPVSDFT MFT JNQSFTTJPOT TQBUJBMFT TFNCMFOU
BWPJS ÊUÊ VUJMJTÊFT FO QMVT EF MB SÊWFSCÊSBODF QPVS EJTDSJNJOFS MFT FTQBDFT TPOPSFT�
1PVS E�BVUSFT
 DF TPOU MFT NFTVSFT EF DMBSUÊ RVJ TFNCMFOU BWPJS ÊUÊ VUJMJTÊFT� $FUUF
ÊUVEF NPOUSF EPOD RV�BV�EFMÆ EF MB SÊWFSCÊSBODF � EPOU MF KVHFNFOU TFNCMF ËUSF SP�
CVTUF E�VOF TPVSDF TPOPSF Æ M�BVUSF � QMVTJFVST TPVSDFT TPOU OÊDFTTBJSFT QPVS NFUUSF
FO ÊWJEFODF MFT DBSBDUÊSJTUJRVFT QFSDFQUJWFT E�VO FTQBDF TPOPSF� -�VTBHF E�VO JOTUSV�
NFOU QFSDVTTJG TFNCMF EPOOFS QMVT E�JNQPSUBODF BVY BUUSJCVUT QFSDFQUJGT BVUSFT RVF
MB SÊWFSCÊSBODF�

-�ÊUVEF EF MB QFSDFQUJPO EF M�BDPVTUJRVF EFT TBMMFT OÊDFTTJUF EPOD VOF HSBOEF WBSJÊUÊ
EF TPVSDFT TPOPSFT� /ÊBONPJOT
 DFUUF DPOUSBJOUF QFVU BVHNFOUFS DPOTJEÊSBCMFNFOU MB
EVSÊF E�VO UFTU QFSDFQUJG FU EPOD DPNQMJRVFS TB NJTF FO �VWSF� 4J M�VTBHF EF QMVTJFVST
TPVSDFT TPOPSFT O�FTU QBT QPTTJCMF GBVUF EF UFNQT
 DFUUF ÊUVEF OPVT JOGPSNF RVF MFT
SÊTVMUBUT PCUFOVT OF TPOU WBMBCMFT RVF QPVS MFT TPVSDFT VUJMJTÊFT FU RVF UPVUF FYUSBQP�
MBUJPO EFT SÊTVMUBUT Æ E�BVUSFT UZQFT EF TPVSDFT EPJU ËUSF DPOTJEÊSÊF BWFD QSÊDBVUJPOT�
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�ARAMdTRISATIONS DE RdPONSES

IMPULSIONNELLES SPATIALES
ENREGISTRdES

%BOT MF CVU EF DPOUSÔMFS MF SFOEV TPOPSF EF M�BDPVTUJRVF E�VOF TBMMF TFMPO EFT BUUSJCVUT
QFSDFQUJGT
 JM FTU OÊDFTTBJSF E�JEFOUJàFS MFT ÊMÊNFOUT QFSUJOFOUT Æ NPEJàFS EBOT MF TJHOBM
TPOPSF� %BOT DF DIBQJUSF
 OPVT QBTTPOT FO SFWVF EFT NÊUIPEFT RVJ POU JEFOUJàÊ EFT ÊMÊ�
NFOUT QFSUJOFOUT EF SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMFT RVJ QFSNFUUFOU OPUBNNFOU � MB
TJNQMJàDBUJPO EFT USBJUFNFOUT OÊDFTTBJSFT BV SFOEV
 VOF SFQSPEVDUJPO EF M�BDPVTUJRVF
TVS UPVU UZQF EF EJTQPTJUJG EF SFTUJUVUJPO
 VOF BNÊMJPSBUJPO EF MB SÊTPMVUJPO TQBUJBMF
PV VOF GBDJMJUÊ EV DPOUSÔMF QFSDFQUJG� $FSUBJOFT NÊUIPEFT EÊDSJWFOU MFT SÊQPOTFT JN�
QVMTJPOOFMMFT EF TBMMFT BWFD VO GBJCMF OPNCSF EF QBSBNÍUSFT UFMT RVF EFT EJSFDUJPOT
E�JODJEFODF FU EFT DPFGàDJFOUT EF EJGGVTJWJUÊ PV EFT SÊáFYJPOT TQÊDVMBJSFT BTTPDJÊFT Æ
EFT QFOUFT EF EÊDSPJTTBODF QBS CBOEF E�PDUBWF� 1BSNJ DFT QBSBNÍUSFT
 DFSUBJOT QFS�
NFUUFOU E�BOUJDJQFS GBDJMFNFOU MFT DPOTÊRVFODFT EF MFVS NPEJàDBUJPO TVS MF SFOEV EF
M�BDPVTUJRVF� /ÊBONPJOT
 M�FNQMPJ E�VOF QMVT GBJCMF RVBOUJUÊ EF EPOOÊFT QPVS SFQSP�
EVJSF VOF BDPVTUJRVF QFVU JOUSPEVJSF EFT EJGGÊSFODFT TJHOJàDBUJWFT BWFD M�BDPVTUJRVF
E�PSJHJOF
 OPUBNNFOU FO SBJTPO EFT QSPDÊEÊT EF EÊDPSSÊMBUJPO VUJMJTÊT QPVS MB SFQSP�
EVDUJPO�

"VSBMJTFS VO FTQBDF TPOPSF DPOTJTUF Æ DSÊFS EFT àDIJFST TPOPSFT BVEJCMFT Æ QBSUJS EF
EPOOÊFT OVNÊSJRVFT MJÊFT Æ TFT DBSBDUÊSJTUJRVFT QIZTJRVFT <�>� %BOT DFUUF PQUJRVF
 JM
FTU QPTTJCMF EF TJNVMFS QIZTJRVFNFOU MF QIÊOPNÍOF EF QSPQBHBUJPO EFT POEFT TPOPSFT
FO DBMDVMBOU VOF TPMVUJPO BQQSPYJNBUJWF EF M�ÊRVBUJPO E�POEF� © DFUUF àO
 QMVTJFVST
NÊUIPEFT OVNÊSJRVFT POU ÊUÊ EÊWFMPQQÊFT NBJT QPTTÍEFOU HÊOÊSBMFNFOU EFT DPÚUT EF
DBMDVM QSPIJCJUJGT� (SÄDF Æ MB SFQSÊTFOUBUJPO BNCJTPOJRVF
 JM FTU ÊHBMFNFOU QPTTJCMF
EF SFDPOTUSVJSF VOF BQQSPYJNBUJPO QIZTJRVF QSÊDJTF E�VO DIBNQ TPOPSF FO VUJMJTBOU
VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT� %�BVUSFT BQQSPDIFT UFOUFOU EF SFQSPEVJSF VO
DIBNQ TPOPSF SÊWFSCÊSÊ
 FO OF QSFOBOU FO DPNQUF RVF TFT BTQFDUT MFT QMVT QFSUJOFOUT

ÚÒ
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EV QPJOU EF WVF QFSDFQUJG�

-B NPEÊMJTBUJPO QSÊTFOUÊF FO TFDUJPO ���
 DPNNVOÊNFOU FNQMPZÊF QPVS EÊDSJSF
VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF
 DPOUJFOU QMVTJFVST TFHNFOUT UFNQPSFMT KPVBOU EFT
SÔMFT EJGGÊSFOUT EBOT MB QFSDFQUJPO E�VO FTQBDF TPOPSF� -FT EJSFDUJPOT E�JODJEFODF EFT
SÊáFYJPOT QSÊDPDFT
 MFVS SFUBSE FU MFVS BNQMJUVEF BGGFDUFOU OPUBNNFOU MB MPDBMJTBUJPO
EV TPO EJSFDU
 BQQPSUFOU VOF DPMPSBUJPO TQFDUSBMF FU JOáVFODFOU MB DMBSUÊ
 MB QSÊTFODF

MFT EJNFOTJPOT QFSÉVFT EF MB TBMMF PV FODPSF MB MBSHFVS BQQBSFOUF EF MB TPVSDF <�>� %BOT
MB QBSUJF UBSEJWF EF MB SÊWFSCÊSBUJPO
 MFT SÊáFYJPOT OF QFVWFOU ËUSF QFSÉVFT JOEJWJEVFM�
MFNFOU FU M�BVEJUFVS OF QFSÉPJU RV�VO DIBNQ EJGGVT EPOU TFVMFT MFT DBSBDUÊSJTUJRVFT
TUBUJTUJRVFT TFNCMFOU ËUSF QFSUJOFOUFT E�VO QPJOU EF WVF QFSDFQUJG� -F DIBNQ EJGGVT
BGGFDUF OPUBNNFOU MB QFSDFQUJPO EF MB SÊWFSCÊSBODF
 EF MB DMBSUÊ
 EFT EJNFOTJPOT EF MB
QJÍDF
 EF MB EJTUBODF Æ MB TPVSDF PV FODPSF EF M�FOWFMPQQFNFOU <�>� "JOTJ
 JM TFNCMF OÊ�
DFTTBJSF EF SFQSPEVJSF TÊQBSÊNFOU MFT SÊáFYJPOT TQÊDVMBJSFT QPVS SFTUJUVFS àEÍMFNFOU
MB QBSUJF QSÊDPDF EF MB 43*3 FU JM TFNCMF TVGàTBOU
 EBOT MB QBSUJF UBSEJWF
 EF TZOUIÊUJTFS
VO DIBNQT EJGGVT BZBOU EFT QSPQSJÊUÊT TUBUJTUJRVFT TJNJMBJSFT BV DIBNQ TPOPSF NFTVSÊ
RVF M�PO TPVIBJUF SFQSPEVJSF <�>� $�FTU QPVSRVPJ
 EBOT EJGGÊSFOUT NPUFVST EF SÊWFSCÊ�
SBUJPO BSUJàDJFMMF
 TFVMFT DFSUBJOFT QSPQSJÊUÊT EF MB SÊWFSCÊSBUJPO UBSEJWF
 QFSUJOFOUFT
E�VO QPJOU EF WVF QFSDFQUJG
 TPOU SFTUJUVÊFT � MF UFNQT EF SÊWFSCÊSBUJPO QBS CBOEF EF
GSÊRVFODF
 MB EFOTJUÊ E�ÊDIP PV MB EFOTJUÊ NPEBMF <�
 �>� -FT DBSBDUÊSJTUJRVFT RVJ EÊ�
DSJWFOU MF DPNQPSUFNFOU TQBUJBM
 GSÊRVFOUJFM PV UFNQPSFM E�ÊMÊNFOUT E�VOF 43*3 TPOU
OPNNÊT QBSBNÍUSFT� -�FNQMPJ EF UFMT QBSBNÍUSFT QSÊTFOUF EF OPNCSFVY BWBOUBHFT
QBSNJ MFTRVFMT TF USPVWFOU �

� �A RdDUCTION DES DONNdES� -�FOTFNCMF EFT ÊDIBOUJMMPOT E�VOF SÊQPOTF JNQVM�
TJPOOFMMF TQBUJBMF QFVU SFQSÊTFOUFS VOF HSBOEF RVBOUJUÊ EF EPOOÊFT FU M�FNQMPJ
EF QBSBNÍUSFT EÊDSJWBOU EFT FOTFNCMFT E�ÊDIBOUJMMPOT PV EFT QSPQSJÊUÊT TUBUJT�
UJRVFT E�ÊDIBOUJMMPOT QFVU SÊEVJSF DPOTJEÊSBCMFNFOU DFUUF RVBOUJUÊ�

� �A SIMPLIĉCATION DU TRAITEMENT� %BOT MF CVU EF HÊOÊSFS VO DIBNQ TPOPSF
SÊWFSCÊSÊ
 JM FTU DPNNVO E�VUJMJTFS MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF E�VOF
TBMMF BàO EF àMUSFS VOF TPVSDF TPOPSF BOÊDIPÐRVF� #JFO RV�JM QSPEVJTF VO SFOEV
TPOPSF EF RVBMJUÊ
 DF QSPDÊEÊ FTU DPÚUFVY FO UFSNF EF DBMDVM� 1MVUÔU RVF E�FG�
GFDUVFS VOF DPOWPMVUJPO BWFD MB 43*3
 JM FTU QPTTJCMF TFMPO MB QBSBNÊUSJTBUJPO
E�VUJMJTFS E�BVUSFT BQQSPDIFT CBTÊFT QBS FYFNQMF TVS M�FNQMPJ EF SÊTFBVY EF
MJHOFT Æ SFUBSE FU EF àMUSBHF Æ SÊQPOTF JNQVMTJPOOFMMF JOàOJF RVJ QFSNFUUFOU
EFT ÊDPOPNJFT EF SFTTPVSDFT FO UFSNFT EF DBMDVM�

� �AċEXIBILITd DE LA REPRODUCTION� -B QBSBNÊUSJTBUJPO PGGSF MB QPTTJCJMJUÊ E�BEBQ�
UFS MB EJGGVTJPO E�VO DIBNQ TPOPSF SÊWFSCÊSÊ Æ UPVU EJTQPTJUJG EF SFTUJUVUJPO�
-FT QBSBNÍUSFT QFVWFOU QBS FYFNQMF SFQSÊTFOUFS EFT DBSBDUÊSJTUJRVFT TQBUJBMFT
UFMMFT RVF MFT EJSFDUJPOT E�JODJEFODF EF SÊáFYJPOT TPOPSFT
 MB DPSSÊMBUJPO JOUFS�
BVSBMF
 M�ÊOFSHJF EV DIBNQ EJGGVT
 FUD��� -B TQBUJBMJTBUJPO EF MB PV EFT TPVSDFT
TPOPSFT TFMPO MB 43*3 QFVU BMPST ËUSF SÊBMJTÊF FO DPIÊSFODF BWFD MF TZTUÍNF
TPOPSF Æ EJTQPTJUJPO�

� �¤AMdLIORATION DE LA RdSOLUTION SPATIALE� %V GBJU E�VO OPNCSF USPQ GBJCMF
EF NJDSPQIPOFT FNQMPZÊT QPVS MB NFTVSF E�VOF 43*3
 M�BEBQUBUJPO EFT TJ�
HOBVY DBQUÊT Æ VO TZTUÍNF EF SFTUJUVUJPO DPOTUJUVÊ E�VO HSBOE OPNCSF EF IBVU�
QBSMFVST O�FTU QBT UPVKPVST TBUJTGBJTBOUF� 6OF ÊUBQF E�BOBMZTF EFT EJSFDUJPOT
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E�JODJEFODF EFT SÊáFYJPOT QFVU QFSNFUUSF E�ÊUBCMJS VOF SFQSÊTFOUBUJPO TQBUJBMF
QMVT QSÊDJTF RVF DFMMF EÊDSJUF QBS MFT TJHOBVY EF NFTVSFT� %F QMVT
 MB QBSUJF
EJGGVTF E�VOF 43*3 QFVU ËUSF SFTUJUVÊF TFMPO VO QSPDFTTVT TUPDIBTUJRVFT QPVS
DIBRVF DBOBM EF EJGGVTJPO FU BJOTJ SÊEVJSF EF USPQ GPSUFT DPSSÊMBUJPOT QSÊTFOUFT
EBOT MFT TJHOBVY RVJ EÊDSJWFOU VOF 43*3�

� �A FACILITd DU CONTRpLE PERCEPTIF� *M FTU QBSGPJT EÊTJSBCMF EF NPEJàFS M�BDPVT�
UJRVF E�VOF TDÍOF TPOPSF SÊWFSCÊSÊF
 EBOT MF CVU EF TBUJTGBJSF VOF JOUFOUJPO
FTUIÊUJRVF� 1MVUÔU RVF E�BHJS TVS DIBRVF ÊDIBOUJMMPO EF MB 43*3
 JM QBSBÏU QMVT
QFSUJOFOU EF NPEJàFS DPOKPJOUFNFOU TFT DBSBDUÊSJTUJRVFT UFNQPSFMMFT
 GSÊRVFO�
UJFMMFT FU TQBUJBMFT TFMPO EFT QBSBNÍUSFT EÊDSJWBOU EFT FOTFNCMFT E�ÊDIBOUJMMPOT�
-B QBSBNÊUSJTBUJPO EF MB 43*3 QFSNFU EF NPEJàFS BJTÊNFOU MF SFOEV EF MB
SÊWFSCÊSBUJPO TFMPO EFT DSJUÍSFT CBT OJWFBVY 	QPTJUJPO EFT SÊáFYJPOT
 EFOTJUÊ
E�ÊDIP
 QFOUFT EF EÊDSPJTTBODF
 FUD���
 PV TFMPO EFT DSJUÍSFT EF IBVU OJWFBVY 	SÊ�
WFSCÊSBODF
 FOWFMPQQFNFOU
 MBSHFVS BQQBSFOUF EF TPVSDF
 FUD���
 TJ M�JOáVFODF
EF DFT QBSBNÍUSFT TVS MB QFSDFQUJPO FTU DPOOVF�

1PVS SÊBMJTFS MB QBSBNÊUSJTBUJPO E�VOF 43*3
 JM FTU OÊDFTTBJSF E�JEFOUJàFS MFT ÊMÊ�
NFOUT QFSUJOFOUT E�VO QPJOU EF WVF QFSDFQUJG QFSNFUUBOU EF DBSBDUÊSJTFS TPO DPNQPS�
UFNFOU TQBUJBM
 GSÊRVFOUJFM FU UFNQPSFM FU EF MFT FTUJNFS� %BOT MF CVU E�ÊUBCMJS VO ÊUBU
EF M�BSU TVS MF TVKFU
 DF DIBQJUSF SFDFOTF EJGGÊSFOUT QSPDÊEÊT RVJ POU ÊUÊ ÊUBCMJT QPVS QB�
SBNÊUSFS VOF 43*3� -FT NÊUIPEFT E�BOBMZTF FU EF TZOUIÍTF QSÊTFOUÊFT EBOT DF DIBQJUSF
QFSNFUUFOU M�FYUSBDUJPO EF QBSBNÍUSFT DBQBCMFT EF SFTUJUVFS VO FTQBDF TPOPSF BVY RVB�
MJUÊT QFSDFQUJWFT DPNQBSBCMFT Æ DFMMFT E�VO FOSFHJTUSFNFOU E�PSJHJOF TVS VO EJTQPTJUJG
EF SFTUJUVUJPO RVFMDPORVF�

#JFO RVF DF EPDVNFOU USBJUF EF M�BVSBMJTBUJPO BV DBTRVF E�ÊDPVUF
 MB QMVQBSU EFT
NÊUIPEFT QSÊTFOUÊFT EBOT DF DIBQJUSF T�BQQMJRVFOU Æ VOF EJGGVTJPO NVMUJDBOBMF TVS FO�
DFJOUFT� -FT TJHOBVY NVMUJDBOBVY SÊTVMUBOUT QFVWFOU DFQFOEBOU ËUSF EJGGVTÊT BV DBTRVF
FO DPOTJEÊSBOU DIBRVF IBVU QBSMFVS DPNNF VOF TPVSDF QPODUVFMMF WJSUVFMMF QPVS MB�
RVFMMF EFT àMUSFT EF CJOBVSBMJTBUJPO QFVWFOU ËUSF FNQMPZÊT� -FT QSPDÊEÊT EF TZOUIÍTF
QFVWFOU ÊHBMFNFOU ËUSF BEBQUÊT Æ MB NÊUIPEF EF SFOEV CJOBVSBMF QSÊTFOUÊF FO BO�
OFYF $��� $FUUF BEBQUBUJPO OF TFSB QBT ÊWPRVÊF EBOT DF DIBQJUSF EPOU M�JOUÊSËU QPSUF
QSJODJQBMFNFOU TVS M�JEFOUJàDBUJPO FU M�FTUJNBUJPO EFT QBSBNÍUSFT EF 43*3�

"QSÍT BWPJS QBTTÊ FO SFWVF EFT NÊUIPEFT FNQMPZÊFT QPVS MB QBSBNÊUSJTBUJPO EF
43*3
 OPVT ÊWPRVFSPOT MFT NÊUIPEFT QBSBNÊUSJRVFT BQQMJRVÊFT Æ EFT TDÍOFT TPOPSFT
BV TFOT MBSHF QVJT OPVT BCPSEFSPOT MFT MJNJUFT MJÊFT Æ M�FNQMPJ EF MB EÊDPSSÊMBUJPO FU
QSÊTFOUFSPOT VOF NÊUIPEF RVJ NJOJNJTF TPO VUJMJTBUJPO�

Õ�Ò� �PATIAL �ECOMPOSITION �ETHOD ¸���¹

$FUUF NÊUIPEF QSPQPTÊF QBS 5FSWP FU BM� <�> T�BQQMJRVF BVY TJHOBVY JTTVT E�VO
FOTFNCMF EF NJDSPQIPOFT GPSNBOU VOF BOUFOOF NJDSPQIPOJRVF DPNQBDUF� 1PVS RVF
MB NÊUIPEF QVJTTF T�BQQMJRVFS
 JM FTU OÊDFTTBJSF RV�VO NJDSPQIPOF PNOJEJSFDUJPOOFM
TPJU TJUVÊ BV DFOUSF EF M�BOUFOOF PV RV�JM TPJU QPTTJCMF EF MF DSÊFS WJSUVFMMFNFOU E�BQSÍT
MFT BVUSFT NJDSPQIPOFT�

-B 4%. BOBMZTF MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF EBOT MF EPNBJOF UFNQPSFM
 Æ
DIBRVF QBT EF UFNQT
 TFMPO VOF DPVSUF GFOËUSF HMJTTBOUF� %BOT DFUUF GFOËUSF
 MF DIBNQ
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TPOPSF FTU EÊDPNQPTÊ FO VOF VOJRVF POEF QMBOF � TVQQPTÊF DPSSFTQPOESF Æ VOF SÊ�
áFYJPO � BZBOU QPVS BNQMJUVEF MB QSFTTJPO JTTVF EV NJDSPQIPOF PNOJEJSFDUJPOOFM
DFOUSBM� "JOTJ
 MB QBSBNÊUSJTBUJPO DPOTJTUF Æ DBMDVMFS USPJT WBMFVST QBS ÊDIBOUJMMPO �
M�B[JNVU FU M�ÊMÊWBUJPO EF MB SÊáFYJPO EBOT M�FTQBDF FU TB WBMFVS FO BNQMJUVEF�

'ñïýúí ��� m 3FQSÊTFOUBUJPO TDIÊNBUJRVF EF MB QSPQBHBUJPO E�VOF POEF QMBOF NFTVSÊF FO EFVY QPJOUT EF
NFTVSF�

1PVS DBMDVMFS MB EJSFDUJPO E�VOF POEF QMBOF E�BQSÍT EFT TJHOBVY NJDSPQIPOJRVFT

DPOTJEÊSPOT MB QSPQBHBUJPO E�VOF POEF QMBOF KVTRV�BVY QPTJUJPOT ri FU rj EFT NJDSP�
QIPOFT i FU j EF M�BOUFOOF
 SFQSÊTFOUÊF FO àHVSF ���� -B EJGGÊSFODF EF UFNQT E�BSSJWÊF
Æ DFT QPTJUJPOT FTU EPOOÊF QBS �

τi,j =
∥Sj − Si∥2

c
DPT(δ)� 	���


4PJU E MF WFDUFVS EF OPSNF VOJUBJSF DPMJOÊBJSF Æ MB EJSFDUJPO EF QSPQBHBUJPO
 MB
EJGGÊSFODF EF UFNQT QFVU T�FYQSJNFS �

τi,j =
1

c
∥Sj − Si∥2 ∥E∥2 DPT(δ) =

1

c
(Sj − Si)

5 E =
1

c
Wi,jTE 	���


PÜ (.)T EÊTJHOF M�PQÊSBUFVS EF USBOTQPTJUJPO�
-B 4%. SFQPTF TVS MF DBMDVM EV WFDUFVS PQQPTÊ Æ E
 D�FTU Æ EJSF QPJOUBOU WFST MB

TPVSDF TPOPSF� 1PVS DF GBJSF
 JM FTU OÊDFTTBJSF E�FTUJNFS MFT EJGGÊSFODFT EF UFNQT E�BSSJ�
WÊF EF M�POEF TPOPSF BVY NJDSPQIPOFT� $POTJEÊSPOT EFVY TJHOBVY NJDSPQIPOJRVFT EF
QSFTTJPO TPOPSF pi FU pj � -�FTUJNBUJPO EV UFNQT EF SFUBSE τ̂i,j FOUSF DFT EFVY TJHOBVY
FTU DBMDVMÊF E�BQSÍT MB DPSSÊMBUJPO DSPJTÊF � VOF NFTVSF EF MB TJNJMBSJUÊ EFT TJHOBVY
TFMPO MF EÊDBMBHF UFNQPSFM EF M�VO Æ M�BVUSF� "àO E�FTUJNFS MF SFUBSE BWFD QSÊDJTJPO

D�FTU�Æ�EJSF FO GSBDUJPO E�ÊDIBOUJMMPO
 MF NBYJNVN EF MB GPODUJPO EF DPSSÊMBUJPO DSPJ�
TÊF FTU BQQSPDIÊ QBS VOF HBVTTJFOOF EPOU M�BKVTUFNFOU EFT QBSBNÍUSFT GPVSOJU VOF
FTUJNBUJPO QSÊDJTF EV SFUBSE <�>� 4PJU Rij(τ) MB DPSSÊMBUJPO DSPJTÊF DBMDVMÊF TFMPO VOF
GFOËUSF UFNQPSFMMF EF N ÊDIBOUJMMPOT� -F SFUBSE FTUJNÊ τ̂i,j FTU EPOOÊ QBS �

τ̂i,j = BSHNBY
τ

{Rij(τ)} 	���


BWFD

Rij(τ) =
N∑

k=0

pi(k)pj(k + τ) � 	���
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%�BQSÍT M�ÊRVBUJPO 	���

 VOF GPJT M�FTUJNBUJPO EV UFNQT EF SFUBSE τ̂i,j FGGFDUVÊF
 JM
FTU QPTTJCMF EF DBMDVMFS MB EJSFDUJPO E�JODJEFODF Ê TFMPO MB GPSNVMF �

Ê = −c Wi,j τ̂i,j 	���


%BOT MF DBT E�VOF BOUFOOF EFM NJDSPQIPOFT
 VOF FTUJNBUJPO BV TFOT EFT NPJOESFT
DBSSÊT EF MB EJSFDUJPO E�BSSJWÊF Ê Æ M�JOTUBOU t FTU EPOOÊF QBS M�ÊRVBUJPO TVJWBOUF <�> �

Ê(t) = −c 7†V(t) 
 	���


BWFD V MF WFDUFVS EFT EJGGÊSFODFT EF UFNQT E�BSSJWÊF BVY NJDSPQIPOFT


V(t) = [τ̂1,2 τ̂1,3 . . . τ̂M−1,M ]T 
 	���


7 MB NBUSJDF EFT EJGGÊSFODFT EF QPTJUJPOT EFT NJDSPQIPOFT FYQSJNÊFT FO DPPSEPOOÊFT
DBSUÊTJFOOFT


7 = [W1,2 W1,3 . . . WM−1,M ]T � 	���


FU 7† FTU MB QTFVEP�JOWFSTF EF 7�
-F DBMDVM EFT EJSFDUJPOT E�JODJEFODF QFVU ÊHBMFNFOU ËUSF FGGFDUVÊ FO VUJMJTBOU MFT

TJHOBVY BNCJTPOJRVFT E�PSESF � JTTVT E�VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT <�>�
%BOT DF DBT
 MF DBMDVM EV WFDUFVS E�JOUFOTJUÊ BDPVTUJRVF FTU QSÊGÊSÊ 	DG TFDUJPO ���
�

1PVS VOF CPOOF FTUJNBUJPO EFT EJSFDUJPOT E�JODJEFODF
 MB UBJMMF EF MB GFOËUSF HMJT�
TBOUF E�BOBMZTF EPJU ËUSF QMVT HSBOEF RVF MF UFNQT OÊDFTTBJSF Æ VOF POEF TPOPSF QPVS
USBWFSTFS M�BOUFOOF
 ÊUBOU EPOOÊ RVF DBMDVM EFT EJSFDUJPOT E�JODJEFODF SÊTVMUF EF M�JO�
UFSDPSSÊMBUJPO EFT TJHOBVY EF M�BOUFOOF NJDSPQIPOJRVF� %F QMVT
 MB UBJMMF EF MB GFOËUSF
HMJTTBOUF E�BOBMZTF EPJU ËUSF QMVT HSBOEF RVF MB QÊSJPEF E�PTDJMMBUJPO EF MB GSÊRVFODF
NJOJNBMF QPVS MBRVFMMF VOF EJSFDUJPO FTU FTUJNÊF� &O SFWBODIF
 MB QSPCBCJMJUÊ RVF QMV�
TJFVST ÊWÊOFNFOUT TPOPSFT TPJFOU QSÊTFOUT BVHNFOUF BWFD MB MPOHVFVS EF MB GFOËUSF
E�BOBMZTF� %BOT DF DBT
 MB EJSFDUJPO E�JODJEFODF FTUJNÊF QPVS M�ÊDIBOUJMMPO DPOTJEÊSÊ
QFVU ËUSF FSSPOÊF�

" NFTVSF RVF MF UFNQT BVHNFOUF
 M�BOBMZTF EFT EJSFDUJPOT E�JODJEFODF UFOE Æ GPVS�
OJS EFT FTUJNBUJPOT BMÊBUPJSFT FO SBJTPO EFT JOOPNCSBCMFT SÊáFYJPOT DPOUFOVFT EBOT
MB SÊWFSCÊSBUJPO UBSEJWF� -B NÊUIPEF DSÊF EPOD OBUVSFMMFNFOU VO QSPDFTTVT TUPDIBT�
UJRVF FO DPIÊSFODF BWFD MFT QSPQSJÊUÊT TQBUJBMFT EV DIBNQ EJGGVT � VOF QSPCBCJMJUÊ ÊHBMF
EF MB QSPQBHBUJPO TPOPSF EBOT UPVUFT MFT EJSFDUJPOT BTTPDJÊF Æ EFT SBQQPSUT EF QIBTF
BMÊBUPJSF FOUSFT MFT POEFT TPOPSFT JODJEFOUFT� -B QFSDFQUJPO EF MB SÊWFSCÊSBUJPO UBS�
EJWF ÊUBOU TFOTJCMF BVY DBSBDUÊSJTUJRVFT TUBUJTUJRVFT EF TB EJTUSJCVUJPO TQBUJBMF
 JM O�FTU
QBT OÊDFTTBJSF EF SFQSPEVJSF BWFD QSÊDJTJPO MFT EJSFDUJPOT E�JODJEFODF EFT SÊáFYJPOT
UBSEJWFT� /ÊBONPJOT
 MPSTRVF MB EFOTJUÊ E�ÊDIP BVHNFOUF
 MB NPEJàDBUJPO SBQJEF EFT
EJSFDUJPOT E�JODJEFODF JOUSPEVJU EFT DIBOHFNFOUT CSVTRVFT EBOT MB TQBUJBMJTBUJPO EF
SÊáFYJPOT
 DF RVJ DPOEVJU Æ VO FYDÍT EF USBOTJUPJSFT Æ MBSHF CBOEF EBOT MFT SÊQPOTFT
JNQVMTJPOOFMMFT TZOUIÊUJTÊFT� -B QBSUJF UBSEJWF EF MB SÊWFSCÊSBUJPO DPOUJFOU BMPST VOF
ÊOFSHJF USPQ JNQPSUBOUF EBOT MFT IBVUFT GSÊRVFODFT EPOU MB EÊDSPJTTBODF OF SFTQFDUF
QBT DFMMF EF MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF E�PSJHJOF <�>� 6OF DPSSFDUJPO EFT QFOUFT
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EF EÊDSPJTTBODF QBS CBOEF EF GSÊRVFODFT QFVU ËUSF BQQMJRVÊF FO DPIÊSFODF BWFD MFT
QFOUFT EF EÊDSPJTTBODF EV TJHOBM PNOJEJSFDUJPOOFM <��>�

1PVS BEBQUFS MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF TVS VO EJTQPTJUJG NVMUJDBOBM
 DIBRVF
SÊáFYJPO ÊRVJWBMFOUF DBMDVMÊF QBS QBT EF UFNQT FTU BGGFDUÊF Æ VO PV QMVTJFVST DBOBVY
EF EJGGVTJPO TFMPO TB EJSFDUJPO E�JODJEFODF FU TPO BNQMJUVEF� -B 4%. GPVSOJU BMPST
VOF SÊQPOTF JNQVMTJPOOFMMF QBS DBOBM EF EJGGVTJPO FU QFSNFU EF TQBUJBMJTFS VO TPO
BOÊDIPÐRVF FO MF DPOWPMVBOU Æ DFMMFT�DJ� -B àHVSF ��� SÊTVNF MF QSJODJQF E�BOBMZTF FU
EF TZOUIÍTF EF MB NÊUIPEF�

'ñïýúí ��� m 1SPDFTTVT E�BOBMZTF FU EF TZOUIÍTF EF MB 4%.�

Õ�Ó� �PATIAL �MPULSE �ESPONSE �ENDERING ¸����¹

-B NÊUIPEF E�BOBMZTF EV 4*33 FTU GPOEÊF TVS M�FTUJNBUJPO EFT EJSFDUJPOT E�JODJ�
EFODF EFT SÊáFYJPOT FU EF MB EJGGVTJWJUÊ DPOUFOVF EBOT VOF SÊQPOTF JNQVMTJPOOFMMF
TQBUJBMF FODPEÊF FO BNCJTPOJRVF Æ M�PSESF � <��>� -�FTUJNBUJPO EF DFT QBSBNÍUSFT FTU
SÊBMJTÊF TFMPO VOF SÊTPMVUJPO UFNQPSFMMF FU GSÊRVFOUJFMMF QSPDIF EF DFMMF EF M�BVEJUJPO
IVNBJOF �

� %BOT MF EPNBJOF UFNQPSFM
 QMVTJFVST ÊUVEFT TVS M�FGGFU EF QSÊDÊEFODF POU JEFO�
UJàÊ EFT WBMFVST E�JOUFSWBMMFT UFNQPSFMT � OPNNÊT TFVJMT E�ÊDIP � FO EFTTPVT
EFTRVFMMFT JM FTU EJGàDJMF EF EJTUJOHVFS QMVTJFVST ÊWÊOFNFOUT TPOPSFT� %FT WB�
MFVST EF TFVJMT E�ÊDIP DPNQSJTFT FOUSF � NT QPVS EFT DMJDT FU �� NT QPVS EF MB
QBSPMF TPOU EPOOÊFT EBOT MB MJUUÊSBUVSF <��>�

� %BOT MF EPNBJOF GSÊRVFOUJFM
 TJ EFVY TPOT TPOU TVGàTBNNFOU QSPDIFT FO GSÊ�
RVFODF
 VO TFVM ÊWÊOFNFOU BVEJUJG FTU QFSÉV 	QBS FYFNQMF TPVT MB GPSNF E�VO
CBUUFNFOU
� -B DBQBDJUÊ EF TÊQBSBUJPO FOUSF EFVY TPOT EJTUJODUT FO GSÊRVFODF
� MB SÊTPMVUJPO GSÊRVFOUJFMMF � O�FTU QBT DPOTUBOUF TVS UPVU MF TQFDUSF BVEJCMF�
-B MBSHFVS EFT SÊHJPOT GSÊRVFOUJFMMFT EBOT MFTRVFMMFT EFVY TPOT QSPDIFT FO GSÊ�
RVFODF GVTJPOOFOU QFSDFQUJWFNFOU � MFT CBOEFT DSJUJRVFT � EÊQFOE EF MB GSÊ�
RVFODF� $FT CBOEFT DSJUJRVFT QFVWFOU ËUSF NPEÊMJTÊFT QBS EFT àMUSFT BZBOU VOF
SÊQPOTF FO GSÊRVFODF SFDUBOHVMBJSF EPOU MB MBSHFVS EF CBOEF FTU OPUÊF &3#
	QPVS &RVJWBMFOU 3FDUBOHVMBS #BOEXJUI
 <��>� "WFD DFUUF BQQSPYJNBUJPO
 MF
DPOUFOV GSÊRVFOUJFM QFVU ËUSF BOBMZTÊ FO VUJMJTBOU EF UFMT àMUSFT EPOU M�&3# FTU
GPODUJPO EF MFVS GSÊRVFODF DFOUSBMF TFMPO VOF SFMBUJPO RVBTJ MPHBSJUINJRVF�
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"JOTJ MFT BVUFVST EF MB NÊUIPEF GPOU M�IZQPUIÍTF RVF EBOT VOF QMBHF UFNQPSFMMF EF
RVFMRVFTNJMMJTFDPOEFT FU EBOT VOF CBOEF DSJUJRVF
 TFVMF VOF EJSFDUJPO E�JODJEFODF QFVU
ËUSF EÊUFDUÊF� %BOT DFUUF SÊHJPO UFNQT�GSÊRVFODF MF DIBNQ TPOPSF FTU BMPST BTTJNJMÊ Æ
VOF TFVMF POEF QMBOF BTTPDJÊF Æ VO DIBNQ EJGGVT�

'ñïýúí ��� m 4DIÊNB EF QSJODJQF EV QSPDFTTVT E�BOBMZTF FU EF TZOUIÍTF EV 4*33�

-F QSPDFTTVT E�BOBMZTF FTU SFQSÊTFOUÊ FO àHVSF ���� %FVY QBSBNÍUSFT TPOU FYUSBJUT
EF MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF QBS SÊHJPO UFNQT�GSÊRVFODF � VOF EJSFDUJPO E�JO�
DJEFODF FU VO DPFGàDJFOU EF EJGGVTJWJUÊ� $FT WBMFVST TPOU PCUFOVFT E�BQSÍT MF DBMDVM EV
WFDUFVS E�JOUFOTJUÊ JOTUBOUBOÊF FU EF MB QSPQPSUJPO E�ÊOFSHJF TPOPSF PTDJMMBOUF�

-F WFDUFVS E�JOUFOTJUÊ JOTUBOUBOÊF FTU EÊàOJ DPNNF MF QSPEVJU FOUSF MB QSFTTJPO
TPOPSF p FU MF WFDUFVS EF WÊMPDJUÊ QBSUJDVMBJSF V <��>� -BNPZFOOF UFNQPSFMMF EV WFDUFVS
E�JOUFOTJUÊ JOTUBOUBOÊF DBSBDUÊSJTF M�JOUFOTJUÊ EV áVY BDPVTUJRVF FU FTU OPNNÊ JOUFOTJUÊ
BDUJWF JB� %BOT MF EPNBJOF GSÊRVFOUJFM M�JOUFOTJUÊ BDUJWF T�ÊDSJU �

JB(ω) = ℜ{p(ω)V(ω)∗}
 	���


PÜ ∗ EÊTJHOF MF DPOKVHVÊ DPNQMFYF FU ℜ(.) MB QBSUJF SÊFMMF� -B EJSFDUJPO E�JODJ�
EFODF (θ,ϕ) E�VOF SÊáFYJPO ÊRVJWBMFOUF EBOT MB SÊHJPO UFNQT�GSÊRVFODF DPOTJEÊSÊF

DPSSFTQPOE Æ MB EJSFDUJPO EV WFDUFVS PQQPTÊ Æ M�JOUFOTJUÊ BDUJWF� %BOT MF DBT E�VO FO�
DPEBHF JEÊBM EF MB SÊQPOTF JNQVMTJPOOFMMF FO BNCJTPOJRVF
 MFT TJHOBVY BNCJTPOJRVFT
E�PSESF � QFVWFOU ËUSF VUJMJTÊT QPVS DBMDVMFS DF WFDUFVS� -F WFDUFVS EF WÊMPDJUÊ QBSUJ�
DVMBJSF V FTU MJÊ BV HSBEJFOU EF QSFTTJPO EV DIBNQ TPOPSF EPOOÊ QBS MFT DPNQPTBOUFT
E�PSESF � FU MB QSFTTJPO TPOPSF BV QPJOU EF NFTVSF FTU GPVSOJF QBT MB DPNQPTBOUF
PNOJEJSFDUJPOOFMMF E�PSESF � <��> �

p(ω) = b0,0(ω) FU V(ω) = − 1

ρc
√
3

⎡

⎢⎢⎢⎣

b1,1(ω)

b1,−1(ω)

b1,0(ω)

⎤

⎥⎥⎥⎦
� 	����


PÜ MFT DPNQPTBOUFT bl,m TPOU OPSNBMJTÊFT FO /�%�
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&O QSBUJRVF
 DF DBMDVM QFVU ËUSF FGGFDUVÊ EBOT VOF CBOEF EF GSÊRVFODF QPVS MBRVFMMF
M�FTUJNBUJPO EFT DPNQPTBOUFT BNCJTPOJRVFT E�PSESF � FTU DPSSFDUF�

-�JOEJDF EF EJGGVTJWJUÊ ψ FTU DBMDVMÊ E�BQSÍT MF SBQQPSU FOUSF M�JOUFOTJUÊ BDUJWF FU MB
EFOTJUÊ E�ÊOFSHJF BDPVTUJRVF E <��> �

ψ = 1− ∥JB(ω)/c∥
E(ω)

	����


BWFD

E(ω) =
1

2
ρ∥V(ω)∥2 + 1

2

1

ρc2
|p(ω)|2 � 	����


-F SBQQPSU ∥JB∥/E DPSSFTQPOE Æ MB WJUFTTF EF M�ÊOFSHJF RVJ TF QSPQBHF BV QPJOU EF
NFTVSF
 FU EPOU MB WBMFVS FTU DPNQSJTF FOUSF � FU c <��>� -PSTRVF DFUUF WJUFTTF FTU ÊHBMF
Æ MB DÊMÊSJUÊ c
 UPVUF M�ÊOFSHJF BV QPJOU EF NFTVSF TF QSPQBHF� 6OF WBMFVS QMVT GBJCMF JN�
QMJRVF RV�VOF QBSUJF EF M�ÊOFSHJF PTDJMMF MPDBMFNFOU� -B QSPQPSUJPO EF M�ÊOFSHJF TPOPSF
RVJ TF QSPQBHF FTU EPOD EPOOÊF QBS ∥JB∥/cE FU ψ SFQSÊTFOUF MB QSPQPSUJPO E�ÊOFSHJF
RVJ PTDJMMF MPDBMFNFOU� -�JOEJDF ψ FTU OVM MPSTRVF RVF MF DIBNQ TPOPSF FTU DPOTUJUVÊ
E�VOF POEF QMBOF DBS EBOT DF DBT MB QSFTTJPO FU MB WÊMPDJUÊ TPOU SFMJÊT QBS <��> �

∥V(ω)∥ =
|p(ω)|
ρ.c


 	����


FU MB EFOTJUÊ E�ÊOFSHJF BDPVTUJRVF E FTU BMPST ÊHBMF Æ ∥JB∥/c� %BOT MF DBT E�VO DIBNQ
QBSGBJUFNFOU EJGGVT
 MB NPZFOOF UFNQPSFMMF EV WFDUFVS E�JOUFOTJUÊ JOTUBOUBOÊF � MF WFD�
UFVS E�JOUFOTJUÊ BDUJWF � FTU OVMMF FU M�JOEJDF ψ FTU NBYJNBM�

$FQFOEBOU DFU JOEJDF EF EJGGVTJWJUÊ DBSBDUÊSJTF NBM VO DIBNQ TPOPSF DPOUFOBOU
QMVTJFVST POEFT QMBOFT� &O QBSUJDVMJFS
 FO QSÊTFODF EF EFVY TPVSDFT TJUVÊFT EBOT EFT
EJSFDUJPOT PQQPTÊFT FU BZBOU EFT QVJTTBODFT ÊHBMFT
 M�JOEJDF EF EJGGVTJWJUÊ DPSSFTQPOE
Æ DFMVJ E�VO DIBNQ TPOPSF QBSGBJUFNFOU EJGGVT � RVFMMF RVF TPJU MB DPSSÊMBUJPO FOUSF MFT
TJHOBVY EFT TPVSDFT� $FSUBJOFT SÊáFYJPOT TQÊDVMBJSFT QFVWFOU BMPST ËUSF JODMVTFT EBOT
MB DPNQPTBOUF EJGGVTF <��>�

1PVS SFTUJUVFS MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF TVS VO EJTQPTJUJG E�ÊDPVUF
 VOF
GPJT MB EJSFDUJPO E�JODJEFODF FU MB EJGGVTJWJUÊ DBMDVMÊFT QBS SÊHJPO UFNQT�GSÊRVFODF
 EFT
SÊQPOTFT JNQVMTJPOOFMMFT TPOU TZOUIÊUJTÊFT QPVS K DBOBVY EF EJGGVTJPO� -B TZOUIÍTF
T�FGGFDUVF FO FNQMPZBOU MB NËNF EÊDPNQPTJUJPO UFNQT�GSÊRVFODF RVF DFMMF VUJMJTÊF
QPVS M�FTUJNBUJPO EFT QBSBNÍUSFT� -F TJHOBM PNOJEJSFDUJPOOFM JTTV EF MB NFTVSF FTU MF
TFVM DPOUFOV TQBUJBMJTÊ TVS MF EJTQPTJUJG� -�JOEJDF EF EJGGVTJWJUÊ QPOEÍSF M�BNQMJUVEF EFT
DPNQPTBOUFT EJSFDUJPOOFMMFT FU EJGGVTFT EF NBOJÍSF Æ DPOTFSWFS M�ÊOFSHJF PSJHJOBMF EV
TJHOBM PNOJEJSFDUJPOOFM� /PUPOT ZEJS FU ZEJGG MFT WFDUFVST EF K DPNQPTBOUFT EJSFDUJWFT
FU EJGGVTFT EFT SÊQPOTFT JNQVMTJPOOFMMFT TZOUIÊUJTÊFT� 1PVS VOF GFOËUSF UFNQPSFMMF
 DFT
WFDUFVST T�ÊDSJWFOU EBOT MF EPNBJOF GSÊRVFOUJFM �

ZEJS(ω) =
√
1− ψH(θ,ϕ)p(ω) 	����


FU
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ZEJGG(ω) =

√
ψ

K
D [�Kp(ω)] 	����


PÜ H(θ,ϕ) DPSSFTQPOE BVY K HBJOT BQQMJRVÊT BV TJHOBM PNOJEJSFDUJPOOFM QPVS MF TQB�
UJBMJTFS QPODUVFMMFNFOU TVS MF EJTQPTJUJG
 E�BQSÍT M�BMHPSJUINF 7FDUPS�#BTFE "NQMJUVEF
1BOOJOH 	7#"1
� �K EÊTJHOF MB DPQJF EV TJHOBM PNOJEJSFDUJPOOFM TVS MFT K DBOBVY FU
D [.] M�PQÊSBUJPO EF EÊDPSSÊMBUJPO EF DF TJHOBM TVS MFT DBOBVY� -B EÊDPSSÊMBUJPO QFVU
ËUSF FGGFDUVÊF FO BQQMJRVBOU EFT USBOTGPSNBUJPOT BMÊBUPJSFT EV TQFDUSF EF QIBTF EBOT
DIBRVF GFOËUSF UFNQPSFMMF PV QBS DPOWPMVUJPO
 FO VUJMJTBOU EF DPVSUFT TBMWFT EF CSVJU
Æ EÊDSPJTTBODF FYQPOFOUJFMMF BZBOU VO TQFDUSF E�BNQMJUVEF QMBU <��>�

-FT DPNQPTBOUFT EJSFDUJWFT FU EJGGVTFT TPOU FOTVJUF TPNNÊFT FU VOF USBOTGPSNÊF
UFNQT�GSÊRVFODF JOWFSTF FTU BQQMJRVÊF BàO EF HÊOÊSFS VOF SÊQPOTF JNQVMTJPOOFMMF QBS
DBOBM EF EJGGVTJPO� -B 43*3 NFTVSÊF FTU BEBQUÊF BV EJTQPTJUJG E�FODFJOUFT FU FTU PQÊ�
SBUJPOOFMMF QPVS FGGFDUVFS MB DPOWPMVUJPO E�VO TPO BOÊDIPÐRVF Æ TQBUJBMJTFS�

Õ�Ô� �IGHER��RDER �PATIAL �MPULSE �ESPONSE �ENDERING ¸���
����¹

-B NÊUIPEF QSÊTFOUÊF EBOT MB TFDUJPO QSÊDÊEFOUF VUJMJTF MFT TJHOBVY BNCJTPOJRVFT
KVTRV�Æ M�PSESF � TFVMFNFOU FU OF QSPàUF EPOD QBT QMFJOFNFOU EF MB SÊTPMVUJPO TQBUJBMF
PGGFSUF QBS VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT GPSNÊF QBS VO HSBOE OPNCSF EF
DBQUFVST� -F )0�4*33 FTU VOF FYUFOTJPO EV 4*33 QPVS USBJUFS EFT SÊQPOTFT JNQVM�
TJPOOFMMFT TQBUJBMFT E�PSESF ÊMFWÊ <��>�

'ñïýúí ��� m 4DIÊNB EF QSJODJQF EV QSPDFTTVT E�BOBMZTF FU EF TZOUIÍTF EV )0�4*33�

$PNNF M�JMMVTUSF MB àHVSF ���
 MF QSJODJQF EV USBJUFNFOU EFT TJHOBVY E�PSESF TVQÊ�
SJFVS SFTUF MF NËNF RVF DFMVJ EV 4*33 NBJT SFQPTF TVS VOF EÊDPNQPTJUJPO QSÊBMBCMF
EV DIBNQ TPOPSF FO TFDUFVST BOHVMBJSFT� -FT EJSFDUJPOT EF DFT TFDUFVST TPOU SÊQBSUJFT
VOJGPSNÊNFOU TVS MB TQIÍSF FU MFVS OPNCSF FTU E�BVUBOU QMVT HSBOE RVF M�PSESF BNCJ�
TPOJRVF EFT TJHOBVY E�FOUSÊF FTU JNQPSUBOU� %BOT VO TFDUFVS BOHVMBJSF s
 MB QSFTTJPO
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TPOPSF FU MF WFDUFVS EF WJUFTTF QBSUJDVMBJSF TPOU DBMDVMÊT
 GPVSOJTTBOU BJOTJ VO WFDUFVS
E�JOUFOTJUÊ BDUJWF MPDBM JB,s �

JB,s(ω) = ℜ [ps(ω)V∗s(ω)] , BWFD

⎡

⎣ ps(ω)

Vs(ω)

⎤

⎦ = 8sC(ω)� 	����


8s FTU VO NBUSJDF EF QPOEÊSBUJPO EFT DPNQPTBOUFT BNCJTPOJRVFT C(ω) QFSNFUUBOU
M�PCUFOUJPO EFT WFDUFVST QBSUJDVMBJSFT FU EF MB QSFTTJPO TPOPSF EBOT MF TFDUFVS s <��>�
-F DBMDVM EFT QBSBNÍUSFT θ
 ϕ FU ψ T�FGGFDUVF EF MB NËNF NBOJÍSF RVF QSÊDÊEFNNFOU
NBJT MFVS FTUJNBUJPO FTU EBOT DF DBT QMVT SPCVTUF DBS NPJOT TFOTJCMF BVY QPUFOUJFMT
JOUFSGÊSFODFT MJÊFT BVY DPOUSJCVUJPOT EF SÊáFYJPOT JTTVFT E�BVUSFT TFDUFVST EF M�FTQBDF�
$FQFOEBOU
 MB EJGGVTJWJUÊ NFTVSÊF QPVS VO TFDUFVS BOHVMBJSF QBSUJDVMJFS QFVU ÊHBMFNFOU
ËUSF NBYJNBMF FO QSÊTFODF EF EFVY TPVSDFT PQQPTÊFT FU EF NËNF ÊOFSHJF � CJFO RVF
DFUUF DPOàHVSBUJPO TPJU NPJOT QSPCBCMF RVF EBOT MF DBT QSÊDÊEFOU <��>�

-FT TJHOBVY TPOPSFT EF DIBRVF TFDUFVS BOHVMBJSF TPOU FOTVJUF TQBUJBMJTÊT QPODUVFM�
MFNFOU HSÄDF BVY HBJOT H DBMDVMÊT E�BQSÍT M�BMHPSJUINF 7#"1 FU TPNNÊT QPVS GPSNFS
MFT DPNQPTBOUFT EJSFDUJWFT EFT SÊQPOTFT JNQVMTJPOOFMMFT TZOUIÊUJTÊFT �

ZEJS(ω) =
S∑

s=1

√
1− ψs

S
H (θs,φs) ps(ω)� 	����


1PVS MB QBSUJF EJGGVTF
 MFT QSFTTJPOT TPOPSF MPDBMFT TPOU FODPEÊFT FO BNCJTPOJRVF
QVJT MFT DPOUSJCVUJPOT EF DIBRVF TFDUFVS TPOU TPNNÊFT QPVS GPSNFS VO WFDUFVS EF
DPNQPTBOUFT BNCJTPOJRVFT CEJGG SFQSÊTFOUBOU MF DIBNQ EJGGVT �

CEJGG(ω) =
S∑

s=1

√
ψs

S
Zsps(ω)
 	����


PÜ Zs FTU MF WFDUFVS EFT IBSNPOJRVFT TQIÊSJRVFT DPSSFTQPOEBOU Æ MB EJSFDUJPO EV TFD�
UFVS BOHVMBJSF s� -FT TJHOBVY EJGGVT BMJNFOUBOU MFT IBVU�QBSMFVST TPOU FOTVJUF PCUFOVT
FO EÊDPEBOU MF WFDUFVS CEJGG EBOT MFT EJSFDUJPOT EFT IBVU�QBSMFVST FU FO EÊDPSSÊMBOU MFT
TJHOBVY SÊTVMUBOU EBOT MB GFOËUSF UFNQPSFMMF DPOTJEÊSÊF �

ZEJGG(ω) = D
[
%KCEJGG(ω)

]
	����


PÜ%K EÊTJHOF MB NBUSJDF EF EÊDPEBHF BNCJTPOJRVF DBMDVMÊF QPVS MFTK IBVU�QBSMFVST
EV TZTUÍNF EF SFQSPEVDUJPO� $POUSBJSFNFOU BV 4*33
 DFUUF NÊUIPEF EF SFOEV QFSNFU
EF SFDSÊFS VOF SÊWFSCÊSBUJPO UBSEJWF BOJTPUSPQJRVF � D�FTU�Æ�EJSF EPOU MFT QSPQSJÊUÊT
WBSJFOU BWFD MB EJSFDUJPO� -FT DPNQPTBOUFT EJGGVTFT TPOU FO FGGFU PCUFOVFT FO TPN�
NBOU MFT TJHOBVY TPOPSFT FYUSBJUT EF DIBRVF TFDUFVS BOHVMBJSF QPOEÊSÊT QBS M�JOEJDF
EF EJGGVTJWJUÊ FTUJNÊ EBOT MFT TFDUFVST DPSSFTQPOEBOUT�

Õ�Õ� �EVERBERANT �PATIAL �UDIO �BJECT ¸����¹

-B NÊUIPEF 34"0 NPEÊMJTF VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF DPNNF VO FO�
TFNCMF EF SÊáFYJPOT QSÊDPDFT QPODUVFMMFT BTTPDJÊFT Æ VO àMUSF SFQSÊTFOUBOU MB SÊWFSCÊ�
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SBUJPO UBSEJWF <��>� &O JOUSPEVJTBOU VOF TFHNFOUBUJPO UFNQPSFMMF FOUSF MFT SÊáFYJPOT
DFUUF NPEÊMJTBUJPO QBSBNÊUSJRVF T�BQQSPDIF EF MB EFTDSJQUJPO HÊOÊSJRVF E�VOF SÊQPOTF
JNQVMTJPOOFMMF EF TBMMF FYQPTÊF EBOT MB TFDUJPO ��� � DPOUSBJSFNFOU BVY NÊUIPEFT QSÊ�
TFOUÊFT EBOT MFT TFDUJPOT QSÊDÊEFOUFT� $FUUF NÊUIPEF T�BQQMJRVF Æ VO FOTFNCMF EF
TJHOBVY NJDSPQIPOJRVFT JTTVT E�VOF BOUFOOF EF NJDSPQIPOFT DPNQBDUF PV Æ EFT TJ�
HOBVY BNCJTPOJRVFT <��>�

-F TPO EJSFDU FU MFT SÊáFYJPOT QSÊDPDFT TPOU DBSBDUÊSJTÊFT QBS RVBUSF QBSBNÍUSFT �
MF SFUBSE BQSÍT MF TPO EJSFDU
 MB EJSFDUJPO E�JODJEFODF
 MF OJWFBV FU MF TQFDUSF�

1PVS EÊUFSNJOFS MFT UFNQT EF SFUBSE EFT SÊáFYJPOT
 VOF TÊMFDUJPO EFT QJDT E�ÊOFSHJF
DPOUFOVT EBOT MB SÊQPOTF JNQVMTJPOOFMMF FTU SÊBMJTÊF FO VUJMJTBOU M�BMHPSJUINF%ZOBNJD
1SPHSBNNJOH 1SPKFDUFE 1IBTF�4MPQF "MHPSJUIN 	%:14"
 <��
 ��>� $FU BMHPSJUINF DBM�
DVMF QPVS DIBRVF ÊDIBOUJMMPO EF MB SÊQPOTF JNQVMTJPOOFMMF MF SFUBSE EF HSPVQF NPZFO
EBOT VOF GFOËUSF HMJTTBOUF E�BOBMZTF� -B àHVSF ��� SFQSÊTFOUF VOF SÊQPOTF JNQVMTJPO�
OFMMF BTTPDJÊF BV SFUBSE EF HSPVQF NPZFO DBMDVMÊ EBOT VOF GFOËUSF HMJTTBOUF EF ���
ÊDIBOUJMMPOT� -B EÊUFDUJPO EF SÊáFYJPOT FTU BTTPDJÊF BV GSBODIJTTFNFOU E�VO TFVJM QBS MF
SFUBSE EF HSPVQF FU TFVMFT MFT SÊáFYJPOT TVQÊSJFVSFT Æ VO TFVJM E�ÊOFSHJF FO EFTTPVT EV
TPO EJSFDU TPOU DPOTFSWÊFT� $FT TFVJMT TPOU àYÊT EF NBOJÍSF IFVSJTUJRVF� -B àHVSF ���
SFOE DPNQUF EV DBSBDUÍSF BSCJUSBJSF EF MB EÊUFSNJOBUJPO EF DFT TFVJMT RVJ QFSNFUUFOU
EF OF QSFOESF FO DPNQUF RV�VOF QBSUJF EFT SÊáFYJPOT TQÊDVMBJSFT TBOT QPVWPJS KVHFS
EF MB QFSUJOFODF QFSDFQUJWF EF DFUUF TÊMFDUJPO�

'ñïýúí ��� m "NQMJUVEF FU SFUBSE EF HSPVQF E�VOF SÊQPOTF JNQVMTJPOOFMMF TJNVMÊF EPOU MF SBQQPSU TJHOBM�
TVS�CSVJU FTU EF � E#� -F TFVJM E�BNQMJUVEF 	��� E#
 FU MF TFVJM EF SFUBSE EF HSPVQF 	�� ÊDIBOUJMMPOT
 QFSNFU�
UBOU MB TÊMFDUJPO EFT SÊáFYJPOT TQÊDVMBJSFT TPOU JOEJRVÊT FO QPJOUJMMÊT�

%�BQSÍT #FHBVMU FU BM� <��> MF TFVJM FO BNQMJUVEF BV EFTTVT EVRVFM MFT SÊáFYJPOT TPOU
QFSÉVFT EÊQFOE EV UFNQT EF SFUBSE� 4FMPO MFVS ÊUVEF
 QPVS VO TUJNVMVT EF WPJY
 MFT
SÊáFYJPOT TPOU JOBVEJCMFT MPSTRVF MFVS BNQMJUVEF FTU JOGÊSJFVSF EF �� E# QBS SBQQPSU
BV TPO EJSFDU QPVS VO SFUBSE EF � NT FU JOGÊSJFVS EF �� E# QPVS VO SFUBSE EF �� Æ
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�� NT� $FQFOEBOU DFT TFVJMT EÊQFOEFOU EV TJHOBM SÊWFSCÊSÊ FU TPOU � Æ � E# QMVT GBJCMFT
QPVS EFT TBMWFT EF CSVJU� -FT TFVJMT EF EÊUFDUJPO EÊQFOEFOU ÊHBMFNFOU EF MB EJSFDUJPO
E�JODJEFODF EFT SÊáFYJPOT FU TPOU E�BVUBOU QMVT GBJCMFT RVF MB EJGGÊSFODF MBUÊSBMF BWFD
MF TPO EJSFDU FTU ÊMFWÊF�

1BS BJMMFVST MB TÊMFDUJPO EFT SÊáFYJPOT OF QSFOE QBT FO DPNQUF M�FGGFU EF QSÊDÊ�
EFODF RVJ JNQMJRVF VOF EPNJOBODF EF DFSUBJOFT SÊáFYJPOT FO GPODUJPO EF MFVST SFUBSE

GPSNBMJTÊF OPUBNNFOU QBS .PSJNPUP FU BM� <��>�

-FT EJSFDUJPOT E�JODJEFODF TPOU EÊUFSNJOÊFT FO FTUJNBOU MB EJSFDUJPO DPOUFOBOU MF
NBYJNVN E�ÊOFSHJF BVY JOTUBOUT EÊUFSNJOÊT QBS M�BOBMZTF EV SFUBSE EF HSPVQF� -�ÊWB�
MVBUJPO EF MB SÊQBSUJUJPO ÊOFSHÊUJRVF EV DIBNQ TPOPSF EBOT M�FTQBDF FTU FGGFDUVÊF QBS
GPSNBUJPO EF GBJTDFBVY 	CFBNGPSNJOH
� $POTJEÊSPOT VO WFDUFVS Y DPOTUJUVÊ EFT TJ�
HOBVY JTTVT EF . NJDSPQIPOFT Æ VOF GSÊRVFODF EF QVMTBUJPO ω
 MB WBMFVS GSÊRVFOUJFMMF
d(ω, θ,ϕ) JTTVF E�VOF GPSNBUJPO EF GBJTDFBV EBOT MB EJSFDUJPO θ,ϕ FTU EPOOÊF QBS �

d(ω, θ,ϕ) = X(ω, θ,ϕ)HY(ω) 	����


PÜ X(ω) FTU VO WFDUFVS EF QPOEÊSBUJPO EFT TJHOBVY NJDSPQIPOJRVFT FU (.)H EÊTJHOF
M�PQÊSBUFVS BEKPJOU� %BOT MF DBT E�VOF GPSNBUJPO EF GBJTDFBV EF UZQF EFMBZ�BOE�TVN
	%4#
 � BEPQUÊF QBS MB NÊUIPEF � DF WFDUFVS T�ÊDSJU <��> �

X(ω, θ,ϕ) =
1

M
B(ω, θ,ϕ) 	����


BWFD B(ω, θ,ϕ) MF WFDUFVS ÊWBMVÊ Æ MB QVMTBUJPO ω DPOUFOBOU MFT GPODUJPOT EF USBOTGFSU
FOUSF VOF POEF QMBOF JTTVF EF MB EJSFDUJPO (θ,ϕ) FU DIBRVF NJDSPQIPOF� 1PVS BOBMZTFS
MF DPOUFOV ÊOFSHÊUJRVF EV DIBNQ TPOPSF EBOT S EJSFDUJPOT SÊHVMJÍSFNFOU SÊQBSUJFT
EBOT M�FTQBDF
 MF WFDUFVS E(ω) = [d(ω, θ1,ϕ1) . . . d(ω, θS ,ϕS)]T EFT WBMFVST GSÊRVFO�
UJFMMFT JTTVFT EFT S GPSNBUJPOT EF GBJTDFBV
 QFVU TF DBMDVMFS EF MB NBOJÍSF TVJWBOUF �

E(ω) = 8(ω)HY(ω) 	����


BWFD

8(ω) =

⎛

⎜⎜⎜⎝

X(ω, θ1,ϕ1)
���

X(ω, θS ,ϕS)

⎞

⎟⎟⎟⎠
� 	����


/PVT BQQFMMFSPOT jDBSUF E�ÊOFSHJFv
 MB SFQSÊTFOUBUJPO EV NPEVMF BV DBSSÊ EV WFD�
UFVS E TFMPO M�B[JNVU FU M�ÊMÊWBUJPO EF S EJSFDUJPOT VOJGPSNÊNFOU SÊQBSUJFT EBOT M�FT�
QBDF�

6OF GPJT EÊUFSNJOÊF MB EJSFDUJPO EF M�FTQBDF DPOUFOBOU MF NBYJNVN E�ÊOFSHJF Æ VO
JOTUBOU EPOOÊF
 M�FOWFMPQQF EV TQFDUSF EV TJHOBM JTTVF EF MB GPSNBUJPO EF GBJTDFBV EBOT
DFUUF EJSFDUJPO FTU BQQSPDIÊF QBS � DPFGàDJFOUT -1$ 	-JOFBS 1SFEJDUJWF $PEJOH
 <��>�

$PODFSOBOU MB SÊWFSCÊSBUJPO UBSEJWF
 DFMMF�DJ FTU NPEÊMJTÊF DPNNF VO QSPDFTTVT
HBVTTJFO EPOU M�JOUFOTJUÊ TPOPSF QPTTÍEF VOF EÊDSPJTTBODF FYQPOFOUJFMMF� 2VBUSF QB�
SBNÍUSFT TPOU FYUSBJUT E�VOF EFT SÊQPOTFT JNQVMTJPOOFMMFT EF M�BOUFOOF QPVS MF DBSBD�
UÊSJTFS �
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� MF UFNQT EF NÊMBOHF
 FTUJNÊ E�BQSÍT MFT EJNFOTJPOT EF MB TBMMF EBOT MBRVFMMF B
ÊUÊ FGGFDUVÊF MB NFTVSF <��> PV E�BQSÍT VO DBMDVM EF EFOTJUÊ E�ÊDIPT <��> �

� VOF QFOUF E�BQQBSJUJPO EV DIBNQ EJGGVT
 DPSSFTQPOEBOU Æ VOF QFOUF DSPJTTBOUF
EÊCVUBOU EF MB QSFNJÍSF SÊáFYJPO KVTRV�BV UFNQT EF NÊMBOHF� $FDJ QFSNFU VOF
USBOTJUJPO BWFD MB QBSUJF QSÊDPDF FO JOUSPEVJTBOU EF M�ÊOFSHJF EJGGVTF BWBOU MB
SÊWFSCÊSBUJPO UBSEJWF �

� MFT OJWFBVY BV UFNQT EF NÊMBOHF FU MFT EVSÊFT EF EÊDSPJTTBODF EF MB SÊWFSCÊSB�
UJPO UBSEJWF QBS CBOEF EF GSÊRVFODF�

-B SÊWFSCÊSBUJPO UBSEJWF FTU SFTUJUVÊF BV NPZFO E�VO àMUSF Æ SÊQPOTF JNQVMTJPOOFMMF
àOJF NPOPEJNFOTJPOOFM� -FT DPQJFT EF DF àMUSF QPVS DIBRVF DBOBM EF EJGGVTJPO TPOU
FOTVJUF EÊDPSSÊMÊFT FOUSF FMMFT FO FNQMPZBOU EFT àMUSFT QBTTF�UPVU Æ QIBTF BMÊBUPJSF�
-FT QSPDÊEÊT E�BOBMZTF FU EF TZOUIÍTF EÊDSJUT EBOT DFUUF TFDUJPO TPOU SÊTVNÊT EBOT MB
àHVSF ����

'ñïýúí ��� m 4DIÊNB EF QSJODJQF EV QSPDFTTVT E�BOBMZTF FU EF TZOUIÍTF EF MB NÊUIPEF 34"0�

$PMFNBO FU BM� <��> NFUUFOU FO ÊWJEFODF MB EJGàDVMUÊ E�FTUJNFS MF NJYJOH UJNF FU MF
OJWFBV EF MB SÊWFSCÊSBUJPO UBSEJWF BJOTJ RVF EF DPODFWPJS EFT àMUSFT EF EÊDPSSÊMBUJPO
RVJ O�POU QBT E�FGGFU TQFDUSBM TJHOJàDBUJG TVS MB EÊDSPJTTBODF EF MB SÊWFSCÊSBUJPO� 1PVS
QMVTJFVST DSJUÍSFT PCKFDUJGT UFMT RVF MF 35
 M�&%5
 MF $50 FU M�*"$$
 MFT SÊWFSCÊSBUJPOT
TZOUIÊUJTÊFT TFMPO DFUUF QBSBNÊUSJTBUJPO GPVSOJTTFOU EFT WBMFVST DPNQSJTFT EBOT MFT
CPSOFT EFT TFVJMT EF EJTDSJNJOBUJPO 	+/%
 SÊGÊSFODÊT QBS MB OPSNF *40 ������ <��>�
$FUUF QBSBNÊUSJTBUJPO OF QFSNFU DFQFOEBOU QBT EF SFQSPEVJSF EFT 43*3 DPOUFOBOU EFT
ÊDIPT UBSEJGT PV VOF SÊWFSCÊSBUJPO UBSEJWF BOJTPUSPQF DBS DFT DBT EF àHVSF OF TPOU QBT
DPVWFSUT QBS MB NPEÊMJTBUJPO FNQMPZÊF EF MB 43*3�



Õ

ÒÑÕ Õ� �ARAMdTRISATIONS DE RdPONSES IMPULSIONNELLES SPATIALES ENREGISTRdES

Õ�Ö� �YNTHcSE PARAMdTRIQUE PAR �OUND 	IELD �NALYSIS ¸�	�¹

$FUUF NÊUIPEF QBSBNÊUSJRVF QSPQPTÊF QBS 4UBEF FU BM� <��
 ��> VUJMJTF MFT TJHOBVY
BNCJTPOJRVF E�VOF 43*3 FU MB NFTVSF CJOBVSBMF EF MB SÊQPOTF JNQVMTJPOOFMMF EF TBMMF
	#3*3
� $POUSBJSFNFOU BVY QSÊDÊEFOUFT
 MB NÊUIPEF TF DPODFOUSF FYDMVTJWFNFOU TVS
MB SFTUJUVUJPO CJOBVSBMF EF MB 43*3� %F MB NËNF GBÉPO RVF QPVS MB 34"0
 M�BOBMZTF
EFT SÊáFYJPOT QSÊDPDFT FU EF MB QBSUJF UBSEJWF EF MB 43*3 TPOU FGGFDUVÊFT TFMPO EFVY
QSPDFTTVT EJTUJODUT � MB TFHNFOUBUJPO UFNQPSFMMF FNQMPZÊF QPVS M�BOBMZTF EF MB QBSUJF
UBSEJWF FTU EJGGÊSFOUF EF DFMMF VUJMJTÊF QPVS M�BOBMZTF EFT SÊáFYJPOT TQÊDVMBJSFT� &O SF�
WBODIF
 M�BOBMZTF FU MB TZOUIÍTF EFT SÊáFYJPOT TQÊDVMBJSFT OF TPOU QBT SFTUSFJOUFT Æ MB
QBSUJF QSÊDPDF EF MB SÊWFSCÊSBUJPO� %F NËNF
 MB DPNQPTBOUF EJGGVTF FTU HÊOÊSÊF TVS
UPVUF MB EVSÊF EF MB SÊQPOTF JNQVMTJPOOFMMF� "JOTJ JM FTU QPTTJCMF BWFD DFUUF NÊUIPEF
EF SFTUJUVFS EFT SÊáFYJPOT TQÊDVMBJSFT QPVWBOU BWPJS MJFV EBOT MB QBSUJF UBSEJWF EF MB
43*3� -F QSJODJQF E�BOBMZTF FU EF TZOUIÍTF EF MB NÊUIPEF FTU SFQSÊTFOUÊ àHVSF ����

'ñïýúí ��� m 1SPDFTTVT E�BOBMZTF FU EF TZOUIÍTF EF MB QBSBNÊUSJTBUJPO QBS 4'"�

$PNNF QPVS MB NÊUIPEF QSÊDÊEFOUF
 MF SFUBSE
 MB EJSFDUJPO
 MF OJWFBV FU MF TQFDUSF
EF DIBRVF SÊáFYJPO TQÊDVMBJSF EÊUFDUÊF TPOU DBMDVMÊT� 1PVS DFMB
 M�BOBMZTF EF MB 43*3
FTU SÊBMJTÊF QBS JOUFSWBMMF EF UFNQT EBOT VOF CBOEF EF GSÊRVFODF EPOOÊF� -�FTUJNBUJPO
EFT EJSFDUJPOT E�JODJEFODFT EFT SÊáFYJPOT QSÊDPDFT FTU ÊWBMVÊF FO DBMDVMBOU VOF DBSUF
E�ÊOFSHJF E�BQSÍT M�ÊRVBUJPO 	����
� 6OF SÊáFYJPO TQÊDVMBJSF BQQBSBÏU BMPST DPNNF VO
NBYJNVN MPDBM E�ÊOFSHJF EFWBOU FYDÊEFS VO DFSUBJO TFVJM QPVS ËUSF DPOTJEÊSÊ DPNNF
VOF SÊáFYJPO� %BOT DF DBT
 TPO TQFDUSF FTU DBSBDUÊSJTÊ QBS VO àMUSF Æ SÊQPOTF JNQVMTJPO�
OFMMF àOJF RVJ FTU DBMDVMÊ E�BQSÍT MB GPSNBUJPO EF GBJTDFBV FGGFDUVÊF EBOT MB EJSFDUJPO
DPSSFTQPOEBOUF�

1PVS EÊDSJSF MB QBSUJF EJGGVTF
 USPJT QBSBNÍUSFT TPOU FYUSBJUT EF MB SÊQPOTF JN�
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QVMTJPOOFMMF CJOBVSBMF � MB DPSSÊMBUJPO JOUFSBVSBMF
 M�&%$ FU M�ÊOFSHJF QBS CBOEF EF
GSÊRVFODF� 6O FYFNQMF E�JNQMÊNFOUBUJPO <��> DPNQSFOE EFT BQQSPYJNBUJPOT QPMZ�
OPNJBMFT E�PSESF � EF M�&%$ PCUFOVFT EBOT �� CBOEFT EF GSÊRVFODF� %FT BQQSPYJNB�
UJPOT QPMZOPNJBMFT E�PSESF �� EF MB DPSSÊMBUJPO DSPJTÊF JOUÊSBVSBMF EBOT MF EPNBJOF
GSÊRVFOUJFM Z TPOU ÊHBMFNFOU DBMDVMÊFT QBS JOUFSWBMMF EF UFNQT SÊHVMJFS� 4J BVDVOF #3*3
O�FTU EJTQPOJCMF
 MB DPSSÊMBUJPO JOUFSBVSBMF QFVU ËUSF DBMDVMÊF TFMPO EFT WBMFVST UIÊP�
SJRVFT EÊUFSNJOÊFT QPVS VO DIBNQ QBSGBJUFNFOU EJGGVT QBS $PPM FU BM� <��>� %FVY
CSVJUT HBVTTJFOT DFOUSÊT EÊDPSSÊMÊT TPOU FOTVJUF USBJUÊT QPVS SFTQFDUFS DFT QBSBNÍUSFT
FU MB DPNQPTBOUF EJGGVTF BJOTJ TZOUIÊUJTÊF FTU BKPVUÊF Æ MB QBSUJF TQÊDVMBJSF EF MB SÊWFS�
CÊSBUJPO
 FO WFJMMBOU Æ DF RVF DFMMF�DJ O�BQQBSBJTTF QBT BWBOU MB QSFNJÍSF SÊáFYJPO�

%BOT VOF ÊUVEF QFSDFQUJWF NFOÊF QBS 4UBEF FU BM� <��>
 M�BKPVU E�VOF DPNQPTBOUF
EJGGVTF EBOT MB QBSUJF QSÊDPDF B QSPEVJU VOF TJNJMBSJUÊ QMVT JNQPSUBOUF BWFD VOF SÊGÊ�
SFODF NFTVSÊF RVF MPSTRVF EFT SÊáFYJPOT TQÊDVMBJSFT TFVMFT ÊUBJFOU DPOTJEÊSÊFT� 1PVS
DFSUBJOFT TJUVBUJPOT
 BVDVOF BNÊMJPSBUJPO TJHOJàDBUJWF EFT SÊTVMUBUT O�B NËNF ÊUÊ PC�
TFSWÊF BWFD M�BKPVU EF SÊáFYJPOT TQÊDVMBJSFT Æ VOF DPNQPTBOUF EJGGVTF QSÊDPDF� -B
QSÊTFODF E�VOF DPNQPTBOUF EJGGVTF EBOT MB QBSUJF QSÊDPDF TFNCMF EPOD QSJNPSEJBMF�

Õ�×� �UTRES MdTHODES DE PARAMdTRISATION SPATIALE

1MVTJFVST NÊUIPEFT QSPQPTFOU E�BOBMZTFS MF DPOUFOV TQBUJBM EF TDÍOFT TPOPSFT BàO
E�ËUSF FO NFTVSF E�FO BNÊMJPSFS MB RVBMJUÊ TQBUJBMF PV E�BEBQUFS MF DPOUFOV Æ EFT EJTQP�
TJUJGT EF SFQSPEVDUJPO RVFMDPORVFT� *M FTU JOUÊSFTTBOU EF MFT NFOUJPOOFS EBOT MB NFTVSF
PÜ MFT QSJODJQFT E�BOBMZTF FO KFV T�BQQBSFOUFOU Æ DFVY RVJ QFVWFOU ËUSF FNQMPZÊT EBOT
MB EÊUFDUJPO EF SÊáFYJPOT TPOPSFT QPVS QBSBNÊUSFS VOF 43*3� -FT DPOUFOVT Æ JEFOUJàFS
OF TPOU TJNQMFNFOU QBT SFTUSFJOUT Æ EFT SÊáFYJPOT NBJT DPODFSOFOU QMVT HÊOÊSBMFNFOU
UPVU UZQF E�ÊWÍOFNFOU TPOPSF BZBOU VO DBSBDUÍSF TQBUJBM�

1BSNJ MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO TQBUJBMF EF TDÍOFT TPOPSFT TF USPVWF %JS"$

VOF BEBQUBUJPO EV 4*33 EÊDSJU FO TFDUJPO ��� BVY TJHOBVY BNCJTPOJRVFT SFQSÊTFOUBOU
VOF TDÍOF TPOPSF BV QSFNJFS PSESF <��>� 6OF WFSTJPO BEBQUÊF BV USBJUFNFOU EF TJHOBVY
E�PSESF ÊMFWÊ
 )0�%JS"$
 GVU ÊHBMFNFOU EÊWFMPQQÊF <��> �

0O DPNQUF ÊHBMFNFOU MF 4QBUJBM "VEJP 4DFOF $PEJOH 	4"4$
 <��
 ��>� %BOT DFUUF
NÊUIPEF VO WFDUFVS EF DPPSEPOOÊFT DBSUÊTJFOOFT W FTU VUJMJTÊ DPNNF NÊUBEPOOÊF EF
TQBUJBMJTBUJPO BTTPDJÊF Æ DIBRVF CBOEF GSÊRVFOUJFMMF FU TFHNFOU UFNQPSFM EFT TJHOBVY
BOBMZTÊT� -B EJSFDUJPO EV WFDUFVS � DBMDVMÊ E�BQSÍT MF WFDUFVS EF (FS[PO <��> � JOEJRVF
MB EJSFDUJPO E�JODJEFODF EF MB DPNQPTBOUF QSJODJQBMF EF MB TDÍOF TPOPSF FU TPO NPEVMF
FTU GPODUJPO EV OJWFBV EF EJGGVTJWJUÊ EF MB TDÍOF � VOF RVBOUJUÊ (1 − |W|) EV TJHOBM Æ
TQBUJBMJTFS FTU EÊDPSSÊMÊF TVS M�FOTFNCMF EFT DBOBVY EF SFTUJUVUJPO�

-B )JHI�"OHVMBS 1MBOF�XBWF &YQBOTJPO 	)"31&9
 <��> FTU VOF BVUSF NÊUIPEF
EF SFQSPEVDUJPO QBSBNÊUSJRVF EF TDÍOF TPOPSF� -�BOBMZTF EJSFDUJPOOFMMF FTU FGGFDUVÊF
QBS SÊHJPO UFNQT�GSÊRVFODF
 EBOT MBRVFMMF MF DIBNQ TPOPSF FTU EÊDPNQPTÊ FO EFVY
POEFT QMBOFT EPOU MFT EJSFDUJPOT DPOTUJUVFOU MFT QBSBNÍUSFT EF TQBUJBMJTBUJPO� " MB
NBOJÍSF EF MB NÊUIPEF 4%.
 DFUUF NÊUIPEF O�FNQMPJF QBT E�FTUJNBUFVS EF EJGGVTJWJUÊ

OJ EF TZOUIÍTF EF DIBNQ EJGGVT�

0O USPVWF ÊHBMFNFOU MF $0EJOH BOE .VMUJEJSFDUJPOBM 1BSBNFUSJ[BUJPO PG "NCJ�
TPOJD 4PVOE 4DFOFT 	$0.1"44
 <��>
 RVJ EBOT VOF SÊHJPO UFNQT�GSÊRVFODF NPEÊMJTF
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MF DIBNQT TPOPSF DPNNF SÊTVMUBOU E�VOF TPNNF EF 2 DPNQPTBOUFT EJSFDUJWFT FU E�VO
DIBNQ EJGGVT� $POUSBJSFNFOU BVY NÊUIPEFT NFOUJPOOÊFT KVTRV�Æ QSÊTFOU
 RVJ O�FT�
UJNFOU RV�BV QMVT EFVY EJSFDUJPOT E�JODJEFODF EBOT VOF GFOËUSF E�BOBMZTF
 $0.1"44
QSPDÍEF Æ M�FTUJNBUJPO EV OPNCSF E�POEFT QMBOFT DPOTUJUVBOU MB TDÍOF BV NPZFO EF
M�BMHPSJUINF 4035& <��>� -FT EJSFDUJPOT E�JODJEFODF TPOU EÊUFSNJOÊFT FO BOBMZTBOU MB
DBSUF E�ÊOFSHJF FTUJNÊF E�BQSÍT MB NÊUIPEF .64*$ <��>� -F DIBNQ EJGGVT FTU FOTVJUF
DBMDVMÊ DPNNF MF DIBNQ SÊTJEVFM EF MB TDÍOF TPVTUSBJUF EFT DPNQPTBOUFT EJSFDUJPO�
OFMMFT� "JOTJ
 M�FOTFNCMF EFT TJHOBVY BOBMZTÊT FTU VUJMJTÊ QPVS MB SFQSPEVDUJPO EF MB
TDÍOF TPOPSF� 4J OÊDFTTBJSF MB EÊDPSSÊMBUJPO EFT TJHOBVY JTTVT EV EÊDPEBHF EV DIBNQ
SÊTJEVFM FTU FOTVJUF SÊBMJTÊF�

Õ�Ø� �A QUESTION DE LA DdCORRdLATION

%BOT EF OPNCSFVY DBT EF àHVSF
 MB TZOUIÍTF E�VOF 43*3 PV E�VOF TDÍOF TPOPSF
E�BQSÍT VOF QBSBNÊUSJTBUJPO SFRVJFSU VOF ÊUBQF EF EÊDPSSÊMBUJPO� $F USBJUFNFOU FTU OÊ�
DFTTBJSF MPSTRVF MF OPNCSF EF TJHOBVY TZOUIÊUJTÊT PV EF TJHOBVY E�FOUSÊF FTU JOGÊSJFVS
Æ DFMVJ SFRVJT QPVS MB EJGGVTJPO NVMUJDBOBMF� &O FGGFU TJ VO NËNF TJHOBM FTU EVQMJRVÊ
TVS EJGGÊSFOUT DBOBVY EF EJGGVTJPO
 PO PCTFSWF BMPST EFT DPMPSBUJPOT TQFDUSBMFT FU EJT�
UPSTJPOT TQBUJBMFT FO SBJTPO E�VOF DPSSÊMBUJPO USPQ JNQPSUBOUF� $FDJ E�BVUBOU QMVT RVF
M�PO T�ÊMPJHOF EV DFOUSF EV EJTQPTJUJG� -B EÊDPSSÊMBUJPO FTU BMPST FNQMPZÊF QPVS TZO�
UIÊUJTFS EFT TJHOBVY Æ QBSUJS EFT TJHOBVY FYJTUBOUT RVJ TPJFOU JODPIÊSFOUT FOUSF FVY FU
BWFD MFT TJHOBVY FYJTUBOUT�

0O SFUSPVWF VO UFM QSPDFTTVT EBOT MFT NÊUIPEFT EV 43*3
 %JS"$
 4"4$ QPVS MFT�
RVFMMFT TFVMF MF TJHOBM TPOPSF PNOJEJSFDUJPOOFM FTU TQBUJBMJTÊ TVS MF EJTQPTJUJG EF SFTUJ�
UVUJPO BàO EF DSÊFS VO DIBNQ EJGGVT� 0O SFODPOUSF ÊHBMFNFOU DF USBJUFNFOU QPVS MB
NÊUIPEF 34"0 PÜ VO àMUSF ÊRVJWBMFOU Æ MB QBSUJF UBSEJWF EF MB 43*3 FTU VUJMJTÊ QPVS
DSÊFS MF DIBNQ EJGGVT�

-B EÊDPSSÊMBUJPO O�FTU QBT TFVMFNFOU VUJMF MPSTRVF M�PO TPVIBJUF TQBUJBMJTFS VO TJ�
HOBM NPOPEJNFOTJPOOFM QPVS DSÊFS VO DIBNQ EJGGVT� %BOT MF DBESF EV )0�%JS"$
PV $0.1"44
 MFT TJHOBVY EÊDPEÊT TVS VO EJTQPTJUJG E�FODFJOUFT E�BQSÍT EFT TJHOBVY
BNCJTPOJRVFT E�PSESF GBJCMF TPOU HÊOÊSBMFNFOU USPQ DPSSÊMÊT� 0O SFODPOUSF TPVWFOU MF
DBT FO CBTTF GSÊRVFODF RVJ TPOU HÊOÊSBMFNFOU E�PSESF GBJCMF FO SBJTPO EV GBJCMF SBZPO
EFT BOUFOOFT TQIÊSJRVFT VUJMJTÊFT QBS SBQQPSU BV MPOHVFVST E�POEFT EF DFUUF SÊHJPO
GSÊRVFOUJFMMF�

Õ�Ø�Ò� �ES DIĈdRENTES MdTHODES DE DdCORRdLATION

1PVS SÊTPVESF MFT QSPCMÍNF MJÊT Æ MB USPQ GPSUF DPSSÊMBUJPO EFT TJHOBVY Æ TQBUJBMJ�
TFS
 MB EÊDPSSÊMBUJPO EPJU ËUSF FGGFDUVÊF UPVU FO ÊWJUBOU E�JOUSPEVJSF E�BVUSFT BSUFGBDUT
QFSDFQUJCMFT� 1PVS DF GBJSF
 EJGGÊSFOUT QSPDÊEÊT POU ÊUÊ NJT BV QPJOU �

� �E PANNING D¤AMPLITUDE� %BOT MF DBT E�VO DIBNQ EJGGVT
 MFT EJSFDUJPOT E�JO�
DJEFODF TF DPNQPSUFOU EF NBOJÍSF TUPDIBTUJRVF FO GPODUJPO EV UFNQT FU EF MB
GSÊRVFODF� -B TQBUJBMJTBUJPO SBQJEF EBOT EFT EJSFDUJPOT BMÊBUPJSFT EF QMVTJFVST
CBOEFT EF GSÊRVFODF E�VO TJHOBM TPOPSF FTU VOF NBOJÍSF EF DSÊFS VO WFSTJPO
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EÊDPSSÊMÊF EV TJHOBM M�PSJHJOBM <��>� $FUUF BQQSPDIF QFVU DFQFOEBOU JOUSPEVJSF
EFT BSUFGBDUT BVEJCMFT Æ IBVUFT GSÊRVFODFT FO SBJTPO EV DIBOHFNFOU SBQJEF EF
MPDBMJTBUJPO EFT CBOEFT EF GSÊRVFODF RVJ DSÊF EFT USBOTJUPJSFT�

� �dCORRdLATION PAR CONVOLUTION� 6OF BVUSF UFDIOJRVF EF EÊDPSSÊMBUJPO DPOTJTUF
Æ DPODFWPJS EFT àMUSFT EF EÊDPSSÊMBUJPO TQÊDJàRVFT Æ DIBRVF DBOBM EF EJGGV�
TJPO� 0O USPVWF EJGGÊSFOUT UZQFT EF àMUSFT EBOT MB MJUUÊSBUVSF � EFT àMUSFT QBTTF�
UPVU <��>
 EFT TBMWFT EF CSVJU SFDUBOHVMBJSFT <��>
 Æ EÊDSPJTTBODF FYQPOFOUJFMMF
BZBOU VO TQFDUSF QMBU <��> PV EFT àMUSFT EF CSVJU DPMPSÊ DPNNF QSPQPTÊ EBOT MB
QBSBNÊUSJTBUJPO QBS 4'" 	TFDUJPO ���
� -B EJGGVTJPO QBS DPOWPMVUJPO QFSNFU EF
DPOUSÔMFS MB EÊDPSSÊMBUJPO EBOT MB NFTVSF PÜ JM FTU QPTTJCMF EF NPEJàFS MB MPO�
HVFVS EFT àMUSFT FNQMPZÊT � $FQFOEBOU EFT àMUSFT USPQ MPOHT QFVWFOU JOáVFODFS
MF UFNQT EF SÊWFSCÊSBUJPO E�VOF 43*3� %F QMVT
 M�FOTFNCMF EF DFT àMUSBHFT QFS�
ÉVT BV DFOUSF EV EJTQPTJUJG QFVU NFOFS Æ VOF DPMPSBUJPO EV TJHOBM FO SBJTPO EF
MB TPNNBUJPO DPIÊSFOUF EF DFT DPOWPMVUJPOT àYFT�

� �ANDOMISATION DE PHASE� 6OF BVUSF NÊUIPEF EF EÊDPSSÊMBUJPO DPOTJTUF Æ SBO�
EPNJTFS MB QIBTF EV TJHOBM Æ EÊDPSSÊMFS� -B SBOEPNJTBUJPO EF QIBTF FTU FG�
GFDUVÊF QBS JOUFSWBMMF EF UFNQT SÊHVMJFS FO T�BTTVSBOU RVF MB NBHOJUVEF EV TJ�
HOBM EÊDPSSÊMÊ DPSSFTQPOEF Æ DFMMF E�PSJHJOF� -FT TJHOBVY EJGGVTÊT QBS MFT IBVU�
QBSMFVST TPOU EFT CSVJUT EÊDPSSÊMÊT EPOU M�FOWFMPQQF UFNQT�GSÊRVFODF FTU TJNJ�
MBJSF BV TJHOBM Æ EÊDPSSÊMFS� $FDJ QFSNFU E�ÊWJUFS MFT BSUFGBDU TQFDUSBVY SÊTVMUBOU
EF MB TPNNBUJPO DPIÊSFOUF EF àMUSBHFT àYFT NFOUJPOOÊT EBOT MB NÊUIPEF QSÊDÊ�
EFOUF� $FQFOEBOU
 TJ MB UBJMMF EF MB GFOËUSF UFNQPSFMMF QPVS MBRVFMMF FTU FGGFDUVÊF
MB DPSSFDUJPO EV TQFDUSF FTU USPQ DPVSUF
 MFT CBTTFT GSÊRVFODFT QFVWFOU ËUSF NBM
SFQSPEVJUFT� 1VMLLJ FU .FSJNBB QSPQPTFOU VOF NÊUIPEF IZCSJEF EBOT MBRVFMMF
VOF SBOEPNJTBUJPO EF QIBTF FTU FGGFDUVÊF Æ IBVUFT GSÊRVFODFT FU MB TQBUJBMJTB�
UJPO BMÊBUPJSF EV QBOOJOH E�BNQMJUVEF FTU FGGFDUVÊF Æ CBTTFT GSÊRVFODFT <��>�

� �ANDOMISATION DU RETARD DE GROUPE� #PVFSJ FU ,ZSJBLBLJT <��> QSPQPTFOU ÊHB�
MFNFOU E�BQQMJRVFS EJGGÊSFOUT SFUBSET Æ EJGGÊSFOUFT CBOEFT DSJUJRVFT EV TJHOBM
QPVS FO DSÊFS VO WFSTJPO EÊDPSSÊMÊF�

.BMIFVSFVTFNFOU
 RVFMMF RVF TPJU MB NÊUIPEF EF EÊDPSSÊMBUJPO
 BVDVOF OF QFVU
QSÊTFSWFS MB RVBMJUÊ EV TPO QPVS UPVU UZQF EF TPVSDF TPOPSF� -B EÊDPSSÊMBUJPO JOEVJU
OPUBNNFOU VOF EJTQFSTJPO UFNQPSFMMF EFT USBOTJUPJSFT BV EÊUSJNFOU EF MB RVBMJUÊ TP�
OPSF� 6OF QPTTJCJMJUÊ QPVS BUUÊOVFS MFT EJTUPSTJPOT DBVTÊFT QBS MB EÊDPSSÊMBUJPO DPOTJTUF
Æ DPNNVUFS MF UZQF EF EÊDPSSÊMBUJPO Æ BQQMJRVFS FO GPODUJPO EV UZQF EF TJHOBM PV E�FY�
DMVSF MFT USBOTJUPJSFT EFT QSPDFTTVT EF EÊDPSSÊMBUJPO <��>�

Õ�Ø�Ó� �A MINIMISATION DE L¤EMPLOI DE LA DdCORRdLATION

-PSTRVF QMVTJFVST TJHOBVY E�FOUSÊF TPOU VUJMJTÊT QPVS TQBUJBMJTFS VOF 43*3 PV VOF
TDÍOF QBSBNÊUSÊF
 JM FTU ÊHBMFNFOU QPTTJCMF EF MJNJUFS M�VTBHF EF MB EÊDPSSÊMBUJPO FO
UJSBOU QSPàU EF MB EÊDPSSÊMBUJPO PCUFOVF BQSÍT MF EÊDPEBHF EF DFT TJHOBVY TVS MF EJT�
QPTJUJG EF SFTUJUVUJPO� &O FGGFU
 7JMLBNP FU BM� <��> QSPQPTFOU VOF NÊUIPEF QFSNFUUBOU
E�JOKFDUFS EFT TJHOBVY EÊDPSSÊMÊT EBOT VOF QSPQPSUJPO NJOJNBMF � VOJRVFNFOU QPVS
DPNQMÊUFS MFT DPNQPTBOUFT JODPIÊSFOUFT NBORVBOUFT EBOT MFT TJHOBVY E�FOUSÊF�

-�BWBOUBHF EF DFUUF BQQSPDIF FTU EF QSFOESF FO DPOTJEÊSBUJPO DF RVJ FTU EÊKÆ SÊB�
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MJTÊ QBS MFT TJHOBVY E�FOUSÊF FO UFSNF EF EJSFDUJPO EPNJOBOUF FU EF EJGGVTJWJUÊ� -FT
TJHOBVY TPOU E�BCPSE NPEJàÊT QPVS TBUJTGBJSF MFT DBSBDUÊSJTUJRVFT TQBUJBMFT JNQPTÊFT
QBS MB QBSBNÊUSJTBUJPO EBOT VOF SÊHJPO UFNQT�GSÊRVFODF DPOTJEÊSÊF� 1VJT
 TJ DFT DB�
SBDUÊSJTUJRVFT OF TPOU QBT BUUFJOUFT
 MB RVBOUJUÊ EF TJHOBVY EÊDPSSÊMÊT NBORVBOUF FTU
BKPVUÊF� -FT DBSBDUÊSJTUJRVFT TQBUJBMFT Æ TBUJTGBJSF TPOU EÊDSJUFT QBS VOF NBUSJDF EF DP�
WBSJBODF� -B NBUSJDF EF DPWBSJBODF E�VO FOTFNCMF EF TJHOBVY DPOUJFOU MFT ÊOFSHJFT
EF DIBDVO EFT TJHOBVY BJOTJ RVF MFT SFMBUJPOT EF QIBTF FU E�ÊOFSHJF� -B NBUSJDF EF
DPWBSJBODF DPOUJFOU EPOD UPVT MFT JOEJDFT TQBUJBVY EF MB TDÍOF TPOPSF�

1PMJUJT FU BM� <��> POU BEBQUÊ DFUUF PQUJNJTBUJPO EV SFOEV TPOPSF QPVS MB SFTUJUVUJPO
CJOBVSBMF E�VOF TDÍOF QBSBNÊUSÊF TFMPO MB NÊUIPEF )0�%JS"$� 4PJU Y MF WFDUFVS EFT
WBMFVST GSÊRVFOUJFMMFT EFT TJHOBVY CJOBVSBVY JTTVT EV EÊDPEBHF CJOBVSBM EFT TJHOBVY
BNCJTPOJRVFT E�FOUSÊF� -B NBUSJDF EF DPWBSJBODF $Y DPSSFTQPOEBOUF FTU EPOOÊF QBS �

$Y = E[YYH ] 
 	����


PÜ H EÊTJHOF M�PQÊSBUFVS BEKPJOU FU E[.] DPSSFTQPOE Æ M�FTQÊSBODF NBUIÊNBUJRVF EPO�
OÊF JDJ QBS MB NPZFOOF UFNQPSFMMF�

4PJU $y VOF NBUSJDF EF DPWBSJBODF DJCMF DPOUFOBOU MFT DBSBDUÊSJTUJRVFT JOUFSBV�
SBMFT TQÊDJàÊFT QBS MB QBSBNÊUSJTBUJPO� %F MB NËNF NBOJÍSF RV�VOF QBSBNÊUSJTBUJPO
FGGFDUVÊF QBS MB NÊUIPEF EV )0�4*33 QSÊTFOUÊ FO TFDUJPO ���
 MF )0�%JS"$ FTUJNF
EBOT VOF SÊHJPO UFNQT�GSÊRVFODF FU VO TFDUFVS BOHVMBJSF s VOF EJSFDUJPO E�JODJEFODF
(θs,ϕs)
 VO JOEJDF EF EJGGVTJWJUÊ ψs FU VOF ÊOFSHJF Es� %�BQSÍT DFT QBSBNÍUSFT
 JM FTU
QPTTJCMF EF DBMDVMFS MB NBUSJDF EF DPWBSJBODF DJCMF EFT TJHOBVY CJOBVSBVY� -FT NB�
USJDFT EF DPWBSJBODF $(s)

EJS FU $(s)
EJGG EFT DPNQPTBOUFT EJSFDUJWFT FU EJGGVTFT SFTQFDUJWFNFOU

T�ÊDSJWFOU �

$(s)
EJS = (1− ψs)EsI(θs,ϕs)I(θs,ϕs)

H 	����


FU

$(s)
EJGG = ψsEs6 	����


PÜ I(θs,ϕs) FTU MF WFDUFVS DPOUFOBOU MFT )35'T HBVDIF FU ESPJUF QPVS MB EJSFDUJPO
(θs,ϕs)� 6 FTU VOF NBUSJDF QFSNFUUBOU EF EJTUSJCVFS M�ÊOFSHJF EJGGVTF TVS MFT DBOBVY
HBVDIF FU ESPJUF� &MMF T�FYQSJNF TPVT MB GPSNF �

6 =

⎡

⎣ α cCJO

cCJO β

⎤

⎦ 	����


PÜ cbin DPSSFTQPOE Æ MB DPSSÊMBUJPO JOUFSBVSBMF DBMDVMÊF E�BQSÍT M�FOTFNCMF EFT E�)35'T
NFTVSÊFT PV E�BQSÍT VO NPEÍMF UIÊPSJRVF FU α,β DPSSFTQPOE Æ MB QSPQPSUJPO E�ÊOFSHJF
EF MB DPNQPTBOUF EJGGVTF EV DBOBM HBVDIF FU ESPJU�

&O GBJTBOU M�IZQPUIÍTF RVF MFT DPNQPTBOUFT EJGGVTFT TPOU EÊDPSSÊMÊFT E�VO TFDUFVS
Æ M�BVUSF FU RVF MFT DPNQPTBOUFT EJSFDUJWFT TPOU EÊDPSSÊMÊFT EFT DPNQPTBOUFT EJGGVTFT

MB NBUSJDF EF DPWBSJBODF DJCMF EBOT MB SÊHJPO UFNQT�GSÊRVFODF DPOTJEÊSÊF FTU BMPST �
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$y =
S∑

s=1

$(s)
EJS + $(s)

EJGG� 	����


$FUUF NBUSJDF DPOUJFOU EPOD MFT EJGGÊSFODFT JOUFSBVSBMFT EF OJWFBV
 EF QIBTF FU MB
DPSSÊMBUJPO JOUFSBVSBMF EÊUFSNJOÊF QBS M�BOBMZTF QBSBNÊUSJRVF�

1PVS DBMDVMFS MFT TJHOBVY CJOBVSBVY Z EF TPSUJF
 M�PCKFDUJG FTU EF USPVWFS VOFNBUSJDF
. FU EFT TJHOBVY S EF TPSUF RVF �

Z = .Y+ S � 	����


-B USBOTGPSNBUJPO .Y WJTF Æ SFQSPEVJSF MF NJFVY QPTTJCMF MFT ÊOFSHJFT FU DPSSÊMB�
UJPO JNQPTÊFT QBS $y FO NÊMBOHFBOU MFT TJHOBVY E�FOUSÊF TBOT FNQMPZFS EF EÊDPSSÊMB�
UJPO� -�FYQSFTTJPO EF. FTU EPOOÊF QBS 7BMLJNP FU BM� <��>� 4J MB NBUSJDF EF DPWBSJBODF
DJCMF OF QFVU QBT ËUSF TBUJTGBJUF EF DFUUF GBÉPO
 EFT TJHOBVY S JTTVT EF MB EÊDPSSÊMBUJPO
EFT TJHOBVY E�FOUSÊF TPOU BKPVUÊT EF TPSUF RVF �

$r = $y −.$x.H 	����


"JOTJ QMVUÔU RVF E�BKPVUFS VOF RVBOUJUÊ ∝
√
ψ EF TJHOBVY EÊDPSSÊMÊT
 UFM RVF EÊDSJU

EBOT MF )0�4*33 PV MF )0�%JS"$
 MB QSPQPSUJPO E�ÊOFSHJF EÊDPSSÊMÊF FTU DBMDVMÊF
EF NBOJÍSF Æ DPNQMÊUFS MFT DPNQPTBOUFT EJGGVTFT NBORVBOUFT EBOT MF TJHOBM E�FOUSÊF�
-B EÊDPSSÊMBUJPO FTU BMPST FNQMPZÊF EBOT VOF NPJOESF NFTVSF� $FUUF BQQSPDIF QFVU
ËUSF FNQMPZÊF FO VUJMJTBOU E�BVUSFT QBSBNÊUSJTBUJPOT FYQPTÊFT EBOT MFT TFDUJPOT QSÊDÊ�
EFOUFT�

Õ�Ù� �ONCLUSION

-F UBCMFBV ��� SBTTFNCMF MFT EJGGÊSFOUT QBSBNÍUSFT VUJMJTÊT QBS MFT NÊUIPEFT QSÊ�
TFOUÊFT EBOT DF DIBQJUSF FU MFT QSJODJQFT E�BOBMZTF QFSNFUUBOU MFVS FTUJNBUJPO� 4FMPO
MB NÊUIPEF
 MB SÊQPOTF JNQVMTJPOFMMF TQBUJBMF FTU BOBMZTÊF E�BQSÍT EFVY BQQSPDIFT
EJGGÊSFOUFT �

� 6OF BOBMZTF MPDBMF EV DIBNQT TPOPSF Æ MB NBOJÍSF EFT NÊUIPEFT EF QBSBNÊUSJ�
TBUJPO EF TDÍOFT TPOPSFT� -FT SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT TPOU EÊDSJUFT
EBOT VOF GFOËUSF UFNQPSFMMF PV UFNQT�GSÊRVFODF SFTUSFJOUF� 1PVS DFT NÊUIPEFT

MF DIBNQ TPOPSF QFVU ËUSF MPDBMFNFOU BTTJNJMÊ Æ VOF PV QMVTJFVST EJSFDUJPOT
E�JODJEFODF QBSGPJT BTTPDJÊ Æ VO JOEJDF EF EJGGVTJWJUÊ� 'JHVSFOU QBSNJ DFT NÊ�
UIPEFT MF 4*33
 )0�4*33 FU MB 4%.� -FT QSPDÊEÊT E�BOBMZTF EFT EJSFDUJPOT
E�JODJEFODF FNQMPZÊT QBS MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO EF TDÍOFT TPOPSFT
UFMMFT RVF 4"4$
 )"31&9 PV $0.1"44 QPVSSBJFOU ÊHBMFNFOU T�BQQMJRVFS Æ
MB QBSBNÊUSJTBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT�

� 6OF BOBMZTF HÊOÊSJRVF EFT ÊMÊNFOUT EF MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF JT�
TVF EF MB NPEÊMJTBUJPO HÊOÊSJRVF EF MB SÊWFSCÊSBUJPO QSÊTFOUÊF FO TFDUJPO ����
-B SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF FTU EÊDPNQPTÊF FO VO OPNCSF MJNJUÊ EF
TPVSDFT TFDPOEBJSFT SFQSÊTFOUBOU MFT SÊáFYJPOT TQÊDVMBJSFT BTTPDJÊFT Æ VOF DPN�
QPTBOUF EJGGVTF� -FT QSPDÊEÊT E�FTUJNBUJPO POU VOF SÊTPMVUJPO UFNQPSFMMF FU



Õ

ÒÒÑ Õ� �ARAMdTRISATIONS DE RdPONSES IMPULSIONNELLES SPATIALES ENREGISTRdES

.ÊUIPEF 1BSBNÍUSFT 0VUJMT E�BOBMZTF

4%. <�> %JSFDUJPO E�JODJEFODF FU TJHOBM TPOPSF PN�
OJEJSFDUJPOOFMMF Æ DIBRVF JOTUBOU�

$BMDVM EFT EJGGÊSFODFT EF UFNQT E�BSSJWÊF
EFT SÊáFYJPOT BVY NJDSPQIPOFT E�BQSÍT MFT
WBMFVST E�JOUFSDPSSÊMBUJPO EFT TJHOBVY�

4*33 <��> %JSFDUJPO E�JODJEFODF
 DPFGàDJFOU EF EJGGV�
TJWJUÊ FU TJHOBM TPOPSF PNOJEJSFDUJPOOFM QBS
SÊHJPO UFNQT�GSÊRVFODF�

$BMDVM EV WFDUFVS E�JOUFOTJUÊ BDUJWF FU EF MB
EFOTJUÊ E�ÊOFSHJF BDPVTUJRVF�

)0�4*33
<��>

%JSFDUJPO E�JODJEFODF
 DPFGàDJFOU EF EJG�
GVTJWJUÊ FU TJHOBM TPOPSF QPVS QMVTJFVST
TFDUFVST BOHVMBJSFT QBS SÊHJPO UFNQT�
GSÊRVFODF�

$BMDVM EV WFDUFVS E�JOUFOTJUÊ BDUJWF FU EF
MB QSPQPSUJPO E�ÊOFSHJF PTDJMMBOUF EBOT
DIBRVF TFDUFVS BOHVMBJSF QBS àMUSBHF TQB�
UJBM�

34"0
<��>

� 3ÊáFYJPOT QSÊDPDFT � UFNQT E�BSSJWÊF
 EJ�
SFDUJPO E�JODJEFODF
 OJWFBV FU TQFDUSF EF
DIBRVF SÊáFYJPO KVTRV�BV UFNQT EF NÊ�
MBOHF�

%ÊUFDUJPO EF SÊáFYJPOT QBS GSBODIJTTF�
NFOU EF TFVJM E�BNQMJUVEF FU EV SFUBSE EF
HSPVQF� &TUJNBUJPO EF MB EJSFDUJPO E�JODJ�
EFODF FU EV TQFDUSF QBS GPSNBUJPO EF GBJT�
DFBVY�

� 3ÊWFSCÊSBUJPO UBSEJWF � UFNQT EF NÊ�
MBOHF
 ÊOFSHJF BV UFNQT EF NÊMBOHF FU EV�
SÊF EF EÊDSPJTTBODF QBS CBOEF EF GSÊRVFODF

$BMDVM EF MB EFOTJUÊ E�ÊDIP FU EF M�&%$ QBS
CBOEF E�PDUBWF�

4'" <��> � 3ÊáFYJPOT TQÊDVMBJSFT � UFNQT E�BSSJWÊF

EJSFDUJPO E�JODJEFODF
 OJWFBV FU TQFDUSF EF
DIBRVF SÊáFYJPO

%ÊUFDUJPO EF SÊáFYJPOT QBS GSBODIJTTFNFOU
EF TFVJM E�BNQMJUVEF� &TUJNBUJPO EF MB EJ�
SFDUJPO E�JODJEFODF FU EV TQFDUSF QBS GPS�
NBUJPO EF GBJTDFBVY�

� $PNQPTBOUF EJGGVTF � DPVSCFT EF EÊDSPJT�
TBODF
 ÊOFSHJFT QBS CBOEFT EF GSÊRVFODFT�
$PIÊSFODF JOUFSBVSBMF QBS SÊHJPO UFNQT�
GSÊRVFODF EBOT MB QBSUJF UBSEJWF�

"QQSPYJNBUJPOT QPMZOÔNJBMFT EF M�&%$

DBMDVM EF DPSSÊMBUJPOT DSPJTÊFT�

5BCMFBV ��� m $PNQBSBJTPOT EF NÊUIPEFT VUJMJTÊFT QPVS MB QBSBNÊUSJTBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT
NFTVSÊFT�

GSÊRVFOUJFMMF EJTUJODUFT TFMPO MB OBUVSF TQÊDVMBJSF PV EJGGVTF EFT QBSBNÍUSFT�
$FUUF BQQSPDIF FTU BEPQUÊF QBS MFT NÊUIPEFT 34"0 FU 4'"� $FT NÊUIPEFT TPOU
QSPDIFT FU OF EJGGÍSFOU RVF EBOT MFT SÊHJPOT UFNQPSFMMFT EFTUJOÊFT Æ M�FTUJNBUJPO
EV DIBNQ EJGGVT FU EFT SÊáFYJPOT TQÊDVMBJSFT� *M FTU JOUÊSFTTBOU EF DPOTUBUFS RVF
M�ÊOFSHJF EJGGVTF FTU QSÊTFOUF EBOT MB QBSUJF QSÊDPDF EF MB SÊWFSCÊSBUJPO EBOT MFT
EFVY DBT
 DPOUSBJSFNFOU BV NPEÍMF HÊOÊSJRVF� -FT UFTUT QFSDFQUJGT NFOÊT QBS
4UBEF FU BM� <��> OPVT JOGPSNFOU NËNF RVF DFUUF QSPQSJÊUÊ FTU OÊDFTTBJSF FO CJ�
OBVSBM QPVS SFQSPEVJSF VOF SÊWFSCÊSBUJPO QSPDIF EF MB SÊWFSCÊSBUJPO NFTVSÊF�

-FT NÊUIPEFT QSÊTFOUÊFT EBOT DF DIBQJUSF OF TPOU QBT FYFNQUFT EF CJBJT FU QSP�
EVJTFOU QBSGPJT EFT BSUFGBDUT BVEJCMFT� &O QBSUJDVMJFS
 M�FTUJNBUFVS EF EJGGVTJWJUÊ EV
4*33 FU )0�4*33 QFVU NFOFS Æ EFT FTUJNBUJPOT EF EJGGVTJWJUÊ FSSPOÊFT FU MB 4%.
OÊDFTTJUF VOF DPSSFDUJPO IBVUF GSÊRVFODF EFT QFOUFT EF EÊDSPJTTBODF EFT àMUSFT TZO�
UIÊUJTÊT� -B NÊUIPEF 34"0 EÊUFSNJOF EF GBÉPO BSCJUSBJSF MFT SÊáFYJPOT TQÊDVMBJSFT Æ
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DPOTFSWFS � BV NËNF UJUSF RVF MB QBSBNÊUSJTBUJPO QBS 4'" � FU OF QSFOE QBT FO DPNQUF
M�BQQBSJUJPO EF SÊáFYJPOT UBSEJWFT OJ MB EJSFDUJPOBMJUÊ ÊWFOUVFMMF EF MB SÊWFSCÊSBUJPO
UBSEJWF� -B QBSBNÊUSJTBUJPO QBS 4'" QFSNFU EF NPEÊMJTFS VO DIBNQ TPOPSF BOJTPUSP�
QJRVF NBJT QPVS VOF EJSFDUJPO E�ÊDPVUF TFVMFNFOU� " DFMB QFVWFOU T�BKPVUFS MFT CJBJT
MJÊT BVYNÊUIPEFT EF DBMDVM EV UFNQT EF NÊMBOHF FU EF GPSNBUJPO EF GBJTDFBVY� /PUPOT
EF QMVT RVF MFT EJGGÊSFOUFT FTUJNBUJPOT EFT EJSFDUJPOT E�JODJEFODF OF QSFOOFOU QBT FO
DPNQUF M�FGGFU EF QSÊDÊEFODF� $FQFOEBOU E�BQSÍT DF QIÊOPNÍOF VOF SÊáFYJPO QFVU FO
NBTRVFS VOF BVUSF QMVT UBSEJWF NËNF TJ DFUUF EFSOJÍSF QPTTÍEF VOF BNQMJUVEF QMVT JN�
QPSUBOUF� &OàO
 FYDFQUÊ MB 4%.
 UPVUFT DFT NÊUIPEFT EPJWFOU FNQMPZFS EFT ÊUBQFT EF
EÊDPSSÊMBUJPO RVJ QFVWFOU JOUSPEVJSF EFT BSUFGBDUT UFNQPSFMT
 TQBUJBVY PV TQFDUSBVY�
$�FTU QPVSRVPJ EBOT MFT UFTUT QFSDFQUJGT NFOÊT BWFD DFT QBSBNÊUSJTBUJPOT � MPSTRV�JMT
FYJTUFOU � PO SFUSPVWF EFT EJGGÊSFODFT TJHOJàDBUJWFT BWFD MFT TDÍOFT TPOPSFT EF SÊGÊ�
SFODF TJNVMÊFT <�
 ��>� -B NÊUIPEF EF USBJUFNFOU JOUSPEVJUF QBS 7JMLBNP FU BM� <��>
RVJ WJTF Æ RVBOUJàFS MB QSPQPSUJPO EF TJHOBVY EÊDPSSÊMÊT NBORVBOUF QBS MF DBMDVM EF
MFVS NBUSJDF EF DPWBSJBODF QFVU OÊBONPJOT QFSNFUUSF EF NJOJNJTFS DF QIÊOPNÍOF�

%BOT OPUSF DBT E�BQQMJDBUJPO
 MB QBSBNÊUSJTBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT TQB�
UJBMFT QFSNFU EF DPOUSÔMFS MF SFOEV EF MB SÊWFSCÊSBUJPO TFMPO EFT ÊMÊNFOUT EV TJHOBM QFS�
UJOFOUT E�VO QPJOU EF QFSDFQUJG� &O FGGFU
 HSÄDF BVY QBSBNÍUSFT FYUSBJUT BQSÍT BOBMZTF

JM FTU QPTTJCMF E�BQQMJRVFS EFT USBOTGPSNBUJPOT TQBUJBMFT UFMMFT RVF EFT SPUBUJPOT
 [PPN

àMUSBHF EF SÊHJPOT EF M�FTQBDF
 DPNQSFTTJPO
 FYQBOTJPO EF M�JNBHF TQBUJBMF <��
 ��>�
#JFO RVF DFT USBOTGPSNBUJPOT TPJFOU QPTTJCMFT EBOT MF EPNBJOF BNCJTPOJRVF
 MB QBSB�
NÊUSJTBUJPO QFSNFU EF MFT BQQMJRVFS BWFD VOF SÊTPMVUJPO TQBUJBMF QMVT JNQPSUBOUF� %F
QMVT
 MF DBSBDUÍSF QMVT PV NPJOT EJGGVT EV DIBNQ TPOPSF QFVU ËUSF NPEJàÊ TFMPO MFT
WBMFVST EFT JOEJDFT EF EJGGVTJWJUÊ PV E�ÊOFSHJF QBS CBOEF EF GSÊRVFODF� *M FTU BMPST QPT�
TJCMF EF NPEJàFS MF SFOEV EF MB SÊWFSCÊSBUJPO TFMPO EFT DSJUÍSFT CBT�OJWFBV QPVS TBUJT�
GBJSF VOF JOUFOUJPO FTUIÊUJRVF� /ÊBONPJOT
 BWFD VOF SFQSÊTFOUBUJPO MPDBMF QBS SÊHJPO
UFNQT�GSÊRVFODF
 VO USÍT HSBOE OPNCSF EF QBSBNÍUSFT FTU FYUSBJU FU JM TFNCMF EJGàDJMF
E�BQQSÊIFOEFS M�JOáVFODF EF DIBDVO EF DFT QBSBNÍUSFT TVS MFT JNQSFTTJPOT TQBUJBMFT
EF M�JNBHF TPOPSF� 4J MB QBSBNÊUSJTBUJPO FTU FGGFDUVÊF QPVS MF DPOUSÔMF QFSDFQUJG EF MB
SÊWFSCÊSBUJPO
 JM TFNCMF RVF MB EFTDSJQUJPO HÊOÊSJRVF QFSNFUUF VOF NPEJàDBUJPO QMVT
JOUFMMJHJCMF EV QSPàM EF SÊWFSCÊSBUJPO� -B SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF FTU SFQSÊTFO�
UÊF QBS VO OPNCSF MJNJUÊ EF SÊáFYJPOT TQÊDVMBJSFT TF DPNQPSUBOU DPNNF EFT TPVSDFT
TFDPOEBJSFT EPOU MF SFUBSE
 M�BNQMJUVEF FU MF TQFDUSF TPOU NPEJàBCMFT BJOTJ RVF EFT
QFOUFT EF EÊDSPJTTBODF QBS CBOEF EF GSÊRVFODF� -F SFOEV EF MB SÊWFSCÊSBUJPO QFVU ËUSF
DPOUSÔMÊ FO NPEJàBOU DFT RVFMRVFT ÊMÊNFOUT
 NBJT QPVS ËUSF DBQBCMF EF TBUJTGBJSF EFT
BUUSJCVUT QFSDFQUJGT UFMT RVF DFVY EÊàOJT QBS MF 3"2* 	8JEUI
 4J[F
 3PVHIOFTT
 5FN�
QPSBM $MBSJUZ
 -JWFMJOFTT
 4QBUJBM 1SFTFODF
 *OUJNBDZ
 FUD���

 JM FTU OÊDFTTBJSF E�ÊUVEJFS
MFVST SFMBUJPOT� -�ÊUVEF EFT MJFOT BWFD MB MBSHFVS BQQBSFOUF EF TPVSDF FU EF M�FOWFMPQ�
QFNFOU GBJU OPUBNNFOU M�PCKFU EF MB QBSUJF ***� "WBOU DFMB
 EBOT MFT DIBQJUSFT � FU �
TVJWBOUT
 OPVT ÊUVEJPOT MFT SÊTPMVUJPOT TQBUJBMF QVJT UFNQPSFMMF FU GSÊRVFOUJFMMF BWFD
MFTRVFMMFT JM FTU OÊDFTTBJSF EF EÊàOJS DFT QBSBNÍUSFT�
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�¤INċUENCE DE LA RdSOLUTION

SPATIALE D¤UNE RdPONSE
IMPULSIONNELLE SUR LA PERCEPTION

DE L¤ACOUSTIQUE D¤UNE SALLE EN
BINAURAL

-F DIBQJUSF QSÊDÊEFOU B QFSNJT EF EÊUBJMMFS QMVTJFVST NÊUIPEFT EF QBSBNÊUSJTBUJPO EF
SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT QFSNFUUBOU QMVTJFVST BWBOUBHFT � VOF ÊDPOPNJF EF
EPOOÊFT
 VOF ÊDPOPNJF EF DBMDVM FU VO DPOUSÔMF EV SFOEV TPOPSF EF M�BDPVTUJRVF E�VOF
TBMMF� %BOT DF DIBQJUSF
 OPVT DIFSDIPOT Æ EÊUFSNJOFS TJ JM FTU QFSUJOFOU E�VO QPJOU EF
WVF QFSDFQUJG EF SFQSPEVJSF MFT DBSBDUÊSJTUJRVFT TQBUJBMFT E�VOF 43*3 BWFD QSÊDJTJPO�
/PVT DPOTJEÊSPOT JDJ FYDMVTJWFNFOU MF DPOUFYUF E�VO SFOEV CJOBVSBM EZOBNJRVF OPO�
JOEJWJEVBMJTÊ� %FT TDÍOFT TPOPSFT HÊOÊSÊFT BWFD EFT 43*3T BNCJTPOJRVFT FODPEÊFT Æ
M�PSESF � POU ÊUÊ DPNQBSÊFT Æ EFT TDÍOFT HÊOÊSÊFT QBS EFT WFSTJPOT E�PSESF � FU � EF DFT
43*3T
 BWFD PV TBOT SÊEVDUJPO EF MB SÊTPMVUJPO FO ÊMÊWBUJPO 	SFQSPEVDUJPO �% WT� �%
�
6O UFTU QFSDFQUJG B SÊWÊMÊ RVF � �
 MB SÊEVDUJPO EF M�PSESF BNCJTPOJRVF EFT 43*3T B FV
VOF MÊHÍSF JOáVFODF PV BVDVOF JOáVFODF TVS MB QFSDFQUJPO TFMPO MFT TBMMFT DPOTJEÊSÊFT �
�
 MB SÊEVDUJPO EF MB EJNFOTJPOOBMJUÊ 	�% WT� �%
 EFT 43*3T O�B FOUSBÏOÊ BVDVOF
EJGGÊSFODF QFSÉVF QPVS UPVT MFT FTQBDFT TPOPSFT� $FT SÊTVMUBUT TVHHÍSFOU RVF
 TFMPO MB
TBMMF FU QPVS VOF ÊDPVUF OPO�JOEJWJEVBMJTÊF
 MF OPNCSF EF DBOBVY BNCJTPOJRVFT SFRVJT
QPVS MB SFQSPEVDUJPO EF MB SÊWFSCÊSBUJPO QPVSSBJU ËUSF DPOTJEÊSBCMFNFOU SÊEVJU
 DF RVJ
QFSNFUUSBJU VOF ÊDPOPNJF EF DBMDVM FU E�VUJMJTBUJPO EF MB NÊNPJSF�
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Ö�Ò� �NTRODUCTION

%BOT VOF DPOUSJCVUJPO SÊDFOUF
 -FF FU BM� <�> POU ÊUVEJÊ MB QFSDFQUJPO EF EÊHSB�
EBUJPOT TQBUJBMFT FU TQFDUSBMFT MJÊFT Æ M�FODPEBHF BNCJTPOJRVF EBOT MF DPOUFYUF E�VO
SFOEV CJOBVSBM TUBUJRVF OPO�JOEJWJEVBMJTÊ� &O VUJMJTBOU QMVTJFVST FOSFHJTUSFNFOUT NVM�
UJDBOBVY
 EFVY BQQSPDIFT EF SFOEV CJOBVSBM POU ÊUÊ DPNQBSÊFT� %�VOF QBSU
 VO SFOEV
CJOBVSBM EF SÊGÊSFODF CBTÊ TVS MB DPOWPMVUJPO EFT TJHOBVY BWFD MFT )3*3T NFTVSÊFT
EBOT MB EJSFDUJPO EFT DBOBVY EF M�BOUFOOF EF NJDSPQIPOFT VUJMJTÊF� %�BVUSF QBSU
 VO
SFOEV CJOBVSBM EFT FOSFHJTUSFNFOUT QSÊBMBCMFNFOU FODPEÊT FO BNCJTPOJRVF BVY PSESFT
� Æ �� 6O UFTU QFSDFQUJG B ÊUBCMJ RVF MFT TUJNVMJ CJOBVSBVY JTTVT EF EÊDPEBHFT EF TJ�
HOBVY BNCJTPOJRVFT E�PSESF � Æ � O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUT FOUSF FVY
FU ÊUBJFOU KVHÊT QSPDIFT EF MB SÊGÊSFODF FO UFSNFT EF RVBMJUÊ TQBUJBMF FU TQFDUSBMF� &O
QBSUJDVMJFS
 QPVS EFVY FOSFHJTUSFNFOUT 	VO PSDIFTUSF FU VO PSHVF

 MFT RVBMJUÊT TQBUJBMF
FU TQFDUSBMF EFT FODPEBHFT BNCJTPOJRVFT BVY PSESFT � FU � SFTQFDUJWFNFOU O�ÊUBJFOU
QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF DFMMFT EFT TJHOBVY NVMUJDBOBVY� -FT BVUFVST POU
TVHHÊSÊ RVF MF SFOEV CJOBVSBM E�VO HSBOE OPNCSF EF TPVSDFT TPOPSFT QSPDIFT EBOT MF
UFNQT TFSBJU NPJOT TVKFU Æ VOF EÊHSBEBUJPO QFSÉVF EF MB RVBMJUÊ TPOPSF RVF QPVS VO
QFUJU OPNCSF EF TPVSDFT TÊQBSÊFT TQBUJBMFNFOU FU UFNQPSFMMFNFOU� *M TFNCMF EPOD RVF
QPVS DFSUBJOFT TDÍOFT TPOPSFT QSÊTFOUBOU EFT DBSBDUÊSJTUJRVFT TQBUJBMFT DPNQMFYFT
 VO
PSESF BNCJTPOJRVF VTVFM 	� �
 TVGàTF Æ VO SFOEV CJOBVSBM TBUJTGBJTBOU� 0O QFVU EÍT
MPST TF EFNBOEFS RVFM OJWFBV EF QSÊDJTJPO FTU OÊDFTTBJSF QPVS SFQSPEVJSF àEÍMFNFOU
VOF TDÍOF TPOPSF QBSUJDVMJÍSF � M�BDPVTUJRVF E�VOF TBMMF � ÊHBMFNFOU DPOTUJUVÊF E�VO
HSBOE OPNCSF EF TPVSDFT TPOPSFT QSPDIFT EBOT MF UFNQT � EFT SÊáFYJPOT� &O E�BVUSFT
UFSNFT
 TJ JM FTU QPTTJCMF EF SÊEVJSF M�PSESF BNCJTPOJRVF PV MB EJNFOTJPOOBMJUÊ EF TB
SFQSÊTFOUBUJPO 	�% WT� �%
 TBOT SÊEVJSF MB RVBMJUÊ TPOPSF QFSÉVF EF NBOJÍSF TJHOJàDB�
UJWF� $F SÊTVMUBU QFSNFUUSBJU EF TJNQMJàFS MFT DBMDVMT OÊDFTTBJSFT BV SFOEV EF MB TDÍOF
SÊWFSCÊSÊF� &O FGGFU
 DFMVJ�DJ VUJMJTF HÊOÊSBMFNFOU EFT NÊUIPEFT CBTÊFT TVS MB DPOWP�
MVUJPO EPOU MFT DPÚUT EF DBMDVMT TPOU ÊMFWÊT� 1PVS QFSNFUUSF VOF FGàDBDJUÊ EF DBMDVM FU
E�VUJMJTBUJPO EF MB NÊNPJSF
 VOF QBSUJF EF MB SFQSÊTFOUBUJPO BNCJTPOJRVF E�VOF 43*3
TFVMFNFOU QPVSSBJU ËUSF QSJTF FO DPNQUF�

%�VOF QBSU
 PO QFVU TF EFNBOEFS RVFM OJWFBV EF QSÊDJTJPO � FO UFSNFT E�PSESF BN�
CJTPOJRVF � FTU OÊDFTTBJSF QPVS SFQSPEVJSF àEÍMFNFOU M�BDPVTUJRVF E�VOF TBMMF� *M TFSBJU
QFSUJOFOU EF TBWPJS TJ MFT EJGGÊSFOUT TFHNFOUT UFNQPSFMT E�VOF 43*3 EPJWFOU ËUSF BVTTJ
CJFO EÊàOJT RVF MF TPO EJSFDU� ­UBOU EPOOÊ RVF M�JOUFOTJUÊ TPOPSF ÊWPMVF TFMPO VOF EÊ�
DSPJTTBODF FYQPOFOUJFMMF FU BWFD VOF EJGGVTJWJUÊ DSPJTTBOUF
 EFT PSESFT BNCJTPOJRVFT
QMVT GBJCMFT QPVSSBJFOU ËUSF TVGàTBOUT QPVS SFQSPEVJSF MFT QBSUJFT SÊWFSCÊSBOUFT� $F�
QFOEBOU
 MB SÊEVDUJPO EF M�PSESF BNCJTPOJRVF E�VOF TDÍOF TPOPSF QFVU BWPJS VO JNQBDU
TJHOJàDBUJG TVS MB RVBMJUÊ TQBUJBMF FU TQFDUSBMF EF TB SFQSPEVDUJPO� 1MVTJFVST ÊUVEFT POU
DPNQBSÊ MFT QFSGPSNBODFT EF MPDBMJTBUJPO MPST EF M�VUJMJTBUJPO EF EJGGÊSFOUT PSESFT BN�
CJTPOJRVFT QPVS SFTUJUVFS EFT TDÍOFT TPOPSFT TVS FODFJOUFT PV BV DBTRVF E�ÊDPVUF <�m�>�
-FT SÊTVMUBUT JOEJRVFOU RVF MB QSÊDJTJPO EF MB MPDBMJTBUJPO EÊQFOE EF M�PSESF BNCJTP�
OJRVF
 MFT PSESFT TVQÊSJFVST FOUSBÏOBOU VOFNFJMMFVSF MPDBMJTBUJPO� %F QMVT
 MB SÊEVDUJPO
EF M�PSESF BNCJTPOJRVF JNQMJRVF VOF FYUFSOBMJTBUJPO SÊEVJUF <�
 �> FU B VO JNQBDU TVS
MF DPOUFOV TQFDUSBM EFT TJHOBVY BNCJTPOJRVFT <�>� $FQFOEBOU
 MFT SÊTVMUBUT QSÊMJNJ�
OBJSFT EF &OHFM FU BM� <��> TVHHÍSFOU RVF MB SFQSPEVDUJPO E�VOF 43*3 BWFD VO PSESF
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Ö

ÒÒÚ

BNCJTPOJRVF TVQÊSJFVS PV ÊHBM Æ � O�BNÊMJPSF QBT MB QFSDFQUJPO EFT FTQBDFT TPOPSFT
� FO TVQQPTBOU RVF MF TPO EJSFDU TPJU SFOEV BWFD TVGàTBNNFOU EF QSÊDJTJPO� %�BVUSFT
ÊUVEFT TPOU DFQFOEBOU OÊDFTTBJSFT QPVS DPODMVSF TVS MB SÊTPMVUJPO TQBUJBMF NJOJNBMF
SFRVJTF QPVS SFQSPEVJSF BWFD QSÊDJTJPO VOF 43*3
 DBS VOF TFVMF QJÍDF
 VOF TFVMF TPVSDF
TPOPSF FU VO OPNCSF MJNJUÊ EF TVKFUT POU ÊUÊ FNQMPZÊT EBOT DFUUF ÊUVEF <��>�

%�BVUSF QBSU
 PO QFVU TF EFNBOEFS TJ MB SÊTPMVUJPO TQBUJBMF FO ÊMÊWBUJPO E�VOF
43*3 QFVU ËUSF SÊEVJUF TBOT FOUSBÏOFS VOF SÊEVDUJPO EF MB QSÊDJTJPO TQBUJBMF QFSÉVF�
-B QFSDFQUJPO EF TPVSDFT TPOPSFT TJUVÊFT FO ÊMÊWBUJPO FTU NPJOT QSÊDJTF QBS SBQQPSU
Æ MB MPDBMJTBUJPO EBOT MF QMBO B[JNVUBM� -FT TPVSDFT EBOT MF QMBO B[JNVUBM QFVWFOU
ËUSF MPDBMJTÊFT HSÄDF Æ EFT EJGGÊSFODFT JOUFSBVSBMFT EF UFNQT FU EF OJWFBV
 BMPST RVF
MB QFSDFQUJPO EF M�ÊMÊWBUJPO SFQPTF QSJODJQBMFNFOU TVS EFT JOEJDFT TQFDUSBVY� -PSTRVF
EFT )35'T OPO�JOEJWJEVBMJTÊFT TPOU VUJMJTÊFT
 DFT JOEJDFT TQFDUSBVY TPOU HÊOÊSBMFNFOU
HSBWFNFOU BMUÊSÊT <��> FU MB QFSDFQUJPO EF M�ÊMÊWBUJPO OF DPSSFTQPOE QMVT Æ M�FYQÊSJFODF
E�ÊDPVUF RVPUJEJFOOF EF M�JOEJWJEV� %F QMVT
 DFT JOEJDFT QFVWFOU ËUSF BMUÊSÊT BWFD VO
PSESF BNCJTPOJRVF GBJCMF <��m��>� 1PVS VOF EJGGVTJPO TVS FODFJOUFT
 1PXFS FU BM� <�>
SBQQPSUFOU RVF MB QFSDFQUJPO EF TPVSDFT FO ÊMÊWBUJPO ÊUBJU BMUÊSÊF BWFD VOF SÊEVDUJPO
EF M�PSESF BNCJTPOJRVF FU RV�VO EÊDPEBHF BNCJTPOJRVF E�PSESF � OF QFSNFUUBJU QBT MB
MPDBMJTBUJPO EF TPVSDFT FO ÊMÊWBUJPO BWFD TVGàTBNNFOU EF QSÊDJTJPO QBS SBQQPSU Æ VOF
TQBUJBMJTBUJPO QPODUVFMMF� -FT DBSBDUÊSJTUJRVFT TQFDUSBMFT BV�EFTTVT EF � L)[ TPOU EFT
JOEJDFT EF MPDBMJTBUJPO QPVS MB QFSDFQUJPO FO ÊMÊWBUJPO
 DFQFOEBOU MB QSÊDJTJPO EF MB
SFDPOTUSVDUJPO EV DIBNQ TPOPSF BV�EFTTVT E�VOF DFSUBJOF GSÊRVFODF EÊQFOE EF M�PSESF
BNCJTPOJRVF FNQMPZÊ 	DG BOOFYF #��
� "JOTJ
 MF EÊDPEBHF BNCJTPOJRVF JNQMJRVF EFT
MJNJUBUJPOT EF MB QFSDFQUJPO EF M�ÊMÊWBUJPO� &O TPNNF
 MFT JOEJDFT E�ÊMÊWBUJPO ÊUBOU
GPSUFNFOU BMUÊSÊT QBS MF EÊDPEBHF BNCJTPOJRVF FU MB OPO�JOEJWJEVBMJTBUJPO EV SFOEV
CJOBVSBM
 MFVS SFTUJUVUJPO EBOT DF DPOUFYUF QFVU OF QBT ËUSF QFSUJOFOUF QPVS MB SFQSP�
EVDUJPO E�VOF TDÍOF SÊWFSCÊSÊF�

$FUUF ÊUVEF USBJUF EF M�JNQBDU EF MB SFQSÊTFOUBUJPO E�VOF 43*3 EBOT MF EPNBJOF
BNCJTPOJRVF TVS MB QFSDFQUJPO E�FTQBDFT TPOPSFT FO VUJMJTBOU VO SFOEV CJOBVSBM OPO�
JOEJWJEVBMJTÊ FU BV NBYJNVN VOF SFQSÊTFOUBUJPO BNCJTPOJRVF E�PSESF �� 6O UFTU QFS�
DFQUJG B ÊUÊ FGGFDUVÊ QPVS � �
 EÊUFSNJOFS M�PSESF BNCJTPOJRVF NJOJNBM QFSNFUUBOU RVF
MFT EJGGÊSFOUFT QBSUJFT EF MB SÊWFSCÊSBUJPO TPJFOU SFQSPEVJUFT TBOT EJNJOVUJPO TJHOJà�
DBUJWF EF MB RVBMJUÊ QFSÉVF � �
 EÊUFSNJOFS TJ MB SÊEVDUJPO EF MB SÊTPMVUJPO FO ÊMÊWBUJPO
B VO JNQBDU TVS MB QFSDFQUJPO E�VOF TDÍOF SÊWFSCÊSÊF QPVS VOF TPVSDF TPOPSF EBOT MF
QMBO IPSJ[POUBM�

Ö�Ó� �ANIPULATION DU CHAMP SONORE DANS LE DOMAINE AMBI�
SONIQUE

1PVS ÊUVEJFS M�JNQBDU TVS MB QFSDFQUJPO E�VOF NPEJàDBUJPO EF MFVS SFQSÊTFOUB�
UJPO BNCJTPOJRVF
 QMVTJFVST 43*3T POU ÊUÊ NBOJQVMÊFT FO VUJMJTBOU VOF SFQSÊTFOUBUJPO
NJYUF � BMPST RVF MB SÊHJPO UFNQPSFMMF DPSSFTQPOEBOU BV TPO EJSFDU FTU SFTUÊF JODIBO�
HÊF
 MFT SÊHJPOT UFNQPSFMMFT DPSSFTQPOEBOU BVY SÊáFYJPOT QSÊDPDFT FU UBSEJWFT POU ÊUÊ
SFQSÊTFOUÊFT BWFD EFT PSESFT BNCJTPOJRVFT JOGÊSJFVST TPJU BWFD UPVUFT MFT DPNQPTBOUFT



Ö
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BNCJTPOJRVFT 	SFQSPEVDUJPO �%

 TPJU FO VUJMJTBOU MFT DPNQPTBOUFT TFDUPSJFMMFT đ TFVMF�
NFOU 	SFQSPEVDUJPO �%
�

Ö�Ó�Ò� �EGMENTATION TEMPORELLE

1PVS SFQSPEVJSF MF TPO EJSFDU FU MFT DPNQPTBOUFT QSÊDPDF FU UBSEJWF E�VOF 43*3 FO
VUJMJTBOU EJGGÊSFOUT PSESFT BNCJTPOJRVFT
 JM FTU E�BCPSE OÊDFTTBJSF EF USPVWFS MFT MJNJUFT
UFNQPSFMMFT EF DFT TFHNFOUT�

�A RdGION TEMPORELLE DU SON DIRECT
-F UFNQT E�BSSJWÊF EV TPO EJSFDU ÊUBJU DPOTJEÊSÊ DPNNF MF UFNQT DPSSFTQPOEBOU BV

NBYJNVN E�ÊOFSHJF EV TJHOBM BNCJTPOJRVF E�PSESF �� /PVT BWPOT DPOTJEÊSÊ RVF MFT
SÊáFYJPOT RVJ TF QSPEVJTBJFOU NPJOT EF � NT BQSÍT MF TPO EJSFDU O�ÊUBJFOU QBT QFSÉVFT
DPNNF EFT ÊWÊOFNFOUT EJTUJODUT NBJT ÊUBJFOU GVTJPOOÊFT BWFD MF TPO EJSFDU� &O FGGFU

EBOT MF DBT EF TUJNVMJ CSFGT UFMT RVF MFT DMJDT
 QMVTJFVST ÊUVEFT POU SBQQPSUÊ VOF WBMFVS
NJOJNBMF EV TFVJM E�ÊDIP EF � NT <��m��>� $FUUF WBMFVS DSJUJRVF B ÊUÊ DIPJTJF
 NËNF
TJ MFT TPVSDFT TPOPSFT VUJMJTÊFT EBOT MF UFTU QFSDFQUJG O�ÊUBJFOU QBT EFT DMJDT�

1BS DPOTÊRVFOU
 EBOT MFT TFDUJPOT TVJWBOUFT
 BVDVOF NPEJàDBUJPO O�B ÊUÊ BQQPSUÊF
BVY � QSFNJÍSFT NJMMJTFDPOEFT EFT 43*3T� 1VJTRVF DFUUF SÊHJPO OF DPOUJFOU QBT TFVMF�
NFOU MF TPO EJSFDU
 FMMF TFSB QBS MB TVJUF EÊTJHOÊF DPNNF MB DPNQPTBOUF JOJUJBMF QMVUÔU
RVF TPO EJSFDU�

�dTERMINATION DU TEMPS DE MdLANGE
-F UFNQT EF USBOTJUJPO FOUSF MB SÊHJPO UFNQPSFMMF EFT SÊáFYJPOT QSÊDPDFT FU UBS�

EJWFT DPSSFTQPOE BV UFNQT EF NÊMBOHF� -B NÊUIPEF JOUSPEVJUF QBS (ÕU[ FU BM� <��> B
ÊUÊ VUJMJTÊF QPVS MF EÊUFSNJOFS� $FU FTUJNBUFVS FGGFDUVF VOF BOBMZTF EF MB EJGGVTJWJUÊ Æ
QBSUJS E�VOF 43*3 NFTVSÊF FO DBMDVMBOU MB WBSJBUJPO UFNQPSFMMF EV WFDUFVS E�JOUFOTJUÊ
BDUJWF <��>� "WFD DFUUF NÊUIPEF
 M�FTUJNBUJPO EV UFNQT EF NÊMBOHF QSFOE FO DPNQUF
MFT QSPQSJÊUÊT TQBUJP�UFNQPSFMMFT EV DIBNQ TPOPSF FU FTU QMVT QSÊDJTF RVF EFT FTUJ�
NBUJPOT VUJMJTBOU VO NPEÍMF HÊPNÊUSJRVF <��
 ��> PV VOF SÊQPOTF JNQVMTJPOOFMMF EF
TBMMF NPOPEJNFOTJPOOFMMF RVJ UJFOU VOJRVFNFOU DPNQUF EFT DBSBDUÊSJTUJRVFT UFNQP�
SFMMFT <��m��>�

Ö�Ó�Ó� �ECONSTRUCTION MIXTE DU CHAMP SONORE

-B SFQSÊTFOUBUJPO NJYUF EV DIBNQ TPOPSF QFVU ËUSF PCUFOVF FO USPORVBOU MFT TJ�
HOBVY BNCJTPOJRVFT EFT DPNQPTBOUFT QSÊDPDF FU UBSEJWF EFT 43*3T Æ EFT PSESFT QMVT
GBJCMFT� 4PJU LI 
 LE FU LR MFT PSESFT BNCJTPOJRVFT EFT DPNQPTBOUFT JOJUJBMF
 QSÊDPDF
FU UBSEJWF
 SFTQFDUJWFNFOU� -F TJHOBM CJOBVSBM x̂(k) T�ÊDSJU BMPST �

x̂(k) = X̂T
LI
(k)CLI (k) + X̂T

LE
(k)CLE (k) + X̂T

LR
(k)CLR(k) 
 	���


�� -FT IBSNPOJRVFT TQIÊSJRVFT TFDUPSJFMMFT DPSSFTQPOEFOU BVY IBSNPOJRVFT TQIÊSJRVFT EF EFHSÊ |m| =
l� 1PVS DFT IBSNPOJRVFT
 RVFMRVF TPJU M�B[JNVU
 MB QIBTF OF DIBOHF QBT EF TJHOF TFMPO M�ÊMÊWBUJPO� -FT
SÊáFYJPOT TPOU USBJUÊFT EF MB NËNF NBOJÍSF RVFM RVF TPJU MF TJHOF EF MFVS ÊMÊWBUJPO�



Ö�Ô� �EST PERCEPTIF

Ö

ÒÓÒ

PÜ CLI (k)
 CLE (k) FU CLR(k) TPOU MFT DPFGàDJFOUT E�FYQBOTJPO EFT DPNQPTBOUFT JOJ�
UJBMF
 QSÊDPDF FU UBSEJWF EV DIBNQ TPOPSF
 SFTQFDUJWFNFOU
 FU X̂Li(k) TPOU MFT àMUSFT EF
SFOEV PQUJNJTÊT DBMDVMÊT Æ M�PSESF Li�

Ö�Ó�Ô� �EPRdSENTATION DU CHAMP SONORE DANS LE PLAN

&O QMVT E�ÊWBMVFS M�JOáVFODF EF M�PSESF BNCJTPOJRVF
 OPVT BWPOT DIFSDIÊ Æ TBWPJS
TJ MB SÊEVDUJPO EF MB SÊTPMVUJPO FO ÊMÊWBUJPO B VOF JOáVFODF TVS MB QFSDFQUJPO EF M�FTQBDF
TPOPSF� © DFUUF àO
 MFT SFQSÊTFOUBUJPOT BNCJTPOJRVFT EFT 43*3T POU ÊUÊ NPEJàÊFT QPVS
PCUFOJS EFT 43*3T BMUFSOBUJWFT TBOT JOEJDFT E�ÊMÊWBUJPO � TFVMFT MFT DPNQPTBOUFT BNCJ�
TPOJRVFT TFDUPSJFMMFT POU ÊUÊ SFUFOVFT� 1PVS T�BTTVSFS RVF MF SFOEV CJOBVSBM E�VOF 43*3
FU TPO ÊRVJWBMFOU �% USBOTNFUUFOU MFT NËNFT JOGPSNBUJPOT TQFDUSBMFT
 OPVT BWPOT VUJ�
MJTÊ VO àMUSF E�ÊHBMJTBUJPO Æ QIBTF MJOÊBJSF g(k) DBMDVMÊ EF NBOJÍSF Æ DF RVF �

|g(k)|2
L∑

l=0

∑

|m|=l

∣∣ŵ2D
l,m(k)

∣∣2 =
L∑

l=0

l∑

m=−l

∣∣ŵ3D
l,m(k)

∣∣2 	���


"JOTJ
 MFT 43*3T �% POU ÊUÊ DPOWPMVÊFT BWFD VO àMUSF '*3 EF �� ÊDIBOUJMMPOT QPVS
DPSSJHFS MFT BSUFGBDUT TQFDUSBVY� -F SFUBSE JOUSPEVJU QBS MF àMUSBHF Æ QIBTF MJOÊBJSF B ÊUÊ
DPNQFOTÊ EF TPSUF RVF MF TPO EJSFDU E�VOF 43*3 �% BJU MF NËNF UFNQT E�BSSJWÊF RVF
QPVS MB 43*3 PSJHJOBMF� ­UBOU EPOOÊ MB DPVSUF EVSÊF EV àMUSF Æ QIBTF MJOÊBJSF FNQMPZÊ

OPVT BWPOT DPOTJEÊSÊ RVF MB NPEJàDBUJPO JOEVJUF EF MB TUSVDUVSF UFNQPSFMMF EFT 43*3T
ÊUBJU OÊHMJHFBCMF�

Ö�Ô� �EST PERCEPTIF

6O UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ QPVS ÊUVEJFS DPNNFOU MF DIBOHFNFOU EF MB SÊTPMVUJPO
TQBUJBMF E�VOF 43*3 QFVU JOáVFODFS MB QFSDFQUJPO EF M�FTQBDF TPOPSF� © DFUUF àO
 MFT
43*3T POU ÊUÊ NBOJQVMÊFT Æ M�BJEF EFT NÊUIPEFT QSÊTFOUÊFT EBOT MB TFDUJPO QSÊDÊEFOUF�
-F UFTU DPOTJTUBJU Æ DPNQBSFS VO TUJNVMVT E�PSESF NJYUF Æ VO TJHOBM EF SÊGÊSFODF FO�
UJÍSFNFOU SFOEV FO CJOBVSBM Æ M�BJEF EFT àMUSFT EF EÊDPEBHF E�PSESF �� -F QSPUPDPMF
VUJMJTÊ ÊUBJU MB NÊUIPEF EF jEPVCMFNFOU BWFVHMF Æ USJQMF TUJNVMVT FU SÊGÊSFODF EJTTJNV�
MÊFv SFDPNNBOEÊF QBS M�*56�3 #4����� <��>�

7BSJBCMF /PNCSF

&TQBDFT �
4PVSDFT �
0SESFT BNCJTPOJRVFT NJYUFT �
%JNFOTJPOBMJUÊT 	�% WT� �%
 �

/PNCSF EF KVHFNFOUT � ��

5BCMFBV ��� m 7BSJBCMFT JOEÊQFOEBOUFT EV UFTU�

6O QSÊ�UFTU JOGPSNFM JNQMJRVBOU � TVKFUT B QFSNJT EF EÊàOJS MFT WBSJBCMFT JOEÊQFO�
EBOUFT EV UFTU FU E�FTUJNFS M�PSESF BNCJTPOJRVF NBYJNVN Æ FNQMPZFS� -F UBCMFBV ���



Ö
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4UJNVMJ %JN LI LE LR

4� �% � � �
4� �% � � �
4� �% � � �
4� �% � � �
4� �% � � �
4� �% � � �
3&' �% � � �

5BCMFBV ��� m 3ÊTPMVUJPOT TQBUJBMFT EFT TUJNVMJ TPOPSFT� -F TUJNVMVT TPOPSF EÊTJHOÊ QBS 3&' EÊTJHOF MB
SÊGÊSFODF RVJ B ÊUÊ DPNQBSÊF BVY BVUSFT TUJNVMJ� %JN � EJNFOTJPOOBMJUÊ
 LI � PSESF BNCJTPOJRVF EF MB
DPNQPTBOUF JOJUJBMF
 LE � PSESF BNCJTPOJRVF EFT QSFNJÍSFT SÊáFYJPOT
 LR � PSESF BNCJTPOJRVF EF MB SÊ�
WFSCÊSBUJPO UBSEJWF�

JOEJRVF MFT WBSJBCMFT JOEÊQFOEBOUFT VUJMJTÊFT EBOT MF UFTU QFSDFQUJG� %JY TDÍOFT TPOPSFT
	EFVY TPVSDFT× DJOR FTQBDFT
 POU ÊUÊ EÊDMJOÊFT EBOT TJY SFQSÊTFOUBUJPOT BNCJTPOJRVFT
EJGGÊSFOUFT 	USPJT PSESFT BNCJTPOJRVFT NJYUFT× EFVY EJNFOTJPOBMJUÊT
� "JOTJ
 VO UPUBM
EF �� DPNQBSBJTPOT POU ÊUÊ SÊBMJTÊFT QBS DIBRVF TVKFU�

$PNNF JOEJRVÊ EBOT MF UBCMFBV ���
 MB WBSJBCMF E�PSESF BNCJTPOJRVF NJYUF DPN�
QSFOBJU MFT DPOàHVSBUJPOT TVJWBOUFT � �
 FODPEBHF Æ M�PSESF � QPVS MFT DPNQPTBOUFT
QSÊDPDF FU UBSEJWF
 �
 FODPEBHF Æ M�PSESF � QPVS MFT DPNQPTBOUFT QSÊDPDF FU UBSEJWF

�
 FODPEBHF Æ M�PSESF � QPVS MB DPNQPTBOUF QSÊDPDF FU Æ M�PSESF � QPVS MB DPNQPTBOUF
UBSEJWF�

Ö�Ô�Ò� �dPONSES IMPULSIONNELLES DE SALLES

1PVS DSÊFS MFT TUJNVMJ TPOPSFT VUJMJTÊT EBOT MF UFTU E�ÊDPVUF
 EFT 43*3T TPOU ÊUÊ
FOSFHJTUSÊFT EBOT EJGGÊSFOUT FTQBDFT TPOPSFT� $FT FTQBDFT POU ÊUÊ DIPJTJT BàO EF DPVWSJS
VO MBSHF ÊWFOUBJM EF TBMMFT EJGGÊSFOUFT� -F UBCMFBV ��� ÊOVNÍSF MFT TBMMFT JNQMJRVÊFT
EBOT MF UFTU QFSDFQUJG� -FT EJGGÊSFOUT UFNQT EF SÊWFSCÊSBUJPO BGàDIÊT JMMVTUSFOU DFUUF
IÊUÊSPHÊOÊJUÊ� *M FTU JOUÊSFTTBOU EF DPOTJEÊSFS OPO TFVMFNFOU MFT HSBOET FTQBDFT NBJT
BVTTJ MFT QFUJUT QPVS ÊUVEJFS VOF JOáVFODF QPTTJCMF EV UZQF EF TBMMF�

4QBDFT "CSÊWJBUJPO 7	m3
 E	N
 35	T


5PJMFUUFT 5-5 �� ���� ����
$VJTJOF $6* �� ���� ����
3ÊGFDUPJSF 3'$ ��� ���� ����
1JTDJOF 14$ ���� ���� ����
&TDBMJFS &4$ ��� ���� ����

5BCMFBV ��� m &TQBDFT TPOPSFT VUJMJTÊT EBOT MF UFTU QFSDFQUJG� 7 � 7PMVNF EF M�FTQBDF TPOPSF BQQSPDIÊ QBS
VO QBSBMMÊMÊQJQÍEF
 E � EJTUBODF BV NVS MF QMVT QSPDIF
 35 � UFNQT EF SÊWFSCÊSBUJPO�

-FT 43*3T POU ÊUÊ NFTVSÊFT Æ M�BJEF EF M�BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT &J�
HFONJLF &.�� <��> FU E�VOF FODFJOUF (FOFMFD ����� -�FODFJOUF ÊUBJU QPTJUJPOOÊF Æ
MB NËNF EJTUBODF EV NJDSPQIPOF 	� N
 EBOT DIBRVF TBMMF� 6O TJHOBM Æ CBMBZBHF TJ�
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Ö
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OVTPÐEBM MPHBSJUINJRVF EF �� TFDPOEFT B ÊUÊ VUJMJTÊ QPVS MFT NFTVSFT� -FT SÊQPOTFT
JNQVMTJPOOFMMFT POU FOTVJUF ÊUÊ EÊCSVJUÊFT TFMPO MB QSPDÊEVSF EÊDSJUF QBS $BCSFSB FU
BM� <��>� "àO EF DPNQFOTFS MB SÊQPOTF FO GSÊRVFODF EF M�FODFJOUF EBOT MFT NFTVSFT EF
43*3T
 VO àMUSF Æ SÊQPOTF JNQVMTJPOOFMMF àOJF EF ��� ÊDIBOUJMMPOT B ÊUÊ BQQMJRVÊ BVY
NFTVSFT� -B DPSSFDUJPO GSÊRVFOUJFMMF B ÊUÊ BQQMJRVÊF FOUSF �� )[ FU �� L)[� -F àMUSF B
ÊUÊ DBMDVMÊ Æ QBSUJS E�VOF NFTVSF EF MB SÊQPOTF JNQVMTJPOOFMMF EF M�FODFJOUF FGGFDUVÊF
EBOT VOF DIBNCSF BOÊDIPÐRVF BWFD VO NJDSPQIPOF PNOJEJSFDUJPOOFM TJUVÊ EBOT M�BYF
EF M�FODFJOUF� &OàO
 MFT SÊQPOTFT JNQVMTJPOOFMMFT JTTVFT EFT DBQTVMFT EV NJDSPQIPOF
TQIÊSJRVF POU ÊUÊ DPOWFSUJFT FO BNCJTPOJRVF Æ M�PSESF �� -FT QSPDÊEÊT FNQMPZÊT QPVS
MB NFTVSF
 MF EÊCSVJUBHF FU M�FODPEBHF EFT 43*3T TPOU EÊDSJUT FO EÊUBJM EBOT M�BOOFYF "
FU #�

&TQBDF 5-5 $6* 3'$ 14$ &4$

5FNQT EF NÊMBOHF 	NT
 �� ��� �� ��� ���

5BCMFBV ��� m 5FNQT EF NÊMBOHF EFT FTQBDFT TPOPSFT VUJMJTÊT EBOT M�FYQÊSJFODF�

-FT DJOR 43*3T POU ÊUÊ TFHNFOUÊFT FO USPJT SÊHJPOT UFNQPSFMMFT 	DPNQPTBOUFT JOJ�
UJBMF
 QSÊDPDF FU UBSEJWF

 E�BQSÍT MB NÊUIPEF EÊDSJUF FO TFDUJPO �����
 BàO RVF EJG�
GÊSFOUT PSESFT BNCJTPOJRVFT QVJTTFOU ËUSF VUJMJTÊT QPVS MF SFOEV CJOBVSBM� -FT UFNQT
EF NÊMBOHF FTUJNÊT EFT DJOR FTQBDFT VUJMJTÊT QPVS TÊQBSFS MFT SÊáFYJPOT QSÊDPDFT EF
MB SÊWFSCÊSBUJPO UBSEJWF àHVSFOU EBOT MF UBCMFBV ���� %F NËNF
 EFT WFSTJPOT CJEJ�
NFOTJPOOFMMFT EFT 43*3T TFHNFOUÊFT POU ÊUÊ PCUFOVFT E�BQSÍT MB NÊUIPEF EÊDSJUF FO
TFDUJPO ����� FO ÊMJNJOBOU MFT DPNQPTBOUFT BNCJTPOJRVFT OPO TFDUPSJFMMFT�

Ö�Ô�Ó� �OURCES SONORES

%FVY TPVSDFT TPOPSFT POU ÊUÊ VUJMJTÊFT EBOT MF UFTU �
� 6OF WPJY NBTDVMJOF SÊDJUBOU 'BOUBJTJF
 VO QPÍNF EF (ÊSBSE EF /FSWBM
 FOSF�

HJTUSÊF EBOT VOF DIBNCSF BOÊDIPÐRVF �
� 6O JOTUSVNFOU EF QFSDVTTJPO � VO DBKPO � FOSFHJTUSÊ EBOT VOF DIBNCSF BOÊ�

DIPÐRVF �
%BOT MFT TFDUJPOT TVJWBOUFT
 DFT TPVSDFT TPOPSFT TFSPOU EÊTJHOÊFT SFTQFDUJWFNFOU

QBS jWPJYv FU jDBKPOv� -FT EVSÊFT EFT TJHOBVY EFT TPVSDFT TPOPSFT ÊUBJFOU SFTQFDUJWF�
NFOU EF � T FU �� T� $IBRVF TPVSDF TPOPSF B ÊUÊ DPOWPMVÊF BWFD MFT 43*3T NFTVSÊFT
QPVS PCUFOJS DJOR TDÍOFT BNCJTPOJRVFT E�PSESF � 	VOF QBS FTQBDF TPOPSF
 RVJ QBS MB
TVJUF TFSWJSPOU EF SÊGÊSFODF�

Ö�Ô�Ô� �INAURALISATION ET HEAD�TRACKING

-FT TUJNVMJ POU ÊUÊ EJGGVTÊT BV NPZFO E�VO DBTRVF #FZFSEZOBNJD %5���� 1SP� -FT
TJHOBVY BNCJTPOJRVFT POU ÊUÊ DPOWFSUJT FO TJHOBVY CJOBVSBVY FO VUJMJTBOU MF QMVH�JO
745 PQFO�TPVSDF #JOBVSBM%FDPEFS <��> RVJ JOUÍHSF EFT )35'T EÊSJWÊT EF NFTVSFT
E�VOF UËUF BSUJàDJFMMF /FVNBOO ,6 ��� <��>� $F EÊDPEFVS NFU FO �VWSF MFT NÊUIPEFT
EF SFOEV CJOBVSBM EF 4DIÕSLIVCFS FU BM� <��> FU ;BVOTDIJSN FU BM� <��> EPOU JM FTU



Ö
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RVFTUJPO FO BOOFYF $��� $FT àMUSFT QFSNFUUFOU EF DPOTFSWFS VOF SÊQPOTF TQFDUSBMF FU
VOF EÊDPSSÊMBUJPO JOUFSBVSBMF DPNQBSBCMFT Æ DFMMFT PCUFOVFT BWFD MFT )35'T NFTVSÊFT
QPVS VOF TDÍOF TPOPSF EJGGVTF�

$PNNF MFT EJGGÊSFOUFT SÊHJPOT UFNQPSFMMFT EFT 43*3T ÊUBJFOU DPEÊFT BWFD EFT PSESFT
EJGGÊSFOUT
 VO EÊDPEFVS CJOBVSBM B ÊUÊ VUJMJTÊ QPVS DIBRVF SÊHJPO UFNQPSFMMF TFMPO
M�PSESF DPSSFTQPOEBOU� -FT TJHOBVY EÊDPEÊT POU FOTVJUF ÊUÊ BEEJUJPOOÊT QPVS DSÊFS MFT
TJHOBVY CJOBVSBVY�

-F IFBE�USBDLJOH B ÊUÊ SÊBMJTÊ FO VUJMJTBOU MB TPMVUJPO IFESPU <��> BJOTJ RVF MF QMVHJO
BNCJY@SPUBUPS@P� <��>� -PST EF M�ÊDPVUF EF TUJNVMJ E�PSESF NJYUF VUJMJTBOU VOF 43*3
�%
 MF IFBE�USBDLJOH B ÊUÊ FGGFDUVÊ TFMPO VOF SPUBUJPO FO B[JNVU VOJRVFNFOU
 EF TPSUF
RVF MB SÊWFSCÊSBUJPO SFTUF EBOT MF QMBO IPSJ[POUBM�

Ö�Ô�Õ� �ROCEDURE

-B NÊUIPEF EF EPVCMFNFOU BWFVHMF Æ USJQMF TUJNVMVT FU SÊGÊSFODF EJTTJNVMÊF B ÊUÊ
DIPJTJF QPVS DF UFTU� 1PVS DIBRVF KVHFNFOU
 USPJT TUJNVMJ 	j"v
 j#v FU j9v
 ÊUBJFOU
QSÊTFOUÊT BVY TVKFUT� -B SÊGÊSFODF � EÊDPEÊF E�BQSÍT VOF SFQSÊTFOUBUJPO BNCJTPOJRVF
E�PSESF � � ÊUBJU UPVKPVST QSÊTFOUF TPVT MF TUJNVMVT j9v� -B SÊGÊSFODF DBDIÊF FU MF
TUJNVMVT E�PSESF NJYUF ÊUBJFOU ÊHBMFNFOU QSÊTFOUT
 NBJT BUUSJCVÊT EF NBOJÍSF BMÊBUPJSF
Æ j"v FU j#v Æ DIBRVF KVHFNFOU� -FT TVKFUT BWBJFOU MB QPTTJCJMJUÊ E�ÊDPVUFS MFT TUJNVMJ
EF GBÉPO SÊQÊUÊF FU EF QBTTFS EF M�VO Æ M�BVUSF Æ MFVS HSÊ� 6OF NÊUIPEF EF DPNNVUBUJPO
RVBTJ�JOTUBOUBOÊF B ÊUÊ VUJMJTÊF BWFD VO UPUBM EF �� NT QPVS MF GPOEV EF TPSUJF
 MF
DIBOHFNFOU EF MFDUVSF FU MF GPOEV E�FOUSÊF�

'ñïýúí ��� m *OUFSGBDF HSBQIJRVF EV UFTU QFSDFQUJG�

1PVS DIBRVF BQQSÊDJBUJPO
 MFT QBSUJDJQBOUT EFWBJFOU EÊTJHOFS MFRVFM EF j"v FU j#v
ÊUBJU MB SÊGÊSFODF DBDIÊF FU ÊWBMVFS MB EJGGÊSFODF FOUSF MB SÊGÊSFODF FU M�BVUSF TUJNVMVT
FO EÊQMBÉBOU VO DVSTFVS TVS VOF ÊDIFMMF DPOUJOVF EF ��� QPJOUT EPOU MFT FYUSÊNJUÊT
ÊUBJFOU ÊUJRVFUÊFT jJEFOUJRVFv 	�
 FU jEJGGÊSFOUv 	���
� -B àHVSF ��� NPOUSF M�JOUFSGBDF
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HSBQIJRVF VUJMJTÊF QPVS MF UFTU� -B MFDUVSF
 MFT DPNNBOEFT FU MB TBJTJF EFT EPOOÊFT POU
ÊUÊ DPOUSÔMÊFT Æ M�BJEF EF .BY � <��>�

6OF ÊHBMJTBUJPO EF M�JOUFOTJUÊ TPOPSF B ÊUÊ FGGFDUVÊF TVCKFDUJWFNFOU QBS MFT FYQÊ�
SJNFOUBUFVST BWBOU MF UFTU QFSDFQUJG 	DPOGPSNÊNFOU Æ <��>

 EF TPSUF RVF M�JOUFOTJUÊ
TPOPSF QFSÉVF SFTUF MB NËNF E�VOF ÊWBMVBUJPO EF EJTTFNCMBODF Æ M�BVUSF� -F OJWFBV
HMPCBM EF MFDUVSF B ÊHBMFNFOU ÊUÊ àYÊ TVCKFDUJWFNFOU Æ VOF WBMFVS DPOGPSUBCMF FU SÊB�
MJTUF RVJ DPSSFTQPOE BV OJWFBV E�VOF FYQÊSJFODF E�ÊDPVUF RVPUJEJFOOF� -F OJWFBV ÊUBJU
MF NËNF QPVS UPVT MFT TVKFUT�

-B SFDPNNBOEBUJPO *56�3 #4����� TVHHÍSF E�VUJMJTFS VOF ÊDIFMMF EF EÊHSBEBUJPO
Æ DJOR OJWFBVY
 OÊBONPJOT MB RVBOUJàDBUJPO EF MB jHÍOFv FNQMPZÊF EBOT DFUUF ÊDIFMMF
OF TFNCMBJU QBT QFSUJOFOUF QPVS EÊTJHOFS MFT TUJNVMJ E�PSESF NJYUF VUJMJTÊT� "VDVOF
ÊUJRVFUUF JOUFSNÊEJBJSF OJ HSBEVBUJPO O�B EPOD ÊUÊ QMBDÊF TVS M�ÊDIFMMF QPVS ÊWJUFS MFT
CJBJT EVT Æ VOF EJTUSJCVUJPO OPO MJOÊBJSF EFT ÊUJRVFUUFT FU QPVS QSÊWFOJS UPVUF EJTUPSTJPO
EBOT MB EJTUSJCVUJPO EFT EPOOÊFT 	BWFD EFT ÊUJRVFUUFT JOUFSNÊEJBJSFT
 EFT HSPVQFT EF
OPUFT QFVWFOU FO FGGFU BQQBSBÏUSF BVUPVS EFT WBMFVST PÜ TF USPVWFOU MFT ÊUJRVFUUFT <��

��>
� %FVY ÊUJRVFUUFT POU ÊUÊ VUJMJTÊFT BVY FYUSÊNJUÊT EV DVSTFVS DPOGPSNÊNFOU Æ MB
SFDPNNBOEBUJPO *56�3 #4����� <��>�

"WBOU MF EÊCVU GPSNFM EV UFTU
 VOF QIBTF E�FOUSBÏOFNFOU B QFSNJT BVY TVKFUT EF
TF GBNJMJBSJTFS BWFD M�FOWJSPOOFNFOU EF UFTU
 MF QSPDFTTVT EF OPUBUJPO FU MFT TUJNVMJ
E�PSESF �
 EBOT MF CVU E�BQQSÊIFOEFS M�ÊUFOEVF EFT EJGGÊSFODFT SFODPOUSÊFT�

-F UFTU DPOTJTUBJU FO VOF TFVMF TÊBODF E�VOF IFVSF FU EFNJF 	QBVTFT DPNQSJTFT
�
1FOEBOU MB EVSÊF EV UFTU
 EFT DIBOHFNFOUT EBOT MFT TUSBUÊHJFT EF OPUBUJPO VUJMJTÊFT
QBS MFT TVKFUT POU QV TF QSPEVJSF FU EF MB GBUJHVF B QV BQQBSBJUSF� -�PSESF BMÊBUPJSF EF
QSÊTFOUBUJPO EFT TUJNVMJ QFSNFU EF SÊEVJSF DFT QSPCMÍNFT <��>� %F QMVT
 OPVT BWPOT
UFOUÊ EF SÊEVJSF M�FGGFU EF MB GBUJHVF FO EFNBOEBOU BVY TVKFUT EF GBJSF VOF QBVTF EF �
NJOVUFT UPVT MFT �� KVHFNFOUT�

Ö�Ô�Ö� �UJETS

�� TVKFUT POU QBSUJDJQÊ BV UFTU E�ÊDPVUF� $JOR ÊUBJFOU EFT ÊUVEJBOUT EV $POTFSWB�
UPJSF EF NVTJRVF EF 3FOOFT
 �� ÊUBJFOU EFT ÊUVEJBOUT FO .BTUFS EV DPVST *NBHF �
4PO EF M�6OJWFSTJUÊ EF #SFTU FU ÊUBJFOU EPOD EÊKÆ GPSNÊT Æ M�ÊDPVUF DSJUJRVF FO SBJTPO
EFT FOTFJHOFNFOUT SFÉVT FO QSJTF EF TPO
 NPOUBHF FU NJYBHF� "VDVO E�FOUSF FVY O�B
EÊDMBSÊ EF QFSUF BVEJUJWF DPOOVF�

Ö�Õ� �dSULTATS

-FT OPUFT EF EJTTFNCMBODF POU ÊUÊ VUJMJTÊFT DPNNF EPOOÊFT E�FOUSÊF QPVS M�BOB�
MZTF TUBUJTUJRVF� $PNNF M�JOEJRVF MB SFDPNNBOEBUJPO *56�3 #4����� <��>
 MFT OPUFT
POU ÊUÊ DPOTJEÊSÊFT DPNNF OÊHBUJWFT MPSTRVF MFT TVKFUT OF QBSWFOBJFOU QBT Æ JEFOUJàFS
DPSSFDUFNFOU MB SÊGÊSFODF DBDIÊF� -PSTRV�PO VUJMJTF VOF UFMMF NÊUIPEF
 TJ MB NPZFOOF
EFT OPUFT EF EJTTFNCMBODF MJÊFT Æ VO TUJNVMVT E�PSESF NJYUF FTU TJHOJàDBUJWFNFOU EJG�
GÊSFOUF EF [ÊSP
 DFMB TJHOJàF RVF MFT TVKFUT POU QFSÉV VOF EJGGÊSFODF FOUSF MB SÊGÊSFODF
FU MF TUJNVMVT E�PSESF NJYUF DPOTJEÊSÊ�
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$PNNF BVDVO QPJOU E�BODSBHF JOUFSNÊEJBJSF O�B ÊUÊ VUJMJTÊ TVS M�ÊDIFMMF EF EJTTFN�
CMBODF
 MFT SÊTVMUBUT POU ÊUÊ OPSNBMJTÊT QBS SBQQPSU Æ MB NPZFOOF FU Æ M�ÊDBSU�UZQF FO
VUJMJTBOU MB OPSNBMJTBUJPO EV TDPSF [ DPNNF SFDPNNBOEÊ QBS M�*56�3 #4����� <��>�

*M FTU QPTTJCMF RVF MB GPSNBUJPO EFT TVKFUT BVY NÊUJFST EV TPO E�VOF QBSU FU MB GPS�
NBUJPO NVTJDBMF E�BVUSF QBSU BJU FV VOF JOáVFODF TVS MFT KVHFNFOUT EF EJTTFNCMBODF�
/�BZBOU QBT TVGàTBNNFOU EF TVKFUT NVTJDJFOT BàO EF DSÊFS VOF WBSJBCMF JOUFS�TVKFU
QPVS M�BOBMZTF EF MB WBSJBODF
 VOF BOBMZTF QBS DMBTTJàDBUJPO IJÊSBSDIJRVF B ÊUÊ FGGFD�
UVÊF QPVS EÊUFDUFS VOF QPTTJCMF JOáVFODF� -FT DPFGàDJFOUT EF DPSSÊMBUJPO FOUSF MFT OPUFT
EF EJTTFNCMBODF POU ÊUÊ DBMDVMÊT QPVS UPVUFT MFT QBJSFT EF TVKFUT� $FT OPUFT POU FOTVJUF
ÊUÊ TPVNJTFT Æ VOF BOBMZTF EF DMBTTJàDBUJPO IJÊSBSDIJRVF CBTÊF TVS M�BMHPSJUINF EV
QMVT QSPDIF WPJTJO <��>� $PNNF MFT EFVY DBUÊHPSJFT EF TVKFUT OF GBJTBJFOU QBT QBSUJF
EF HSPVQFT TÊQBSÊT
 BVDVOF EJTUJODUJPO FOUSF MFT NVTJDJFOT FU MFT TVKFUT FYQFSUT O�B ÊUÊ
GBJUF EBOT M�BOBMZTF VMUÊSJFVSF�

-FT SÊTJEVT TUVEFOUJTÊT ÊUBOU DPNQSJT FOUSF �� FU ��
 MFT EPOOÊFT SÊDPMUÊFT OF DPOUF�
OBJFOU QBT EF WBMFVST BCFSSBOUFT 	PVUMJFST
 <��>� 1PVS QPVWPJS MÊHJUJNFNFOU SÊBMJTFS
VOF "/07" Æ NFTVSFT SÊQÊUÊFT
 M�IZQPUIÍTF EF OPSNBMJUÊ EPJU ËUSF SFNQMJF � MFT SÊ�
TJEVT EFT PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT
JOEÊQFOEBOUFT EPJWFOU ËUSF OPSNBMFNFOU EJTUSJCVÊT <��>� 6O UFTU EF 4IBQJSP�8JML EF
OPSNBMJUÊ TVS MFT SÊTJEVT TUVEFOUJTÊT B ÊUÊ FGGFDUVÊ TVS DIBRVF DFMMVMF BWFD VO OJWFBV
EF TJHOJàDBUJPO EF �� FU B SFKFUÊ M�IZQPUIÍTF OVMMF E�VOF EJTUSJCVUJPO OPSNBMF QPVS �
DFMMVMFT TFVMFNFOU TVS ��� -B QMVQBSU EFT ÊUVEFT TUBUJTUJRVFT JOEJRVFOU RVF M�"/07"
QFVU ËUSF SPCVTUF Æ DF HFOSF EF WJPMBUJPO <��>
 TVSUPVU TJ MB UBJMMF EF M�ÊDIBOUJMMPO FTU
TVQÊSJFVSF Æ �� PCTFSWBUJPOT QBS DFMMVMF <��>� "WFD �� PCTFSWBUJPOT QBS DFMMVMF
 OPVT
BWPOT DPOTJEÊSÊ RVF M�VUJMJTBUJPO EF M�"/07" QPVS M�BOBMZTF TUBUJTUJRVF ÊUBJU UPVKPVST
MÊHJUJNF�

'BDUFVS EG 44 .4 ' Q

40 � ���� ���� ����� �����

41 � ����� ���� ����� �����

03 � ���� ��� ����� �����

%. � ����� ����� ����� �����

40 � 41 � ���� ���� ����� �����

40 � 03 � ���� ���� ����� �����

41 � 03 � ���� ���� ����� �����

40 � %. � ���� ���� ����� �����

41 � %. � ��� ��� ����� �����

03 � %. � ���� ���� ����� �����

5BCMFBV ��� m 3ÊTVMUBUT EF M�"/07"� 40 � TPVSDF
 41 � FTQBDF
 03 � PSESF BNCJTPOJRVF NJYUF
 %. �
EJNFOTJPOBMJUÊ
 EG � EFHSÊ EF MJCFSUÊ
 44 � TPNNF EFT DBSSÊT
 .4 � NPZFOOF EFT DBSSÊT
 ' � WBMFVS G
 Q � WBMFVS
Q�

-FT EPOOÊFT POU ÊUÊ TPVNJTFT Æ VOF "/07" Æ NFTVSFT SÊQÊUÊFT BWFD MFT WBSJBCMFT
JOEÊQFOEBOUFT TVJWBOUFT � jFTQBDF TPOPSFv 	�
 × jTPVSDF TPOPSFv 	�
 × jPSESF BN�
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CJTPOJRVF NJYUFv 	�
 × jEJNFOTJPOOBMJUÊv 	�
� -F UFTU EF TQIÊSJDJUÊ EF .BVDIMZ B JO�
EJRVÊ RVF M�IZQPUIÍTF EF TQIÊSJDJUÊ ÊUBJU SFNQMJF QPVS DIBRVF WBSJBCMF JOEÊQFOEBOUF
BJOTJ RVF QPVS MFVST JOUFSBDUJPOT� -FT SÊTVMUBUT TPOU QSÊTFOUÊT EBOT MF UBCMFBV ���� 1BS
TPVDJ EF MJTJCJMJUÊ
 TFVMT MFT SÊTVMUBUT DPSSFTQPOEBOU BVY FGGFUT QSJODJQBVY FU BVY JO�
UFSBDUJPOT TJNQMFT TPOU BGàDIÊT 	MFT JOUFSBDUJPOT Æ USPJT FU Æ RVBUSF GBDUFVST O�ÊUBJFOU
QBT TJHOJàDBUJWFT
� 6O TFVM FGGFU QSJODJQBM ÊUBJU TJHOJàDBUJG � MB WBSJBCMF JOEÊQFOEBOUF
jFTQBDF TPOPSFv <'	�
 ��
 � �
��� � Q � �
���>�
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'ñïýúí ��� m /PUFT EF EJTTFNCMBODF NPZFOOFT BWFD MFT JOUFSWBMMFT EF DPOàBODF Æ ��� BTTPDJÊT QPVS MFT
DJOR FTQBDFT�

&TQBDF U EG Q 5BJMMF E�FGGFU

$6* ����� ��� ����� ����

&4$ ����� ��� ����� ����

14$ ����� ��� ����� ����

3'$ ����� ��� ����� ����

5-5 ����� ��� ����� ����

5BCMFBV ��� m 3ÊTVMUBUT EFT U�UFTUT U Æ ÊDIBOUJMMPO VOJRVF QPVS DIBRVF FTQBDF� U � WBMFVS U
 EG � EFHSÊ EF MJCFSUÊ

Q � WBMFVS Q
 5BJMMF E�FGGFU � DPFGàDJFOU d EF $PIFO� 6OF WBMFVS Q � �
�� TJHOJàF RVF MFT OPUFT NPZFOOFT
EF EJTTFNCMBODF ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF [ÊSP FU EPOD RVF MFT TVKFUT POU QV QFSDFWPJS MB
EJGGÊSFODF FOUSF MFT TUJNVMJ E�PSESF NJYUF FU MB SÊGÊSFODF� $FT WBMFVST BQQBSBJTTFOU FO CMFV�

-B àHVSF ��� BGàDIF MFT OPUFT NPZFOOFT EF EJTTFNCMBODF FU M�JOUFSWBMMF EF DPOàBODF
Æ ��� QPVS DIBRVF FTQBDF TPOPSF� %FT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFS�
SPOJ POU ÊUÊ FGGFDUVÊT QPVS MFT EJGGÊSFOUT OJWFBVY EF MB WBSJBCMF JOEÊQFOEBOUF jFTQBDFv�
"VDVOF EJGGÊSFODF TJHOJàDBUJWF O�B ÊUÊ PCUFOVF FOUSF MFT OPUFT BTTPDJÊFT Æ $VJTJOF
 &T�
DBMJFS
 1JTDJOF FU 3ÊGFDUPJSF� 6O FTQBDF FO QBSUJDVMJFS T�FTU EJTUJOHVÊ � MFT OPUFT MJÊFT Æ
5PJMFUUFT ÊUBJFOU TJHOJàDBUJWFNFOU TVQÊSJFVSFT Æ DFMMFT MJÊFT Æ $VJTJOF
 &TDBMJFS FU 1JT�
DJOF 	Q � �����
 Q � �����
 Q � ����� SFTQFDUJWFNFOU
� /ÊBONPJOT
 BVDVOF EJGGÊSFODF
TJHOJàDBUJWF O�B ÊUÊ PCUFOVF FOUSF MFT OPUFT BTTPDJÊFT Æ 5PJMFUUFT FU 3ÊGFDUPJSF 	Q �
�����
�
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-�"/07" QFSNFU VOJRVFNFOU EF EÊUFSNJOFS TJ MFT TVKFUT POU ÊWBMVÊ EF MB NËNF
NBOJÍSF MFT EJGGÊSFODFT FOUSF MFT TUJNVMJ E�PSESF NJYUF FU MB SÊGÊSFODF E�VOF DPOEJUJPO
Æ M�BVUSF� 1PVS EÊUFSNJOFS TJ MFT TVKFUT POU ÊUÊ DBQBCMFT EF GBJSF MB EJTUJODUJPO FOUSF
MFT TUJNVMJ E�PSESF NJYUF FU MB SÊGÊSFODF
 VOF BOBMZTF QMVT BQQSPGPOEJF FTU OÊDFTTBJSF�
-�"/07" BZBOU EÊUFSNJOÊ RVF MFT TVKFUT ÊWBMVBJFOU EJGGÊSFNNFOU MFT TUJNVMJ TPOPSFT
FO GPODUJPO EF M�FTQBDF TPOPSF
 MFT EPOOÊFT POU ÊUÊ TPVNJTFT Æ EFT U�UFTUT Æ ÊDIBOUJMMPO
VOJRVF BàO E�ÊWBMVFS TJ MFT OPUFT NPZFOOFT EF EJTTFNCMBODF MJÊFT Æ DIBRVF FTQBDF TP�
OPSF ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF [ÊSP� -FT SÊTVMUBUT EFT UFTUT TPOU BGàDIÊT
EBOT MF UBCMFBV ���� $FT UFTUT POU SÊWÊMÊ RVF MFT NPZFOOFT EFT OPUFT PCUFOVFT QPVS
$VJTJOF FU 1JTDJOF O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF [ÊSP
 DF RVJ TVHHÍSF
RVF MFT TVKFUT O�ÊUBJFOU HMPCBMFNFOU QBT DBQBCMFT EF QFSDFWPJS VOF EJGGÊSFODF FOUSF MF
TUJNVMVT E�PSESF � FU MFT TUJNVMJ E�PSESF NJYUF QPVS DFT EFVY FTQBDFT� .ËNF TJ MFT
OPUFT EF EJTTFNCMBODF ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF [ÊSP QPVS USPJT FTQBDFT
TPOPSFT 	&TDBMJFS
 3ÊGFDUPJSF FU 5PJMFUUFT

 MFT UBJMMFT E�FGGFU d PCTFSWÊFT QFVWFOU ËUSF
DPOTJEÊSÊFT DPNNF GBJCMFT 	d � ���
 QPVS UPVT MFT FTQBDFT TPOPSFT
 FYDFQUÊ QPVS M�FT�
QBDF5PJMFUUFT QPVS MFRVFM MB UBJMMF E�FGGFU FTU NPZFOOF 	d � ���

 E�BQSÍT MFT DPOWFOUJPOT
ÊUBCMJFT QBS $PIFO <��>�

Ö�Ö� �ISCUSSION

Ö�Ö�Ò� �UCUNE INċUENCE OBSERVdE DE L¤ORDRE AMBISONIQUE MIXTE

6OF "/07" Æ NFTVSFT SÊQÊUÊFT B SÊWÊMÊ RVF MB SFQSÊTFOUBUJPO BNCJTPOJRVF VUJ�
MJTÊF QPVS MFT TUJNVMJ E�PSESFT NJYUFT O�BWBJU BVDVOF JOáVFODF TJHOJàDBUJWF TVS MB EJT�
TFNCMBODF QFSÉVF FOUSF MB SÊGÊSFODF DBDIÊF FU MFT TUJNVMJ E�PSESFT NJYUFT� *M TFNCMF
EPOD RVF MFT TVKFUT BJFOU ÊWBMVÊ MFT EJGGÊSFODFT FOUSF MB SÊGÊSFODF E�PSESF � FU MFT TUJ�
NVMJ E�PSESF NJYUF EF MB NËNF NBOJÍSF QPVS UPVT MFT PSESFT NJYUFT UFTUÊT BMPST RV�PO
BVSBJU QV T�BUUFOESF Æ EFT OPUFT EF EJTTFNCMBODF QMVT ÊMFWÊFT QPVS MFT PSESFT NJYUFT
QMVT GBJCMFT�

Ö�Ö�Ó� �UCUNE INċUENCE OBSERVdE DE LA DIMENSIONALITd

*M TFNCMF RVF MFT JOGPSNBUJPOT GPVSOJFT QBS MFT DPNQPTBOUFT BNCJTPOJRVFT OPO
TFDUPSJFMMFT O�BJFOU QBT ÊUÊ EJTDSJNJOBOUFT
 QVJTRVF M�VUJMJTBUJPO EF 43*3T �% PV �%
O�B QBT FOUSBÏOÊ EF EJGGÊSFODFT TJHOJàDBUJWFT EBOT MFT ÊWBMVBUJPOT� 1MVTJFVST SBJTPOT
QFVWFOU FYQMJRVFS DF QIÊOPNÍOF � �
 -B QSÊDJTJPO EF MB MPDBMJTBUJPO FO ÊMÊWBUJPO FTU
GBJCMF QBS SBQQPSU Æ MB MPDBMJTBUJPO EBOT MF QMBO IPSJ[POUBM <��>� *M FTU QPTTJCMF RVF
MFT JOEJDFT E�ÊMÊWBUJPO O�BJFOU QBT ÊUÊ TVGàTBNNFOU TBJMMBOUT QPVS ËUSF EJTDSJNJOBOUT
EBOT MFT QBSUJFT SÊWFSCÊSBOUFT EFT 43*3 DPOTJEÊSÊFT� �
 &O VUJMJTBOU EFT TJHOBVY BN�
CJTPOJRVFT E�PSESF � FU �
 M�FTQBDF TPOPSF NFTVSÊ QFVU ËUSF SFQSPEVJU BVY PSFJMMFT EF
M�BVEJUFVS BWFD VOF FSSFVS EF SFDPOTUSVDUJPO EF �� KVTRV�Æ FOWJSPO ���)[ FU ����)[
SFTQFDUJWFNFOU <��
 ��>� -FT JOEJDFT E�ÊMÊWBUJPO ÊUBJFOU QFVU�ËUSF EÊKÆ UFMMFNFOU BMUÊSÊT
RVF MB SÊEVDUJPO EF MB SÊTPMVUJPO FO ÊMÊWBUJPO O�B QBT FV E�JNQBDU TVS MB QFSDFQUJPO
EFT SÊáFYJPOT� �
 -B QFSDFQUJPO EF M�ÊMÊWBUJPO QFVU BWPJS ÊUÊ HSBWFNFOU BMUÊSÊF QBS
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Ö
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M�VUJMJTBUJPO E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ
 RVJ OF QFVU QBT SFQSPEVJSF DPS�
SFDUFNFOU MFT JOEJDFT TQFDUSBVY QPVS DIBRVF TVKFU� �
 -F TPO EJSFDU ÊUBOU EBOT MF QMBO
IPSJ[POUBM
 JM FTU QPTTJCMF RVF MFT TVKFUT O�BJFOU QBT VUJMJTÊ MFT JOEJDFT E�ÊMÊWBUJPO QPVS
DPNQBSFS MFT TUJNVMJ
 DBS MFVS BUUFOUJPO O�ÊUBJU QBT DPODFOUSÊF TVS DFUUF [POF QBSUJDV�
MJÍSF� %FT ÊUVEFT TVQQMÊNFOUBJSFT TPOU OÊDFTTBJSFT QPVS ÊWBMVFS M�JNQBDU EF DIBDVO
EFT GBDUFVST NFOUJPOOÊT DJ�EFTTVT
 FO VUJMJTBOU VOF RVBOUJUÊ QMVT JNQPSUBOUF E�FTQBDFT
TPOPSFT BWFD EFT JOGPSNBUJPOT E�ÊMÊWBUJPO TBJMMBOUFT FU EFT TPVSDFT TPOPSFT TJUVÊFT FO
EFIPST EV QMBO IPSJ[POUBM�

Ö�Ö�Ô� �NċUENCE DE L¤ESPACE SONORE

-F TFVM FGGFU TJHOJàDBUJG TVS MFT OPUFT EF EJTTFNCMBODF ÊUBJU M�FTQBDF TPOPSF� &O
QBSUJDVMJFS
 MF QMVT QFUJU FTQBDF 	5PJMFUUFT
 B DPOEVJU BVY QMVT HSBOEFT EJTTFNCMBODFT
QFSÉVFT BWFD MB SÊGÊSFODF DBDIÊF� $FU FTQBDF BWBJU Æ MB GPJT MF QMVT QFUJU WPMVNF FU MF
UFNQT EF SÊWFSCÊSBUJPO MF QMVT DPVSU� /PVT QPVWPOT TVQQPTFS RVF MB QSÊTFODF E�VO
OPNCSF MJNJUÊ EF SÊáFYJPOT TQÊDVMBJSFT E�BNQMJUVEFT ÊMFWÊFT
 B BJEÊ MFT TVKFUT Æ GBJSF
MB EJGGÊSFODF FOUSF MFT TUJNVMJ E�PSESF NJYUF FU MB SÊGÊSFODF�

1PVS MFT FTQBDFT TPOPSFT 3ÊGFDUPJSF
 &TDBMJFS FU 5PJMFUUFT
 MFT TVKFUT POU DPSSFDUF�
NFOU JEFOUJàÊ MB SÊGÊSFODF DBDIÊF QBS SBQQPSU BVY TUJNVMJ E�PSESF NJYUF� "JOTJ
 QPVS
USPJT FTQBDFT TPOPSFT TVS DJOR
 MFT SÊTVMUBUT OF TPOU QBT DPOGPSNFT Æ M�ÊUVEF QSÊMJNJ�
OBJSF E�&OHFM FU BM� <��>
 RVJ JOEJRVBJU RVF M�VUJMJTBUJPO E�PSESFT BNCJTPOJRVFT TVQÊ�
SJFVST BV QSFNJFS PSESF O�BNÊMJPSF QBT MB RVBMJUÊ EF MB TQBUJBMJTBUJPO� *M TFNCMF RVF
M�VUJMJTBUJPO E�PSESFT BNCJTPOJRVFT QMVT ÊMFWÊT QVJTTF BNÊMJPSFS
 CJFO RVF MÊHÍSFNFOU
	d ≤ 0.35
 DG� UBCMFBV ���

 MB QSÊDJTJPO EF MB SFQSPEVDUJPO EF M�FTQBDF TPOPSF�

&TQBDF 530 5T $80 %50 %33 (&

$VJTJOF ���� ���� ���� ����� ����� �����

&TDBMJFS ���� ����� ����� ����� ����� �����

1JTDJOF ���� ���� ���� ����� ���� �����

3ÊGFDUPJSF ���� ���� ���� ����� ���� �����

5PJMFUUFT ���� ���� ����� ����� ����� �����

5BCMFBV ��� m 1BSBNÍUSFT BDPVTUJRVFT MJÊT BVY FTQBDFT TPOPSFT � MF UFNQT EF SÊWFSCÊSBUJPO 	530

 MF UFNQT
DFOUSBM 	5s

 MFT SBQQPSUT E�ÊOFSHJFT QSÊDPDFT FU UBSEJWFT 	%50 FU $80

 MF SBQQPSU DIBNQ EJSFDU DIBNQ
SÊWFSCÊSÊ 	%33
 FU MB GPSDF TPOPSF EF M�ÊOFSHJF QSÊDPDF 	(&
� -FT WBMFVST SFNBSRVBCMFT BQQBSBJTTFOU FO
CMFV�

-F UBCMFBV ��� SÊQFSUPSJF QMVTJFVST QBSBNÍUSFT BDPVTUJRVFT RVJ EÊDSJWFOU MF DPOUFOV
EFT 43*3T� $FT WBMFVST EPOOFOU VO ÊDMBJSBHF TVS MFT EJGGÊSFODFT TJHOJàDBUJWFT PCTFSWÊFT
FOUSF MFT OPUFT MJÊFT Æ 5PJMFUUFT FU BVY BVUSFT FTQBDFT TPOPSFT�

-FT NFTVSFT EF %50 FU $80 TPOU MFT QMVT ÊMFWÊFT QPVS FU MF UFNQT DFOUSBM 5s MF QMVT
GBJCMF QPVS 5PJMFUUFT� $FMB DPOàSNF RVF MB 43*3 DPSSFTQPOEBOUF BWBJU QSJODJQBMFNFOU
EF M�ÊOFSHJF EBOT TB QBSUJF QSÊDPDF�

-B àHVSF ��� NPOUSF MB EÊDPNQPTJUJPO TQBUJBMF EF USPJT 43*3T TFMPO EJGGÊSFOUFT SÊ�
HJPOT UFNQPSFMMFT FO VUJMJTBOU MB NÊUIPEF EF EÊDPNQPTJUJPO TQBUJBMF 	4%.
 JOUSPEVJUF
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	B
 5PJMFUUFT 	C
 $VJTJOF

	D
 &TDBMJFS

'ñïýúí ��� m %JBHSBNNFT QPMBJSFT EF M�ÊOFSHJF EF 43*3T EBOT MF QMBO IPSJ[POUBM DBMDVMÊT E�BQSÍT MB
4%. <��>� 5SPJT SÊHJPOT UFNQPSFMMFT TPOU BGàDIÊFT � KVTRV�Æ �NT
 KVTRV�Æ ��NT
 KVTRV�BV UFNQT EFNÊMBOHF
	5m
�

QBS 5FSWP FU BM� <��>� $FUUF NÊUIPEF EÊDPNQPTF MFT 43*3 FO POEFT QMBOFT QPVS EFT
GFOËUSFT UFNQPSFMMFT DPVSUFT TVDDFTTJWFT� -FT EJBHSBNNFT QPMBJSFT SFQSÊTFOUFOU M�ÊOFS�
HJF BDDVNVMÊF BV DPVST EFT QSFNJÍSFT � NT
 �� NT FU KVTRV�BV NPNFOU EV UFNQT EF
NÊMBOHF
 FO GPODUJPO EF MB EJSFDUJPO�

-B àHVSF ���B BTTPDJÊ Æ 5PJMFUUFT
 NPOUSF RVF MFT SÊáFYJPOT TQÊDVMBJSFT TFNCMFOU
BWPJS EF QMVT HSBOEFT BNQMJUVEFT� "MPST RVF QMVTJFVST SÊáFYJPOT TPOU TVQÊSJFVSFT Æ
��� E# QBS SBQQPSU BV TPO EJSFDU EBOT EJGGÊSFOUFT EJSFDUJPOT QPVS 5PJMFUUFT
 VOF TFVMF
SÊáFYJPO 	Æ �����
 FTU TVQÊSJFVSF Æ DF TFVJM QPVS $VJTJOF� -B HSBOEF EJGGÊSFODF EFT
OPUFT EF EJTTFNCMBODF MJÊFT Æ DFT FTQBDFT QFVU T�FYQMJRVFS QBS MFT BNQMJUVEFT FU MB MP�
DBMJTBUJPO EFT SÊáFYJPOT TQÊDVMBJSFT RVJ QFVWFOU BWPJS EPOOÊ CFBVDPVQ QMVT E�JOEJDFT
EF MPDBMJTBUJPO EBOT 5PJMFUUFT�
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%F NËNF
 MB EJGGÊSFODF EFT OPUFT EF EJTTFNCMBODF FOUSF 5PJMFUUFT FU 3ÊGFDUPJSF
PV 1JTDJOF QFVU ËUSF EVF BV GBJU RVF M�BNQMJUVEF EFT SÊáFYJPOT TQÊDVMBJSFT O�ÊUBJU QBT
BTTF[ ÊMFWÊF EBOT DFT FTQBDFT� 5PVUFT MFT SÊáFYJPOT TQÊDVMBJSFT BWBJFOU VOF BNQMJUVEF
JOGÊSJFVSF EF �� E# Æ DFMMF EV TPO EJSFDU� %F QMVT
 ÊUBOU EPOOÊ MFT SBQQPSUT ÊMFWÊT FOUSF
ÊOFSHJF EV TPO EJSFDU FU ÊOFSHJF SÊWFSCÊSÊF QPVS DFT EFVY FTQBDFT
 JM FTU QPTTJCMF RVF
M�ÊOFSHJF EV TPO EJSFDU BJU NBTRVÊ MFT QSFNJÍSFT SÊáFYJPOT EFT 43*3T�

"MPST RVF EBOT &TDBMJFS MF NJDSPQIPOF ÊUBJU USÍT QSPDIF E�VO NVS
 DF RVJ ÊUBJU
DFOTÊ QSPEVJSF EF GPSUFT SÊáFYJPOT QSÊDPDFT USÍT EJTDSJNJOBOUFT
 DFU FTQBDF O�ÊUBJU QBT
BVTTJ EJTDSJNJOBOU RVF 5PJMFUUFT� &O QBSUJDVMJFS
 MB àHVSF ���D NPOUSF RV�VOF SÊáFYJPO
QSÊDPDF FTU BVTTJ ÊMFWÊF RVF MF TPO EJSFDU Æ ���◦� -B GPSDF TPOPSF EF M�ÊOFSHJF QSÊDPDF
FTU MB QMVT ÊMFWÊF NBJT TPO SBQQPSU FOUSF M�ÊOFSHJF QSÊDPDF FU M�ÊOFSHJF UBSEJWF FTU MB
QMVT GBJCMF� $PNQUF UFOV EF MB MPOHVF EVSÊF EF SÊWFSCÊSBUJPO
 PO QFVU TVQQPTFS RVF
MFT TVKFUT ÊUBJFOU TFOTJCMFT Æ M�JNQPSUBOUF ÊOFSHJF UBSEJWF RVJ B QV NBTRVFS DFSUBJOFT
JOGPSNBUJPOT QSÊDPDFT�

Ö�×� �ONCLUSION

%BOT DF DIBQJUSF
 MFT 43*3T POU ÊUÊ NBOJQVMÊFT EBOT MF EPNBJOF BNCJTPOJRVF QPVS
ÊUVEJFS MB QFSDFQUJPO EF TDÍOFT TPOPSFT EPOU MB QBSUJF SÊWFSCÊSÊF B VOF SÊTPMVUJPO TQB�
UJBMF QMVT GBJCMF RVF MF TPO EJSFDU� -�ÊUVEF T�FTU QMBDÊF EBOT VO DPOUFYUF E�ÊDPVUF DPN�
NVOÊNFOU SFODPOUSÊ FO VUJMJTBOU VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ FU EFT TJHOBVY
BNCJTPOJRVFT BMMBOU KVTRV�Æ M�PSESF �� %FT àMUSFT EF EÊDPEBHF CJOBVSBVY PQUJNJTÊT POU
ÊUÊ VUJMJTÊT EF NBOJÍSF Æ SFQSPEVJSF QSÊDJTÊNFOU MFT JOEJDFT TQFDUSBVY FU MB DPSSÊMBUJPO
JOUFSBVSBMF FO DIBNQ EJGGVT EF )35'T NFTVSÊFT�

6O UFTU QFSDFQUJG B NPOUSÊ RVF MF EÊDPEBHF CJOBVSBM Æ VO PSESF JOGÊSJFVS PV ÊHBM Æ �
E�VOF SÊWFSCÊSBUJPO BNCJTPOJRVF QFVU BWPJS VOF MÊHÍSF JOáVFODF PV QBT E�JOáVFODF
TVS MB QFSDFQUJPO EF M�BDPVTUJRVF QBS SBQQPSU Æ VO EÊDPEBHF CJOBVSBM E�PSESF �� $FUUF
JOáVFODF EÊQFOE EF M�FTQBDF TPOPSF DPOTJEÊSÊ� *M TFNCMF RVF MFT FTQBDFT QSÊTFOUBOU
EFT SÊáFYJPOT TQÊDVMBJSFT JNQPSUBOUFT
 BJOTJ RV�VO UFNQT EF SÊWFSCÊSBUJPO DPVSU FU
VO GBJCMF SBQQPSU FOUSF M�ÊOFSHJF EJSFDUF FU M�ÊOFSHJF SÊWFSCÊSÊF
 QFVWFOU FOUSBÏOFS EFT
EJGGÊSFODFT QFSDFQUJCMFT�

%F QMVT
 EBOT DFUUF ÊUVEF
 MB SÊEVDUJPO EF MB EJNFOTJPOOBMJUÊ EFT 43*3T FO ÊMÊWB�
UJPO O�B QBT FV E�JNQBDU TVS MB QFSDFQUJPO EF M�BDPVTUJRVF EFT TBMMFT� $F SÊTVMUBU QFVU
ËUSF BUUSJCVÊ BV GBJU RVF OPUSF QFSDFQUJPO EF SÊáFYJPOT TPOPSFT TJUVÊFT FO ÊMÊWBUJPO
FTU NPJOT QSÊDJTF RVF OPUSF QFSDFQUJPO EF SÊáFYJPOT EBOT MF QMBO B[JNVUBM� *M QFVU
ÊHBMFNFOU ËUSF EÚ Æ M�VUJMJTBUJPO E�VO FODPEBHF BNCJTPOJRVF E�PSESF MJNJUÊ 	PSESF �

FU Æ M�VTBHF E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ RVJ BGGFDUFOU MB QFSDFQUJPO EF M�ÊMÊ�
WBUJPO�

-FT SÊTVMUBUT QSÊTFOUÊT EBOT DF DIBQJUSF POU EFT JNQMJDBUJPOT TVS MF DPÚU EF DBMDVM
FU M�VUJMJTBUJPO EF MB NÊNPJSF OÊDFTTBJSFT Æ MB SFQSPEVDUJPO EF 43*3T QVJTRVF
 QPVS
QMVTJFVST 43*3T
 MB SÊEVDUJPO EF �� Æ � DBOBVY BNCJTPOJRVFT O�B QBT FOUSBÏOÊ EF
EJGGÊSFODFT QFSDFQUJWFT JNQPSUBOUFT WPJSF NËNF TJHOJàDBUJWFT�
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�¤INċUENCE DES RdSOLUTIONS

TEMPORELLE ET FRdQUENTIELLE DE LA
PARAMdTRISATION DES PREMIcRES

RdċEXIONS

-B SÊEVDUJPO EF MB SÊTPMVUJPO TQBUJBMF E�VOF SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF EF TBMMF
QSÊTFOUF M�BWBOUBHF EF SÊEVJSF MF OPNCSF EF TFT ÊDIBOUJMMPOT
 EF SÊEVJSF MFT DBMDVMT
OÊDFTTBJSFT BV SFOEV TPOPSF FU TJNQMJàF MF DPOUSÔMF QFSDFQUJG� %BOT MF DIBQJUSF QSÊ�
DÊEFOU
 OPVT BWPOT WV RV�JM FTU QPTTJCMF EF SÊEVJSF DFUUF SÊTPMVUJPO FO JOUSPEVJTBOU
VOF MÊHÍSF EJGGÊSFODF WPJSF BVDVOF EJGGÊSFODF BVEJCMF TFMPO M�FTQBDF� %BOT DF DIBQJUSF

OPVT QPVSTVJWPOT M�BOBMZTF EFT SÊTPMVUJPOT BWFD MFTRVFMMFT JM TFNCMF TVGàTBOU EF EÊàOJS
MFT QBSBNÍUSFT E�VOF 43*3� 1BSNJ MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO QSÊTFOUÊFT BV DIB�
QJUSF �
 JM O�FYJTUF QBT EF DPOTFOTVT TVS MFT SÊTPMVUJPOT GSÊRVFOUJFMMF FU UFNQPSFMMF BWFD
MFTRVFMMFT EÊàOJS MFT QBSBNÍUSFT BTTPDJÊT BVY SÊáFYJPOT QSÊDPDFT� "àO E�ÊUVEJFS DFT
SÊTPMVUJPOT
 OPVT QSPQPTPOT VOF NÊUIPEF EF QBSBNÊUSJTBUJPO CBTÊF TVS MF DBMDVM EF
NBUSJDFT EF DPWBSJBODF RVJ QFSNFU EF SFQSPEVJSF MB SÊQBSUJUJPO EF M�ÊOFSHJF TPOPSF EFT
SÊáFYJPOT QSÊDPDFT EBOT QMVTJFVST SÊHJPOT UFNQT�GSÊRVFODF� %FT TDÍOFT TPOPSFT HÊOÊ�
SÊFT BWFD EFT 43*3T BNCJTPOJRVFT FODPEÊFT Æ M�PSESF � POU ÊUÊ DPNQBSÊFT Æ EFT TDÍOFT
HÊOÊSÊFT QBS EFT WFSTJPOT QBSBNÊUSÊFT E�PSESF � EF DFT 43*3T� 6O UFTU QFSDFQUJG B SÊ�
WÊMÊ RVF
 QBSNJ MFT NÊUIPEFT ÊWBMVÊFT
 MB NÊUIPEF EF QBSBNÊUSJTBUJPO FNQMPZBOU VOF
SÊTPMVUJPO UFNQPSFMMF EF � NT EBOT RVBUSF CBOEFT EF GSÊRVFODF ÊUBJU MB QMVT QSPDIF
EFT TDÍOFT TPOPSFT EF SÊGÊSFODF� -FT SÊTVMUBUT PCUFOVT BWFD DFUUF NÊUIPEF O�ÊUBJU QBT
TJHOJàDBUJWFNFOU EJGGÊSFOUT EF DFVY PCUFOVT BWFD MB 4%. � VOF QBSBNÊUSJTBUJPO DPN�
NVOÊNFOU FNQMPZÊF � UPVU FO SÊEVJTBOU MF OPNCSF EF QBSBNÍUSFT OÊDFTTBJSFT�

ÒÔØ
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ÒÔÙ ×� �A RdSOLUTION DE LA PARAMdTRISATION DES PREMIcRES RdċEXIONS

×�Ò� �NTRODUCTION

-�FOTFNCMF EFT ÊDIBOUJMMPOT E�VOF SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF EF TBMMF 	43*3

QFVU DPOTUJUVFS VOF HSBOEF RVBOUJUÊ E�ÊDIBOUJMMPOT FU M�FNQMPJ EF EPOOÊFT EÊDSJWBOU TFT
DBSBDUÊSJTUJRVFT TQBUJBMFT
 GSÊRVFOUJFMMFT FU UFNQPSFMMFT QFVU SÊEVJSF DPOTJEÊSBCMFNFOU
DFUUF RVBOUJUÊ� $FT EPOOÊFT TPOU EFT QBSBNÍUSFT EF MB 43*3T� %BOT MF CVU EF NPEJàFS MF
SFOEV TPOPSF E�VOF BVSBMJTBUJPO
 QMVUÔU RVF E�BHJS TVS DIBRVF ÊDIBOUJMMPO E�VOF 43*3

JM FTU QMVT TJNQMF E�BQQSÊIFOEFS MB NPEJàDBUJPO EF QBSBNÍUSFT UFMT RVF MB EJGGVTJWJUÊ

MB QPTJUJPO EF SÊáFYJPOT TQÊDVMBJSFT PV EFT QFOUFT EF EÊDSPJTTBODF EF M�ÊOFSHJF QPVS
DPOUSÔMFS MB SFQSPEVDUJPO EV DIBNQ TPOPSF�

1BSNJ MFT NÊUIPEFT QFSNFUUBOU E�FYUSBJSF EFT QBSBNÍUSFT E�VOF 43*3 TF USPVWFOU
OPUBNNFOU MB 34"0 <�> FU MB QBSBNÊUSJTBUJPO 4'" <�>� $FT NÊUIPEFT BOBMZTFOU VOF
43*3 FO BDDPSE BWFD VO NPEÍMF HÊOÊSJRVF EF SÊWFSCÊSBUJPO RVJ BTTPDJF EFT SÊáFYJPOT
TQÊDVMBJSFT QSÊDPDFT Æ VO DIBNQ EJGGVT UBSEJG� &MMFT OF TQÊDJàFOU QBT EF DSJUÍSF QFS�
NFUUBOU EF DPOOBJUSF MF OPNCSF EF QSFNJÍSFT SÊáFYJPOT OJ MB SÊTPMVUJPO GSÊRVFOUJFMMF
OÊDFTTBJSFT QPVS SFQSPEVJSF àEÍMFNFOU VOF 43*3� -B EÊUFSNJOBUJPO EFT SÊáFYJPOT TF
GBJU EF NBOJÍSF IFVSJTUJRVF FO àYBOU EFT TFVJMT EF EÊUFDUJPO� #FHBVMU FU BM� <�> POU ÊUB�
CMJ EFT TFVJMT E�BVEJCJMJUÊ EF SÊáFYJPOT FO GPODUJPO EF MFVS SFUBSE
 EF MFVS BNQMJUVEF FU
EF MFVS EJSFDUJPO E�JODJEFODF� /ÊBONPJOT
 EF QMVT BNQMFT ÊUVEFT EPJWFOU ËUSF NFOÊFT
QPVS ÊUBCMJS MB SÊTPMVUJPO UFNQPSFMMF BWFD MBRVFMMF BOBMZTFS FU SFDPOTUSVJSF M�ÊOFSHJF
QSÊDPDF E�VOF 43*3�

%�BVUSFT NÊUIPEFT EF QBSBNÊUSJTBUJPO UFMMFT RVF MF 4*33 <�>
 )0�4*33 <�> PV
MB 4%. <�> TPOU ÊHBMFNFOU VUJMJTÊFT� $FT QSPDÊEÊT BOBMZTFOU MFT DBSBDUÊSJTUJRVFT TQB�
UJBMFT E�VOF 43*3 EBOT EFT GFOËUSFT UFNQT�GSÊRVFODF SÊEVJUFT EF M�PSESF EF RVFMRVFT
NJMMJTFDPOEFT FU EF EJ[BJOFT EF )FSU[� -B 4%. SFQPTF TVS M�IZQPUIÍTF RVF MF DIBNQ
TPOPSF NFTVSÊ QFVU ËUSF SFQSÊTFOUÊ DPNNF VOF TVDDFTTJPO E�ÊWÊOFNFOUT BDPVTUJRVFT
EJTUJODUT
 DIBDVO E�FOUSF FVY BTTPDJÊ Æ VOF EJSFDUJPO E�JODJEFODF FU VOF BNQMJUVEF�
$FUUF NÊUIPEF B ÊUÊ VUJMJTÊF QPVS M�BOBMZTF FU M�BVSBMJTBUJPO EF DIBNQT TPOPSFT EBOT
EFT TBMMFT EF DPODFSU <�
 �> PV EFT IBCJUBDMFT EF WPJUVSF <�
 ��>�

3ÊDFNNFOU
 (BSÎ FU BM� <��> POU FNQMPZÊ DFUUF NÊUIPEF QPVS BVSBMJTFS VO FTQBDF
TPOPSF FO CJOBVSBM EBOT VO DPOUFYUF EF SÊBMJUÊ BVHNFOUÊF� -B 4%. B ÊUÊ DIPJTJF
BàO EF SFQSPEVJSF EFT SÊQPOTFT JNQVMTJPOOFMMFT CJOBVSBMFT 	#3*3T
 EPOU MFT DBSBD�
UÊSJTUJRVFT TQBUJBMFT TPOU GBDJMFNFOU NBOJQVMBCMFT HSÄDF BVY QBSBNÍUSFT FYUSBJUT� -FT
SÊTVMUBUT E�VO UFTU QFSDFQUJG NPOUSFOU RVF MB QFSDFQUJPO BV DBTRVF E�VOF TPVSDF EBOT
VO FTQBDF BVSBMJTÊ ÊUBJU QMBVTJCMF QBS SBQQPSU Æ MB EJGGVTJPO EF DFUUF NËNF TPVSDF JO
TJUV BV NPZFO EF IBVU�QBSMFVST� /ÊBONPJOT
 -B EJGGVTJPO CJOBVSBMF EF MB TPVSDF ÊUBJU
QFSÉVF TJHOJàDBUJWFNFOU EJGGÊSFOUF EF MB EJGGVTJPO TVS IBVU�QBSMFVS�

#JFO RV�FMMF DPOTUJUVF VOF NÊUIPEF E�BVSBMJTBUJPO QSPEVJTBOU EFT SÊTVMUBUT DSÊ�
EJCMFT
 MB EFTDSJQUJPO EV DIBNQ TPOPSF QBS MB 4%. SFQSÊTFOUF VOF RVBOUJUÊ EF EPO�
OÊFT JNQPSUBOUF DBS FMMF DPOTJTUF FO VO WFDUFVS DPOUFOBOU MF TJHOBM PNOJEJSFDUJPOOFM
EF MB 43*3 BTTPDJÊ Æ VOF NBUSJDF JOEJRVBOU MFT EJSFDUJPOT E�JODJEFODF QPVS DIBDVO
EFT ÊDIBOUJMMPOT� %F QMVT
 MFT QBSBNÍUSFT DBSBDUÊSJTFOU MF DPNQPSUFNFOU TQBUJBM EF MB
43*3 TVS M�FOTFNCMF EV TQFDUSF FU OPO QBS CBOEF EF GSÊRVFODF
 DF RVJ MJNJUF MF DPOUSÔMF
TQBUJBM�

%BOT DF DIBQJUSF
 OPVT TPVIBJUPOT ÊUVEJFS MB SFQSPEVDUJPO EF 43*3T TFMPO VOF
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BVUSF NÊUIPEF EF QBSBNÊUSJTBUJPO� -�BQQSPDIF QSPQPTÊF QFSNFU EF SÊEVJSF MF OPNCSF
EF QBSBNÍUSFT OÊDFTTBJSFT FU VO DPOUSÔMF EFT DBSBDUÊSJTUJRVFT TQBUJBMFT QBS CBOEF EF
GSÊRVFODF� $FUUF NÊUIPEF FTU CBTÊF TVS M�FNQMPJ EF NBUSJDFT EF DPWBSJBODF DBMDVMÊFT
EBOT QMVTJFVST SÊHJPOT UFNQT�GSÊRVFODF� -B NBUSJDF EF DPWBSJBODF EFT TJHOBVY BNCJ�
TPOJRVFT DPOUJFOU MFT ÊOFSHJFT FU MFT SFMBUJPOT EF QIBTF FU E�ÊOFSHJF FOUSF DIBRVF TJHOBM�
&MMF QFSNFU BJOTJ EF EÊDSJSF MFT DBSBDUÊSJTUJRVFT TQBUJBMFT EV DIBNQ TPOPSF� /PVT QSÊ�
TFOUFSPOT EBOT VO QSFNJFS UFNQT MB NÊUIPEF EF QBSBNÊUSJTBUJPO QSPQPTÊF� 1MVTJFVST
43*3T POU ÊUÊ SFQSPEVJUFT BWFD DFUUF NÊUIPEF FU BWFD MB 4%.� "àO E�ÊWBMVFS MB EJT�
TFNCMBODF FOUSF MFT TJHOBVY SFQSPEVJUT FU MFT TJHOBVY JTTVT EF 43*3T OPO QBSBNÊUSÊFT

VO UFTU QFSDFQUJG B ÊUÊ NJT FO �VWSF�

-FT SÊTVMUBUT EV DIBQJUSF � OPVT JOGPSNFOU RVF MB SÊEVDUJPO EF M�PSESF E�FODP�
EBHF EF MB SÊWFSCÊSBUJPO QFVU BWPJS VO JOáVFODF TJHOJàDBUJWF TVS MB QFSDFQUJPO EF
M�BDPVTUJRVF TFMPO M�FTQBDF� /ÊBONPJOT
 DFUUF JOáVFODF ÊUBOU GBJCMF
 OPVT BWPOT DIPJTJ
E�BEPQUFS VO NPUFVS EF SFOEV CJOBVSBM SFQSPEVJTBOU MF TPO EJSFDU Æ M�PSESF � FU MB SÊ�
WFSCÊSBUJPO Æ M�PSESF �
 RVJ QSÊTFOUF M�BWBOUBHF EF SÊEVJSF DPOTJEÊSBCMFNFOU MFT DBMDVMT
OÊDFTTBJSFT Æ M�BVSBMJTBUJPO�

×�Ó� �ARAMdTRISATION D¤UNE ���� PARMATRICE DE COVARIANCE

4PJU # MB NBUSJDF EFT N = (L + 1)2 TJHOBVY BNCJTPOJRVFT SFQSÊTFOUBOU MFT QSF�
NJÍSFT SÊáFYJPOT E�VOF 43*3 EBOT MF EPNBJOF EFT IBSNPOJRVFT TQIÊSJRVFT KVTRV�Æ
M�PSESF L� -�FTUJNBUJPO EF MB NBUSJDF EF DPWBSJBODF $ FTU EPOOÊF QBS �

$ =
1

K − 1
##H 
 	���


PÜ H EÊTJHOF M�PQÊSBUFVS BEKPJOU FU K EÊTJHOF MF OPNCSF E�ÊDIBOUJMMPO EFT TJHOBVY
BNCJTPOJRVFT�

1MVUÔU RVF EF DPOTFSWFS M�FOTFNCMF EFT TJHOBVY # QPVS EÊDSJSF MFT QSFNJÍSFT SÊ�
áFYJPOT E�VOF 43*3 OPVT QSPQPTPOT EF TFVMFNFOU DPOTFSWFS � �
 MF TJHOBM PNOJ�
EJSFDUJPOOFM
 RVJ DPOUJFOU MB TUSVDUVSF UFNQPSFMMF FU GSÊRVFOUJFMMF EFT QSFNJÍSFT SÊ�
áFYJPOT DBQUÊFT EBOT UPVUFT MFT EJSFDUJPOT
 �
 MFT NBUSJDFT EF DPWBSJBODF EFT TJHOBVY
BNCJTPOJRVFT EBOT QMVTJFVST SÊHJPOT UFNQT�GSÊRVFODF� -B àHVSF ��� SFQSÊTFOUF MF
TQFDUSPHSBNNF E�VO TJHOBM PNOJEJSFDUJPOOFM TFHNFOUÊ FO EJGGÊSFOUFT SÊHJPOT UFNQT�
GSÊRVFODF BVYRVFMMFT EFT NBUSJDFT EF DPWBSJBODF TPOU BTTPDJÊFT�

-B àHVSF ��� SFQSÊTFOUF MFT PQÊSBUJPOT Æ FGGFDUVFS QPVS HÊOÊSFS EFT TJHOBVY BN�
CJTPOJRVFT BZBOU MF NËNF TJHOBM PNOJEJSFDUJPOOFM RVF MFT TJHOBVY E�PSJHJOF FU MB
NËNF NBUSJDF EF DPWBSJBODF RVF MFT TJHOBVY E�PSJHJOF EBOT DIBRVF TFHNFOU UFNQT�
GSÊRVFODF� 1PVS DF GBJSF
 EFT TJHOBVY EÊDPSSÊMÊT TPOU DSÊÊT Æ QBSUJS EV TJHOBM PNOJEJ�
SFDUJPOOFM QVJT NÊMBOHÊT EF NBOJÍSF Æ SFQSPEVJSF MB DPWBSJBODF EFT TJHOBVY E�PSJHJOF�
6OF NBUSJDF EF SPUBUJPO FTU FOTVJUF BQQMJRVÊF BVY TJHOBVY HÊOÊSÊT QPVS RVF MF TJHOBM
PNOJEJSFDUJPOOFM DPSSFTQPOEF Æ DFMVJ E�PSJHJOF�



×

ÒÕÑ ×� �A RdSOLUTION DE LA PARAMdTRISATION DES PREMIcRES RdċEXIONS

'ñïýúí ��� m 4FHNFOUBUJPO UFNQT�GSÊRVFODF EV TJHOBM PNOJEJSFDUJPOOFM BVRVFM TPOU BTTPDJÊFT EFT NBUSJDFT
EF DPWBSJBODF E�PSESF � QPVS DIBRVF TFHNFOU�

'ñïýúí ��� m 1SPDFTTVT E�BOBMZTF FU EF TZOUIÍTF QSPQPTÊ�

×�Ó�Ò� �RdATION DE SIGNAUX DdCORRdLdS [ PARTIR DU SIGNAL OMNIDIREC�
TIONNEL

6OF QSFNJÍSF ÊUBQF DPOTJTUF Æ HÊOÊSFS EFT TJHOBVY BNCJTPOJRVFT E�BQSÍT MF TJHOBM
PNOJEJSFDUJPOOFM E�PSJHJOF� 1PVS DF GBJSF
 PO VUJMJTF VO QSPDÊEÊ EF EÊDPSSÊMBUJPO BQ�
QFMÊ QBOOJOH E�BNQMJUVEF� $F QSPDÊEÊ DPOTJTUF Æ EÊDPNQPTFS MF TJHOBM FO CBOEF EF
GSÊRVFODF FU Æ EJTUSJCVFS MFT DPNQPTBOUFT GSÊRVFOUJFMMFT TFMPO EFT EJSFDUJPOT E�JODJ�
EFODF EÊUFSNJOÊFT EF NBOJÍSF TUPDIBTUJRVF WBSJBCMFT PV OPO EBOT MF UFNQT <��>� 1MV�
UÔU RVF E�VUJMJTFS EFT EJSFDUJPOT BMÊBUPJSFT
 1JIMBKBNÅLJ FU BM� <��> QSÊDPOJTFOU E�VUJMJ�
TFS VOF TÊRVFODF EÊUFSNJOJTUF EF )BMUPO <��> RVJ QFSNFU EF DPVWSJS VOJGPSNÊNFOU MB
HBNNF EFT EJSFDUJPOT E�JODJEFODF QPTTJCMFT NËNF BWFD VO GBJCMF OPNCSF EF EJSFDUJPOT�
1BS BJMMFVST
 M�FNQMPJ E�VOF TÊRVFODF EÊUFSNJOJTUF QSÊTFOUF M�BWBOUBHF EF QSPEVJSF MFT
NËNFT TJHOBVY E�VOF HÊOÊSBUJPO Æ M�BVUSF� $PNNF UPVUF NÊUIPEF EF EÊDPSSÊMBUJPO
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'ñïýúí ��� m 1SPDFTTVT EF HÊOÊSBUJPO EF TJHOBVY EÊDPSSÊMÊT E�BQSÍT MF TJHOBM PNOJEJSFDUJPOOFM�

DFUUF BQQSPDIF QFVU DFQFOEBOU JOUSPEVJSF EFT BSUFGBDUT BVEJCMFT Æ IBVUF GSÊRVFODF
FO SBJTPO EV DIBOHFNFOU SBQJEF EF MPDBMJTBUJPO EFT CBOEFT EF GSÊRVFODF RVJ DSÊF EFT
USBOTJUPJSFT� -FT BSUFGBDUT JOUSPEVJUT TPOU QMVT PV NPJOT BVEJCMFT TFMPO MF TJHOBM TPOPSF
VUJMJTÊ <��>�

-B àHVSF ��� SFQSÊTFOUF MF QSPDFTTVT EF HÊOÊSBUJPOT EFT TJHOBVY EÊDPSSÊMÊT QBS
QBOOJOH E�BNQMJUVEF� $PNNF SFDPNNBOEÊ EBOT M�ÊUVEF EF 1JIMBKBNÅLJ FU BM� <��>
 MF
TJHOBM PNOJEJSFDUJPOOFM FTU EÊDPNQPTÊ EBOT MF EPNBJOF UFNQT GSÊRVFODF E�BQSÍT VOF
USBOTGPSNÊF EF 'PVSJFS Æ DPVSU�UFSNF 	45'5
 EF ���� QPJOUT QVJT DIBRVF CBOEF EF
GSÊRVFODF FTU EJTUSJCVÊF EBOT M�FTQBDF EF MB QMVT CBTTF Æ MB QMVT IBVUF FO VUJMJTBOU MB
TÊRVFODF EF )BMUPO�

-FT TJHOBVY BNCJTPOJRVFT PCUFOVT
 OPUÊT #QBO
 OF TPOU QBT QBSGBJUFNFOU EÊDPSSÊMÊT
FOUSF FVY� /PVT TPVIBJUPOT jCMBODIJSv DFT TJHOBVY
 D�FTU�Æ�EJSF BQQMJRVFS VOF NBUSJDF
51 EF NBOJÍSF Æ DF RVF MB NBUSJDF EF DPWBSJBODF$EJG EFT TJHOBVY SÊTVMUBOUT TPJU ÊHBMF Æ
MB NBUSJDF JEFOUJUÊ *N � 4PJFOU $QBO MB NBUSJDF EF DPWBSJBODF EFT TJHOBVY BNCJTPOJRVFT
#QBO FU 7QBO MB NBUSJDF EFT WFDUFVST QSPQSFT BTTPDJÊT BVY WBMFVST QSPQSFT (λJ
 QBO)1≤i≤N

EF $QBO� -B EÊDPNQPTJUJPO FO WBMFVST QSPQSFT EF MB NBUSJDF $QBO T�ÊDSJU �

$QBO = 7H
QBO EJBH(ΛQBO)7QBO 	���


BWFD MF WFDUFVS EFT WBMFVST QSPQSFT ΛQBO = [λ�
QBO λ�
QBO . . . λ/
QBO]� -B NBUSJDF EF
DPWBSJBODF $EJG EFT TJHOBVY EÊDPSSÊMÊT #EJG EPJWFOU WÊSJàFS M�ÊRVBUJPO TVJWBOUF �

$EJG =
1

K − 1
#EJG#H

EJG = *N 	���


BWFD #EJG = 51#QBO
 PO PCUJFOU �

51
1

K − 1
#QBO#H

QBO5
H
1 = *N 	���


TPJU

51$QBO5H
1 = *N 	���
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515H
1 = $−1

QBO 	���


*M FYJTUF VOF JOàOJUÊ EF TPMVUJPOT Æ DFUUF ÊRVBUJPO FU VOF TPMVUJPO TJNQMF DPOTJTUF
Æ DIPJTJS M�FYQSFTTJPO TVJWBOUF �

51 = 7H
QBO EJBH(ΛQBO)

− 1
27QBO 	���
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/PVT TPVIBJUPOT DBMDVMFS MFT TJHOBVY #T EPOU MB NBUSJDF EF DPWBSJBODF $T FTU ÊHBMF
Æ MB NBUSJDF EF DPWBSJBODF EFT TJHOBVY E�PSJHJOF $� 1PVS DF GBJSF
 VOF NBUSJDF 52 FTU
BQQMJRVÊF BVY TJHOBVY EÊDPSSÊMÊT #EJG� -B NBUSJDF EF DPWBSJBODF EFT TJHOBVY EF TPSUJF
$T EPJU WÊSJàFS M�ÊRVBUJPO TVJWBOUF �

$T =
1

K − 1
#T#H

T = $ 	���


BWFD #T = 52#EJG
 PO PCUJFOU �

52
1

K − 1
#EJG#H

EJG5
H
2 = $ 	���


TPJU

525H
2 = $ 	����


*M FYJTUF VOF JOàOJUÊ EF TPMVUJPOT Æ DFUUF ÊRVBUJPO FU VOF TPMVUJPO TJNQMF DPOTJTUF
Æ DIPJTJS M�FYQSFTTJPO TVJWBOUF �

52 = 7H EJBH(Λ)
1
27 	����


PÜ 7 FTU MB NBUSJDF EFT WFDUFVST QSPQSFT BTTPDJÊT BVY WBMFVST QSPQSFT (λJ)1≤i≤N EF
$ FU Λ FTU MF WFDUFVS EFT WBMFVST QSPQSFT� © DF TUBEF
 MB NBUSJDF EF DPWBSJBODF EFT
TJHOBVY E�PSJHJOF FTU SFQSPEVJUF� -FT TJHOBVY EF TZOUIÍTF #s T�FYQSJNFOU �

#s = 5251# 	����


×�Ó�Ô� �EPRODUCTION DU SIGNAL OMNIDIRECTIONNEL D¤ORIGINE

/PVT TPVIBJUPOT RVF MFT TJHOBVY PNOJEJSFDUJPOOFMT EFT TJHOBVY BNCJTPOJRVFT
E�PSJHJOF # FU EFT TJHOBVY BNCJTPOJRVFT EF TPSUJF OPUÊT #T� TPJFOU ÊHBVY� 1PVS DFMB

VOF NBUSJDF EF SPUBUJPO 3K EF EJNFOTJPOT K×K 	PÜ K FTU MF OPNCSF E�ÊDIBOUJMMPOT
EV TJHOBM PNOJEJSFDUJPOOFM
 FTU BQQMJRVÊF Æ #T �

#T� = #T3K 	����


6OF UFMMF NBUSJDF QFVU ËUSF DBMDVMÊF E�BQSÍT MF QSPDÊEÊ QSPQPTÊ QBS "HVJMFSB FU
1ÊSF[ <��>� &O QSPDÊEBOU BJOTJ
 MB NBUSJDF EF DPWBSJBODF EFT TJHOBVY EF TPSUJF #T� FTU
MB NËNF RVF DFMMF EFT TJHOBVY #T FU EPOD EF MB NBUSJDF $�
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-B QBSBNÊUSJTBUJPO QSÊTFOUÊF EBOT MB TFDUJPO QSÊDÊEFOUF B ÊUÊ BQQMJRVÊF Æ MB QBSUJF
QSÊDPDF EF QMVTJFVST 43*3T TFMPO RVBUSF SÊTPMVUJPOT UFNQT�GSÊRVFODF EJGGÊSFOUFT� 6O
UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ BàO E�ÊWBMVFS MFT EÊHSBEBUJPOT QFSÉVFT TFMPO MFT SÊTPMVUJPOT
FNQMPZÊFT� -F QSPUPDPMF EF UFTU ÊUBJU JOTQJSÊ EF MB NÊUIPEPMPHJF .64)3" 	.6MUJQMF
4UJNVMJ XJUI )JEEFO 3FGFSFODF BOE "ODIPS
 <��>� 1PVS DIBRVF FTQBDF BVSBMJTÊ
 MFT
TUJNVMJ TPOPSFT JTTVT EFT 43*3T NPEJàÊFT ÊUBJFOU DPNQBSÊT BV TUJNVMVT EF SÊGÊSFODF
JTTV EF MB 43*3 E�PSJHJOF�

$JOR FTQBDFT TPOPSFT POU ÊUÊ VUJMJTÊT QPVS DSÊFS MFT TUJNVMJ 	VOF DVJTJOF
 VOF DBHF
E�FTDBMJFS
 VOF QJTDJOF
 VO SÊGFDUPJSF FU EFT TBOJUBJSFT
 BJOTJ RVF EFVY TPVSDFT TPOPSFT
	VOF WPJY FU VO JOTUSVNFOU QFSDVTTJG
� 1PVS DIBRVF FTQBDF FU DIBRVF TPVSDF
 DJOR TUJ�
NVMJ TPOPSFT POU ÊUÊ HÊOÊSÊT � RVBUSF TUJNVMJ JTTVT EF MB QBSBNÊUSJTBUJPO QSPQPTÊF
	TFMPO RVBUSF SÊTPMVUJPOT UFNQT�GSÊRVFODF EJGGÊSFOUFT
 FU VO TUJNVMVT JTTV EF MB QBSB�
NÊUSJTBUJPO 4%.� &O QMVT EF DFT TUJNVMJ
 VOF SÊGÊSFODF DBDIÊF FU VOF BODSF ÊUBJFOU
KVHÊFT QBS MFT TVKFUT� "WFD DJOR FTQBDFT FU EFVY TPVSDFT TPOPSFT
 MF UFTU QFSDFQUJG DPN�
QSFOBJU EPOD VO UPUBM EF �� TUJNVMJ�

-FT TUJNVMJ POU ÊUÊ HÊOÊSÊT FO VUJMJTBOU MFT 43*3T FU MFT TPVSDFT TPOPSFT FNQMPZÊFT
EBOT MF DIBQJUSF �� -F MFDUFVS QFVU TF SÊGÊSFS Æ MB TFDUJPO ����� QPVS MB EFTDSJQUJPO EFT
FTQBDFT TPOPSFT FU EF MB NÊUIPEF FNQMPZÊF QPVS M�BDRVJTJUJPO EFT 43*3T BJOTJ RV�Æ MB
TFDUJPO ����� QPVS MB EFTDSJQUJPO EFT TPVSDFT TPOPSFT� © MB NBOJÍSF EF MB TFHNFOUBUJPO
UFNQPSFMMF BEPQUÊF BV DIBQJUSF �
 MFT DJOR 43*3T POU ÊUÊ TFHNFOUÊFT FO USPJT SÊHJPOT
UFNQPSFMMFT 	DPNQPTBOUFT JOJUJBMF
 QSÊDPDF FU UBSEJWF

 E�BQSÍT MB NÊUIPEF JOUSPEVJUF
QBS (ÕU[ FU BM� <��>� -FT UFNQT EF NÊMBOHF FTUJNÊT EFT DJOR FTQBDFT VUJMJTÊT QPVS
TÊQBSFS MFT SÊáFYJPOT QSÊDPDFT EF MB SÊWFSCÊSBUJPO UBSEJWF àHVSFOU EBOT MF UBCMFBV ����

/PVT QPVSTVJWPOT EBOT DF DIBQJUSF M�ÊUVEF JOJUJÊF BV DIBQJUSF QSÊDÊEFOU DPODFS�
OBOU MFT SÊTPMVUJPOT TQBUJBMFT
 UFNQPSFMMFT FU GSÊRVFOUJFMMFT OÊDFTTBJSFT Æ MB SFQSPEVD�
UJPO EF 43*3T� &O SBJTPO EFT SÊTVMUBUT EV DIBQJUSF �
 OPVT BWPOT DIPJTJ E�BEPQUFS VO
SFOEV CJOBVSBM EFT DPNQPTBOUFT SÊWFSCÊSBOUFT EF MB 43*3 Æ VO PSESF GBJCMF� "JOTJ
 MFT
QBSUJFT QSÊDPDFT EFT 43*3T NPEJàÊFT FU MB SÊWFSCÊSBUJPO UBSEJWF POU ÊUÊ FODPEÊFT FO
BNCJTPOJRVF Æ M�PSESF � FU MF TPO EJSFDU ÊUBJU FODPEÊ Æ M�PSESF ��

-FT 43*3T VUJMJTÊFT QPVS DSÊFS MFT TUJNVMJ EF SÊGÊSFODF ÊUBJFOU FOUJÍSFNFOU FODPEÊFT
Æ M�PSESF �� /PVT BWPOT DIPJTJ E�BEPQUFS DFUUF SÊTPMVUJPO TQBUJBMF ÊMFWÊF QPVS DPN�
QBSFS MFT EÊHSBEBUJPOT QFSÉVFT FOUSF VO SFOEV TPOPSF BZBOU MB QMVT HSBOEF RVBMJUÊ
QPTTJCMF FU VO SFOEV TPOPSF QBSBNÊUSJRVF RVJ EPJU T�FO BQQSPDIFS�

×�Ô�Ò� �ES RdSOLUTIONS TEMPS�FRdQUENCES EMPLOYdES

%FVY SÊTPMVUJPOT GSÊRVFOUJFMMFT FU EFVY SÊTPMVUJPOT UFNQPSFMMFT POU ÊUÊ BEPQUÊFT
QPVS QBSBNÊUSFS MFT 43*3T� -FT NBUSJDFT EF DPWBSJBODFT POU ÊUÊ DBMDVMÊFT TFMPO RVBUSF
PV IVJU CBOEFT EF GSÊRVFODF FU EBOT EFT GFOËUSFT UFNQPSFMMFT EF � NT PV TVS M�FOTFNCMF
EFT QSFNJÍSFT SÊáFYJPOT� $FT WBMFVST POU ÊUÊ DIPJTJFT TVJUF Æ EFT QSÊ�UFTUT JOGPSNFMT� -F
UBCMFBV ��� SFDFOTF MFT SÊTPMVUJPOT UFNQT�GSÊRVFODF FNQMPZÊFT� $FT QBSBNÊUSJTBUJPOT
TFSPOU QBS MB TVJUF EÊTJHOÊFT '959 PÜ ' FU 5 EÊTJHOFOU Æ MB SÊTPMVUJPO GSÊRVFOUJFMMF FU
UFNQPSFMMF SFTQFDUJWFNFOU
 9 = 1 EÊTJHOF MB SÊTPMVUJPO MB QMVT GBJCMF FU 9 = 2 MB QMVT
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IBVUF�

"CSÊWJBUJPO #BOEFT EF GSÊRVFODF 4FHNFOUBUJPO UFNQPSFMMF

'�5� � CBOEFT EF GSÊRVFODF� #PSOFT GSÊRVFOUJFMMFT 	)[
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'�5� � CBOEFT EF GSÊRVFODF� 'SÊRVFODFT DFOUSBMFT 	)[
 � 5PVUFT MFT � NT
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5BCMFBV ��� m 3ÊDBQJUVMBUJG EFT SÊTPMVUJPOT BEPQUÊFT QPVS MB QBSBNÊUSJTBUJPO EFT 43*3T EV UFTU QFSDFQUJG�

×�Ô�Ó� �E CALCUL DES PARAMcTRES ���

%F MB NËNF NBOJÍSF RVF EBOT M�ÊUVEF EF (BSÎ FU BM� <��>
 MB GFOËUSF E�BOBMZTF 4%.
B ÊUÊ SÊHMÊF TVS MB QMVT QFUJUF UBJMMF QPTTJCMF
 FU MFT WFDUFVST EF EJSFDUJPOT E�JODJEFODF
SÊTVMUBOUT POU ÊUÊ MJTTÊT FO VUJMJTBOU VOF NPZFOOF HMJTTBOUF EF �� ÊDIBOUJMMPOT 	BWFD
VOF GSÊRVFODF E�ÊDIBOUJMMPOOBHF EF �� L)[
� -B NÊUIPEF B ÊUÊ BQQMJRVÊF TVS MFT ��
TJHOBVY NJDSPQIPOJRVFT JTTVT EF MB NFTVSF EF SÊQPOTF JNQVMTJPOOFMMF FGGFDUVÊF BWFD
M�&JHFO.JLF <��>�

%�BQSÍT 5FSWP FU BM� <�>
 MFT TJHOBVY JTTVT E�VOF BOUFOOF EF NJDSPQIPOFT PVWFSUF
TPOU QMVT Æ NËNF E�ËUSF BOBMZTÊT QBS MB NÊUIPEF� /ÊBONPJOT VOF BOUFOOF TQIÊSJRVF
SJHJEF QFVU ËUSF VUJMJTÊF TJ � �
 FMMF FTU DPNQBDUF
 �
 JM FTU QPTTJCMF EF DSÊFS VO TJHOBM
PNOJEJSFDUJPOOFM E�BQSÍT MFT TJHOBVY FOSFHJTUSÊT
 �
 BV NPJOT RVBUSF NJDSPQIPOFT RVJ
OF TPOU QBT SÊQBSUJT TVS MF NËNF QMBO TPOU VUJMJTÊT� $FT DPOEJUJPOT TPOU SFNQMJFT EBOT
OPUSF DBT�

×�Ô�Ô� 
dNdRATION DE L¤ANCRE

-�BODSF E�VO UFTU .64)3" FTU VO TUJNVMJ TPOPSF EPOU MB RVBMJUÊ FTU EÊMJCÊSÊ�
NFOU GBJCMF FU RVJ FTU VUJMJTÊF DPNNF VO QPJOU EF SÊGÊSFODF CBTTF EBOT M�JOUFSQSÊUBUJPO
EFT SÊTVMUBUT� "àO EF HÊOÊSFS VOF BODSF QPVS DIBRVF DPOàHVSBUJPO
 D�FTU�Æ�EJSF QPVS
DIBRVF TPVSDF EBOT DIBRVF FTQBDF
 MB QBSUJF QSÊDPDF EFT 43*3T B TVCJ VOF USBOTGPS�
NBUJPO TJNQMF RVJ DPOTJTUF Æ TVQQSJNFS MFT DPSSÊMBUJPOT FOUSF TJHOBVY BNCJTPOJRVFT�
&O E�BVUSFT UFSNFT
 TVS M�FOTFNCMF EF MB QBSUJF QSÊDPDF BVDVOF EJSFDUJPOOBMJUÊ QBSUJDV�
MJÍSF O�FTU GBWPSJTÊF� 1PVS DF GBJSF
 JM FTU OÊDFTTBJSF RVF MB NBUSJDF EF DPWBSJBODF $ EFT
TJHOBVY BNCJTPOJRVFT EF MB QBSUJF QSÊDPDF OPUÊT # TPJU QSPQPSUJPOOFMMF Æ MB NBUSJDF
JEFOUJUÊ� 4PJU #BOD MFT TJHOBVY BNCJTPOJRVFT SÊTVMUBOUT� #BOD T�ÊDSJU �

#BOD = 5# 	����




×�Ô� �EST PERCEPTIF

×

ÒÕÖ

BWFD

5 = 7H EJBH(Λ)−
1
27 	����


PÜ 7 FTU MB NBUSJDF EFT WFDUFVST QSPQSFT BTTPDJÊT BVY WBMFVST QSPQSFT (λJ)1≤i≤N EF MB
NBUSJDF EF DPWBSJBODF $ EFT TJHOBVY E�PSJHJOF FU Λ FTU MF WFDUFVS EFT WBMFVST QSPQSFT�

×�Ô�Õ� �RdATION DES ĉCHIERS BINAURAUX

-FT TJHOBVY BNCJTPOJRVFT POU ÊUÊ DPOWFSUJT FO TJHOBVY CJOBVSBVY FO VUJMJTBOU EFT
àMUSFT EF EÊDPEBHF CJOBVSBM DBMDVMÊT E�BQSÍT EFT NFTVSFT E�VOF UËUF BSUJàDJFMMF /FV�
NBOO ,6 ��� <��> TFMPO MFT NÊUIPEFT EF SFOEV CJOBVSBM EF 4DIÕSLIVCFS FU BM� <��> FU
;BVOTDIJSN FU BM� <��> EPOU JM FTU RVFTUJPO FO BOOFYF $��� $PNNF MFT EJGGÊSFOUFT SÊ�
HJPOT UFNQPSFMMFT EFT 43*3T ÊUBJFOU FODPEÊFT BWFD EFT PSESFT EJGGÊSFOUT 	PSESF � QPVS
MF TPO EJSFDU FU PSESF � QPVS MFT QBSUJFT QSÊDPDFT FU UBSEJWFT

 VO EÊDPEFVS CJOBVSBM
B ÊUÊ VUJMJTÊ QPVS DIBRVF SÊHJPO UFNQPSFMMF TFMPO M�PSESF DPSSFTQPOEBOU� -FT TJHOBVY
EÊDPEÊT POU FOTVJUF ÊUÊ BEEJUJPOOÊT QPVS DSÊFS MFT TJHOBVY CJOBVSBVY�

×�Ô�Ö� �ROCdDURE

-F NÊUIPEF E�ÊWBMVBUJPO QFSDFQUJWF VUJMJTÊF QPVS DF UFTU QFSDFQUJG ÊUBJU JOTQJSÊF EF
MB NÊUIPEF .64)3" <��>� 1PVS DIBRVF TPVSDF FU DIBRVF FTQBDF � TPJU �� DPOàHV�
SBUJPOT � � TUJNVMJ ÊUBJFOU QSÊTFOUÊT BVY TVKFUT FO QMVT EF MB SÊGÊSFODF � VOF SÊGÊSFODF
DBDIÊF
 VOF BODSF FU MFT � TUJNVMJ JTTVT EFT QBSBNÊUSJTBUJPOT TQBUJBMFT� -B SÊGÊSFODF
ÊUBJU EÊDPEÊF FO CJOBVSBM E�BQSÍT VOF SFQSÊTFOUBUJPO BNCJTPOJRVF E�PSESF �� -FT TUJ�
NVMJ ÊUBJFOU BUUSJCVÊT EF NBOJÍSF BMÊBUPJSF Æ � CPVUPOT EF MFDUVSF ÊUJRVFUÊT j 4PO i v
BWFD i ∈ [1, 7]� -FT TVKFUT BWBJFOU MB QPTTJCJMJUÊ E�ÊDPVUFS MFT TUJNVMJ EF GBÉPO SÊQÊUÊF
FU EF QBTTFS EF M�VO Æ M�BVUSF Æ MFVS HSÊ� 6O TMJEFS IPSJ[POUBM QFSNFUUBJU EF SÊHMFS MB
CPVDMF EF MFDUVSF TVS VOF SÊHJPO UFNQPSFMMF QBSUJDVMJÍSF�

1PVS DIBDVOF EFT �� DPOàHVSBUJPOT
 MFT QBSUJDJQBOUT EFWBJFOU ÊWBMVFS MB EJGGÊSFODF
FOUSF MB SÊGÊSFODF FU MFT TUJNVMJ FO EÊQMBÉBOU VO DVSTFVS TVS VOF ÊDIFMMF DPOUJOVF EF �
Æ ��� QPJOUT EPOU MFT FYUSÊNJUÊT ÊUBJFOU ÊUJRVFUÊFT j 5SÍT EJGGÊSFOUv 	�
 Æ j*EFOUJRVFv
	���
� "VDVOF ÊUJRVFUUF JOUFSNÊEJBJSF OJ EF HSBEVBUJPO O�B ÊUÊ QMBDÊF TVS M�ÊDIFMMF
QPVS ÊWJUFS MFT CJBJT EVT Æ VOF EJTUSJCVUJPO OPO MJOÊBJSF EFT ÊUJRVFUUFT FU QPVS QSÊWFOJS
UPVUF EJTUPSTJPO EBOT MB EJTUSJCVUJPO EFT EPOOÊFT 	BWFD EFT ÊUJRVFUUFT JOUFSNÊEJBJSFT

EFT HSPVQFT EF OPUFT QFVWFOU FO FGGFU BQQBSBÏUSF BVUPVS EFT WBMFVST PÜ TF USPVWFOU MFT
ÊUJRVFUUFT <��
 ��>
� -FT EJGGÊSFOUFT DPOàHVSBUJPOT POU ÊUÊ QSÊTFOUÊFT EBOT VO PSESF
BMÊBUPJSF�

&O SBJTPO EV DPOUFYUF TBOJUBJSF
 MF UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ TVS JOUFSOFU Æ M�BJEF EF
M�BQQMJDBUJPO KBWBTDSJQUXFC.64)3" <��>� -B àHVSF ���NPOUSF M�JOUFSGBDF HSBQIJRVF
VUJMJTÊF QPVS MF UFTU� 1PVS EFT SBJTPOT QSBUJRVFT
 MFT NPVWFNFOUT EF UËUF EFT BVEJUFVST
O�POU QBT ÊUÊ QSJT FO DPNQUF EBOT MF UFTU� "WBOU EF EÊCVUFS MF UFTU
 MFT QBSUJDJQBOUT
TF TPOU GBNJMJBSJTÊT BWFD M�JOUFSGBDF VUJMJTBUFVS FO FGGFDUVBOU M�ÊWBMVBUJPO EFT TUJNVMJ
BTTPDJÊT Æ MB TPVSDF 7PJY EBOT M�FTQBDF $VJTJOF� -F UFTU DPOTJTUBJU FO VOF TFVMF TFTTJPO
E�FOWJSPO �� NJOVUFT�



×
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'ñïýúí ��� m *OUFSGBDF HSBQIJRVF EV UFTU QFSDFQUJG�

3ÊBMJTFS VO UFTU TVS JOUFSOFU SÊEVJU MF DPOUSÔMF FYQÊSJNFOUBM EV UFTU QFSDFQUJG� %FT
CJBJT QFVWFOU BQQBSBÏUSF FO SBJTPO EF M�ÊRVJQFNFOU VUJMJTÊ FU EV WPMVNF TPOPSF FN�
QMPZÊ� &O FGGFU
 DF O�FTU QBT TFVMFNFOU M�BQQSÊDJBUJPO EFT TVKFUT RVJ WBSJF NBJT ÊHB�
MFNFOU MB SFTUJUVUJPO EFT TUJNVMJ FO SBJTPO EF MB SÊQPOTF GSÊRVFOUJFMMF EFT DBTRVFT
VUJMJTÊT FU EF MB WBSJBUJPO EF OJWFBV� "àO EF NJOJNJTFS DFT CJBJT
 JM ÊUBJU EFNBOEÊ
BVY QBSUJDJQBOUT EF SÊBMJTFS MF UFTU FO QPTTFTTJPO E�VO DBTRVF QSPGFTTJPOOFM FU OPVT
BWPOT EFNBOEÊ EF SFOTFJHOFS MB NBSRVF EV DBTRVF VUJMJTÊ QPVS WÊSJàFS TJ MFT SÊQPOTFT
GSÊRVFOUJFMMFT ÊUBJFOU BDDJEFOUÊFT PV OPO� "V�EFMÆ EV UJNCSF
 MB DPMPSBUJPO TQFDUSBMF
EV DBTRVF QFVU ÊHBMFNFOU NPEJàFS M�FYUFSOBMJTBUJPO� /ÊBONPJOT
 DFUUF JOáVFODF QFVU
ËUSF DPOTJEÊSÊF DPNNF OÊHMJHFBCMF QBS SBQQPSU Æ MB EÊHSBEBUJPO JOEVJUF QBS M�VTBHF
E�)35'T OPO�JOEJWJEVBMJTÊFT FU EF M�BCTFODF EF EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT
EF UËUF� %�BVUSFT CJBJT TPOU MJÊT BV CSVJU FOWJSPOOBOU PV Æ M�JNQMJDBUJPO EFT TVKFUT� -F
UFNQT QBTTÊ QPVS FGGFDUVFS MF UFTU ÊUBJU NFTVSÊ QPVS KVHFS EF M�BUUFOUJPO EFT TVKFUT FU
JM ÊUBJU EFNBOEÊ EF SÊBMJTFS MF UFTU EBOT VO FOWJSPOOFNFOU DBMNF�



×�Ô� �EST PERCEPTIF

×

ÒÕØ

�A QUESTION DU VOLUME SONORE

"WBOU EF QSPDÊEFS BV UFTU
 JM ÊUBJU OÊDFTTBJSF EF DBMJCSFS MF WPMVNF TPOPSF EV TZT�
UÍNF E�ÊDPVUF EFT QBSUJDJQBOUT� $F SÊHMBHF T�FTU FGGFDUVÊ FO QMVTJFVST ÊUBQFT E�BQSÍT
VO QSPUPDPMF EF DBMJCSBUJPO JNBHJOÊ QBS 4UÊQIBOF 1JHFPO đ �

� %BOT VO QSFNJFS UFNQT
 JM ÊUBJU EFNBOEÊ E�ÊDPVUFS BV DBTRVF VO QSFNJFS TPO
EF DBMJCSBUJPO� $F TPO DPOTJTUBJU FO VO FOSFHJTUSFNFOU CJOBVSBM SÊBMJTÊ QBS VO
JOEJWJEV EF TFT EFVY NBJOT GSPUUÊFT EFWBOU TPO OF[� -FT QBSUJDJQBOUT EFWBJFOU
SFUJSFS MFVS DBTRVF FU SFQSPEVJSF MF NËNF TPO FO GSPUUBOU MFVST NBJOT EFWBOU MFVS
OF[� -F TPO EF SÊGÊSFODF BJOTJ SFQSPEVJU QPTTÍEF VO OJWFBV E�FOWJSPO �� E# 41-�
-FT TVKFUT EFWBJFOU SÊQÊUFS DF QSPDFTTVT UPVU FO BKVTUBOU MF WPMVNF EF TPSUJF EF
MFVS PSEJOBUFVS PV DBSUF TPO EF NBOJÍSF Æ DF RVF MF OJWFBV EV TPO EF DBMJCSBUJPO
DPSSFTQPOEF Æ DFMVJ RV�JMT QSPEVJTFOU� *M MFVS ÊUBJU TVHHÊSÊ EF GFSNFS MFT ZFVY
QPVS BDDSPJUSF MFVS DPODFOUSBUJPO� "JOTJ
 MFT TVKFUT POU àYÊ MF WPMVNF E�ÊDPVUF
EF NBOJÍSF Æ DF RV�JM DPSSFTQPOEF BV OJWFBV TPOPSF E�VOF TPVSDF EF SÊGÊSFODF�

� %BOT VO TFDPOE UFNQT
 JM ÊUBJU EFNBOEÊ EF DPOTFSWFS MF DBTRVF BVEJP TVS MB
UËUF FU EF OF QBT UPVDIFS MF WPMVNF TPOPSF EF M�PSEJOBUFVS PV DBSUF TPO� 6O
TFDPOE TPO EF DBMJCSBUJPO ÊUBJU EJGGVTÊ� *M DPOTJTUBJU FO VOF TJOVTPÐEF EF � L)[
QPTTÊEBOU VO GBJCMF OJWFBV l = −61.13 E#'4� 6O TMJEFS EF M�JOUFSGBDF HSBQIJRVF
QFSNFUUBJU BVY TVKFUT EF NPEJàFS VO HBJO gl 	DPNQSJT FOUSF � FU �
 BQQMJRVÊ BV
TPO EF DBMJCSBUJPO� -FT TVKFUT EFWBJFOU SÊHMFS TB WBMFVS BV OJWFBV NJOJNVN Æ
QBSUJS EVRVFM JMT QFSDFWBJFOU DF TPO EF GBJCMF OJWFBV� $F QSPDÊEÊ QFSNFU EF
EÊUFDUFS MF OJWFBV EF EJGGVTJPO TPOPSF FO EÊDJCFM ϵ = l + 20 MPH 10(gl) DPSSFT�
QPOEBOU BV TFVJM E�BVEJCJMJUÊ Æ � L)[ EFT TVKFUT� -F OJWFBV EF EJGGVTJPO EV UFTU
ÊUBJU FOTVJUF àYÊ Æ ϵ+ 60 E#�

� &OàO
 VO TUJNVMVT ÊUBJU EJGGVTÊ QPVS QSÊTFOUFS MF OJWFBV EF EJGGVTJPO DBMDVMÊ
QPVS MB TVJUF EV UFTU� $F OJWFBV O�ÊUBJU QBT EFTUJOÊ Æ ËUSF NPEJàÊ
 DFQFOEBOU TJ
JM O�ÊUBJU QBT DPOGPSUBCMF QPVS MFT TVKFUT
 JM MFVS ÊUBJU EFNBOEÊ EF MF SÊBKVTUFS�

�¤ACCROISSEMENT DE L¤EXTERNALISATION

"VDVO EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT EF UËUF àBCMF O�B QBT QV ËUSF NJT FO
QMBDF QPVS DF UFTU QFSDFQUJG� /ÊBONPJOT
 M�VUJMJTBUJPO E�VO EJTQPTJUJG EF TVJWJ EFT NPV�
WFNFOUT EF MB UËUF QSÊTFOUF M�BWBOUBHF EF SÊEVJSF Æ MB GPJT MFT BNCJHVÐUÊT EF MPDBMJTBUJPO
FU E�BNÊMJPSFS M�FYUFSOBMJTBUJPO <��m��>�

2VF MB TDÍOF TPOPSF TPJU àYF QBS SBQQPSU BVY NPVWFNFOUT EF UËUF PV OPO
 M�FY�
UFSOBMJTBUJPO E�VOF TPVSDF TPOPSF FTU NJOJNBMF MPSTRV�FMMF FTU MPDBMJTÊF EBOT MFT EJSFD�
UJPOT BWBOU PV BSSJÍSF FU NBYJNBMF MPSTRV�FMMF FTU TJUVÊF TVS MFT DPUÊT <��
 ��>� "àO
E�BDDSPJUSF MB TFOTBUJPO E�FYUFSOBMJTBUJPO
 MFT TDÍOFT TPOPSFT POU ÊUÊ UPVSOÊFT EF ����
FU ���� EBOT MF QMBO IPSJ[POUBM� $FT EJSFDUJPOT POU ÊUÊ QSÊGÊSÊFT Æ VOF SPUBUJPO EF ���
KVHÊF USPQ ÊMPJHOÊF E�VOF DPOàHVSBUJPO VTVFMMF E�ÊDPVUF FU QPVWBOU QSPWPRVFS VOF
HÍOF QPVS MFT TVKFUT FO SBJTPO EFT HSBOEFT EJGGÊSFODFT EF OJWFBV EFT TJHOBVY CJOBV�
SBVY� -FT TUJNVMJ POU ÊUÊ QSÊTFOUÊT BVY TVKFUT TFMPO VOF SPUBUJPO EF ���� PV EF ��� EF
NBOJÍSF BMÊBUPJSF�

�� https://hearingtest.online

https://hearingtest.online
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×�Ô�×� �UJETS

�� TVKFUT ÄHÊT FO NPZFOOF EF �� BOT POU QSJT QBSU BV UFTU QFSDFQUJG� &O EFIPST EF
EFVY TVKFUT � M�VO BZBOU VOF GPSNBUJPO NVTJDBMF FU M�BVUSF ÊUBOU JOHÊOJFVS FO USBJUF�
NFOU EV TJHOBM BVEJP � MFT QBSUJDJQBOUT ÊUBJFOU ÊUVEJBOUT EV .BTUFS *NBHF � 4PO EF
M�6OJWFSTJUÊ EF #SFTU PV EF M�&/4 -PVJT�-VNJÍSF� *MT ÊUBJFOU EPOD EÊKÆ GPSNÊT Æ M�ÊDPVUF
DSJUJRVF FO SBJTPO EFT FOTFJHOFNFOUT SFÉVT FO QSJTF EF TPO
 NPOUBHF FU NJYBHF� "VDVO
E�FOUSF FVY O�B EÊDMBSÊ EF QFSUF BVEJUJWF DPOOVF�

×�Õ� �dSULTATS

$PNNF BVDVO QPJOU E�BODSBHF JOUFSNÊEJBJSF O�B ÊUÊ VUJMJTÊ TVS M�ÊDIFMMF EF OPUB�
UJPO
 MFT SÊTVMUBUT POU ÊUÊ OPSNBMJTÊT QBS SBQQPSU Æ MB NPZFOOF FU Æ M�ÊDBSU�UZQF FO
VUJMJTBOU MB OPSNBMJTBUJPO EV TDPSF [ <��>�

×�Õ�Ò� �UTLIERS

-FT EPOOÊFT POU ÊUÊ TPVNJTFT Æ VOF "/07" Æ NFTVSFT SÊQÊUÊFT BWFD MFT WBSJBCMFT
JOEÊQFOEBOUFT TVJWBOUFT � jTPVSDFv 	�
× jFTQBDFv 	�
× jNÊUIPEFv 	�
� -�BOBMZTF EFT
PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT JOEÊQFO�
EBOUFT B NPOUSÊ RVF MFT EPOOÊFT SÊDPMUÊFT DPOUFOBJFOU EFT WBMFVST BCFSSBOUFT 	PVU�
MJFST
� -FT SÊTJEVT TUVEFOUJTÊT EFT SÊTVMUBUT ÊUBJFOU TVQÊSJFVST Æ � FO WBMFVS BCTPMVF
EBOT DFSUBJOFT DFMMVMFT QPVS � TVKFUT� -�"/07" ÊUBOU TFOTJCMF BVY WBMFVST BCFSSBOUFT
OPVT BWPOT GBJU MF DIPJY E�ÊDBSUFS DFT TVKFUT� 1BSNJ DFT � TVKFUT
 USPJT POU SÊBMJTÊ MF UFTU
FO NPJOT EF �� NJOVUFT 	MF UFNQT NPZFO QBTTÊ QBS MFT TVKFUT ÊUBJU EF �� NJOVUFT
� 6O
BVUSF TVKFU B ÊUÊ FYDMV EF M�BOBMZTF QPVS BWPJS SBQQPSUÊ RV�JM BWBJU FGGFDUVÊ MF UFTU EBOT
VO FOWJSPOOFNFOU CSVZBOU� 1BSNJ MFT �� TVKFUT EPOU MFT SÊQPOTFT POU ÊUÊ VUJMJTÊFT QPVS
M�BOBMZTF
 � POU SÊBKVTUÊ MF WPMVNF TPOPSF DBMDVMÊ Æ M�ÊUBQF EF DBMJCSBUJPO�

×�Õ�Ó� �NALYSE DE LA VARIANCE

'BDUFVS EG 44 .4 ' Q

40 � ����� ����� ������� ������

41 � ������ ����� ������ ������

.5 � ������ ����� ������ ������

40 � 41 � ���� ��� ����� �����

40 � 5. � ����� ���� ������ ������

41 � 5. �� ����� ���� ����� ������

5BCMFBV ��� m 3ÊTVMUBUT EF M�"/07"� 40 � TPVSDF
 41 � FTQBDF
 .5 � NÊUIPEF
 EG � EFHSÊ EF MJCFSUÊ
 44 �
TPNNF EFT DBSSÊT EF UZQF ***
 .4 � NPZFOOF EFT DBSSÊT
 ' � WBMFVS G
 Q � WBMFVS Q�



×�Õ� �dSULTATS

×

ÒÕÚ

1PVS QPVWPJS MÊHJUJNFNFOU SÊBMJTFS VOF "/07" Æ NFTVSFT SÊQÊUÊFT
 M�IZQPUIÍTF
EF OPSNBMJUÊ EPJU ËUSF SFNQMJF � MFT SÊTJEVT EFT PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF
DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT JOEÊQFOEBOUFT EPJWFOU ËUSF OPSNBMFNFOU EJT�
USJCVÊT <��>� 6O UFTU EF 4IBQJSP�8JML EF OPSNBMJUÊ TVS MFT SÊTJEVT TUVEFOUJTÊT B ÊUÊ
FGGFDUVÊ TVS DIBRVF DFMMVMF BWFD VO OJWFBV EF TJHOJàDBUJPO EF �� FU B SFKFUÊ M�IZQP�
UIÍTF OVMMF E�VOF EJTUSJCVUJPO OPSNBMF QPVS � DFMMVMFT TVS ��� -B QMVQBSU EFT ÊUVEFT
TUBUJTUJRVFT JOEJRVFOU RVF M�"/07" QFVU ËUSF SPCVTUF Æ DF HFOSF EF WJPMBUJPO <��>

TVSUPVU TJ MB UBJMMF EF M�ÊDIBOUJMMPO FTU TVQÊSJFVSF Æ �� PCTFSWBUJPOT QBS DFMMVMF <��>�
"WFD �� PCTFSWBUJPOT QBS DFMMVMF
 OPVT BWPOT DPOTJEÊSÊ RVF M�VUJMJTBUJPO EF M�"/07"
QPVS M�BOBMZTF TUBUJTUJRVF ÊUBJU UPVKPVST MÊHJUJNF�

-�IZQPUIÍTF EF TQIÊSJDJUÊ TJHOJàF RVF MFT WBSJBODFT EFT EJGGÊSFODFT FOUSF UPVUFT MFT
QBJSFT QPTTJCMFT EF DPNCJOBJTPOT EF WBSJBCMFT JOEÊQFOEBOUFT EPJWFOU ËUSF ÊHBMFT� -F
UFTU EF TQIÊSJDJUÊ EF .BVDIMZ B JOEJRVÊ RVF M�IZQPUIÍTF EF TQIÊSJDJUÊ ÊUBJU SFNQMJF QBS
MFT WBSJBCMFT JOEÊQFOEBOUFT BJOTJ RVF QPVS MFVST JOUFSBDUJPOT TBVG QPVS MB WBSJBCMF JO�
EÊQFOEBOUF jFTQBDFv� -B WBMFVS ' DPSSFTQPOEBOUF B EPOD EÚ ËUSF DPSSJHÊF FO VUJMJTBOU
MB DPSSFDUJPO EF (SFFOIPVTF�(FJTTFS <��>� -FT SÊTVMUBUT TPOU QSÊTFOUÊT EBOT MF UBCMFBV
���� -�BOBMZTF B SÊWÊMÊ VOF JOáVFODF TJHOJàDBUJWF EFT WBSJBCMFT JOEÊQFOEBOUFT jTPVSDFv
<'	�
 ��
 � ������� � Q � ������>
 jFTQBDFv <'	�
 ��
 � ������ � Q � ������> FU jNÊ�
UIPEFv <'	�
 ���
 � ������ � Q � ������> BJOTJ RVF QPVS MFT JOUFSBDUJPOT jTPVSDFv ×
jNÊUIPEFv <'	�
 ���
 � ������ � Q � ������> FU jFTQBDFv × jNÊUIPEFv <'	��
 ���

� ����� � Q � ������>�

×�Õ�Ô� �OMPARAISONS DES NIVEAUX DU FACTEUR ­MdTHODE®

-B àHVSF ��� SFQSÊTFOUF MFT OPUFT NPZFOOFT EF TJNJMBSJUÊ FU M�JOUFSWBMMF EF DPOàBODF
Æ ��� QPVS MFT EJGGÊSFOUT OJWFBVY EF MB WBSJBCMF JOEÊQFOEBOUF jNÊUIPEFv� %FT UFTUT
-4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFSSPOJ POU ÊUÊ FGGFDUVÊT QPVS EÊUFSNJOFS MFT
EJGGÊSFODFT TJHOJàDBUJWFT FOUSF MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO� -FT SÊTVMUBUT TPOU
QSÊTFOUÊT EBOT MF UBCMFBV ���� 1PVS UPVUFT MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO MFT TUJ�
NVMJ TPOPSFT POU ÊUÊ KVHÊT TJHOJàDBUJWFNFOU EJGGÊSFOUT EF MB SÊGÊSFODF 	p < 0.001
�
-FT TFVMFT NÊUIPEFT OPO TJHOJàDBUJWFNFOU EJGGÊSFOUFT FOUSF FMMFT TPOU "ODSF FU '�5�
	p = 0.05

 '�5� FU '�5� 	p = 0.554

 '�5� FU 4%. 	p = 1.000

 '�5�
 '�5� FU 4%.
	p > 0.070
�

.ÊUIPEF "ODSF '�5� '�5� '�5� '�5� 4%. 3&'

"ODSF � ���� ����� ������ ������ ������ ������

'�5� � ����� ������ ������ ������ ������

'�5� � ����� ����� ����� ������

'�5� � ����� ����� ������

'�5� � ����� ������

4%. � ������

5BCMFBV ��� m 7BMFVST Q EFT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFSSPOJ� -FT WBMFVST TJHOJàDBUJWFT
TPOU SFQPSUÊFT FO HSBT� 3&' EÊTJHOF MB SÊGÊSFODF�



×

ÒÖÑ ×� �A RdSOLUTION DE LA PARAMdTRISATION DES PREMIcRES RdċEXIONS

'ñïýúí ��� m /PUFT NPZFOOFT EF TJNJMBSJUÊ FU JOUFSWBMMFT EF DPOàBODF Æ ��� BTTPDJÊT QPVS MFT � NÊUIPEFT
EF QBSBNÊUSJTBUJPO�

×�Õ�Õ� �dSULTATS DES INTERACTIONS AVEC LE FACTEUR ­MdTHODE®

'ñïýúí ��� m /PUFT NPZFOOFT EF TJNJMBSJUÊ FU JOUFSWBMMFT EF DPOàBODF Æ ��� BTTPDJÊT QPVS MFT � NÊUIPEFT
TFMPO MFT EFVY TPVSDFT TPOPSFT�

-B àHVSF ��� BGàDIF MFT OPUFT NPZFOOFT EF TJNJMBSJUÊ FU M�JOUFSWBMMF EF DPOàBODF
Æ ��� QPVS DIBRVF NÊUIPEF EF QBSBNÊUSJTBUJPO TFMPO MB TPVSDF TPOPSF� $FT OPUFT
BQQBSBJTTFOU QMVT GBJCMFT FU QMVT ÊUFOEVFT MPSTRVF MB TPVSDF $BKPO ÊUBJU VUJMJTÊF � MB
NPZFOOF NJOJNBMF FU NBYJNBMF T�ÊMFWBJFOU Æ ����� FU ����� QPVS $BKPO DPOUSF �����
FU ����� QPVS 7PJY�

-B àHVSF ��� BGàDIF MFT OPUFT NPZFOOFT EF TJNJMBSJUÊ FU M�JOUFSWBMMF EF DPOàBODF Æ
��� QPVS DIBRVF NÊUIPEF TFMPO M�FTQBDF TPOPSF� %FT UFTUT -4% EF 'JTIFS BWFD DPS�
SFDUJPO EF #POGFSSPOJ POU ÊUÊ FGGFDUVÊT QPVS EÊUFSNJOFS �



×�Õ� �dSULTATS

×

ÒÖÒ

�� TJ MFT OPUFT NPZFOOFT EFT EJGGÊSFOUT USBJUFNFOUT ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊ�
SFOUFT EF MB NÊUIPEF 4%. QPVS DIBRVF FTQBDF �

�� TJ MFT OPUFT NPZFOOFT EFT QBSBNÊUSJTBUJPOT ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT
EF MB SÊGÊSFODF DBDIÊF QPVS DIBRVF FTQBDF�

'ñïýúí ��� m /PUFT NPZFOOFT EFT OPUFT EF TJNJMBSJUÊ FU JOUFSWBMMFT EF DPOàBODF Æ ��� BTTPDJÊT QPVS MFT �
NÊUIPEFT TFMPO MFT � FTQBDFT TPOPSFT�

.ÊUIPEF $VJTJOF &TDBMJFS 1JTDJOF 3ÊGFDUPJSF 5PJMFUUFT

'�5� ���� ���� ���� ���� ����

'�5� ���� ���� ���� � ����

'�5� ���� ���� � � ����

'�5� ���� ���� � � ����

4%. ���� ���� � ���� ����

5BCMFBV ��� m $PFGàDJFOU d EF $PIFO
 DBSBDUÊSJTBOU MB UBJMMF E�FGGFU
 QPVS MFT NÊUIPEFT TJHOJàDBUJWFNFOU
EJGGÊSFOUFT EF MB SÊGÊSFODF DBDIÊF
 TFMPO MFT DJOR FTQBDFT TPOPSFT� -FT WBMFVST TVQÊSJFVSFT Æ ��� BQQBSBJTTFOU
FO SPVHF 	FGGFU MBSHF
 FU MFT WBMFVST JOGÊSJFVSFT FO WFSU 	FGGFU NPZFO
�

%�VOF QBSU
 PO PCTFSWF VOF EJGGÊSFODF TJHOJàDBUJWF FOUSF MFT OPUFT BTTPDJÊFT Æ MB
NÊUIPEF '�5� FU MB 4%. QPVS MFT FTQBDFT &TDBMJFS 	p < 0.001
 FU 1JTDJOF 	p = 0.033

BJOTJ RV�FOUSF MFT OPUFT BTTPDJÊFT Æ M�BODSF FU MB 4%. QPVS MFT FTQBDFT $VJTJOF 	p =
0.027

 &TDBMJFS 	p = 0.007
 FU 1JTDJOF 	p = 0.003
� %�BVUSF QBSU
 MFT TUJNVMJ O�POU QBT
ÊUÊ QFSÉVT TJHOJàDBUJWFNFOU EJGGÊSFOUT EF MB SÊGÊSFODF DBDIÊF EBOT RVBUSF DBT EF àHVSF �
QPVS MFT NÊUIPEFT '�5�
 '�5� FU 4%. EF M�FTQBDF 1JTDJOF 	p > 1.000 EBOT UPVT MFT
DBT
 FU QPVS MFT NÊUIPEFT '�5� FU '�5�
 '�5� EBOT M�FTQBDF 3ÊGFDUPJSF 	p > 1.000
EBOT UPVT MFT DBT
� -F UBCMFBV ��� SFDFOTF MFT FGGFUT EF UBJMMF PCUFOVT EBOT MFT BVUSFT



×

ÒÖÓ ×� �A RdSOLUTION DE LA PARAMdTRISATION DES PREMIcRES RdċEXIONS

DBT FO VUJMJTBOU MF DPFGàDJFOU d EF $PIFO <��>� %�BQSÍT MFT DPOWFOUJPOT ÊUBCMJFT QBS
$PIFO
 MB UBJMMF E�FGGFU FTU DPOTJEÊSÊF DPNNF GBJCMF MPSTRVF E � ���
 NPZFO MPSTRVF E
� ��� FU MBSHF MPSTRVF E � ���� -FT FGGFUT EF UBJMMFT TPOU MBSHFT QPVS MFT FTQBDFT $VJTJOF

&TDBMJFS FU 5PJMFUUFT�

×�Ö� �ISCUSSION

×�Ö�Ò� �E NIVEAU DE DIĈUSION

4FQU EFT �� QBSUJDJQBOUT POU NPEJàÊ MF OJWFBV EF EJGGVTJPO DBMDVMÊ Æ M�ÊUBQF EF
DBMJCSBUJPO BWBOU EF SÊBMJTFS MF UFTU QFSDFQUJG� *M ÊUBJU QSÊDJTÊ RVF DF OJWFBV O�ÊUBJU QBT
EFTUJOÊ Æ ËUSF NPEJàÊ FU RV�JM OF EFWBJU ËUSF BKVTUÊ RV�FO DBT E�JODPOGPSU� .BMIFVSFVTF�
NFOU
 MFT NPEJàDBUJPOT EV OJWFBV BQQMJRVÊFT QBS MFT TVKFUT O�POU QBT ÊUÊ FOSFHJTUSÊFT�
/PVT OF QPVWPOT EPOD QBT SFOESF DPNQUF EF M�ÊDBSU FOUSF MF OJWFBV DBMDVMÊ FU MF OJWFBV
KVHÊ QBS MFT TVKFUT DPNNF ÊUBOU DPOGPSUBCMF�

1MVUÔU RVF EF QFSNFUUSF MB NPEJàDBUJPO EV OJWFBV EF EJGGVTJPO
 VOF OPVWFMMF ÊUBQF
EF DBMJCSBUJPO PV VOF NJTF FO SFMBUJPO BWFD M�FYQÊSJNFOUBUFVS Æ DF TUBEF BVSBJFOU ÊUÊ
EFT PQUJPOT QMVT KVEJDJFVTFT� -F CJBJT FYQÊSJNFOUBM MJÊ BV OJWFBV TPOPSF EF EJGGVTJPO Æ
TBOT EPVUF ÊUÊ MJNJUÊ HSÄDF Æ MB NÊUIPEF EF DBMJCSBUJPO NBJT O�B QBT QV ËUSF ÊMJNJOÊ� *M
WJFOU T�BKPVUFS BVY CJBJT MJÊT BVY ÊRVJQFNFOUT BVEJP FNQMPZÊT
 BV CSVJU FOWJSPOOBOU
FU Æ M�JNQMJDBUJPO EFT TVKFUT�

×�Ö�Ó� �¤INċUENCE DES RdSOLUTIONS EMPLOYdES

-B EJTTFNCMBODF QFSÉVF FOUSF MFT 43*3T QBSBNÊUSÊFT FU MB SÊGÊSFODF ÊWPMVF FO DP�
IÊSFODF BWFD MB SÊTPMVUJPO UFNQPSFMMF FU GSÊRVFOUJFMMF EFT QBSBNÊUSJTBUJPOT FNQMPZÊFT�
/ÊBONPJOT
 DFT SÊTPMVUJPOT ÊUBJFOU USPQ GBJCMFT QPVS ËUSF FO NFTVSF EF SFQSPEVJSF MB
SÊGÊSFODF EF NBOJÍSF JNQFSDFQUJCMF�

*M FTU JOUÊSFTTBOU EF DPOTUBUFS RVF M�BVHNFOUBUJPO EF MB SÊTPMVUJPO GSÊRVFOUJFMMF
EFT QBSBNÊUSJTBUJPOT O�B QBT BNÊMJPSÊ MB RVBMJUÊ EF MB SFQSPEVDUJPO� &O FGGFU
 MFT
OPUFT EFT NÊUIPEFT '�5� FU '�5� OF TPOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT FOUSF FMMFT
	p = 0.554
 OJ MFT OPUFT EFT NÊUIPEFT '�5� FU '�5� 	p = 1.000
� &O SFWBODIF
 M�BVH�
NFOUBUJPO EF MB SÊTPMVUJPO UFNQPSFMMF B QFSNJT VOF SÊEVDUJPO TJHOJàDBUJWF EF MB EJGGÊ�
SFODF QFSÉVF BWFD MB SÊGÊSFODF�

×�Ö�Ô� �¤INċUENCE DE L¤ESPACE

%BOT M�ÊUVEF EV DIBQJUSF � QPSUBOU TVS MB SÊTPMVUJPO TQBUJBMF EFT 43*3T
 MFT NËNFT
FTQBDFT POU ÊUÊ VUJMJTÊT� 6OF JOáVFODF TJHOJàDBUJWF EF MB SÊEVDUJPO EF M�PSESF BNCJTP�
OJRVF BWBJU ÊUÊ PCTFSWÊF QPVS MFT FTQBDFT &TDBMJFS
 3ÊGFDUPJSF FU 5PJMFUUFT� /ÊBONPJOT

MB SÊEVDUJPO EF MB SÊTPMVUJPO TQBUJBMF PCTFSWÊF EBOT MF DIBQJUSF � OF QFSNFU QBT JDJ
E�FYQMJRVFS MFT EJGGÊSFODFT PCTFSWÊFT FOUSF MFT FTQBDFT�

%�BQSÍT MF UBCMFBV ���
 EFVY HSPVQFT E�FTQBDFT QFVWFOU ËUSF DPOTUJUVÊT � MFT FTQBDFT
QSÊTFOUBOU EF GPSUFT EJTTFNCMBODFT BWFD MB SÊGÊSFODF 	$VJTJOF
 &TDBMJFS
 5PJMFUUFT
 FU MFT



×�Ö� �ISCUSSION

×

ÒÖÔ

&TQBDF 530 $80 %50 %33 (&

$VJTJOF ���� ���� ����� ����� �����

&TDBMJFS ���� ����� ����� ����� �����

1JTDJOF ���� ���� ����� ���� �����

3ÊGFDUPJSF ���� ���� ����� ���� �����

5PJMFUUFT ���� ����� ����� ����� �����

5BCMFBV ��� m 1BSBNÍUSFT BDPVTUJRVFT MJÊT BVY FTQBDFT TPOPSFT � MF UFNQT EF SÊWFSCÊSBUJPO 	530

 MFT SBQQPSUT
E�ÊOFSHJFT QSÊDPDFT FU UBSEJWFT 	%50 FU $80

 MF SBQQPSU DIBNQ EJSFDU DIBNQ SÊWFSCÊSÊ 	%33
 FU MB GPSDF
TPOPSF EF M�ÊOFSHJF QSÊDPDF 	(&
� -FT WBMFVST SFNBSRVBCMFT BQQBSBJTTFOU FO CMFV�

FTQBDFT QSÊTFOUBOU EFT EJTTFNCMBODFT NPEÊSÊFT 	1JTDJOF
 3ÊGFDUPJSF
� -F UBCMFBV ���
SBTTFNCMF MFT QBSBNÍUSFT BDPVTUJRVFT EFT EJGGÊSFOUT FTQBDFT� 0O PCTFSWF FO FGGFU RVF
MF %33 EFT FTQBDFT 1JTDJOF FU 3ÊGFDUPJSF TPOU MFT QMVT ÊMFWÊT FU RVF M�ÊOFSHJF QSÊDPDF
EFT 43*3T BTTPDJÊFT TPOU MFT QMVT GBJCMFT� 6O FGGFU EF NBTRVBHF QBS MF TPO EJSFDU � FU
QBS M�ÊOFSHJF UBSEJWF QPVS M�FTQBDF 1JTDJOF � B QV BQQBSBJUSF� &O E�BVUSFT UFSNFT
 JM FTU
QPTTJCMF RVF MB NPEJàDBUJPO EFT QSFNJÍSFT SÊáFYJPOT BJU NPJOT ÊUÊ QFSÉVF QPVS DFT
FTQBDFT DBS MB QBSUJF NPEJàÊF EV TJHOBM ÊUBJU FO QSPQPSUJPO QMVT GBJCMF�

×�Ö�Õ� �¤INċUENCE DE LA SOURCE

-FT OPUFT BTTPDJÊFT Æ MB TPVSDF $BKPO POU ÊUÊ TJHOJàDBUJWFNFOU QMVT GBJCMFT RVF
DFMMFT BTTPDJÊFT Æ MB TPVSDF 7PJY� -B TPVSDF DPOUJFOU EF OPNCSFVY USBOTJUPJSFT RVJ
QFVWFOU BWPJS NJT FO MVNJÍSF EFT BSUFGBDUT EBOT VOF CBOEF GSÊRVFOUJFMMF QMVT MBSHF
RV�BWFD MB TPVSDF 7PJY� %F QMVT
 EFT DIBOHFNFOUT EBOT MB TUSVDUVSF UFNQPSFMMF EFT
43*3T QFVWFOU BWPJS ÊUÊ NJFVY QFSÉVT HSÄDF Æ MB OBUVSF JNQVMTJPOOFMMF EV TJHOBM QFS�
DVTTJG� 1BS BJMMFVST
 QPVS HÊOÊSFS MFT 43*3T E�BQSÍT MFT NBUSJDFT EF DPWBSJBODF
 VOF
ÊUBQF EF DSÊBUJPO EF TJHOBVY EÊDPSSÊMÊT FTU OÊDFTTBJSF� 0S
 E�BQSÍT 1JIMBKBNÅLJ FU
BM� <��>
 DFUUF NÊUIPEF QFVU JOUSPEVJSF EFT BSUFGBDUT QFSDFQUJCMFT TFMPO MB TPVSDF TPOPSF
VUJMJTÊF � FO QBSUJDVMJFS QPVS MFT TJHOBVY DPNQSFOBOU EFT ÊWÊOFNFOUT TPOPSFT TPVEBJOT
PV JNQVMTJPOOFMT�

×�Ö�Ö� �A MdTHODE ���

-B àHVSF ��� SFQSÊTFOUF MF EJBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV
DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT SÊáFYJPOT EFT 43*3T EF 1JTDJOF FU 5PJMFUUFT�
"WFD MB QBSBNÊUSJTBUJPO QSPQPTÊF FO TFDUJPO ���
 MB EJSFDUJWJUÊ EV DIBNQ TPOPSF FTU
SFTQFDUÊF FO SBJTPO EV SFTQFDU EFT NBUSJDFT EF DPWBSJBODF QBS SÊHJPO UFNQT�GSÊRVFODF�
"WFD MB 4%.
 M�ÊOFSHJF EV DIBNQ TPOPSF DPSSFTQPOE Æ DFMMF EF MB DPNQPTBOUF PN�
OJEJSFDUJPOOFMMF EFT TJHOBVY BNCJTPOJRVFT� $POUSBJSFNFOU Æ MB NÊUIPEF VUJMJTBOU EFT
NBUSJDFT EF DPWBSJBODF
 M�ÊOFSHJF EFT BVUSFT DPNQPTBOUFT BNCJTPOJRVFT O�FTU QBT SF�
QSPEVJUF� %BOT OPT DBT EF àHVSF
 DFDJ TF USBEVJU QBS VOF ÊOFSHJF QSÊDPDF QMVT GBJCMF EFT
TUJNVMJ JTTVT EF MB 4%.� %BOT MF DBT EF M�FTQBDF 5PJMFUUFT
 M�ÊOFSHJF EV DIBNQ TPOPSF



×

ÒÖÕ ×� �A RdSOLUTION DE LA PARAMdTRISATION DES PREMIcRES RdċEXIONS

	B
 1JTDJOF 	C
 5PJMFUUFT

'ñïýúí ��� m %JBHSBNNFT EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT EFT
43*3T BTTPDJÊFT Æ 1JTDJOF FU 5PJMFUUFT FODPEÊFT Æ M�PSESF � FU NPEJàÊFT TFMPO MFT � NÊUIPEFT EF QBSBNÊUSJ�
TBUJPO�

FTU NPJOT JNQPSUBOUF EF � E# Æ ���� $FUUF EJTTZNÊUSJF DSÊF VOF DPODFOUSBUJPO E�ÊOFS�
HJF BVEJCMF EFT QSFNJÍSFT SÊáFYJPOT WFST MB ESPJUF FO DPNQBSBJTPO Æ MB SÊGÊSFODF
 EF
MB NËNF NBOJÍSF RVF QPVS M�BODSF� $FDJ TFNCMF FYQMJRVFS MB OPO TJHOJàDBUJWJUÊ FOUSF
MFT OPUFT BTTPDJÊFT Æ DFT EFVY QBSBNÊUSJTBUJPOT�

×�Ö�×� �¤EĈET DE PRdCdDENCE

'ñïýúí ��� m .BTRVBHF UFNQPSFM JOEVJU QBS MB MPJ EV QSFNJFS GSPOU E�POEF�

#JFO RVF MFT EJSFDUJWJUÊT EFT DIBNQT TPOPSFT TPJFOU USÍT QSPDIFT FOUSF MFT TUJNVMJ
JTTVT EFT NÊUIPEFT EF QBSBNÊUSJTBUJPO QBS NBUSJDF EF DPWBSJBODF FU MB SÊGÊSFODF �
DPNNF JMMVTUSÊ FO àHVSF ��� � EFT EJGGÊSFODFT TPOU QFSDFQUJCMFT FO UFSNFT EF EJSFDUJPO
E�JODJEFODF� 0VUSF M�JOUFOTJUÊ EFT SÊáFYJPOT
 MFT SFUBSET EFT SÊáFYJPOT KPVFOU ÊHBMF�



×�Ö� �ISCUSSION

×

ÒÖÖ

NFOU VO SÔMF JNQPSUBOU EBOT MB MPDBMJTBUJPO� 4FMPO MB MPJ EV QSFNJFS GSPOU E�POEF

MB EJSFDUJPO E�JODJEFODF QFSÉVF EF SÊáFYJPOT RVJ TF QSPEVJTFOU EBOT VO DPVSU MBQT EF
UFNQT DPSSFTQPOE Æ DFMMF EV QSFNJFS GSPOU E�POEF RVJ BSSJWF BVY PSFJMMFT E�VO BVEJUFVS�
-FT SÊáFYJPOT OF TPOU QBT QFSÉVFT DPNNF EFT ÊWÊOFNFOUT EJTUJODUT
 NBJT GVTJPOOFOU
QFSDFQUJWFNFOU� -B àHVSF ��� JMMVTUSF MF TFVJM E�BVEJCJMJUÊ EF SÊáFYJPOT ÊNJTFT BQSÍT
VOF JNQVMTJPO SÊáFYJPO E�BQSÍT .PSJNPUP <��>� 4FMPO )BBT <��>
 DFU FGGFU QFVU TF
QSPEVJSF NËNF MPSTRVF MF OJWFBV E�VOF SÊáFYJPO FTU TVQÊSJFVS EF �� E# BV TJHOBM
EV GSPOU E�POEF JOJUJBM� -�JOUFSBDUJPO UFNQPSFMMF FOUSF MFT SÊáFYJPOT FTU VO QIÊOPNÍOF
DPNQMFYF RVJ EÊQFOE Æ MB GPJT EF M�ÊOFSHJF EV TJHOBM E�PSJHJOF
 EFT SÊáFYJPOT TVJWBOUFT
FU EF MFVS SFUBSE� #JFO RVF DF QIÊOPNÍOF BJU ÊUÊ ÊUVEJÊ QSJODJQBMFNFOU QPVS MB MPDBMJ�
TBUJPO EV TPO EJSFDU
 JM FTU QPTTJCMF RV�JM TF QSPEVJTF ÊHBMFNFOU MPDBMFNFOU BV TFJO EFT
QSFNJÍSFT SÊáFYJPOT FU RV�JM JOáVFODF MB QFSDFQUJPO EF MFVS JODJEFODF� -B àHVSF ����
SFQSÊTFOUF MF DBOBM HBVDIF EF MB QBSUJF QSÊDPDF EF #3*3T EF SÊGÊSFODF FU DFMMFT HÊOÊSÊFT
E�BQSÍT MFT NÊUIPEFT 4%. FU '�5�� -FT SÊáFYJPOT TQÊDVMBJSFT TPOU WJTJCMFT BWFD EFT
WBSJBUJPOT FO UFSNFT EF SFUBSE FU E�ÊOFSHJF� -B EÊUFSNJOBUJPO EF SÊáFYJPOT TQÊDVMBJSFT
QPVS SFQSPEVJSF MB TUSVDUVSF UFNQPSFMMF E�VOF 43*3 WJFOESBJU BKPVUFS EF M�JOGPSNB�
UJPO MPST EF MB SFDPOTUSVDUJPO� $FQFOEBOU
 DPNNF OPVT M�BWPOT WV EBOT MF DIBQJUSF �

M�JEFOUJàDBUJPO EF SÊáFYJPOT TQÊDVMBJSFT FTU TPVWFOU FGGFDUVÊF FO VUJMJTBOU EFT TFVJMT
E�BNQMJUVEF TBOT QSFOESF FO DPNQUF MB MPJ EV QSFNJFS GSPOU E�POEF� *M TFNCMF RV�VOF
NFJMMFVSF DPNQSÊIFOTJPO EFT NÊDBOJTNFT FO KFV FTU OÊDFTTBJSF QPVS SFQSPEVJSF DPOWF�
OBCMFNFOU MB EJSFDUJWJUÊ QFSÉVF EFT SÊáFYJPOT�

'ñïýúí ���� m "NQMJUVEF EFT QSFNJÍSFT SÊáFYJPOT FO EÊDJCFM QPVS USPJT NÊUIPEFT EF QBSBNÊUSJTBUJPO� 4FVMT
MFT �� QSFNJFST EÊDJCFMT TPOU BGàDIÊT�

×�Ö�Ø� �¤AVANTAGE DE LA PARAMdTRISATION PAR MATRICE DE COVARIANCE PAR
RAPPORT [ LA ���

-B 4%. QFSNFU VO DPOUSÔMF EF MB EJSFDUJWJUÊ EFT SÊáFYJPOT QFSNFUUBOU EF NB�
OJQVMFS MFT DBSBDUÊSJTUJRVFT TQBUJBMFT EF M�FTQBDF BVSBMJTÊ� $FQFOEBOU MB EFTDSJQUJPO
EV DIBNQ TPOPSF SFQSÊTFOUF VOF RVBOUJUÊ JNQPSUBOUF EF EPOOÊFT � MF TJHOBM PNOJEJ�
SFDUJPOOFM BTTPDJÊ Æ VOF NBUSJDF DPOUFOBOU MFT EJSFDUJPOT E�JODJEFODFT QPVS DIBRVF
ÊDIBOUJMMPO� "WFD MB QBSBNÊUSJTBUJPO QSPQPTÊF
 VO OPNCSF QMVT GBJCMF EF QBSBNÍUSFT
QFVU ËUSF VUJMJTÊ TFMPO MB SÊTPMVUJPO TQBUJBMF
 GSÊRVFOUJFMMF FU UFNQPSFMMF FNQMPZÊF� -B
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NÊUIPEF EF QBSBNÊUSJTBUJPO '�5� TFNCMF MB QMVT FGàDBDF EFT NÊUIPEFT FNQMPZÊFT�
&O FGGFU
 MB EJTTFNCMBODF BWFD MB SÊGÊSFODF ÊUBJU TJHOJàDBUJWFNFOU QMVT GBJCMF MPSTRVF
MB SÊTPMVUJPO UFNQPSFMMF ÊUBJU MB QMVT ÊMFWÊF� %F QMVT
 OPVT O�BWPOT QBT DPOTUBUÊ EF
EJGGÊSFODFT TJHOJàDBUJWFT FOUSF MFT TUJNVMJ HÊOÊSÊT TFMPO � PV � CBOEFT EF GSÊRVFODF�
" M�PSESF �
 MF OPNCSF EF QBSBNÍUSFT HÊOÊSÊT TVS VOF EVSÊF EF �� NT T�ÊMÍWF Æ ���
WBMFVST QPVS '�5� FU Æ ���� WBMFVST QPVS MB 4%.
 TPJU �� GPJT QMVT EF EPOOÊFT� -B
SÊEVDUJPO EV OPNCSF EF QBSBNÍUSFT QFSNFU E�BWPJS NPJOT EF WBMFVST Æ NBOJQVMFS
QPVS MF DPOUSÔMF QFSDFQUJG EF MB SÊWFSCÊSBUJPO FU VOF SÊEVDUJPO EF M�VUJMJTBUJPO EF MB
NÊNPJSF� %F QMVT
 JM FTU QPTTJCMF BWFD MB NÊUIPEF '�5� EF NPEJàFS TJNQMFNFOU MB EJ�
SFDUJWJUÊ EFT SÊáFYJPOT QBS CBOEF EF GSÊRVFODF� /ÊBONPJOT
 MFT USBJUFNFOUT B FGGFDUVFS
QPVS HÊOÊSFS VOF 43*3 QBSBNÊUSÊF BWFD EFT NBUSJDFT EF DPWBSJBODF TPOU JNQPSUBOUT�
$FUUF HÊOÊSBUJPO SFRVJFSU MB DSÊBUJPO EF TJHOBVY EÊDPSSÊMÊT
 VO àMUSBHF QBS CBOEF EF
GSÊRVFODF FU VOF SPUBUJPO EFT TJHOBVY SÊTVMUBOUT�

×�×� �ONCLUSION

%BOT MF QSPMPOHFNFOU EV DIBQJUSF QSÊDÊEFOU
 OPVT BWPOT ÊUVEJÊ MFT SÊTPMVUJPOT
UFNQPSFMMFT FU GSÊRVFOUJFMMFT OÊDFTTBJSFT Æ MB SFTUJUVUJPO EFT QSFNJÍSFT SÊáFYJPOT EF
43*3T� -�ÊUVEF T�FTU QMBDÊF EBOT MF DPOUFYUF E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ
VUJMJTBOU EFT 43*3T EPOU MB QBSUJF SÊWFSCÊSÊF ÊUBJU FODPEÊF FO BNCJTPOJRVF Æ M�PSESF ��

1PVS SFQSPEVJSF MF DIBNQ TPOPSF TFMPO EJGGÊSFOUFT SÊTPMVUJPOT GSÊRVFOUJFMMFT FU
UFNQPSFMMFT
 VOF QBSBNÊUSJTBUJPO CBTÊF TVS MF DBMDVM EF NBUSJDF EF DPWBSJBODF B ÊUÊ
QSPQPTÊF� "QSÍT BWPJS HÊOÊSÊ QMVTJFVST 43*3T TFMPO EJWFSTFT NÊUIPEFT EF QBSBNÊUSJ�
TBUJPO
 VO UFTU QFSDFQUJG B QFSNJT E�ÊUVEJFS M�JOáVFODF EFT SÊTPMVUJPOT FNQMPZÊFT QPVS
HÊOÊSFS MFT 43*3T� -FT TUJNVMJ JTTVT EF QBSBNÊUSJTBUJPOT POU ÊUÊ DPNQBSÊT Æ EFT TUJNVMJ
EF SÊGÊSFODF BZBOU MFT QMVT HSBOEFT SÊTPMVUJPOT TQBUJBMFT
 UFNQPSFMMFT FU GSÊRVFOUJFMMFT
QPTTJCMFT� %FT EJGGÊSFODFT TJHOJàDBUJWFT FOUSF MFT TUJNVMJ JTTVT EF QBSBNÊUSJTBUJPOT FU
MFT TUJNVMJ EF SÊGÊSFODF POU ÊUÊ PCUFOVFT QPVS UPVUFT MFT NÊUIPEFT EF QBSBNÊUSJTBUJPO�

-�FNQMPJ E�VOF SÊTPMVUJPO UFNQPSFMMF ÊMFWÊF B TJHOJàDBUJWFNFOU BNÊMJPSÊ MFT SÊTVM�
UBUT FU BVDVOF EJGGÊSFODF TJHOJàDBUJWF O�B ÊUÊ PCTFSWÊF BWFD M�BVHNFOUBUJPO EF MB SÊTP�
MVUJPO GSÊRVFOUJFMMF� -B NÊUIPEF EF QBSBNÊUSJTBUJPO FNQMPZBOU VOF SÊTPMVUJPO UFN�
QPSFMMF EF � NT EBOT RVBUSF CBOEFT EF GSÊRVFODF FTU BQQBSVF DPNNF MB QMVT FGàDBDF�
$FUUF NÊUIPEF O�ÊUBJU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUF EF MB 4%.
 VOF QBSBNÊUSJTBUJPO
DPNNVOÊNFOU FNQMPZÊF�

/ÊBONPJOT
 MB àEÊMJUÊ EF SFQSPEVDUJPO EFT 43*3T EÊQFOE EF MB TPVSDF FU EF M�FTQBDF
DPOTJEÊSÊ� -B EÊHSBEBUJPO EF MB SFQSPEVDUJPO JOEVJUF QBS MB QBSBNÊUSJTBUJPO QFVU ËUSF
JNQPSUBOUF EBOT DFSUBJOT DBT� -FT EJGGÊSFODFT BWFD MB SÊGÊSFODF ÊUBJFOU E�BVUBOU QMVT
QFSDFQUJCMFT RVF MB QSPQPSUJPO EF TJHOBM NPEJàÊ ÊUBJU JNQPSUBOUF� %F QMVT
 M�VTBHF
E�VOF TPVSDF DPNQSFOBOU EF OPNCSFVTFT USBOTJUPJSFT QPVWBJU SÊWÊMFS EFT BSUFGBDUT JO�
IÊSFOUT BV QSPDFTTVT EF TZOUIÍTF�

*M FTU QPTTJCMF RVF MFT QBSBNÊUSJTBUJPOT UFTUÊFT OF SFTQFDUBJFOU QBT TVGàTBNNFOU
MB TUSVDUVSF UFNQPSFMMF EFT QSFNJÍSFT SÊáFYJPOT� &O FGGFU
 NËNF TJ MB SÊQBSUJUJPO EF
M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT ÊUBJU DPSSFDUFNFOU SFQSPEVJUF
 JM FTU QPTTJCMF RVF MB
EJSFDUJWJUÊ QFSÉVF ÊUBJU EJGGÊSFOUF FO SBJTPO EF M�FGGFU EF QSÊDÊEFODF� 6OF JEFOUJàDBUJPO
àBCMF EFT SÊáFYJPOT TQÊDVMBJSFT FU VOF NFJMMFVSF DPNQSÊIFOTJPO EF MFVS JOUFSBDUJPO
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QFSNFUUSBJU E�BKPVUFS EF M�JOGPSNBUJPO OÊDFTTBJSF Æ VOF SFQSPEVDUJPO QMVT àEÍMF EV
DIBNQ TPOPSF�

-B QBSBNÊUSJTBUJPO QSPQPTÊF PGGSF DFQFOEBOU MB QPTTJCJMJUÊ EF DPOUSÔMFS MF SFOEV
TPOPSF E�VOF BVSBMJTBUJPO FO NBOJQVMBOU EFT 43*3T EBOT QMVTJFVST CBOEFT EF GSÊ�
RVFODF� -F OPNCSF EF QBSBNÍUSFT FNQMPZÊT FTU NPJOT JNQPSUBOU RVF DFMVJ EF MB 4%.

DF RVJ GBDJMJUF M�ÊUVEF EFT FGGFUT TVS MFT BUUSJCVUT QFSDFQUJGT EF NPEJàDBUJPOT EFT DBSBD�
UÊSJTUJRVFT TQBUJBMFT E�VOF 43*3�
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%BOT MB QBSUJF QSÊDÊEFOUF
 OPVT BWPOT JEFOUJàÊ QBSNJ MFT ÊDIBOUJMMPOT DPNQPTBOU VOF
43*3 EFT QBSBNÍUSFT QFSNFUUBOU MB SFQSPEVDUJPO EF M�BDPVTUJRVF E�VOF TBMMF BWFD VO
OPNCSF EF EPOOÊFT MJNJUÊ� -B SÊTPMVUJPO TQBUJBMF
 UFNQPSFMMF FU GSÊRVFOUJFMMF EF 43*3T
POU OPUBNNFOU ÊUÊ ÊUVEJÊFT EBOT VO DPOUFYUF EF SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ�
/PVT TPVIBJUPOT EBOT DFUUF QBSUJF ÊUVEJFS MB NBOJÍSF EPOU MB NPEJàDBUJPO EFT QB�
SBNÍUSFT JEFOUJàÊT QFVU QFSNFUUSF EF DPOUSÔMFS MFT JNQSFTTJPOT TQBUJBMFT
 Æ TBWPJS MB
MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU� %BOT VO QSFNJFS UFNQT
 DF DIBQJUSF TF
DPODFOUSF TVS MFT PSJHJOFT QIZTJRVFT EF DFT EFVY BUUSJCVUT QFSDFQUJGT FO ÊUVEJBOU MFVST
MJFOT BWFD EFT QBSBNÍUSFT BDPVTUJRVFT FYUSBJUT EF SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF�
1PVS DFMB
 OPVT VUJMJTPOT VOF CBTF EF EPOOÊFT GPVSOJF QBS M�6OJWFSTJUÊ UFDIOJRVF EF
#FSMJO SBTTFNCMBOU EFT SÊTVMUBUT JTTVT E�VOF ÊWBMVBUJPO QFSDFQUJWF FU EFT QBSBNÍUSFT
BDPVTUJRVFT BTTPDJÊT BVY TUJNVMJ ÊWBMVÊT� /PUSF BOBMZTF EFT EPOOÊFT DPOàSNF M�JO�
áVFODF EF MB RVBOUJUÊ E�ÊOFSHJF UBSEJWF
 EFT SÊáFYJPOT MBUÊSBMFT UBSEJWFT FU EF MB EÊDPS�
SÊMBUJPO JOUFSBVSBMF TVS M�FOWFMPQQFNFOU� &MMF NFU ÊHBMFNFOU FO ÊWJEFODF VOF JOáVFODF
EF M�ÊOFSHJF UBSEJWF FU EV SBQQPSU FOUSF DIBNQ EJSFDU FU DIBNQ SÊWFSCÊSÊ TVS MB MBS�
HFVS BQQBSFOUF EF TPVSDF� 1PVSUBOU
 DFT EFVY QSPQSJÊUÊT OF TPOU QBT QSJTFT FO DPNQUF
EBOT MF DBMDVM EFT QBSBNÍUSFT BDPVTUJRVFT EÊàOJT EBOT MB MJUUÊSBUVSF QPVS FTUJNFS DFU
BUUSJCVU QFSDFQUJG�

-F UFSNF jJNQSFTTJPOT TQBUJBMFTv EÊTJHOF EBOT MB MJUUÊSBUVSF EFVY BUUSJCVUT QFSDFQ�
UJGT EJTUJODUT MJÊT Æ EFT BTQFDUT EJGGÊSFOUT EV DIBNQ TPOPSF � MB MBSHFVS BQQBSFOUF EF
TPVSDF OPUÊF "48 	QPVS "QQBSFOU 4PVSDF 8JEUI
 FU M�FOWFMPQQFNFOU OPUÊ -&7 	QPVS
-JTUFOFS &OWFMPQNFOU
 <�
 �>� -F QSFNJFS DPSSFTQPOE Æ M�ÊUFOEVF TQBUJBMF EF MB TPVSDF
EBOT MF QMBO IPSJ[POUBM FU MF TFDPOE DPSSFTQPOE Æ MB TFOTBUJPO E�ËUSF FOUPVSÊ E�VO FO�
TFNCMF EJGGVT E�JNBHFT TPOPSFT RVJ OF TPOU QBT BTTPDJÊFT Æ EFT FNQMBDFNFOUT EF TPVSDF
QBSUJDVMJFST <�>� "àO E�ÊUBCMJS VO DPOUSÔMF QFSDFQUJG EF DFT JNQSFTTJPOT TQBUJBMFT
 JM FTU
OÊDFTTBJSF E�JEFOUJàFS MFT QSPQSJÊUÊT EV TJHOBM TPOPSF MJÊFT Æ DFT EFVY BUUSJCVUT� %�BQSÍT
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MB MJUUÊSBUVSF
 MB MBSHFVS BQQBSFOUF EF TPVSDF TFNCMF ËUSF QSJODJQBMFNFOU JOáVFODÊF QBS
MFT QSPQSJÊUÊT TQBUJBMFT EFT QSFNJÍSFT SÊáFYJPOT FU M�FOWFMPQQFNFOU FTU HÊOÊSBMFNFOU
MJÊ BVY QSPQSJÊUÊT TQBUJBMFT EF MB SÊWFSCÊSBUJPO UBSEJWF�

1PVS DBSBDUÊSJTFS DFT JNQSFTTJPOT TQBUJBMFT
 MFT ÊUVEFT EF #BSSPO <�> FU EF #SBEMFZ
FU 4PVMPESF <�
 �> POU QFSNJT E�ÊUBCMJS EFT QBSBNÍUSFT BDPVTUJRVFT QSÊTFOUT EBOT MB
OPSNF *40 ������ <�> RVJ NFTVSFOU M�ÊOFSHJF MBUÊSBMF QSÊDPDF 	+-'
 +-'$
 FU M�ÊOFSHJF
MBUÊSBMF UBSEJWF 	-+
� %�BVUSFT QBSBNÍUSFT BDPVTUJRVFT UFMT RVF MB EÊDPSSÊMBUJPO JOUFS�
BVSBMF DBMDVMÊF TVS MB EVSÊF UPUBMF E�VOF SÊQPOTF JNQVMTJPOOFMMF CJOBVSBMF EF TBMMF
	*"$$
 PV TVS MB QBSUJF QSÊDPDF TFVMFNFOU 	#2*
 QFSNFUUFOU EF DBSBDUÊSJTFS MFT JN�
QSFTTJPOT TQBUJBMFT�

-FT QBSBNÍUSFT BDPVTUJRVFT TQÊDJàÊT EBOT MB OPSNF QSÊTFOUFOU DFQFOEBOU RVFMRVFT
EÊGBVUT� %�VOF QBSU
 MFT QBSBNÍUSFT BDPVTUJRVFT MJÊT Æ MB MBSHFVS BQQBSFOUF EF TPVSDF
QFVWFOU QSÊTFOUFS EF MBSHFT áVDUVBUJPOT FOUSF EFVY NFTVSFT QSPDIFT TBOT RV�VOF NP�
EJàDBUJPO EF DFU BUUSJCVU TPJU QFSDFQUJCMF <�>� %�BVUSF QBSU
 MB TFOTBUJPO E�FOWFMPQQF�
NFOU FTU DBSBDUÊSJTÊF EBOT MB OPSNF QBS M�ÊOFSHJF MBUÊSBMF UBSEJWF TFVMFNFOU
 BMPST RVF
E�BVUSFT EJSFDUJPOT E�JODJEFODF QFVWFOU DPOUSJCVFS Æ DFU BUUSJCVU <�
 �>� 1PVS DPN�
QMÊUFS DFT NFTVSFT
 E�BVUSFT QBSBNÍUSFT BDPVTUJRVFT POU EPOD ÊUÊ QSPQPTÊT EBOT MB
MJUUÊSBUVSF�

%BOT DF DIBQJUSF
 OPVT TPVIBJUPOT WÊSJàFS MB QFSUJOFODF EFT QBSBNÍUSFT EÊàOJT
EBOT MB OPSNF *40 ������
 ÊUVEJFS MFVS JOEÊQFOEBODF FU UFTUFS E�BVUSFT QBSBNÍUSFT
BDPVTUJRVFT QSPQPTÊT EBOT MB MJUUÊSBUVSF� 1PVS ËUSF DBQBCMF E�ÊUVEJFS DFT QBSBNÍUSFT
QPVS QMVTJFVST BDPVTUJRVFT FU E�BWPJS VOF QVJTTBODF TUBUJTUJRVF TVGàTBOUF
 JM FTU OÊDFT�
TBJSF E�FO DBMDVMFS Æ QBSUJS E�VO HSBOE OPNCSF EF SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT
EF TBMMF 	3*3T
� .FTVSFS EFT 3*3T EBOT EF OPNCSFVTFT TBMMFT ÊUBOU VO QSPDFTTVT DISP�
OPQIBHF
 VOF TPMVUJPO QMVT TJNQMF DPOTJTUF Æ MFT DBMDVMFS FO TJNVMBOU MB QSPQBHBUJPO
E�POEFT TPOPSFT HSÄDF Æ EFT NPEÍMFT USJ�EJNFOTJPOOFMT EF TBMMFT� -B CBTF EF EPOOÊFT
(3"1 <�>
 SBTTFNCMF EFT SÊQPOTFT JNQVMTJPOOFMMFT TJNVMÊFT BTTPDJÊT Æ VOF ÊWBMVBUJPO
QFSDFQUJWF EFT JNQSFTTJPOT TQBUJBMFT� $FUUF SFTTPVSDF B QSÊDJTÊNFOU ÊUÊ NJTF Æ EJTQP�
TJUJPO QPVS EÊUFSNJOFS EF OPVWFBVY QBSBNÍUSFT BDPVTUJRVFT BV�EFMÆ EF DFVY EÊàOJT
EBOT MB OPSNF�

/PVT QSÊTFOUFSPOT EBOT VO QSFNJFS UFNQT MF DPOUFOV EF MB CBTF EF EPOOÊFT (3"1�
"àO EF DPNQMÊUFS DFT EPOOÊFT
 EFT SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMF 	43*3

POU ÊUÊ HÊOÊSÊFT E�BQSÍT EFT SÊTVMUBUT EF TJNVMBUJPO QSÊTFOUT EBOT MB CBTF� -F QSP�
DFTTVT EF HÊOÊSBUJPO EFT 43*3T TFSB QSÊTFOUÊ FO TFDUJPO ���� 1MVTJFVST QBSBNÍUSFT
BDPVTUJRVFT TFSPOU DBMDVMÊT E�BQSÍT M�FOTFNCMF EFT SÊQPOTFT JNQVMTJPOOFMMFT Æ EJTQP�
TJUJPO� -FT QBSBNÍUSFT BDPVTUJRVFT JEFOUJàÊT DPNNF QFSUJOFOUT QPVS DBSBDUÊSJTFS MB
MBSHFVS BQQBSFOUF EF TPVSDF FU M�JNQSFTTJPO E�FOWFMPQQFNFOU TFSPOU QSÊTFOUÊT EBOT
MFT TFDUJPOT ��� FU ���� $FT QBSBNÍUSFT QFSNFUUSPOU EF EÊUFSNJOFS MFT QSPQSJÊUÊT QIZ�
TJRVFT Æ NPEJàFS QPVS MF DPOUSÔMF QFSDFQUJG EFT JNQSFTTJPOT TQBUJBMFT ÊUVEJÊ EBOT MFT
DIBQJUSFT � FU ��
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"DLFSNBOO FU BM� <�> POU EÊWFMPQQÊ MB CBTF EF EPOOÊFT (3"1 	(SPVOE 5SVUI
PO 3PPN "DPVTUJDBM "OBMZTJT BOE 1FSDFQUJPO
 BàO EF QFSNFUUSF MF EÊWFMPQQFNFOU
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'ñïýúí ��� m &OTFNCMF EFT �� TBMMFT DPOTUJUVBOU MB CBTF EF EPOOÊFT (3"1 SFQSÊTFOUÊFT FO GPODUJPO EF MFVS
WPMVNF
 MFVS UFNQT EF SÊWFSCÊSBUJPO FU MFVS GPSNF EBOT MF QMBO IPSJ[POUBM� 6OF TBMMF EF DPODFSU FTU EJUF FO
jWJHOPCMFv MPSTRVF MF QVCMJD FOUPVSF MFT NVTJDJFOT FO ÊUBOU EJTQPTÊ TVS EJGGÊSFOUT CBMDPOT
 Æ MB NBOJÍSF EF
MB QIJMIBSNPOJF EF #FSMJO FU EF 1BSJT�

EF QBSBNÍUSFT BDPVTUJRVFT BV�EFMÆ EF DFVY EÊàOJT EBOT MB OPSNF *40 ������ <�>�
&MMF SBTTFNCMF EFT EPOOÊFT QIZTJRVFT FU QFSDFQUJWFT MJÊFT Æ VO FOTFNCMF EF TBMMFT EF
DPODFSU
 EF UIÊÄUSF
 EF TÊNJOBJSF PV E�BNQIJUIÊÄUSFT� 1PVS BDRVÊSJS DFT EPOOÊFT
 ��
NPEÍMFT EF TBMMFT WJSUVFMMFT POU ÊUÊ DSÊÊT E�BQSÍT EFT TBMMFT FYJTUBOUFT PV OPO EBOT MF
CVU EF DPVWSJS VOF HSBOEF WBSJÊUÊ EF QSPQSJÊUÊT BDPVTUJRVFT� -B àHVSF ��� SFQSÊTFOUF
M�FOTFNCMF EFT TBMMFT JODMVTFT EBOT MB CBTF EF EPOOÊFT FO GPODUJPO EF MFVS WPMVNF
 MFVS
UFNQT EF SÊWFSCÊSBUJPO FU MFVS GPSNF� $FU FOTFNCMF FTU DPOTUJUVÊ QSJODJQBMFNFOU EF
TBMMFT EF HSBOE WPMVNF EPOU MB QMVQBSU TPOU EF GPSNF SFDUBOHVMBJSF�

1PVS DIBRVF FOWJSPOOFNFOU BDPVTUJRVF
 MB CBTF EF EPOOÊFT (3"1 DPNQPSUF VO
NPEÍMF USJEJNFOTJPOOFM RVJ TQÊDJàF MB HÊPNÊUSJF FU MFT QSPQSJÊUÊT BDPVTUJRVFT EFT TVS�
GBDFT EF MB TBMMF BJOTJ RVF MB QPTJUJPO EF MB TPVSDF FU MFT QPTJUJPOT EF EFVY SÊDFQUFVST�
6OF QPTJUJPO EF SÊDFQUFVS EBOT VOF TBMMF TFSB QBS MB TVJUF OPNNÊF DPOàHVSBUJPO BDPVT�
UJRVF� -B CBTF EF EPOOÊFT ÊUBOU DPOTUJUVÊF EF EFVY QPTJUJPOT EF SÊDFQUFVS QPVS ��
TBMMFT
 FMMF DPOUJFOU EPOD �� DPOàHVSBUJPOT BDPVTUJRVFT�

1PVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF
 MB CBTF EF EPOOÊFT DPOUJFOU �
� EFT OPUFT BTTPDJÊFT BVY BUUSJCVUT QFSDFQUJGT DPOUFOVT EBOT MF 3"2* 	DG� TFD�

UJPO �����
 QPVS QMVTJFVST TPVSDFT TPOPSFT �
� VOF SÊQPOTF JNQVMTJPOOFMMF PNOJEJSFDUJPOOFMMF FU ��� SÊQPOTFT JNQVMTJPOOFMMFT

CJOBVSBMFT �
� MFT QBSBNÍUSFT BDPVTUJRVFT EF MB OPSNF *40 ������ DBMDVMÊT E�BQSÍT MFT SÊ�

QPOTFT JNQVMTJPOOFMMFT �
� MFT SÊTVMUBUT EF TJNVMBUJPO TPVT MB GPSNF E�VOF EJTUSJCVUJPO E�ÊOFSHJF BV DPVST

EV UFNQT FU E�VOF MJTUF E�POEFT QMBOFT BTTPDJÊFT Æ VO UFNQT E�BSSJWÊF
 VOF EJ�
SFDUJPO FU VOF BNQMJUVEF QBS UJFST E�PDUBWF�
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Ø�Ò�Ò� �ES NOTES DU ����

6O UFTU QFSDFQUJG SÊBMJTÊ QBS 8FJO[JFSM FU BM� <��> B QFSNJT E�ÊWBMVFS MB QFSDFQUJPO
EF EJGGÊSFOUFT TPVSDFT QPVS DIBDVOF EFT �� DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MFT ��
BUUSJCVUT QFSDFQUJGT EV 3"2* 	DG� TFDUJPO �����
�

1PVS DF GBJSF
 EFT SÊQPOTFT JNQVMTJPOOFMMFT CJOBVSBMFT 	#3*3T
 POU ÊUÊ TJNVMÊFT
QPVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF� -FT SÊQPOTFT JNQVMTJPOOFMMFT SFMBUJWFT Æ MB
UËUF 	)3*3T
 VUJMJTÊFT QPVS HÊOÊSFS MFT #3*3T ÊUBJFOU JTTVFT EF MB CBTF EF EPOOÊFT
'"#*"/ <��>� %BOT MF CVU EF QSFOESF FO DPNQUF MFT NPVWFNFOUT EF MB UËUF EF M�BV�
EJUFVS
 �� #3*3T POU ÊUÊ TJNVMÊFT QPVS EFT PSJFOUBUJPOT EF UËUF DPNQSJTFT FOUSF ���◦

FU ���◦ QBS QBT EF �◦ EBOT MF QMBO IPSJ[POUBM� 4FVMF MB QBSUJF QSÊDPDF EFT #3*3T B
ÊUÊ SFQSPEVJUF TFMPO VO SFOEV CJOBVSBM EZOBNJRVF� -F SFOEV CJOBVSBM B ÊUÊ SÊBMJTÊ
BV NPZFO EV 4PVOE4DBQF 3FOEFSFS <��> FO VUJMJTBOU VO DBTRVF FYUSB�BVSBM đ FU VOF
DPNQFOTBUJPO TQFDUSBMF EF MB GPODUJPO EF USBOTGFSU EV DBTRVF <��>�

-FT TUJNVMJ POU ÊUÊ PCUFOVT QBS DPOWPMVUJPO BWFD MFT TJHOBVY EF USPJT DPOUFOVT
TPOPSFT �

� 6O TPMP EF USPNQFUUF � 5SVNQFU 7PMVOUBSZ EF +� $MBSLF � FOSFHJTUSÊ EBOT VOF
DIBNCSF BOÊDIPÐRVF�

� -B WPJY E�VO IPNNF EÊDMBNBOU VO EJTDPVST EF $JDÊSPO � FOSFHJTUSÊF EBOT VOF
DIBNCSF BOÊDIPÐRVF <��>�

� 6O PSDIFTUSF TZNQIPOJRVF EPOU DIBRVF JOTUSVNFOU B ÊUÊ FOSFHJTUSÊ TÊQBSÊNFOU
EBOT VOF DIBNCSF BOÊDIPÐRVF <��>�

4FVMFT �� TBMMFT BZBOU MB DBQBDJUÊ EF DPOUFOJS VO PSDIFTUSF TZNQIPOJRVF
 M�ÊWBMVB�
UJPO QFSDFQUJWF EF DF DPOUFOV O�B QBT QV ËUSF SÊBMJTÊF QPVS �� TBMMFT�

$IBRVF #3*3 B ÊUÊ TJNVMÊF QPVS DIBRVF TPVSDF TPOPSF FO QSFOBOU FO DPNQUF MFVS
EJSFDUJWJUÊ� -B àHVSF ��� SFQSÊTFOUF MFT EJBHSBNNFT EF EJSFDUJWJUÊ EFT EFVY DPOUFOVT
NPOPQIPOJRVFT FNQMPZÊT EBOT MB HÊOÊSBUJPO EFT TUJNVMJ� 0O DPOTUBUF MF DBSBDUÍSF
QMVT BDDJEFOUÊ EF MB EJSFDUJWJUÊ EF MB USPNQFUUF RVJ T�ÊMPJHOF MF QMVT E�VOF TPVSDF PN�
OJEJSFDUJPOOFMMF FU JNQMJRVF VOF QSÊEPNJOBODF EF DFSUBJOFT TPVSDFT JNBHFT� $FT EJ�
SFDUJWJUÊT POU ÊUÊ NFTVSÊFT FO DIBNCSF BOÊDIPÐRVF BWFD VOF BOUFOOF TQIÊSJRVF EF
NJDSPQIPOFT <��>�

��� TVKFUT POU QBSUJDJQÊ Æ M�ÊWBMVBUJPO EFT TUJNVMJ HÊOÊSÊT QPVS MFT �� DPOàHVSB�
UJPOT BDPVTUJRVFT� 1PVS EFT RVFTUJPOT EF EVSÊF EV UFTU QFSDFQUJG
 DIBRVF TVKFU B KVHÊ
VOF QBSUJF EFT TUJNVMJ TFVMFNFOU 	�� TUJNVMJ
 Æ MB MVNJÍSF EFT �� BUUSJCVUT QFSDFQUJGT�
1PVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF
 MFT OPUFT EFT BUUSJCVUT QPVS DIBRVF TPVSDF TPOU
JODMVTFT EBOT MB CBTF EF EPOOÊFT (3"1�

Ø�Ò�Ó� �ES RdPONSES IMPULSIONNELLES DE SALLE

-B CBTF EF EPOOÊF (3"1 DPOUJFOU VOF SÊQPOTF JNQVMTJPOOFMMF PNOJEJSFDUJPOOFMMF
FU VO FOTFNCMF EF #3*3T DBMDVMÊFT UPVT MFT EFHSÊT EBOT MF QMBO IPSJ[POUBM TPJU ���
#3*3T� -FT QSPDÊEÊT EF TJNVMBUJPO EF QSPQBHBUJPO EFT POEFT TPOPSFT EÊDSJUT FO BO�
OFYF % POU ÊUÊ VUJMJTÊT QPVS DBMDVMFS MFT SÊQPOTFT JNQVMTJPOOFMMFT EF (3"1� -FT SÊ�

�� 6O DBTRVF FYUSB�BVSBM DPOTJTUF FO VOF QBJSF EF IBVU�QBSMFVST TPMJEBJSFT EF M�BSDFBV EV DBTRVF FU
TVTQFOEVT Æ VOF DFSUBJOF EJTUBODF EFT PSFJMMFT E�VO BVEJUFVS�
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	B
 7PJY 	C
 5SPNQFUUF

'ñïýúí ��� m %JBHSBNNFT EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EFT TPVSDFT FNQMPZÊFT QPVS MB TJNVMBUJPO
EFT #3*3T VUJMJTÊFT EBOT MF UFTU QFSDFQUJG�

TVMUBUT TPOU JTTVT E�VOF BQQSPDIF IZCSJEF RVJ FNQMPJF MB NÊUIPEF EFT TPVSDFT JNBHFT
KVTRV�BV USPJTJÍNF PSESF QPVS DBMDVMFS MFT SÊáFYJPOT TQÊDVMBJSFT FU MB NÊUIPEF EV MBODÊ
EF QBSUJDVMFT 	BWFD ��� ��� QBSUJDVMFT
 QPVS DBMDVMFS VOF EJTUSJCVUJPO UFNQPSFMMF EF
M�ÊOFSHJF EFT SÊáFYJPOT EJGGVTFT� 5PVUFT MFT TJNVMBUJPOT POU ÊUÊ SÊBMJTÊFT BWFD VOF SÊ�
TPMVUJPO FO GSÊRVFODF FO UJFST E�PDUBWF EF �� )[ Æ �� L)[
 TPJU QPVS �� CBOEFT EF
GSÊRVFODF Æ M�BJEF EV MPHJDJFM EF TJNVMBUJPO 3"7&/ <��>� $PNNF SFDPNNBOEÊ QBS
MB OPSNF *40 ������
 MB TPVSDF VUJMJTÊF QPVS MFT TJNVMBUJPOT ÊUBJU VOF TPVSDF PNOJEJ�
SFDUJPOOFMMF�

%BOT MB CBTF EF EPOOÊFT (3"1
 MB NÊEJBOF EFT GSÊRVFODFT EF 4DIS�EFS FTU EF
����� )[ FU MFT WBMFVST NJOJNBMFT FU NBYJNBMFT T�ÊMÍWFOU Æ ����� )[ FU ������ )[
SFTQFDUJWFNFOU� ­UBOU EPOOÊ RVF TFVMF M�BQQSPDIF HÊPNÊUSJRVF B ÊUÊ FNQMPZÊF QPVS MB
TJNVMBUJPO EFT SÊQPOTFT JNQVMTJPOOFMMFT
 MB TJNVMBUJPO O�FTU QBT WBMJEF FO EFTTPVT EF
DFT WBMFVST GSÊRVFOUJFMMFT� /ÊBONPJOT DFT WBMFVST SFTUFOU GBJCMFT QPVS MB QMVQBSU EFT
TBMMFT�

-FT #3*3T GPVSOJFT EBOT (3"1 POU ÊUÊ PCUFOVFT E�BQSÍT MFT )3*3T EF MB CBTF EF
EPOOÊFT '"#*"/ <��>� -F MPHJDJFM 3"7&/ DBMDVMF MFT #3*3T EF MB NBOJÍSF TVJWBOUF �

� 1PVS MB QBSUJF TQÊDVMBJSF
 MF TJHOBM SÊTVMUBOU EF DIBRVF SÊáFYJPO TQÊDVMBJSF FTU
DBMDVMÊ E�BQSÍT MFT )3*3T EF MB EJSFDUJPO E�JODJEFODF
 SFUBSEÊ QBS MF UFNQT EF
QBSDPVST FU BUUÊOVÊ QBS M�BCTPSQUJPO EFT QBSPJT TVS MFTRVFMMFT MB SÊáFYJPO T�FTU
SÊáÊDIJF� -�BCTPSQUJPO EF M�BJS FTU ÊHBMFNFOU QSJTF FO DPNQUF FO GPODUJPO EF MB
EJTUBODF EV USBKFU FGGFDUVÊ�

� -B SÊTPMVUJPO EF M�IJTUPHSBNNF E�ÊOFSHJF SÊTVMUBOU EV MBODÊ EF QBSUJDVMFT ÊUBOU
JOGÊSJFVSF Æ MB SÊTPMVUJPO UFNQPSFMMF EPOOÊF QBS MF UBVY E�ÊDIBOUJMMPOOBHF
 MB
TUSVDUVSF UFNQPSFMMF EFT #3*3T FTU DPOTUSVJUF E�BQSÍT VO QSPDFTTVT BMÊBUPJSF
CBTÊ TVS VOF EJTUSJCVUJPO EF 1PJTTPO Ē� 6OF TÊRVFODF UFNQPSFMMF FTU HÊOÊSÊF

�� MB QSPCBCJMJUÊ EF DPMMJTJPO E�VOF QBSUJDVMF BWFD VO EÊUFDUFVS WÊSJàF VOF MPJ EF 1PJTTPO <��>
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QPVS DIBRVF DBOBM EF EJGGVTJPO BàO EF SFQSPEVJSF MB QBSUJF OPO TQÊDVMBJSF� $FT
TÊRVFODFT TPOU QBSBNÊUSÊFT EF TPSUF RVF MB EFOTJUÊ E�ÊDIP UIÊPSJRVF EPOOÊF
QBS M�ÊRVBUJPO 	���
 TPJU SFTQFDUÊF QPVS M�FTQBDF DPOTJEÊSÊ�

� -B EÊDSPJTTBODF EF M�ÊOFSHJF FTU EÊUFSNJOÊF QPVS DIBRVF CBOEF EF GSÊRVFODF
FU QMVTJFVST TFDUFVST BOHVMBJSFT HSÄDF BVY SÊTVMUBUT EV MBODÊ EF QBSUJDVMFT� 1BS
JOUFSWBMMF EF UFNQT SÊHVMJFS � EF M�PSESF E�VOF NJMMJTFDPOEF � MFT CSVJUT TPOU
àMUSÊT BWFD VOF QBJSF EF )3*3T DPSSFTQPOEBOU Æ MB EJSFDUJPO E�JODJEFODF MB
QMVT QSPCBCMF� $FUUF QSPCBCJMJUÊ FTU DBMDVMÊF E�BQSÍT MFT DPVSCFT EF EÊDSPJTTBODF
PCUFOVFT QBS TFDUFVS BOHVMBJSF
 PÜ VOF QMVT HSBOEF ÊOFSHJF NÍOF Æ VOF QMVT
HSBOEF QSPCBCJMJUÊ E�JODJEFODF FU JOWFSTFNFOU�

� &OàO
 MB EÊDSPJTTBODF EFT EFVY CSVJUT BJOTJ HÊOÊSÊT 	VO QBS PSFJMMF
 FTU BKVTUÊF
QBS CBOEF E�PDUBWF EF NBOJÍSF Æ DF RV�FMMF DPSSFTQPOEFOU Æ MB EÊDSPJTTBODF
DBMDVMÊF E�BQSÍT M�IJTUPHSBNNF E�ÊOFSHJF SÊTVMUBOU EV MBODÊ EF QBSUJDVMFT
 UPVT
TFDUFVS BOHVMBJSF DPOGPOEV�

-F QSPDFTTVT FTU ÊRVJWBMFOU QPVS MF DBMDVM EFT SÊQPOTFT JNQVMTJPOOFMMFT PNOJEJSFD�
UJPOOFMMFT
 TBOT DPOTJEÊSBUJPO EF EJSFDUJPO E�JODJEFODF�

Ø�Ó� �JOUT DE DONNdES COMPLdMENTAIRES � LA GdNdRATION DE
����S

*M OPVT B TFNCMÊ JOUÊSFTTBOU EF HÊOÊSFS EFT SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF TQB�
UJBMFT BV GPSNBU BNCJTPOJRVF BWFD VOF SÊTPMVUJPO TQBUJBMF DPNQBSBCMF Æ DFMMF PCUF�
OVF BWFD VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT DPNNVOÊNFOU FNQMPZÊF UFMMF RVF
M�&JHFONJLF <��>� $F DIPJY FTU NPUJWÊ QBS MF TPVIBJU E�JEFOUJàFS EFT FTUJNBUFVST E�JN�
QSFTTJPOT TQBUJBMFT RVF M�PO QFVU FYUSBJSF EFNFTVSFT EF 43*3T
 DPNNVOÊNFOU VUJMJTÊFT
QPVS M�BVSBMJTBUJPO� &O FGGFU
 M�VUJMJTBUJPO E�VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT FTU
EF QMVT FO QMVT SÊQBOEVF QPVS MB NFTVSF EF SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF EF TBMMF�

%F QMVT
 EBOT MF CVU E�ÊUBCMJS E�BVUSFT QBSBNÍUSFT BDPVTUJRVFT RVF DFVY EÊàOJT
EBOT MB OPSNF
 JM FTU JOUÊSFTTBOU E�FYQMPJUFS MB SÊTPMVUJPO TQBUJBMF PGGFSUF QBS DF EJTQP�
TJUJG� 1MVTJFVST ÊUVEFT POU OPUBNNFOU QSPQPTÊ EF NFTVSFS EFT QBSBNÍUSFT BDPVTUJRVFT
BWFD VOF QMVT HSBOEF QSÊDJTJPO RVF DFVY QSÊTFOUT EBOT MB OPSNF� %F 7SJFT FU BM� <�>
POU QBS FYFNQMF QSPQPTÊ MF #-'
 MF #-'$ QPVS QBMMJFS MFT WBSJBCJMJUÊT EF +-'
 +-'$� 1BS
BJMMFVST
 QPVS DBMDVMFS M�VOJGPSNJUÊ EFT EJSFDUJPOT E�JODJEFODF EFT SÊáFYJPOT
 )BOZV FU
,JNVSB POU JOUSPEVJU MF UFNQT DFOUSBM TQBUJBMFNFOU ÊRVJMJCSÊ 4#5T <�>
 RVJ VUJMJTF VOF
BOBMZTF EV UFNQT DFOUSBM ē EBOT QMVTJFVST EJSFDUJPOT VOJGPSNÊNFOU SÊQBSUJFT EBOT MF
QMBO IPSJ[POUBM�

1PVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF
 MB CBTF EF EPOOÊFT GPVSOJU MFT QPTJUJPOT EFT
SÊáFYJPOT TQÊDVMBJSFT PCUFOVFT E�BQSÍT MB NÊUIPEF TPVSDF�JNBHF FU MFT QPTJUJPOT EFT
SÊáFYJPOT EJGGVTFT EÊUFDUÊFT QBS MF MBODÊ EF QBSUJDVMFT� $FT SÊTVMUBUT EF TJNVMBUJPOT POU
ÊUÊ PCUFOVT FO DPOTJEÊSBOU VOF TPVSDF PNOJEJSFDUJPOOFMMF DPNNF SFDPNNBOEÊ EBOT
MB OPSNF *40 ������� 1PVS DPNQMÊUFS MB CBTF EF EPOOÊFT
 OPVT BWPOT EPOD DBMDVMÊ
VOF 43*3 BV GPSNBU BNCJTPOJRVF QPVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF HSÄDF BVY

�� -F UFNQT DFOUSBM DPSSFTQPOE BV DFOUSF EF HSBWJUÊ EF M�ÊOFSHJF EF MB SÊQPOTF JNQVMTJPOOFMMF
 NFTVSÊ
FO NJMMJTFDPOEFT
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EPOOÊFT EJTQPOJCMFT EBOT MB CBTF� © MB NBOJÍSF EFT PQÊSBUJPOT FGGFDUVÊFT QBS 3"7&/
QPVS MB HÊOÊSBUJPO EFT #3*3T
 MF DBMDVM EFT 43*3T T�FTU FGGFDUVÊ EF MB NBOJÍSF TVJWBOUF �

� 1PVS HÊOÊSFS MB QBSUJF TQÊDVMBJSF EFT 43*3T
 DIBRVF SÊáFYJPO TQÊDVMBJSF B ÊUÊ
DPOTJEÊSÊF DPNNF VOF POEF QMBOF DBSBDUÊSJTÊF QBS VOF EJSFDUJPO E�JODJEFODF

VOF ÊOFSHJF EBOT �� CBOEFT EF GSÊRVFODF FU VO SFUBSE� 6O àMUSF Æ QIBTF MJ�
OÊBJSF EF ���� ÊDIBOUJMMPOT B ÊUÊ VUJMJTÊ QPVS SFQSPEVJSF MF TQFDUSF EF DIBRVF
SÊáFYJPO� $F àMUSF GPVSOJU MB NFJMMFVSF BQQSPYJNBUJPO EF MB SÊQPOTF FO GSÊ�
RVFODF EÊDSJUF QBS CBOEF BV TFOT EFT NPJOESFT DBSSÊT 	M�JOUÊHSBMF EF M�FSSFVS
RVBESBUJRVF NPZFOOF EBOT MFT �� CBOEFT TQÊDJàÊFT FTU NJOJNJTÊF
 <��>�

� -B TUSVDUVSF UFNQPSFMMF EFT 43*3T B ÊUÊ DPOTUSVJUF E�BQSÍT VO QSPDFTTVT BMÊB�
UPJSF CBTÊ TVS VOF EJTUSJCVUJPO EF 1PJTTPO� %FT TÊRVFODFT UFNQPSFMMFT TPOU HÊ�
OÊSÊFT QPVS �� TFDUFVST BOHVMBJSFT BàO EF SFQSPEVJSF MB QBSUJF OPO TQÊDVMBJSF
EFT 43*3T� $FT TÊRVFODFT TPOU QBSBNÊUSÊFT EF TPSUF RVF MB EFOTJUÊ E�ÊDIP UIÊP�
SJRVF EPOOÊF QBS M�ÊRVBUJPO 	���
 TPJU SFTQFDUÊF QPVS M�FTQBDF DPOTJEÊSÊ�

� -B EÊDSPJTTBODF EF M�ÊOFSHJF B ÊUÊ EÊUFSNJOÊF QPVS MFT �� CBOEF E�PDUBWFT FU
QPVS MFT �� TFDUFVST BOHVMBJSFT E�BQSÍT M�IJTUPHSBNNF E�ÊOFSHJF SÊTVMUBOU EV
MBODÊ EF QBSUJDVMFT� -B EÊDSPJTTBODF EF M�ÊOFSHJF EF DIBRVF TÊRVFODF UFNQP�
SFMMF HÊOÊSÊF 	VOF QBS TFDUFVS BOHVMBJSF
 B ÊUÊ BKVTUÊF QBS CBOEF E�PDUBWF QPVS
TBUJTGBJSF MFT EÊDSPJTTBODFT E�ÊOFSHJF JTTVFT EF MB TJNVMBUJPO�

� -FT TJHOBVY DPSSFTQPOEBOU Æ MB QBSUJF TQÊDVMBJSF FU OPO TQÊDVMBJSF EFT 43*3T
POU ÊUÊ FODPEÊT FO BNCJTPOJRVF Æ M�PSESF ��

"WFD M�FOTFNCMF EFT EPOOÊFT EF MB CBTF (3"1 DPNQMÊUÊF QBS MFT 43*3T BNCJTP�
OJRVFT BJOTJ HÊOÊSÊFT
 MFT TFDUJPOT TVJWBOUFT NFUUFOU FO SFMBUJPO EFT QBSBNÍUSFT BDPVT�
UJRVFT BTTPDJÊT BVY �� DPOàHVSBUJPOT BDPVTUJRVFT FU MFT ÊWBMVBUJPOT EFT JNQSFTTJPOT
TQBUJBMFT DPSSFTQPOEBOUFT�

Ø�Ô� �ES PARAMcTRES ACOUSTIQUES dTUDIdS

"àO EF EÊUFSNJOFS MFT QBSBNÍUSFT MFT QMVT Æ NËNF EF DBSBDUÊSJTFS VOF BDPVTUJRVF
TFMPO MB MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU
 �� QBSBNÍUSFT BDPVTUJRVFT
POU ÊUÊ DPOTJEÊSÊT� $FT QBSBNÍUSFT TPOU SÊQFSUPSJÊT EBOT MF UBCMFBV ���� 0O Z USPVWF
EFT EVSÊFT EF EÊDSPJTTBODF
 EFT NFTVSFT EF DMBSUÊ
 EF GPSDF TPOPSF
 EF GSBDUJPO MBUÊSBMF
E�ÊOFSHJF FU EFT DPFGàDJFOUT EF EÊDPSSÊMBUJPO JOUÊSBVSBMF� "VY QBSBNÍUSFT BDPVTUJRVFT
TQÊDJàÊFT QBS MB OPSNF *40 ������ T�BKPVUFOU MF SBQQPSU DIBNQ EJSFDU TVS DIBNQ SÊ�
WFSCÊSÊ FU DFVY EÊDSJUT EBOT MB TFDUJPO ������ /ÊBONPJOT
 MF 3"1"48 FU 3"1-&7 OF TF
DBMDVMBOU QBT E�BQSÍT VOF SÊQPOTF JNQVMTJPOOFMMF CJOBVSBMF
 JMT O�POU QBT ÊUÊ QSJT FO
DPNQUF� -�FOTFNCMF EFT QBSBNÍUSFT BDPVTUJRVFT POU ÊUÊ DBMDVMÊT QPVS �� DPOàHVSB�
UJPOT BDPVTUJRVFT�

#JFO RVF EBOT MB MJUUÊSBUVSF M�FOWFMPQQFNFOU TPJU HÊOÊSBMFNFOU MJÊ BVY QSPQSJÊ�
UÊT TQBUJBMFT EF MB SÊWFSCÊSBUJPO UBSEJWF
 JM TFNCMF RVF MFT SÊáFYJPOT QSÊDPDFT QFVWFOU
ÊHBMFNFOU DPOUSJCVFS Æ MB TFOTBUJPO E�FOWFMPQQFNFOU� &O FGGFU
 %JDL FU BM� SBQQPSUFOU
RVF EFT NPEJàDBUJPOT BQQPSUÊFT Æ MB QBSUJF QSÊDPDF E�VOF SÊQPOTF JNQVMTJPOOFMMF EF
TBMMF QFVWFOU JOáVFODFS MB TFOTBUJPO E�FOWFMPQQFNFOU UBOEJT RV�BV EFMÆ EF ��� NT
EF UFMMFT NPEJàDBUJPOT O�POU RV�VO GBJCMF JNQBDU <��>� 1BS BJMMFVST
 ,MPDLHFUIFS FU
BM� POU NPOUSÊ RVF MB NBOJQVMBUJPO EF MB DPSSÊMBUJPO JOUFSBVSBMF EF MB QBSUJF UBSEJWF
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5BCMFBV ��� m 1BSBNÍUSFT BDPVTUJRVFT DBMDVMÊT QPVS DIBRVF DPOàHVSBUJPO BDPVTUJRVF FU CBOEFT E�PDUBWF
TVS MFTRVFMMFT TPOU DBMDVMÊFT MFT WBMFVST NPZFOOFT�

/PN 4JHMF .PZFOOF

5FNQT EF SÊWFSCÊSBUJPO∗ 530 	T
 ��� � ���� )[

%VSÊF EF EÊDSPJTTBODF JOJUJBMF∗ &%5 	T
 ��� � ���� )[

5FNQT DFOUSBM∗ 5T 	NT
 ��� � ���� )[

5FNQT DFOUSBM QBS àMUSBHF BOHVMBJSF† 4#5T 	NT
 ��� � ���� )[

$MBSUÊ∗ $80 	E#
 ��� � ���� )[

%ÊàOJUJPO∗ %50 ��� � ���� )[

3BQQPSU DIBNQ EJSFDU TVS DIBNQ SÊWFSCÊSÊ⋆ %33 	E#
 �

'PSDF TPOPSF∗ ( 	E#
 ��� � ���� )[

'PSDF TPOPSF QSÊDPDF⋆ (& 	E#
 ��� � ���� )[

'PSDF TPOPSF QSÊDPDF MBUÊSBMF† (&- 	E#
 ��� � ���� )[

'PSDF TPOPSF UBSEJWF⋆ (- 	E#
 ��� � ���� )[

'PSDF TPOPSF MBUÊSBMF UBSEJWF† -+ 	E#
 ��� � ���� )[

'SBDUJPO E�ÊOFSHJF MBUÊSBMF∗ +-' ��� � ���� )[

$PFGàDJFOU EF GSBDUJPO E�ÊOFSHJF MBUÊSBMF∗ +-'$ ��� � ���� )[

'SBDUJPO E�ÊOFSHJF MBUÊSBMF QBS àMUSBHF BOHVMBJSF† #-'$ ��� � ���� )[

$PFGàDJFOU EF GSBDUJPO E�ÊOFSHJF MBUÊSBMF QBS àMUSBHF BOHVMBJSF† #-' ��� � ���� )[

'SBDUJPO E�ÊOFSHJF MBUÊSBMF UBSEJWF† --' ��� � ���� )[

3BQQPSU E�ÊOFSHJF BWBOU�BSSJÍSF† '#3 	E#
 ��� � ���� )[

#JOBVSBM 2VBMJUZ *OEFY⋆ #2* ��� � ���� )[

$PFGàDJFOU EF EÊDPSSÊMBUJPO JOUFSBVSBMF UBSEJWF⋆ ��*"$$- ��� � ���� )[

$PFGàDJFOU EF EÊDPSSÊMBUJPO JOUFSBVSBMF∗ ��*"$$ ��� � ���� )[

∗7BMFVST GPVSOJFT EBOT MB CBTF EF EPOOÊFT�
⋆7BMFVST DBMDVMÊFT E�BQSÍT MFT SÊQPOTFT JNQVMTJPOOFMMFT GPVSOJFT EBOT MB CBTF EF EPOOÊFT�
† 7BMFVST DBMDVMÊFT E�BQSÍT MFT 43*3T HÊOÊSÊFT�

NBJT ÊHBMFNFOU QSÊDPDF E�VOF #3*3 BGGFDUF M�FOWFMPQQFNFOU QFSÉV QBS M�BVEJUFVS� *MT
POU ÊHBMFNFOU NPOUSÊ RVF MB QFSDFQUJPO EF MB MBSHFVS EF TPVSDF QFVU ËUSF JOáVFODÊF
QBS MB NBOJQVMBUJPO EF MB DPSSÊMBUJPO JOUFSBVSBMF EF MB QBSUJF UBSEJWF� *M OPVT B EPOD
JOUÊSFTTBOU E�FYQMPSFS BVTTJ �
 MFT SFMBUJPOT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT
TVS MB QBSUJF QSÊDPDF EFT SÊQPOTFT JNQVMTJPOOFMMFT FU MFT OPUFT E�FOWFMPQQFNFOU �
 MFT
SFMBUJPOT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT TVS MB QBSUJF UBSEJWF FU MFT OPUFT EF
MBSHFVS BQQBSFOUF EF TPVSDF� $�FTU QPVSRVPJ M�FOTFNCMF EF DFT �� QBSBNÍUSFT BDPVT�
UJRVFT B ÊUÊ DPOTJEÊSÊ QPVS ÊUVEJFS DIBDVOF EFT EFVY JNQSFTTJPOT TQBUJBMFT�

�E CALCUL DE LA FRACTION D¤dNERGIE LATdRALE PAR ĉLTRAGE ANGULAIRE
-F DBMDVM EF MB GSBDUJPO E�ÊOFSHJF MBUÊSBMF QBS àMUSBHF BOHVMBJSF B ÊUÊ BEBQUÊ EF

M�ÊUVEF SÊBMJTÊF QBS EF 7SJFT FU BM� <�>� &O FGGFU
 EBOT MFVS ÊUVEF MF DBMDVM EF M�ÊOFSHJF
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'ñïýúí ��� m %JBHSBNNFT EF EJSFDUJWJUÊ EFT GBJTDFBVY VUJMJTÊT QPVS DBMDVMFS M�ÊOFSHJF EF MB 43*3 EBOT ��
TFDUFVST BOHVMBJSFT� -�BOBMZTF QFSNFU EF DPVWSJS M�FOTFNCMF EV QMBO IPSJ[POUBM DPNNF FO BUUFTUF MB TPNNF
DPOTUBOUF EFT GBJTDFBVY EBOT MF QMBO�

QBS TFDUFVS BOHVMBJSF B FNQMPZÊ VOF BOUFOOF MJOÊBJSF EF NJDSPQIPOFT� 1PVS M�FGGFD�
UVFS E�BQSÍT EFT TJHOBVY BNCJTPOJRVFT E�PSESF �
 �� TFDUFVST BOHVMBJSFT EBOT MF QMBO
IPSJ[POUBM POU ÊUÊ DPOTJEÊSÊT� 1PVS DIBRVF TFDUFVS BOHVMBJSF
 VO GBJTDFBV GPSNÊ EBOT
MB EJSFDUJPO DPSSFTQPOEBOUF B QFSNJT E�FTUJNFS MB RVBOUJUÊ E�ÊOFSHJF QSPWFOBOU EF
DFUUF EJSFDUJPO� 6OF QPOEÊSBUJPO NBY�S& EFT TJHOBVY BNCJTPOJRVFT B ÊUÊ FNQMPZÊF
QPVS NJOJNJTFS MB UBJMMF EV MPCF BSSJÍSF EV GBJTDFBV <��>� -B àHVSF ��� SFQSÊTFOUF MF
EJBHSBNNF EF EJSFDUJWJUÊ EFT GBJTDFBVY GPSNÊT EBOT MFT TFDUFVST BOHVMBJSFT� -FT DPOUSJ�
CVUJPOT EFT ÊOFSHJFT EF DIBRVF TFDUFVS BOHVMBJSF EBOT MF EJQÔMF E�PSESF � MBUÊSBM 	D�FTU
Æ EJSF QFSQFOEJDVMBJSF Æ MB TPVSDF
 TPOU FOTVJUF TPNNÊFT QPVS GPSNFS VOF FTUJNBUJPO
EF M�ÊOFSHJF MBUÊSBMF� 4PNNFS MFT ÊOFSHJFT EFT TFDUFVST BOHVMBJSFT QFSNFU EF T�BGGSBO�
DIJS E�ÊWFOUVFMMFT JOUFSGÊSFODFT EFTUSVDUJWFT PV DPOTUSVDUJWFT RVJ QFVWFOU BQQBSBJUSF
FO TPNNBOU MFT BNQMJUVEFT� $FT JOUFSGÊSFODFT TPOU KVHÊFT SFTQPOTBCMFT EF MB GPSUF WB�
SJBCJMJUÊ EFT NFTVSFT +-' FU +-'$ EBOT VOF TBMMF <�>� -B GSBDUJPO E�ÊOFSHJF MBUÊSBMF QBS
àMUSBHF BOHVMBJSF SÊTVMUF EV SBQQPSU FOUSF M�ÊOFSHJF MBUÊSBMF BJOTJ DBMDVMÊF FU M�ÊOFSHJF
UPUBMF EBOT MFT �� QSFNJÍSFT NJMMJTFDPOEFT EF MB 43*3�

�ORRdLATIONS ENTRE LES PARAMcTRES ACOUSTIQUES

-B àHVSF ��� SFQSÊTFOUF TPVT GPSNF NBUSJDJFMMF MB WBMFVS BCTPMVF EFT DPFGàDJFOUT
EF DPSSÊMBUJPO EF 1FBSTPO
 OPUÊT r
 DBMDVMÊT FOUSF MFT �� WBMFVST EFT QBSBNÍUSFT BDPVT�
UJRVFT� %�BQSÍT MFT DMBTTJàDBUJPOT ÊUBCMJFT QBS &WBOT QPVS JOUFSQSÊUFS MB GPSDF EF DPSSÊ�
MBUJPOT <��>
 MFT EVSÊFT EF EÊDSPJTTBODF FU NFTVSFT EF DMBSUÊ QSÊTFOUFOU EFT DPSSÊMBUJPOT
ÊMFWÊFT BWFD EFT DPFGàDJFOUT r TVQÊSJFVST Æ 0.72� %F NËNF
 MFT NFTVSFT EF GPSDF TPOPSF
TPOU GPSUFNFOU DPSSÊMÊFT FOUSF FMMFT 	r > 0.78
 BJOTJ RVF MFT NFTVSFT EF GSBDUJPO MBUÊSBMF
	r > 0.82
�
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'ñïýúí ��� m .BUSJDF EFT WBMFVST BCTPMVFT EFT DPFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT EJGGÊSFOUT
QBSBNÍUSFT BDPVTUJRVFT VUJMJTÊT QPVS DBSBDUÊSJTFS MFT JNQSFTTJPOT TQBUJBMFT�

Ø�Õ� �A PRdDICTION DE LA LARGEUR APPARENTE DE SOURCE

-F 3"2* EÊàOJU M�BUUSJCVU QFSDFQUJG 8JEUI DPNNF j UIF QFSDFJWFE TQBUJBM FYUFOU PG
B TPVOE TPVSDF JO IPSJ[POUBM EJSFDUJPO v� $FU BUUSJCVU TFSB QBS MB TVJUF OPNNÊ MBSHFVS
BQQBSFOUF EF TPVSDF PV "48� %BOT DFUUF TFDUJPO
 OPVT TPVIBJUPOT JEFOUJàFS MFT QBSB�
NÍUSFT BDPVTUJRVFT DBMDVMÊT E�BQSÍT MFT SÊQPOTFT JNQVMTJPOOFMMFT PNOJEJSFDUJPOOFMMFT

CJOBVSBMFT FU TQBUJBMFT QFSNFUUBOU EF QSÊEJSF MB MBSHFVS QFSÉVF E�VOF TPVSDF�

Ø�Õ�Ò� �ORRdLATIONS ENTRE LES NOTES D¤��� ET LES PARAMcTRES ACOUSTIQUES

-F UBCMFBV ��� SBTTFNCMF MFT DPFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT OPUFT
E�"48 BTTPDJÊFT BVY TPVSDF 7PJY FU 5SPNQFUUF FU MFT QBSBNÍUSFT BDPVTUJRVFT DPOTJ�
EÊSÊT� "VDVO QBSBNÍUSF BDPVTUJRVF O�BQQBSBJU GPSUFNFOU DPSSÊMÊ BVY OPUFT EF MBSHFVS
BQQBSFOUF EF TPVSDF� -FT WBMFVST NBYJNBMFT FO WBMFVS BCTPMVF EV DPFGàDJFOU TPOU PC�
UFOVFT QPVS MFT QBSBNÍUSFT (- FU -+ FU T�ÊMÍWFOU SFTQFDUJWFNFOU Æ ����� FU ������ $F
SÊTVMUBU FTU TVSQSFOBOU EBOT MB NFTVSF PÜ DFT QBSBNÍUSFT DBSBDUÊSJTFOU M�ÊOFSHJF UBSEJWF
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5BCMFBV ��� m $PFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT FU MFT OPUFT EF MBSHFVS
BQQBSFOUF EF TPVSDF�

1BSBNÍUSFT 7PJY 5SPNQFUUF 1BSBNÍUSFT 7PJY 5SPNQFUUF

530 ����� ����� -+ ����� �����

&%5 ����� ����� +-' ����� �����

5T ����� ����� +-'$ ����� �����

4#5T ����� ����� #-' ����� �����

$80 ������ ������ #-'$ ����� �����

%50 ������ ������ --' ����� �����

%33 ������ ������ '#3 ����� �����

( ����� ����� #2* ����� �����

(& ����� ����� ��*"$$- ����� �����

(&- ����� ����� ��*"$$ ����� �����

(- ����� �����

FU OPO MFT SÊáFYJPOT QSÊDPDFT RVJ TPOU KVHÊFT QSJODJQBMFNFOU SFTQPOTBCMFT EF M�"48�
%F QMVT
 JM FTU JOUÊSFTTBOU EF OPUFS RV�VOF DPSSÊMBUJPO OÊHBUJWF FTU PCUFOVF BWFD MFT
SBQQPSUT E�ÊOFSHJF QSÊDPDF FU UBSEJWF 	%50 FU $80
 FU MF SBQQPSU FOUSF DIBNQ EJSFDU FU
DIBNQ SÊWFSCÊSÊ 	%33
�

'ñïýúí ��� m /PUFT EF MBSHFVS BQQBSFOUF EF TPVSDF FO GPODUJPO EFT WBMFVST EF $80�

-B àHVSF ��� SFQSÊTFOUF MFT OPUFT E�"48 BTTPDJÊFT BVY EFVY TPVSDFT FO GPODUJPO
EF MB WBMFVS EV QBSBNÍUSF BDPVTUJRVF $80� -B SFMBUJPO BQQBSBJU BTTF[ ÊMPJHOÊF E�VOF
SFMBUJPO MJOÊBJSF FOUSF MFT EFVY HSBOEFVST�

-F GBJU RVF MF QBSBNÍUSF BDPVTUJRVF $80 TPJU DPSSÊMÊ OÊHBUJWFNFOU BWFD M�"48 O�FTU
QBT FO BDDPSE BWFD M�ÊUVEF EF #SBEMFZ FU BM� <�> RVJ SBQQPSUFOU RV�BDDSPÏUSF M�ÊOFSHJF
UBSEJWF UFOE Æ BNPJOESJS MB MBSHFVS BQQBSFOUF EF TPVSDF� -FVS ÊUVEF EJGGÍSF BWFD MB QSÊ�



Ø
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TFOUF ÊUVEF TVS QMVTJFVST QPJOUT � � FODFJOUFT TJUVÊFT EBOT MF QMBO IPSJ[POUBM POU QFSNJT
MB SFQSPEVDUJPO EF �� BDPVTUJRVFT 	OF DPSSFTQPOEBOU QBT Æ EFT FOWJSPOOFNFOUT SÊFMT
EF SÊGÊSFODF

 MFT QBSBNÍUSFT BDPVTUJRVFT $��
 +-' FU (&-
 -+ POU UPVT ÊUÊ NPZFOOÊT
TVS MFT CBOEFT EF GSÊRVFODF EF ��� )[ Æ �L)[ FU � Æ �� TVKFUT POU OPUÊT MFT JNQSFT�
TJPOT TQBUJBMFT TVS VOF ÊDIFMMF Æ � QPJOUT� %F QMVT
 VO GBJCMF OPNCSF EF SÊáFYJPOT B ÊUÊ
FNQMPZÊ FU FMMFT ÊUBJFOU SFQSPEVJUFT TVS VOF [POF BOHVMBJSF MJNJUÊF
 DF RVJ FTU NPJOT
SFQSÊTFOUBUJG EV DIBNQ TPOPSF SÊFM WÊDV EBOT VOF TBMMF� %BOT M�ÊWBMVBUJPO QFSDFQUJWF
SÊBMJTÊF QBS 8FJO[JFSM FU BM� <��> QPVS PCUFOJS MFT OPUFT E�"48 VUJMJTÊFT JDJ
 M�FNQMPJ
E�VOF NÊUIPEF E�BVSBMJTBUJPO CJOBVSBMF EZOBNJRVF EF SÊQPOTFT JNQVMTJPOOFMMFT EF
TBMMFT TJNVMÊFT E�BQSÍT EFT FOWJSPOOFNFOUT SÊFMT TFNCMF QMVT QSPDIF E�VOF TJUVBUJPO
E�ÊDPVUF SÊFMMF 	CJFO RVF MJNJUÊF BV DBT EFT TBMMFT EF HSBOE WPMVNF
� %F QMVT
 MF HSBOE
OPNCSF EF TBMMFT DPOTJEÊSÊFT FU EF TVKFUT JNQMJRVÊT EBOT M�ÊWBMVBUJPO QFSDFQUJWF EFT
TUJNVMJ QFSNFU E�BWPJS VOF QVJTTBODF TUBUJTUJRVF QMVT JNQPSUBOUF RVF EBOT M�ÊUVEF EF
#SBEMFZ FU BM��

Ø�Õ�Ó� �dGRESSION LINdAIRE MULTIDIMENSIONNELLE

-FT DPSSÊMBUJPOT PCTFSWÊFT OF TPOU QBT TVGàTBOUFT QPVS ËUSF FO NFTVSF E�FYQMJRVFS
MFT OPUFT E�"48 FO GPODUJPO EFT WBMFVST E�VO TFVM QBSBNÍUSF BDPVTUJRVF� /ÊBONPJOT

MFT OPUFT E�"48 QFVWFOU ËUSF NJTFT FO SFMBUJPO BWFD EFT DPOUSJCVUJPOT DPOKPJOUFT EF
QMVTJFVST QBSBNÍUSFT BDPVTUJRVFT� $�FTU QPVSRVPJ OPVT BWPOT SÊBMJTÊ VOF SÊHSFTTJPO
MJOÊBJSF NVMUJEJNFOTJPOOFMMF�

/PVT DIFSDIPOT Æ FYQSJNFS MFT n = 70 OPUFT E�"48 BTTPDJÊFT BVY EFVY TPVSDFT
TPOPSFT DPNNF VOF DPNCJOBJTPO MJOÊBJSF EFT WBMFVST EF p QBSBNÍUSFT BDPVTUJRVFT�
4PJU : MB NBUSJDF DPOUFOBOU MFT WFDUFVST EF OPUFT ZWPJY FU ZUSPNQFUUF BTTPDJÊT BVY EFVY
DPOUFOVT TPOPSFT 7PJY FU 5SPNQFUUF� 4PJU 9 = [Y1, . . . , Yp]
 MB NBUSJDF EFT WBMFVST EF
QBSBNÍUSFT BDPVTUJRVFT PÜ Yi FTU VO WFDUFVS DPOUFOBOU n WBMFVST EV JÍNF QBSBNÍUSF
BDPVTUJRVF DPOTJEÊSÊ� -B NBUSJDF :̂ DPOUFOBOU MF SÊTVMUBU EF MB DPNCJOBJTPO MJOÊBJSF
T�ÊDSJU �

:̂ = 98+ 1n×1X0 	���


PÜ8 = [XWPJY,XUSPNQFUUF] FTU MB NBUSJDF DPOUFOBOU MFT WFDUFVST EF QPOEÊSBUJPO QFSNFU�
UBOU EF QSÊEJSF MFT OPUFT BTTPDJÊFT Æ DIBRVF TPVSDF
 X0 DPOUJFOU MFT EFVY PSEPOOÊFT Æ
M�PSJHJOF 	VOF QPVS DIBRVF TPVSDF
 FU 1n×1 VOF NBUSJDF EF � EF EJNFOTJPO n×1� 1PVS
DBMDVMFS MB NBUSJDF EF QPOEÊSBUJPO 8 FU X0
 OPVT TPVIBJUPOT NJOJNJTFS MB RVBOUJUÊ ϵ
DPSSFTQPOEBOU Æ MB TPNNF SÊTJEVFMMF EFT DBSSÊT FOUSF MFT OPUFT EF MBSHFVS BQQBSFOUF
EF TPVSDF : FU MFT OPUFT QSÊEJUFT QBS SÊHSFTTJPO MJOÊBJSF :̂� $FUUF RVBOUJUÊ T�ÊDSJU �

ϵ = NJO
8,X0

∥:̂− :∥22 	���


�dDUCTION DU NOMBRE DE PARAMcTRES

­UBOU EPOOÊ MF OPNCSF E�PCTFSWBUJPOT EJTQPOJCMFT 	MFT n OPUFT E�"48

 JM O�FTU QBT
KVEJDJFVY E�VUJMJTFS M�FOTFNCMF EFT WBSJBCMFT JEFOUJàÊFT 	MFT p QBSBNÍUSFT BDPVTUJRVFT
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QPVS DBMDVMFS VO NPEÍMF QSÊEJDUJG� &O FGGFU
 Æ NFTVSF RVF MF OPNCSF EF WBSJBCMFT BVH�
NFOUF
 MF OPNCSF EF EPOOÊFT OÊDFTTBJSFT QPVS HÊOÊSBMJTFS MF NPEÍMF QSÊEJDUJG EF NB�
OJÍSF àBCMF BVHNFOUF HSBOEFNFOU� 1PVS MB SÊHSFTTJPO MJOÊBJSF NVMUJEJNFOTJPOOFMMF

DFSUBJOFT SÍHMFT TVS MF OPNCSF NJOJNBM E�PCTFSWBUJPOT OÊDFTTBJSFT BV DBMDVM E�VO NP�
EÍMF QSPQPTFOU VOF UBJMMF NJOJNBMF E�PCTFSWBUJPOT CBTÊF TVS MF OPNCSF EF WBSJBCMFT
VUJMJTÊFT
 QBS FYFNQMF �� PCTFSWBUJPOT QPVS � WBSJBCMF <��> PV �� PCTFSWBUJPOT QPVS
� WBSJBCMF <��>� 5BCBDIOJDL FU 'JEFMM POU QSPQPTÊ E�VUJMJTFS MB GPSNVMF 50 + 8m PÜ m
FTU MF OPNCSF EF WBSJBCMFT <��>�

"àO EF SÊEVJSF MF OPNCSF EF QBSBNÍUSFT BDPVTUJRVFT VUJMJTÊT
 OPVT BWPOT FYDMV EF
M�BOBMZTF MFT QBSBNÍUSFT BDPVTUJRVFT QSÊTFOUBOU VOF USÍT GPSUF DPSSÊMBUJPO BWFD E�BVUSFT
QBSBNÍUSFT� -F TFVJM EF DPSSÊMBUJPO B ÊUÊ àYÊ QPVS VO DPFGàDJFOU EF DPSSÊMBUJPO EF 1FBS�
TPO EF ���� -PSTRVF EFVY QBSBNÍUSFT TPOU GPSUFNFOU DPSSÊMÊT
 DFMVJ MF QMVT GSÊRVFOU
EBOT MB MJUUÊSBUVSF B ÊUÊ SFUFOV� "JOTJ
 MFT QBSBNÍUSFT #-'$
 %50
 (&
 (-
 +-'
 5T FU 4#5T
O�POU QBT ÊUÊ VUJMJTÊT EBOT M�BOBMZTF�

"WFD �� QBSBNÍUSFT SFTUBOUT
 MF OPNCSF EF WBSJBCMFT FO KFV ÊUBJU FODPSF USPQ JNQPS�
UBOU� 6OF NÊUIPEF EF TÊMFDUJPO JUÊSBUJWF EFT WBSJBCMFT EJUF jEFTDFOEBOUFv 	#BDLXBSE
'FBUVSF 4FMFDUJPO
 B ÊUÊ VUJMJTÊF QPVS SÊEVJSF DF OPNCSF� $FUUF TÊMFDUJPO DPOTJTUF Æ �

�� $POTJEÊSFS M�FOTFNCMF EFT WBSJBCMFT Æ EJTQPTJUJPO�

�� $BMDVMFS VO NPEÍMF TUBUJTUJRVF E�BQSÍT MFT WBSJBCMFT TÊMFDUJPOOÊFT� %BOT OPUSF
DBT
 MFT DPFGàDJFOUT EF SÊHSFTTJPO MJOÊBJSF TPOU DBMDVMÊT QPVS DIBRVF QBSBNÍUSF
BDPVTUJRVF BJOTJ RVF MFT WBMFVST Q EF TJHOJàDBUJWJUÊ BTTPDJÊFT� $FUUF WBMFVS Q
QFSNFU EF UFTUFS M�IZQPUIÍTF OVMMF TFMPO MBRVFMMF MF DPFGàDJFOU FTU ÊHBM Æ [FSP
	QBT E�FGGFU EV QBSBNÍUSF
�

�� 3FUJSFS VOF WBSJBCMF TFMPO VO DSJUÍSF EF TÊMFDUJPO
 JDJ MB WBMFVS Q EF TJHOJà�
DBUJWJUÊ� 6OF GBJCMF WBMFVS Q 	� ����
 JOEJRVF RVF M�IZQPUIÍTF OVMMF QFVU ËUSF
SFKFUÊF� "V DPOUSBJSF
 VOF WBMFVS Q � ���� TVHHÍSF RV�VO DIBOHFNFOU EF WBMFVS
EF MB WBSJBCMF O�FTU QBT BTTPDJÊ Æ VO DIBOHFNFOU EF M�PCTFSWBUJPO� -F QBSBNÍUSF
BDPVTUJRVF MJÊ Æ MB QMVT HSBOEF WBMFVS Q FTU SFUJSÊ EV NPEÍMF�

�� 1SPDÊEFS BVY ÊUBQFT � FU � EF NBOJÍSF JUÊSBUJWF KVTRV�Æ DF RVF UPVUFT MFT WB�
SJBCMFT SFTUBOUFT EV NPEÍMF QPTTÍEF VOF GBJCMF WBMFVS Q�

4VJUF Æ DFUUF TÊMFDUJPO
 TFVMT MFT QBSBNÍUSFT $80 FU %33 POU ÊUÊ VUJMJTÊT QPVS MB SÊ�
HSFTTJPO MJOÊBJSF� *M FTU JOUÊSFTTBOU EF OPUFS RVF DF TPOU EFT QBSBNÍUSFT DBMDVMÊT E�BQSÍT
VO TJHOBM PNOJEJSFDUJPOOFM FU RVF MFT QBSBNÍUSFT #-'
 +-' FU (&-
 RVJ DBSBDUÊSJTFOU
M�ÊOFSHJF QSÊDPDF MBUÊSBMF
 O�POU QBT ÊUÊ SFUFOVT� -FT WBMFVST BTTPDJÊFT POU ÊUÊ DFOUSÊFT
FU SÊEVJUFT BWBOU EF DBMDVMFS MFT DPFGàDJFOUT EF QPOEÊSBUJPO EV NPEÍMF�

�dSULTATS
-F UBCMFBV ��� SBTTFNCMF MFT DPFGàDJFOUT BTTPDJÊT BVY WBMFVST EFT QBSBNÍUSFT $��

FU %33 QFSNFUUBOU EF NJOJNJTFS M�FSSFVS RVBESBUJRVF FOUSF MFT OPUFT QSÊEJUFT :̂ FU MFT
OPUFT EF MB CBTF EF EPOOÊFT :� -FT DPFGàDJFOUT EF QPOEÊSBUJPO SFTQFDUJGT EFT WBMFVST
EF $�� FU %33 QPVS QSÊEJSF MFT OPUFT E�"48 TPOU DPNQBSBCMFT� *M TFNCMF RVF MF %33
B FV VOF JNQPSUBODF QMVT HSBOEF EBOT MF KVHFNFOU E�"48 QPVS 5SPNQFUUF CJFO RVF
MB EJGGÊSFODF EF QPOEÊSBUJPO BWFD MFT WBMFVST EF $�� TPJU GBJCMF� -F DPFGàDJFOU EF EÊ�
UFSNJOBUJPO R2 EF MB SÊHSFTTJPO MJOÊBJSF T�ÊMÍWF Æ ����� � MB WBSJBUJPO EFT OPUFT E�"48
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'ñïýúí ��� m /PUFT EF MBSHFVS BQQBSFOUF EF TPVSDF :
FO GPODUJPO EFT OPUFT QSÊEJUFT :̂ E�BQSÍT MFT WBMFVST EF
$�� FU %33 QPVS MFT EFVY TPVSDFT�

7PJY 5SPNQFUUF

$80 	E#
 ������ ������

%33 	E#
 ������ ������

0SEPOOÊFT
Æ M�PSJHJOF

������ ������

5BCMFBV ��� m $PFGàDJFOUT EF MB NBUSJDF EF QPOEÊSB�
UJPO 8 	WBMFVST Q � �����
 FU EV WFDUFVS E�PSEPOOÊFT
Æ M�PSJHJOF X0�

O�FTU QSÊEJUF RV�Æ IBVUFVS EF ����� QBS MFT WBMFVST EFT EFVY QBSBNÍUSFT BDPVTUJRVFT�
-B àHVSF ��� SFQSÊTFOUF MFT OPUFT E�"48 FO GPODUJPO EFT OPUFT QSÊEJUFT� #JFO RV�VOF
UFOEBODF TF EFTTJOF
 M�ÊUBCMJTTFNFOU E�VOF SFMBUJPO MJOÊBJSF FOUSF MFT QBSBNÍUSFT BDPVT�
UJRVFT FU MFT OPUFT E�"48 TFNCMF BCVTJWF�

-FT SÊTVMUBUT ÊUBOU QFV TBUJTGBJTBOUT
 VOF BVUSF BQQSPDIF B ÊUÊ FOWJTBHÊF� 1MVUÔU RVF
EF QSÊEJSF EFT WBMFVST DPOUJOVFT RVF TPOU MFT OPUFT E�"48
 OPVT BWPOT DIPJTJ E�BOB�
MZTFS TJNQMFNFOU EFVY DBUÊHPSJFT E�FTQBDFT BTTPDJÊT Æ EFT WBMFVST E�"48 EJGGÊSFOUFT
HSÄDF BVY QBSBNÍUSFT BDPVTUJRVFT�

Ø�Õ�Ô� �ES PARAMcTRES ACOUSTIQUES PERTINENTS POUR LA CLASSIĉCATION

-F CVU EF DFUUF TFDUJPO FTU E�JEFOUJàFS MFT QBSBNÍUSFT BDPVTUJRVFT QFSNFUUBOU EF DB�
UÊHPSJTFS MFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MFT OPUFT E�"48PCUFOVFT� -B àHVSF ����
SFQSÊTFOUF MB SÊQBSUJUJPO EFT OPUFT EF MBSHFVS BQQBSFOUF EF TPVSDF QPVS MFT EFVY
TPVSDFT TPOPSFT� /PUPOT RVF MFT OPUFT E�"48 BUUSJCVÊFT BVY EFVY TPVSDFT TPOU GBJCMF�
NFOU DPSSÊMÊFT 	r = 0.47

 M�JOáVFODF EF MB TPVSDF TFNCMF JNQPSUBOUF QPVS DFU BUUSJCVU�
-FT DPOàHVSBUJPOT BDPVTUJRVFT POU ÊUÊ DMBTTÊFT TFMPO RVBUSF DBUÊHPSJFT �

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�"48 MFT QMVT ÊMFWÊFT QPVS MFT
EFVY TPVSDFT 	DMBTTF WFSUF
� $FUUF DBUÊHPSJF SBTTFNCMF �� DPOàHVSBUJPOT BDPVT�
UJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�"48 MFT QMVT GBJCMFT QPVS MFT
EFVY TPVSDFT 	DMBTTF SPVHF
� $FUUF DBUÊHPSJF SBTTFNCMF �� DPOàHVSBUJPOT BDPVT�
UJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�"48 MFT QMVT ÊMFWÊFT QPVS 5SPN�
QFUUF FU MFT QMVT GBJCMFT QPVS 7PJY 	DMBTTF CMFVF
� $FUUF DBUÊHPSJF SBTTFNCMF ��
DPOàHVSBUJPOT BDPVTUJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�"48 MFT QMVT GBJCMFT QPVS 5SPN�
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'ñïýúí ��� m 3ÊQBSUJUJPO EFT OPUFT EF MBSHFVS BQQBSFOUF EF TPVSDF BUUSJCVÊFT BVY �� DPOàHVSBUJPOT BDPVT�
UJRVFT TFMPO MFT EFVY TPVSDFT TPOPSFT� -FT OPUFT MFT QMVT GBJCMFT QPVS MFT EFVY TPVSDFT BQQBSBJTTFOU FO SPVHF
FU MFT OPUFT MFT QMVT ÊMFWÊFT QPVS MFT EFVY TPVSDFT FO WFSU� -FT OPUFT MFT QMVT GBJCMFT QPVS 5SPNQFUUF FU MFT
QMVT ÊMFWÊFT QPVS 7PJY BQQBSBJTTFOU KBVOF FU MFT OPUFT MFT QMVT ÊMFWÊFT QPVS 5SPNQFUUF FU MFT QMVT GBJCMFT
QPVS 7PJY BQQBSBJTTFOU FO CMFV�

QFUUF FU MFT QMVT ÊMFWÊFT QPVS 7PJY 	DMBTTF KBVOF
� $FUUF DBUÊHPSJF SBTTFNCMF ��
DPOàHVSBUJPOT BDPVTUJRVFT�

6OF OPUF FTU JDJ RVBMJàÊF E�ÊMFWÊF TJ FMMF FTU TVQÊSJFVSF Æ MB NÊEJBOF FU GBJCMF TJ FMMF
Z FTU JOGÊSJFVSF�

/PVT TPVIBJUPOT ÊUVEJFS MFT DPOàHVSBUJPOT BDPVTUJRVFT BZBOU NFOÊ Æ EFT "48
ÊMFWÊFT FU GBJCMFT QPVS MFT EFVY TPVSDFT TPOPSFT Æ MB GPJT 	DMBTTF WFSUF FU SPVHF SFT�
QFDUJWFNFOU
� $FT EFVY DBUÊHPSJFT SFQSÊTFOUFOU �� DPOàHVSBUJPOT BDPVTUJRVFT� -B SÊ�
QBSUJUJPO EF DIBRVF QBSBNÍUSF BDPVTUJRVF B ÊUÊ BOBMZTÊF TFMPO DFT EFVY DBUÊHPSJFT EF
DPOàHVSBUJPOT BDPVTUJRVFT�

%BOT M�JEÊBM
 VO QBSBNÍUSF BDPVTUJRVF QFSNFUUBOU EF QSÊEJSF VOF MBSHFVS BQQB�
SFOUF EF TPVSDF MBSHF PV ÊUSPJUF QSÊTFOUFSBJU EFVY EJTUSJCVUJPOT EJTUJODUFT
 TBOT DIF�
WBVDIFNFOU� /ÊBONPJOT
 QPVS DFSUBJOT QBSBNÍUSFT
 DFT EJTUSJCVUJPOT TPOU OPO TJHOJ�
àDBUJWFNFOU EJGGÊSFOUFT� -F UFTU OPO�QBSBNÊUSJRVF EF 8JMDPYPO�.BOO�8IJUOFZ B ÊUÊ
VUJMJTÊ QPVS FO BUUFTUFS� $F UFTU WÊSJàF M�IZQPUIÍTF OVMMF TFMPO MBRVFMMF EFVY FOTFNCMFT
E�ÊDIBOUJMMPOT BQQBSUJFOOFOU Æ MB NËNF EJTUSJCVUJPO� -�IZQPUIÍTF BMUFSOBUJWF FTU RVF
MFT FOTFNCMFT E�ÊDIBOUJMMPOT TPOU JTTVT EF EJTUSJCVUJPOT EPOU MFT NÊEJBOFT TPOU EJGGÊ�
SFOUFT� -F UBCMFBV ��� SFDFOTF MFT WBMFVST EF TJHOJàDBUJWJUÊ EV UFTU FGGFDUVÊ QPVS DIBRVF
QBSBNÍUSF BDPVTUJRVF� -�IZQPUIÍTF OVMMF B ÊUÊ SFKFUÊF QPVS M�FOTFNCMF EFT QBSBNÍUSFT
BDPVTUJRVFT TBVG '#3 RVJ DPSSFTQPOE BV SBQQPSU FOUSF M�ÊOFSHJF GSPOUBMF FU BSSJÍSF
	QSPQPTÊ QBS .PSJNPUP FU BM� <�> QPVS NFTVSFS M�FOWFMPQQFNFOU
 FU (& MB GPSDF TP�
OPSF EF M�ÊOFSHJF QSÊDPDF� -B àHVSF ��� SFQSÊTFOUF MFT IJTUPHSBNNFT EF QMVTJFVST QB�
SBNÍUSFT BJOTJ RVF M�FTUJNBUJPO EF MFVS EFOTJUÊ EF QSPCBCJMJUÊ <��>� 0O QFVU UJSFS EFT
SÊTVMUBUT EV UFTU FU EF M�JOTQFDUJPO WJTVFMMF EFT IJTUPHSBNNFT MFT SFNBSRVFT TVJWBOUFT �

�� -F SBQQPSU DIBNQ EJSFDU TVS DIBNQ SÊWFSCÊSÊ QPTTÍEF EFT WBMFVST TJHOJàDBUJ�



Ø

ÒØÙ Ø� �ES ORIGINES PHYSIQUES DES IMPRESSIONS SPATIALES

1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q

530 ������ %33 ������ +-' ����� #2* �����

&%5 ������ ( ����� +-'$ ����� ��*"$$- ������

5T ������ (& ����� #-' ����� ��*"$$ ������

4#5T ������ (&- ����� #-'$ �����

$80 ������ (- ������ --' �����

%50 ������ -+ ������ '#3 �����

5BCMFBV ��� m 7BMFVST EF TJHOJàDBUJWJUÊ Q EV UFTU EF 8JMDPYPO�.BOO�8IJUOFZ� )ZQPUIÍTF OVMMF � MB NÊ�
EJBOF EFT QBSBNÍUSFT BDPVTUJRVFT BTTPDJÊT BVY OPUFT MFT QMVT ÊMFWÊFT E�"48 FTU O�FTU QBT TJHOJàDBUJWFNFOU
EJGGÊSFOUF EF DFMMF EFT QBSBNÍUSFT BDPVTUJRVFT BTTPDJÊT BVY OPUFT MFT QMVT GBJCMFT� -FT WBMFVST TJHOJàDBUJWFT
BQQBSBJTTFOU FO CMFV�
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Ø
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'ñïýúí ��� m )JTUPHSBNNF FU EFOTJUÊ EF QSPCBCJMJUÊ EF QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT QPVS MFT DPOàHV�
SBUJPOT BDPVTUJRVFT QSPEVJTBOU MFT "48 MFT QMVT ÊMFWÊFT FU MFT QMVT GBJCMFT QPVS MFT EFVY TPVSDFT TPOPSFT�
-FT EJTUSJCVUJPOT EFT QBSBNÍUSFT BDPVTUJRVFT TFMPO MFT EFVY DBUÊHPSJFT EF DPOàHVSBUJPOT BDPVTUJRVFT TPOU
TJHOJàDBUJWFNFOU EJGGÊSFOUFT�



Ø
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WFNFOU EJGGÊSFOUFT TFMPO MB DBUÊHPSJF EF DPOàHVSBUJPOT BDPVTUJRVFT� -B TPVSDF
TPOPSF TFNCMF QFSÉVF NPJOT MBSHF MPSTRVF MF TPO EJSFDU FTU QSÊEPNJOBOU 	%33
QPTJUJG
�

�� -B DPOUSJCVUJPO EFT SÊáFYJPOT Æ M�BNQMJàDBUJPO EV TPO QBS M�BDPVTUJRVF
 DBSBD�
UÊSJTÊF QBS MB GPSDF TPOPSF (
 TFNCMF MJÊF Æ MB QFSDFQUJPO E�VOF TPVSDF MBSHF� -F
DBMDVM EF MB GPSDF TPOPSF TVS MB QBSUJF QSÊDPDF EFT SÊQPOTFT JNQVMTJPOOFMMFT EF
TBMMF O�B QBT QFSNJT EF EJTDSJNJOFS MFT EFVY HSPVQFT EF DPOàHVSBUJPOT BDPVT�
UJRVFT� "V DPOUSBJSF
 MB GPSDF TPOPSF TVS MB QBSUJF UBSEJWF FTU TJHOJàDBUJWFNFOU
QMVT ÊMFWÊF QPVS MFT DPOàHVSBUJPOT QSPEVJTBOU VOF "48 ÊMFWÊF�

�� -�ÊOFSHJF MBUÊSBMF
 DBSBDUÊSJTÊF QBS MFT QBSBNÍUSFT +-'$ FU +-'
 TFNCMF BWPJS
VOF JOáVFODF TJHOJàDBUJWF TVS MB MBSHFVS BQQBSFOUF EF MB TPVSDF� $F SÊTVMUBU
DPOàSNF M�JNQPSUBODF EFT SÊáFYJPOT QSÊDPDFT MBUÊSBMFT QPVS DBSBDUÊSJTFS MB
MBSHFVS BQQBSFOUF EF TPVSDF� -FT EJTUSJCVUJPOT E�ÊOFSHJF MBUÊSBMF UBSEJWF --'
TPOU ÊHBMFNFOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT TFMPO MB DPOEJUJPO E�"48 NBJT TF
DIFWBVDIFOU QMVT RVF DFMMFT EF +-'$ FU +-'� -FT QBSBNÍUSFT BDPVTUJRVFT #-' FU
#-'$ TPOU ÊHBMFNFOU TJHOJàDBUJWFNFOU EJGGÊSFOUT TFMPO MFT EFVY DBUÊHPSJFT OÊBO�
NPJOT MFT EJTUSJCVUJPOT O�BQQBSBJTTFOU QBT QMVT EJTUJODUFT FOUSF MFT EFVY DBUÊHP�
SJFT RVF DFMMFT EF +-'$ FU +-'� *M FTU QPTTJCMF RVF MF àMUSBHF BOHVMBJSF O�BNÊMJPSF
QBT MB QSÊEJDUJPO EF DFU BUUSJCVU QFSDFQUJG�

�� -B EÊDPSSÊMBUJPO JOUFSBVSBMF TFNCMF GBWPSJTFS MB QFSDFQUJPO E�VOF TPVSDF MBSHF�
-F DBMDVM EF MB EÊDPSSÊMBUJPO TVS MB QBSUJF QSÊDPDF EFT SÊQPOTFT JNQVMTJPOOFMMFT
EF TBMMF
 MF #2*
 FTU TJHOJàDBUJWFNFOU EJGGÊSFOU TFMPO MFT EFVY HSPVQFT EF DPOà�
HVSBUJPOT BDPVTUJRVFT FU JM FO WB EF NËNF QPVS MF DPFGàDJFOU DBMDVMÊ TVS MB
QBSUJF UBSEJWF�

�� -�ÊOFSHJF UBSEJWF TFNCMF BWPJS VOF JOáVFODF TJHOJàDBUJWF TVS MB MBSHFVS BQQB�
SFOUF EF MB TPVSDF� $FUUF EFSOJÍSF FTU QMVT ÊMFWÊF MPSTRVF M�BDPVTUJRVF FTU SÊWFS�
CÊSBOUF 	DG� 530
 &%5
 FU RVF M�ÊOFSHJF UBSEJWF FTU QMVT JNQPSUBOUF RVF M�ÊOFSHJF
QSÊDPDF 	DG� $80
 %50
�

�dTERMINATION D¤UN HYPERPLAN SdPARATEUR
/PVT TPVIBJUPOT EÊUFSNJOFS MFT QBSBNÍUSFT BDPVTUJRVFT DBQBCMFT EF QSÊEJSF Æ

RVFMMF DBUÊHPSJF 	"48 ÊMFWÊF PV "48 GBJCMF
 MFT DPOàHVSBUJPOT BDPVTUJRVFT DPOTJEÊ�
SÊFT BQQBSUJFOOFOU� 4PJFOU Y
 VO WFDUFVS DPOUFOBOU MFT WBMFVST EF p QBSBNÍUSFT BDPVT�
UJRVFT FU X VO WFDUFVS EF DPFGàDJFOUT EF QPOEÊSBUJPO� 6O IZQFSQMBO h EBOT VO FTQBDF
EF EJNFOTJPO p FTU EÊàOJ QBS M�ÊRVBUJPO TVJWBOUF �

h(Y) = X⊤Y+ w0 	���


/PVT DIFSDIPOT MFT WBMFVST EFX FUw0 QFSNFUUBOU EF TÊQBSFS M�FTQBDF EF EJNFOTJPO
p FO EFVY SÊHJPOT EJTUJODUFT
 BWFD E�VO DPUÊ MFT WFDUFVST BTTPDJÊT Æ MB DMBTTF E�"48 ÊMF�
WÊFT FU EF M�BVUSF E�"48 GBJCMFT� -�ÊRVBUJPO h(Y) = 0 DPSSFTQPOE BJOTJ Æ VOF GSPOUJÍSF
EF EÊDJTJPO CJOBJSF� 1BS FYFNQMF
 MF WFDUFVS Y FTU BTTPDJÊ Æ MB DMBTTF E�"48 ÊMFWÊF
TJ h(Y) ≤ 0 FU Æ MB DMBTTF E�"48 GBJCMF TJOPO� -FT DPFGàDJFOUT EF QPOEÊSBUJPO TPOU
DBMDVMÊT HSÄDF Æ VO FOTFNCMF E�BQQSFOUJTTBHF GPSNÊ QBS VO FOTFNCMF EF WFDUFVST Yk
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Ø
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DIBDVO BTTPDJÊ Æ VOF EFT EFVY DMBTTFT� -FT DPFGàDJFOUT EF QPOEÊSBUJPOT TPOU DBMDV�
MÊT EF NBOJÍSF Æ DF RVF MB NBSHF FOUSF M�IZQFSQMBO h FU MFT WFDUFVST E�BQQSFOUJTTBHF
MFT QMVT QSPDIFT EF h TPJU NBYJNBMF� $FT WFDUFVST TPOU BQQFMÊT WFDUFVST EF TVQQPSU�
-B àHVSF ��� SFQSÊTFOUF VOF TÊQBSBUJPO MJOÊBJSF FOUSF EFVY DMBTTFT EF EPOOÊFT QBS VO
IZQFSQMBO�

'ñïýúí ��� m *MMVTUSBUJPO EV QSPCMÍNF EF TÊQBSBUJPO MJOÊBJSF Æ EFVY DMBTTFT� -FT WFDUFVST EF TVQQPSU TF
USPVWFOU B VOF EJTUBODF ÊHBMF Æ MB NBSHF E�VO DÔUF PV EF M�BVUSF EF M�IZQFSQMBO TÊQBSBUFVS�

-�IZQFSQMBO FTU EÊUFSNJOÊ HSÄDF Æ EFT WFDUFVST E�BQQSFOUJTTBHF Yk FU MB QFSGPS�
NBODF EF MB DMBTTJàDBUJPO PQÊSÊF QBS MB TÊQBSBUJPO MJOÊBJSF CJOBJSF QFVU ËUSF NFTVSÊF
HSÄDF Æ E�BVUSFT WFDUFVST Yt
 BQQFMÊT WFDUFVST EF UFTU� -B QSÊDJTJPO EF MB DMBTTJàDBUJPO
	"DDVSBDZ
 FTU EÊUFSNJOÊF FO UFSNFT EF OPNCSF EF DMBTTFT DPSSFDUFNFOU QSÊEJUFT QBS
SBQQPSU BV OPNCSF EF DMBTTF EF M�FOTFNCMF EFT WFDUFVST EF UFTU� $FUUF PQÊSBUJPO QFVU�
ËUSF SÊQÊUÊF QMVTJFVST GPJT FO DIPJTJTTBOU MFT WFDUFVST E�BQQSFOUJTTBHF FU MFT WFDUFVST
EF UFTU EF NBOJÍSF BMÊBUPJSF� -B NFTVSF EF QFSGPSNBODF SBQQPSUÊF QBS DF QSPDFTTVT
EF WBMJEBUJPO DSPJTÊF FTU BMPST MB NPZFOOF FU M�ÊDBSU�UZQF EFT QSÊDJTJPOT DBMDVMÊFT QPVS
DIBRVF TÊQBSBUFVS�

1PVS BOBMZTFS MFT QBSBNÍUSFT QFSNFUUBOU EF EJTDSJNJOFS MFT DPOàHVSBUJPOT BDPVT�
UJRVFT FO UFSNFT E�"48 OPVT BWPOT QSPDÊEÊ BV DBMDVM E�IZQFSQMBOT TÊQBSBUFVST FO
DPOTJEÊSBOU EJGGÊSFOUT QBSBNÍUSFT BDPVTUJRVFT� 1PVS JEFOUJàFS MFT QBSBNÍUSFT BDPVT�
UJRVFT QFSUJOFOUT QPVS DBSBDUÊSJTFS M�"48
 OPVT BWPOT DIFSDIÊ MFT QBSBNÍUSFT BDPVT�
UJRVFT QFSNFUUBOU E�PCUFOJS MB NFJMMFVSF QFSGPSNBODF EF DMBTTJàDBUJPO� 1PVS EÊUFSNJ�
OFS DFT QBSBNÍUSFT
 M�FOTFNCMF EFT QBSBNÍUSFT BDPVTUJRVFT POU ÊUÊ DPOTJEÊSÊT Æ M�FY�
DFQUJPO EF '#3 FU (& EPOU MFT WBMFVST OF TPOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT E�VOF
DBUÊHPSJF Æ M�BVUSF FU EF DFVY QSÊTFOUBOU VOF GPSUF DPSSÊMBUJPO BWFD VO BVUSF QBSBNÍUSF
BDPVTUJRVF 	DPFGàDJFOU EF 1FBSTPO � ���
 � #-'$
 &%5
 %50
 (-
 +-'
 5T FU 4#5T�

/PVT BWPOT DPOTJEÊSÊ �� WFDUFVST EF QBSBNÍUSFT BDPVTUJRVFT UJSÊT BMÊBUPJSFNFOU
QPVS MF DBMDVM EF M�IZQFSQMBO TÊQBSBUFVS FU MFT UFTUT ÊUBJFOU SÊBMJTÊT BWFD MFT �� WFDUFVST
SFTUBOUT� 1PVS VO FOTFNCMF EF QBSBNÍUSFT BDPVTUJRVFT EPOOÊ DFUUF PQÊSBUJPO B ÊUÊ
FGGFDUVÊF �� GPJT� -F UBCMFBV ��� SBTTFNCMF MFT NPZFOOFT FU ÊDBSU�UZQFT EF MB QSÊDJTJPO
PCUFOVF FO GPODUJPO EFT QBSBNÍUSFT DPOTJEÊSÊT� 4FVMT MFT QBSBNÍUSFT BZBOU QFSNJT
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M�PCUFOUJPO E�VOF QSÊDJTJPO NPZFOOF TVQÊSJFVSF Æ ��� TPOU NFOUJPOOÊT� "V SFHBSE
EV OPNCSF EF WFDUFVST E�BQQSFOUJTTBHF
 USPJT QBSBNÍUSFT BDPVTUJRVFT NBYJNVNT POU
ÊUÊ DPOTJEÊSÊT�

1BSBNÍUSFT BDPVTUJRVFT VUJMJTÊT 1SÊDJTJPO NPZFOOF ± ÊDBSU�UZQF

��*"$$-
 %33 ����� ± ����

$80
 %33
 530 ����� ± ����

5BCMFBV ��� m 1SÊDJTJPO EF DMBTTJàDBUJPO EFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MFT OPUFT E�"48 ÊMFWÊFT 	DMBTTF
WFSUF
 PV GBJCMFT 	DMBTTF SPVHF
� 4FVMT MFT FOTFNCMFT EF EFVY QBSBNÍUSFT BDPVTUJRVFT NJOJNVN FU USPJT
NBYJNVN BZBOU QFSNJT M�PCUFOUJPO E�VOF QSÊDJTJPO NPZFOOF TVQÊSJFVSF Æ ��� TPOU NFOUJPOOÊT�

-FT WBMFVST EF QSÊDJTJPO PCUFOVFT OF TPOU QBT USÍT ÊMFWÊFT� *M FTU DMBJS RVF MF OPNCSF
EF WFDUFVST E�BQQSFOUJTTBHF FTU USPQ GBJCMF QPVS ÊUBCMJS VO IZQFSQMBO TÊQBSBUFVS TVG�
àTBNNFOU SPCVTUF FU BZBOU VO QPVWPJS QSÊEJDUJG TBUJTGBJTBOU� /ÊBONPJOT
 JM FTU JO�
UÊSFTTBOU EF DPOTUBUFS RVF M�VO EFT NFJMMFVST SÊTVMUBUT EF DMBTTJàDBUJPO B ÊUÊ PCUFOV
FO DPOTJEÊSBOU
 FOUSF BVUSFT
 MFT QBSBNÍUSFT $80 FU %33 EÊKÆ JEFOUJàÊT DPNNF FYQMJ�
RVBOU MB QMVT HSBOEF QBSUJF EF MB WBSJBODF EFT OPUFT E�"48 EBOT MB TFDUJPO ������ 1BS
BJMMFVST
 MB EÊDPSSÊMBUJPO JOUFSBVSBMF EF MB QBSUJF UBSEJWF EFT SÊQPOTFT JNQVMTJPOOFMMFT

	*"$$-
 TFNCMF QFSNFUUSF EF EJTDSJNJOFS MFT DPOàHVSBUJPOT BDPVTUJRVFT E�"48 ÊMFWÊF
FU GBJCMFT� ,MPDLHFUIFS FU BM� <��> BWBJFOU EÊKÆ JEFOUJàÊT RVF MB EÊDPSSÊMBUJPO JOUÊSBV�
SBMF ÊUBJU MJÊ Æ MB QFSDFQUJPO E�VOF TPVSDF MBSHF PV ÊUSPJUF� $FQFOEBOU
 M�*"$$- O�FTU
HÊOÊSBMFNFOU QBT VUJMJTÊ QPVS DBSBDUÊSJTFS DFU BUUSJCVU QFSDFQUJG QMVT TPVWFOU BTTPDJÊ
BV #2* 	MB EÊDPSSÊMBUJPO JOUFSBVSBMF EF M�ÊOFSHJF QSÊDPDF
� -�ÊOFSHJF UBSEJWF TFNCMF
KPVFS VO SÔMF TJHOJàDBUJG
 DPNNF FO BUUFTUF ÊHBMFNFOU MB QSÊTFODF EV QBSBNÍUSF 530

QBSNJ MFT QBSBNÍUSFT BDPVTUJRVFT MFT QMVT EJTDSJNJOBOUT FOUSF MFT EFVY DMBTTFT EF DPOà�
HVSBUJPO BDPVTUJRVFT�

Ø�Ö� �RdDICTION DE L¤ENVELOPPEMENT

6OF BOBMZTF TJNJMBJSF B ÊUÊ FGGFDUVÊF E�BQSÍT MFT OPUFT EF M�BUUSJCVU QFSDFQUJG &OWF�
MPQNFOU CZ SFWFSCFSBUJPO EV 3"2* RVF M�PO OPNNFSB TJNQMFNFOU FOWFMPQQFNFOU PV
-&7� /PVT TPVIBJUPOT JEFOUJàFS EF MB NËNF NBOJÍSF MFT QBSBNÍUSFT BDPVTUJRVFT DBM�
DVMÊT E�BQSÍT MFT SÊQPOTFT JNQVMTJPOOFMMFT PNOJEJSFDUJPOOFMMFT
 CJOBVSBMFT FU TQBUJBMFT
RVJ QFSNFUUFOU EF QSÊEJSF MB TFOTBUJPO E�FOWFMPQQFNFOU�

Ø�Ö�Ò� �ORRdLATIONS ENTRE LES NOTES D¤ENVELOPPEMENT ET LES PARAMcTRES
ACOUSTIQUES

-F UBCMFBV ��� SBTTFNCMF MFT DPFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT OPUFT
E�FOWFMPQQFNFOU BTTPDJÊFT BVY EFVY TPVSDFT QPVS M�FOTFNCMF EFT QBSBNÍUSFT BDPVT�
UJRVFT DPOTJEÊSÊT� -FT WBMFVST NBYJNBMFT FO WBMFVS BCTPMVF EV DPFGàDJFOU TPOU PCUF�
OVFT QPVS MFT QBSBNÍUSFT %50 FU $80 FU T�ÊMÍWFOU SFTQFDUJWFNFOU Æ ������ FU �������
-FT DPSSÊMBUJPOT BWFD M�FOWFMPQQFNFOU QFVWFOU ËUSF DPOTJEÊSÊFT DPNNF GPSUFT QPVS MFT
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5BCMFBV ��� m $PFGàDJFOUT EF DPSSÊMBUJPO EF 1FBSTPO FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT FU MFT OPUFT E�FOWF�
MPQQFNFOU�

1BSBNÍUSFT 7PJY 5SPNQFUUF 1BSBNÍUSFT 7PJY 5SPNQFUUF

530 ����� ����� -+ ����� �����

&%5 ����� ����� +-' ����� �����

5T ����� ����� +-'$ ����� �����

4#5T ����� ����� #-' ����� �����

%50 ������ ������ #-'$ ����� �����

$80 ������ ������ --' ����� �����

%33 ������ ������ '#3 ����� �����

( ����� ����� #2* ����� �����

(& ������ ������ ��*"$$- ����� �����

(&- ������ ������ ��*"$$ ����� �����

(- ����� �����

NFTVSFT EF DMBSUÊ FU MFT EVSÊFT EF EÊDSPJTTBODF 	r > 0.7
� -FT QBSBNÍUSFT BDPVTUJRVFT
DBSBDUÊSJTBOU MB QBSUJF QSÊDPDF EFT SÊQPOTFT JNQVMTJPOOFMMFT TFVMFNFOU 	(&
 (&-
 +-'

+-'$
 #-'
 #-'$
 #2*
 QSÊTFOUFOU EFT DPSSÊMBUJPOT USÍT GBJCMFT BWFD MFT OPUFT E�FOWFMPQ�
QFNFOU 	r < 0.282
�

'ñïýúí ���� m /PUFT E�FOWFMPQQFNFOU FO GPODUJPO EFT WBMFVST EF $80�

" UJUSF E�FYFNQMF
 MB àHVSF ���� SFQSÊTFOUF MFT OPUFT E�FOWFMPQQFNFOU BTTPDJÊFT
BVY EFVY TPVSDFT FO GPODUJPO EF MB WBMFVS EV QBSBNÍUSF BDPVTUJRVF $80� -FT EFVY
HSBOEFVST BQQBSBJTTFOU CJFO NJFVY DPSSÊMÊFT RVF EBOT MF DBT EF M�"48
 CJFO RVF EFT
ÊDBSUT JNQPSUBOUT Æ MB ESPJUF EF SÊHSFTTJPO MJOÊBJSF BQQBSBJTTFOU�
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Ø�Ö�Ó� �dGRESSION LINdAIRE MULTIDIMENSIONNELLE

6OF SÊHSFTTJPO MJOÊBJSF NVMUJEJNFOTJPOOFMMF B ÊUÊ FGGFDUVÊF QPVS JEFOUJàFS MB DPN�
CJOBJTPO MJOÊBJSF EFT QBSBNÍUSFT BDPVTUJRVFT QFSNFUUBOU EF QSÊEJSF BV NJFVY M�FOWF�
MPQQFNFOU�

%F MB NËNF NBOJÍSF RVF QPVS M�"48
 OPVT BWPOT FYDMV EF M�BOBMZTF MFT QBSBNÍUSFT
BDPVTUJRVFT QSÊTFOUBOU VOF USÍT GPSUF DPSSÊMBUJPO BWFD E�BVUSFT QBSBNÍUSFT� &O QBSUJ�
DVMJFS
 MFT WBMFVST EF #-'$
 %50
 (&
 (-
 +-'$
 5T FU 4#5T O�POU QBT ÊUÊ DPOTJEÊSÊFT EBOT
M�BOBMZTF� 6OF TÊMFDUJPO JUÊSBUJWF EFTDFOEBOUF EFT QBSBNÍUSFT BDPVTUJRVFT B ÊHBMFNFOU
ÊUÊ FGGFDUVÊF� 4VJUF Æ DFUUF TÊMFDUJPO
 TFVMT MFT QBSBNÍUSFT $80
 -+ FU &%5 POU ÊUÊ VUJMJ�
TÊT QPVS MB SÊHSFTTJPO MJOÊBJSF� -FT WBMFVST EFT QBSBNÍUSFT SFTUBOUT POU ÊUÊ DFOUSÊFT FU
SÊEVJUFT BWBOU EF DBMDVMFS MFT DPFGàDJFOUT EF QPOEÊSBUJPO EV NPEÍMF�

'ñïýúí ���� m /PUFT E�FOWFMPQQFNFOU FO GPODUJPO
EFT OPUFT QSÊEJUFT E�BQSÍT MFT WBMFVST EF $80
 -+ FU
&%5 QPVS MFT EFVY TPVSDFT�

7PJY 5SPNQFUUF

$80 ������ ������

-+ ����� �����

&%5 ����� �����

0SEPOOÊFT
Æ M�PSJHJOF

������ ������

5BCMFBV ��� m $PFGàDJFOUT EF QPOEÊSBUJPO EFT WBMFVST
EF QBSBNÍUST BDPVTUJRVFT 	WBMFVST Q � �����
 FU WB�
MFVST EFT PSEPOOÊFT Æ M�PSJHJOF�

-F UBCMFBV ��� SBTTFNCMF MFT DPFGàDJFOUT EF QPOEÊSBUJPO QFSNFUUBOU EF NJOJNJTFS
M�FSSFVS RVBESBUJRVF FOUSF MFT OPUFT QSÊEJUFT FU MFT OPUFT EF MB CBTF EF EPOOÊFT� -F
DPFGàDJFOU EF EÊUFSNJOBUJPO R2 EF MB SÊHSFTTJPO MJOÊBJSF T�ÊMÍWF Æ ������

-�&%5 TFNCMF ËUSF QMVT Æ NËNF RVF MF 530 E�FYQMJRVFS MB WBSJBODF EF M�FOWFMPQQF�
NFOU� $FT EFVY QBSBNÍUSFT BDPVTUJRVFT TPOU MJÊT Æ MB SÊWFSCÊSBODF� (SJFTJOHFS EJGGÊ�
SFODJF EFVY UZQFT EF SÊWFSCÊSBODF � MB SÊWFSCÊSBODF DPVSBOUF 	SVOOJOH SFWFSCFSBODF
 FU
MB SÊWFSCÊSBODF jTUPQQÊFv 	TUPQQFE SFWFSCFSBODF
 <��>� -B QSFNJÍSF EÊTJHOF MB SÊWFS�
CÊSBUJPO QFSÉVF MPSTRV�VOF TPVSDF TPOPSF ÊNFU VO TJHOBM FU TF NFTVSF HSÄDF Æ M�&%5�
-B TFDPOEF TF GBJU FOUFOESF MPSTRVF MB TPVSDF T�BSSËUF FU DPSSFTQPOE Æ MB RVFVF EF
SÊWFSCÊSBUJPO QFSÉVF FOUSF EFVY ÊWÊOFNFOUT TPOPSFT QPODUVFMT� -�&%5 FTU JOáVFODÊF
QBS MB EJTUBODF Æ MB TPVSDF FU MB QSÊTFODF EF SÊáFYJPOT TQÊDVMBJSFT JNQPSUBOUFT� 0O
QFVU ÊNFUUSF M�IZQPUIÍTF RVF MB TFOTBUJPO E�FOWFMPQQFNFOU QVJTTF WBSJFS FOUSF EFVY
DPOàHVSBUJPOT BDPVTUJRVFT EBOT VOF NËNF TBMMF� -�JNQPSUBODF EF M�ÊOFSHJF UBSEJWF FTU
ÊHBMFNFOU DPOàSNÊF QBS MB QPOEÊSBUJPO OÊHBUJWF EV $80 � VOF QSPQPSUJPO QMVT HSBOEF
E�ÊOFSHJF UBSEJWF QBS SBQQPSU Æ M�ÊOFSHJF QSÊDPDF NÍOF Æ VOF TFOTBUJPO E�FOWFMPQQF�
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NFOU QMVT JNQPSUBOUF� -B GPSDF TPOPSF MBUÊSBMF UBSEJWF TFNCMF ÊHBMFNFOU DPOàSNFS
MF SÔMF KPVÊ QBS MFT SÊáFYJPOT MBUÊSBMFT EBOT MB TFOTBUJPO E�FOWFMPQQFNFOU SFMFWÊF QBS
QMVTJFVST ÊUVEFT <�
 �
 ��
 ��>�

-B àHVSF ���� SFQSÊTFOUF MFT OPUFT E�FOWFMPQQFNFOU FO GPODUJPO EFT OPUFT QSÊEJUFT�
6OF SFMBUJPO MJOÊBJSF NBSRVÊF TF EFTTJOF
 OÊBONPJOT VOF QBSUJF OPO OÊHMJHFBCMF EF MB
WBSJBODF O�FTU QBT FYQMJRVÊF QBS MF NPEÍMF EF SÊHSFTTJPO MJOÊBJSF� 1PVS DPNQMÊUFS DFUUF
BOBMZTF
 MB DBQBDJUÊ EFT QBSBNÍUSFT Æ EJTDSJNJOFS MFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO
EFVY DBUÊHPSJFT E�FOWFMPQQFNFOU B ÊHBMFNFOU ÊUÊ ÊUVEJÊF�

Ø�Ö�Ô� �ES PARAMcTRES ACOUSTIQUES PERTINENTS POUR LA CLASSIĉCATION

'ñïýúí ���� m 3ÊQBSUJUJPO EFT OPUFT E�FOWFMPQQFNFOU BUUSJCVÊFT BVY �� DPOàHVSBUJPOT BDPVTUJRVFT TFMPO
MFT EFVY TPVSDFT TPOPSFT� -FT OPUFT MFT QMVT GBJCMFT QPVS MFT EFVY TPVSDFT BQQBSBJTTFOU FO SPVHF FU MFT
OPUFT MFT QMVT ÊMFWÊFT QPVS MFT EFVY TPVSDFT FO WFSU� -FT OPUFT MFT QMVT GBJCMFT QPVS 5SPNQFUUF FU MFT QMVT
ÊMFWÊFT QPVS 7PJY BQQBSBJTTFOU KBVOF FU MFT OPUFT MFT QMVT ÊMFWÊFT 5SPNQFUUF FU MFT QMVT GBJCMFT QPVS 7PJY
BQQBSBJTTFOU FO CMFV�

-F CVU EF DFUUF TFDUJPO FTU E�JEFOUJàFS MFT QBSBNÍUSFT BDPVTUJRVFT QFSNFUUBOU EF DB�
UÊHPSJTFS MFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MFT OPUFT E�FOWFMPQQFNFOU PCUFOVFT� -B
àHVSF ���� SFQSÊTFOUF MB SÊQBSUJUJPO EFT OPUFT E�FOWFMPQQFNFOU QPVS MFT EFVY TPVSDFT
TPOPSFT� -FT DPOàHVSBUJPOT BDPVTUJRVFT POU ÊUÊ DMBTTÊFT TFMPO RVBUSF DBUÊHPSJFT �

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�FOWFMPQQFNFOU MFT QMVT ÊMFWÊFT
QPVS MFT EFVY TPVSDFT 	DMBTTF WFSUF
� $FUUF DBUÊHPSJF SBTTFNCMF �� DPOàHVSB�
UJPOT BDPVTUJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�FOWFMPQQFNFOU MFT QMVT GBJCMFT
QPVS MFT EFVY TPVSDFT 	DMBTTF SPVHF
� $FUUF DBUÊHPSJF SBTTFNCMF �� DPOàHVSB�
UJPOT BDPVTUJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�FOWFMPQQFNFOU MFT QMVT ÊMFWÊFT
QPVS 5SPNQFUUF FU MFT QMVT GBJCMFT QPVS 7PJY 	DMBTTF CMFVF
� $FUUF DBUÊHPSJF
SBTTFNCMF � DPOàHVSBUJPOT BDPVTUJRVFT�

� DFMMFT BVYRVFMMFT POU ÊUÊ BUUSJCVÊFT MFT OPUFT E�FOWFMPQQFNFOU MFT QMVT GBJCMFT
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QPVS 5SPNQFUUF FU MFT QMVT ÊMFWÊFT QPVS 7PJY 	DMBTTF KBVOF
� $FUUF DBUÊHPSJF
SBTTFNCMF � DPOàHVSBUJPOT BDPVTUJRVFT�

6OF OPUF FTU JDJ RVBMJàÊF E�ÊMFWÊF TJ FMMF FTU TVQÊSJFVSF Æ MB NÊEJBOF FU GBJCMF TJ FMMF FTU
JOGÊSJFVSF�

/PVT TPVIBJUPOT ÊUVEJFS MFT DPOàHVSBUJPOT BDPVTUJRVFT BZBOU NFOÊ Æ EFT OPUFT
E�FOWFMPQQFNFOU ÊMFWÊFT FU GBJCMFT QPVS MFT EFVY TPVSDFT TPOPSFT Æ MB GPJT 	DMBTTF WFSUF
FU SPVHF SFTQFDUJWFNFOU
� $FT EFVY DBUÊHPSJFT SFQSÊTFOUFOU �� DPOàHVSBUJPOT BDPVT�
UJRVFT� -B SÊQBSUJUJPO EF DIBRVF QBSBNÍUSF BDPVTUJRVF B ÊUÊ BOBMZTÊF TFMPO DFT EFVY
DBUÊHPSJFT EF DPOàHVSBUJPOT BDPVTUJRVFT�

1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q 1BSBNÍUSF 7BMFVS Q

530 ������ %33 ����� +-' ����� #2* �����

&%5 ������ ( ����� +-'$ ����� ��*"$$- ������

5T ������ (& ����� #-' ����� ��*"$$ ������

4#5T ������ (&- ����� #-'$ �����

$80 ������ (- ����� --' ������

%50 ������ -+ ������ '#3 �����

5BCMFBV ��� m 7BMFVST EF TJHOJàDBUJWJUÊ Q EV UFTU EF 8JMDPYPO�.BOO�8IJUOFZ� )ZQPUIÍTF OVMMF � MB NÊ�
EJBOF EFT QBSBNÍUSFT BDPVTUJRVFT BTTPDJÊT BVY OPUFT MFT QMVT ÊMFWÊFT E�FOWFMPQQFNFOU FTU O�FTU QBT TJHOJ�
àDBUJWFNFOU EJGGÊSFOUF EF DFMMF EFT QBSBNÍUSFT BDPVTUJRVFT BTTPDJÊT BVY OPUFT MFT QMVT GBJCMFT� -FT WBMFVST
TJHOJàDBUJWFT BQQBSBJTTFOU FO CMFV�

-B SÊQBSUJUJPO EF DIBRVF QBSBNÍUSF B ÊUÊ BOBMZTÊF TFMPO MF HSPVQF EFT DPOàHVSB�
UJPOT BDPVTUJRVFT BZBOU MFT OPUFT E�FOWFMPQQFNFOU MFT QMVT ÊMFWÊFT E�VOF QBSU FU MFT
QMVT GBJCMFT E�BVUSF QBSU� -F UFTU OPO�QBSBNÊUSJRVF EF 8JMDPYPO�.BOO�8IJUOFZ B
ÊUÊ VUJMJTÊ QPVS WÊSJàFS TJ MFT QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT QPVS DIBDVOF EFT DB�
UÊHPSJFT TPOU JTTVT EF MB NËNF EJTUSJCVUJPO PV EF EJTUSJCVUJPOT EPOU MFT NÊEJBOFT
TPOU EJGGÊSFOUFT� -F UBCMFBV ��� SFDFOTF MFT WBMFVST EF TJHOJàDBUJWJUÊ EV UFTU FGGFDUVÊ
QPVS DIBRVF QBSBNÍUSF BDPVTUJRVF� -FT SÊTVMUBUT EV UFTU NPOUSFOU RVF MFT QBSBNÍUSFT
BDPVTUJRVFT DBSBDUÊSJTBOU MB QBSUJF QSÊDPDF EFT SÊQPOTFT JNQVMTJPOOFMMFT TFVMFNFOU
	(&
 (&-
 +-'
 +-'$
 #-'
 #-'$
 #2*
 O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUT E�VOF
DBUÊHPSJF Æ M�BVUSF� *M FO FTU EF NËNF QPVS (
 %33 FU '#3� -B àHVSF ���� SFQSÊTFOUF
MFT IJTUPHSBNNFT EF QMVTJFVST QBSBNÍUSFT BDPVTUJRVFT BJOTJ RVF M�FTUJNBUJPO EF MFVS
EFOTJUÊ EF QSPCBCJMJUÊ� 0O QFVU UJSFS EFT SÊTVMUBUT EV UFTU FU EF M�JOTQFDUJPO WJTVFMMF EFT
IJTUPHSBNNFT MFT SFNBSRVFT TVJWBOUFT �

�� %F MB NËNF NBOJÍSF RVF QPVS MB MBSHFVS BQQBSFOUF EF TPVSDF
 M�ÊOFSHJF UBS�
EJWF TFNCMF BWPJS VOF JOáVFODF TJHOJàDBUJWF TVS M�FOWFMPQQFNFOU� $FMVJ�DJ FTU
QMVT ÊMFWÊ MPSTRVF M�BDPVTUJRVF FTU SÊWFSCÊSBOUF FU RVF M�ÊOFSHJF UBSEJWF FTU QMVT
JNQPSUBOUF RVF M�ÊOFSHJF QSÊDPDF�

�� "MPST RVF EFT DBSBDUÊSJTUJRVFT EF M�ÊOFSHJF UBSEJWF TF TPOU NPOUSÊFT QFSUJOFOUFT
QPVS MB MBSHFVS BQQBSFOUF EF TPVSDF
 MFT DBSBDUÊSJTUJRVFT EF M�ÊOFSHJF QSÊDPDF
OF TFNCMFOU QBT ËUSF MJÊFT Æ MB TFOTBUJPO E�FOWFMPQQFNFOU� "VDVO QBSBNÍUSF
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'ñïýúí ���� m )JTUPHSBNNF FU EFOTJUÊ EF QSPCBCJMJUÊ EF QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT QPVS MFT DPOàHV�
SBUJPOT BDPVTUJRVFT QSPEVJTBOU MFT TFOTBUJPOT E�FOWFMPQQFNFOU MFT QMVT ÊMFWÊFT FU MFT QMVT GBJCMFT QPVS MFT
EFVY TPVSDFT TPOPSFT� -FT EJTUSJCVUJPOT EFT QBSBNÍUSFT BDPVTUJRVFT TFMPO MFT EFVY DBUÊHPSJFT EF DPOàHVSB�
UJPOT BDPVTUJRVFT TPOU TJHOJàDBUJWFNFOU EJGGÊSFOUFT TBVG QPVS ( 	p = 0.301
 FU %33 	p = 0.166
�
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QSPQSF Æ DFUUF SÊHJPO UFNQPSFMMF O�FTU TJHOJàDBUJWFNFOU EJGGÊSFOU TFMPO MB DPOEJ�
UJPO E�FOWFMPQQFNFOU�

�� -�ÊOFSHJF MBUÊSBMF
 DBSBDUÊSJTÊF EBOT MFT QBSBNÍUSFT -+ FU --'
 TFNCMF BWPJS VOF
JOáVFODF TJHOJàDBUJWF TVS M�FOWFMPQQFNFOU DF RVJ DPOàSNF M�JNQPSUBODF EFT
SÊáFYJPOT UBSEJWFT MBUÊSBMFT QPVS DBSBDUÊSJTFS DFUUF JNQSFTTJPO�

�� -�FNQMPJ E�VOF BOBMZTF TQBUJBMF EJGGÊSFOUF EF DFMMF TQÊDJàÊF EBOT MB OPSNF O�B
QBT BQQPSUÊ E�BNÊMJPSBUJPO EFT SÊTVMUBUT� -F UFNQT DFOUSBM QPOEÊSÊ EBOT M�FT�
QBDF 4#54 OF TFNCMF QBT ËUSF QMVT QFSUJOFOU RVF MF UFNQT DFOUSBM NPOPEJNFO�
TJPOOFM� -F QBSBNÍUSF '#3 DPSSFTQPOEBOU BV SBQQPSU FOUSF M�ÊOFSHJF BSSJÍSF FU
M�ÊOFSHJF GSPOUBMF O�FTU QBT EJGGÊSFOU TFMPO MF UZQF EF DPOàHVSBUJPO BDPVTUJRVF
DPOTJEÊSÊ�

�� -B EÊDPSSÊMBUJPO JOUFSBVSBMF TFNCMF GBWPSJTFS MB TFOTBUJPO E�FOWFMPQQFNFOU� -F
DBMDVM EF MB EÊDPSSÊMBUJPO BVTTJ CJFO TVS MB QBSUJF UBSEJWF RVF TVS MB EVSÊF UPUBMF
EFT SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF NÍOF Æ EFT SÊTVMUBUT TJHOJàDBUJWFNFOU
EJGGÊSFOUT TFMPO MFT EFVY HSPVQFT EF DPOàHVSBUJPOT BDPVTUJRVFT�

�dTERMINATION D¤UN HYPERPLAN SdPARATEUR
1PVS JEFOUJàFS MFT QBSBNÍUSFT BDPVTUJRVFT QFSNFUUBOU EF EJTDSJNJOFS MFT DPOàHVSB�

UJPOT BDPVTUJRVFT FO UFSNFT E�FOWFMPQQFNFOU OPVT BWPOT QSPDÊEÊ BV DBMDVM E�IZQFS�
QMBOT TÊQBSBUFVST FO DPOTJEÊSBOU EJGGÊSFOUT QBSBNÍUSFT BDPVTUJRVFT� -�FOTFNCMF EFT
QBSBNÍUSFT BDPVTUJRVFT POU ÊUÊ DPOTJEÊSÊT Æ M�FYDFQUJPO EF (&
 (&-
 +-'
 +-'$
 #-'

#-'$
 #2*
 (
 %33 FU '#3 EPOU MFT WBMFVST OF TPOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT
E�VOF DBUÊHPSJF Æ M�BVUSF FU EF DFVY QSÊTFOUBOU VOF GPSUF DPSSÊMBUJPO BWFD VO BVUSF
QBSBNÍUSF BDPVTUJRVF 	DPFGàDJFOU EF 1FBSTPO � ���
 � %50
 (-
 5T FU 4#5T�

/PVT BWPOT VUJMJTÊ �� WFDUFVST EF QBSBNÍUSFT BDPVTUJRVFT UJSÊT BMÊBUPJSFNFOU QPVS
MF DBMDVM EFT IZQFSQMBOT TÊQBSBUFVST FU MFT UFTUT ÊUBJFOU SÊBMJTÊT BWFD MFT �� WFDUFVST
SFTUBOUT� 1PVS VO FOTFNCMF EF QBSBNÍUSFT BDPVTUJRVFT EPOOÊ DFUUF PQÊSBUJPO B ÊUÊ
FGGFDUVÊF �� GPJT� -F UBCMFBV ��� SBTTFNCMF MFT NPZFOOFT FU ÊDBSU�UZQFT EF MB QSÊDJTJPO
PCUFOVF FO GPODUJPO EFT QBSBNÍUSFT DPOTJEÊSÊT� 4FVMT MFT QBSBNÍUSFT BZBOU QFSNJT
M�PCUFOUJPO E�VOF QSÊDJTJPO NPZFOOF TVQÊSJFVSF Æ ��� TPOU NFOUJPOOÊT� "V SFHBSE
EV OPNCSF EF WFDUFVST E�BQQSFOUJTTBHF
 USPJT QBSBNÍUSFT BDPVTUJRVFT NBYJNVNT POU
ÊUÊ DPOTJEÊSÊT�

*M FTU JOUÊSFTTBOU EF DPOTUBUFS RVF MFT NFJMMFVST SÊTVMUBUT EF DMBTTJàDBUJPO POU ÊUÊ
PCUFOVT FO DPOTJEÊSBOU
 FOUSF BVUSFT
 MFT QBSBNÍUSFT &%5
 -J FU $80 EÊKÆ JEFOUJàÊT
DPNNF FYQMJRVBOU MB QMVT HSBOEF QBSUJF EF MB WBSJBODF EFT OPUFT E�FOWFMPQQFNFOU
EBOT MB TFDUJPO ������ &O QMVT EF M�&%5
 530 TFNCMF ÊHBMFNFOU QFSUJOFOU QPVS EJTDSJ�
NJOFS MFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MB DPOEJUJPO E�FOWFMPQQFNFOU� &O QMVT EF
-+
 --' 	RVJ DBSBDUÊSJTF MB QSPQPSUJPO E�ÊOFSHJF MBUÊSBMF UBSEJWF
 FTU ÊHBMFNFOU QFS�
UJOFOU QPVS BOBMZTFS MFT EFVY DBUÊHPSJFT� 1BS BJMMFVST
 MB EÊDPSSÊMBUJPO JOUFSBVSBMF
EFT SÊQPOTFT JNQVMTJPOOFMMFT
 	��*"$$ FU *"$$-
 TFNCMF QFSNFUUSF EF EJTDSJNJOFS
MFT DPOàHVSBUJPOT BDPVTUJRVFT E�"48 ÊMFWÊF FU GBJCMFT� "JOTJ
 JM TFNCMF RVF M�BOBMZTF
DPOKPJOUF EF USPJT HSBOEFVST QFSNFUUF E�FYQMJRVFS EFT OPUFT E�FOWFMPQQFNFOU ÊMFWÊFT
PV GBJCMFT � MB RVBOUJUÊ E�ÊOFSHJF UBSEJWF
 MB RVBOUJUÊ EF SÊáFYJPOT MBUÊSBMFT UBSEJWFT FU
MB EÊDPSÊMBUJPO JOUFSBVSBMF�
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1BSBNÍUSFT BDPVTUJRVFT VUJMJTÊT 1SÊDJTJPO NPZFOOF ± ÊDBSU�UZQF
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5BCMFBV ��� m 1SÊDJTJPO EF DMBTTJàDBUJPO EFT DPOàHVSBUJPOT BDPVTUJRVFT TFMPO MFT OPUFT E�FOWFMPQQFNFOU
ÊMFWÊFT 	DMBTTF WFSUF
 PV GBJCMFT 	DMBTTF SPVHF
� 4FVMT MFT FOTFNCMFT EF EFVY QBSBNÍUSFT BDPVTUJRVFT NJOJNVN
FU USPJT NBYJNVN BZBOU QFSNJT M�PCUFOUJPO E�VOF QSÊDJTJPO NPZFOOF TVQÊSJFVSF Æ ��� TPOU NFOUJPOOÊT�

Ø�×� �ONCLUSION

-B CBTF EF EPOOÊFT (3"1 SBTTFNCMF EFT ÊWBMVBUJPOT QFSDFQUJWFT SFMBUJWFT Æ M�BVSB�
MJTBUJPO EF �� TBMMFT DPVWSBOU VOF HSBOEF WBSJÊUÊ EF QSPQSJÊUÊT BDPVTUJRVFT� 1MVTJFVST
SÊQPOTFT JNQVMTJPOOFMMFT FU SÊTVMUBUT EF TJNVMBUJPOT TPOU JODMVT EBOT MB CBTF FU QFS�
NFUUFOU BJOTJ EF NFUUSF FO SFMBUJPO MFT QBSBNÍUSFT BDPVTUJRVFT EFT TBMMFT BWFD MFT OPUFT
BUUSJCVÊFT Æ EFT BUUSJCVUT QFSDFQUJGT
 JDJ MB MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQF�
NFOU� 1PVS DPNQMÊUFS MFT EPOOÊFT Æ EJTQPTJUJPO
 EFT 43*3T POU ÊUÊ HÊOÊSÊFT E�BQSÍT
MFT SÊTVMUBUT EF TJNVMBUJPO� $FT 43*3T POU ÊUÊ FODPEÊFT FO BNCJTPOJRVF Æ M�PSESF �

D�FTU�Æ�EJSF TFMPO VOF SÊTPMVUJPO TQBUJBMF DPNQBSBCMF Æ DFMMF E�JOTUSVNFOUT EF NFTVSF
DPNNVOÊNFOU FNQMPZÊT UFMT RVF M�&JHFONJLF<��>� &O QMVT EFT QBSBNÍUSFT BDPVTUJRVFT
EÊàOJT EBOT MB OPSNF *40 ������ FU GPVSOJT EBOT MB CBTF EF EPOOÊFT (3"1
 E�BVUSFT
QBSBNÍUSFT BDPVTUJRVFT QSPQPTÊT EBOT MB MJUUÊSBUVSF POU ÊUÊ DBMDVMÊT E�BQSÍT DFT 43*3T�

"àO E�ÊUBCMJS EFT SFMBUJPOT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT FU MB MBSHFVS BQQBSFOUF
EF TPVSDF
 EFT DPSSÊMBUJPOT FU VOF SÊHSFTTJPO MJOÊBJSF NVMUJEJNFOTJPOOFMMF POU ÊUÊ DBM�
DVMÊT� -B WBSJBODF FYQMJRVÊF QBS MF NPEÍMF MJOÊBJSF FTU BQQBSVF USPQ GBJCMF QPVS ËUSF
FO NFTVSF EF QSÊEJSF MB MBSHFVS BQQBSFOUF EF TPVSDF EF DFUUF NBOJÍSF� -�JEFOUJàDBUJPO
EFT QBSBNÍUSFT BDPVTUJRVFT QFSNFUUBOU E�FYQMJRVFS MFT EJGGÊSFODFT FOUSF MFT OPUFT EF
MBSHFVS BQQBSFOUF EF TPVSDF MFT QMVT ÊMFWÊFT FU MFT QMVT GBJCMFT B ÊUÊ SÊBMJTÊF FO VUJMJTBOU
VOF DMBTTJàDBUJPO CJOBJSF� -FT FOTFJHOFNFOUT QSJODJQBVY EF DFUUF BOBMZTF TPOU RVF MB
QSÊEPNJOBODF EV TPO EJSFDU BQQBSBJU OÊGBTUF Æ MB QFSDFQUJPO E�VOF TPVSDF MBSHF FU RVF
DFMMF�DJ TFNCMF GBWPSJTÊF QBS VOF ÊOFSHJF UBSEJWF JNQPSUBOUF� $FUUF PCTFSWBUJPO FTU FO
EÊTBDDPSE BWFD M�ÊUVEF EF #SBEMFZ FU BM� <�> TFMPO MBRVFMMF M�BDDSPJTTFNFOU EF M�ÊOFSHJF
UBSEJWF UFOE Æ BNPJOESJS MB MBSHFVS BQQBSFOUF EF TPVSDF� -FT QBSBNÍUSFT BDPVTUJRVFT
QSPQSFT Æ M�ÊOFSHJF QSÊDPDF ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUT TFMPO RVF MB MBSHFVS
EF TPVSDF ÊUBJU QFSÉVF MBSHF PV ÊUSPJUF
 CJFO RV�JMT O�BJFOU QBT QFSNJT E�PCUFOJS MFT
NFJMMFVSFT QSÊDJTJPOT EF DMBTTJàDBUJPO�

-B MBSHFVS BQQBSFOUF EF TPVSDF TFNCMF EJGàDJMF Æ DBSBDUÊSJTFS BWFD MFT EPOOÊFT Æ
EJTQPTJUJPO� -FT OPUFT BTTPDJÊFT Æ DFU BUUSJCVU QFSDFQUJG QSÊTFOUFOU VOF GPSUF WBSJBCJMJUÊ
E�VOF TPVSDF TPOPSF Æ M�BVUSF� *M TFSBJU VUJMF E�PCUFOJS EFT EPOOÊFT MJÊFT Æ EF NVMUJQMFT
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TPVSDFT TPOPSFT QPVS SÊEVJSF M�JOáVFODF EF MB TPVSDF FU BJOTJ NJFVY FYQMJRVFS MFT SÊTVM�
UBUT� 1BS BJMMFVST
 DPNNF FO BUUFTUF MB GBJCMF QFSGPSNBODF EF MB DMBTTJàDBUJPO CJOBJSF

VO KFV EF EPOOÊFT QMVT JNQPSUBOU QBSBÏU OÊDFTTBJSF QPVS BOBMZTFS QMVT àOFNFOU MFT
MJFOT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT FU MB MBSHFVS BQQBSFOUF EF TPVSDF�

6OF ÊUVEF TJNJMBJSF B ÊUÊ FGGFDUVÊF BWFD MFT OPUFT E�FOWFMPQQFNFOU� -B SÊHSFTTJPO
MJOÊBJSF NVMUJEJNFOTJPOOFMMF FU MB EJTDSJNJOBUJPO EFT OPUFT E�FOWFMPQQFNFOU MFT QMVT
ÊMFWÊFT FU MFT QMVT GBJCMFT E�BQSÍT MFT QBSBNÍUSFT BDPVTUJRVFT DPOàSNFOU RVF M�ÊOFSHJF
UBSEJWF KPVF VO SÔMF TJHOJàDBUJG EBOT MB QFSDFQUJPO EF M�FOWFMPQQFNFOU� -B RVBOUJUÊ
E�ÊOFSHJF UBSEJWF
 MB RVBOUJUÊ EF SÊáFYJPOT MBUÊSBMFT UBSEJWFT FU MB EÊDPSSÊMBUJPO JOUFS�
BVSBMF FYQMJRVF VOF QBSUJF JNQPSUBOUF EFT OPUFT E�FOWFMPQQFNFOU FU QFSNFUUFOU EF
EJGGÊSFODJFS DFMMFT MFT QMVT ÊMFWÊFT EFT QMVT GBJCMFT� "MPST RVF M�ÊUVEF EF %JDL FU BM� SBQ�
QPSUF VO SÔMF TJHOJàDBUJG EF M�ÊOFSHJF QSÊDPDF TVS MB TFOTBUJPO E�FOWFMPQQFNFOU <��>

BVDVO QBSBNÍUSF BDPVTUJRVF QSPQSF Æ DFUUF SÊHJPO UFNQPSFMMF O�B QFSNJT E�FYQMJRVFS
MFT OPUFT E�FOWFMPQQFNFOU�

%�BVUSFT ÊUVEFT TPOU OÊDFTTBJSFT QPVS NFUUSF FO MVNJÍSF VOF QPTTJCMF JOáVFODF EF
MB SÊHJPO UFNQPSFMMF VUJMJTÊF QPVS EÊàOJS MFT SÊáFYJPOT QSÊDPDFT� -B QSJTF FO DPNQUF
EV UFNQT EF NÊMBOHF QPVSSBJU QFSNFUUSF E�BNÊMJPSFS MFT QFSGPSNBODFT EF DFSUBJOT QB�
SBNÍUSFT UFMT RVF MFT GSBDUJPOT MBUÊSBMFT E�ÊOFSHJF QSÊDPDF PV EF GPSDF TPOPSF QSÊDPDF�
$PNNF QSPQPTÊ QBS 4PVMPESF FU BM� <��>
 MB SÊHJPO UFNQPSFMMF EFT QSFNJÍSFT SÊáFYJPOT
VUJMJTÊF QPVSSBJU EÊQFOESF EF MB GSÊRVFODF�

-FT QBSBNÍUSFT BDPVTUJRVFT #-'
 #-'$ FU 4#5T
 DBMDVMÊT E�BQSÍT VOF SÊTPMVUJPO BO�
HVMBJSF ÊMFWÊF
 OF TF TPOU QBT NPOUSÊT QMVT QFSUJOFOUT RVF MFT QBSBNÍUSFT +-'
 +-'$ FU
5T TQÊDJàÊT EBOT MB OPSNF� "VDVO EFT QBSBNÍUSFT BDPVTUJRVFT JEFOUJàÊT DPNNF QFSUJ�
OFOUT EBOT DFUUF ÊUVEF QPVS DBSBDUÊSJTFS MFT JNQSFTTJPOT TQBUJBMFT OF OÊDFTTJUF M�VTBHF
E�VOF BOUFOOF BNCJTPOJRVF E�PSESF ÊMFWÊ�

�IBLIOGRAPHIE

<�> +� #SBEMFZ
 3� 3FJDI FU 4� /PSDSPTT
 i0O UIF DPNCJOFE FGGFDUT PG FBSMZ�BOE MBUF�BSSJWJOH
TPVOE PO TQBUJBM JNQSFTTJPO JO DPODFSU IBMMT
u 5IF +PVSOBM PG UIF "DPVTUJDBM 4PDJFUZ PG
"NFSJDB
 WPM� ���
 OP� �
 Q� ���m���
 �����

<�> *40 ������
 i"DPVTUJDT�NFBTVSFNFOU PG SPPN BDPVTUJD QBSBNFUFST
 QBSU � � 1FSGPSNBODF
TQBDFT
u *OUFSOBUJPOBM 0SHBOJ[BUJPO GPS 4UBOEBSEJ[BUJPO
 (FOFWB
 $)
 4UBOEBSE
 �����

<�> .� #BSSPO FU "� )�.BSTIBMM
 i4QBUJBM JNQSFTTJPO EVF UP FBSMZ MBUFSBM SFáFDUJPOT JO DPODFSU
IBMMT � UIF EFSJWBUJPO PG B QIZTJDBM NFBTVSF
u +PVSOBM PG 4PVOE BOE 7JCSBUJPO
 WPM� ��

OP� �
 Q� ���m���
 �����

<�> +� 4� #SBEMFZ FU (� "� 4PVMPESF
 i0CKFDUJWF NFBTVSFT PG MJTUFOFS FOWFMPQNFOU
u 5IF +PVSOBM
PG UIF "DPVTUJDBM 4PDJFUZ PG "NFSJDB
 WPM� ��
 OP� �
 Q� ����m����
 �����

<�> +� 4� #SBEMFZ FU (� "� 4PVMPESF
 i5IF JOáVFODF PG MBUF BSSJWJOH FOFSHZ PO TQBUJBM JNQSFT�
TJPO
u 5IF +PVSOBM PG UIF "DPVTUJDBM 4PDJFUZ PG "NFSJDB
 WPM� ��
 OP� �
 Q� ����m����

�����

<�> %� EF 7SJFT
 &�.�)VMTFCPT FU +� #BBO
 i4QBUJBM áVDUVBUJPOT JONFBTVSFT GPS TQBDJPVTOFTT
u
5IF KPVSOBM PG UIF "DPVTUJDBM 4PDJFUZ PG "NFSJDB
 WPM� ���
 OP� �
 Q� ���m���
 �����
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<�> .� .PSJNPUP
 ,� *JEB FU ,� 4BLBHBNJ
 i5IF SPMF PG SFáFDUJPOT GSPN CFIJOE UIF MJTUFOFS
JO TQBUJBM JNQSFTTJPO
u "QQMJFE "DPVTUJDT
 WPM� ��
 OP� �
 Q� ���m���
 �����

<�> 5� )BOZV FU 4� ,JNVSB
 i" OFX PCKFDUJWF NFBTVSF GPS FWBMVBUJPO PG MJTUFOFS FOWFMPQNFOU
GPDVTJOH PO UIF TQBUJBM CBMBODF PG SFáFDUJPOT
u "QQMJFE "DPVTUJDT
 WPM� ��
 OP� �
 Q� ���m
���
 �����

<�> %� "DLFSNBOO
 .� *MTF
 %� (SJHPSJFW
 4� -FQB
 4� 1FM[FS
 .� 7PSMÅOEFS FU 4� 8FJO[JFSM
 i"
HSPVOE USVUI PO SPPN BDPVTUJDBM BOBMZTJT BOE QFSDFQUJPO 	(3"1

u �����

<��> 4� 8FJO[JFSM
 4� -FQB FU %� "DLFSNBOO
 i" NFBTVSJOH JOTUSVNFOU GPS UIF BVEJUPSZ QFS�
DFQUJPO PG SPPNT � 5IF SPPN BDPVTUJDBM RVBMJUZ JOWFOUPSZ 	SBRJ

u 5IF +PVSOBM PG UIF
"DPVTUJDBM 4PDJFUZ PG "NFSJDB
 WPM� ���
 OP� �
 Q� ����m����
 �����

<��> '� #SJOLNBOO
 "� -JOEBV
 4� 8FJO[JFSM
 (� (FJTTMFS
 4� WBO EF 1BS
 .� .ÛMMFS�5SBQFU

3� 0QEBN FU .� 7PSMÅOEFS
 i5IF '"#*"/ IFBE�SFMBUFE USBOTGFS GVODUJPO EBUB CBTF
u
�����

<��> .� (FJFS
 +� "ISFOT FU 4� 4QPST
 i5IF TPVOETDBQF SFOEFSFS � " VOJàFE TQBUJBM BVEJP SF�
QSPEVDUJPO GSBNFXPSL GPS BSCJUSBSZ SFOEFSJOH NFUIPET
u EBOT *O ��� UI "&4 $POW� $J�
UFTFFS
 �����

<��> 7� &SCFT
 '� 4DIVMU[
 "� -JOEBV FU 4� 8FJO[JFSM
 i"O FYUSBBVSBM IFBEQIPOF TZTUFN GPS
PQUJNJ[FE CJOBVSBM SFQSPEVDUJPO
u EBOT 1SPD� ���� (FSNBO BOOVBM BDPVTUJD DPOGFSFODF
	%"("

 ����
 Q� ���m����

<��> $� #ÕIN
 '� 'JFEMFS
 4� 8FJO[JFSM
 &� )PMUFS
 4� .VUI
 6� 4DIBFGFS FU 4� 4DIXFTJOHFS
 i"O
BOFDIPJD SFDPSEJOH PG DJDFSP�T �SE DBUBMJOF PSBUJPO � *UBMJBO
 MBUJO BOE HFSNBO
u �����

<��> .� $� 7JHFBOU
 -� .�8BOH
 +� )� 3JOEFM
 $� -� $ISJTUFOTFO FU "� $� (BEF
 i.VMUJ�DIBOOFM
PSDIFTUSBM BOFDIPJD SFDPSEJOHT GPS BVSBMJ[BUJPOT
u �����

<��> 4� 8FJO[JFSM
 .� 7PSMÅOEFS
 (� #FIMFS
 '� #SJOLNBOO
 )� W� $PMFS
 &� %FU[OFS
 +� ,SÅNFS

"� -JOEBV
 .� 1PMMPX
 '� 4DIVM[ FU /� 3� 4IBCUBJ
 i" EBUBCBTF PG BOFDIPJD NJDSPQIPOF
BSSBZ NFBTVSFNFOUT PG NVTJDBM JOTUSVNFOUT
u �����

<��> %� 4DISÕEFS FU .� 7PSMÅOEFS
 i3"7&/ � " SFBM�UJNF GSBNFXPSL GPS UIF BVSBMJ[BUJPO PG
JOUFSBDUJWF WJSUVBM FOWJSPONFOUT
u EBOT 'PSVN "DVTUJDVN� "BMCPSH %FONBSL
 ����
 Q�
����m�����

<��> .� 7PSMÅOEFS
"VSBMJ[BUJPO � GVOEBNFOUBMT PG BDPVTUJDT
 NPEFMMJOH
 TJNVMBUJPO
 BMHPSJUINT
BOE BDPVTUJD WJSUVBM SFBMJUZ� 4QSJOHFS 4DJFODF � #VTJOFTT .FEJB
 �����

<��> .) "DPVTUJDT --$
 i&JHFONJLF FN�� NJDSPQIPOF BSSBZ
u BDDFTTFE ����������� <&O
MJHOF>� %JTQPOJCMF � IUUQT���NIBDPVTUJDT�DPN�QSPEVDUT

<��> *� 4FMFTOJDL
 i-JOFBS�QIBTF àS àMUFS EFTJHO CZ MFBTU TRVBSFT
u $POOFYJPOT
 �����

<��> %� "� %JDL FU .� $� 7JHFBOU
 i"O JOWFTUJHBUJPO PG MJTUFOFS FOWFMPQNFOU VUJMJ[JOH B TQIF�
SJDBM NJDSPQIPOF BSSBZ BOE UIJSE�PSEFS BNCJTPOJDT SFQSPEVDUJPO
u 5IF +PVSOBM PG UIF
"DPVTUJDBM 4PDJFUZ PG "NFSJDB
 WPM� ���
 OP� �
 Q� ����m����
 �����

<��> +� %BOJFM
 i3FQSÊTFOUBUJPO EF DIBNQT BDPVTUJRVFT
 BQQMJDBUJPO Æ MB USBOTNJTTJPO FU Æ MB
SFQSPEVDUJPO EF TDÍOFT TPOPSFT DPNQMFYFT EBOT VO DPOUFYUF NVMUJNÊEJB
u 5IÍTF EF EPD�
UPSBU
 6OJWFSTJUZ PG 1BSJT 7*
 �����
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<��> +� %� &WBOT
 4USBJHIUGPSXBSE TUBUJTUJDT GPS UIF CFIBWJPSBM TDJFODFT� 5IPNTPO #SPPLT�$PMF
1VCMJTIJOH $P
 �����

<��> &� +� 1FEIB[VS FU -� 1� 4DINFMLJO
 .FBTVSFNFOU
 EFTJHO
 BOE BOBMZTJT � "O JOUFHSBUFE
BQQSPBDI� QTZDIPMPHZ QSFTT
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 i1SFEJDUJPO BOE TUBUJTUJDBM PWFSLJMM SFWJTJUFE
u .FBTVSFNFOU
BOE FWBMVBUJPO JO HVJEBODF
 WPM� �
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<��> 4� ,MPDLHFUIFS FU 4� WBO EF 1BS
 i" NPEFM GPS UIF QSFEJDUJPO PG SPPN BDPVTUJDBM QFSDFQUJPO
CBTFE PO UIF KVTU OPUJDFBCMF EJGGFSFODFT PG TQBUJBM QFSDFQUJPO
u "DUB "DVTUJDB VOJUFE XJUI
"DVTUJDB
 WPM� ���
 OP� �
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<��> %� (SJFTJOHFS
 i3PPN JNQSFTTJPO
 SFWFSCFSBODF
 BOE XBSNUI JO SPPNT BOE IBMMT
u EBOT
"VEJP &OHJOFFSJOH 4PDJFUZ $POWFOUJPO ��� "VEJP &OHJOFFSJOH 4PDJFUZ
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<��> )� 'VSVZB
 ,� 'VKJNPUP
 $� :� +J FU /� )JHB
 i"SSJWBM EJSFDUJPO PG MBUF TPVOE BOE MJTUFOFS
FOWFMPQNFOU
u "QQMJFE "DPVTUJDT
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<��> )� 'VSVZB
 ,� 'VKJNPUP
 "� 8BLVEB FU :� /BLBOP
 i5IF JOáVFODF PG UPUBM BOE EJSFDUJPOBM
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u"DPVTUJDBM TDJFODF BOE UFDIOPMPHZ
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<��> (� "� 4PVMPESF
 .� $� -BWPJF FU 4� (� /PSDSPTT
 i0CKFDUJWF NFBTVSFT PG MJTUFOFS FOWF�
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DES PREMIcRES RdċEXIONS SUR LA

LARGEUR APPARENTE DE SOURCE

-F DIBQJUSF QSÊDÊEFOU B NJT FO MVNJÍSF MF SÔMF QSÊQPOEÊSBOU EF M�ÊOFSHJF UBSEJWF FU

EBOT VOF NPJOESF NFTVSF
 EF M�ÊOFSHJF QSÊDPDF EBOT MB QFSDFQUJPO EF MB MBSHFVS EF
TPVSDF 	"48
� *M FO SFTTPSU ÊHBMFNFOU RVF MB TFOTBUJPO E�FOWFMPQQFNFOU OF TFNCMF
QBT MJÊF BVY QSPQSJÊUÊT EF M�ÊOFSHJF QSÊDPDF� *M QBSBJU EPOD FOWJTBHFBCMF EF DPOUSÔMFS
MB MBSHFVS BQQBSFOUF EF TPVSDF JOEÊQFOEBNNFOU EF MB TFOTBUJPO E�FOWFMPQQFNFOU FO
NPEJàBOU MFT QSPQSJÊUÊT EF M�ÊOFSHJF QSÊDPDF� %F OPNCSFVTFT ÊUVEFT TF TPOU DPODFO�
USÊFT FYDMVTJWFNFOU TVS MF MJFO FOUSF MB QSPQPSUJPO E�ÊOFSHJF MBUÊSBMF QSÊDPDF PV MB EÊ�
DPSSÊMBUJPO JOUFSBVSBMF QSÊDPDF EF SÊQPOTFT JNQVMTJPOOFMMFT FU MB MBSHFVS BQQBSFOUF EF
TPVSDF� "àO E�ÊWBMVFS M�JNQPSUBODF EF DF MJFO
 OPVT ÊUVEJPOT JDJ EBOT RVFMMF NFTVSF MB
NPEJàDBUJPO EF DFT EFVY QSPQSJÊUÊT BDPVTUJRVFT QFVU JOáVFODFS M�"48� -�ÊUVEF T�JOT�
DSJU EBOT MF DPOUFYUF E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ PÜ MF DIBNQ SÊWFSCÊSÊ FTU
SFQSPEVJU BWFD VOF GBJCMF SÊTPMVUJPO TQBUJBMF 	BNCJTPOJRVF E�PSESF �
� -FT QBSUJFT QSÊ�
DPDFT EF QMVTJFVST 43*3T TPOU NBOJQVMÊFT TFMPO EJGGÊSFOUFT USBOTGPSNBUJPOT TQBUJBMFT
DPOTJTUBOU FO M�BVHNFOUBUJPO PV MB SÊEVDUJPO EF M�ÊOFSHJF MBUÊSBMF FU MB EÊDPSSÊMBUJPO
JOUFSBVSBMF� -FT SÊTVMUBUT E�VO UFTU QFSDFQUJG NPOUSFOU RVF MFVS WBSJBUJPO QFVU BWPJS VOF
JOáVFODF TJHOJàDBUJWF TVS M�"48� /ÊBONPJOT
 MB NPEJàDBUJPO EF M�ÊOFSHJF QSÊDPDF EF
43*3T OF QSÊTFOUF QBT E�JOáVFODF TJHOJàDBUJWF TVS M�"48 QPVS UPVT MFT FTQBDFT DPOTJ�
EÊSÊT� *M TFNCMF RVF M�FGàDBDJUÊ EFT USBJUFNFOUT BQQMJRVÊT QPVS BDDSPÏUSF M�"48 TPJU
EÊQFOEBOUF EF M�ÊOFSHJF EFT SÊáFYJPOT TQÊDVMBJSFT QSPDIFT EV TPO EJSFDU�

Ù�Ò� �NTRODUCTION

%F OPNCSFVTFT ÊUVEFT NFUUFOU FO ÊWJEFODF MF SÔMF KPVÊ QBS M�ÊOFSHJF QSÊDPDF EF
SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF TVS MB MBSHFVS BQQBSFOUF EF TPVSDF
 DPVSBNNFOU

ÒÚÔ
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EÊTJHOÊF QBS "48 	QPVS "QQBSFOU 4PVSDF 8JEUI
 <�m�>� &O SBJTPO EF M�FGGFU EF QSÊ�
DÊEFODF <�>
 MFT SÊáFYJPOT QSÊDPDFT FO GVTJPOOBOU QFSDFQUJWFNFOU BWFD MF TPO EJSFDU
DPOUSJCVFOU Æ áPVUFS MB MPDBMJTBUJPO EV TPO FU BJOTJ ÊMBSHJS MB TPVSDF TPOPSF� #BSSPO <�>
B ÊHBMFNFOU NPOUSÊ RVF
 NËNF MPSTRV�VOF SÊáFYJPO FTU QFSÉVF DPNNF VO ÊDIP EJT�
UJODU
 FMMF QFVU DPOUSJCVFS Æ M�"48� $FQFOEBOU
 DFUUF DPOUSJCVUJPO BQQBSBJU MPSTRVF MB
EJSFDUJPO E�JODJEFODF QSPWJFOU E�VOF SÊHJPO QBSUJDVMJÍSF EF M�FTQBDF� 1PVS +PIOTPO FU
BM� <�>
 EFVY SÊáFYJPOT DPOUFOVFT EBOT VOF SÊHJPO BOHVMBJSF DPNQSJTF FOUSF ��� FU ����
FU EPOU MF SFUBSE FTU JOGÊSJFVS Æ �� NT QBS SBQQPSU Æ VO TPO EJSFDU GSPOUBM QSPEVJTFOU MB
NËNF QFSDFQUJPO EF MBSHFVS EF TPVSDF FU DFUUF MBSHFVS FTU NBYJNBMF EBOT DFUUF SÊHJPO
TQBUJP�UFNQPSFMMF� $F SÊTVMUBU NFU FO BWBOU M�JNQPSUBODF EF M�ÊOFSHJF MBUÊSBMF QSÊDPDF
EBOT MB QFSDFQUJPO E�VOF TPVSDF MBSHF�

1MVTJFVST QBSBNÍUSFT BDPVTUJRVFT TPOU EÊàOJT EBOT MB OPSNF *40 ������ <�> QPVS
QSÊEJSF M�"48 � MB GSBDUJPO MBUÊSBMF 	+-'

 MF DPFGàDJFOU EF GSBDUJPO MBUÊSBMF 	+-'$
 FU MF
DPFGàDJFOU EF DPSSÊMBUJPO JOUFSBVMF 	*"$$
� #FSBOFL <�> B ÊHBMFNFOU QSPQPTÊ M�VUJMJTB�
UJPO EV #JOBVSBM 2VBMJUZ *OEFY 	#2*

 RVJ DPSSFTQPOE BV DPFGàDJFOU EF EÊDPSSÊMBUJPO
JOUFSBVSBMF DBMDVMÊ TVS M�ÊOFSHJF QSÊDPDF FU NPZFOOÊ TVS MFT CBOEFT EF GSÊRVFODFT DFO�
USÊFT TVS ��� )[
 � L)[ FU � L)[� %BOT MF DIBQJUSF �
 M�ÊUVEF EFT WBMFVST EF #2*
 +-'
FU +-'$ QPVS EF OPNCSFVY FTQBDFT TPOPSFT B DPOàSNÊ MB QFSUJOFODF EF DFT QBSBNÍUSFT
QPVS DBSBDUÊSJTFS M�"48�

1MVTJFVST USBJUFNFOUT EF TQBUJBMJTBUJPO TPOPSF POU ÊUÊ QSPQPTÊT BàO E�BDDSPJUSF
M�ÊUFOEVF TQBUJBMF E�VOF TPVSDF BOÊDIPÐRVF PV E�VOF TDÍOF TPOPSF <�m��>� 6OF NÊ�
UIPEF DPNNVOF DPOTJTUF Æ EÊDPNQPTFS MF TJHOBM Æ ÊMBSHJS FO QMVTJFVST TPVSDFT TPOPSFT
QPODUVFMMFT TQBUJBMFNFOU EJTUJODUFT� *M GBVU DFQFOEBOU RVF DFT TPVSDFT TPJFOU EÊDPSSÊ�
MÊFT MFT VOFT EFT BVUSFT BàO RV�FMMFT TPJFOU QFSÉVFT DPNNF EFT ÊWÊOFNFOUT TPOPSFT
EJGGÊSFOUT FU OPO DPNNF VO VOJRVF ÊWÊOFNFOU TPOPSF� -B EÊDPSSÊMBUJPO FTU DPNNV�
OÊNFOU FGGFDUVÊF BV NPZFO EF àMUSFT EF EÊDPSSÊMBUJPO WBSJBOUT PV OPO EBOT MF UFNQT

PV E�BQSÍT VO QSPDÊEÊ EF QBOOJOH E�BNQMJUVEF 	DG TFDUJPO �����
� $FUUF EÊDPSSÊMBUJPO
JOUSPEVJUF EBOT MB TDÍOF TPOPSF QFSNFU VOF MPDBMJTBUJPO NPJOT QSÊDJTF EF MB TPVSDF RVJ
FTU DPNNF áPVUÊF FU M�ÊUFOEVF TQBUJBMF QFSÉVF EF MB TPVSDF FTU BMPST QMVT JNQPSUBOUF�

&O BQQMJRVBOU EF UFMT USBJUFNFOUT TVS MF TPO EJSFDU E�VOF 43*3
 JM TFSBJU QPTTJCMF
E�BDDSPJUSF M�"48� /ÊBONPJOT
 DFT USBJUFNFOUT OF QFSNFUUFOU QBT EF SÊEVJSF M�"48�
/PVT TPVIBJUPOT EBOT DF DIBQJUSF ÊWBMVFS MB QPTTJCJMJUÊ E�BVHNFOUFS FU EF SÊEVJSF
M�"48 EBOT VO NPUFVS EF SFOEV CJOBVSBM SFQSPEVJTBOU VO FGGFU EF SÊWFSCÊSBUJPO FO�
DPEÊ FO BNCJTPOJRVF Æ M�PSESF �� -FT QSFNJÍSFT SÊáFYJPOT EF QMVTJFVST 43*3T POU ÊUÊ
USBJUÊFT EF NBOJÍSF Æ NPEJàFS M�ÊOFSHJF MBUÊSBMF QSÊDPDF FU MB EÊDPSSÊMBUJPO JOUFSBVSBMF
SÊTVMUBOUF TFMPO QMVTJFVST NÊUIPEFT� -FT RVBUSF NÊUIPEFT EF NPEJàDBUJPOT TQBUJBMFT
FNQMPZÊFT TFSPOU E�BCPSE FYQPTÊFT QVJT MF UFTU QFSDFQUJG EFTUJOÊ Æ ÊWBMVFS MFVS JO�
áVFODF TVS M�"48 TFSB QSÊTFOUÊ BJOTJ RVF MFT SÊTVMUBUT PCUFOVT�

Ù�Ó� �ES MODIĉCATIONS SPATIALES DES PREMIcRES RdċEXIONS

%BOT DFUUF TFDUJPO
 QMVTJFVST NÊUIPEFT EF TQBUJBMJTBUJPO EFT QSFNJÍSFT SÊáFYJPOT
E�VOF 43*3 FODPEÊF FO BNCJTPOJRVF TPOU QSÊTFOUÊFT� 1BSNJ DFT NÊUIPEFT
 EFVY UZQFT
EF USBOTGPSNBUJPOT WJTFOU Æ BVHNFOUFS PV SÊEVJSF M�ÊOFSHJF MBUÊSBMF QSÊDPDF E�VOF
43*3� 6OF BVUSF NÊUIPEF QFSNFU M�BDDSPJTTFNFOU EF MB EÊDPSSÊMBUJPO JOUFSBVSBMF FU
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VOF EFSOJÍSF NÊUIPEF PGGSF MB QPTTJCJMJUÊ E�VOJGPSNJTFS MB SÊQBSUJUJPO EF M�ÊOFSHJF EBOT
MF QMBO IPSJ[POUBM�

Ù�Ó�Ò� �MPLIĉCATION DIRECTIONNELLE

-�BNQMJàDBUJPO EJSFDUJPOOFMMF FTU VO USBJUFNFOU QFSNFUUBOU MBNPEJàDBUJPO EF M�ÊOFS�
HJF TPOPSF EBOT EFT EJSFDUJPOT TQÊDJàRVFT� /PUPOT C(k) MFT DPNQPTBOUFT BNCJTPOJRVFT
E�PSESF L SFQSÊTFOUBOU MFT QSFNJÍSFT SÊáFYJPOT EBOT MF EPNBJOF EFT IBSNPOJRVFT
TQIÊSJRVFT� /PVT DIFSDIPOT VOF NBUSJDF 5 QFSNFUUBOU E�PCUFOJS MFT TJHOBVY NPEJ�
àÊT C̃(k) UFMT RVF �

C̃(k) = 5C(k) 	���


'ñïýúí ��� m %ÊUBJMT EFT PQÊSBUJPOT BQQMJRVÊFT BVY TJHOBVY BNCJTPOJRVFT EFT QSFNJÍSFT SÊáFYJPOT�

-FT NPEJàDBUJPOT TQBUJBMFT QFVWFOU ËUSF BQQMJRVÊFT BVY TJHOBVY T(k) FYUSBJUT QBS
EÊDPEBHF BNCJTPOJRVF TFMPO VO OPNCSF TVGàTBOU EF EJSFDUJPOT SÊHVMJÍSFNFOU SÊQBS�
UJFT EBOT M�FTQBDF� $FT EJSFDUJPOT TPOU DIPJTJFT EF NBOJÍSF Æ ËUSF DBQBCMF EF SFDPOT�
USVJSF MB SFQSÊTFOUBUJPO BNCJTPOJRVF JOJUJBMF Æ M�PSESF L� 4PJFOU :Ω MB NBUSJDF EFT
IBSNPOJRVFT TQIÊSJRVFT DPSSFTQPOEBOU BVY QPTJUJPOT BOHVMBJSFT Ωn = (θn,ϕn) EF N
QPJOUT SÊHVMJÍSFNFOU SÊQBSUJT EBOT M�FTQBDF �

:Ω =

⎛

⎜⎜⎜⎜⎜⎜⎝

Z(Ω1)

Z(Ω2)
���

Z(ΩN )

⎞

⎟⎟⎟⎟⎟⎟⎠
	���


BWFD

Z(Ωn) = [Y0,0(Ωn) Y1,−1(Ωn) . . . YL,L(Ωn)] � 	���


FU

Ω = [(θ1,ϕ1) (θ2,ϕ2) . . . (θN ,ϕN )] � 	���


1PVS VOF JNQMÊNFOUBUJPO TJNQMF OPVT DIPJTJTTPOT EFT QPTJUJPOT BOHVMBJSFT UFMMFT
RVF �

*(L+1)2 =
1

N
Y ⊤
Ω YΩ � 	���




Ù
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-FT USBOTGPSNBUJPOT TPOU BQQMJRVÊFT BVY TJHOBVY EÊDPEÊT T(k) = 1
N YΩC(k)� -F

QSPDFTTVT EF EÊDPEBHF
 EF NPEJàDBUJPO TQBUJBMF EFT TJHOBVY FU E�FODPEBHF QFSNFU EF
EÊàOJS MB NBUSJDF 5 DPNNF JMMVTUSÊ TVS MB àHVSF ����

%F NBOJÍSF Æ BNQMJàFS PV SÊEVJSF M�ÊOFSHJF MBUÊSBMF EFT QSFNJÍSFT SÊáFYJPOT VOF
GPODUJPO EF QPOEÊSBUJPO EPJU ËUSF BQQMJRVÊF BVY TJHOBVY EÊDPEÊT EBOT MFT N EJSFD�
UJPOT� 1PVS DF GBJSF
 MF HBJO ρ(θn,ϕn) FTU BQQMJRVÊ BV TJHOBM sn(k) JTTV EV EÊDPEBHF
BNCJTPOJRVF EBOT MB EJSFDUJPO (θn,ϕn)� %BOT MF TZTUÍNF EF DPPSEPOOÊFT DBSUÊTJFOOFT
EÊàOJ FO BOOFYF #��
 DF HBJO EJSFDUJPOOFM FTU EÊàOJ QBS M�ÊRVBUJPO TVJWBOUF �

ρ(xn, yn, zn) =
β√

β2x2
n + y2n + β2z2n

	���


PÜ β DPSSFTQPOE BV HBJO NBYJNBM Æ BQQMJRVFS EBOT MB EJSFDUJPO MBUÊSBMF� %F DFUUF
NBOJÍSF
 MF HBJO EJSFDUJPOOFM DPSSFTQPOE BV SBZPO EFT QPJOUT E�VOF FMMJQTPÐEF EPOU
MFT EFNJ BYFT OPO MBUÊSBVY TPOU VOJUBJSFT FU EPOU MF EFNJ BYF MBUÊSBM FTU ÊHBM Æ β�
6O DPFGàDJFOU β = 1 TJHOJàF EPOD RV�VO HBJO VOJUBJSF FTU BQQMJRVÊ EBOT UPVUFT MFT
EJSFDUJPOT� "JOTJ MB NBUSJDF EF USBOTGPSNBUJPO 5 T�ÊDSJU �

5 =
1

N
Y ⊤
Ω EJBH[ρ(θn,ϕn)] YΩ 	���


-B àHVSF ��� SFQSÊTFOUF MF EJBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV
DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT SÊáFYJPOT E�VOF 43*3 FODPEÊF Æ M�PSESF � FU
MFT NPEJàDBUJPOT BTTPDJÊFT TFMPO EFVY DPFGàDJFOUT β�

β β β

'ñïýúí ��� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT E�VOF 43*3 NFTVSÊF 	5PJMFUUFT
 FU FODPEÊF FO BNCJTPOJRVF Æ M�PSESF � 	FO CMFV
� $FMVJ SÊTVMUBOU
E�VOF BNQMJàDBUJPO EF M�ÊOFSHJF MBUÊSBMF FTU SFQSÊTFOUÊ FO KBVOF FU DFMVJ SÊTVMUBOU EF MB SÊEVDUJPO EF M�ÊOFSHJF
MBUÊSBMF FTU SFQSÊTFOUÊ FO SPVHF�



Ù�Ó� �ES MODIĉCATIONS SPATIALES DES PREMIcRES RdċEXIONS

Ù

ÒÚØ

Ù�Ó�Ó� �dFORMATION ANGULAIRE

'PSNBMJTÊF QBS 1PNCFSHFS FU ;PUUFS <��>
 MFXBSQJOH PV EÊGPSNBUJPO BOHVMBJSF
 FTU
VOF USBOTGPSNBUJPO TQBUJBMF RVJ QFSNFU EF NPEJàFS MB EJSFDUJPO E�JODJEFODF EFT ÊWÊ�
OFNFOUT TPOPSFT DPOUFOVT EBOT VOF TDÍOF BNCJTPOJRVF TFMPO VO DPFGàDJFOU EF QPOEÊ�
SBUJPO GPODUJPO EF MFVS B[JNVU FU�PV ÊMÊWBUJPO� &O E�BVUSFT UFSNFT
 DFUUF EÊGPSNBUJPO
FTU VUJMJTÊF QPVS ÊUJSFS VOF DFSUBJOF SÊHJPO EF M�FTQBDF UPVU FO DPNQSJNBOU E�BVUSFT
SÊHJPOT� %BOT OPUSF DBT EF àHVSF
 DF DPFGàDJFOU EF QPOEÊSBUJPO QFSNFU EF DPODFOUSFS
MFT QSFNJÍSFT SÊáFYJPOT TPJU WFST MF QMBO NÊEJBO
 TPJU WFST MF QMBO JOUFSBVSBM�

1PVS DF GBJSF
 MFT TJHOBVY EÊDPEÊT T(k) TPOU SÊ�FODPEÊT FO BNCJTPOJRVF TFMPO EFT
EJSFDUJPOT E�JODJEFODF NPEJàÊFT� -B MBSHFVS BQQBSFOUF EF TPVSDF DPSSFTQPOEBOU Æ
M�ÊUFOEVF TQBUJBMF EF MB TPVSDF QFSÉVF EBOT MF QMBO IPSJ[POUBM
 OPVT BWPOT DIPJTJ EF
NPEJàFS MFT B[JNVUT θn EFT N EJSFDUJPOT E�FODPEBHF� 4PJFOU d MB GPODUJPO EF NPEJ�
àDBUJPO EFT B[JNVUT FU α MF DPFGàDJFOU RVJ DPOUSÔMF MB EJSFDUJPO FU M�BNQMFVS EF MB
NPEJàDBUJPO �

d(θ) =

⎧
⎨

⎩

π
2α UBO[( 2θπ − 1) BSDUBO(α)] + π

2 TJ α > 0

π
2 BSDUBOα BSDUBO[( 2θπ − 1)α] + π

2 TJ α < 0
	���


-B àHVSF ��� SFQSÊTFOUF MB GPODUJPO d QPVS EJGGÊSFOUFT WBMFVST EV DPFGàDJFOU α� 0O
DPOTUBUF RV�FO GPODUJPO EV TJHOF EF α T�PQÍSF VOF DPODFOUSBUJPO EF M�B[JNVU θ TPJU
WFST MB EJSFDUJPO GSPOUBMF 	θ = 0�
 TPJU WFST MB EJSFDUJPO MBUÊSBMF 	θ = 90�
�

α
α
α
α
α
α
α

θ

θ

'ñïýúí ��� m 3ÊTFBV EF DPVSCFT SFQSÊTFOUBOU MFT WBMFVST EF d(θ) QPVS EJGGÊSFOUFT DPFGàDJFOUT α�

"JOTJ
 MB NBUSJDF EF USBOTGPSNBUJPO 5 Æ BQQMJRVFS BVY TJHOBVY BNCJTPOJRVFT QPVS
QSPDÊEFS Æ VOF EÊGPSNBUJPO BOHVMBJSF T�ÊDSJU �

T =
1

N
Y ⊤
Ω̃

YΩ 	���


BWFD

Ω̃ = [(d(θ1),ϕ1) (d(θ2),ϕ2) . . . (d(θN ),ϕN )] � 	����




Ù

ÒÚÙ Ù� �NċUENCE DE LA SPATIALISATION DES PREMIcRES RdċEXIONS SUR L¤���

α α α

'ñïýúí ��� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT E�VOF 43*3 NFTVSÊF 	5PJMFUUFT
 FU FODPEÊF FO BNCJTPOJRVF Æ M�PSESF � 	FO CMFV
� $FMVJ SÊTVM�
UBOU E�VOF EÊGPSNBUJPO BOHVMBJSF WFST MF QMBO JOUFSBVSBM FTU SFQSÊTFOUÊ FO KBVOF FU DFMVJ SÊTVMUBOU E�VOF
EÊGPSNBUJPO BOHVMBJSF WFST MF QMBO NÊEJBO F FTU SFQSÊTFOUÊ FO SPVHF�

-B àHVSF ��� SFQSÊTFOUF MF EJBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV
DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT SÊáFYJPOT E�VOF 43*3 FODPEÊF Æ M�PSESF � FU
MFT EÊGPSNBUJPOT BOHVMBJSFT BTTPDJÊFT TFMPO EFVY DPFGàDJFOUT α�

Ù�Ó�Ô� 'LARGISSEMENT

;PUUFS FU ,SPOMBDIOFS <��> POU QSPQPTÊ VOFNÊUIPEF QFSNFUUBOU E�BDDSPJUSF M�ÊUFO�
EVF TQBUJBMF E�VOF TDÍOF BNCJTPOJRVF FO EJTQFSTBOU MFT EJSFDUJPOT E�BSSJWÊFT EFT DPN�
QPTBOUFT GSÊRVFOUJFMMFT EFT TPVSDFT TPOPSFT DPOTUJUVBOU MB TDÍOF� "VUSFNFOU EJU
 VOF
DPNQPTBOUF GSÊRVFOUJFMMF QSPWFOBOU EF MB EJSFDUJPO φ0 FTU FODPEÊF TFMPO VOF EJSFD�
UJPO E�JODJEFODF φ0 +φ(ω)
 PÜ φ FTU M�BOHMF EF NPEVMBUJPO EÊQFOEBOU EF MB GSÊRVFODF
BOHVMBJSF ω� &O TQBUJBMJTBOU EJGGÊSFNNFOU MFT DPNQPTBOUFT GSÊRVFOUJFMMFT EV TJHOBM
 MB
MPDBMJTBUJPO EF MB TPVSDF FTU NPJOT QSÊDJTF FU M�ÊOFSHJF EF MB TPVSDF FTU DPNNF EJTQFSTÊF
EBOT VO SÊHJPO BOHVMBJSF
 DF RVJ QFSNFU E�BDDSPJUSF MB EÊDPSSÊMBUJPO JOUFSBVSBMF�

$FUUF NÊUIPEF QFVU T�BQQMJRVFS BQSÍT FODPEBHF BNCJTPOJRVF FO FGGFDUVBOU VOF
SPUBUJPO EF MB TDÍOF BNCJTPOJRVF BVUPVS EF M�BYF z TFMPO VO BOHMF EÊQFOEBOU EF MB
GSÊRVFODF� -FT TJHOBVY BNCJTPOJRVFT E�PSESF m EF C̃ JTTVT EF MB SPUBUJPO E�VO BOHMF
φ BVUPVS EF M�BYF z E�VOF TDÍOF BNCJTPOJRVF EÊDSJUF QBS MFT TJHOBVY C T�ÊDSJWFOU QPVS
VO OPNCSF E�POEF k �

⎛

⎝ b̃m(k)

b̃−m(k)

⎞

⎠ =

⎛

⎝ DPT(mφ) − TJO(mφ)

TJO(mφ) DPT(mφ)

⎞

⎠

⎛

⎝ bm(k)

b−m(k)

⎞

⎠ 	����
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-�ÊMBSHJTTFNFOU QFVU ËUSF NJT FO �VWSF BWFD VO BOHMF EF NPEVMBUJPO

φ = 2πµ DPT(ωτ) 	����


'ñïýúí ��� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT E�VOF 43*3 NFTVSÊF 	5PJMFUUFT
 FU FODPEÊF FO BNCJTPOJRVF Æ M�PSESF � 	FO CMFV
 BJOTJ RVF MFT
EJBHSBNNFT EF EJSFDUJWJUÊ EV DIBNQ TPOPSF NPEJàÊ TFMPO EFVY WBMFVST EV DPFGàDJFOU E�ÊMBSHJTTFNFOU µ EF
M�ÊRVBUJPO ���� 	τ = 2.5 NT EBOT MFT EFVY DBT
�

PÜ µ FTU M�BNQMJUVEF EF NPEVMBUJPO FU τ FTU MB QÊSJPEF EF NPEVMBUJPO� -�FYQSFT�
TJPO EF DFUUF NPEVMBUJPO EBOT MF EPNBJOF UFNQPSFM QFSNFU E�JNQMÊNFOUFS MB NÊUIPEF
HSÄDF Æ VOF DPOWPMVUJPO QBSDJNPOJFVTF
 DF RVJ SFOE MF USBJUFNFOU FGàDBDF FO UFSNF EF
DBMDVM� -B àHVSF ��� SFQSÊTFOUF EFT FYFNQMFT E�ÊMBSHJTTFNFOU FGGFDUVÊFT TVS MB QBSUJF
QSÊDPDF E�VOF 43*3� 0O EJTUJOHVF VO MJTTBHF EF M�ÊOFSHJF EBOT MF QMBO RVJ T�PQÍSF BWFD
M�BVHNFOUBUJPO EF M�BNQMJUVEF EF NPEVMBUJPO�

Ù�Ó�Õ� �dCORRdLATION DES COMPOSANTES SECTORIELLES

$F QSPDÊEÊ DPOTJTUF Æ NPEJàFS MFT DPSSÊMBUJPOT FOUSF TJHOBVY BNCJTPOJRVFT DPSSFT�
QPOEBOUT BVY IBSNPOJRVFT TQIÊSJRVFT TFDUPSJFMMFT QPVS SÊEVJSF MB EJSFDUJPOOBMJUÊ EV
DIBNQ TPOPSF EBOT MF QMBO� -FT DPNQPTBOUFT BNCJTPOJRVFT TFDUPSJFMMFT bl,m E�PSESF l
FU EF EFHSÊ m DPSSFTQPOEFOU BVY DPNQPTBOUFT BNCJTPOJRVFT WÊSJàBOU |m| = l� 1PVS
DFT DPNQPTBOUFT
 RVFMRVF TPJU M�B[JNVU
 MB QIBTF OF DIBOHF QBT EF TJHOF TFMPO M�ÊMÊ�
WBUJPO� 1PVS VO PSESF BNCJTPOJRVF L
 2L+1 DPNQPTBOUFT TFDUPSJFMMFT QFSNFUUFOU EF
EÊDSJSF VOF TDÍOF TPOPSF EBOT MF QMBO� %BOT DFSUBJO DBT
 MB EJSFDUJPOBMJUÊ EFT QSFNJÍSFT
SÊáFYJPOT FTU EPNJOÊF QBS MB EJSFDUJPO GSPOUBMF
 DFMMF EV TPO EJSFDU FU EF MB SÊáFYJPO
TVS MF TPM� $FUUF NÊUIPEF SFWJFOU Æ SÊEVJSF DFUUF JOáVFODF FO SÊQBSUJTTBOU TQBUJBMFNFOU
M�ÊOFSHJF EF NBOJÍSF QMVT ÊRVJUBCMF PV BV DPOUSBJSF Æ FYBDFSCFS DFUUF EJSFDUJPOBMJUÊ�

-B EÊDPSSÊMBUJPO FOUSF EFT TJHOBVY BNCJTPOJRVFT QFVU ËUSF FGGFDUVÊF FO NPEJàBOU
MFT WBMFVST QSPQSFT EF MB NBUSJDF EF DPWBSJBODF BTTPDJÊF� -B NBUSJDF EF DPWBSJBODF



Ù
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$ EFT WBMFVST GSÊRVFOUJFMMFT Cs EFT TJHOBVY BNCJTPOJRVFT TFDUPSJFMT FTU EPOOÊF QBS
$ = E[CTCTH ] PÜ H EÊTJHOF M�PQÊSBUFVS BEKPJOU� 4PJU 7 MB NBUSJDF EFT WFDUFVST QSPQSFT
BTTPDJÊT BVY WBMFVST QSPQSFT (λi)1≤i≤N EF $� -B EÊDPNQPTJUJPO FO WBMFVST QSPQSFT
EF MB NBUSJDF $ T�ÊDSJU �

$ = 7H EJBH(Λ)7 	����


BWFD MF WFDUFVS EFT WBMFVST QSPQSFT Λ = [λ1 λ2 . . . λN ]�
4PJU C̃T = 5sCT� /PVT TPVIBJUPOT RVF MFT TJHOBVY C̃T TPJFOU EÊDPSSÊMÊT FU EF NËNF

ÊOFSHJF QPVS OF GBWPSJTFS BVDVOF EJSFDUJPO EF M�FTQBDF� &O E�BVUSFT UFSNFT
 OPVT TPV�
IBJUPOT RVF MB NBUSJDF EF DPWBSJBODF DPSSFTQPOEBOUF $̃ TPJU QSPQPSUJPOOFMMF Æ MB NB�
USJDF JEFOUJUÊ *2L+1 �

$̃ = E[C̃TC̃T
H
] ∝ *2L+1 	����


5sE[CTCTH ]5H
s ∝ *2L+1 	����


5s$5H
s ∝ *2L+1 	����


5s5H
s ∝ $−1 	����


*M FYJTUF VOF JOàOJUÊ EF TPMVUJPO Æ DFUUF ÊRVBUJPO FU VOF TPMVUJPO TJNQMF DPOTJTUF Æ
DIPJTJS M�FYQSFTTJPO TVJWBOUF �

5s = 7H EJBH(Λ)−
1
27 	����


-FT TJHOBVY BNCJTPOJRVFT C̃ TPOU BJOTJ EÊDPSSÊMÊT EBOT MF QMBO� *M FTU QPTTJCMF EF
DPOUSÔMFS MB EÊDPSSÊMBUJPO FO BQQMJRVBOU VO WFDUFVS EF QPOEÊSBUJPO H BVY WBMFVST
QSPQSFT� $FUUF QPOEÊSBUJPO QFSNFU EF SÊEVJSF QSPHSFTTJWFNFOU MFT EJGGÊSFODFT FOUSF
MFT WBMFVST QSPQSFT EF MB NBUSJDF EF DPWBSJBODF $̃ BWFD M�BVHNFOUBUJPO E�VO DPFGàDJFOU
γ KVTRV�Æ M�PCUFOUJPO E�VOF NBUSJDF JEFOUJUÊ QPVS γ = 1� -B NBUSJDF 5s T�ÊDSJU BMPST �

5s = 7H EJBH(Hγ)
1
2 EJBH(Λ)−

1
27 	����


PÜ

Hγ = [gγ,1 gγ,2 . . . gγ,2L+1] 
 	����


gγ,i =

⎧
⎨

⎩
NBY(pλi, λ̄) TJ λi > λ̄i

NJO(pλi, λ̄) TJ λi < λ̄i
	����


FU

p =

⎧
⎨

⎩
(1− γ)(1− λ̄/λmax) + λ̄/λmax TJ λi > λ̄i

(1− γ)(1− λ̄/λmin) + λ̄/λmin TJ λi < λ̄i
	����




Ù�Ô� �EST �ERCEPTIF

Ù
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γ γ γ

'ñïýúí ��� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT E�VOF 43*3 NFTVSÊF 	5PJMFUUFT
 FU FODPEÊF FO BNCJTPOJRVF Æ M�PSESF � 	FO CMFV
 BJOTJ RVF MFT EJB�
HSBNNFT EF EJSFDUJWJUÊ EV DIBNQ TPOPSF NPEJàÊ FO EÊDPSSÊMBOU MFT DPNQPTBOUFT BNCJTPOJRVFT TFDUPSJFMMFT
TFMPO EFVY WBMFVST EV DPFGàDJFOU γ�

BWFD λ̄ MB NPZFOOF EFT WBMFVST QSPQSFT
 λmax MB WBMFVS QSPQSF NBYJNBMF FU λmin

MB WBMFVS QSPQSF NJOJNBMF�
-B àHVSF ��� SFQSÊTFOUF MFT SÊTVMUBUT EF EÊDPSSÊMBUJPO EFT DPNQPTBOUFT BNCJTP�

OJRVFT EBOT MF QMBO FGGFDUVÊFT TVS MB QBSUJF QSÊDPDF E�VOF 43*3� 0O EJTUJOHVF VO MJT�
TBHF QSPHSFTTJG EF M�ÊOFSHJF EBOT MF QMBO BWFD M�BVHNFOUBUJPO EF MB EÊDPSSÊMBUJPO FOUSF
MFT DPNQPTBOUFT BNCJTPOJRVFT�

Ù�Ô� �EST �ERCEPTIF

-FT USBOTGPSNBUJPOT TQBUJBMFT QSÊTFOUÊFT EBOT MB TFDUJPO QSÊDÊEFOUF POU ÊUÊ BQQMJ�
RVÊFT Æ MB QBSUJF QSÊDPDF EF QMVTJFVST 43*3T EBOT MF CVU EF GBJSF WBSJFS MFT QBSBNÍUSFT
BDPVTUJRVFT #2*
 +-' FU +-'$ FU VO UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ BàO E�ÊWBMVFS MB MBSHFVS
BQQBSFOUF EF TPVSDF SÊTVMUBOUF� -F QSPUPDPMF EF UFTU ÊUBJU JOTQJSÊ EF MB NÊUIPEPMPHJF
.64)3" 	.6MUJQMF 4UJNVMJ XJUI )JEEFO 3FGFSFODF BOE "ODIPS
 <��>� 1PVS DIBRVF
FTQBDF BVSBMJTÊ
 MFT TUJNVMJ TPOPSFT JTTVT EFT 43*3T NPEJàÊFT ÊUBJFOU DPNQBSÊT BV
TUJNVMVT EF SÊGÊSFODF JTTV EF MB 43*3 E�PSJHJOF�

Ù�Ô�Ò� �dPONSES IMPULSIONNELLES SPATIALES DE SALLE

$JOR FTQBDFT POU ÊUÊ VUJMJTÊT QPVS DSÊFS MFT TUJNVMJ TPOPSFT � VO BNQIJUIÊÄUSF
 VOF
ÊHMJTF
 VO IBMM E�VOJWFSTJUÊ
 VO SÊGFDUPJSF FU EFT TBOJUBJSFT� $FT FTQBDFT TFSPOU EÊTJHOÊT
"NQIJ
 ­HMJTF
)BMM
 3ÊGFDUPJSF FU 5PJMFUUFT SFTQFDUJWFNFOU� *MT POU ÊUÊ DIPJTJT EF GBÉPO
Æ DPVWSJS VOF MBSHF HBNNF EF WBMFVST EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$�
-FT EJGGÊSFOUFT NFTVSFT QSÊTFOUÊFT EBOT MF UBCMFBV ��� JMMVTUSFOU DFUUF WBSJÊUÊ� -�FTQBDF
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5PJMFUUFT QSÊTFOUF MB QMVT HSBOEF QSPQPSUJPO E�ÊOFSHJF QSÊDPDF BWFD M�FTQBDF "NQIJ
DPNNF FO BUUFTUFOU MFT NFTVSFT EF DMBSUÊ TPOPSF $80
 %50 FU 5T�

1BSBNÍUSFT "NQIJ ­HMJTF )BMM 3ÊGFDUPJSF 5PJMFUUFT

530 	T
 ���� ���� ���� ���� ����

&%5 	T
 ���� ���� ���� ���� ����

5T 	NT
 ���� ���� ���� ���� ����

$80 	E#
 ����� ���� ���� ���� �����

%50 	�
 ����� ����� ����� ����� �����

%33 	E#
 ���� ���� ����� ���� �����

(& 	E#
 ����� ����� ����� ����� �����

+-' ����� ����� ����� ����� �����

+-'$ ����� ����� ����� ����� �����

#2* ����� ����� ����� ����� �����

��*"$$ ����� ����� ����� ����� �����

5BCMFBV ��� m 1BSBNÍUSFT BDPVTUJRVFT EFT 43*3T VUJMJTÊFT EBOT MF UFTU QFSDFQUJG� -FT WBMFVST EFT QBSBNÍUSFT
DPSSFTQPOEFOU Æ MB NPZFOOF EFT WBMFVST DBMDVMÊFT EBOT MFT CBOEFT EF GSÊRVFODF DFOUSÊFT TVS ��� )[ FU
���� )[ TBVG QPVS +-' FU +-'$ EPOU MB NPZFOOF DPNQSFOE ÊHBMFNFOU MFT WBMFVST DBMDVMÊFT EBOT MFT CBOEFT
EF GSÊRVFODF DFOUSÊFT TVS ��� )[ FU ��� )[ <�> FU QPVS MF #2* RVJ DPNQSFOE ÊHBMFNFOU MB WBMFVS DBMDVMÊF
EBOT MB CBOEF EF GSÊRVFODF DFOUSÊFT TVS � L)[ <�>� -B GPSDF TPOPSF EFT QSFNJÍSFT SÊáFYJPOT (& B ÊUÊ
DBMDVMÊF TVS MB SÊHJPO UFNQPSFMMF EÊMJNJUÊF QBS MF UFNQT EF NÊMBOHF� -FT WBMFVST NJOJNBMFT FU NBYJNBMFT
BQQBSBJTTFOU FO HSBT�

-FT 43*3T POU ÊUÊ NFTVSÊFT BWFD M�BOUFOOF TQIÊSJRVF EF NJDSPQIPOF &JHFONJLF
&.�� FU VOF FODFJOUF (FOFMFD ����� -�FODFJOUF ÊUBJU QPTJUJPOOÊF Æ � N EV NJDSP�
QIPOF QPVS UPVT MFT FTQBDFT TBVG QPVS )BMM PÜ M�FODFJOUF ÊUBJU QPTJUJPOOÊF Æ � N� 6O
TJHOBM Æ CBMBZBHF TJOVTPÐEBM EF �� TFDPOEFT B ÊUÊ VUJMJTÊ EVSBOU MB NFTVSF� -FT NFTVSFT
EF SÊQPOTFT JNQVMTJPOOFMMFT POU FOTVJUF ÊUÊ EÊCSVJUÊFT TFMPO MB QSPDÊEVSF EÊDSJUF QBS
$BCSFSB FU BM� <��>� "àO EF DPNQFOTFS MB SÊQPOTF FO GSÊRVFODF EF M�FODFJOUF EBOT
MFT NFTVSFT EF 43*3T
 VO àMUSF Æ SÊQPOTF JNQVMTJPOOFMMF àOJF EF ��� ÊDIBOUJMMPOT B
ÊUÊ BQQMJRVÊ BVY NFTVSFT� -B DPSSFDUJPO GSÊRVFOUJFMMF B ÊUÊ BQQMJRVÊF FOUSF �� )[ FU
�� L)[� -F àMUSF B ÊUÊ DBMDVMÊ E�BQSÍT VOF NFTVSF EF MB SÊQPOTF JNQVMTJPOOFMMF EF M�FO�
DFJOUF FGGFDUVÊF EBOT VOF DIBNCSF BOÊDIPÐRVF BWFD VO NJDSPQIPOF PNOJEJSFDUJPOOFM
TJUVÊ EBOT M�BYF EF M�FODFJOUF� &OàO
 MFT SÊQPOTFT JNQVMTJPOOFMMFT JTTVFT EFT DBQTVMFT
EV NJDSPQIPOF TQIÊSJRVF POU ÊUÊ DPOWFSUJFT FO BNCJTPOJRVF Æ M�PSESF �� -FT QSPDÊEÊT
FNQMPZÊT QPVS MB NFTVSF
 MF EÊCSVJUBHF FU M�FODPEBHF EFT 43*3T TPOU EÊDSJUT FO EÊUBJM
EBOT M�BOOFYF " FU #�

Ù�Ô�Ó� �OURCES SONORES

%FVY TPVSDFT TPOPSFT POU ÊUÊ VUJMJTÊFT EBOT MF UFTU �
� 6OF WPJY NBTDVMJOF SÊDJUBOU 'BOUBJTJF
 VO QPÍNF EF (ÊSBSE EF /FSWBM
 FOSF�

HJTUSÊF EBOT VOF DIBNCSF BOÊDIPÐRVF �
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� 6O JOTUSVNFOU EF QFSDVTTJPO � VO DBKPO � FOSFHJTUSÊ EBOT VOF DIBNCSF BOÊ�
DIPÐRVF �

%BOT MFT TFDUJPOT TVJWBOUFT
 DFT TPVSDFT TPOPSFT TFSPOU EÊTJHOÊFT SFTQFDUJWFNFOU
QBS 7PJY FU $BKPO� -FT EVSÊFT EFT TJHOBVY EFT TPVSDFT TPOPSFT ÊUBJFOU SFTQFDUJWFNFOU
EF � T FU �� T� $IBRVF TPVSDF TPOPSF B ÊUÊ DPOWPMVÊF BWFD MFT 43*3T NFTVSÊFT QPVS
PCUFOJS DJOR TDÍOFT BNCJTPOJRVFT E�PSESF � 	VOF QBS FTQBDF TPOPSF
 QPVS DSÊFS MFT
TUJNVMJ EF SÊGÊSFODF�

Ù�Ô�Ô� �RdATION DES STIMULI SONORES

© MB NBOJÍSF EF MB TFHNFOUBUJPO UFNQPSFMMF BEPQUÊF BV DIBQJUSF �
 MFT DJOR 43*3T
POU ÊUÊ TFHNFOUÊFT FO USPJT SÊHJPOT UFNQPSFMMFT 	DPNQPTBOUFT JOJUJBMF
 QSÊDPDF FU UBS�
EJWF

 E�BQSÍT MB NÊUIPEF JOUSPEVJUF QBS (ÕU[ FU BM� <��>� -F UFNQT RVJ TÊQBSF UFNQPSFM�
MFNFOU MFT SÊáFYJPOT QSÊDPDFT EF MB SÊWFSCÊSBUJPO UBSEJWF � OPNNÊ UFNQT EF NÊMBOHF
� àHVSF EBOT MF UBCMFBV ��� QPVS MFT DJOR FTQBDFT VUJMJTÊT�

&TQBDF "NQIJ ­HMJTF )BMM 3ÊGFDUPJSF 5PJMFUUFT

5FNQT EF NÊMBOHF 	NT
 ��� ��� ��� �� ��

5BCMFBV ��� m 5FNQT EF NÊMBOHF EFT FTQBDFT TPOPSFT VUJMJTÊT EBOT M�FYQÊSJFODF�

-FT QBSUJFT QSÊDPDFT EFT DJOR 43*3T DPOTJEÊSÊFT POU ÊUÊ NPEJàÊFT TFMPO MFT RVBUSF
NÊUIPEFT EF USBJUFNFOU TQBUJBM FYQPTÊFT QSÊDÊEFNNFOU� #JFO RVF MB NÊUIPEF E�ÊMBS�
HJTTFNFOU OF QFSNFUUF QBT MB SÊEVDUJPO EF M�"48
 FMMF B ÊUÊ FNQMPZÊF Æ UJUSF EF DPN�
QBSBJTPO QPVS ÊWBMVFS TPO FGàDBDJUÊ FO UFSNFT E�BDDSPJTTFNFOU EF M�"48� -B NÊUIPEF
EF EÊDPSSÊMBUJPO EFT DPNQPTBOUFT TFDUPSJFMMFT B ÊUÊ VUJMJTÊF QPVS HBSBOUJS VOF SÊQBSUJ�
UJPO VOJGPSNF EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT EBOT MF QMBO IPSJ[POUBM� 1PVS MFT
TUJNVMJ SÊTVMUBOUT
 MF DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT SÊáFYJPOT OF QPTTÍEF QBT
EF EJSFDUJPO EPNJOBOUF�

-FT QBSBNÊUSBHFT EF DFT USBJUFNFOUT ÊUBJFOU MFT NËNFT QPVS UPVUFT MFT 43*3T FU POU
ÊUÊ SÊBMJTÊFT EF NBOJÍSF B SÊEVJSF PV BDDSPÏUSF MFT WBMFVST EFT QBSBNÍUSFT BDPVTUJRVFT
#2*
 +-' FU +-'$ TBOT JOUSPEVJSF E�BSUFGBDU� -FT DPFGàDJFOUT EF NPEJàDBUJPO TQBUJBMF
SFTQFDUJGT β,α, µ FU γ POU ÊUÊ àYÊT EF MB NBOJÍSF TVJWBOUF �

� �MPLIĉCATION DIRECTIONNELLE� 1PVS DIBRVF 43*3
 MFT WBMFVST EFT USPJT QBSBNÍUSFT
BDPVTUJRVFT ÊUVEJÊT TPOU SFQSÊTFOUÊFT TVS MB àHVSF ��� QPVS EJGGÊSFOUFT WBMFVST EV DP�
FGàDJFOU β� %FVY WBMFVST EV DPFGàDJFOU β POU ÊUÊ DIPJTJFT QPVS QBSBNÊUSFS MB NÊUIPEF
BàO EF HÊOÊSFS MFT TUJNVMJ TPOPSFT� -B WBMFVS NBYJNBMF DPSSFTQPOEBJU Æ VOF WBMFVS
FOUJÍSF EF β Æ QBSUJS EF MBRVFMMF MFT QBSBNÍUSFT BDPVTUJRVFT +-' FU +-'$ O�BVHNFOUBJFOU
QBT EF QMVT EF ����
 TPJU VOF +/% 	+VTU /PUJDFBCMF %JGGFSFODF

 FO DPNQBSBJTPO BVY
QBSBNÍUSFT BDPVTUJRVFT PCUFOVT BWFD MB WBMFVS FOUJÍSF TVQÊSJFVSF EF β� $FDJ FTU WÊSJàÊ
QPVS UPVUFT MFT 43*3T
 MPSTRVF β = 5� 1BS TPVDJ EF TZNÊUSJF
 MB WBMFVS β = 1/5 B
ÊHBMFNFOU ÊUÊ VUJMJTÊF QPVS SÊEVJSF MFT WBMFVST EFT QBSBNÍUSFT BDPVTUJRVFT�

� �dFORMATION ANGULAIRE� -B àHVSF ��� SFQSÊTFOUF M�ÊWPMVUJPO EFT USPJT QBSBNÍUSFT
BDPVTUJRVFT ÊUVEJÊT QPVS DIBRVF 43*3 FO GPODUJPO EV DPFGàDJFOU EF EÊGPSNBUJPO BO�
HVMBJSF α� %F MB NËNF NBOJÍSF
 EFVY WBMFVST EF α POU ÊUÊ DIPJTJFT QPVS QBSBNÊUSFS MB
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β β β

'ñïýúí ��� m 7BMFVST EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$ FO GPODUJPO EV QBSBNÍUSF E�BNQMJàDBUJPO
EJSFDUJPOOFM β QPVS MFT DJOR 43*3T� -FT TFVJMT FO QPJOUJMMÊT JOEJRVFOU MFT WBMFVST EF β DIPJTJFT QPVS HÊOÊSFS
MFT TUJNVMJ�

NÊUIPEF BàO EF HÊOÊSFS MFT TUJNVMJ TPOPSFT� &O VUJMJTBOU MF NËNF DSJUÍSF RVF QPVS MB
NÊUIPEF QSÊDÊEFOUF
 EFT WBMFVST EF α ÊHBMFT Æ � FU �� POU ÊUÊ FNQMPZÊFT�

α α α

'ñïýúí ��� m 7BMFVST EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$ FO GPODUJPO EV QBSBNÍUSF EF EÊGPSNBUJPO
BOHVMBJSF α QPVS MFT DJOR 43*3T� -FT TFVJMT FO QPJOUJMMÊT JOEJRVFOU MFT WBMFVST EF α DIPJTJFT QPVS HÊOÊSFS
MFT TUJNVMJ�

� 'LARGISSEMENT� -FT WBMFVST EFT USPJT QBSBNÍUSFT BDPVTUJRVFT TPOU SFQSÊTFOUÊFT
TVS MB àHVSF ��� FO GPODUJPO EV DPFGàDJFOU E�ÊMBSHJTTFNFOU µ QPVS MFT DJOR 43*3T�
&O EFIPST EF DF DPFGàDJFOU
 MF QBSBNÊUSBHF EF MB NÊUIPEF GVU DFMVJ EF M�ÊWBMVBUJPO
FYQÊSJNFOUBMF SÊBMJTÊF QBS ;PUUFS FU ,SPOMBDIOFS EBOT MFVS ÊUVEF <��>� -B QÊSJPEF
EF NPEVMBUJPO τ B OPUBNNFOU ÊUÊ àYÊF Æ ��� NT� -FT BVUFVST SBQQPSUFOU RVF QPVS
EFT BOHMFT EF NPEVMBUJPO TVQÊSJFVST Æ φ̂ = 80�
 MB NÊUIPEF HÊOÍSF VO DPVSU FGGFU
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EF SÊWFSCÊSBUJPO QFSDFQUJCMF� /F TPVIBJUBOU QBT RV�VO UFM QIÊOPNÍOF TF QSPEVJTF
 MB
WBMFVS DIPJTJF EV DPFGàDJFOU µ B ÊUÊ àYÊF Æ 0.2 TPJU φ̂ = 72��

'ñïýúí ��� m 7BMFVST EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$ FO GPODUJPO EV DPFGàDJFOU E�ÊMBSHJTTFNFOU
µ QPVS MFT DJOR 43*3T� -F TFVJM FO QPJOUJMMÊT JOEJRVF MB WBMFVS EF µ DIPJTJF QPVS HÊOÊSFS MFT TUJNVMJ�

� �dCORRdLATION DES COMPOSANTES SECTORIELLES� 1PVS DIBRVF 43*3
 MFT WBMFVST EFT
QBSBNÍUSFT BDPVTUJRVFT TPOU SFQSÊTFOUÊFT TVS MB àHVSF ���� QPVS EJGGÊSFOUFT WBMFVST
EV DPFGàDJFOU γ� -F DPFGàDJFOU γ = 1 QSPEVJU VOF EÊDPSSÊMBUJPO NBYJNBMF EFT DPNQP�
TBOUFT TFDUPSJFMMFT EBOT MF QMBO� $FUUF WBMFVS B ÊUÊ DIPJTJF QPVS NBYJNJTFS MB WBSJBUJPO
EFT QBSBNÍUSFT BDPVTUJRVFT BWFD DFUUF NÊUIPEF�

γ γ γ

'ñïýúí ���� m 7BMFVST EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$ FO GPODUJPO EV DPFGàDJFOU EF EÊDPSSÊ�
MBUJPO γ QPVS MFT DJOR 43*3T� -F TFVJM FO QPJOUJMMÊT JOEJRVF MB WBMFVS EF γ DIPJTJF QPVS HÊOÊSFS MFT TUJNVMJ�

1PVS UPVUFT MFT NÊUIPEFT
 M�ÊWPMVUJPO EFT USPJT QBSBNÍUSFT BDPVTUJRVFT FTU TJNJ�
MBJSF� -�BVHNFOUBUJPO EF M�ÊOFSHJF MBUÊSBMF BVHNFOUF ÊHBMFNFOU MB EÊDPSSÊMBUJPO DBS
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FMMF FYBDFSCF MFT EJGGÊSFODFT EBOT M�BYF JOUFSBVSBM 	Æ NPJOT E�BKPVUFS EFT POEFT TP�
OPSFT FO QIBTF EBOT EFT EJSFDUJPOT PQQPTÊFT
 DF RVJ OF DPSSFTQPOE QBT Æ VOF TJUVBUJPO
SÊFMMF
� *OWFSTFNFOU
 BWFD MFT NÊUIPEFT FNQMPZÊFT M�BVHNFOUBUJPO EF MB EÊDPSSÊMBUJPO
TF USBEVJU QBS VO jMJTTBHFv EF MB SÊQBSUJUJPO EF M�ÊOFSHJF TPOPSF EBOT M�FTQBDF DF RVJ
QPVS MFT 43*3T DPOTJEÊSÊFT QBSUJDJQF Æ BVHNFOUFS M�ÊOFSHJF MBUÊSBMF� -F UBCMFBV ���
SÊQFSUPSJF MFT NÊUIPEFT VUJMJTÊFT QPVS HÊOÊSFS MFT TUJNVMJ TPOPSFT FU MFT DPFGàDJFOUT BT�
TPDJÊT� %BOT MB TVJUF EV EPDVNFOU
 MFT NÊUIPEFT E�BNQMJàDBUJPO EJSFDUJPOOFMMF TFSPOU
EÊTJHOÊFT "%� FU "%�
 MFT NÊUIPEFT EF EÊGPSNBUJPO BOHVMBJSF TFSPOU EÊTJHOÊFT %"�
FU %"�
 MB NÊUIPEF E�ÊMBSHJTTFNFOU &-" FU MB NÊUIPEF EF EÊDPSSÊMBUJPO EFT DPNQP�
TBOUFT TFDUPSJFMMFT %$4�

"CSÊWJBUJPO .ÊUIPEF 'PODUJPO $PFGàDJFOU

"%� "NQMJàDBUJPO EJSFDUJPOOFMMF 3ÊEVDUJPO EF M�ÊOFSHJF MBUÊSBMF β = 0.2

"%� "NQMJàDBUJPO EJSFDUJPOOFMMF "VHNFOUBUJPO EF M�ÊOFSHJF MBUÊ�
SBMF

β = 5

%"� %ÊGPSNBUJPO BOHVMBJSF 3ÊEVDUJPO EF M�ÊOFSHJF MBUÊSBMF α = −5

%"� %ÊGPSNBUJPO BOHVMBJSF "VHNFOUBUJPO EF M�ÊOFSHJF MBUÊ�
SBMF

α = 5

&-" ­MBSHJTTFNFOU "VHNFOUBUJPO EF MB EÊDPSSÊMB�
UJPO JOUFSBVSBMF

µ = 0.2

%$4 %ÊDPSSÊMBUJPO EFT DPNQPTBOUFT
TFDUPSJFMMFT

­RVJSÊQBSUJUJPO EF M�ÊOFSHJF
EBOT MF QMBO

γ = 1

5BCMFBV ��� m 3ÊDBQJUVMBUJG EFT NÊUIPEFT FU DPFGàDJFOUT BTTPDJÊT VUJMJTÊT QPVS HÊOÊSFS MFT TUJNVMJ TPOPSFT
EV UFTU QFSDFQUJG�

/PUPOT RVF MFT USBOTGPSNBUJPOT BQQMJRVÊFT BVY 43*3T OF NPEJàFOU QBT TFVMFNFOU
MFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU +-'$ NBJT ÊHBMFNFOU MF $80
 %50
 &%5
 5T PV
FODPSF (� /ÊBONPJOT
 QPVS DFT QBSBNÍUSFT BDPVTUJRVFT
 MFT DIBOHFNFOUT EF WBMFVST
TPOU UPVT DPOUFOVT EBOT MFT +/% BTTPDJÊFT TBVG EBOT MFT DBT TVJWBOUT �

� MPSTRVF MB NÊUIPEF "%� FTU BQQMJRVÊF Æ MB 43*3 EF M�FTQBDF)BMM� 6OF WBSJBUJPO
EF ����� E#
 ������ FU ����� E# FTU PCUFOVF QPVS $80
 %50 FU ( SFTQFDUJWFNFOU�

� MPSTRVF MB NÊUIPEF "%� FTU BQQMJRVÊF Æ MB 43*3 EF M�FTQBDF 5PJMFUUFT
 MF QBSB�
NÍUSF BDPVTUJRVF ( EJNJOVF EF ���� E#�

� MPSTRVF MB NÊUIPEF %$4 FTU BQQMJRVÊF Æ MB 43*3 EF M�FTQBDF )BMM
 PO PCTFSWF
VOF WBSJBUJPO EF ����� E# EV QBSBNÍUSF BDPVTUJRVF (�

-FT WBSJBUJPOT EV %33 NBYJNBMFT ÊUBJFOU UPVUFT PCUFOVFT MPSTRVF MB NÊUIPEF
%$4 ÊUBJU VUJMJTÊF BWFD EFT FYDVSTJPOT T�ÊMFWBOU Æ ���� E#
 ���� E#
 ���� E#
 ���� E#
FU ���� E# QPVS "NQIJ
 ­HMJTF
 )BMM
 3ÊGFDUPJSF
 5PJMFUUFT SFTQFDUJWFNFOU�

�RdATION DES ĉCHIERS BINAURAUX
-FT QBSUJFT QSÊDPDFT EFT 43*3TNPEJàÊFT POU ÊUÊ FODPEÊFT FO BNCJTPOJRVF Æ M�PSESF

� BàO E�ÊWBMVFS M�FGàDBDJUÊ EFT NÊUIPEFT FNQMPZÊFT Æ DFU PSESF� -F TPO EJSFDU ÊUBJU FO�
DPEÊ Æ M�PSESF � FU MB SÊWFSCÊSBUJPO UBSEJWF Æ M�PSESF �� -FT SÊTVMUBUT EV DIBQJUSF �
OPVT JOGPSNFOU RVF MB SÊEVDUJPO EF M�PSESF E�FODPEBHF EF MB SÊWFSCÊSBUJPO QFVU BWPJS



Ù�Ô� �EST �ERCEPTIF

Ù

ÓÑØ

VO JOáVFODF TJHOJàDBUJWF TVS MB QFSDFQUJPO EF M�BDPVTUJRVF TFMPO M�FTQBDF� /ÊBONPJOT

DFUUF JOáVFODF ÊUBOU GBJCMF
 OPVT BWPOT DIPJTJ E�BEPQUFS VO NPUFVS EF SFOEV EF MB SÊ�
WFSCÊSBUJPO Æ M�PSESF � RVJ QSÊTFOUF M�BWBOUBHF EF SÊEVJSF DPOTJEÊSBCMFNFOU MFT DBMDVMT
OÊDFTTBJSFT Æ M�BVSBMJTBUJPO�

1PVS DIBRVF FTQBDF DPOTJEÊSÊ
 TJY TUJNVMJ TPOPSFT POU ÊUÊ HÊOÊSÊT TFMPO MFT TJY
USBJUFNFOUT àHVSBOU EBOT MF UBCMFBV ���� &O QMVT EF DFT TUJNVMJ
 VOF SÊGÊSFODF DBDIÊF
ÊUBJU KVHÊF QBS MFT TVKFUT� "WFD DJOR FTQBDFT FU EFVY TPVSDFT TPOPSFT
 MF UFTU QFSDFQUJG
DPNQSFOBJU EPOD VO UPUBM EF �� TUJNVMJ�

-FT TJHOBVY BNCJTPOJRVFT POU ÊUÊ DPOWFSUJT FO TJHOBVY CJOBVSBVY FO VUJMJTBOU
EFT àMUSFT EF EÊDPEBHF CJOBVSBM EÊSJWÊT EF NFTVSFT E�VOF UËUF BSUJàDJFMMF /FVNBOO
,6 ��� <��> E�BQSÍT MFT NÊUIPEFT EF SFOEV CJOBVSBM EF 4DIÕSLIVCFS FU BM� <��> FU
;BVOTDIJSN FU BM� <��> EPOU JM FTU RVFTUJPO FO BOOFYF $��� $PNNF MFT EJGGÊSFOUFT SÊ�
HJPOT UFNQPSFMMFT EFT 43*3T ÊUBJFOU FODPEÊFT BWFD EFT PSESFT EJGGÊSFOUT 	PSESF � QPVS
MF TPO EJSFDU FU PSESF � QPVS MFT QBSUJFT QSÊDPDFT FU UBSEJWFT

 VO EÊDPEFVS CJOBVSBM
B ÊUÊ VUJMJTÊ QPVS DIBRVF SÊHJPO UFNQPSFMMF TFMPO M�PSESF DPSSFTQPOEBOU� -FT TJHOBVY
EÊDPEÊT POU FOTVJUF ÊUÊ BEEJUJPOOÊT QPVS DSÊFS MFT TJHOBVY CJOBVSBVY�

Ù�Ô�Õ� �ROCdDURE

-F NÊUIPEF E�ÊWBMVBUJPO QFSDFQUJWF VUJMJTÊF QPVS DF UFTU QFSDFQUJG ÊUBJU JOTQJSÊF EF
MB NÊUIPEF .64)3" <��>� 1PVS DIBRVF TPVSDF FU DIBRVF FTQBDF � TPJU �� DPOàHV�
SBUJPOT � � TUJNVMJ ÊUBJFOU QSÊTFOUÊT BVY TVKFUT FO QMVT EF MB SÊGÊSFODF � VOF SÊGÊSFODF
DBDIÊF FU MFT � TUJNVMJ JTTVT EFT NPEJàDBUJPOT TQBUJBMFT� -B SÊGÊSFODF ÊUBJU EÊDPEÊF FO
CJOBVSBM E�BQSÍT VOF SFQSÊTFOUBUJPO BNCJTPOJRVF E�PSESF � 	QPVS MF TPO EJSFDU BJOTJ
RVF QPVS MB QBSUJF QSÊDPDF FU UBSEJWF
� -FT TUJNVMJ ÊUBJFOU BUUSJCVÊT EF NBOJÍSF BMÊB�
UPJSF Æ � CPVUPOT EF MFDUVSF ÊUJRVFUÊT j 4PO i v BWFD i ∈ [1, 7]� -FT TVKFUT BWBJFOU
MB QPTTJCJMJUÊ E�ÊDPVUFS MFT TUJNVMJ EF GBÉPO SÊQÊUÊF FU EF QBTTFS EF M�VO Æ M�BVUSF Æ
MFVS HSÊ� 6O TMJEFS IPSJ[POUBM QFSNFUUBJU EF SÊHMFS MB CPVDMF EF MFDUVSF TVS VOF SÊHJPO
UFNQPSFMMF QBSUJDVMJÍSF�

1PVS DIBDVOF EFT �� DPOàHVSBUJPOT
 MFT QBSUJDJQBOUT EFWBJFOU ÊWBMVFS MB EJGGÊSFODF
EF MBSHFVS BQQBSFOUF EF TPVSDF FOUSF MB SÊGÊSFODF FU MFT TUJNVMJ FO EÊQMBÉBOU VO DVSTFVS
TVS VOF ÊDIFMMF DPOUJOVF EF ���� Æ ��� QPJOUT EPOU MFT FYUSÊNJUÊT ÊUBJFOU ÊUJRVFUÊFT
j.PJOT MBSHFv 	����
 FU j1MVT MBSHFv 	���
� -B WBMFVS OVMMF DPSSFTQPOEBJU Æ BVDVOF
EJGGÊSFODF QFSÉVF FU ÊUBJU ÊUJRVFUUÊF j*EFOUJRVFv� "VDVOF ÊUJRVFUUF JOUFSNÊEJBJSF OJ
EF HSBEVBUJPO O�B ÊUÊ QMBDÊF TVS M�ÊDIFMMF QPVS ÊWJUFS MFT CJBJT EVT Æ VOF EJTUSJCVUJPO
OPO MJOÊBJSF EFT ÊUJRVFUUFT FU QPVS QSÊWFOJS UPVUF EJTUPSTJPO EBOT MB EJTUSJCVUJPO EFT
EPOOÊFT 	BWFD EFT ÊUJRVFUUFT JOUFSNÊEJBJSFT
 EFT HSPVQFT EF OPUFT QFVWFOU FO FGGFU
BQQBSBÏUSF BVUPVS EFT WBMFVST PÜ TF USPVWFOU MFT ÊUJRVFUUFT <��
 ��>
� -FT EJGGÊSFOUFT
DPOàHVSBUJPOT POU ÊUÊ QSÊTFOUÊFT EBOT VO PSESF BMÊBUPJSF�

$PNQUF UFOV EV DPOUFYUF TBOJUBJSF
 MF UFTU QFSDFQUJG B ÊUÊ SÊBMJTÊ TVS JOUFSOFU Æ
M�BJEF EF M�BQQMJDBUJPO KBWBTDSJQUXFC.64)3" <��>� -B àHVSF ���� NPOUSF M�JOUFSGBDF
HSBQIJRVF VUJMJTÊF QPVS MF UFTU� 1PVS EFT SBJTPOT QSBUJRVFT
 MFT NPVWFNFOUT EF UËUF
EFT BVEJUFVST O�POU QBT ÊUÊ QSJT FO DPNQUF EBOT MF UFTU� "WBOU EF EÊCVUFS MF UFTU
 MFT
QBSUJDJQBOUT TF TPOU GBNJMJBSJTÊT BWFD M�JOUFSGBDF VUJMJTBUFVS FO FGGFDUVBOU M�ÊWBMVBUJPO
EFT TUJNVMJ BTTPDJÊT Æ MB TPVSDF 7PJY EBOT M�FTQBDF j"NQIJv� -F UFTU DPOTJTUBJU FO VOF
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'ñïýúí ���� m *OUFSGBDF HSBQIJRVF EV UFTU QFSDFQUJG�

TFVMF TFTTJPO E�FOWJSPO �� NJOVUFT�

3ÊBMJTFS VO UFTU TVS JOUFSOFU SÊEVJU MF DPOUSÔMF FYQÊSJNFOUBM EV UFTU QFSDFQUJG� %FT
CJBJT QFVWFOU BQQBSBÏUSF FO SBJTPO EF M�ÊRVJQFNFOU VUJMJTÊ FU EV WPMVNF TPOPSF FN�
QMPZÊ� &O FGGFU
 DF O�FTU QBT TFVMFNFOU M�BQQSÊDJBUJPO EFT TVKFUT RVJ WBSJF NBJT ÊHB�
MFNFOU MB SFTUJUVUJPO EFT TUJNVMJ FO SBJTPO EF MB SÊQPOTF GSÊRVFOUJFMMF EFT DBTRVFT
VUJMJTÊT FU EF MB WBSJBUJPO EF OJWFBV� "àO EF NJOJNJTFS DFT CJBJT
 JM ÊUBJU EFNBOEÊ
BVY QBSUJDJQBOUT EF SÊBMJTFS MF UFTU FO QPTTFTTJPO E�VO DBTRVF QSPGFTTJPOOFM FU OPVT
BWPOT EFNBOEÊ EF SFOTFJHOFS MB NBSRVF EV DBTRVF VUJMJTÊ QPVS WÊSJàFS TJ MFT SÊQPOTFT
GSÊRVFOUJFMMFT ÊUBJFOU BDDJEFOUÊFT PV OPO� -B DPMPSBUJPO TQFDUSBMF EV DBTRVF QFVU OP�
UBNNFOU NPEJàFS M�FYUFSOBMJTBUJPO� /ÊBONPJOT
 DFUUF JOáVFODF QFVU ËUSF DPOTJEÊSÊF
DPNNF OÊHMJHFBCMF FO DPNQBSBJTPO Æ MB EÊHSBEBUJPO JOEVJUF QBS M�VTBHF E�)35'T
OPO�JOEJWJEVBMJTÊFT FU EF M�BCTFODF EF EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT EF UËUF� 1BS
BJMMFVST
 QPVS MJNJUFS MFT WBSJBUJPOT EF OJWFBV TPOPSF
 VOF ÊUBQF EF DBMJCSBUJPO EÊDSJUF
FO TFDUJPO ����� B ÊUÊ SÊBMJTÊF QBS MFT TVKFUT BWBOU EF QSPDÊEFS BV UFTU� %�BVUSF CJBJT
TPOU MJÊT BV CSVJU FOWJSPOOBOU PV Æ M�JNQMJDBUJPO EFT TVKFUT� -F UFNQT QBTTÊ QPVS FG�
GFDUVFS MF UFTU ÊUBJU NFTVSÊ QPVS KVHFS EF M�BUUFOUJPO EFT TVKFUT FU JM ÊUBJU EFNBOEÊ EF
SÊBMJTFS MF UFTU EBOT VO FOWJSPOOFNFOU DBMNF�
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Ù�Ô�Ö� �UJETS

�� TVKFUT ÄHÊT FO NPZFOOF EF �� BOT POU QSJT QBSU BV UFTU QFSDFQUJG� &O EFIPST EF
EFVY TVKFUT � M�VO BZBOU VOF GPSNBUJPO NVTJDBMF FU M�BVUSF ÊUBOU JOHÊOJFVS FO USBJUF�
NFOU EV TJHOBM BVEJP � MFT QBSUJDJQBOUT ÊUBJFOU ÊUVEJBOUT EV .BTUFS *NBHF � 4PO EF
M�6OJWFSTJUÊ EF #SFTU PV EF M�&/4 -PVJT�-VNJÍSF� *MT ÊUBJFOU EPOD EÊKÆ GPSNÊT Æ M�ÊDPVUF
DSJUJRVF FO SBJTPO EFT FOTFJHOFNFOUT SFÉVT FO QSJTF EF TPO
 NPOUBHF FU NJYBHF� "VDVO
E�FOUSF FVY O�B EÊDMBSÊ EF QFSUF BVEJUJWF DPOOVF�

Ù�Õ� �dSULTATS

$PNNF BVDVO QPJOU E�BODSBHF JOUFSNÊEJBJSF O�B ÊUÊ VUJMJTÊ TVS M�ÊDIFMMF EF OPUB�
UJPO
 MFT SÊTVMUBUT POU ÊUÊ OPSNBMJTÊT QBS SBQQPSU Æ MB NPZFOOF FU Æ M�ÊDBSU�UZQF FO
VUJMJTBOU MB OPSNBMJTBUJPO EV TDPSF [ <��>�

Ù�Õ�Ò� �UTLIERS

-FT EPOOÊFT POU ÊUÊ TPVNJTFT Æ VOF "/07" Æ NFTVSFT SÊQÊUÊFT BWFD MFT WBSJBCMFT
JOEÊQFOEBOUFT TVJWBOUFT � jTPVSDFv 	�
 × jFTQBDFv 	�
 × jUSBJUFNFOUv 	�
� -�BOB�
MZTF EFT PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT
JOEÊQFOEBOUFT B NPOUSÊ RVF MFT EPOOÊFT SÊDPMUÊFT DPOUFOBJFOU EFT WBMFVST BCFSSBOUFT
	PVUMJFST
 <��> � MFT SÊTJEVT TUVEFOUJTÊT EFT SÊTVMUBUT ÊUBJFOU TVQÊSJFVST Æ � FO WBMFVS
BCTPMVF EBOT DFSUBJOFT DFMMVMFT QPVS � TVKFUT� 1BSNJ DFT � TVKFUT
 EFVY POU SÊBMJTÊ MF
UFTU FO NPJOT EF �� NJOVUFT 	MF UFNQT NPZFO QBTTÊ QBS MFT TVKFUT ÊUBJU EF �� NJOVUFT


VO QBSUJDJQBOU BWBJU VOF GPSNBUJPO EJGGÊSFOUF EFT TVKFUT GPSNÊT BVY NÊUJFST EV TPO FU
MF EFSOJFS ÊUBJU ÊHBMFNFOU JEFOUJàÊ DPNNF PVUMJFS BV DIBQJUSF �� -�"/07" ÊUBOU TFO�
TJCMF BVY WBMFVST BCFSSBOUFT OPVT BWPOT GBJU MF DIPJY E�ÊDBSUFS DFT TVKFUT FU E�FGGFDUVFS
M�BOBMZTF BWFD �� TVKFUT� 1BSNJ MFT �� TVKFUT EPOU MFT SÊQPOTFT POU ÊUÊ VUJMJTÊFT QPVS
M�BOBMZTF
 � POU SÊBKVTUÊ MF WPMVNF TPOPSF DBMDVMÊ Æ M�ÊUBQF EF DBMJCSBUJPO�

Ù�Õ�Ó� �NALYSE DE LA VARIANCE

1PVS QPVWPJS MÊHJUJNFNFOU SÊBMJTFS VOF "/07" Æ NFTVSFT SÊQÊUÊFT
 M�IZQPUIÍTF
EF OPSNBMJUÊ EPJU ËUSF SFNQMJF � MFT SÊTJEVT EFT PCTFSWBUJPOT BQQBSUFOBOU Æ MB NËNF
DPNCJOBJTPO EF OJWFBVY EF WBSJBCMFT JOEÊQFOEBOUFT EPJWFOU ËUSF OPSNBMFNFOU EJT�
USJCVÊT <��>� 6O UFTU EF 4IBQJSP�8JML EF OPSNBMJUÊ TVS MFT SÊTJEVT TUVEFOUJTÊT B ÊUÊ
FGGFDUVÊ TVS DIBRVF DFMMVMF BWFD VO OJWFBV EF TJHOJàDBUJWJUÊ EF �� FU B SFKFUÊ M�IZQP�
UIÍTF OVMMF E�VOF EJTUSJCVUJPO OPSNBMF QPVS �� DFMMVMFT TVS ��� -B QMVQBSU EFT ÊUVEFT
TUBUJTUJRVFT JOEJRVFOU RVF M�"/07" QFVU ËUSF SPCVTUF Æ DF HFOSF EF WJPMBUJPO <��>

TVSUPVU TJ MB UBJMMF EF M�ÊDIBOUJMMPO FTU TVQÊSJFVSF Æ �� PCTFSWBUJPOT QBS DFMMVMF <��>�
"WFD �� PCTFSWBUJPOT QBS DFMMVMF
 OPVT BWPOT DPOTJEÊSÊ RVF M�VUJMJTBUJPO EF M�"/07"
QPVS M�BOBMZTF TUBUJTUJRVF ÊUBJU UPVKPVST MÊHJUJNF�

-F UFTU EF TQIÊSJDJUÊ EF .BVDIMZ B JOEJRVÊ RVF M�IZQPUIÍTF EF TQIÊSJDJUÊ ÊUBJU SFN�
QMJF QPVS DIBRVF WBSJBCMF JOEÊQFOEBOUF BJOTJ RVF QPVS MFVST JOUFSBDUJPOT� -FT SÊTVMUBUT
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'BDUFVS EG 44 .4 ' Q

40 � ���� ���� ����� �����

41 � ���� ���� ����� �����

5. � ������ ����� ������ ������

40 � 41 � ���� ��� ����� �����

40 � 5. � ����� ���� ����� ������

41 � 5. �� ����� ���� ����� ������

5BCMFBV ��� m 3ÊTVMUBUT EF M�"/07"� 40 � TPVSDF
 41 � FTQBDF
 5. � USBJUFNFOU
 EG � EFHSÊ EF MJCFSUÊ
 44 �
TPNNF EFT DBSSÊT EF UZQF ***
 .4 � NPZFOOF EFT DBSSÊT
 ' � WBMFVS G
 Q � WBMFVS Q�

TPOU QSÊTFOUÊT EBOT MF UBCMFBV ���� -�BOBMZTF B SÊWÊMÊ VOF JOáVFODF TJHOJàDBUJWF EF MB
WBSJBCMF JOEÊQFOEBOUF jTPVSDFv <'	�
 ��
 � ����� � Q � �����> FU MB WBSJBCMF JOEÊQFO�
EBOUF jUSBJUFNFOUv <'	�
 ��
 � ������ � Q � ������> BJOTJ RVF QPVS MFT JOUFSBDUJPOT
jTPVSDFv × jUSBJUFNFOUv <'	�
 ��
 � ����� � Q � ������> FU jFTQBDFv × jUSBJUFNFOUv
<'	��
 ���
 � ����� � Q � ������>� -B WBSJBCMF JOEÊQFOEBOUF jFTQBDFv FTU Æ MB MJNJUF
EV TFVJM EF TJHOJàDBUJWJUÊ NBJT M�ÊUVEF EF DFU FGGFU TJNQMF � DPNNF DFMVJ EF jTPVSDFv
� O�BQQPSUBOU QBT E�JOGPSNBUJPO TVS MFT USBJUFNFOUT FGGFDUVÊT TFVMFT MFVST JOUFSBDUJPOT
BWFD jUSBJUFNFOUv TFSPOU BOBMZTÊFT�

Ù�Õ�Ô� �OMPARAISONS DES NIVEAUX DU FACTEUR ­TRAITEMENT®

'ñïýúí ���� m /PUFT NPZFOOFT EFT EJGGÊSFODFT EF MBSHFVS BQQBSFOUF EF TPVSDF FU JOUFSWBMMFT EF DPOàBODF Æ
��� BTTPDJÊT QPVS MFT � USBJUFNFOUT� 3&' EÊTJHOF MB SÊGÊSFODF DBDIÊF�

-B àHVSF ���� SFQSÊTFOUF MFT OPUFT NPZFOOFT EFT EJGGÊSFODFT EF MBSHFVS BQQBSFOUF
EF TPVSDF FU M�JOUFSWBMMF EF DPOàBODF Æ ��� BTTPDJÊ QPVS MFT EJGGÊSFOUT OJWFBVY EF
MB WBSJBCMF JOEÊQFOEBOUF jUSBJUFNFOUv� %FT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF
#POGFSSPOJ POU ÊUÊ FGGFDUVÊT QPVS EÊUFSNJOFS MFT EJGGÊSFODFT TJHOJàDBUJWFT FOUSF MFT



Ù�Õ� �dSULTATS

Ù
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5SBJUFNFOU "%� "%� %"� %"� &-" %$4 3&'

"%� � ����� ����� ������ ����� ����� �����

"%� � ����� ����� ����� ����� �����

%"� � ������ ����� ����� �����

%"� � ����� ����� �����

&-" � ����� �����

%$4 � �����

5BCMFBV ��� m 7BMFVST Q EFT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFSSPOJ� -FT WBMFVST TJHOJàDBUJWFT
TPOU SFQPSUÊFT FO HSBT� 3&' EÊTJHOF MB SÊGÊSFODF DBDIÊF�

EJGGÊSFOUT USBJUFNFOUT� "VDVOF EJGGÊSFODF TJHOJàDBUJWF O�B ÊUÊ PCUFOVF FOUSF MFT OPUFT
BTTPDJÊFT Æ MB SÊGÊSFODF DBDIÊF 	RVJ O�B TVCJ BVDVO USBJUFNFOU
 FU BVY NÊUIPEFT "%�

&-" FU %$4 	Q � �����
 Q � ����� FU Q � ����� SFTQFDUJWFNFOU
� -B NÊUIPEF %"� ÊUBJU
MB TFVMF NÊUIPEF WJTBOU Æ BDDSPÏUSF M�"48 RVJ TPJU TJHOJàDBUJWFNFOU EJGGÊSFOUF EF MB
SÊGÊSFODF� -FT OPUFT EFT NÊUIPEFT %"� FU "%� RVJ QFSNFUUBJFOU MB SÊEVDUJPO EF M�"48
O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUFT FOUSF FMMFT 	Q � �����
NBJT TJHOJàDBUJWFNFOU
EJGGÊSFOUFT EF UPVUFT MFT BVUSFT NÊUIPEFT Z DPNQSJT EF MB SÊGÊSFODF�

-FT USBJUFNFOUT WJTBOU Æ SÊEVJSF M�ÊOFSHJF MBUÊSBMF QSÊDPDF QPVS SÊEVJSF M�"48
TFNCMFOU BWPJS FV VOF QMVT HSBOEF JOáVFODF RVF MFT USBJUFNFOUT WJTBOU Æ BDDSPÏUSF
M�"48� &O FGGFU
 MFT NPZFOOFT EFT OPUFT BTTPDJÊFT BVY NÊUIPEFT "%� FU %"� T�ÊMÍWFOU
Æ ������ FU ����� SFTQFDUJWFNFOU BMPST RVF MB NPZFOOF NBYJNBMF EFT OPUFT EFT BVUSFT
NÊUIPEFT T�ÊMÍWF Æ ����� QPVS %"��

Ù�Õ�Õ� �dSULTATS DES INTERACTIONS AVEC LE FACTEUR ­TRAITEMENT®

'ñïýúí ���� m /PUFT NPZFOOFT EFT EJGGÊSFODFT EF MBSHFVS BQQBSFOUF EF TPVSDF FU JOUFSWBMMFT EF DPOàBODF Æ
��� BTTPDJÊT QPVS MFT � USBJUFNFOUT TFMPO MFT EFVY TPVSDFT TPOPSFT�
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'ñïýúí ���� m /PUFT NPZFOOFT EFT EJGGÊSFODFT EF MBSHFVS BQQBSFOUF EF TPVSDF FU JOUFSWBMMFT EF DPOàBODF Æ
��� BTTPDJÊT QPVS MFT � USBJUFNFOUT TFMPO MFT � FTQBDFT TPOPSFT�

-B àHVSF ���� BGàDIF MFT OPUFTNPZFOOFT EF EJTTFNCMBODF FU M�JOUFSWBMMF EF DPOàBODF
Æ ��� QPVS DIBRVF USBJUFNFOU TFMPO MB TPVSDF TPOPSF� -FT EJGGÊSFODFT QFSÉVFT FO
UFSNFT E�"48 BQQBSBJTTFOU QMVT JNQPSUBOUFT MPSTRVF MB TPVSDF 7PJY ÊUBJU VUJMJTÊF BWFD
MFT NÊUIPEFT WJTBOU Æ BDDSPÏUSF M�ÊOFSHJF MBUÊSBMF�

-B àHVSF ���� BGàDIF MFT OPUFTNPZFOOFT EF EJTTFNCMBODF FU M�JOUFSWBMMF EF DPOàBODF
Æ ��� QPVS DIBRVF USBJUFNFOU TFMPO M�FTQBDF TPOPSF� -FT OPUFT NPZFOOFT EFT EJGGÊ�
SFODFT QFSÉVFT FO UFSNFT E�"48 BQQBSBJTTFOU QMVT GBJCMFT QPVS M�FTQBDF 3ÊGFDUPJSF�
-FT JOUFSWBMMFT EF DPOàBODF BTTPDJÊT TPOU BTTF[ MBSHFT DPNNF QPVS M�FTQBDF 5PJMFUUFT�
%FT UFTU U EF 4UVEFOU POU QFSNJT E�BOBMZTFS QMVT FO EÊUBJMT DFUUF JOUFSBDUJPO�

6O UFTU U EF 4UVEFOU B ÊUÊ SÊBMJTÊ QPVS EÊUFSNJOFS TJ MB NPZFOOF EFT OPUFT BUUSJCVÊFT
Æ MB SÊGÊSFODF DBDIÊF ÊUBJU TJHOJàDBUJWFNFOU EJGGÊSFOUF EF � QPVS DIBRVF DPOEJUJPO
jFTQBDFv 	D�FTU�Æ�EJSF TJ FMMF B ÊUÊ QFSÉVF TJHOJàDBUJWFNFOU EJGGÊSFOUF EF MB SÊGÊSFODF
�
1PVS UPVT MFT FTQBDFT
 MB NPZFOOF EFT OPUFT O�ÊUBJU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUF EF
� 	Q � �����
 � DF RVJ BUUFTUF E�VOF BCTFODF EF EJGGÊSFODF TJHOJàDBUJWF BWFD MB SÊGÊSFODF�

%FT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFSSPOJ POU ÊUÊ SÊBMJTÊT BàO EF EÊUFS�
NJOFS TJ MFT OPUFT NPZFOOFT EFT EJGGÊSFOUT USBJUFNFOUT ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊ�
SFOUFT EF MB SÊGÊSFODF DBDIÊF QPVS DIBRVF FTQBDF� -F UBCMFBV ��� SBTTFNCMF MFT WBMFVST
Q PCUFOVFT� 0O DPOTUBUF RVF QPVS UPVT MFT FTQBDFT
 MF USBJUFNFOU "%� O�B NFOÊ Æ BV�
DVO SÊTVMUBU TJHOJàDBUJWFNFOU EJGGÊSFOU EF MB SÊGÊSFODF DBDIÊF� -FT USBJUFNFOUT %"�

&-" FU %$4 ÊUBJFOU TJHOJàDBUJWFNFOU EJGGÊSFOUT EF MB SÊGÊSFODF DBDIÊF QPVS M�FTQBDF
"NQIJ TFVMFNFOU� 1PVS M�FTQBDF 3ÊGFDUPJSF
 BVDVO USBJUFNFOU O�B NFOÊ Æ VO SÊTVMUBU
TJHOJàDBUJWFNFOU EJGGÊSFOU EF MB SÊGÊSFODF DBDIÊF�
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.ÊUIPEF "NQIJ ­HMJTF )BMM 3ÊGFDUPJSF 5PJMFUUFT

"%� ����� ����� �����

"%�

%"� ����� ����� �����

%"� �����

&-" �����

%$4 �����

5BCMFBV ��� m 7BMFVST Q EFT UFTUT -4% EF 'JTIFS BWFD DPSSFDUJPO EF #POGFSSPOJ BQQMJRVÊT BVY OPUFT EFT
USBJUFNFOUT QPVS EÊUFSNJOFS EFT EJGGÊSFODFT TJHOJàDBUJWFT BWFD MB SÊGÊSFODF DBDIÊF� 4FVMFT MFT WBMFVST TJHOJ�
àDBUJWFT TPOU SFQPSUÊFT�

Ù�Ö� �ISCUSSION

Ù�Ö�Ò� �E NIVEAU DE DIĈUSION

4JY EFT �� QBSUJDJQBOUT POU NPEJàÊ MF OJWFBV EF EJGGVTJPO DBMDVMÊ Æ M�ÊUBQF EF DB�
MJCSBUJPO BWBOU EF SÊBMJTFS MF UFTU QFSDFQUJG� *M ÊUBJU QSÊDJTÊ RVF DF OJWFBV O�ÊUBJU QBT
EFTUJOÊ Æ ËUSF NPEJàÊ FU RV�JM OF EFWBJU ËUSF BKVTUÊ RV�FO DBT E�JODPOGPSU� .BMIFVSFV�
TFNFOU
 MFT NPEJàDBUJPOT EV OJWFBV BQQMJRVÊFT QBS MFT TVKFUT O�POU QBT ÊUÊ FOSFHJTUSÊFT�
/PVT OF QPVWPOT EPOD QBT SFOESF DPNQUF EF M�ÊDBSU FOUSF MF OJWFBV DBMDVMÊ FU MF OJWFBV
KVHÊ QBS MFT TVKFUT DPNNF ÊUBOU DPOGPSUBCMF�

1MVUÔU RVF EF QFSNFUUSF MB NPEJàDBUJPO EV OJWFBV EF EJGGVTJPO
 VOF OPVWFMMF ÊUBQF
EF DBMJCSBUJPO PV VOF NJTF FO SFMBUJPO BWFD M�FYQÊSJNFOUBUFVS Æ DF TUBEF BVSBJFOU ÊUÊ
EFT PQUJPOT QMVT KVEJDJFVTFT� -F CJBJT FYQÊSJNFOUBM MJÊ BV OJWFBV TPOPSF EF EJGGVTJPO Æ
TBOT EPVUF ÊUÊ MJNJUÊ HSÄDF Æ MB NÊUIPEF EF DBMJCSBUJPO NBJT O�B QBT QV ËUSF ÊMJNJOÊ� *M
WJFOU T�BKPVUFS BVY CJBJT MJÊT BVY ÊRVJQFNFOUT BVEJP FNQMPZÊT
 BV CSVJU FOWJSPOOBOU
FU Æ M�JNQMJDBUJPO EFT TVKFUT�

Ù�Ö�Ó� �¤EĊCACITd DES TRAITEMENTS EMPLOYdS

-FT SÊTVMUBUT EF M�"/07" POU NJT FO MVNJÍSF VOF JOáVFODF TJHOJàDBUJWF EV USBJ�
UFNFOU TQBUJBM EFT QSFNJÍSFT SÊáFYJPOT TVS M�"48� -FT WBSJBUJPOT EFT QBSBNÍUSFT
BDPVTUJRVFT TPOU FO DPIÊSFODF BWFD MFT UFOEBODFT PCTFSWÊFT TVS DFU BUUSJCVU QFSDFQUJG �
MFT OPUFT NPZFOOFT EFT EJGGÊSFODFT E�"48 QBS SBQQPSU Æ MB SÊGÊSFODF TPOU QPTJUJWFT
MPSTRVF MFT QBSBNÍUSFT BDPVTUJRVFT POU ÊUÊ BVHNFOUÊT BWFD MFT NÊUIPEFT "%�
 %"�

&-"
 %$4 	> 4.62
 FU OÊHBUJWFT MPSTRV�JMT POU ÊUÊ EJNJOVÊT BWFD MFT NÊUIPEFT "%�
FU %"� 	< −17.09
� $FT SÊTVMUBUT WJFOOFOU DPOàSNFS M�JOáVFODF EF M�ÊOFSHJF MBUÊSBMF
QSÊDPDF FU EF MB EÊDPSSÊMBUJPO TVS M�"48�

-FT USBJUFNFOUT WJTBOU Æ SÊEVJSF M�"48 TFNCMFOU BWPJS FV VOF QMVT HSBOEF JOáVFODF
RVF MFT USBJUFNFOUT WJTBOU Æ M�BDDSPÏUSF� -F QBSBNÊUSBHF EF MB NÊUIPEF E�BNQMJàDBUJPO
EJSFDUJPOOFMMF FU EF MB EÊGPSNBUJPO BOHVMBJSF QSÊTFOUÊT FO TFDUJPO ����� QFVU FYQMJRVFS
DF QIÊOPNÍOF� -FVST QBSBNÍUSFT POU ÊUÊ àYÊT EF NBOJÍSF Æ FGGFDUVFS MB SÊEVDUJPO
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FU M�BVHNFOUBUJPO EF M�ÊOFSHJF MBUÊSBMF EBOT MFT NËNFT QSPQPSUJPOT � FO DIPJTJTTBOU
EFT QBSBNÍUSFT JOWFSTFT QPVS "%� FU "%� PV PQQPTÊT QPVS %"� FU %"�� 1PVSUBOU

M�JOáVFODF EV QBSBNÊUSBHF TVS MFT WBMFVST SÊTVMUBOUFT EFT QBSBNÍUSFT BDPVTUJRVFT FTU
NPJOESF BWFD MFT NÊUIPEFT "%� FU %"�� $FUUF BVHNFOUBUJPO MJNJUÊF EFT QBSBNÍUSFT
BDPVTUJRVFT TF SFáÍUF EBOT MFT BDDSPJTTFNFOUT MJNJUÊT E�"48�

Ù�Ö�Ô� �ES VARIATIONS D¤dNERGIE DES PREMIcRES RdċEXIONS

%FT WBSJBUJPOT E�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT QBS SBQQPSU Æ MB SÊGÊSFODF POU
ÊUÊ DPOTUBUÊFT FU TPOU SFDFOTÊFT EBOT MF UBCMFBV ���� $FT WBSJBUJPOT EF OJWFBV QFVWFOU
FYQMJRVFS EFT EJGGÊSFODFT PCTFSWÊFT FOUSF MFT NÊUIPEFT� 0O DPOTUBUF OPUBNNFOU RVF
MF USBJUFNFOU "%� BQQMJRVÊ BVY 43*3T EF j"NQIJv FU j­HMJTFv B NFOÊ Æ EFT SÊEVD�
UJPOT EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT BVY BMFOUPVST EF ���� E#� *M FTU QPTTJCMF
RVF DFDJ FYQMJRVF MB OPO TJHOJàDBUJWJUÊ EF DFUUF NÊUIPEF QPVS DFT EFVY FTQBDFT� -B
OPSNBMJTBUJPO EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT B ÊUÊ FGGFDUVÊF Æ M�PSESF � BWBOU
EF SÊEVJSF M�PSESF E�FODPEBHF BNCJTPOJRVF Æ M�PSESF �� 6OF OPSNBMJTBUJPO Æ M�PSESF �
EF M�ÊOFSHJF BVSBJU QFSNJT EF DPNQBSFS TJNQMFNFOU MB TQBUJBMJTBUJPO EFT SÊáFYJPOT BV
EFMÆ EV DIBOHFNFOU EF OJWFBV JOEVJU�

"%� "%� %"� %"� &-" %$4

"NQIJ ���� ����� ����� ����� ����� �����
­HMJTF ���� ����� ����� ����� ����� �����
)BMM ����� ����� ����� ����� ����� �����
3ÊGFDUPJSF ����� ����� ����� ����� ����� �����
5PJMFUUFT ����� ����� ����� ����� ����� �����

5BCMFBV ��� m 7BSJBUJPOT FO EÊDJCFM EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT QBS SBQQPSU Æ MB SÊGÊSFODF QPVS MFT
� USBJUFNFOUT�

Ù�Ö�Õ� �¤EMPLOI D¤UN AUTRE INDICATEUR D¤���

1MVUÔU RVF E�VUJMJTFS Æ MB GPJT MFT QBSBNÍUSFT BDPVTUJRVFT +-' FU +-'$ RVJ QSÊTFOUFOU
VOF GPSUF DPSSÊMBUJPO 	MF DPFGàDJFOU EF 1FBSTPO T�ÊMÍWF Æ ���� QPVS M�FOTFNCMF EFT
43*3T

 VO BVUSF JOEJDBUFVS RVF OPVT OPNNFSPOT #-' QFSNFU E�JOUFSQSÊUFS MFT SÊTVM�
UBUT� $FU JOEJDBUFVS SFQSÊTFOUF MF SBQQPSU FOUSF M�ÊOFSHJF E�VOF 43*3 DBMDVMÊF EBOT MFT
EJSFDUJPOT MBUÊSBMFT FU M�ÊOFSHJF EF MB 43*3 EF SÊGÊSFODF DBMDVMÊF EBOT MF QMBO IPSJ[POUBM
QPVS DIBRVF FTQBDF� 1PVS DBMDVMFS #-' E�BQSÍT EFT TJHOBVY BNCJTPOJRVFT E�PSESF �

RVBUSF TFDUFVST BOHVMBJSFT POU ÊUÊ DPOTJEÊSÊT EBOT MB EJSFDUJPO GSPOUBMF
 BSSJÍSF
 HBVDIF
FU ESPJUF� 1PVS DIBRVF TFDUFVS BOHVMBJSF
 VO GBJTDFBV GPSNÊ EBOT MB EJSFDUJPO DPSSFT�
QPOEBOUF B QFSNJT E�FTUJNFS MB RVBOUJUÊ E�ÊOFSHJF QSPWFOBOU EF DFUUF EJSFDUJPO� -FT
DPOUSJCVUJPOT EFT ÊOFSHJFT EFT TFDUFVST MBUÊSBVY TPOU FOTVJUF TPNNÊFT QPVS GPSNFS
VOF FTUJNBUJPO EF M�ÊOFSHJF MBUÊSBMF� -�JOEJDBUFVS #-' T�ÊDSJU �
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'ñïýúí ���� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT EF MB 43*3 BTTPDJÊF Æ 3ÊGFDUPJSF FU Æ 5PJMFUUFT�

#-' =

K−1∑

n=0

e([n] + e%[n]

K−1∑

n=0

eSFG% [n] + eSFG( [n] + eSFG"W[n] + eSFG"S [n]

	����


PÜ eSFG( 
 eSFG% 
 eSFG"W
 e
SFG
"S SFQSÊTFOUF M�ÊOFSHJF EV TFDUFVS BOHVMBJSF HBVDIF
 ESPJUF
 BWBOU FU

BSSJÍSF EF MB 43*3 EF SÊGÊSFODF SFTQFDUJWFNFOU FU e(
 e% SFQSÊTFOUF M�ÊOFSHJF EV TFDUFVS
BOHVMBJSF HBVDIF FU ESPJUF EF MB 43*3 ÊUVEJÊF� -�ÊOFSHJF EBOT VO TFDUFVS BOHVMBJSF T
TF DBMDVMF EF MB NBOJÍSF TVJWBOUF �

FT[n] = (Z⊤(θs,ϕs) C[n])2 	����


PÜ C FTU MB DPNQPTBOUF BNCJTPOJRVF EF MB 43*3 Æ M�JOTUBOU n FU Z FTU MF WFDUFVS EFT
IBSNPOJRVFT TQIÊSJRVFT DBMDVMÊFT QPVS MB EJSFDUJPO (θs,ϕs)�

4PNNFS MFT ÊOFSHJFT EFT TFDUFVST BOHVMBJSFT QFSNFU EF T�BGGSBODIJS E�ÊWFOUVFMMFT
JOUFSGÊSFODFT EFTUSVDUJWFT PV DPOTUSVDUJWFT RVJ QFVWFOU BQQBSBJUSF FO TPNNBOU MFT
BNQMJUVEFT� $FT JOUFSGÊSFODFT TPOU KVHÊFT SFTQPOTBCMFT EF MB GPSUF WBSJBCJMJUÊ EFT NF�
TVSFT +-' FU +-'$ EBOT VOF TBMMF <��>� $PNNF QPVS DFT EFVY QBSBNÍUSFT BDPVTUJRVFT

MFT WBMFVST EF #-' SÊTVMUFOU EF MB NPZFOOF EFT NFTVSFT DBMDVMÊFT EBOT MFT CBOEFT EF
GSÊRVFODF DFOUSÊFT TVS ���
 ���
 ��� FU ���� )[� /PVT BWPOT DIPJTJ EF DBMDVMFS DFT
WBMFVST TVS MB QBSUJF EFT 43*3T NPEJàÊF
 D�FTU�Æ�EJSF TVS M�FOTFNCMF EFT QSFNJÍSFT SÊ�
áFYJPOT FU OPO TVS MFT �� NT TFVMFNFOU FU EF OF QBT JODMVSF MF TPO EJSFDU� %BOT OPUSF
DBT EF àHVSF
 DFUUF NFTVSF T�BWÍSF QMVT QFSUJOFOUF RVF +-'� -B àHVSF ���� SFQSÊTFOUF
MF EJBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM QPVS MFT FTQBDFT 5PJMFUUFT FU 3Ê�
GFDUPJSF� .BMHSÊ VOF ÊOFSHJF MBUÊSBMF QMVT JNQPSUBOUF QPVS 3ÊGFDUPJSF
 MF QBSBNÍUSF
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BDPVTUJRVF +-' FTU QPVSUBOU QMVT GBJCMF 	����� DPOUSF �����
� "V DPOUSBJSF
 MFT WBMFVST
EF #-' TPOU QMVT DPIÊSFOUFT DBS FMMFT T�ÊMÍWFOU Æ ����� FU ����� SFTQFDUJWFNFOU� -F
UBCMFBV ��� SÊQFSUPSJF MFT WBMFVST EF #-' QPVS UPVUFT MFT 43*3T EF SÊGÊSFODF�

"NQIJ ­HMJTF )BMM 3ÊGFDUPJSF 5PJMFUUFT

����� ����� ����� ����� �����

5BCMFBV ��� m 7BMFVST EF M�JOEJDBUFVS #-' QPVS MFT 43*3T EF SÊGÊSFODF EFT FTQBDFT TPOPSFT VUJMJTÊT EBOT
M�FYQÊSJFODF�

Ù�Ö�Ö� �¤INċUENCE DE LA SOURCE

-�BOBMZTF TUBUJTUJRVF B SÊWÊMÊ RVF MB QFSDFQUJPO EFT USBJUFNFOUT BQQMJRVÊT EÊQFO�
EBJU EF MB TPVSDF TPOPSF FNQMPZÊF� $FT USBJUFNFOUT TFNCMFOU BWPJS FV VOF QMVT HSBOEF
JOáVFODF BWFD MB TPVSDF 7PJY� 1MVTJFVST ÊUVEFT SBQQPSUFOU RVF M�"48 FTU VO BUUSJCVU
QFSDFQUJG MJÊ Æ MB QFSDFQUJPO EFT NÊEJVNT FU CBTTFT GSÊRVFODFT <�
 ��>
 D�FTU QPVSRVPJ
MFT QBSBNÍUSFT BDPVTUJRVFT BTTPDJÊT +-' FU +-'$ TPOU DBMDVMÊT FOUSF ��� )[ FU ���� )[�
*M FTU QPTTJCMF RVF MB TPVSDF 7PJY BJU GPVSOJU QMVT E�JOEJDFT EBOT DFUUF SÊHJPO GSÊRVFO�
UJFMMF DBS M�ÊOFSHJF EBOT DFUUF CBOEF GSÊRVFODF ÊUBJU QMVT JNQPSUBOUF EF ���� E# QBS
SBQQPSU Æ$BKPO� %F QMVT
 MFT TVKFUT TPOU TVTDFQUJCMFT E�BWPJS VOF DFSUBJOF DPOOBJTTBODF
Æ MPOH UFSNF EFT DBSBDUÊSJTUJRVFT EF TPVSDFT TPOPSFT OBUVSFMMFT
 FU DFUUF DPOOBJTTBODF
B QSJPSJ QFVU JOáVFODFS MB GBÉPO EPOU JMT KVHFOU DFT TPOT RVPUJEJFOT
 OPUBNNFOU QPVS
KVHFS EF MB EJTUBODF EF TPVSDFT TPOPSFT <��>� *M FTU QPTTJCMF RVF DF TPJU ÊHBMFNFOU MF
DBT QPVS KVHFS EF MB MBSHFVS EF TPVSDF � VOF DPOOBJTTBODF B QSJPSJ EF MB WPJY B QV BJEFS
MFT TVKFUT Æ KVHFS TB MBSHFVS BWFD QSÊDJTJPO
 DF RVJ O�ÊUBJU QFVU�ËUSF QBT MF DBT BWFD MB
TPVSDF $BKPO�

Ù�Ö�×� �¤INċUENCE DE L¤ESPACE

	B
 "NQIJ
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	C
 3ÊGFDUPJSF

'ñïýúí ���� m /PUFT NPZFOOFT EFT EJGGÊSFODFT E�"48 FO GPODUJPO EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU
#-' TFMPO MFT � USBJUFNFOUT TQBUJBVY QPVS EFVY FTQBDFT TPOPSFT�

-�FGàDBDJUÊ EFT USBJUFNFOUT EÊQFOE GPSUFNFOU EFT FTQBDFT FNQMPZÊT� -B àHVSF ����
SFQSÊTFOUF MFT NPZFOOFT EFT OPUFT E�"48 BTTPDJÊFT BVY JOUFSWBMMFT EF DPOàBODF Æ ���
FO GPODUJPO EFT QBSBNÍUSFT BDPVTUJRVFT #2*
 +-' FU #-' QPVS "NQIJ FU 3ÊGFDUPJSF� $FT
FTQBDFT SFQSÊTFOUFOU EFVY DBT FYUSËNFT � QPVS MF QSFNJFS
 EFT NÊUIPEFT EF SÊEVDUJPO
FU E�BDDSPJTTFNFOU EF M�"48 POU NFOÊ Æ EFT OPUFT TJHOJàDBUJWFNFOU EJGGÊSFOUT EF DFMMFT
EF MB SÊGÊSFODF DBDIÊF FU QPVS MF TFDPOE BVDVOF NÊUIPEF O�B NFOÊ Æ EF EJGGÊSFODFT
TJHOJàDBUJWFT�

'ñïýúí ���� m %JBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT
SÊáFYJPOT EF MB 43*3 EF SÊGÊSFODF BTTPDJÊF Æ "NQIJ FU EF DFMMFT JTTVFT EFT USBJUFNFOUT BZBOU NFOÊT Æ EFT
FGGFUT TJHOJàDBUJGT�

1PVS M�FTQBDF"NQIJ
 MB NÊUIPEF %"� BNFOÊ Æ EFT OPUFT E�"48 TJHOJàDBUJWFNFOU
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EJGGÊSFOUFT EF MB SÊGÊSFODF DBDIÊF FU MB NPZFOOF BTTPDJÊF FTU MB QMVT ÊMFWÊF EF UPVUFT MFT
NÊUIPEFT� $F SÊTVMUBU FTU FO DPIÊSFODF BWFD M�JOEJDBUFVS #-' RVJ FTU MF QMVT ÊMFWÊ QPVS
MB NÊUIPEF %"�� -B àHVSF ���� SFQSÊTFOUF MF EJBHSBNNF EF EJSFDUJWJUÊ EBOT MF QMBO
IPSJ[POUBM EV DIBNQ TPOPSF GPSNÊ QBS MFT QSFNJÍSFT SÊáFYJPOT EF MB 43*3 EF SÊGÊSFODF
FU DFMMFT JTTVFT EFT USBJUFNFOUT %"�
 &-" FU %$4� #JFO RVF MFT WBSJBUJPOT E�ÊOFSHJF
TPJFOU GBJCMFT FOUSF MFT NÊUIPEFT
 MF DIBNQ SÊTVMUBOU EF %"� QPTTÍEF NPJOT E�ÊOFSHJF
GSPOUBMF FU QMVT E�ÊOFSHJF EBOT M�BYF JOUFSBVSBM RVF EBOT MF DBT EFT BVUSFT NÊUIPEFT�
*M FTU JOUÊSFTTBOU EF DPOTUBUFS RVF NBMHSÊ VOF SÊEVDUJPO EF M�ÊOFSHJF NPZFOOF EBOT MF
QMBO IPSJ[POUBM EF ���� E# BWFD MB NÊUIPEF %$4
 MF TUJNVMVT TPOPSF SÊTVMUBOU Æ ÊUÊ
QFSÉV DPNNF TJHOJàDBUJWFNFOU QMVT MBSHF RVF MB SÊGÊSFODF� $F SÊTVMUBU QFVU ËUSF EÚ Æ
MB SÊEVDUJPO EF M�ÊOFSHJF GSPOUBMF FU BSSJÍSF BV QSPàU EFT EJSFDUJPOT MBUÊSBMFT� "JOTJ MB
EÊDSPJTTBODF EF M�ÊOFSHJF EFT QSFNJÍSFT SÊáFYJPOT OF NÍOF QBT OÊDFTTBJSFNFOU Æ VOF
SÊEVDUJPO EF M�"48 TJ M�ÊOFSHJF MBUÊSBMF SFTUF JNQPSUBOUF� 0O PCTFSWF ÊHBMFNFOU RVF
MFT USBJUFNFOUT POU NFOÊ Æ EFT BVHNFOUBUJPOT EF M�ÊOFSHJF MBUÊSBMF EBOT EFT SÊHJPOT
BOHVMBJSFT EJGGÊSFOUFT DPNQSJTFT FOUSF ��� FU ���� TBOT RVF DFT EJGGÊSFODFT OF NÍOFOU
Æ EFT "48 TJHOJàDBUJWFNFOU EJGGÊSFOUFT� -B [POF EÊàOJF FOUSF ��� FU ���� JEFOUJàÊF
QBS +PIOTPO FU BM� <�> QPVS MBRVFMMF MFT SÊáFYJPOT QBSUJDJQFOU EF MB NËNF NBOJÍSF Æ MB
MBSHFVS BQQBSFOUF EF TPVSDF TFNCMF WBMJEF�

-�FTQBDF "NQIJ FTU MF TFVM QPVS MFRVFM MFT NÊUIPEFT WJTBOU M�BDDSPJTTFNFOU EF
M�"48 POU NFOÊ B EFT OPUFT NPZFOOFT TJHOJàDBUJWFNFOU EJGGÊSFOUFT EF DFMMF EF MB SÊGÊ�
SFODF DBDIÊF� $FU FTQBDF QPTTÍEF MB WBMFVS EF %50 MB QMVT HSBOEF FU MF UFNQT DFOUSBM MF
QMVT DPVSU� -F %50
 OPNNÊ EÊàOJUJPO
 DPSSFTQPOE BV SBQQPSU FOUSF M�ÊOFSHJF DPOUFOVF
EBOT MFT �� QSFNJÍSFT NJMMJTFDPOEFT FU M�ÊOFSHJF UPUBMF EF MB SÊQPOTF JNQVMTJPOOFMMF EF
TBMMF� -F UFNQT DFOUSBM 5T SFQSÊTFOUF MF NPNFOU PÜ M�ÊOFSHJF DPOUFOVF EBOT MB SÊQPOTF
JNQVMTJPOOFMMF FO BNPOU FTU ÊHBMF Æ M�ÊOFSHJF DPOUFOVF FO BWBM� -B SÊQPOTF JNQVMTJPO�
OFMMF EF DFUUF TBMMF DPOUJFOU EPOD VOF HSBOEF QSPQPSUJPO E�ÊOFSHJF EBOT MFT QSFNJÍSFT
NJMMJTFDPOEFT
 D�FTU�Æ�EJSF EBOT VOF SÊHJPO UFNQPSFMMF PÜ MFT SÊáFYJPOT QSÊDPDFT TPOU
TVTDFQUJCMFT EF GVTJPOOFS QFSDFQUJWFNFOU BWFD MF TPO EJSFDU� *M TFNCMF RVF MB QSÊTFODF
EF SÊáFYJPOT BZBOU VOF ÊOFSHJF JNQPSUBOUF FU ÊUBOU QSPDIFT EV TPO EJSFDU TPJU VOF
DPOEJUJPO OÊDFTTBJSF QPVS ËUSF FO NFTVSF E�BDDSPÏUSF FGàDBDFNFOU M�"48�

-B àHVSF ����C DPSSFTQPOEBOU BVY SÊTVMUBUT EF M�FTQBDF 3ÊGFDUPJSF OF TVHHÍSF QBT
EF SFMBUJPO QBSUJDVMJÍSF FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT FU M�"48� $POUSBJSFNFOU BVY
BVUSF FTQBDFT
 VOF SÊEVDUJPO EFT WBMFVST EF QBSBNÍUSFT BDPVTUJRVFT OF T�FTU QBT USBEVJU
QBS VOF EJNJOVUJPO TJHOJàDBUJWF EF M�"48� -B QSPQPSUJPO E�ÊOFSHJF QSÊDPDF ÊUBJU GBJCMF
QPVS DFU FTQBDF QBS SBQQPSU BVY BVUSFT 	$80 = 8.57 E#
 FU MF SBQQPSU DIBNQ EJSFDU
TVS DIBNQ SÊWFSCÊSÊ ÊUBJU QPTJUJG 	%33= 2.09 E#
� -�FTQBDF ­HMJTF QSÊTFOUF ÊHBMFNFOU
DFT EFVY DBSBDUÊSJTUJRVFT
 OÊBONPJOT MB NPEJàDBUJPO EF MB TQBUJBMJTBUJPO EFT QSFNJÍSFT
SÊáFYJPOT B ÊUÊ FGGFDUVÊF TVS ��� NT QPVS ­HMJTF FU �� NT QPVS 3ÊGFDUPJSF� %F QMVT

MB GPSDF TPOPSF EFT QSFNJÍSFT SÊáFYJPOT BTTPDJÊF Æ 3FGFDUPJSF ÊUBJU MB QMVT GBJCMF EF
UPVT MFT FTQBDFT 	(& = 28.86 E#
 � *M FTU EPOD QPTTJCMF RVF MF TPO EJSFDU BJU NBTRVÊ MB
NPEJàDBUJPO EFT QSFNJÍSFT SÊáFYJPOT EPOU M�ÊOFSHJF ÊUBJU GBJCMF FU MF TVQQPSU UFNQPSFM
DPVSU�

�PPLICATION [ DES PREMIcRES RdċEXIONS PARAMdTRdES
-�BNQMJàDBUJPO EJSFDUJPOOFMMF FU MB EÊGPSNBUJPO BOHVMBJSF
 RVJ TF TPOU BWÊSÊFT FG�

àDBDFT QPVS DFSUBJOT FTQBDFT
 QFVWFOU ËUSF BQQMJRVÊFT FGàDBDFNFOU Æ M�PSESF �� -FT
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TJHOBVY NPEJàÊT POU ÊUÊ PCUFOVT FO BQQMJRVBOU VOF NBUSJDF 5 BVY TJHOBVY BNCJ�
TPOJRVFT EF SÊGÊSFODF� %BOT MF DBESF EF MB QBSBNÊUSJTBUJPO EFT QSFNJÍSFT SÊáFYJPOT
BEPQUÊF BV DIBQJUSF �
 JM FTU QPTTJCMF E�BQQMJRVFS EF UFMT USBJUFNFOUT EJSFDUFNFOU TVS
MFT QBSBNÍUSFT � MFT NBUSJDFT EF DPWBSJBODF $� &O FGGFU
 MB NBUSJDF EF DPWBSJBODF EFT
TJHOBVY USBJUÊT $̃ T�ÊDSJU � $̃ = 5$5H �

Ù�×� �ONCLUSION

%BOT DF DIBQJUSF
 MFT QBSUJFT QSÊDPDFT EF 43*3T POU ÊUÊ NBOJQVMÊFT EBOT MF EPNBJOF
BNCJTPOJRVF QPVS ÊUVEJFS MB QFSDFQUJPO EF MB MBSHFVS BQQBSFOUF EF TPVSDF� -�ÊUVEF T�FTU
QMBDÊF EBOT MF DPOUFYUF E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ EF DPOUFOVT BNCJTP�
OJRVFT E�PSESF � PÜ M�FGGFU EF SÊWFSCÊSBUJPO FTU SFQSPEVJU Æ M�PSESF �� 2VBUSF NÊUIPEFT
EF NBOJQVMBUJPO EV DIBNQ TPOPSF POU ÊUÊ FNQMPZÊFT EF NBOJÍSF Æ GBJSF WBSJFS M�ÊOFS�
HJF MBUÊSBMF FU MB EÊDPSSÊMBUJPO JOUFSBVSBMF EF DJOR 43*3T EF SÊGÊSFODF�

6O UFTU QFSDFQUJG B NPOUSÊ RVF MB WBSJBUJPO EF M�ÊOFSHJF MBUÊSBMF FU EF MB EÊDPSSÊMB�
UJPO JOUFSBVSBMF QFVU BWPJS VOF JOáVFODF TJHOJàDBUJWF TVS M�"48� $FQFOEBOU
 M�FGGFU EF
DFT USBJUFNFOUT EÊQFOEBJU GPSUFNFOU EF M�FTQBDF DPOTJEÊSÊ� %�VOF QBSU
 VOF EJNJOVUJPO
EF M�"48 B QV ËUSF PCTFSWÊF QPVS UPVT MFT FTQBDFT DPOTJEÊSÊT TBVG QPVS M�VO E�FOUSF
FVY� 1PVS DFU FTQBDF
 JM TFNCMF RVF MFT QSFNJÍSFT SÊáFYJPOT O�ÊUBJFOU QBT TVGàTBN�
NFOU JNQPSUBOUFT FO DPNQBSBJTPO EV TPO EJSFDU QPVS RVF M�FGGFU EF MFVS NPEJàDBUJPO
QVJTTF ËUSF TJHOJàDBUJG� %�BVUSF QBSU
 VOF BVHNFOUBUJPO TJHOJàDBUJWF EF M�"48 O�B QV
ËUSF PCTFSWÊF RVF QPVS VO TFVM FTQBDF� -FT QSFNJÍSFT SÊáFYJPOT EF MB 43*3 BTTPDJÊF
RVJ ÊUBJFOU QSPDIFT EV TPO EJSFDU QPTTÊEBJFOU VOF ÊOFSHJF JNQPSUBOUF� $FUUF PCTFSWB�
UJPO FTU FO BDDPSE BWFD M�IZQPUIÍTF TFMPO MBRVFMMF MFT SÊáFYJPOT QSÊDPDFT GVTJPOOBOU
BWFD MF TPO EJSFDU DPOUSJCVFOU Æ BVHNFOUFS M�"48� %ÍT MPST
 MB SÊHJPO UFNQPSFMMF àYÊF
Æ �� NT FU VUJMJTÊF QPVS DBMDVMFS MFT QBSBNÍUSFT BDPVTUJRVFT DFOTÊT DBSBDUÊSJTFS M�"48
	+-'
 +-'$ FU #2*
 OF TFNCMF QBT KVEJDJFVTF� 6OF SÊHJPO UFNQPSFMMF QMVT DPVSUF EFWSBJU
ËUSF EÊàOJF QPVS ËUSF FO NFTVSF EF NJFVY QSÊEJSF M�"48�

-FT SÊTVMUBUT EF DFUUF ÊUVEF NFUUFOU FO ÊWJEFODF MFT MJNJUFT EF M�BDDSPJTTFNFOU EF
MB QSPQPSUJPO E�ÊOFSHJF MBUÊSBMF QPVS BVHNFOUFS M�"48� %BOT DFUUF PQUJRVF
 E�BVUSFT
USBWBVY QPVSSBJFOU ÊUVEJFS M�FGàDBDJUÊ EF M�BVHNFOUBUJPO EF M�ÊOFSHJF QSÊDPDF� /ÊBO�
NPJOT
 EFT UFTUT JOGPSNFMT TVHHÍSFOU RVF E�BVUSFT BQQSPDIFT CBTÊFT TVS MF USBJUFNFOU
TQBUJBM EV TPO EJSFDU TFNCMFOU QMVT FGàDBDFT RVF MB NPEJàDBUJPO EFT QSFNJÍSFT SÊ�
áFYJPOT� -B SÊEVDUJPO EF M�ÊOFSHJF MBUÊSBMF EFT QSFNJÍSFT SÊáFYJPOT SFTUF DFQFOEBOU
VOF PQUJPO FGàDBDF QPVS SÊEVJSF M�"48�

1BS BJMMFVST
 6O BVUSF JOEJDBUFVS RVF +-' FU +-'$ T�FTU NPOUSÊ QMVT Æ NËNF E�FYQMJ�
RVFS MFT SÊTVMUBUT � #-'� $FU JOEJDBUFVS RVBOUJàF MB QSPQPSUJPO E�ÊOFSHJF MBUÊSBMF EFT
QSFNJÍSFT SÊáFYJPOT QBS SBQQPSU Æ MFVS ÊOFSHJF EBOT MF QMBO IPSJ[POUBM� 4PO DBMDVM
SFQPTF TVS EFT GPSNBUJPOT EF GBJTDFBVY QPVS RVBOUJàFS M�ÊOFSHJF QBS TFDUFVS BOHV�
MBJSF FU BJOTJ T�BGGSBODIJS E�ÊWFOUVFMMFT JOUFSGÊSFODFT FOUSF MFT SÊáFYJPOT RVJ QFVWFOU TF
QSPEVJSF MPSTRVF MFT DPOUSJCVUJPOT EF QMVTJFVST TFDUFVST TPOU NÊMBOHÊFT�
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%BOT MF DIBQJUSF �
 MFT PSJHJOFT QIZTJRVFT EF MB TFOTBUJPO E�FOWFMPQQFNFOU POU ÊUÊ
ÊUVEJÊFT FO ÊUBCMJTTBOU EFT MJFOT FOUSF MFT SÊTVMUBUT EF M�ÊWBMVBUJPO EF DFU BUUSJCVU QFS�
DFQUJG FU EFT QBSBNÍUSFT BDPVTUJRVFT FYUSBJUT EF SÊQPOTFT JNQVMTJPOOFMMFT� -FT EPOOÊFT
Æ EJTQPTJUJPO POU QFSNJT EF DPOàSNFS M�JOáVFODF EF MB RVBOUJUÊ E�ÊOFSHJF UBSEJWF
 EFT
SÊáFYJPOT MBUÊSBMFT UBSEJWFT FU EF MB EÊDPSSÊMBUJPO JOUFSBVSBMF TVS MB TFOTBUJPO E�FO�
WFMPQQFNFOU� $FUUF BOBMZTF OPVT DPOGPSUF EBOT M�JEÊF RVF MFT QBSBNÍUSFT BDPVTUJRVFT
BTTPDJÊT TPOU CJFO SFQSÊTFOUBUJGT EF DFU BUUSJCVU QFSDFQUJG FU RV�JM FTU OÊDFTTBJSF EF SF�
QSPEVJSF DPOWFOBCMFNFOU MFT QSPQSJÊUÊT TQBUJBMFT RV�JMT DBSBDUÊSJTFOU QPVS SFQSPEVJSF
MB TFOTBUJPO E�FOWFMPQQFNFOU� %BOT DF DIBQJUSF
 VO SÊWFSCÊSBUFVS BSUJàDJFM CBTÊ TVS
VO SÊTFBV SÊDVSTJG EF MJHOFT Æ SFUBSE 	'%/
 FTU VUJMJTÊ QPVS HÊOÊSFS MB QBSUJF UBSEJWF
EF 43*3T FODPEÊFT FO BNCJTPOJRVF Æ M�PSESF �� -�BSDIJUFDUVSF FNQMPZÊF QFSNFU MB
SFQSPEVDUJPO EFT DBSBDUÊSJTUJRVFT TQFDUSBMFT
 TQBUJBMFT FU UFNQPSFMMF E�VOF 43*3 UPVU
FO GPVSOJTTBOU VO DPOUSÔMF EV UFNQT EF SÊWFSCÊSBUJPO QBS CBOEF EF GSÊRVFODF FU QBS
TFDUFVS BOHVMBJSF� -B DBQBDJUÊ EV SÊWFSCÊSBUFVS BSUJàDJFM Æ SFQSPEVJSF MFT QBSBNÍUSFT
BDPVTUJRVFT JEFOUJàÊT DPNNF QFSUJOFOUT BV DIBQJUSF � QPVS DBSBDUÊSJTFS MB TFOTBUJPO
E�FOWFMPQQFNFOU FTU ÊUVEJÊF� -FT FSSFVST DPNNJTFT TVS DFT QBSBNÍUSFT BDPVTUJRVFT
ÊUBOU EBOT DFSUBJOT DBT JNQPSUBOUFT
 EFT QJTUFT E�BNÊMJPSBUJPO EV SÊWFSCÊSBUFVS BSUJà�
DJFM TPOU QSPQPTÊFT�

1BSNJ MFT NÊUIPEFT EF USBJUFNFOU EV TJHOBM QFSNFUUBOU E�BQQMJRVFS VO FGGFU EF SÊ�
WFSCÊSBUJPO Æ VOF TPVSDF TPOPSF
 EFVY HSBOEFT BQQSPDIFT TPOU DPVSBNNFOU VUJMJTÊFT �
MB DPOWPMVUJPO BWFD VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF FU M�VUJMJTBUJPO E�VO SÊTFBV
SÊDVSTJG EF MJHOFT Æ SFUBSE PV '%/ 	QPVS 'FFECBDL %FMBZ /FUXPSL
�

"VSBMJTFS VO FTQBDF TPOPSF FO DPOWPMVBOU VOF TPVSDF TPOPSF BWFD VOF SÊQPOTF
JNQVMTJPOOFMMF EF TBMMF QFSNFU E�PCUFOJS VO SFOEV TJNJMBJSF Æ M�FOSFHJTUSFNFOU EF MB
TPVSDF EBOT M�FTQBDF BVSBMJTÊ� %FT UFDIOJRVFT EF DPOWPMVUJPO CBTÊFT TVS MB EÊDPNQPTJ�
UJPO EF MB SÊQPOTF JNQVMTJPOOFMMF FO CMPDT EF QFUJUFT UBJMMFT QFSNFUUFOU E�JNQMÊNFOUFS
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MF àMUSBHF FGàDBDFNFOU FO UFSNFT EF DBMDVM FU BWFD VOF MBUFODF GBJCMF <�
 �>� /ÊBO�
NPJOT
 MF DPÚU EF DBMDVM ÊUBOU EÊQFOEBOU EF MB MPOHVFVS EF MB SÊQPOTF JNQVMTJPOOFMMF

JM QFVU ËUSF USÍT ÊMFWÊ MPSTRVF MF UFNQT EF SÊWFSCÊSBUJPO FTU JNQPSUBOU� $FUUF BQQSPDIF
EFNBOEF E�BVUBOU QMVT EF DBMDVMT MPSTRVF M�PO TPVIBJUF USBJUFS EFT SÊQPOTFT JNQVM�
TJPOOFMMFT TQBUJBMFT EF TBMMFT QPVS MFTRVFMMFT MF àMUSBHF FTU OÊDFTTBJSFNFOU NVMUJDBOBM�

-F '%/ QFSNFU EF SFQSPEVJSF MFT QSPQSJÊUÊT TUBUJTUJRVFT E�VOF SÊWFSCÊSBUJPO UBS�
EJWF BWFD VOF GBJCMF DPNQMFYJUÊ EF DBMDVM UPVU FO QSPEVJTBOU VO FGGFU EF SÊWFSCÊSBUJPO
KVHÊ OBUVSFM <�
 �>� *M QFSNFU ÊHBMFNFOU VOF NPEJàDBUJPO BJTÊF EV UFNQT EF EÊDSPJT�
TBODF FU EF MB SÊQPOTF FO GSÊRVFODF EF MB SÊWFSCÊSBUJPO UBSEJWF <�>� /ÊBONPJOT
 JM QFVU
QSPEVJSF EFT BSUFGBDUT BVEJCMFT EBOT MB QBSUJF QSÊDPDF EF MB SÊWFSCÊSBUJPO HÊOÊSÊF 	DBT
MF QMVT GSÊRVFOU
 NBJT ÊHBMFNFOU EBOT MB QBSUJF UBSEJWF TJ TFT QBSBNÍUSFT OF TPOU QBT
DPOWFOBCMFNFOU TÊMFDUJPOOÊT� &O FGGFU
 EBOT DFUUF QBSUJF MB EFOTJUÊ E�ÊDIP FTU HÊOÊ�
SBMFNFOU USPQ GBJCMF FO SBJTPO EF MB OBUVSF SÊDVSTJWF EV USBJUFNFOU RVJ JNQMJRVF VO
UFNQT OÊDFTTBJSF Æ MB HÊOÊSBUJPO E�VO OPNCSF E�ÊDIPT TVGàTBOUT� %F QMVT
 MFT USBOTJ�
UPJSFT GSBODT QSPEVJUT QBS MFT ÊDIPT TVDDFTTJGT QSPEVJTFOU EFT DPMPSBUJPOT TQFDUSBMFT FU
BSUFGBDUT UFNQPSFMT QFV OBUVSFMT�

$BSQFOUJFS FU BM� <�> POU EPOD QSPQPTÊ VOF JNQMÊNFOUBUJPO IZCSJEF E�VO FGGFU EF
SÊWFSCÊSBUJPO QFSNFUUBOU VO USBJUFNFOU UFNQT�SÊFM E�VO DPOUFOV TPOPSF� $FUUF JNQMÊ�
NFOUBUJPO IZCSJEF FTU Æ MB GPJT DPNQPTÊF E�VO ÊUBHF EF DPOWPMVUJPO QPVS HÊOÊSFS MB
QBSUJF QSÊDPDF EF MB SÊWFSCÊSBUJPO FU E�VO '%/ QPVS HÊOÊSFS MB QBSUJF UBSEJWF� %F DFUUF
NBOJÍSF
 MF DPÚU EF DBMDVM JOEVJU QBS MB DPOWPMVUJPO FTU MJNJUÊ BV USBJUFNFOU EFT QSF�
NJÍSFT SÊáFYJPOT EPOU MB [POF UFNQPSFMMF T�ÊUFOE HÊOÊSBMFNFOU KVTRV�Æ �� Æ ��� NT�
1BSBMMÍMFNFOU
 MB SÊWFSCÊSBUJPO UBSEJWF � RVJ QFVU T�ÊUFOESF TVS QMVTJFVST TFDPOEFT � FTU
HÊOÊSÊF QBS MF '%/ BWFD VOF RVBMJUÊ TPOPSF DPNQBSBCMF Æ DFMMF EF MB SÊQPOTF JNQVM�
TJPOOFMMF EF TBMMF EF SÊGÊSFODF� -B NÊUIPEF QSPQPTÊF FTUJNF E�BCPSE MF UFNQT EF SÊWFS�
CÊSBUJPO EBOT EJGGÊSFOUFT CBOEFT EF GSÊRVFODFT Æ QBSUJS EF MB SÊQPOTF JNQVMTJPOOFMMF
BàO EF QBSBNÊUSFS MF '%/� 6O àMUSF FTU FOTVJUF BQQMJRVÊ QPVS BTTVSFS VOF USBOTJUJPO
FOUSF MF SFOEV JTTV EF MB DPOWPMVUJPO FU DFMVJ JTTV EV '%/� $FUUF BQQSPDIF BQQBSBJU
DPNNF VO DPNQSPNJT BWBOUBHFVY FOUSF DPÚU EF DBMDVM FU RVBMJUÊ EF SFQSPEVDUJPO�

-�BQQSPDIF IZCSJEF QPVSSBJU ËUSF FNQMPZÊF QPVS SFQSPEVJSF àEÍMFNFOU MFT DBSBD�
UÊSJTUJRVFT TQBUJBMFT E�VOF 43*3� © DFUUF àO
 M�BSDIJUFDUVSF EV '%/ FNQMPZÊ QPVS
HÊOÊSFS MB QBSUJF UBSEJWF EF MB SÊWFSCÊSBUJPO EPJU QFSNFUUSF
 QPVS QMVTJFVST SBJTPOT

VOF SFQSPEVDUJPO BOJTPUSPQF EF MB QBSUJF UBSEJWF � VOF EJTUSJCVUJPO OPO�VOJGPSNF EF
M�ÊOFSHJF NPZFOOF EBOT M�FTQBDF� %�VOF QBSU
 JM FTU DPNNVO RVF EFT FTQBDFT TPOPSFT
QSÊTFOUFOU EFT QSPQSJÊUÊT EF SÊWFSCÊSBUJPO BOJTPUSPQFT EBOT EFT TJUVBUJPOT SÊFMMFT EV
GBJU EFT JSSÊHVMBSJUÊT EF GPSNFT RVJ DPOTUJUVFOU VO FTQBDF
 EFT QSPQSJÊUÊT E�BCTPSQUJPO
EFT NBUÊSJBVY
 PV EF M�FNQMBDFNFOU EF M�BVEJUFVS� $FT DBSBDUÊSJTUJRVFT TPOU QFSDFQ�
UJCMFT NËNF QPVS VOF GBJCMF WBSJBUJPO E�ÊOFSHJF NPZFOOF EBOT M�FTQBDF� 3PNCMPN FU
(VBTUBWJOP <�> POU NPOUSÊ RV�VOF SÊWFSCÊSBUJPO UBSEJWF BOJTPUSPQF QFVU ËUSF QFSÉVF
DPNNF TJHOJàDBUJWFNFOU EJGGÊSFOUF EF TPO ÊRVJWBMFOU JTPUSPQF QPVS EFT WBSJBUJPOT
E�ÊOFSHJFT JOGÊSJFVSFT Æ � E#� %�BVUSF QBSU
 M�ÊUVEF SÊBMJTÊF BV DIBQJUSF � BUUFTUF EF
M�JNQPSUBODF EF MB QSPQPSUJPO E�ÊOFSHJF MBUÊSBMF QPVS SFQSPEVJSF VOF JNQSFTTJPO E�FO�
WFMPQQFNFOU� -F DPOUSÔMF QFSDFQUJG EFT JNQSFTTJPOT TQBUJBMFT EPJU EPOD QFSNFUUSF VOF
NPEJàDBUJPO EF MB SÊQBSUJUJPO E�ÊOFSHJF UBSEJWF EBOT M�FTQBDF�

1MVTJFVST BSDIJUFDUVSFT EF '%/ POU ÊUÊ QSPQPTÊFT QPVS DPOUSÔMFS MB QPOEÊSBUJPO
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'ñïýúí ��� m &YFNQMFT EF UFNQT EF SÊWFSCÊSBUJPO DBMDVMÊT QBS CBOEF EF GSÊRVFODF EBOT � EJSFDUJPOT EF
M�FTQBDF (θ,φ)� -FT UFNQT EF SÊWFSCÊSBUJPO POU ÊUÊ DBMDVMÊT E�BQSÍT MFT TJHOBVY JTTVT EF GPSNBUJPOT EF
GBJTDFBV BQQMJRVÊT Æ EFT 43*3T BNCJTPOJRVFT E�PSESF ��

EF M�ÊOFSHJF EBOT EJGGÊSFOUFT EJSFDUJPOT E�JODJEFODFT <�
 �> FO BQQMJRVBOU EFT HBJOT
EJSFDUJPOOFMT TVS MFT TJHOBVY EF TPSUJF EF '%/T BWBOU FODPEBHF BNCJTPOJRVF� /ÊBO�
NPJOT
 BWFD DFT NÊUIPEFT MFT DBSBDUÊSJTUJRVFT TQBUJBMFT EF MB QBSUJF UBSEJWF E�VOF 43*3
OF TPOU QBT FOUJÍSFNFOU SFTQFDUÊFT DBS MB EÊDSPJTTBODF EF M�ÊOFSHJF SFTUF MB NËNF EBOT
UPVUFT MFT EJSFDUJPOT � FMMF SFTUF JTPUSPQF� -B àHVSF ��� JMMVTUSF EFT WBSJBUJPOT EV UFNQT
EF SÊWFSCÊSBUJPO EBOT QMVTJFVST CBOEFT EF GSÊRVFODF FU EBOT EJGGÊSFOUFT EJSFDUJPOT
QPVS EFVY SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMF� 0O DPOTUBUF BJTÊNFOU RVF MFT
WBSJBUJPOT EV UFNQT EF SÊWFSCÊSBUJPO EBOT VOF TBMMF QFVWFOU ËUSF JNQPSUBOUFT�

3ÊDFNNFOU
 "MBSZ FU 1PMJUJT <��> POU QSPQPTÊ VOF BSDIJUFDUVSF EF '%/ � OPNNÊ
'%/ EJSFDUJPOOFM � QFSNFUUBOU EF DPOUSÔMFS QBS CBOEF EF GSÊRVFODF MB EÊDSPJTTBODF
EF M�ÊOFSHJF TPOPSF EBOT M�FTQBDF� %BOT DFUUF BSDIJUFDUVSF
 MFT MJHOFT Æ SFUBSE TPOU NVM�
UJDBOBMFT FU DIBRVF DBOBM DPSSFTQPOE BV TJHOBM JTTV E�VOF EJSFDUJPO E�JODJEFODF QBSUJ�
DVMJÍSF� -FT EJSFDUJPOT E�JODJEFODF TPOU MFT NËNFT E�VOF MJHOF Æ M�BVUSF FU TPOU VOJGPS�
NÊNFOU SÊQBSUJFT TVS MB TQIÍSF� $FUUF NÊUIPEF QFSNFU EF TBUJTGBJSF VOF EÊDSPJTTBODF
E�ÊOFSHJF TPOPSF EPOOÊF BWFD VOF SÊTPMVUJPO BOHVMBJSF EÊQFOEBOUF EV OPNCSF EF EJ�
SFDUJPOT DPOTJEÊSÊFT� -FT EJSFDUJPOT TPOU DIPJTJFT EF NBOJÍSF Æ SFQSÊTFOUFS MB 43*3
EBOT MF EPNBJOF EFT IBSNPOJRVFT TQIÊSJRVFT Æ VO PSESF BNCJTPOJRVF EPOOÊ�

/PVT WFSSPOT EBOT DF DIBQJUSF DPNNFOU SFQSPEVJSF BWFD VO '%/ EFT UFNQT EF
SÊWFSCÊSBUJPO DJCMFT QBS CBOEF EF GSÊRVFODF FU MFT QSPDÊEÊT QFSNFUUBOU EF NJOJNJTFS
EFT BSUFGBDUT TQFDUSBVY FU UFNQPSFMT DPVSBOUT� 1VJT
 FO FNQMPZBOU VOF BSDIJUFDUVSF
TJNJMBJSF Æ DFMMF QSPQPTÊF QBS "MBSZ FU 1PMJUJT <��>
 OPVT ÊUVEJFSPOT MB DBQBDJUÊ E�VO
'%/ EJSFDUJPOOFM E�PSESF � Æ SFQSPEVJSF MFT QBSBNÍUSFT BDPVTUJRVFT MJÊT Æ M�JNQSFTTJPO
E�FOWFMPQQFNFOU�
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-F SÊTFBV SÊDVSTJG EF MJHOF Æ SFUBSE PV '%/ FTU VO TZTUÍNF TJNQMF FU QFV DPÚUFVY
FO DBMDVMT RVJ FTU VUJMJTÊ QPVS HÊOÊSFS VO FGGFU EF SÊWFSCÊSBUJPO� $F TZTUÍNF
 QBSGPJT
OPNNÊ SÊWFSCÊSBUFVS BSUJàDJFM
 DPOTJTUF Æ NÊMBOHFS EFT TJHOBVY SFUBSEÊT FOUSF FVY EF
NBOJÍSF SÊDVSTJWF� -B àHVSF ��� JMMVTUSF M�BSDIJUFDUVSF EF DF UZQF EF USBJUFNFOU EBOT MF
DBT E�VO TJHOBM EF TPSUJF NPOPEJNFOTJPOOFM� 6O '%/ FTU DPOTUJUVÊ EFN MJHOFT Æ SFUBSE
PV MB JÍNF MJHOF FTU SFUBSEÊF EF mi ÊDIBOUJMMPOT� -FT TJHOBVY SFUBSEÊT Ti
 0 < i ≤ N 

TPOU NÊMBOHÊT QBS MB NBUSJDF " BWBOU E�ËUSF SÊJOKFDUÊT EBOT MFT MJHOFT Æ SFUBSE� %BOT
MF EPNBJOF UFNQPSFM
 DF USBJUFNFOU FTU SÊHJ QBS MF TZTUÍNF E�ÊRVBUJPOT TVJWBOU �

{
y[n] = D⊤T[n] + dx[n]

T[n+N] = "T[n] + Cx[n] ∗ I
	���


PÜ x FU y TPOU MFT TJHOBVY E�FOUSÊF FU EF TPSUJF SFTQFDUJWFNFOU
 d FTU VO HBJO TDBMBJSF
 D
FU C TPOU EFT WFDUFVST EF HBJOT
 I FTU VO WFDUFVS EF àMUSFT FUN FTU MF WFDUFVS EFT SFUBSET
mi�

'ñïýúí ��� m "SDIJUFDUVSF E�VO SÊTFBV SÊDVSTJG EF � MJHOFT Æ SFUBSE

-�VO EFT QSJODJQBVY PCKFDUJGT EF MB DPODFQUJPO E�VO SÊWFSCÊSBUFVS BSUJàDJFM FTU E�PC�
UFOJS VO TZTUÍNF EPOU MB SÊQPOTF JNQVMTJPOOFMMF QPTTÍEF VO UFNQT EF SÊWFSCÊSBUJPO
EÊQFOEBOU EF MB GSÊRVFODF� -B DPOWPMVUJPO QBS MF àMUSF Ii WJTF Æ TBUJTGBJSF VO NPUJG EF
EÊDSPJTTBODF QBS CBOEF EF GSÊRVFODF FO BUUÊOVBOU M�ÊOFSHJF EBOT MB CPVDMF EF SÊUSP�
BDUJPO� 1PVS NBJUSJTFS DFUUF BUUÊOVBUJPO
 JM FTU OÊDFTTBJSF RV�FO EFIPST EF DF àMUSBHF MF
TZTUÍNF TPJU TBOT QFSUF RVFMT RVF TPJFOU MFT SFUBSET FNQMPZÊT� +PU FU $IBJHOF POU NPO�
USÊ RVF MFT NBUSJDFT EF NÊMBOHF VOJUBJSFT QFSNFUUFOU EF TBUJTGBJSF DFUUF DPOEJUJPO <�>�
$FT NBUSJDFT WÊSJàFOU ""H = *N PÜ *N FTU MB NBUSJDF JEFOUJUÊ EF UBJMMF N FU ()H M�PQÊ�
SBUFVS BEKPJOU� %F DFUUF NBOJÍSF M�ÊOFSHJF Æ M�FOUSÊF EF MB NBUSJDF EF NÊMBOHF " FTU



Ú�Ò� �E RdSEAU RdCURSIF DE LIGNES [ RETARD

Ú

ÓÓØ

QSÊTFSWÊF FO TPSUJF EF DFUUF NBUSJDF FU MB TFVMF TPVSDF E�BUUÊOVBUJPO EV TJHOBM y FTU MF
àMUSBHF SÊBMJTÊ EBOT DIBRVF CPVDMF EF SÊUSPBDUJPO�

Ú�Ò�Ò� �E CALCUL DES ĉLTRES D¤AčdNUATION

�dPONSE EN FRdQUENCE THdORIQUE

	B


	C


'ñïýúí ��� m "SDIJUFDUVSF 	B
 FU SÊQPOTF JNQVMTJPOFMMF 	C
 E�VO àMUSF FO QFJHOF EF SFUBSE m RVJ QFVU ËUSF
DPOTJEÊSÊ DPNNF VO DBT QBSUJDVMJFS EF '%/ Æ VOF MJHOF Æ SFUBSE�

$POTJEÊSPOT EBOT VO QSFNJFS UFNQT
 VOF MJHOF Æ SFUBSE TVS MBRVFMMF VO HBJO E�BU�
UÊOVBUJPO JOEÊQFOEBOU EF MB GSÊRVFODF FTU BQQMJRVÊ� -B àHVSF ��� SFQSÊTFOUF VO àMUSF
FO QFJHOF EF SFUBSE m
 RVF M�PO QFVU DPOTJEÊSFS DPNNF VO DBT QBSUJDVMJFS EF '%/ Æ
VOF MJHOF EF SFUBSE� -B SÊQPOTF JNQVMTJPOOFMMF r E�VO UFM TZTUÍNF T�ÊDSJU �

r[n] =

⎧
⎨

⎩
gk TJ n = km PÜ k FTU VO FOUJFS QPTJUJG

0 TJOPO�
	���


PÜ k FTU VO FOUJFS TUSJDUFNFOU QPTJUJG� 1PVS RVF MB SÊQPOTF JNQVMTJPOOFMMF EV TZTUÍNF
QPTTÍEF VO UFNQT EF SÊWFSCÊSBUJPO 560
 M�FYQSFTTJPO rE# EF r FO EÊDJCFM EPJU WÊSJàFS
M�ÊRVBUJPO TVJWBOUF �

rE#[fs560] = −60 	���


PÜ fs FTU MB GSÊRVFODF E�ÊDIBOUJMMPOOBHF� -F HBJO FO EÊDJCFM gE# Æ BQQMJRVFS EBOT MB
CPVDMF EF SÊUSPBDUJPO FTU EPOD �

gE# =
−60m

fs560
	���


1PVS TBUJTGBJSF VO UFNQT EF SÊWFSCÊSBUJPO EÊQFOEBOU EF MB GSÊRVFODF
 QMVUÔU RVF
E�VUJMJTFS VO HBJO TDBMBJSF
 VO àMUSF h FTU JOTÊSÊ EBOT MB CPVDMF EF SÊUSPBDUJPO� *M EÊDPVMF
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EF M�ÊRVBUJPO QSÊDÊEFOUF RVF MB NBHOJUVEF hE# EF DF àMUSF T�ÊDSJU FO GPODUJPO EF MB
GSÊRVFODF EF QVMTBUJPO ω �

hE#(ω) =
−60m

fs560(ω)
	���


�MPLdMENTATION DU ĉLTRE
"àO EF SÊBMJTFS MF àMUSBHF QPVS DIBRVF MJHOF E�VO '%/
 1SBXEB FU BM� <��> QSP�

QPTFOU E�VUJMJTFS VO CBOD EF àMUSFT QFSNFUUBOU E�BQQMJRVFS VOF BUUÊOVBUJPO EBOT QMV�
TJFVST CBOEFT EF GSÊRVFODF� $F àMUSFT FTU DPOTUJUVÊ EFQ àMUSFT Æ SÊQPOTF JNQVMTJPOOFMMF
JOàOJF E�PSESF � PV àMUSFT CJRVBESBUJRVFT� -B SÊQPOTF FO GSÊRVFODF EF DFT àMUSFT FTU
EJUF jFO DMPDIFv 	QFBL�OPUDI àMUFST
� -B USBOTGPSNÊF FO z EV àMUSF h T�FYQSJNF DPNNF
MF QSPEVJU EFT USBOTGPSNÊFT FO z EFT àMUSFT CJRVBESBUJRVFT �

h(z) =
Q∏

q=1

bq,0 + bq,1z−1 + bq,2z−2

1 + aq,1z−1 + aq,2z−2
	���


PÜ bq,i FU aq,i 	i = {1, 2}
 TPOU MFT DPFGàDJFOUT EV àMUSF CJRVBESBUJRVF DFOUSÊ TVS MB
RJÍNF CBOEF EF GSÊRVFODF� -B àHVSF ��� SFQSÊTFOUF MB SÊQPOTF FO GSÊRVFODF EF � àMUSFT
FO DMPDIFT SFQBSUJT FO CBOEF E�PDUBWFT� $FU FOTFNCMF EF àMUSFT TFSB DPOTJEÊSÊ EBOT MB
TVJUF EF DF DIBQJUSF�

'ñïýúí ��� m 3ÊQPOTF FO GSÊRVFODF OPSNBMJTÊF Æ � E# EFT àMUSFT CJRVBESBUJRVFT DPOTUJUVBOU MF àMUSF h�

1PVS SFQSPEVJSF MB SÊQPOTF FO GSÊRVFODF UIÊPSJRVF IE# EF M�ÊRVBUJPO 	���
 BV
NPZFO EF DF CBOD EF àMUSF
 JM FTU OÊDFTTBJSF EF QPOEÊSFS MB SÊQPOTF EF DIBRVF àMUSF CJ�
RVBESBUJRVF QBS VO HBJO gq� $FUUF QPOEÊSBUJPO EPJU ËUSF SÊBMJTÊF FO QSFOBOU FO DPNQUF
MF SFDPVWSFNFOU TQFDUSBM WJTJCMF TVS MB àHVSF ��� � DIBRVF àMUSF DPOUSJCVF BV EFMÆ EF
MB CBOEF E�PDUBWF TVS MBRVFMMF JM FTU DFOUSÊ� 4PJU # MB NBUSJDF EF EJNFOTJPO N × Q
DPOUFOBOU MFT SÊQPOTFT FO GSÊRVFODF EF UBJMMF N EFT Q àMUSFT CJRVBESBUJRVFT FU H MF
WFDUFVS EFT HBJOT gq BQQMJRVÊT BVY SÊQPOTFT FO GSÊRVFODF EFT àMUSFT� -B SÊQPOTF FO
GSÊRVFODF EV CBOD EF àMUSF
 OPUÊF I**3
 E#
 T�ÊDSJU BMPST �

I**3
 E# = #H 	���


*M FTU OÊDFTTBJSF EF EÊUFSNJOFS MF WFDUFVS H QFSNFUUBOU RVF MB SÊQPOTF I**3
 E# EV
CBOD EF àMUSF T�BQQSPDIF BVUBOU RVF QPTTJCMF EF MB SÊQPOTF FO GSÊRVFODF UIÊPSJRVF EF
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UBJMMF N EÊTJHOÊF QBS MF WFDUFVS IE#� 1PVS DF GBJSF
 JM FTU QPTTJCMF EF NJOJNJTFS M�FSSFVS
RVBESBUJRVF FOUSF MFT EFVY SÊQPOTFT� *M QBSBJU DFQFOEBOU QMVT KVEJDJFVY EF NJOJNJTFS
M�FSSFVS FOUSF MFT JOWFSTFT EFT SÊQPOTFT FO GSÊRVFODF� &O FGGFU
 M�BNQMJUVEF EF MB SÊQPOTF
FO GSÊRVFODF UIÊPSJRVF FTU JOWFSTFNFOU QSPQPSUJPOOFMMF BV UFNQT EF SÊWFSCÊSBUJPO� -B
àHVSF ��� SFQSÊTFOUF MF UFNQT EF SÊWFSCÊSBUJPO FO GPODUJPO EF M�BUUÊOVBUJPO FO EÊDJCFM
BWFD EFVY JOUFSWBMMFT E�FSSFVS� 4FMPO M�FSSFVS DPNNJTF TVS M�BUUÊOVBUJPO
 MF UFNQT EF
SÊWFSCÊSBUJPO DPSSFTQPOEBOU QFVU WBSJFS HSBOEFNFOU� 1BS FYFNQMF
 QPVS VOF FSSFVS
EF ± 0.05 E# DPNNJTF TVS VO HBJO EF ���� E#
 MF UFNQT EF SÊWFSCÊSBUJPO QFVU WBSJFS
FOUSF � FU ��� T�

'ñïýúí ��� m 5FNQT EF SÊWFSCÊSBUJPO PCUFOV BWFD VO àMUSF FO QFJHOF EF SFUBSE N � �� NT FU VO HBJO
E�BUUÊOVBUJPO TDBMBJSF� -FT NBSHFT E�FSSFVS TVS MF UFNQT EF SÊWFSCÊSBUJPO TPOU BGàDIÊFT FO QPJOUJMMÊT QPVS
VOF FSSFVS EF ± 0.05 E# TVS M�BUUÊOVBUJPO�

4DIMFDIU FU )BCFUT QSPQPTFOU EPOD EF NJOJNJTFS VOF FSSFVS e QSPQPSUJPOOFMMF
BV UFNQT EF SÊWFSCÊSBUJPO <��>� %BOT DF DBT
 M�FSSFVS RVBESBUJRVF Æ NJOJNJTFS QFVU
T�ÊDSJSF <��> �

e = ∥ 1

I**3
 E#
− 1

IE#
∥22. 	���


0O QFVU ÊHBMFNFOU DIPJTJS EF NJOJNJTFS M�FSSFVS ẽ TVJWBOUF �

ẽ = ∥1N×1 −
I**3
 E#

IE#
∥22 	���


TPJU
ẽ = ∥1N×1 −8#H∥22 	����


BWFD

8 = EJBH
(

1

IE#

)
	����


FU 1N×1 VO WFDUFVS EF � EF EJNFOTJPO N × 1� -F WFDUFVS EF HBJOT H QFSNFUUBOU EF
NJOJNJTFS DFUUF FSSFVS FTU BMPST EPOOÊF QBS M�ÊRVBUJPO TVJWBOUF �

H = (8#)†1N×1 	����
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'ñïýúí ��� m 3ÊQPOTF FO GSÊRVFODF EV àMUSF E�BUUÊOVBUJPO I**3
 E# 	FO SPVHF
 SÊTVMUBOU EFT DPOUSJCVUJPOT
EFT 2 àMUSFT CJRVBESBUJRVFT QPOEÊSÊT QBS MF WFDUFVS EF HBJOT H� -B SÊQPOTF FO GSÊRVFODF UIÊPSJRVF IE#

DBMDVMÊF QPVS VO SFUBSE N � �� NT
 FTU NBUÊSJBMJTÊF QBS MFT QPJOUJMMÊT OPJST�

'ñïýúí ��� m 5FNQT EF SÊWFSCÊSBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMF FU UFNQT EF SÊWFSCÊ�
SBUJPO EFT SÊQPOTFT JNQVMTJPOOFMMFT EF TPSUJF E�VO '%/ EF � MJHOFT DPOTUJUVÊ E�VO àMUSF E�BUUÊOVBUJPO TVS
DIBRVF MJHOF Æ SFUBSE�
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PÜ (8#)† FTU MB NBUSJDF QTFVEP JOWFSTF EF 8#� -FT DPFGàDJFOUT EFT àMUSFT CJRVBESB�
UJRVFT TPOU DBMDVMÊT E�BQSÍT VOF GSÊRVFODF DFOUSBMF FU VO GBDUFVS EF RVBMJUÊ� 0S
 MPSTRVF
M�PO BQQMJRVF VO HBJO Æ MB SÊQPOTF FO GSÊRVFODF EFT àMUSFT
 MF GBDUFVS EF RVBMJUÊ DPS�
SFTQPOEBOU FTU NPEJàÊ� 6O QSPDFTTVT JUÊSBUJG QFSNFU E�BKVTUFS MB WBMFVS EFT HBJOT Æ
BQQMJRVFS BàO EF SFTQFDUFS MFT GBDUFVST EF RVBMJUÊ EFT àMUSFT <��>�

&O VUJMJTBOU MFT � àMUSFT EF MB àHVSF ���
 MFT HBJOT TPOU EÊàOJT QPVS DIBRVF PDUBWF
EPOU MB GSÊRVFODF DFOUSBMF FTU DPNQSJTF FOUSF �� )[ FU �� L)[� $FQFOEBOU
 FO EFIPST
EF DFUUF SÊHJPO GSÊRVFOUJFMMF
 MB SÊQPOTF FO GSÊRVFODF EV CBOD EF àMUSF QFVU T�BQQSPDIFS
E�VOF BUUÊOVBUJPO OVMMF FU BJOTJ QSPEVJSF EFT UFNQT EF SÊWFSCÊSBUJPO USÍT ÊMFWÊT� 1PVS
ÊWJUFS DF DBT EF àHVSF
 1SBXEB FU BM� <��> QSPQPTFOU E�BQQMJRVFS VOF BUUÊOVBUJPO TVS
M�FOTFNCMF EV TQFDUSF EF MB SÊQPOTF FO GSÊRVFODF EV CBOD EF àMUSF� %F DFUUF NBOJÍSF

VOF BUUÊOVBUJPO OPO OVMMF FTU SÊBMJTÊF FO EFIPST EF MB [POF TQFDUSBMF DPVWFSUF QBS MFT
àMUSFT CJRVBESBUJRVFT�

-B àHVSF ��� SFQSÊTFOUF MB TPNNF QPOEÊSÊF EFT SÊQPOTFT FO GSÊRVFODF EFT àMUSFT
CJRVBESBUJRVFT E�BQSÍT MF WFDUFVS EF HBJOT H� 6O àMUSF FO QMBUFBV 	TIFMG àMUFS
 FTU BQ�
QMJRVÊ FO IBVUF GSÊRVFODF QPVS ÊWJUFS VOF BVHNFOUBUJPO EV UFNQT EF SÊWFSCÊSBUJPO
BV EFTTVT EF �� L)[ <��>� -F HBJO EF DF àMUSF DPSSFTQPOE Æ DFMVJ EV EFSOJFS àMUSF
CJRVBESBUJRVF EV CBOD EF àMUSFT�

-B àHVSF ��� SFQSÊTFOUF MFT UFNQT EF SÊWFSCÊSBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT
TQBUJBMFT EF TBMMF E�BQSÍT MFTRVFMMFT EFT àMUSFT E�BUUÊOVBUJPO POU ÊUÊ DBMDVMÊT� 0O PC�
TFSWF ÊHBMFNFOU
 MFT UFNQT EF SÊWFSCÊSBUJPO EFT SÊQPOTFT JNQVMTJPOOFMMFT JTTVFT EF
'%/ EF � MJHOFT JOUÊHSBOU MFT àMUSFT E�BUUÊOVBUJPO DPSSFTQPOEBOUT� -F QSPàM EFT UFNQT
EF SÊWFSCÊSBUJPO FTU SFTQFDUÊ� -FT FSSFVST NBYJNBMFT PCUFOVFT T�ÊMÍWFOU DFQFOEBOU Æ
�����
 �����
 ����� FU ����� � UPVUFT EBOT MB CBOEF EF GSÊRVFODF DFOUSÊF TVS
� L)[ � QPVS MFT FTQBDFT 1JTDJOF
 ­HMJTF
 )BMMF FU $BUIÊESBMF SFTQFDUJWFNFOU�

Ú�Ò�Ó� �A MODULATION DE LA MATRICE DE MdLANGE

-FT WBMFVST EFT SFUBSET mi FU EFT DPFGàDJFOUT EF MB NBUSJDF EF NÊMBOHF EV TZTUÍNF
SÊDVSTJG ÊUBOU àYFT
 EFT NPUJGT QÊSJPEJRVFT QFVWFOU BQQBSBJUSF FO TPSUJF EF '%/ FU TF
USBEVJSF QBS VOF DPMPSBUJPO OPUBCMF EV TJHOBM EF TPSUJF� "àO E�ÊWJUFS EF UFMT BSUFGBDUT

4DIMFDIU FU )BCFUT POU QSPQPTÊ EF GBJSF WBSJFS MFT DPFGàDJFOUT EF MB NBUSJDF EF NÊMBOHF
BV DPVST EV UFNQT <��
 ��>�

"àO E�BTTVSFS RVF MF '%/ SFTUF TBOT QFSUF
 D�FTU Æ EJSF RVF MFT TJHOBVY OF TPJFOU
QBT BUUÊOVÊT EBOT MB CPVDMF EF SÊUSPBDUJPO FO EFIPST EV àMUSBHF
 JM FTU OÊDFTTBJSF RVF
MB NBUSJDF EF NÊMBOHF " TPJU VOJUBJSF QPVS UPVU ÊDIBOUJMMPO n� 4PJFOU 6 MB NBUSJDF EFT
WFDUFVST QSPQSFT BTTPDJÊT BVY WBMFVST QSPQSFT (λi)1≤i≤N EF "
 MB EÊDPNQPTJUJPO FO
WBMFVST QSPQSFT EF MB NBUSJDF EF NÊMBOHF T�ÊDSJU Æ M�JOTUBOU n �

"[n] = 6[n]HΛ[n]6[n] 	����


PÜΛ FTU VOF NBUSJDF EJBHPOBMF EPOU MFT DPFGàDJFOUT EJBHPOBVY TPOU MFT WBMFVST QSPQSFT
(λi)1≤i≤N � " ÊUBOU VOJUBJSF
 MF NPEVMF EF TFT WBMFVST QSPQSFT FTU ÊHBM Æ � FU MB NBUSJDF
6 FTU VOJUBJSF� &O àYBOU MB NBUSJDF 6 BV DPVST EV UFNQT
 MB NBUSJDF " TFSB VOJUBJSF
ÊHBMFNFOU Æ M�JOTUBOU n + 1 TJ MFT WBMFVST QSPQSFT (λi)1≤i≤N TPOU EF OPSNF �� 6OF
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	B
 ­WPMVUJPO EFT DPFGàDJFOUT EF MB NBUSJDF�
-FT WBMFVST BTTPDJÊFT Æ DIBRVF DPFGàDJFOU
TPOU EÊDBMÊFT TVS M�BYF EFT PSEPOOÊFT QPVS
VOF NFJMMFVSF WJTJCJMJUÊ�

	C
 ­WPMVUJPO EF M�BOHMF EFT WBMFVST QSPQSFT
EF MB NBUSJDF� 4FVMFT MFT BOHMFT EF EFVY EFT
WBMFVST QSPQSFT TPOU SFQSÊTFOUÊFT DBS MFT
EFVY BVUSFT TPOU MFVS BOUJTZNÊUSJRVFT 	MB
NBUSJDF EF NÊMBOHF ÊUBOU SÊFMMF
�

'ñïýúí ��� m 7BSJBUJPO E�VOF NBUSJDF EF NÊMBOHF EF EJNFOTJPO 4× 4 BV DPVST EV UFNQT�

TPMVUJPO TJNQMF QPVS GBJSF WBSJFS MB NBUSJDF " EF TPSUF RV�FMMF SFTUF VOJUBJSF DPOTJTUF
EPOD Æ NPEJàFS MFT WBMFVST QSPQSFT TFMPO M�ÊRVBUJPO TVJWBOUF �

λi[n+ 1] = λi[n] e
jφi BWFD φi =

2π

fsµi
	����


PÜ fs DPSSFTQPOE Æ MB GSÊRVFODF E�ÊDIBOUJMMPOOBHF FU µi FTU OPNNÊF QÊSJPEF EF NP�
EVMBUJPO� %F DFUUF NBOJÍSF
 MB NJTF Æ KPVS EF MB NBUSJDF Æ DIBRVF QBT EF UFNQT DPOTJTUF
Æ BQQMJRVFS MB USBOTGPSNBUJPO TVJWBOUF �

"[n+ 1] = "[n]3 	����


BWFD

3 = 6H EJBH
(
ejφ1 , . . . , ejφN

)
6� 	����


-B àHVSF ��� SFQSÊTFOUF MB WBSJBUJPO EFT DPFGàDJFOUT FU EF M�BOHMF EFT WBMFVST QSPQSFT
E�VOF NBUSJDF EF NÊMBOHF BV DPVST EV UFNQT� #JFO RVF MB NPEJàDBUJPO EF MB NBUSJDF
EF NÊMBOHF TPJU TJNQMF
 M�ÊWPMVUJPO EF TFT DPFGàDJFOUT BQQBSBJU QMVT DPNQMFYF
 DF RVJ
QFSNFU E�ÊWJUFS EF DPVSUT NPUJGT QÊSJPEJRVFT EBOT MF TJHOBM EF TPSUJF EV '%/� -FT
SÊTVMUBUT E�VO UFTU QFSDFQUJG NFOÊ QBS 4DIMFDIU FU )BCFUT <��>
 POU NPOUSÊ RVF MB WB�
SJBUJPO EF MB NBUSJDF EF NÊMBOHF QFSNFU E�BNÊMJPSFS TJHOJàDBUJWFNFOU MB RVBMJUÊ EF MB
SÊWFSCÊSBUJPO� &O QBSUJDVMJFS
 MFT KVHFNFOUT EF RVBMJUÊ EF TJHOBVY JTTVT E�VO '%/ EF �
MJHOFT BWFD VOF NBUSJDF EF NÊMBOHF NPEVMÊF O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUT
EFT KVHFNFOUT EF RVBMJUÊ EF TJHOBVY JTTVT E�VO '%/ EF �� MJHOFT BWFD VOF NBUSJDF EF
NÊMBOHF OPO NPEVMÊF�
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Ú�Ò�Ô� �E CHOIX DES DdLAIS ET DES PdRIODES DE MODULATION

*M FTU FTTFOUJFM EF DIPJTJS DPOWFOBCMFNFOU MFT SFUBSET BQQMJRVÊT BVY TJHOBVY EBOT
MB CPVDMF EF SÊUSPBDUJPO E�VO '%/ DBS JMT QFSNFUUFOU Æ MB GPJT E�PCUFOJS VO TJHOBM EF
TPSUJF BZBOU VOF EFOTJUÊ E�ÊDIP QSÊDJTF Æ VO JOTUBOU EPOOÊ <��> FU EF EÊDPSSÊMFS DFT
TJHOBVY FOUSF FVY EF NBOJÍSF Æ DF RVF MF TJHOBM EF TPSUJF T�BQQBSFOUF Æ DFMVJ JTTV E�VO
QSPDFTTVT BMÊBUPJSF <��>� *M FTU FO FGGFU TPVIBJUBCMF RVF MB SÊQPOTF FO GSÊRVFODF E�VO
'%/ TPJU MB QMVT QMBUF QPTTJCMF QPVS ÊWJUFS UPVUF DPMPSBUJPO JOEÊTJSBCMF� *M FTU DPVSBOU
RVF EFT QIÊOPNÍOFT EF SÊTPOBODFT BQQBSBJTTFOU FO SBJTPO EV DIPJY EFT SFUBSET RVJ
BDDFOUVFOU EJTUJODUFNFOU DFSUBJOFT GSÊRVFODFT� -B QSÊTFODF EF NPUJGT QÊSJPEJRVFT EBOT
MF EPNBJOF UFNQPSFM FU GSÊRVFOUJFM QSPWPRVF ÊHBMFNFOU EFT DPMPSBUJPOT QFV OBUVSFMMFT�

#JFO RVF MFT SÊWFSCÊSBUFVST BSUJàDJFMT CBTÊT TVS VO '%/ TPJFOU DPVSBNNFOU VUJMJTÊT

JM O�FYJTUF QBT EF SÍHMF DMBJSF TVS MB GBÉPO EF DIPJTJS MFT SFUBSET FU JMT TPOU MF QMVT TPVWFOU
EÊUFSNJOÊT EF NBOJÍSF IFVSJTUJRVF� /ÊBONPJOT
 VOF SÍHMF SÊQBOEVF DPOTJTUF Æ VUJMJTFS
EFT SFUBSET QSFNJFST FOUSF FVY <��>� 4J UPVT MFT SFUBSET QBSUBHFOU VO GBDUFVS QSFNJFS
R
 BMPST UPVT MFT JOTUBOUT PÜ BQQBSBJU VO ÊDIP TPOU EFT NVMUJQMFT FOUJFST EF R FU BVDVO
ÊDIP O�BQQBSBJU QPVS MFT JOTUBOUT OPO NVMUJQMFT FOUJFST EF R� &O VUJMJTBOU EFT EÊMBJT RVJ
OF TPOU QBT QSFNJFST FOUSF FVY
 MFT ÊDIPT JTTVT EF DIBRVF MJHOF Æ SFUBSE BQQBSBJTTFOU Æ
EFT JOTUBOUT EJGGÊSFOUT
 DF RVJ QFSNFU E�BDDSPJUSF MB EFOTJUÊ E�ÊDIP BV DPVST EV UFNQT
TBOT RVF USPQ E�ÊDIPT OF T�BDDVNVMFOU Æ DFSUBJOT NPNFOUT�

*M FTU ÊHBMFNFOU TPVIBJUBCMF RV�VOF QBSUJF EFT SFUBSET OF TPJFOU QBT DPODFOUSÊF
BVUPVS E�VOF DFSUBJOF WBMFVS FU EF TFT NVMUJQMFT� 4J UFM FTU MF DBT
 EFT DPODFOUSBUJPOT
E�ÊDIPT BQQBSBJTTFOU EBOT MF TJHOBM EF TPSUJF FU DF RVJ TF USBEVJU QBS VOF GPSUF áVDUVB�
UJPO EF MB EFOTJUÊ E�ÊDIP� 1PVS ÊWJUFS VOF DPODFOUSBUJPO EF WBMFVST EF SFUBSET
 4DIMFDIU
FU )BCFUT <��> QSPQPTFOU E�VUJMJTFS EFT SFUBSET EPOU M�ÊDBSU�UZQF HÊPNÊUSJRVF σm WÊ�
SJàF �

σm ≥ 1.2 BWFD σm = FYQ

√∑N
i=1

(
MO mi

m̄

)2

N
	����


PÜmi FTU MF SFUBSE EF MB JÍNF MJHOF EV '%/
 m̄ FTU MB NPZFOOF HÊPNÊUSJRVF EFT SFUBSET
FU N MF OPNCSF EF MJHOFT EV '%/�

4DIMFDIU FU )BCFUT <��> NFUUFOU ÊHBMFNFOU FO MVNJÍSF MFT FGGFUT MJÊT BVY EÊQFO�
EBODFT FOUSF MFT SFUBSET
 D�FTU Æ EJSF BVY DPNCJOBJTPOT MJOÊBJSFT EFT SFUBSET RVJ DPÐO�
DJEFOU BWFD E�BVUSFT DPNCJOBJTPOT MJOÊBJSFT EFT SFUBSET� " UJUSF E�FYFNQMF
 TJ VO '%/
EF � MJHOFT DPOUJFOU EFT SFUBSET EF ��
 �� FU ��� ÊDIBOUJMMPOT
 VO ÊDIP JTTV EF MB EFS�
OJÍSF MJHOF TFSB DPÐODJEFOU BWFD VO ÊDIP TVDDFTTJWFNFOU SFUBSEÊ QBS MB QSFNJÍSF FU
MB EFVYJÍNF MJHOF� -B EFOTJUÊ E�ÊDIP SÊTVMUBOUF DPSSFTQPOE Æ DFMMF E�VO '%/ Æ EFVY
MJHOFT BZBOU QPVS SFUBSET �� FU �� ÊDIBOUJMMPOT� *M QBSBÏU EPOD OÊDFTTBJSF E�ÊWJUFS EF
UFMMFT EÊQFOEBODFT�

$PODFSOBOU MFT QÊSJPEFT EF NPEVMBUJPO EFT WBMFVST QSPQSFT EF MB NBUSJDF EF NÊ�
MBOHF
 JM FTU OÊDFTTBJSF E�VUJMJTFS EFT WBMFVST RVJ TPJFOU TVGàTBNNFOU DPVSUFT QPVS RVF
MB WBSJBUJPO SÊEVJTF MFT QÊSJPEJDJUÊT EV TJHOBM EF TPSUJF TBOT UPVUFGPJT JOUSPEVJSF E�BS�
UFGBDU BVEJCMF� %�VOF NBOJÍSF HÊOÊSBMF
 JM FTU TPVIBJUBCMF RVF MFT SFUBSET FU QÊSJPEFT
EF NPEVMBUJPO DIPJTJFT QFSNFUUFOU E�PCUFOJS VO TJHOBM EF TPSUJF BZBOU VO TQFDUSF MF
QMVT DPOTUBOU QPTTJCMF TJ BVDVO àMUSF E�BUUÊOVBUJPO O�FTU BQQMJRVÊ EBOT MB CPVDMF EF
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SÊUSPBDUJPO� %F DFUUF NBOJÍSF
 MB DPMPSBUJPO EV TJHOBM EF TPSUJF TFSB TFVMFNFOU EVF
Æ M�BUUÊOVBUJPO DPOÉVF QPVS TBUJTGBJSF MFT UFNQT EF SÊWFSCÊSBUJPO DJCMF QBS CBOEF EF
GSÊRVFODF� -F UFTU EF -KVOH�#PY <��> FTU FNQMPZÊ QPVS RVBOUJàFS MB TJNJMBSJUÊ E�VO
TJHOBM TPOPSF BWFD VO CSVJU CMBOD HBVTTJFO� &O DBMDVMBOU MF DPFGàDJFOU TUBUJTUJRVF 2 EV
UFTU EF -KVOH�#PY
 "HVT FU BM� <��> POU ÊUVEJÊ MF TFVJM Æ QBSUJS EVRVFM VOF EJGGÊSFODF FTU
QFSDFQUJCMF FOUSF VO TJHOBM TPOPSF Y FU VO CSVJU CMBOD HBVTTJFO� -F DPFGàDJFOU TUBUJT�
UJRVF 2 DPSSFTQPOE Æ M�BVUPDPSSÊMBUJPO OPSNBMJTÊF NPZFOOF EV TJHOBM QPVS EJGGÊSFOUFT
WBMFVST EF EÊDBMBHF UFNQPSFM �

Q(Y) = K(K + 2)
L∑

k=1

r2k
(K − k)

	����


BWFD

rk =

K∑

n=k+1

x[n]x[n− k]

K∑

n=1

x[n]2
	����


PÜ K FTU MB MPOHVFVS EV TJHOBM Y FO ÊDIBOUJMMPO FU L MF EÊDBMBHF UFNQPSFM NBYJNBM�
6OF WBMFVS EV DPFGàDJFOU 2 ÊMFWÊF USBEVJU VOF GPSUF WBSJBUJPO TQFDUSBMF�

$F DPFGàDJFOU TUBUJTUJRVF 2 TVJU VOF MPJ EV χ2 FU QPVS EFT SBJTPOT EF DPNQBSBJTPO Æ
E�BVUSF JOEJDBUFVST
 "HVT FU BM� POU BQQMJRVÊ MB USBOTGPSNBUJPO EF8JMTPO�)JMGFSUZ <��>
EF NBOJÍSF Æ PCUFOJS VO DPFGàDJFOU Q̂ TVJWBOU VOF MPJ OPSNBMF �

Q̂(Y) =
Q(Y)1/3

L − µ
√
σ

	����


BWFD µ = 1− 2
9L FU σ = 2

9L �
6O UFTU QFSDFQUJG CBTÊ TVS EFT DPNQBSBJTPOT QBS QBJSF FOUSF VO CSVJU CMBOD HBVTTJFO

FU VO CSVJU DPMPSÊ B NPOUSÊ RVF MB NPJUJÊ EFT �� QBSUJDJQBOUT O�B QBT QV DPSSFDUFNFOU
EJTUJOHVFS MFT TUJNVMJ TPOPSFT MPSTRVF MF CSVJU DPMPSÊ BWBJU VOF WBMFVS Q̂(Y) ≤ 30.35�
$FUUF WBMFVS QFVU DPOTUJUVFS VO DSJUÍSF QPVS TÊMFDUJPOOFS EFT SFUBSET FU QÊSJPEFT EF
NPEVMBUJPO QFSNFUUBOU E�PCUFOJS VO TJHOBM TPOPSF FO TPSUJF EF '%/ BZBOU VOF GBJCMF
DPMPSBUJPO TQFDUSBMF MPSTRV�BVDVOF BUUÊOVBUJPO O�FTU BQQMJRVÊF EBOT MB CPVDMF EF SÊ�
USPBDUJPO�

Ú�Ó� �E 	�� DIRECTIONNEL

%BOT DFUUF TFDUJPO
 OPVT FNQMPZPOT VOF BSDIJUFDUVSF EF SÊWFSCÊSBUFVS BSUJàDJFM
QSPDIF EF DFMMF QSPQPTÊF QBS "MBSZ FU 1PMJUJT <��> EFTUJOÊF Æ SFQSPEVJSF àEÍMFNFOU MB
QBSUJF UBSEJWF E�VOF 43*3� " MB MVNJÍSF EFT SÊTVMUBUT PCUFOVT BV DIBQJUSF �
 OPVT BWPOT
GBJU MF DIPJY EF HÊOÊSFS EFT 43*3T E�PSESF �� -B àHVSF ��� SFQSÊTFOUF MFT EJGGÊSFOUT
ÊMÊNFOUT EF M�BSDIJUFDUVSF QSPQPTÊF�
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'ñïýúí ��� m "SDIJUFDUVSF EV '%/ EJSFDUJPOOFM FNQMPZÊ� $F SÊWFSCÊSBUFVS BSUJàDJFM HÊOÍSF � TJHOBVY EBOT
� EJSFDUJPOT VOJGPSNÊNFOU SÊQBSUJFT EBOT M�FTQBDF� $IBRVF '%/ FTU DPOTUJUVÊ EF � MJHOFT Æ SFUBSET EBOT
MFTRVFMMFT VO CBOD EF àMUSF E�BUUÊOVBUJPO Ip,i FTU BQQMJRVÊ� 6O àMUSF EF DPSSFDUJPO TQFDUSBM $p FTU BQQMJRVÊ
BWBOU E�FODPEFS MFT TJHOBVY FO BNCJTPOJRVF�
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	B
 )BMMF

	C
 1JTDJOF

'ñïýúí ���� m &%3T EF MB 43*3 NFTVSÊF FU EF MB 43*3 HÊOÊSÊF QPVS EFVY TBMMFT� -F UFNQT EF SÊWFSCÊSBUJPO
FO GPODUJPO EF MB GSÊRVFODF BQQBSBJU FO KBVOF� -F UFNQT EF NÊMBOHF FTU NBUÊSJBMJTÊ QBS MB MJHOF FO QPJOUJMMÊT
OPJST� -FT QBSUJFT FO BNPOU EV UFNQT EF NÊMBOHF TPOU MFT NËNFT FOUSF VO TJHOBM NFTVSÊ FU MF TJHOBM HÊOÊSÊ
BTTPDJÊ� -FT TJHOBVY TPOU JTTVT E�VOF GPSNBUJPO EF GBJTDFBV BQQMJRVÊF BVY 43*3T E�PSESF � EBOT MB EJSFDUJPO
(θ,ϕ) = (90�, 0�)�
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4JY '%/T EF � MJHOFT EPOU MFT NBUSJDFT EF NÊMBOHF TPOU WBSJBCMFT TPOU FNQMPZÊT
QPVS HÊOÊSFS � TJHOBVY FODPEÊT FO BNCJTPOJRVF TFMPO EFT EJSFDUJPOT OPUÊFT 4p, 1 ≤
p ≤ 6� $FT EJSFDUJPOT POU ÊUÊ DIPJTJFT EF NBOJÍSF �
 Æ DF RV�FMMFT TPJFOU TVGàTBNNFOU
OPNCSFVTFT QPVS SFQSÊTFOUFS MB 43*3 HÊOÊSÊF FO BNCJTPOJRVF Æ M�PSESF �
 �
 Æ DF
RV�FMMFT TPJFOU SÊQBSUJFT VOJGPSNÊNFOU EBOT M�FTQBDF
 �
 Æ QPVWPJS DPOUSÔMFS M�ÊOFSHJF
UBSEJWF EBOT MFT EJSFDUJPOT MBUÊSBMFT� $IBRVF '%/ HÊOÍSF VO TJHOBM EBOT MB EJSFDUJPO
BTTPDJÊF BàO EF TBUJTGBJSF MFT UFNQT EF SÊWFSCÊSBUJPO DJCMFT QBS CBOEF EF GSÊRVFODF
EBOT DFUUF EJSFDUJPO�

6OF DBSBDUÊSJTUJRVF JNQPSUBOUF E�VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF FTU MB EFO�
TJUÊ E�ÊDIP� $PNNF MFT TJHOBVY EFT EJGGÊSFOUFT EJSFDUJPOT TF TPNNFOU BVY PSFJMMFT EF
M�BVEJUFVS
 MF '%/ EJSFDUJPOOFM FYJHF VOF EFOTJUÊ E�ÊDIP NPJOESF EFT TJHOBVY QBS SBQ�
QPSU Æ VO '%/ NPOPQIPOJRVF FU MF OPNCSF EF MJHOFT Æ SFUBSE QFVU EPOD ËUSF SÊEVJU�
%BOT OPUSF WFSTJPO EV '%/ EJSFDUJPOOFM
 OPVT BWPOT GBJU MF DIPJY E�VUJMJTFS VO GBJCMF
OPNCSF EF MJHOFT Æ SFUBSE 	N = 8
�

%BOT MF CVU EF SFQSPEVJSF M�ÊOFSHJF UBSEJWF E�VOF 43*3 EF SÊGÊSFODF
 VO àMUSF EF
DPSSFDUJPO TQFDUSBMF FTU BKPVUÊ FO TPSUJF EF '%/ EF NBOJÍSF Æ SFTQFDUFS MB SÊQPOTF FO
GSÊRVFODF DJCMF� 1PVS DIBRVF EJSFDUJPO
 DF àMUSF FTU DBMDVMÊ E�BQSÍT MF SBQQPSU FOUSF
MF TQFDUSF JTTV EF MB GPSNBUJPO EF GBJTDFBV BQQMJRVÊF Æ MB 43*3 EF SÊGÊSFODF EBOT MB
EJSFDUJPO DPSSFTQPOEBOUF FU MF TQFDUSF JTTV EV '%/ BTTPDJÊ
 BQSÍT MF UFNQT EF NÊMBOHF�

-B àHVSF ���� SFQSÊTFOUF MFT EFOTJUÊT TQFDUSBMFT E�ÊOFSHJF TVCTJTUBOUF Æ DIBRVF
JOTUBOU PV &%3 	QPVS &BSMZ %FDBZ 3FMJFG 
 EFT TJHOBVY HÊOÊSÊT FU EFT TJHOBVY EF SÊGÊ�
SFODF EBOT VOF EJSFDUJPO MBUÊSBMF QPVS EFVY TBMMFT� -�&%3 FTU VOF ÊWBMVBUJPO MPDBMF EF
MB DPVSCF EF 4IS�EFS
 RVJ QFSNFU VOF SFQSÊTFOUBUJPO UFNQT�GSÊRVFODF E�VOF SÊQPOTF
JNQVMTJPOOFMMF <��>� -�JOTQFDUJPO WJTVFMMF DPOàSNF VO CPO BDDPSE FOUSF MFT &%3T� -F
QSPàM EV UFNQT EF SÊWFSCÊSBUJPO FTU SFTQFDUÊ CJFO RVF EFT FSSFVST NBOJGFTUFT TPJFOU
DPNNJTFT � MF UFNQT EF SÊWFSCÊSBUJPO FTU MÊHÍSFNFOU TPVT�FTUJNÊ BWFD MF '%/ EJSFD�
UJPOOFM� 1BS BJMMFVST
 PO DPOTUBUF RVF DFSUBJOFT GSÊRVFODFT TPOU QMVT BDDFOUVÊFT EBOT MFT
TJHOBVY HÊOÊSÊT QBS MF '%/ EJSFDUJPOOFM
 FO QBSUJDVMJFS QPVS MB TBMMF 1JTDJOF Æ � L)[�

%BOT M�PQUJRVF E�JNQMÊNFOUFS VOF SÊWFSCÊSBUJPO IZCSJEF
 JM FTU QPTTJCMF EF TPVT�
USBJSF MFT TJHOBVY EV '%/ EJSFDUJPOOFM Æ MB QBSUJF QSÊDPDF EF MB 43*3 EFTUJOÊF Æ MB
DPOWPMVUJPO KVTRV�BV UFNQT EF NÊMBOHF <��>� *M ÊHBMFNFOU QPTTJCMF EF TPVTUSBJSF BVY
TJHOBVY EV '%/ EJSFDUJPOOFM MFT TJHOBVY JTTVT E�VO BVUSF '%/ EJSFDUJPOOFM EPOU MB
EÊDSPJTTBODF EF M�ÊOFSHJF QBS CBOEF EF GSÊRVFODF FTU QMVT JNQPSUBOUF <��>� "JOTJ
 JM FTU
QPTTJCMF EF SFTUJUVFS FGàDBDFNFOU M�BDPVTUJRVF E�VOF TBMMF UPVU FO BZBOU MB DBQBDJUÊ EF
DPOUSÔMFS MFT UFNQT EF SÊWFSCÊSBUJPO QBS CBOEF EF GSÊRVFODF
 M�BNQMJUVEF FU MF TQFDUSF
EF MB SÊWFSCÊSBUJPO UBSEJWF EBOT � EJSFDUJPOT EF M�FTQBDF�

Ú�Ô� 'VALUATION DE LA MdTHODE

"àO E�ÊWBMVFS MB DBQBDJUÊ EF MB NÊUIPEF Æ SFQSPEVJSF MB TFOTBUJPO E�FOWFMPQQF�
NFOU
 OPVT TPVIBJUPOT ÊUVEJFS MFT QBSBNÍUSFT BDPVTUJRVFT JEFOUJàÊT DPNNF QFSUJOFOUT
Æ MB TFDUJPO ����� QPVS DBSBDUÊSJTFS DFU BUUSJCVU� 1PVS DF GBJSF
 MFT QBSUJFT UBSEJWFT EFT
�� 43*3T JTTVFT EF MB CBTF EF EPOOÊF (3"1 <��> 	DG� TFDUJPO �����
 POU ÊUÊ SFQSPEVJUFT
BWFD MF '%/ EJSFDUJPOOFM EF MB TFDUJPO QSÊDÊEFOUF�
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Ú�Ô�Ò� �ES PARAMcTRES UTILISdS

1PVS SFQSPEVJSF MB QBSUJF UBSEJWF EFT 43*3T EF SÊGÊSFODF
 QMVTJFVST QBSBNÍUSFT EV
'%/ EJSFDUJPOOFM POU ÊUÊ àYÊT �

�� �E CHOIX DES RETARDS ET DES PdRIODES DEMODULATION� �� ��� KFVY EF �� SFUBSET
FU QÊSJPEFT EF NPEVMBUJPO NBYJNBMFT FU NJOJNBMFT POU ÊUÊ HÊOÊSÊT� $FT SFUBSET
ÊUBJFOU QSFNJFST FOUSF FVY FU MF SBUJP FOUSF MF SFUBSE NBYJNVN FU NJOJNVN ÊUBJU
ÊHBM Æ ���� -FT QÊSJPEFT EF NPEVMBUJPO ÊUBJFOU JOGÊSJFVSFT Æ ���� TFDPOEFT�
%FT TJHOBVY EF � TFDPOEFT POU ÊUÊ HÊOÊSÊT QBS MF '%/ EJSFDUJPOOFM BWFD DFT
QBSBNÍUSFT FU TBOT àMUSFT E�BUUÊOVBUJPO� -F DPFGàDJFOU TUBUJTUJRVF Q̂ EV UFTU EF
-KVOH�#PY B ÊUÊ DBMDVMÊ TVS MB TPNNF EFT TPSUJFT EFT � '%/T Æ QBSUJS EF MB
TFDPOEF NPJUJÊ EFT TJHOBVY� -F KFV EF SFUBSET BZBOU NFOÊ BV DPFGàDJFOU MF QMVT
GBJCMF 	Q̂ = 3.43
 B ÊUÊ TÊMFDUJPOOÊ QPVS MB TVJUF EF M�ÊUVEF� 6OF GBJCMF WBMFVS EV
DPFGàDJFOU BUUFTUF RVF MB TPSUJF EV '%/ EJSFDUJPOOFM TBOT àMUSF E�BUUÊOVBUJPO
FTU QSPDIF E�VO CSVJU CMBOD HBVTTJFO�

�� �E ĉLTRE D¤AčdNUATION� � àMUSFT FO DMPDIF SÊQBSUJT FO CBOEF E�PDUBWF FOUSF ��
FU �� ��� )[ POU ÊUÊ VUJMJTÊT BJOTJ RV�VO àMUSF FO QMBUFBV IBVUF GSÊRVFODF EPOU
MB GSÊRVFODF EF DPVQVSF FTU àYÊF Æ �� ��� )[ FU EPOU MF HBJO DPSSFTQPOE Æ
DFMVJ EV àMUSF DFOUSÊ TVS �� ��� )[�

�� �E ĉLTRE DE CORRECTION SPECTRALE� � àMUSFT Æ QIBTF MJOÊBJSF EF ��� ÊDIBOUJMMPOT
POU ÊUÊ VUJMJTÊT EF NBOJÍSF Æ DF RVF MF TQFDUSF EV TJHOBM HÊOÊSÊ QBS MF '%/
EJSFDUJPOOFM TPJU TJNJMBJSF Æ DFMVJ EV TJHOBM EF SÊGÊSFODF EBOT MFT � EJSFDUJPOT�

Ú�Ô�Ó� �¤ESTIMATION DU TEMPS DE MdLANGE

-B NÊUIPEF JOUSPEVJUF QBS "CFM FU BM� <��> B ÊUÊ VUJMJTÊF QPVS EÊUFSNJOFS MF UFNQT
EF NÊMBOHF� 6OF WBMFVS η
 OPNNÊ QSPàM EF EFOTJUÊ E�ÊDIP
 FTU DBMDVMÊF Æ DIBRVF JOT�
UBOU E�BQSÍT M�ÊDBSU�UZQF EF M�BNQMJUVEF EF MB SÊQPOTF JNQVMTJPOOFMMF EBOT VOF GFOËUSF
UFNQPSFMMF HMJTTBOUF� *M DPSSFTQPOE Æ MB QSPQPSUJPO E�ÊDIBOUJMMPOT EPOU M�BNQMJUVEF FTU
TVQÊSJFVSF Æ M�ÊDBSU�UZQF EF M�BNQMJUVEF EBOT MB GFOËUSF DPOTJEÊSÊF QBS SBQQPSU BV DBT
E�VOF EJTUSJCVUJPO HBVTTJFOOF �

η[n] =
1

ϵ

n+δ∑

τ=n−δ

w[τ ]�{|r[τ ]| > σ} 	����


PÜ r DPSSFTQPOE Æ MB SÊQPOTF JNQVMTJPOOFMMF
w FTU MB GFOËUSF UFNQPSFMMF EF UBJMMF 2δ+1
WÊSJàBOU

∑
τ w[τ ] = 1
 �{.} FTU VOF GPODUJPO SFOWPZBOU � MPSTRVF TPO BSHVNFOU FTU

WSBJ FU [ÊSP TJOPO FU ϵ FTU MF OPNCSF FTUJNÊ E�ÊDIBOUJMMPOT TF TJUVBOU FO EFIPST E�VO
ÊDBSU�UZQF EF MB NPZFOOF QPVS VOF EJTUSJCVUJPO HBVTTJFOOF� -�ÊDBSU�UZQF σ FTU EÊàOJ
UFM RVF �

σ =

√√√√
n+δ∑

τ=n−δ

w[τ ]r2[τ ] 	����
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-PSTRVF η = 1
 MF OPNCSF E�ÊDIBOUJMMPOT EPOU M�BNQMJUVEF FTU TVQÊSJFVSF Æ M�ÊDBSU�
UZQF EF M�BNQMJUVEF EBOT MB GFOËUSF DPOTJEÊSÊF DPSSFTQPOE Æ DFMVJ PCUFOV BWFD VO
QSPDFTTVT HBVTTJFO� 0O QFVU BMPST DPOTJEÊSFS RVF TJ DFUUF DPOEJUJPO FTU SFNQMJF
 MB
QPSUJPO EV TJHOBM TVS MBRVFMMF FTU DFOUSÊF MB GFOËUSF HMJTTBOUF FTU TJNJMBJSF Æ VO CSVJU
HBVTTJFO
 D�FTU Æ EJSF RVF DFUUF GFOËUSF FTU TJUVÊF EBOT MB SÊHJPO EF MB SÊWFSCÊSBUJPO
UBSEJWF�

$FUUF NÊUIPEF B ÊUÊ BQQMJRVÊF TVS MF TJHOBM PNOJEJSFDUJPOOFM EFT �� 43*3T� -B
NPZFOOF EFT UFNQT EFNÊMBOHF FTUJNÊT ÊUBJU EF �����NT BWFD VO ÊDBSU�UZQF EF ����NT�

Ú�Ô�Ô� �dSULTATS

1BSBNÍUSF +/% .PZFOOF ­DBSU�UZQF .JOJNVN .BYJNVN 4DPSF

530 �� ����� ����� ����� ����� �����

&%5 �� ������ ����� ������ ����� �����

5T �� NT ���� NT ���� NT ����� NT ����� NT �����

%50 ���� ����� ����� ������ ����� �����

$80 � E# ���� E# ���� E# ����� E# ���� E# �����

(- � E# ���� E# ���� E# ����� E# ���� E# �����

-+ � ���� E# ���� E# ����� E# ���� E# �

--' ���� ����� ����� ������ ����� �����

��*"$$- ����� ����� ����� ������ ����� �����

��*"$$ ����� ����� ����� ������ ����� �����

5BCMFBV ��� m &SSFVST PCUFOVFT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT DBMDVMÊT E�BQSÍT MFT 43*3T HÊOÊSÊFT BWFD
MF '%/ EJSFDUJPOOFM FU DFVY DBMDVMÊT E�BQSÍT MFT �� 43*3T EF SÊGÊSFODFT� -FT WBMFVST EFT QBSBNÍUSFT DPSSFT�
QPOEFOU Æ MB NPZFOOF EFT WBMFVST DBMDVMÊFT EBOT MFT CBOEFT EF GSÊRVFODF DFOUSÊFT TVS ��� )[ FU ���� )[
	TBVG QPVS -+ FU --' EPOU MB NPZFOOF DPNQSFOE ÊHBMFNFOU MFT WBMFVST DBMDVMÊFT EBOT MFT CBOEFT EF GSÊ�
RVFODF DFOUSÊFT TVS ��� )[ FU ��� )[
� -FT WBMFVST EF +/% TPOU JTTVT EF MB OPSNF *40 ������ <��>� -FT
WBMFVST TVQÊSJFVSFT BVY +/%T TPOU JOEJRVÊFT FO HSBT� -F TDPSF DPSSFTQPOE Æ MB QSPQPSUJPO E�FTQBDFT QPVS
MFTRVFMMFT MB EJGGÊSFODF FOUSF MF QBSBNÍUSF BDPVTUJRVF FU DFMVJ EF MB SÊGÊSFODF FTU JOGÊSJFVSF Æ MB +/%�

-F UBCMFBV ��� SFDFOTF MFT EJGGÊSFODFT PCUFOVFT FOUSF MFT QBSBNÍUSFT BDPVTUJRVFT
DBMDVMÊT E�BQSÍT MFT 43*3T HÊOÊSÊFT BWFD MF '%/ EJSFDUJPOOFM FU DFVY DBMDVMÊT E�BQSÍT
MFT �� 43*3T EF SÊGÊSFODF� 1PVS MF DBMDVM EFT DPFGàDJFOUT EF EÊDPSSÊMBUJPO JOUFSBVSBMF

MFT 43*3T BNCJTPOJRVFT POU ÊUÊ EÊDPEÊFT FO CJOBVSBM BWFD EFT àMUSFT EF EÊDPEBHF
DBMDVMÊT E�BQSÍT MFT NÊUIPEFT EF SFOEV CJOBVSBM QSPQPTÊFT QBS 4DIÕSLIVCFS FU BM� <��>
FU ;BVOTDIJSN FU BM� <��>� $FT àMUSFT POU ÊUÊ PCUFOVT Æ QBSUJS E�)35'T NFTVSÊFT BWFD
VOF UËUF BSUJàDJFMMF /FVNBOO ,6 ��� <��>�

-�FSSFVS NPZFOOF FYDÍEF MFT TFVJMT E�BVEJCJMJUÊ PV +/% 	QPVS +VTU /PUJDFBCMF %JG�
GFSFODFT
 QPVS EFVY QBSBNÍUSFT BDPVTUJRVFT � &%5 FU ��*"$$-� 1PVS UPVT MFT QBSB�
NÍUSFT BDPVTUJRVFT
 MFT QMVT HSBOEFT FSSFVST DPNNJTFT FYDÍEFOU UPVUFT MFT WBMFVST EF
+/%T� %F QMVT
 BVDVO FTQBDF OF SFTQFDUF MFT +/%T QPVS M�FOTFNCMF EFT QBSBNÍUSFT
BDPVTUJRVFT Æ MB GPJT�
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-F TDPSF BGàDIÊ EBOT MF UBCMFBV DPSSFTQPOE Æ MB QSPQPSUJPO E�FTQBDFT EPOU MB EJGGÊ�
SFODF FOUSF MF QBSBNÍUSF BDPVTUJRVF DPODFSOÊ FU DFMVJ EF MB SÊGÊSFODF FTU JOGÊSJFVSF Æ MB
+/% DPSSFTQPOEBOUF� -FT TDPSFT MFT QMVT GBJCMFT TPOU PCUFOVT QPVS M�&%5 FU ��*"$$-
RVF TFVMF VOF GBJCMF QSPQPSUJPO EF 43*3T HÊOÊSÊFT QBSWJFOU Æ SFQSPEVJSF DPOWFOB�
CMFNFOU 	����� FU ����� SFTQFDUJWFNFOU
� -F DPFGàDJFOU EF EÊDPSSÊMBUJPO JOUFSBV�
SBM ��*"$$ DBMDVMÊ TVS M�FOTFNCMF EF MB SÊQPOTF JNQVTMJPOOFMMF CJOBVSBMF PCUJFOU MF
NFJMMFVS TDPSF BWFD EFT WBMFVST TJNJMBJSFT Æ DFMMFT EFT 43*3T EF SÊGÊSFODF QPVS �����
EFT 43*3T HÊOÊSÊFT�

Ú�Ô�Õ� �ISCUSSION

-B EJGGÊSFODF JNQPSUBOUF DPOTUBUÊF QPVS M�&%5 QFVU T�FYQMJRVFS QBS MB QSÊTFODF EF
SÊáFYJPOT TQÊDVMBJSFT BV�EFMÆ EV UFNQT EF NÊMBOHF FU RVJ OF TPOU EPOD QBT QSÊTFOUFT
EBOT MFT 43*3T HÊOÊSÊFT� -F UFNQT E�BQQBSJUJPO NPZFO EFT SÊáFYJPOT TQÊDVMBJSFT TVS
M�FOTFNCMF EFT �� 43*3T EF SÊGÊSFODF T�ÊMÍWF Æ ��� NT FU M�ÊDBSU�UZQF FTU ÊHBM Æ ��� NT�
$FT SÊáFYJPOT TPOU JTTVFT E�VO DBMDVM EFT TPVSDFT�JNBHFT EF USPJTJÍNF PSESF� &O SBJ�
TPO EF M�BNQMJUVEF JNQPSUBOUF EF DFT SÊáFYJPOT QBS SBQQPSU Æ MB DPNQPTBOUF EJGGVTF

EFT QBMJFST EBOT MB DPVSCF EF 4DIS�EFS BQQBSBJTTFOU FU SÊEVJTFOU BJOTJ MB EÊDSPJTTBODF
JOJUJBMF EF M�ÊOFSHJF TPOPSF DBMDVMÊF� -PSTRV�FMMFT OF TPOU QBT QSJTFT FO DPNQUF
 MB EÊ�
DSPJTTBODF FTU QMVT JNQPSUBOUF FU MB EVSÊF EF EÊDSPJTTBODF JOJUJBMF QMVT GBJCMF� $FDJ
QFVU FYQMJRVFS MB NPZFOOF OÊHBUJWF EF M�FSSFVS DPNNJTF TVS M�&%5�

%�BVUSF QBSU
 MFT SFUBSET EV '%/ EJSFDUJPOOFM ÊUBOU àYFT
 MB EFOTJUÊ E�ÊDIP SFTUF MB
NËNF QPVS UPVT MFT TJHOBVY JTTVT EV '%/ EJSFDUJPOOFM FU FTU EJGGÊSFOUF EF DFMMFT EFT
43*3T EF SÊGÊSFODF� 4FMPO MB WBMFVS EV UFNQT EF NÊMBOHF FTUJNÊ JM FTU QPTTJCMF RVF MB
EFOTJUÊ E�ÊDIP EFT TJHOBVY HÊOÊSÊT OF TPJU QBT BEBQUÊF Æ DFMMF E�PSJHJOF� -F OPNCSF
E�ÊDIPT JOUSPEVJUT BQSÍT MF UFNQT EF NÊMBOHF QFVU EBOT DFSUBJOT DBT ËUSF USPQ GBJCMF FU
JOUSPEVJSF NPJOT E�ÊOFSHJF EBOT MB QPSUJPO EV TJHOBM HÊOÊSÊ RVJ O�B QBT FODPSF BUUFJOU
VOF EFOTJUÊ E�ÊDIP TVGàTBOUF� 1PVS QBMMJFS DF QSPCMÍNF
 MB TÊMFDUJPO EFT SFUBSET QFVU
ËUSF FGGFDUVÊF FO DPIÊSFODF BWFD MB EFOTJUÊ E�ÊDIP EF MB 43*3 EF SÊGÊSFODF <��>�

-FT WBMFVST EV DPFGàDJFOU ��*"$$- TPOU FO NPZFOOF QMVT ÊMFWÊFT QPVS MFT #3*3T
HÊOÊSÊFT BWFD MF '%/ EJSFDUJPOOFM� -B NPZFOOF EV DPFGàDJFOU EF EÊDPSSÊMBUJPO JOUFS�
BVSBMF UBSEJWF EFT TJHOBVY CJOBVSBVY JTTVT EV '%/ EJSFDUJPOOFM T�ÊMÍWF Æ ����� DPOUSF
����� QPVS MFT TJHOBVY CJOBVSBVY EF SÊGÊSFODFT� -FT TJHOBVY EF TPSUJF EV '%/ EJSFD�
UJPOOFM TPOU EÊDPSSÊMÊT FO SBJTPO EFT EJGGÊSFOUT SFUBSET FU NÊMBOHFT BQQMJRVÊT BV TJHOBM
E�FOUSÊF� -B QBSUJF UBSEJWF EFT 43*3T EF SÊGÊSFODF
 SÊTVMUF RVBOU Æ FMMF EF M�FODPEBHF
EF �� TJHOBVY TZOUIÊUJTÊT E�BQSÍT VO QSPDFTTVT EF 1PJTTPO FU SÊHVMJÍSFNFOU SÊQBSUJT
EBOT M�FTQBDF� -B OBUVSF EF DFT EJGGÊSFOUT TJHOBVY VUJMJTÊT QPVS DSÊFS MB SÊWFSCÊSBUJPO
UBSEJWF TFNCMF BWPJS VOF JOáVFODF JNQPSUBOUF TVS MB EÊDPSSÊMBUJPO JOUFSBVSBMF� 0O
QFVU ÊHBMFNFOU GBJSF M�IZQPUIÍTF RVF MB QSÊTFODF EF SÊáFYJPOT TQÊDVMBJSFT OPO QSJTFT
FO DPNQUF EBOT MFT 43*3T HÊOÊSÊFT QSPEVJU EFT EJGGÊSFODFT JNQPSUBOUFT FO UFSNFT EF
EÊDPSSÊMBUJPO� "àO EF GBJSF DPSSFTQPOESF MFT EÊDPSSÊMBUJPOT JOUFSBVSBMFT EF MB QBSUJF
UBSEJWF
 JM TFSBJU JOUÊSFTTBOU EF SÊBMJTFS EFT NÊMBOHFT FOUSF MFT TJHOBVY EFT � '%/T
QPVS ËUSF FO NFTVSF EF DPOUSÔMFS MB EÊDPSSÊMBUJPO JOUFSBVSBMF SÊTVMUBOUF�

-FT EÊDPSSÊMBUJPOT JOUFSBVSBMFT DBMDVMÊFT TVS M�FOTFNCMF EFT #3*3T 	��*"$$
 TPOU
CFBVDPVQ QMVT QSPDIFT� -B QSJTF FO DPNQUF EFT QSFNJÍSFT SÊáFYJPOT SÊEVJU TJHOJà�
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DBUJWFNFOU MB EÊDPSSÊMBUJPO FO SBJTPO EF MB GPSUF EJSFDUJPOOBMJUÊ JOUSPEVJUF EBOT MFT
SÊQPOTFT JNQVMTJPOOFMMFT CJOBVSBMFT� -FT WBMFVST EF EÊDPSSÊMBUJPO SÊTVMUBOUFT TPOU EP�
NJOÊFT QBS MB QSÊTFODF EF DFT GPSUT JOEJDFT EJSFDUJPOOFMT�

-�BSDIJUFDUVSF EV '%/ EJSFDUJPOOFM VUJMJTÊF QFSNFU VO DPOUSÔMF EV UFNQT EF SÊWFS�
CÊSBUJPO EÊQFOEBOU EF MB GSÊRVFODF FU EF MB EJSFDUJPO� /ÊBONPJOT
 MFT ÊDBSUT PCTFSWÊT
TVS MF UFNQT EF SÊWFSCÊSBUJPO DBMDVMÊ BVY GSÊRVFODFT NPZFOOFT TPOU JNQPSUBOUT 	EF
����� Æ �����
� -�FSSFVS DPNNJTF EBOT MB CPVDMF EF SÊUSPBDUJPO TVS M�BUUÊOVBUJPO
QBS CBOEF EF GSÊRVFODF QFVU FYQMJRVFS MFT EJGGÊSFODFT PCTFSWÊFT TVS MFT UFNQT EF SÊ�
WFSCÊSBUJPO� -F DBMDVM EFT HBJOT E�BUUÊOVBUJPO JTTVT EF M�ÊRVBUJPO 	����
 OF GPVSOJU QBT
EF HBJOT TBUJTGBJTBOUT FO UPVUF DJSDPOTUBODF� 6OF QJTUF E�BNÊMJPSBUJPO QPTTJCMF TFSBJU
E�ÊUVEJFS MFT MJFOT FOUSF MFT UFNQT EF SÊWFSCÊSBUJPO PCUFOVT FU MFT HBJOT E�BUUÊOVBUJPO
VUJMJTÊT BàO E�ÊUBCMJS VOF GPODUJPO EF DPSSFTQPOEBODF QMVT QSÊDJTF�

Ú�Õ� �ONCLUSION

&O SBJTPO E�VO DPÚU EF DBMDVM QMVT GBJCMF RVF DFMVJ JOEVJU QBS VOF DPOWPMVUJPO QPVS
SFQSPEVJSF EFT UFNQT EF SÊWFSCÊSBUJPO MPOHT
 MF '%/ FTU VO BMHPSJUINF DPVSBNNFOU
VUJMJTÊ QPVS DSÊFS VO FGGFU EF SÊWFSCÊSBUJPO� /PVT BWPOT FYQPTÊ EBOT DF DIBQJUSF DPN�
NFOU QBSBNÊUSFS VO '%/ QPVS QFSNFUUSF MB SFQSPEVDUJPO EF UFNQT EF SÊWFSCÊSBUJPO
EBOT QMVTJFVST CBOEFT EF GSÊRVFODF
 UPVU FO SÊEVJTBOU M�JOUSPEVDUJPO E�BSUFGBDUT TQFD�
USBVY FU UFNQPSFMT� 6O USBJUFNFOU VUJMJTBOU QMVTJFVST '%/T B FOTVJUF ÊUÊ QSÊTFOUÊ EBOT
MF CVU EF SFQSPEVJSF MFT DBSBDUÊSJTUJRVFT TQFDUSBMFT
 TQBUJBMFT FU UFNQPSFMMFT EF MB QBSUJF
UBSEJWF EF 43*3T UPVU FO QFSNFUUBOU MF DPOUSÔMF EV UFNQT EF SÊWFSCÊSBUJPO FO GPODUJPO
EF MB GSÊRVFODF FU EF MB EJSFDUJPO�

-�FYBNFO EFT FSSFVST QSPEVJUFT QBS MF '%/ EJSFDUJPOOFM TVS MFT QBSBNÍUSFT BDPVT�
UJRVFT QFSUJOFOUT QPVS DBSBDUÊSJTFS M�JNQSFTTJPO E�FOWFMPQQFNFOU QFSNFU EF DPODMVSF
RVF DF USBJUFNFOU O�FTU QBT BTTF[ QSÊDJT QPVS SFQSPEVJSF EF NBOJÍSF JNQFSDFQUJCMF EFT
43*3T TJNVMÊFT EF SÊGÊSFODF� -FT FSSFVST DPNNJTFT TVS DFT QBSBNÍUSFT ÊUBOU QBSGPJT
JNQPSUBOUFT
 PO QFVU GBJSF M�IZQPUIÍTF RVF DFUUF JNQSFTTJPO TQBUJBMF O�FTU QBT àEÍMF�
NFOU SFQSPEVJUF BWFD DF TZTUÍNF� 6O UFTU QFSDFQUJG QPVSSBJU ËUSF NJT FO �VWSF QPVS
DPOàSNFS DFUUF IZQPUIÍTF� %FT QJTUFT E�BNÊMJPSBUJPO DPOTJTUFOU Æ SFQSPEVJSF DPOWF�
OBCMFNFOU MFT SÊáFYJPOT TQÊDVMBJSFT UBSEJWFT
 Æ NJFVY NBÏUSJTFS MF DIPJY EFT SFUBSET
QPVS TBUJTGBJSF MB EFOTJUÊ E�ÊDIP EF M�FTQBDF Æ SFQSPEVJSF FU Æ QBSGBJSF MF DBMDVM EFT
HBJOT E�BUUÊOVBUJPO�

/ÊBONPJOT
 DFUUF BSDIJUFDUVSF QFSNFU E�BVSBMJTFS VO FTQBDF Æ NPJOESF DPÚU UPVU
FO GPVSOJTTBOU VO SFOEV TPOPSF DSÊEJCMF FU DPIÊSFOU QBS SBQQPSU Æ VO FOSFHJTUSFNFOU
SÊBMJTÊ JO TJUV HSÄDF Æ MB DPOWPMVUJPO EFT QSFNJÍSFT SÊáFYJPOT RVJ QFSNFU EF QSÊTFSWFS
MF OBUVSFM FU MB TJHOBUVSF TQFDUSBMF EF MB TBMMF <�>� %F QMVT
 FMMF QFSNFU EF SÊBMJTFS VO
DPOUSÔMF EFT DBSBDUÊSJTUJRVFT TQBUJBMFT
 TQFDUSBMFT FU UFNQPSFMMFT EF M�FGGFU EF SÊWFSCÊ�
SBUJPO HÊOÊSÊ� .ËNF MPSTRVF MF HBJO FO DPÚU EF DBMDVM FTU GBJCMF FO DPNQBSBJTPO Æ
DFMVJ EF MB DPOWPMVUJPO
 MF '%/ EJSFDUJPOOFM QFSNFU VOF NPEJàDBUJPO QMVT áFYJCMF
E�VO FGGFU EF SÊWFSCÊSBUJPO EBOT MB NFTVSF PÜ
 EBOT MF DBT E�VOF DPOWPMVUJPO
 VOF
NPEJàDBUJPO EV UFNQT EF SÊWFSCÊSBUJPO OÊDFTTJUF VOF NJTF Æ KPVS EF M�FOTFNCMF EF
MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF� *M TFSBJU JOUÊSFTTBOU E�ÊUVEJFS MF DPNQPSUFNFOU EV
'%/ EJSFDUJPOOFM MPSTRVF DFT QBSBNÍUSFT TPOU NPEJàÊT FO UFNQT�SÊFM BàO E�JEFOUJàFS
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�ONCLUSION

-FT ÊUVEFT QSÊTFOUÊFT EBOT DFUUF UIÍTF QBSUJDJQFOU Æ M�ÊMBCPSBUJPO E�PVUJMT EF DSÊB�
UJPO EF DPOUFOVT TPOPSFT JNNFSTJGT� %F UFMT PVUJMT QFSNFUUSBJFOU EF NPEJàFS DPOKPJO�
UFNFOU MFT QSPQSJÊUÊT TQBUJBMFT
 GSÊRVFOUJFMMFT FU UFNQPSFMMFT E�VO FGGFU EF SÊWFSCÊSB�
UJPO TFMPO EJGGÊSFOUT BUUSJCVUT QFSDFQUJGT EPOU OPUBNNFOU MFT JNQSFTTJPOT TQBUJBMFT�
-�FOTFNCMF EFT ÊUVEFT B ÊUÊ NFOÊ EBOT VO DPOUFYUF E�ÊDPVUF DPNNVOÊNFOU FNQMPZÊ
QPVS MB SFQSPEVDUJPO EF DPOUFOVT JNNFSTJG
 D�FTU Æ EJSF FO VUJMJTBOU VO SFOEV CJOBVSBM
EZOBNJRVF OPO�JOEJWJEVBMJTÊ EF TDÍOFT TPOPSFT FODPEÊFT FO BNCJTPOJRVF�

6OF QBSUJF DPOTÊRVFOUF EF DFUUF UIÍTF T�FTU QPSUÊF TVS MB EÊDPNQPTJUJPO EF SÊQPOTFT
JNQVMTJPOOFMMFT TQBUJBMFT EF TBMMF 	43*3T
 RVJ DBSBDUÊSJTFOU MF USBKFU BDPVTUJRVF FOUSF
MB TPVSDF TPOPSF FU M�BVEJUFVS� -B SFQSÊTFOUBUJPO TQBUJBMF E�VOF 43*3 QFVU DPOTUJUVFS
VOF HSBOEF RVBOUJUÊ EF EPOOÊFT FU MB SÊEVDUJPO EF DFUUF RVBOUJUÊ Æ EFT ÊMÊNFOUT QFS�
UJOFOUT E�VO QPJOU EF WVF QFSDFQUJG QPVS SFQSPEVJSF M�BDPVTUJRVF E�VOF TBMMF QFSNFU
OPUBNNFOU EF SÊEVJSF MF DPÚU EF DBMDVM FU EF SFOESF MF DPOUSÔMF QMVT TJNQMF FU DPN�
QSÊIFOTJCMF� 6OF GPJT MB RVBOUJUÊ EF EPOOÊFT VUJMJTÊFT QPVS EÊDSJSF VOF 43*3 SÊEVJUF
Æ RVFMRVFT ÊMÊNFOUT
 OPVT BWPOT ÊUVEJÊ DPNNFOU MFT NPEJàFS QPVS DPOUSÔMFS EFVY
BUUSJCVUT QFSDFQUJGT � MB MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU�

"WBOU EF TF DPODFOUSFS TVS MF DPOUSÔMF E�VO FGGFU EF SÊWFSCÊSBUJPO
 OPVT BWPOT
DIPJTJ E�ÊUVEJFS QSÊBMBCMFNFOU EFVY GBDUFVST BZBOU VO SÔMF JNQPSUBOU EBOT MB QFSDFQ�
UJPO EF M�FTQBDF � M�FOWJSPOOFNFOU WJTVFM FU MB TPVSDF TPOPSF� 6O QSFNJFS UFTU QFSDFQUJG
B NPOUSÊ RVF MB QFSDFQUJPO WJTVFMMF E�VOF TBMMF O�BGGFDUBJU QBT MFT EJGGÊSFODFT QFSÉVFT
FOUSF MFT FTQBDFT TPOPSFT� &O BOBMZTBOU TFVMFNFOU EFT KVHFNFOUT EF EJTTFNCMBODF TPVT
EJGGÊSFOUFT DPOEJUJPOT WJTVFMMFT
 DFUUF ÊUVEF O�B QSÊTVNÊ OJ EV OPNCSF OJ EF MB OBUVSF
EFT EJNFOTJPOT QFSDFQUJWFT JNQMJRVÊFT EBOT MB QFSDFQUJPO EF M�FTQBDF TPOPSF� -FT SÊ�
TVMUBUT TPVUJFOOFOU MFT RVFMRVFT ÊUVEFT GBJTBOU ÊUBU E�VOF BCTFODF E�JOáVFODF EF M�FO�
WJSPOOFNFOU WJTVFM TVS MB QFSDFQUJPO EF M�BDPVTUJRVF E�VOF TBMMF� -�BUUFOUJPO QPSUÊF
BVY JOGPSNBUJPOT TPOPSFT O�ÊUBOU QBT NPJOESF FO QSÊTFODF E�JOGPSNBUJPOT WJTVFMMFT

JM O�FTU QBT FOWJTBHFBCMF EF SÊEVJSF MB RVBOUJUÊ E�JOGPSNBUJPOT TPOPSFT FO SBJTPO EF
MB QSÊTFODF E�JNBHFT� /�BZBOU QBT PCTFSWÊ E�JOáVFODF TJHOJàDBUJWF EF M�JNBHF TVS MB
QFSDFQUJPO EF M�BDPVTUJRVF
 OPVT BWPOT GBJU MF DIPJY EF QPVSTVJWSF OPT USBWBVY TBOT
QSFOESF FO DPNQUF M�FOWJSPOOFNFOU WJTVFM EFT FTQBDFT ÊUVEJÊT�

/PVT OPVT TPNNFT FOTVJUF EFNBOEÊT EBOT RVFMMF NFTVSF EFT TPVSDFT TPOPSFT
VTVFMMFT QFVWFOU JOáVFODFS OPUSF BQQSÊDJBUJPO EF M�BDPVTUJRVF EFT TBMMFT� 6O UFTU QFS�
DFQUJG B NPOUSÊ RVF MB TPVSDF TPOPSF B VOF GPSUF JOáVFODF TVS MB QFSDFQUJPO EF M�BDPVT�
UJRVF E�VOF TBMMF� &O QBSUJDVMJFS
 MFT QSJODJQBMFT EJNFOTJPOT QFSDFQUJWFT VUJMJTÊFT QPVS
EJGGÊSFODJFS QMVTJFVST FTQBDFT TPOPSFT ÊUBJFOU EJGGÊSFOUFT E�VOF TPVSDF Æ M�BVUSF� 4FVMF
MB SÊWFSCÊSBODF ÊUBJU VO DSJUÍSF DPNNVO QPVS EJGGÊSFODJFS MFT FTQBDFT TPOPSFT� "JOTJ

MFT TPVSDFT TPOPSFT VTVFMMFT SÊWÊMBOU EJGGÊSFOUFT DBSBDUÊSJTUJRVFT QFSDFQUJWFT E�VO FT�
QBDF TPOPSF
 VO PVUJM EF DPOUSÔMF QFSDFQUJG EPJU ËUSF DBQBCMF EF NPEJàFS VO HSBOE
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OPNCSF EF QSPQSJÊUÊT BDPVTUJRVFT QPVS ËUSF BEBQUÊ Æ VOF QMVSBMJUÊ EF TPVSDFT TP�
OPSFT� %BOT MB TVJUF EF MB UIÍTF
 OPVT BWPOT UPVUFGPJT GBJU MF DIPJY EF OF QBT NVMUJQMJFS
MFT TPVSDFT TPOPSFT QPVS MJNJUFS MB EVSÊF EFT UFTUT� 5PVUF FYUSBQPMBUJPO EFT SÊTVMUBUT
JTTVT EF DFT UFTUT Æ E�BVUSFT UZQFT EF TPVSDFT TPOPSFT EPJU EPOD ËUSF DPOTJEÊSÊF BWFD
QSÊDBVUJPOT�

%BOT MB TFDPOEF QBSUJF EF DFUUF UIÍTF OPVT BWPOT ÊUVEJÊ MFT ÊMÊNFOUT QFSUJOFOUT
E�VOF 43*3 Æ NBOJQVMFS QPVS DPOUSÔMFS VO FGGFU EF SÊWFSCÊSBUJPO� 1MVTJFVST NÊUIPEFT
EF QBSBNÊUSJTBUJPO EF SÊQPOTFT JNQVMTJPOOFMMFT TQBUJBMFT POU ÊUÊ EÊUBJMMÊFT� %FVY UZQFT
EF QBSBNÊUSJTBUJPO POU ÊUÊ JEFOUJàÊT � MFT NÊUIPEFT BOBMZTBOU MFT 43*3T EBOT EFT
GFOËUSFT UFNQPSFMMFT PV UFNQT�GSÊRVFODF SFTUSFJOUFT 	EF M�PSESF EF RVFMRVFT NJMMJTF�
DPOEFT FU RVFMRVFT EJ[BJOFT EF IFSU[
 FU MFT NÊUIPEFT E�BOBMZTF RVJ FTUJNFOU MFT ÊMÊ�
NFOUT EF MB NPEÊMJTBUJPO E�VOF SÊQPOTF JNQVMTJPOOFMMF EF TBMMF � EFT SÊáFYJPOT TQÊDV�
MBJSFT BTTPDJÊFT Æ EFT QFOUFT EF EÊDSPJTTBODF EF M�ÊOFSHJF TPOPSF� -FT NÊUIPEFT QSÊTFO�
UÊFT OF TPOU QBT FYFNQUFT EF CJBJT EBOT M�BOBMZTF EFT QBSBNÍUSFT FU QSPEVJTFOU QBSGPJT
EFT BSUFGBDUT BVEJCMFT
 OPUBNNFOU FO SBJTPO EFT QSPDÊEÊT EF EÊDPSSÊMBUJPO VUJMJTÊT
QPVS MB SFQSPEVDUJPO�

%FVY UFTUT QFSDFQUJGT POU ÊUÊ SÊBMJTÊT EBOT M�PQUJRVF EF SÊEVJSF MF OPNCSF E�ÊMÊ�
NFOUT Æ NBOJQVMFS E�VOF 43*3 QPVS GBDJMJUFS MF DPOUSÔMF EV SFOEV TPOPSF� &O QBSUJ�
DVMJFS
 VOF QSFNJÍSF ÊUVEF B ÊUÊ FGGFDUVÊF BàO EF EÊUFSNJOFS MB SÊTPMVUJPO TQBUJBMF 	FO
UFSNFT E�PSESF BNCJTPOJRVF FU EF EJNFOTJPOOBMJUÊ
 BWFD MBRVFMMF JM FTU OÊDFTTBJSF EF SF�
QSPEVJSF VOF 43*3� -�BOBMZTF EFT SÊTVMUBUT B SÊWÊMÊ RVF MPSTRVF MF TPO EJSFDU FTU SFTUJUVÊ
BWFD VOF SÊTPMVUJPO TQBUJBMF JNQPSUBOUF
 MF OPNCSF EF DBOBVY BNCJTPOJRVFT EÊDSJWBOU
MB QBSUJF SÊWFSCÊSÊF QFVU ËUSF HSBOEFNFOU SÊEVJU TBOT FOUSBÏOFS EF EJGGÊSFODFT QFSDFQ�
UJWFT JNQPSUBOUFT WPJSF NËNF TJHOJàDBUJWFT� $F SÊTVMUBU EÊQFOE EF M�FTQBDF DPOTJEÊSÊ

MB QSÊTFODF EF SÊáFYJPOT QSÊDPDFT JNQPSUBOUFT OF QFSNFUUBOU QBT MB SÊEVDUJPO EF MB SÊ�
TPMVUJPO TQBUJBMF EF NBOJÍSF JNQFSDFQUJCMF 	NËNF TJ MB EJGGÊSFODF QFSÉVF SFTUF GBJCMF
�
-�JOUÊSËU E�VOF SFQSÊTFOUBUJPO BNCJTPOJRVF E�PSESF ÊMFWÊ QPVS EÊDSJSF VOF 43*3 QB�
SBJU EPOD MJNJUÊ EBOT MF DPOUFYUF E�VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ� 1BS MB TVJUF
OPVT BWPOT GBJU MF DIPJY E�VUJMJTFS VOF SFQSÊTFOUBUJPO TQBUJBMF EF M�BDPVTUJRVF TFMPO
VO PSESF BNCJTPOJRVF GBJCMF ÊUBOU EPOOÊF MB SÊEVDUJPO JNQPSUBOUF EF EPOOÊFT RVJ FO
SÊTVMUF�

6OF TFDPOEF ÊUVEF T�FTU QPSUÊF TVS MFT SÊTPMVUJPOT GSÊRVFOUJFMMFT FU UFNQPSFMMFT
OÊDFTTBJSFT Æ MB SFQSPEVDUJPO EFT QSFNJÍSFT SÊáFYJPOT BWFD VOF SÊTPMVUJPO TQBUJBMF
SÊEVJUF� 1PVS QFSNFUUSF DFUUF BOBMZTF
 VOF NÊUIPEF EF QBSBNÊUSJTBUJPO CBTÊF TVS MF
DBMDVM EF NBUSJDFT EF DPWBSJBODF B ÊUÊ QSPQPTÊF� $FUUF NÊUIPEF B QFSNJT EF SFQSP�
EVJSF MB SÊQBSUJUJPO EF M�ÊOFSHJF TPOPSF EF SÊáFYJPOT QSÊDPDFT EBOT QMVTJFVST SÊHJPOT
UFNQT�GSÊRVFODF� 6O UFTU QFSDFQUJG B SÊWÊMÊ RVF
 QBSNJ MFT NÊUIPEFT ÊWBMVÊFT
 MB NÊ�
UIPEF EF QBSBNÊUSJTBUJPO FNQMPZBOU VOF SÊTPMVUJPO UFNQPSFMMF EF � NT EBOT RVBUSF
CBOEFT EF GSÊRVFODF ÊUBJU MB QMVT FGàDBDF� &O FGGFU
 FMMF B QSPEVJU EFT TUJNVMJ KVHÊT
QBSNJ MFT QMVT QSPDIFT EFT TDÍOFT TPOPSFT EF SÊGÊSFODF UPVU FO MJNJUBOU MF OPNCSF
EF EPOOÊFT VUJMJTÊFT� -�BDDSPJTTFNFOU EF MB SÊTPMVUJPO GSÊRVFOUJFMMF Æ IVJU CBOEFT EF
GSÊRVFODF O�B QBT QFSNJT E�BNÊMJPSFS MFT SÊTVMUBUT� -FT SÊTVMUBUT PCUFOVT BWFD MB NÊ�
UIPEF MB QMVT FGàDBDF O�ÊUBJFOU QBT TJHOJàDBUJWFNFOU EJGGÊSFOUT EF DFVY PCUFOVT BWFD
VOF BVUSF NÊUIPEF EF QBSBNÊUSJTBUJPO DPNNVOÊNFOU FNQMPZÊF � MB 4%. � UPVU FO
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SÊEVJTBOU MF OPNCSF EF QBSBNÍUSFT OÊDFTTBJSFT� /ÊBONPJOT
 MB QBSBNÊUSJTBUJPO QSP�
QPTÊF JOUSPEVJU EFT BSUFGBDUT BVEJCMFT
 QBSUJDVMJÍSFNFOU MPSTRVF MB TPVSDF DPNQSFOE
EF OPNCSFVY USBOTJUPJSFT� %F QMVT
 MB RVBOUJUÊ EF DBMDVM OÊDFTTBJSF Æ MB SFQSPEVDUJPO
EF MB QBSUJF QSÊDPDF E�VOF 43*3 BWFD DFUUF NÊUIPEF FTU ÊHBMFNFOU JNQPSUBOUF� "V WV
EF DFT PCTFSWBUJPOT
 M�JOUÊSËU EF DFUUF QBSBNÊUSJTBUJPO QBSBÏU MJNJUÊ� -�FOTFJHOFNFOU
QSJODJQBM EF DFUUF ÊUVEF FTU RVF MB SFQSPEVDUJPO EF MB SÊQBSUJUJPO TQBUJBMF EF M�ÊOFSHJF
TPOPSF E�VOF 43*3 EPJU ËUSF QSÊDJTF EBOT MF UFNQT NBJT QFVU ËUSF SFTUSFJOUF FO GSÊ�
RVFODF�

%BOT MB EFSOJÍSF QBSUJF EF DFUUF UIÍTF
 OPVT OPVT TPNNFT DPODFOUSÊT TVS MF DPOUSÔMF
EF EFVY BUUSJCVUT QFSDFQUJGT � MB MBSHFVS BQQBSFOUF EF TPVSDF FU M�FOWFMPQQFNFOU� /PVT
BWPOT GBJU MF DIPJY E�ÊUVEJFS EFT BUUSJCVUT QFSDFQUJGT BZBOU VO MJFO TQÊDJàRVF BV EJTQP�
TJUJG EF SFTUJUVUJPO FNQMPZÊ � VO SFOEV CJOBVSBM OPO�JOEJWJEVBMJTÊ EF TDÍOFT TPOPSFT
FODPEÊFT FO BNCJTPOJRVF� &O FGGFU
 DFT BUUSJCVUT QFSDFQUJGT TPOU MJÊT Æ MB EJSFDUJWJUÊ
EV DIBNQ TPOPSF FU MF SFOEV TPOPSF VUJMJTÊ QSÊTFOUF M�JOUÊSËU EF QPVWPJS SFQSPEVJSF FU
NBOJQVMFS DFUUF EJSFDUJWJUÊ EBOT MFT USPJT EJNFOTJPOT EF M�FTQBDF�

6OF QSFNJÍSF ÊUVEF B UFOUÊ E�JEFOUJàFS MFT PSJHJOFT QIZTJRVFT EF DFT EFVY BUUSJCVUT
QFSDFQUJGT FO BOBMZTBOU MB CBTF EF EPOOÊFT (3"1 GPVSOJF QBS M�6OJWFSTJUÊ UFDIOJRVF
EF #FSMJO� /PVT BWPOT NJT FO MJFO MFT SÊTVMUBUT JTTVT EF MFVS ÊWBMVBUJPO QFSDFQUJWF
BWFD EFT QBSBNÍUSFT BDPVTUJRVFT� -�BOBMZTF EFT EPOOÊFT B NJT FO ÊWJEFODF RVF MB QSÊ�
EPNJOBODF EV TPO EJSFDU FTU OÊGBTUF Æ MB QFSDFQUJPO E�VOF TPVSDF MBSHF FU RVF DFUUF
QFSDFQUJPO TFNCMF GBWPSJTÊF QBS VOF ÊOFSHJF UBSEJWF JNQPSUBOUF� $FUUF JOáVFODF EF
M�ÊOFSHJF UBSEJWF EPJU ËUSF DPSSPCPSÊF QBS E�BVUSFT ÊUVEFT DBS FMMF DPOUSFEJU EFT PCTFS�
WBUJPOT BOUÊSJFVSFT� %BOT VOF NPJOESF NFTVSF
 M�BOBMZTF B ÊHBMFNFOU NJT FO MVNJÍSF
MF SÔMF EF M�ÊOFSHJF QSÊDPDF EBOT MB QFSDFQUJPO EF MB MBSHFVS EF TPVSDF� $FQFOEBOU
 MFT
EPOOÊFT Æ EJTQPTJUJPO O�POU QBT QFSNJT E�ÊUBCMJS EFT NPEÍMFT QSÊEJDUJGT TVGàTBNNFOU
QFSGPSNBOUT� %�BVUSFT EPOOÊFT TFSBJFOU OÊDFTTBJSFT QPVS BGàOFS MB DBSBDUÊSJTBUJPO EF
MB MBSHFVS BQQBSFOUF EF TPVSDF�

-B TFOTBUJPO E�FOWFMPQQFNFOU O�BZBOU QBT QSÊTFOUÊ EF MJFO BWFD MFT QSPQSJÊUÊT EF
M�ÊOFSHJF QSÊDPDF
 OPVT BWPOT DIPJTJ E�ÊUVEJFS MF DPOUSÔMF EF MB MBSHFVS BQQBSFOUF EF
TPVSDF FO NPEJàBOU MFT QSFNJÍSFT SÊáFYJPOT TFVMFNFOU� %F DFUUF NBOJÍSF
 MB NPEJ�
àDBUJPO EF DFU BUUSJCVU QFSDFQUJG QFVU ËUSF SÊBMJTÊF TBOT BMUÊSFS MB TFOTBUJPO E�FOWF�
MPQQFNFOU� %F OPNCSFVTFT ÊUVEFT TF TPOU DPODFOUSÊFT TVS MF MJFO FOUSF MB QSPQPSUJPO
E�ÊOFSHJF MBUÊSBMF QSÊDPDF PV MB EÊDPSSÊMBUJPO JOUFSBVSBMF QSÊDPDF EF SÊQPOTFT JNQVM�
TJPOOFMMFT FU MB MBSHFVS BQQBSFOUF EF TPVSDF� 1PVS ÊUVEJFS DF MJFO
 OPVT BWPOT BQQMJ�
RVÊ EJGGÊSFOUFT NÊUIPEFT EF USBOTGPSNBUJPO TQBUJBMF Æ M�ÊOFSHJF QSÊDPDF EF 43*3T FU
BOBMZTÊ MFT NPEJàDBUJPOT JOEVJUFT TVS MB MBSHFVS BQQBSFOUF EF TPVSDF� $FT USBOTGPS�
NBUJPOT DPOTJTUBJFOU FO M�BVHNFOUBUJPO PV MB SÊEVDUJPO EF M�ÊOFSHJF MBUÊSBMF FU EF MB
EÊDPSSÊMBUJPO JOUÊSBVSBMF� 6O UFTU QFSDFQUJG B SÊWÊMÊ RVF MB WBSJBUJPO EF DFT EFVY QSP�
QSJÊUÊT TQBUJBMFT QFSNFU FO FGGFU E�BDDSPÏUSF PV EF SÊEVJSF TJHOJàDBUJWFNFOU MB MBSHFVS
BQQBSFOUF EF TPVSDF� /ÊBONPJOT
 MB NPEJàDBUJPO EF MB TQBUJBMJTBUJPO EFT QSFNJÍSFT
SÊáFYJPOT O�B QBT FV E�FGGFU TJHOJàDBUJG TVS MB MBSHFVS BQQBSFOUF EF TPVSDF QPVS UPVT
MFT FTQBDFT DPOTJEÊSÊT� *M TFNCMF RVF M�ÊOFSHJF EFT SÊáFYJPOT QSPDIFT EV TPO EJSFDU
EPJU ËUSF TVGàTBNNFOU JNQPSUBOUF QPVS QFSNFUUSF VOF NPEJàDBUJPO QFSDFQUJCMF EF MB
MBSHFVS BQQBSFOUF EF TPVSDF� 4VJUF Æ DFT ÊUVEFT
 JM BQQBSBÏU RVF MFT QBSBNÍUSFT BDPVT�
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UJRVFT EÊàOJT QPVS QSÊEJSF MB MBSHFVS BQQBSFOUF EF TPVSDF EPJWFOU ËUSF DBMDVMÊT E�BQSÍT
VOF SÊHJPO UFNQPSFMMF EJGGÊSFOUF EF DFMMF àYÊF BVY �� QSFNJÍSFT NJMMJTFDPOEFT EBOT MB
OPSNF *40 �������

&O DPIÊSFODF BWFD MFT PCTFSWBUJPOT QSÊTFOUFT EBOT MB MJUUÊSBUVSF
 OPUSF BOBMZTF TUB�
UJTUJRVF B QFSNJT EF NFUUSF FO MVNJÍSF M�JOáVFODF EF MB RVBOUJUÊ E�ÊOFSHJF UBSEJWF
 EFT
SÊáFYJPOT MBUÊSBMFT UBSEJWFT FU EF MB EÊDPSSÊMBUJPO JOUFSBVSBMF TVS MB TFOTBUJPO E�FOWF�
MPQQFNFOU� -B QBSBNÊUSJTBUJPO EF MB QBSUJF UBSEJWF E�VOF 43*3 DPOTJTUF MF QMVT TPV�
WFOU Æ DBMDVMFS MFT QFOUFT EF EÊDSPJTTBODF EF M�ÊOFSHJF TPOPSF QBS CBOEF EF GSÊRVFODF�
­UBOU EPOOÊ MF SÔMF KPVÊ QBS MFT SÊáFYJPOT MBUÊSBMFT EBOT MB TFOTBUJPO E�FOWFMPQQF�
NFOU
 JM OPVT B TFNCMÊ KVEJDJFVY EF NPEJàFS DFT QBSBNÍUSFT EBOT EJGGÊSFOUT TFDUFVST
BOHVMBJSFT� 1PVS DFMB
 VO SÊWFSCÊSBUFVS BSUJàDJFM CBTÊ TVS QMVTJFVST SÊTFBVY SÊDVSTJGT
EF MJHOFT Æ SFUBSE 	'%/
 B ÊUÊ VUJMJTÊ� -F '%/ FTU DPVSBNNFOU VUJMJTÊ QPVS DSÊFS VO
FGGFU EF SÊWFSCÊSBUJPO DBS JM OÊDFTTJUF VO DPÚU EF DBMDVM QMVT GBJCMF RVF DFMVJ JOEVJU QBS
VOF DPOWPMVUJPO QPVS SFQSPEVJSF EFT UFNQT EF SÊWFSCÊSBUJPO MPOHT� *M QFSNFU ÊHBMF�
NFOU EF NPEJàFS BJTÊNFOU MFT QFOUFT EF EÊDSPJTTBODF QBS CBOEF EF GSÊRVFODF� 6OF
ÊUVEF B ÊWBMVÊ MB DBQBDJUÊ EF DF SÊWFSCÊSBUFVS BSUJàDJFM Æ SFQSPEVJSF MFT QBSBNÍUSFT
BDPVTUJRVFT JEFOUJàÊT DPNNF QFSUJOFOUT QPVS DBSBDUÊSJTFS MB TFOTBUJPO E�FOWFMPQQF�
NFOU� -FT FSSFVST DPNNJTFT TVS DFT QBSBNÍUSFT BDPVTUJRVFT ÊUBOU EBOT DFSUBJOT DBT
JNQPSUBOUFT
 EFT QJTUFT E�BNÊMJPSBUJPO EV SÊWFSCÊSBUFVS BSUJàDJFM POU ÊUÊ QSPQPTÊFT�
/PUBNNFOU
 EF MB NËNF NBOJÍSF RVF QPVS MB SFQSPEVDUJPO EFT QSFNJÍSFT SÊáFYJPOT

MB SFTUJUVUJPO EF SÊáFYJPOT TQÊDVMBJSFT TFNCMF OÊDFTTBJSF QPVS SFTQFDUFS DFSUBJOT EFT
QBSBNÍUSFT ÊUVEJÊT�

*M OPVT TFNCMF JOUÊSFTTBOU EF QPVSTVJWSF M�ÊUVEF EFT JNQSFTTJPOT TQBUJBMFT FO FYB�
NJOBOU QMVT QSÊDJTÊNFOU MFT JOUFSBDUJPOT FOUSF MB MBSHFVS BQQBSFOUF EF TPVSDF FU FOWF�
MPQQFNFOU� -B NPEJàDBUJPO EFT QSPQSJÊUÊT TQBUJBMFT
 GSÊRVFOUJFMMFT FU UFNQPSFMMFT EF
M�ÊOFSHJF UBSEJWF RVF QFSNFU M�BSDIJUFDUVSF EV SÊWFSCÊSBUFVS BSUJàDJFM FNQMPZÊ BVSB
WSBJTFNCMBCMFNFOU EFT DPOTÊRVFODFT TVS MB QFSDFQUJPO EF MB MBSHFVS BQQBSFOUF EF
TPVSDF� #JFO RV�VOF JOáVFODF TJHOJàDBUJWF EFT QSFNJÍSFT SÊáFYJPOT TVS DFU BUUSJCVU
TPJU BWÊSÊF
 M�JOáVFODF EF MB SÊWFSCÊSBUJPO UBSEJWF TFNCMF BWPJS ÊUÊ OÊHMJHÊF EBOT MB
MJUUÊSBUVSF� $FT SÊHJPOT UFNQPSFMMFT TPOU EÊàOJFT BSCJUSBJSFNFOU EBOT MB OPSNF *40
������ FU VOF ÊUVEF QMVT QSÊDJTF EF DFUUF TFHNFOUBUJPO QPVSSBJU BJEFS Æ MB DPNQSÊ�
IFOTJPO EFT PSJHJOFT QIZTJRVFT EF MB MBSHFVS BQQBSFOUF EF TPVSDF�

4VJUF BVY USBWBVY FGGFDUVÊT
 JM TFNCMF KVEJDJFVY EF DSÊFS VO FGGFU EF SÊWFSCÊSBUJPO
BWFD VO SFOEV EFT QSFNJÍSFT SÊáFYJPOT QBS DPOWPMVUJPO FU VO SFOEV EF MB SÊWFSCÊSBUJPO
UBSEJWF TFMPO QMVTJFVST SÊTFBVY SÊDVSTJGT EF MJHOF Æ SFUBSE� -�FNQMPJ EF DFUUF BQQSPDIF
O�FTU QBT TFVMFNFOU NPUJWÊ QBS VOF ÊDPOPNJF EF DBMDVM� %F DFUUF NBOJÍSF
 MB TFOTBUJPO
E�FOWFMPQQFNFOU QFVU ËUSF DPOUSÔMÊF TJNQMFNFOU FONPEJàBOU MFT ÊOFSHJFT FU MFT QFOUFT
EF EÊDSPJTTBODF EÊàOJFT EBOT QMVTJFVST CBOEFT EF GSÊRVFODF FU TFDUFVST BOHVMBJSFT� *M
TFSBJU E�BJMMFVST JOUÊSFTTBOU E�ÊUVEJFS MF OPNCSF EF CBOEFT EF GSÊRVFODFT BVYRVFMMFT
JM GBVU BUUSJCVFS VOF QFOUF EF EÊDSPJTTBODF� 1PVS MB SFQSPEVDUJPO EFT QSFNJÍSFT SÊ�
áFYJPOT
 OPVT BWPOT WV RV�BV EFMÆ EF RVBUSF CBOEFT EF GSÊRVFODF M�BDDSPJTTFNFOU EF
MB SÊTPMVUJPO GSÊRVFOUJFMMF O�ÊUBJU QBT TJHOJàDBUJWFNFOU BWBOUBHFVTF QPVS SFTUJUVFS MB
SÊQBSUJUJPO ÊOFSHÊUJRVF EV DIBNQ TPOPSF� "àO EF DPOUSÔMFS MB MBSHFVS BQQBSFOUF EF
TPVSDF
 OPVT TVHHÊSPOT E�BDDSPJUSF DFU BUUSJCVU QFSDFQUJG FO NPEJàBOU MFT QSPQSJÊUÊT
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TQBUJBMFT EV TPO EJSFDU FU EF MF SÊEVJSF FO NPEJàBOU MFT QSFNJÍSFT SÊáFYJPOT TFMPO VOF
EÊGPSNBUJPO BOHVMBJSF PV VOF BNQMJàDBUJPO EJSFDUJPOOFMMF�

%BOT VO DPOUFYUF RVJ JNQMJRVF EFT DPOUSBJOUFT GPSUFT FO UFSNFT EF DBMDVM FU EF
NÊNPJSF
 M�FNQMPJ E�VOF SFTUJUVUJPO IZCSJEF Æ VO PSESF BNCJTPOJRVF GBJCMF TFNCMF
SBJTPOOBCMF ÊUBOU EPOOÊ MFT GBJCMFT EJGGÊSFODFT QFSDFQUJWFT PCTFSWÊFT BWFD MB SÊEVD�
UJPO EF MB SÊTPMVUJPO TQBUJBMF� /PVT O�BWPOT QBT JEFOUJàÊ EF QBSBNÊUSJTBUJPO QFSNFU�
UBOU VOF SÊEVDUJPO EFT EPOOÊFT JNQFSDFQUJCMF� *M TFNCMF RVF MB QSJTF FO DPNQUF EFT
SÊáFYJPOT TQÊDVMBJSFT TFSBJU VO BKPVU TVCTUBOUJFM QFSNFUUBOU VOF QMVT HSBOEF àEÊMJUÊ
EBOT MB QFSDFQUJPO EF MB EJSFDUJWJUÊ EV DIBNQ TPOPSF FU VO QMVT HSBOE SFTQFDU EF
DFSUBJOT QBSBNÍUSFT BDPVTUJRVFT UFMT RVF M�&%5 PV MB EÊDPSSÊMBUJPO JOUFSBVSBMF� /ÊBO�
NPJOT
 MB NÊUIPEF EF TÊMFDUJPO EF SÊáFYJPOT TQÊDVMBJSFT QFSUJOFOUFT O�FTU QBT FODPSF
ÊUBCMJF� 6OF NFJMMFVSF NPEÊMJTBUJPO EF M�FGGFU EF QSÊDÊEFODF TFNCMF OÊDFTTBJSF�

-B RVBOUJUÊ EF DBMDVM Æ FGGFDUVFS QPVS M�BVSBMJTBUJPO E�VO FTQBDF TPOPSF TFMPO MF
QSPDÊEÊ EF SFOEV QSPQPTÊ SFTUF JNQPSUBOUF� %BOT MFT ÊUVEFT QFSDFQUJWFT SÊBMJTÊFT BV
DPVST EF DFUUF UIÍTF
 MF DSJUÍSF VUJMJTÊ QPVS KVHFS EF MB SÊEVDUJPO EFT EPOOÊFT Æ NB�
OJQVMFS ÊUBJU MB TJNJMBSJUÊ BWFD EFT TDÍOFT TPOPSFT EF SÊGÊSFODF� $F DSJUÍSF QSJWJMÊHJF
VOF DPOUSBJOUF GPSUF � MB àEÊMJUÊ EF SFTUJUVUJPO� /PVT BWPOT DIPJTJ DFUUF DPOUSBJOUF
DBS MB WJTÊF EF DFUUF UIÍTF FTU EF GPVSOJS BVY JOHÊOJFVST EV TPO EFT PVUJMT EF RVBMJUÊ
QPVS MB NBOJQVMBUJPO E�VO FTQBDF TPOPSF EBOT VO DPOUFYUF EF QSPEVDUJPO EF DPOUFOVT
JNNFSTJGT� 4FMPO M�BQQMJDBUJPO
 E�BVUSFT ÊUVEFT QSJWJMÊHJFSPOU MB RVBMJUÊ E�FYQÊSJFODF

MB QMBVTJCJMJUÊ PV FODPSF MB QSÊGÊSFODF� *M FTU OÊDFTTBJSF E�BSCJUSFS FOUSF MB RVBMJUÊ EV
SFOEV FU MF DPÚU EF DBMDVM TFMPO M�BQQMJDBUJPO� "WFD M�BWÍOFNFOU EF UFDIOPMPHJFT JN�
NFSTJWFT WJTBOU MB OBWJHBUJPO EBOT VO FOWJSPOOFNFOU WJSUVFM PV TF EÊQMPZBOU TVS EFT
TZTUÍNFT FNCBSRVÊT
 MFT DPOUSBJOUFT FO UFSNFT EF USBJUFNFOUT UFNQT�SÊFM TPOU GPSUFT
FU MFT QPTTJCJMJUÊT EF DPOUSÔMF TFSPOU B GPSUJPSJ EJGGÊSFOUFT�
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6OF TBMMF QFVU ËUSF DPOTJEÊSÊF DPNNF VO TZTUÍNF EF USBOTNJTTJPO BDPVTUJRVF MJ�
OÊBJSF FU JOWBSJBOU EBOT MF UFNQT FOUSF VOF TPVSDF FU VO SÊDFQUFVS TJUVÊT EBOT MB TBMMF�
-B SÊQPOTF JNQVMTJPOOFMMF EF MB TBMMF EÊDSJU MFT NPEJàDBUJPOT BQQMJRVÊFT BV TJHOBM
ÊNJT QBS MB TPVSDF MPSTRV�JM TF QSPQBHF E�VO QPJOU Æ VO BVUSF EF MB TBMMF� $FUUF SÊ�
QPOTF JNQVMTJPOOFMMF QFVU ËUSF NFTVSÊF� $�FTU VOF NFTVSF DPVSBNNFOU VUJMJTÊF QPVS
FYUSBJSF EFT QBSBNÍUSFT BDPVTUJRVFT 	DG TFDUJPO ���
 RVJ DBSBDUÊSJTFOU DFSUBJOT BTQFDUT
EF MB QFSDFQUJPO E�VOF TBMMF� &MMF QFVU ÊHBMFNFOU ËUSF FNQMPZÊF QPVS MB TJNVMBUJPO
E�FTQBDFT TPOPSFT FO MB DPOWPMVBOU BWFD VOF TPVSDF TPOPSF BOÊDIPÐRVF� 6OF UFMMF BQ�
QSPDIF T�BQQBSFOUF Æ VO QSPDFTTVT E�BVSBMJTBUJPO� -�BVSBMJTBUJPO EÊTJHOF jMB UFDIOJRVF
QFSNFUUBOU EF DSÊFS EFT àDIJFST TPOPSFT BVEJCMFT Æ QBSUJS EF EPOOÊFT OVNÊSJRVFT 	TJ�
NVMÊFT
 NFTVSÊFT PV TZOUIÊUJTÊFT
v <�>�

-B SÊQPOTF JNQVMTJPOOFMMF E�VO TZTUÍNF DPSSFTQPOE Æ MB TPSUJF EV TZTUÍNF BQSÍT
TPO FYDJUBUJPO QBS VOF JNQVMTJPO EF %JSBD� &O QSBUJRVF
 MB SFQSPEVDUJPO E�VOF JN�
QVMTJPO EF %JSBD FTU DPNQMFYF� -�VUJMJTBUJPO EF EJTQPTJUJGT JNQVMTJGT 	QJTUPMFU
 CBMMPO

QSÊTFOUF EFT WBSJBCJMJUÊT JNQPSUBOUFT EBOT MFT SÊTVMUBUT FU M�FNQMPJ E�VOF FODFJOUF JO�
USPEVJU EFT EJTUPSTJPOT OPO�MJOÊBJSFT FO SBJTPO EF MB USPQ HSBOEF RVBOUJUÊ E�ÊOFSHJF
EÊMJWSÊF TVS VOF USÍT DPVSUF EVSÊF QBS SBQQPSU BVY QSPQSJÊUÊT ÊMFDUSP�NÊDBOJRVFT EV
USBOTEVDUFVS <�>� %�BVUSFT TJHOBVY E�FOUSÊF QFVWFOU ËUSF VUJMJTÊT QPVS BDDÊEFS Æ MB SÊ�
QPOTF JNQVMTJPOOFMMF EF TBMMF EBOT MBNFTVSF PÜ JMT DPOUJFOOFOU TVGàTBNNFOU E�ÊOFSHJF
EBOT MB HBNNF EF GSÊRVFODF EV TQFDUSF BVEJCMF�

4PJU Y MF SÊTVMUBU EF M�FYDJUBUJPO Æ MB GSÊRVFODF EF QVMTBUJPO ω E�VO TJHOBM E�FOUSÊF
X SFQSPEVJU Æ USBWFST VOF FODFJOUF EPOU MB GPODUJPO EF USBOTGFSU FTU OPUÊF G �

Y (ω) = H(ω) ·G(ω) ·X(ω) +N(ω) 	"��


BWFD H MB GPODUJPO EF USBOTGFSU DPNQMFYF EF MB TBMMF FU N MB SÊQPOTF FO GSÊRVFODF
E�VO CSVJU CMBOD HBVTTJFO EÊDPSSÊMÊ EV TJHOBM E�FOUSÊF RVJ NPEÊMJTF MF CSVJU BNCJBOU�

ÓÖÔ
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-F TJHOBM Y DPOUJFOU Æ MB GPJT MB SÊQPOTF EF MB TBMMF FU EF M�FODFJOUF VUJMJTÊF� -B DP�
MPSBUJPO EF M�FYDJUBUJPO QBS MB SÊQPOTF FO GSÊRVFODF EF M�FODFJOUF G FTU JOEÊTJSBCMF Æ
EFT àOT E�BVSBMJTBUJPO DBS JNQBDUFSBJU TQFDUSBMFNFOU MB SÊQPOTF JNQVMTJPOOFMMF PCUF�
OVF� $PNQFOTFS DFUUF DPMPSBUJPO B QPTUFSJPSJ FO DPSSJHFBOU MB SÊQPOTF JNQVMTJPOOFMMF

QPVSSBJU BNQMJàFS MF CSVJU BNCJBOU EBOT DFSUBJOFT SÊHJPOT GSÊRVFOUJFMMFT� $�FTU QPVS�

RVPJ PO VUJMJTF VO TJHOBM E�FYDJUBUJPO
∼
X SÊTVMUBU EV QSÊ�USBJUFNFOU EV TJHOBM E�FOUSÊF

QBS MB SÊQPOTF FO GSÊRVFODF JOWFSTF EF M�FODFJOUF �

∼
X(ω) =

X(ω)

G(ω)
� 	"��


%F DFUUF NBOJÍSF PO PCUJFOU VO TJHOBM
∼
Y JOEÊQFOEBOU EF MB SÊQPOTF FO GSÊRVFODF

EF M�FODFJOUF �

∼
Y (ω) = H(ω) ·G(ω) ·

∼
X(ω) +N(ω) = H(ω) ·X(ω) +N(ω) 	"��


&O QSBUJRVF DFUUF DPNQFOTBUJPO FTU SÊBMJTÊF EBOT VO QMBHF EF GSÊRVFODF EPOOÊF
QPVS MBRVFMMF VO OJWFBV E�BNQMJàDBUJPO SFTUF SBJTPOOBCMF�

/PUPOT RVF TJ MB SÊQPOTF FTU VUJMJTÊF QPVS FYUSBJSF EFT QBSBNÍUSFT BDPVTUJRVFT PV
TJ FMMF FTU VUJMJTÊF QPVS VOF BVSBMJTBUJPO
 MFT EJSFDUJWJUÊT SFRVJTFT EF MB TPVSDF FU EV
SÊDFQUFVS QFVWFOU EJGGÊSFS � M�VUJMJTBUJPO E�VOF TPVSDF TPOPSF PNOJEJSFDUJPOOFMMF ÊUBOU
QSJWJMÊHJÊF QPVS M�FYUSBDUJPO EF QBSBNÍUSFT BDPVTUJRVFT�

��Ò� �ALAYAGE SINUSOjDAL

-FT TJHOBVY E�FOUSÊF DPVSBNNFOU VUJMJTÊT GPVSOJTTFOU VO ÊOFSHJF DPOTUBOUF QBS
GSÊRVFODF
 TPJU VO TQFDUSF jQMBUv� -B SÊQPOTF FO GSÊRVFODF FTU BMPST EF MB GPSNF �

X(ω) = eiφ(ω) 	"��


BWFD φ MF TQFDUSF EF QIBTF EF X� *M FO SÊTVMUF RVF X(ω)−1 = X∗(ω) PV ∗ EÊTJHOF MF
DPNQMFYF DPOKVHVÊ� "JOTJ

∼
H(ω) = Y (ω) ·X∗(ω) 	"��


PÜ
∼
H FTU VOF FTUJNBUJPO EF MB GPODUJPO EF USBOTGFSU EV TZTUÍNF BDPVTUJRVF� -B USBOT�

GPSNÊF EF 'PVSJFS JOWFSTF EF X∗(ω) ÊUBOU x(−t)
 MB EÊDPOWPMVUJPO QFVU T�FGGFDUVFS
EBOT MF EPNBJOF UFNQPSFM FO VUJMJTBOU MF SFUPVSOFNFOU UFNQPSFM EV TJHOBM E�FOUSÊF�

*M FTU TPVIBJUBCMF E�VUJMJTFS EFT TJHOBVY E�FYDJUBUJPO BWFD VOF ÊOFSHJF JNQPSUBOUF
BàO E�PCUFOJS VO SBQQPSU TJHOBM�CSVJU TVGàTBOU EBOT UPVUF MB HBNNF EF GSÊRVFODFT
DPODFSOÊF� -FT CBMBZBHFT TJOVTPÐEBVY TF TPOU SÊWÊMÊT ËUSF VO CPO DIPJY QPVS MFT NF�
TVSFT BDPVTUJRVFT DBS JMT QFSNFUUFOU E�BMJNFOUFS M�FODFJOUF GSÊRVFODF QBS GSÊRVFODF
BWFD VOF ÊOFSHJF DPOTJEÊSBCMFNFOU QMVT JNQPSUBOUF RVF MPSTRV�VOF JNQVMTJPO FTU VUJ�
MJTÊF
 TBOT JOUSPEVJSF E�BSUFGBDUT EBOT MB SÊQPOTF JNQVMTJPOOFMMF BDRVJTF <�
 �>� *MT DPS�
SFTQPOEFOU Æ EFT TJHOBVY TJOVTPÐEBVY EPOU MB GSÊRVFODF WBSJF FO DPOUJOV �
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x(t) = TJO(φ(t))� 	"��


1PVS VO CBMBZBHF TJOVTPÐEBM MJOÊBJSF
 MF SFUBSE EF HSPVQF
 D�FTU Æ EJSF MB WBSJBUJPO
EF MB QIBTF FO GPODUJPO EV UFNQT
 Æ QBSUJS E�VOF GSÊRVFODF EF QVMTBUJPO ω1 KVTRV�Æ ω2

TVS VO UFNQT T FTU EPOOÊ QBS �

Eφ(t)
EU

= ω1 +
ω2 − ω1

5
· t 	"��


-F GBJU EF USPORVFS MB WBSJBUJPO EV CBMBZBHF TJOVTPÐEBM Æ EFT GSÊRVFODFT àOJFT
JOUSPEVJU VOF DFSUBJOF POEVMBUJPO BVY FYUSÊNJUÊT EV TQFDUSF E�BNQMJUVEF RVJ QFVU ËUSF
NJOJNJTÊF FO BQQMJRVBOU VO DPVSU GFOËUSBHF FO EÊCVU FU àO EV CBMBZBHF�

-F CBMBZBHF TJOVTPÐEBM MPHBSJUINJRVF 	ÊHBMFNFOU OPNNÊ FYQPOFOUJFM
 FTU DPV�
SBNNFOU VUJMJTÊ� -B WBSJBUJPO EF MB QIBTF FO GPODUJPO EV UFNQT E�VOF GSÊRVFODF EF
QVMTBUJPO ω1 KVTRV�Æ ω2 TVS VO UFNQT T FTU BMPST EF MB GPSNF �

Eφ(t)
EU

=
K

L
· e t

L 	"��


BWFD

K =
ω1 · T
MO(ω2

ω1
)

FU L =
T

MO(ω2
ω1

)
	"��


'ñïýúí "�� m 3ÊQPOTF FO GSÊRVFODF
 SFUBSE EF HSPVQF FU TQFDUSPHSBNNF E�VO FYFNQMF EF CBMBZBHF TJOV�
TPÐEBM MPHBSJUINJRVF�

-B àHVSF "�� SFQSÊTFOUF MF TQFDUSF
 MF SFUBSE EF HSPVQF FU MF TQFDUSPHSBNNF E�VO UFM
TJHOBM� -FT CBMBZBHFT MPHBSJUINJRVFT POU VO TQFDUSF EPOU M�BNQMJUVEF EJNJOVF EF � E#
QBS PDUBWF TJ CJFO RVF DIBRVF PDUBWF DPOUJFOU MB NËNF ÊOFSHJF� -PST EF MB EÊDPOWPMV�
UJPO
 VOF NPEVMBUJPO E�BNQMJUVEF FTU BMPST BKPVUÊF QPVS DPNQFOTFS DFUUF EÊDSPJTTBODF
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FO ÊOFSHJF� -�VO EFT BUPVUT EF DF TJHOBM FTU RVF MB QSÊDJTJPO UFNQPSFMMF FO CBTTFT GSÊ�
RVFODFT FTU QMVT HSBOEF
 JM DPSSFTQPOE EPOD QMVT ÊUSPJUFNFOU Æ MB QFSDFQUJPO IVNBJOF
EV TQFDUSF EFT TPOT�

-�BWBOUBHF QSÊQPOEÊSBOU E�VOF NFTVSF Æ CBMBZBHF TJOVTPÐEBM FTU MF GBJU RVF MFT
DPNQPTBOUFT EF EJTUPSTJPOT IBSNPOJRVFT QFVWFOU ËUSF FOUJÍSFNFOU JTPMÊFT EF MB SÊ�
QPOTF JNQVMTJPOOFMMF NFTVSÊF <�
 �>� "QSÍT EÊDPOWPMVUJPO EV TJHOBM NFTVSÊ QBS M�FY�
DJUBUJPO E�FOUSÊF
 DFT EJTUPSTJPOT BQQBSBJTTFOU BWBOU MF TPO EJSFDU FU QFVWFOU BJOTJ ËUSF
DPNQMÍUFNFOU FGGBDÊFT� "àO E�JMMVTUSFS MB QSPQSJÊUÊ EF SFKFU EF MB EJTUPSTJPO .VMMFS FU
.BTTBSJOJ <�> QSFOOFOU M�FYFNQMF E�VO CBMBZBHF RVJ DPOUJFOU VOF GSÊRVFODF EF ��� )[
BQSÍT � T FU BUUFJOU ��� )[ BQSÍT � T� -F TJHOBM JOWFSTF VUJMJTÊ QPVS MB EÊDPOWPMVUJPO WB
SFDPOTUJUVFS MF TJHOBM E�FYDJUBUJPO FO VOF JNQVMTJPO EF %JSBD� -F TQFDUSF EF DF TJHOBM
DPOUJFOU VO SFUBSE EF HSPVQF DPSSFTQPOEBOU EF �� T Æ ��� )[ FU EF �� T Æ ��� )[�
-PSTRVF MB GSÊRVFODF JOTUBOUBOÊF FTU EF ��� )[ FU RVF M�FODFJOUF QSPEVJU EFT IBS�
NPOJRVFT
 VOF DPNQPTBOUF EF ��� )[ BWFD MF NËNF SFUBSE RVF MB GPOEBNFOUBMF EF
��� )[ TFSB QSÊTFOUF EBOT MB NFTVSF� $FUUF DPNQPTBOUF EF ��� )[ TFSB BMPST USBJUÊF
MPST EF MB EÊDPOWPMVUJPO BWFD MF SFUBSE EF HSPVQF EF �� T EV TQFDUSF EF SÊGÊSFODF Æ
��� )[ FU BQQBSBÏUSB EPOD Æ �� T BQSÍT MF QSPDFTTVT EF EÊDPOWPMVUJPO� %F NËNF
 EFT
IBSNPOJRVFT E�PSESF TVQÊSJFVS BQQBSBÏUSPOU FODPSF QMVT FO BNPOU EV TPO EJSFDU�

-�VUJMJTBUJPO E�VO CBMBZBHF VO QFV QMVT MPOH RVF MB SÊWFSCÊSBUJPO Æ NFTVSFS QFSNFU
E�FYDMVSF UPVT MFT QSPEVJUT EF EJTUPSTJPOT IBSNPOJRVFT
 OF MBJTTBOU QSBUJRVFNFOU RVF
MF CSVJU EF GPOE DPNNF MJNJUF QPVS NFTVSFS MB SÊWFSCÊSBUJPO TVS VOF QMBHF EZOBNJRVF
TVGàTBOUF� -F SBQQPSU TJHOBM TVS CSVJU FTU FO FGGFU USÍT CPO BWFD DFUUF FYDJUBUJPO DBS
M�ÊOFSHJF FTU ÊUJSÊF TVS VOF MPOHVF QÊSJPEF
 QVJT SBNFOÊF Æ VOF SÊQPOTF DPVSUF BWFD MB
EÊDPOWPMVUJPO�

-B NFTVSF PCUFOVF EÊQFOE EF MB QPTJUJPO EF TPVSDF FU EV SÊDFQUFVS
 EF MFVS SÊQPOTF
FO GSÊRVFODF � TJ FMMF O�FTU QBT DPNQFOTÊF � FU EF MFVS EJSFDUJWJUÊ� &MMF EÊQFOE ÊHBMFNFOU
EF M�JOTUBOU EF NFTVSF DBS EFVY NFTVSFT TVDDFTTJWFT E�VOF SÊQPOTF JNQVMTJPOOFMMF TPOU
UPVKPVST EJGGÊSFOUFT FO SBJTPO EF MB WBSJBCJMJUÊ EV NJMJFV EF QSPQBHBUJPO�

"V EFMÆ EF MB WBSJBUJPO EFT DPOEJUJPOT EF NFTVSF
 EFT ÊWÍOFNFOUT TPOPSFT OPO�
TUBUJPOOBJSFT EF DPVSUF EVSÊF QFVWFOU BQQBSBJUSF� "àO EF SÊEVJSF MFVS JOáVFODF
.BTTÊ
FU BM� <�> QSPQPTFOU E�BOBMZTFS MFT ÊDBSUT E�ÊOFSHJF DPOUFOVT EBOT QMVTJFVST TQFDUSP�
HSBNNFT JTTVT EF EJGGÊSFOUFT SÊQÊUJUJPOT EF NFTVSFT QBS CBMBZBHF TJOVTPÐEBM� -FT EÊ�
WJBUJPOT TJHOJàDBUJWFT QBS SBQQPSU BV TQFDUSPHSBNNF NPZFO TPOU BMPST SFNQMBDÊFT
EBOT MB SÊHJPO UFNQT�GSÊRVFODF DPOTJEÊSÊF QBS MB NBHOJUVEF NPZFOOF DBMDVMÊF E�BQSÍT
MFT SÊQÊUJUJPOT OPO�BGGFDUÊFT�

��Ó� �XTENSION DE LA DdCROISSANCE DE L¤INTENSITd SONORE

.BMHSÊ M�VTBHF E�VO TJHOBM E�FOUSÊF QFSNFUUBOU E�PCUFOJS VO CPO SBQQPSU TJHOBM
TVS CSVJU
 MFT NFTVSFT EF SÊQPOTFT JNQVMTJPOOFMMFT EF TBMMF DPOUJFOOFOU JOÊWJUBCMFNFOU
VO CSVJU EF GPOE� -PSTRVF MFT SÊQPOTFT JNQVMTJPOOFMMFT TPOU VUJMJTÊFT QPVS FYUSBJSF
EFT QBSBNÍUSFT BDPVTUJRVFT PV EBOT MF DBESF E�VOF BVSBMJTBUJPO
 DF CSVJU FTU QSÊKVEJ�
DJBCMF EBOT MB NFTVSF PÜ JM QFVU CJBJTFS MFT DBMDVMT EF QBSBNÍUSFT PV DSÊFS EFT BSUFGBDUT
UFNQPSFMT BVEJCMFT� *M FTU BMPST OÊDFTTBJSF EF T�BGGSBODIJS EF DF jQMBODIFSv EF CSVJU
FO FYUSBQPMBOU MB EÊDSPJTTBODF EF M�JOUFOTJUÊ TPOPSF FO EFÉÆ EV OJWFBV EV CSVJU� ­UBOU
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EPOOÊ RVF MF SBQQPSU TJHOBM TVS CSVJU QFVU WBSJFS TFMPO MB GSÊRVFODF
 DFT FYUSBQPMBUJPOT
TPOU FGGFDUVÊFT QBS CBOEF EF GSÊRVFODFT�

'ñïýúí "�� m &YFNQMF EF USBJUFNFOU E�VOF SÊQPOTF JNQVMTJPOOFMMF NFTVSÊF QPVS MB TVQQSFTTJPO EV QMBODIFS
EF CSVJU� -FT SÊQPOTFT JNQVMTJPOOFMMFT PSJHJOBMF FU NPEJàÊF TPOU JEFOUJRVF KVTRV�Æ t0
 MB WBMFVS UFNQPSFMMF
QPVS MBRVFMMF MF OJWFBV EF M�FOWFMPQQF BQQSPDIÊF FTU TVQÊSJFVS Æ �� E# EV OJWFBV EF CSVJU�

%BOT DFUUF PQUJRVF
 $BCSFSB FU BM� <�> QSPQPTFOU VOF BQQSPDIF TJNQMF RVJ DPOTJTUF
Æ NPEÊMJTFS M�FOWFMPQQF EF EÊDSPJTTBODF EF MB SÊQPOTF JNVMTJPOOFMMF NFTVSÊF DPNNF
MB TPNNF E�VOF FYQPOFOUJFMMF EÊDSPJTTBOUF FU E�VOF DPOTUBOUF EF CSVJU� "àO E�PCUFOJS
M�FOWFMPQQF EF EÊDSPJTTBODF
 M�ÊOFSHJF EF MB SÊQPOTF JNQVMTJPOOFMMF EBOT MB CBOEF EF
GSÊRVFODFT DPOTJEÊSÊF FTU MJTTÊF TFMPO VO àMUSF QBTTF�CBT EPOU MB GSÊRVFODF EF DPVQVSF
FTU àYÊF Æ � )[� 6OF DPVSCF c EF MB GPSNF TVJWBOUF FTU FOTVJUF BKVTUÊF Æ M�FOWFMPQQF �

c(t) = 10 MPH10
(
10

at
10 + b

)
	"���


-F QBSBNÍUSF a DPOUSÔMF MB QFOUF EF EÊDSPJTTBODF FU MF QBSBNÍUSF b DPOUSÔMF MB
DPOTUBOUF EF CSVJU EPOU MF OJWFBV BTZNQUPUJRVF FTU 10 ∗ MPH10(b)� 6OF GPJT MFT QBSB�
NÍUSFT a FU b EF MB DPVSCF JEFOUJàÊT
 VOF GPODUJPO EF DPNQFOTBUJPO EF HBJO QFVU ËUSF
EÊàOJF �

g(t) =

√
10

at
10

10
at
10 + b

	"���


-B GPODUJPO g FTU EÊàOJF DPNNF MF SBQQPSU FOUSF MF OJWFBV EF M�FOWFMPQQF UIÊPSJRVF
EF MB EÊDSPJTTBODF FYQPOFOUJFMMF FU MF OJWFBV EF M�FOWFMPQQF NPEÊMJTÊF E�BQSÍT MB NF�
TVSF� $FUUF GPODUJPO EF DPNQFOTBUJPO FTU BQQMJRVÊF Æ M�FOWFMPQQF Æ QBSUJS EF M�JOTUBOU
QPVS MFRVFM MF OJWFBV E�ÊOFSHJF FTU �� E# BV EFTTVT EV OJWFBV EF CSVJU EF GPOE� -B
àHVSF "�� JMMVTUSF MF SÊTVMUBU EF DFUUF NÊUIPEF TVS VOF SÊQPOTF JNQVMTJPOOFMMF NFTVSÊF�

-B NPEÊMJTBUJPO EF M�FOWFMPQQF QFVU ËUSF QSPCMÊNBUJRVF TJ MF SBQQPSU TJHOBM TVS
CSVJU FTU USPQ GBJCMF
 TJ MF OJWFBV EF CSVJU O�FTU QBT DPOTUBOU PV TJ MB EÊDSPJTTBODF EF
M�JOUFOTJUÊ TPOPSF OF DPSSFTQPOE QBT Æ DFMMF E�VOF GPODUJPO FYQPOFOUJFMMF EÊDSPJTTBOUF
FO SBJTPO
 QBS FYFNQMF
 EF MB QSÊTFODF E�VO FTQBDF DPVQMÊ MPST EF MB NFTVSF� %F QMVT
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ÊUBOU EPOOÊ RVF MB QBSUJF EV TJHOBM DPOTUJUVBOU MF CSVJU EF GPOE FTU VUJMJTÊF UFMMF RVFMMF
QPVS MF QSPMPOHFNFOU EF M�FOWFMPQQF EF EÊDSPJTTBODF
 JM FTU OÊDFTTBJSF RVF DFMVJ�DJ OF
TPJU QBT TQFDUSBMFNFOU DPMPSÊ� %BOT DF DBT
 M�VTBHF E�VO CSVJU EF TZOUIÍTF TVJWBOU MB
EÊDSPJTTBODF FYQPOFOUJFMMF a EV NPEÍMF TFNCMF QMVT KVEJDJFVY� .BTTÊ FU BM� <�> QSP�
QPTFOU OPUBNNFOU E�JEFOUJàFS MF UFNQT EF NÊMBOHF BV NPZFO E�VO FTUJNBUFVS EF EJG�
GVTJPO <�> BàO EF SFNQMBDFS MF QMBODIFS EF CSVJU QBS VOF FYUFOTJPO FYQPOFOUJFMMFNFOU
EÊDSPJTTBOUF EF MB RVFVF EF SÊWFSCÊSBUJPO� $FUUF TZOUIÍTF FTU FGGFDUVÊF FO FNQMPZBOU
VO CSVJU HBVTTJFO HÊOÊSÊ EBOT MF SFTQFDU EFT DBSBDUÊSJTUJRVFT TQFDUSBMFT FU TQBUJBMFT EF
MB SÊWFSCÊSBUJPO Æ USBJUFS�

∗ ∗ ∗

'ñïýúí "�� m -F NJDSPQIPOF TQIÊSJRVF &JHFONJLF &.�� EBOT MB QJTDJOF 4BJOU�(FPSHFT EF 3FOOFT� "WFD
M�BJNBCMF BVUPSJTBUJPO EF /JDPMBT ­QBJO�

&O QSBUJRVF
 UPVUFT MFT NFTVSFT EF SÊQPOTF JNQVMTJPOOFMMF NFOUJPOOÊFT EBOT DF
EPDVNFOU POU ÊUÊ NFTVSÊFT BWFD MF NJDSPQIPOF TQIÊSJRVF &JHFONJLF &.�� <�> 	rs =
4.2 DN
 FU VOF FODFJOUF (FOFMFD ����� 6O TJHOBM Æ CBMBZBHF TJOVTPÐEBM MPHBSJUINJRVF
EF �� TFDPOEFT B ÊUÊ VUJMJTÊ MPST EFT NFTVSFT� "àO EF DPNQFOTFS MB SÊQPOTF FO GSÊ�
RVFODF EF M�FODFJOUF
 VO àMUSF Æ SÊQPOTF JNQVMTJPOOFMMF àOJF EF ��� ÊDIBOUJMMPOT B ÊUÊ
FNQMPZÊ QPVS VOF DPSSFDUJPO GSÊRVFOUJFMMF DPNQSJTF FOUSF �� )[ FU �� L)[� $F àMUSF
B ÊUÊ DBMDVMÊ E�BQSÍT VOF NFTVSF EF MB SÊQPOTF JNQVMTJPOOFMMF EF M�FODFJOUF FGGFDUVÊF
EBOT VOF DIBNCSF BOÊDIPÐRVF BWFD VO NJDSPQIPOF PNOJEJSFDUJPOOFM TJUVÊ EBOT M�BYF
EF M�FODFJOUF�
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�
�A REPRdSENTATION SPATIALE D¤UNE

RdPONSE IMPULSIONNELLE
MULTICANALE

&O FNQMPZBOU MB NÊUIPEF EF NFTVSF QSÊTFOUÊF EBOT MB TFDUJPO QSÊDÊEFOUF
 JM FTU
QPTTJCMF EF DBSBDUÊSJTFS MF DPOUFOV UFNQPSFM FU GSÊRVFOUJFM EF MB SÊWFSCÊSBUJPO FO VO
QPJOU EF M�FTQBDF� $FQFOEBOU QPVS ËUSF DBQBCMF E�BOBMZTFS MFT EJSFDUJPOT E�JODJEFODFT
EFT NVMUJQMFT SÊáFYJPOT PV EF MFT TQBUJBMJTFS QPVS SFQSPEVJSF MB SÊWFSCÊSBUJPO TVS VO
EJTQPTJUJG BENFUUBOU QMVT E�VOF FODFJOUF
 QMVTJFVST NFTVSFT EPJWFOU ËUSF FGGFDUVÊFT TF�
MPO EJGGÊSFOUT TFDUFVST BOHVMBJSFT� 6O FOTFNCMF EF SÊQPOTFT JNQVMTJPOOFMMFT NFTVSÊFT
FO EJSFDUJPO EF QMVTJFVST TFDUFVST BOHVMBJSFT GPVSOJTTFOU VOF SFQSÊTFOUBUJPO TQBUJBMF
EV DIBNQ SÊWFSCÊSÊ RVF OPVT OPNNFSPOT 43*3 	4QBUJBM 3PPN *NQVMTF 3FTQPOTF

EBOT MB TVJUF EV EPDVNFOU� 4FMPO MF OPNCSF EF NFTVSFT FGGFDUVÊFT
 JM FTU QPTTJCMF
E�BWPJS VOF EFTDSJQUJPO QMVT PV NPJOT QSÊDJTF EF MB TQBUJBMJTBUJPO EFT SÊáFYJPOT RVJ
DPOTUJUVFOU MB SÊWFSCÊSBUJPO� /PVT JOUSPEVJTPOT EBOT DFUUF TFDUJPO MB SFQSÊTFOUBUJPO EF
MB SÊWFSCÊSBUJPO BV GPSNBU BNCJTPOJRVF
 RVJ QSÊTFOUF M�BWBOUBHF EF EÊDSJSF MB DPN�
QPTBOUF TQBUJBMF EV DIBNQ TPOPSF JOEÊQFOEBNNFOU EV TZTUÍNF E�BDRVJTJUJPO FU EF
SFTUJUVUJPO� %F QMVT
 M�VTBHF EF DF GPSNBU QFSNFU MB SFQSPEVDUJPO E�VO DIBNQ TPOPSF
Æ MB QPTJUJPO EF MB UËUF E�VO BVEJUFVS <�
 �> FU EF QSFOESF FO DPNQUF FGàDBDFNFOU MFT
NPVWFNFOUT EF TB UËUF <�> DF RVJ QSÊTFOUF VO BWBOUBHF FO UFSNF EF SÊBMJTNF�

��Ò� �YSTcME DE COORDONNdES SPATIALES ADOPTd

%BOT DF EPDVNFOU
 VO QPJOU EF M�FTQBDF P (x, y, z) FTU EÊDSJU FO DPPSEPOOÊFT TQIÊ�
SJRVFT TFMPO VO SBZPO r ∈ [0,∞[
 VO B[JNVU θ ∈ [0, 2π[ FU VOF ÊMÊWBUJPOϕ ∈ [−π/2,π/2]
E�BQSÍT MF TZTUÍNF EF DPPSEPOOÊFT TVJWBOU JMMVTUSÊ FO àHVSF #�� �

Ó×Ò
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θ

φ
O

x

y

z

P

r

'ñïýúí #�� m 4ZTUÍNF EF DPPSEPOOÊFT TQIÊSJRVF� 6O QPJOU 1 EF M�FTQBDF FTU SFQSÊTFOUÊ QBS TPO SBZPO r

TPO B[JNVU θ FU TPO ÊMÊWBUJPO ϕ�

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

x = r DPT(θ) DPT(ϕ)

y = r TJO(θ) DPT(ϕ)

z = r TJO(ϕ)

	#��


��Ó� �dCOMPOSITION EN HARMONIQUES SPHdRIQUES

%BOT MF TZTUÍNF EF DPPSEPOOÊFT TQIÊSJRVFT BJOTJ EÊàOJ
 UPVU DIBNQ TPOPSF DPOTUJ�
UVÊ E�POEFT TPOPSFT JODJEFOUFT QFVU ËUSF EÊDPNQPTÊ TVS VOF CBTF PSUIPHPOBMF EF L2 đ
GPSNÊF QBS EFT GPODUJPOT OPNNÊFT IBSNPOJRVFT TQIÊSJRVFT� -B QSFTTJPO TPOPSF BV
QPJOU EF NFTVSF (r, θ,ϕ) QFVU ËUSF FOUJÍSFNFOU EÊDSJUF EBOT MF EPNBJOF GSÊRVFOUJFM QBS
VOF TÊSJF E�IBSNPOJRVFT TQIÊSJRVFT <�> �

p(k, r, θ,ϕ) =
∞∑

l=0

l∑

m=−l

pl,m(k, r)Yl,m(θ,ϕ)
 	#��


PÜ

pl,m(k, r) = iljl(kr)bl,m(k)
 	#��


BWFD k MF OPNCSF E�POEF
 jl(kr) MB GPODUJPO EF #FTTFM TQIÊSJRVF E�PSESF l FU Yl,m(θ,ϕ)
M�IBSNPOJRVF TQIÊSJRVF Æ WBMFVS SÊFMMF E�PSESF l FU EF EFHSÊm� -FT DPFGàDJFOUT bl,m(k)
TPOU OPNNÊT DPNQPTBOUFT BNCJTPOJRVFT� -FT DPFGàDJFOUT pl,m SFQSÊTFOUFOU MFT DPFG�
àDJFOUT EF MB USBOTGPSNÊF EF 'PVSJFS TQIÊSJRVF JTTVT EF MB QSPKFDUJPO EF MB QSFTTJPO
TPOPSF TVS MB CBTF GPSNÊF QBS MFT IBSNPOJRVFT TQIÊSJRVFT� $FT GPODUJPOT TPOU EÊàOJFT
QBS <�> �

Yl,m(θ,ϕ) = Al,mPl,|m|(TJO(ϕ))

⎧
⎨

⎩
DPT(|m|θ) TJ m ! 0

TJO(|m|θ) TJ m < 0
	#��


�� L2 EÊTJHOF M�FTQBDF IJMCFSUJFO EFT GPODUJPOT Æ WBMFVST SÊFMMFT EF DBSSÊ JOUÊHSBCMF
 D�FTU Æ EJSF EPOU MF
DBSSÊ EV NPEVMF FTU TPNNBCMF
 TVS MB TQIÍSF VOJUÊ Ω =

{
(x, y, z) ∈ R3 | x2 + y2 + z2 = 1

}
�



��Ó� �dCOMPOSITION EN HARMONIQUES SPHdRIQUES Ó×Ô

PÜ

Al,m =

√

(2l + 1)ϵm
(l − |m|)!
(l + |m|)! 
 	#��


Pl|m| TPOU MFT QPMZOÔNFT BTTPDJÊT EF -FHFOESF E�PSESF l FU EF EFHSÊ |m| BWFD
m ≤ |l|
 (l,m) ∈ (N,Z) FU ϵm = 1 TJ m = 0
 ϵm = 2 TJ |m| > 0� -B OPSNBMJTBUJPO EFT
IBSNPOJRVFT TQIÊSJRVFT DPOUFOVF EBOT M�ÊRVBUJPO 	#��
 DPSSFTQPOE Æ VOF OPSNBMJTB�
UJPO EJUF /�% <�>
 BEPQUÊF EBOT MB TVJUF EF DF EPDVNFOU� -FT IBSNPOJRVFT TQIÊSJRVFT
BJOTJ EÊàOJFT TPOU EF OPSNF VOJUBJSF FU GPSNFOU EPOD VOF CBTF PSUIPOPSNÊF�

'ñïýúí #�� m %JBHSBNNF EF EJSFDUJWJUÊ EFT IBSNPOJRVFT TQIÊSJRVFT KVTRV�Æ M�PSESF L = 3� -FT WBMFVST
QPTJUJWFT FU OÊHBUJWFT TPOU SFTQFDUJWFNFOU SFQSÊTFOUÊFT QBS MFT DPVMFVST PSBOHF FU CMFVF� -�JOEJDF "$/ i

M�PSESF l FU MF EFHSÊ m EFT IBSNPOJRVFT TQIÊSJRVFT TPOU JOEJRVÊT QBS MFT FOTFNCMFT {i, l,m}�

-FT IBSNPOJRVFT TQIÊSJRVFT EF EFHSÊ |m| = l TPOU OPNNÊFT IBSNPOJRVFT TQIÊ�
SJRVFT TFDUPSJFMMFT� 1PVS DFT IBSNPOJRVFT
 RVFMRVF TPJU M�B[JNVU
 MB QIBTF OF DIBOHF
QBT EF TJHOF TFMPO M�ÊMÊWBUJPO� -FT IBSNPOJRVFT TQIÊSJRVFT EF EFHSÊ � TPOU EJUFT [P�
OBMFT 	MFVS WBMFVS OF WBSJF QBT TFMPO M�B[JNVU
� -FT BVUSFT TPOU OPNNÊFT IBSNPOJRVFT
TQIÊSJRVFT UFTTÊSBMFT�

&O QSBUJRVF
 MB EÊDPNQPTJUJPO FO IBSNPOJRVFT TQIÊSJRVFT E�VO DIBNQ BDPVTUJRVF
FO VO QPJOU EF M�FTQBDF FTU USPORVÊF� &MMF FTU PCUFOVF FO DPOTFSWBOU MFT DPNQPTBOUFT
BNCJTPOJRVFT bl,m(k) KVTRV�Æ VO PSESF l NBYJNBM OPUÊ L FU BQQFMÊ QBS MB TVJUF PSESF
BNCJTPOJRVF� -F OPNCSF N EF DPNQPTBOUFT BNCJTPOJRVFT JNQMJRVÊFT EBOT MB SFQSÊ�
TFOUBUJPO EV DIBNQ TPOPSF EBOT UPVUFT MFT EJSFDUJPOT EF M�FTQBDF EÊQFOE EF M�PSESF
BNCJTPOJRVF �

N = (L+ 1)2� 	#��


-FT DPNQPTBOUFT BNCJTPOJRVFT RVJ SÊTVMUFOU EF MB EÊDPNQPTJUJPO UFNQPSFMMF EV
DIBNQ TPOPSF GPVSOJTTFOU VOF SFQSÊTFOUBUJPO BV GPSNBU EJU BNCJTPOJRVF � ÊHBMFNFOU
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OPNNÊ BNCJTPOJRVF E�PSESF ÊMFWÊ 	)JHIFS 0SEFS "NCJTPOJDT
 QPVS MFT PSESFT TVQÊ�
SJFVST Æ �� &MMFT GPSNFOU VO WFDUFVS C = [b0, ..., bi, ..., bN−1]t PÜ bi SFQSÊTFOUF MB ime

DPNQPTBOUF BNCJTPOJRVF FU t MB USBOTQPTÊF� -B DPODBUÊOBUJPO EFT WFDUFVST EF DPNQP�
TBOUFT BNCJTPOJRVFT QBS QBT EF UFNQT GPSNF VOF NBUSJDF EF TJHOBVY BNCJTPOJRVFT�
-�PSEPOOBODFNFOU EFT DPNQPTBOUFT BEPQUÊ EBOT DF EPDVNFOU FTU MF"NCJTPOJD $IBO�
OFM 0SEFS 	"$/
 EPOU MB OPUBUJPO QFSNFU E�JEFOUJàFS VOF IBSNPOJRVF TQIÊSJRVF TFMPO
VO VOJRVF JOEJDF i GPODUJPO EF M�PSESF FU EV EFHSÊ DPSSFTQPOEBOUT � i = l2+l+m <�>� -B
àHVSF #�� SFQSÊTFOUF MF EJBHSBNNF EF EJSFDUJWJUÊ EFT IBSNPOJRVFT TQIÊSJRVFT KVTRV�Æ
M�PSESF � TFMPO DFU PSEPOOBODFNFOU�

��Ô� �RREUR DE TRONCATURE

-B QSÊDJTJPO QIZTJRVF EF MB SFQSÊTFOUBUJPO EV DIBNQ TPOPSF EÊQFOE EF M�PSESF
BNCJTPOJRVF VUJMJTÊ QPVS MB EÊDPNQPTJUJPO� 1MVT M�PSESF FTU ÊMFWÊ
 QMVT MB [POF EBOT
MBRVFMMF DFUUF EFTDSJQUJPO FTU QSÊDJTF FTU HSBOEF� -B USPODBUVSF EF MB SFQSÊTFOUBUJPO
EV DIBNQ TPOPSF NÍOF Æ VOF FSSFVS E�BQQSPYJNBUJPO ϵL FOUSF MF DIBNQ EF QSFTTJPO
UIÊPSJRVF p FU MF DIBNQ EF QSFTTJPO USPORVÊF Æ M�PSESF L
 pL �

ϵL =

∫ 2π

0

∫ π
2

−π
2

|p(k, r, θ,ϕ)− pL(k, r, θ,ϕ)|2 dϕdθ
∫ 2π

0

∫ π
2

−π
2

|p(k, r, θ,ϕ)|2dϕdθ
	#��


%�BQSÍT MF DBMDVM EF DFUUF FSSFVS
 8BSE FU "CIBZBQBMB <�> FU 1PMFUUJ <�> � EBOT MF
DBT EFT POEFT QMBOFT FU TQIÊSJRVFT SFTQFDUJWFNFOU � POU ÊUBCMJU RVF M�PSESF NJOJNBM
GPVSOJTTBOU VOF SFQSÊTFOUBUJPO EV DIBNQ TPOPSF BWFD VOF FSSFVS ϵL EF �� EBOT VOF
TQIFSF EF SBZPO r FTU FTUJNÊ QBS MB GPSNVMF TVJWBOUF �

L = ⌈kr⌉ 	#��


PÜ ⌈.⌉ SFQSÊTFOUF M�BSSPOEJ Æ M�FOUJFS TVQÊSJFVS� "JOTJ
 QPVS VO SBZPO r EPOOÊ
 QMVT
M�PSESF BNCJTPOJRVF BVHNFOUF
 QMVT MB GSÊRVFODF KVTRV�Æ MBRVFMMF MB SFQSÊTFOUBUJPO EV
DIBNQ TPOPSF FTU DPSSFDUF BVHNFOUF� 1BS FYFNQMF
 MB SFQSÊTFOUBUJPO EV DIBNQ TPOPSF
EBOT VOF TQIÍSF EF SBZPO r = 8.5 DN 	MF SBZPO BQQSPYJNBUJG E�VOF UËUF IVNBJOF
 FU
TFMPO VO PSESF L = 4
 FTU KVHÊF TBUJTGBJTBOUF KVTRV�Æ VOF GSÊRVFODF f = 2561 )[
FOWJSPO� 1PVS VO PSESF L = 3
 MB SFQSÊTFOUBUJPO EV DIBNQ TPOPSF EBOT DFUUF TQIÍSF
FTU KVHÊF TBUJTGBJTBOUF KVTRV�Æ VOF GSÊRVFODF f = 1921)[ FOWJSPO� 1PVS VO SBZPO r EF
SFQSÊTFOUBUJPO FU VOF FSSFVS NPZFOOF àYFT
 DIBRVF PSESF EF MB SFQSÊTFOUBUJPO QPTTÍEF
EPOD VOF CBOEF EF GSÊRVFODF VUJMF � MB DPOUSJCVUJPO EFT EJGGÊSFOUT PSESFT IBSNPOJRVFT
O�FTU QBT ÊHBMF Æ UPVUFT MFT GSÊRVFODFT� &O QBSUJDVMJFS
 MFT PSESFT ÊMFWÊT TPOU NPJOT VUJMFT
FO CBTTF GSÊRVFODF RV�FO IBVUF GSÊRVFODF�
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��Õ� �APTATION ET ENCODAGE D¤UN CHAMP SONORE

*M FTU QPTTJCMF E�FTUJNFS MFT DPNQPTBOUFT BNCJTPOJRVFT E�VO DIBNQ TPOPSF BV
NPZFO E�VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT� &O FGGFU
 MB DPOOBJTTBODF EF MB QSFT�
TJPO TPOPSF Æ MB TVSGBDF E�VOF TQIÍSF EF SBZPO rs FO VO OPNCSF àOJ EF QPTJUJPOT
QFSNFU EF DBMDVMFS MFT DPNQPTBOUFT BNCJTPOJRVFT QPVS VO PSESF BNCJTPOJRVF EPOOÊ�

4PJU VO FOTFNCMF EF 2 NJDSPQIPOFT TJUVÊT TVS VO TVSGBDF TQIÊSJRVF BVY QPTJUJPOT
BOHVMBJSFT (θq,ϕq)
 q ∈ [1;Q]� -F EÊWFMPQQFNFOU FO IBSNPOJRVF TQIÊSJRVF EF MB QSFT�
TJPO TPOPSF p (krs, θq,ϕq) DBQUÊF QBS MF qime NJDSPQIPOF T�ÊDSJU �

p (k, rs, θq,ϕq) =
L∑

l=0

l∑

m=−l

Wl(krs)bl,m(k)Yl,m (θq,ϕq) 	#��


PÜWl(krs) FTU VOF GPODUJPO EF QPOEÊSBUJPO EPOU M�FYQSFTTJPO EÊQFOE EF MB EJSFDUJWJUÊ
EFT NJDSPQIPOFT FNQMPZÊT
 EF MB HÊPNÊUSJF FU EFT NBUÊSJBVY DPOTUJUVBOU M�BOUFOOF�

-F OPNCSF EF NJDSPQIPOFT VUJMJTÊT BJOTJ RVF MFVS QPTJUJPO TVS MB TQIÍSF EÊQFOE EV
OPNCSF EF DPNQPTBOUFT BNCJTPOJRVFT Æ FTUJNFS� 1PVS SÊBMJTFS VOF FTUJNBUJPO DPSSFDUF
EF DFT DPNQPTBOUFT
 JM FTU OÊDFTTBJSF RVF MF OPNCSF EF DBQUFVST TPJU TVQÊSJFVS PV ÊHBM
BV OPNCSF EF DPNQPTBOUFT Æ FTUJNFS FU QSÊGÊSBCMF RV�JMT TPJFOU VOJGPSNÊNFOU SÊQBSUJT
TVS MB TQIÍSF QPVS ÊDIBOUJMMPOOFS BV NJFVY MF DIBNQ TPOPSF EBOT M�FTQBDF�

��Õ�Ò� �¤ENCODAGE DES SIGNAUX CAPTdS

1PVS SÊBMJTFS VO FODPEBHF MFT TJHOBVY Q NFTVSÊT QBS MFT DBQUFVST
 VOF QSBUJRVF
DPVSBOUF DPOTJTUF Æ SÊTPVESF MF TZTUÍNF E�ÊRVBUJPOT MJOÊBJSFT TVJWBOU �

Q(k) = 5C(k) 	#���


BWFD

5 = : EJBH [Wl(krs)] 
 	#���


C(k) = [b0,0(k) b1,−1(k) . . . bL,L(k)]
t
 	#���


FU

Q(k) = [p (k, rs, θ0,ϕ0) p (k, rs, θ1,ϕ1) . . . p (k, rs, θQ,ϕQ)]
t 	#���


PÜ k FTU MF OPNCSF E�POEF FU : DPSSFTQPOE Æ MB NBUSJDF EFT IBSNPOJRVFT TQIÊSJRVFT
QPVS MFT QPTJUJPOT BOHVMBJSFT (θq,ϕq)
 q ∈ [1;Q] EFT NJDSPQIPOFT �

: =

⎛

⎜⎜⎜⎜⎜⎜⎝

Z(θ1,ϕ1)

Z(θ2,ϕ2)
���

Z(θQ,ϕQ)

⎞

⎟⎟⎟⎟⎟⎟⎠
	#���
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BWFD

Z(θq,ϕq) = [Y0,0(θq,ϕq) Y1,−1(θq,ϕq) . . . YL,L(θq,ϕq)] � 	#���


-FT DPNQPTBOUFT BNCJTPOJRVFT C̃ Æ FTUJNFS HSÄDF Æ M�BOUFOOF EF NJDSPQIPOFT DPS�
SFTQPOEFOU Æ MB TPMVUJPO NJOJNJTBOU MF SÊTJEV RVBESBUJRVF ∥Q−5 · C∥22� -B SÊTPMVUJPO
EF DF QSPCMÍNF E�PQUJNJTBUJPO BVY NPJOESFT DBSSÊT BENFU QPVS TPMVUJPO �

C̃(k) = EJBH [EQl(krs)]:†Q(k) 	#���


PÜ :† FTU MB QTFVEP�JOWFSTF EF : FU MF àMUSF E�ÊHBMJTBUJPO EQl = 1/Wl� -F DBMDVM
EF DFT DPNQPTBOUFT DPSSFTQPOE Æ M�FODPEBHF BNCJTPOJRVF�

-B àHVSF #�� SFQSÊTFOUF FO QPJOUJMMÊT MFT HBJOT E�BNQMJàDBUJPO EFT àMUSFT E�ÊHBMJ�
TBUJPO EQl BJOTJ EÊàOJT TFMPO QMVTJFVST PSESFT� "WFD DFUUF TPMVUJPO MFT HBJOT E�BN�
QMJàDBUJPO TPOU USÍT JNQPSUBOUT QPVS MFT PSESFT TUSJDUFNFOU QPTJUJGT FU E�BVUBOU QMVT
JNQPSUBOUT RVF MB GSÊRVFODF FTU CBTTF FU MF SBZPO EV NJDSPQIPOF QFUJU� $F QIÊOP�
NÍOF FTU QSÊTFOU FO CBTTFT GSÊRVFODFT FO SBJTPO EF MB UBJMMF EF M�BOUFOOF TQIÊSJRVF
USPQ QFUJUF QBS SBQQPSU Æ MFVS MPOHVFVS E�POEF� &O FGGFU
 EBOT MF CVU E�PCUFOJS EFT
JOGPSNBUJPOT QSÊDJTFT TVS MB EJSFDUJPO EFT POEFT JODJEFOUFT Æ DFT GSÊRVFODFT
 JM FTU OÊ�
DFTTBJSF E�BQQMJRVFS VOF GPSUF BNQMJàDBUJPO QPVS QFSDFWPJS EFT EJGGÊSFODFT FOUSF MFT
TJHOBVY DBQUÊT QBS MFT NJDSPQIPOFT� 0S QMVT MFT NJDSPQIPOFT TPOU QSPDIFT
 QMVT M�JO�
GPSNBUJPO EF QSPQBHBUJPO FTU EJGàDJMF Æ PCUFOJS� %FT BNQMJàDBUJPOT FYDFTTJWFT QFVWFOU
NFOFS Æ EF GPSUFT JOTUBCJMJUÊT DBS MF CSVJU EF NFTVSF EFWJFOU DPOTJEÊSBCMFNFOU BNQMJàÊ
FU WJFOU QFSUVSCFS M�FTUJNBUJPO EFT DPNQPTBOUFT BNCJTPOJRVFT�

'ñïýúí #�� m (BJO EFT àMUSFT E�ÊHBMJTBUJPO QPVS VOF TQIÍSF SJHJEF EF SBZPO rs � ��� DN BVY PSESFT � Æ ��
-FT HBJOT UIÊPSJRVFT EQl BQQBSBJTTFOU FO QPJOUJMMÊT FU MFT HBJOT EFT àMUSFT SÊHVMBSJTÊT EQl,λ BQQBSBJTTFOU
FO USBJUT QMFJOT BWFD VO QBSBNÍUSF EF SÊHVMBSJTBUJPO λ = 2F−3�

.PSFBV FU BM� <�> QSPQPTFOU BMPST E�FTUJNFS MFT DPNQPTBOUFT BNCJTPOJRVFT HSÄDF Æ
VOF SÊHVMBSJTBUJPO EF 5IJLIPOPW� -FT àMUSFT E�ÊHBMJTBUJPO SÊHVMBSJTÊT TPOU EPOOÊT QBS
M�ÊRVBUJPO TVJWBOUF �
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El,λ(krs) =
(1/El(krs))

∗

|1/El(krs)|2 + λ2
	#���


PÜ λ FTU VO QBSBNÍUSF EF SÊHVMBSJTBUJPO DPNQSJT FOUSF � FU �� $F QBSBNÍUSF QFVU
ËUSF àYÊ FO GPODUJPO EF M�BNQMJàDBUJPO NBYJNBMF TPVIBJUÊF a �

λ =
1−

√
1− 1/a2

1 +
√
1− 1/a2


 	#���


BWFD a ≥ 1� 0O QFVU GBJSF FO TPSUF RVF MF HBJO E�BNQMJàDBUJPO EV àMUSF SÊHVMBSJTÊ
QPVS VO PSESF EPOOÊ DPSSFTQPOEF BV HBJO E�BNQMJàDBUJPO EV àMUSF UIÊPSJRVF Æ QBSUJS
E�VOF DFSUBJOF GSÊRVFODF� $FUUF GSÊRVFODF QFVU ËUSF àYÊF FO DPIÊSFODF BWFD MF DPODFQU
EF CBOEF GSÊRVFOUJFMMF VUJMF QSÊTFOUÊF FO BOOFYF #���

��Õ�Ó� 	RdQUENCE DE REPLIEMENT SPATIAL

-�VTBHF E�VO OPNCSF àOJ EF NJDSPQIPOF Æ MB TVSGBDF EF MB TQIÍSF FOUSBÏOF VO
BVUSF JODPOWÊOJFOU � VO QIÊOPNÍOF EF SFQMJFNFOU TQBUJBM� &O FGGFU
 MB SFQSÊTFOUBUJPO
TQBUJBMF EV DIBNQ TPOPSF FTU SÊBMJTBCMF KVTRV�Æ VOF DFSUBJOF GSÊRVFODF FO SBJTPO EF MB
UBJMMF EF M�BOUFOOF TQIÊSJRVF� $FUUF GSÊRVFODF NBYJNBMF EÊQFOE EF MB EJTUBODF FOUSF
VO DBQUFVS FU TFT QMVT QSPDIFT WPJTJOT � M�JOUFSWBMMF E�ÊDIBOUJMMPOOBHF TQBUJBM� 4FMPO
MF DSJUÍSF EF 4IBOOPO
 DFUUF EJTUBODF EPJU ËUSF JOGÊSJFVSF Æ MB NPJUJÊ EF MB QMVT QFUJUF
MPOHVFVS E�POEF Æ FTUJNFS� "V EFMÆ EF MB GSÊRVFODF NBYJNBMF
 BQQFMÊF GSÊRVFODF EF
SFQMJFNFOU
 M�FTUJNBUJPO EFT DPNQPTBOUFT BNCJTPOJRVFT FTU FSSPOÊF� $FUUF GSÊRVFODF
FTU EPOOÊF QBS MB GPSNVMF TVJWBOUF �

fSF =
c

2rsγ
	#���


PÜ c FTU MB DÊMÊSJUÊ EV TPO EBOT M�BJS FU γ M�BOHMF NBYJNBM FOUSF EFVY DBQTVMFT� 1BS
FYFNQMF QPVS VO SBZPO rs = 4.2 DN FU VO BOHMF γ = 37.6◦
 MB GSÊRVFODF EF SFQMJFNFOU
TQBUJBM FTU fre = 6168)[� *M FTU QPTTJCMF E�BVHNFOUFS DFUUF GSÊRVFODF FO EJNJOVBOU MFT
EJTUBODFT FOUSF MFT NJDSPQIPOFT
 TPJU FO BVHNFOUBOU MFVS OPNCSF
 TPJU FO SÊEVJTBOU MF
SBZPO EF M�BOUFOOF TQIÊSJRVF 	BV SJTRVF EF EÊUÊSJPSFS MFT QFSGPSNBODFT EF M�BOUFOOF Æ
CBTTF GSÊRVFODF
�

-�FNQMPJ E�VOF BOUFOOF TQIÊSJRVF EF NJDSPQIPOFT QFSNFU EF NFTVSFS EFT SÊQPOTFT
JNQVMTJPOOFMMFT EBOT EJGGÊSFOUFT EJSFDUJPOT EF M�FTQBDF TFMPO MB QSPDÊEVSF QSÊTFOUÊF FO
BOOFYF "� -�FOTFNCMF EFT DFT SÊQPOTFT JNQVMTJPOOFMMFT GPSNF MB SÊQPOTF JNQVMTJPO�
OFMMF TQBUJBMF E�VOF TBMMF � MB 43*3� "àO E�BDRVÊSJS MB SFQSÊTFOUBUJPO BNCJTPOJRVF EF
MB 43*3
 M�FODPEBHF BNCJTPOJRVF T�BQQMJRVF BVY SÊQPOTFT JNQVMTJPOOFMMFT NFTVSÊFT
QBS DIBDVO EFT NJDSPQIPOFT EF M�BOUFOOF� /PUPOT RV�FO SBJTPO EF MB HÊPNÊUSJF FU
EV OPNCSF EF NJDSPQIPOFT DPOTUJUVBOU M�BOUFOOF
 MB SFQSÊTFOUBUJPO BNCJTPOJRVF FTU
MJNJUÊF Æ VO PSESF àOJ FU O�FTU WBMBCMF RVF EBOT VOF QMBHF EF GSÊRVFODF EPOOÊF BVUPVS
EF MB UËUF E�VO BVEJUFVS�
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6OF SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF EF TBMMF 	43*3
 FODPEÊF FO BNCJTPOJRVF QFVU
ËUSF VUJMJTÊF QPVS DSÊFS VOF TDÍOF TPOPSF SÊWFSCÊSÊF DPOUFOBOU VOF TPVSDF
 FO SÊBMJTBOU
MF àMUSBHF EV TJHOBM BOÊDIPÐRVF EF DFUUF TPVSDF QBS MB 43*3� -B TDÍOF TPOPSF SÊTVMUBOUF
QFVU FOTVJUF ËUSF EÊDPEÊF TVS EJGGÊSFOUT TZTUÍNFT EF SFTUJUVUJPO� %BOT DF EPDVNFOU
 MF
TFVM TZTUÍNF EF SFTUJUVUJPO VUJMJTÊ FTU MF DBTRVF E�ÊDPVUF�

��Ò� 	ONCTIONS DE TRANSFERT RELATIVES [ LA TeTE

-B MPDBMJTBUJPO E�VOF TPVSDF TPOPSF EBOT M�FTQBDF SFQPTF TVS MB QFSDFQUJPO EF QMV�
TJFVST JOEJDFT RVJ SÊTVMUFOU EFT EÊGPSNBUJPOT TVCJFT QBS MF TPO EFQVJT MB TPVSDF KVT�
RV�BVY UZNQBOT MPSTRV�JM SFODPOUSF MF UPSTF
 MB UËUF FU MFT PSFJMMFT EF M�BVEJUFVS� 1BSNJ
DFT JOEJDFT àHVSFOU MB EJGGÊSFODF JOUFSBVSBMF EF UFNQT OPUÊF *5% 	QPVS *OUFSBVSBM 5JNF
%JGGFSFODF
 FU MB EJGGÊSFODF JOUFSBVSBMF EF OJWFBV OPUÊF *-% 	QPVS *OUFSBVSBM -FWFM
%JGGFSFODF
� 3BZMFJHI <�> B EÊUFSNJOÊ RVF M�*5% ÊUBJU VO JOEJDF QSÊQPOEÊSBOU EBOT MFT
CBTTFT GSÊRVFODFT FU M�*-% EBOT MFT GSÊRVFODFT QMVT ÊMFWÊFT � CJFO RVF MFT HBNNFT EF
GSÊRVFODFT DPSSFTQPOEBOUFT TF DIFWBVDIFOU� -FT TFVMFT JOGPSNBUJPOT E�*-% FU E�*5%
OF TVGàTFOU DFQFOEBOU QBT Æ JEFOUJàFS MB EJSFDUJPO E�JODJEFODF E�VOF TPVSDF� -FT SÊ�
HJPOT EF M�FTQBDF QSPEVJTBOU EFT WBMFVST TJNJMBJSFT Æ MB GPJT E�*5% FU E�*-% GPSNFOU
EFT jDÔOFT EF DPOGVTJPOv JMMVTUSÊ QBS MB àHVSF $��� $FT JOGPSNBUJPOT O�ÊUBOU QBT TVG�
àTBOUFT
 E�BVUSFT JOEJDFT UFMT RVF MFT JOEJDFT TQFDUSBVY QFSNFUUFOU EF SÊTPVESF DFT
BNCJHVÐUÊT MJÊFT Æ MB QFSDFQUJPO EF MB EJSFDUJPO E�JODJEFODF <�>�

1PVS VOF EJSFDUJPO EPOOÊF
 MB QSPQBHBUJPO EV TPO EFQVJT VOF TPVSDF KVTRV�BV
UZNQBO QFVU ËUSF NPEÊMJTÊF QBS VO TZTUÍNF MJOÊBJSF FU JOWBSJBOU EBOT MF UFNQT� 0O
QFVU EPOD DBSBDUÊSJTFS DFUUF QSPQBHBUJPO EBOT MF EPNBJOF UFNQPSFM QBS VOF SÊQPOTF
JNQVMTJPOOFMMF SFMBUJWF Æ MB UËUF OPUÊF )3*3 	QPVS )FBE 3FMBUFE *NQVMTF 3FTQPOTF

PV EBOT MF EPNBJOF GSÊRVFOUJFM QBS VOF GPODUJPO EF USBOTGFSU SFMBUJWF Æ MB UËUF OPUÊF

Ó×Ú
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'ñïýúí $�� m *MMVTUSBUJPO E�VO DÔOF EF DPOGVTJPO� -FT TPVSDFT 41 FU 42 GPVSOJTTFOU MFT NËNFT WBMFVST E�*5%
FU E�*-%�

'ñïýúí $�� m )3*3T FU )35'T HBVDIF FU ESPJUF NFTVSÊFT QPVS VOF POEF JODJEFOUF E�B[JNVU θ = 30◦ FU
E�ÊMÊWBUJPO ϕ = 0◦� 0O EJTUJOHVF MB EJGGÊSFODF EF OJWFBV BJOTJ RVF MB EJGGÊSFODF EF UFNQT E�BSSJWÊF EF M�POEF
TPOPSF FOUSF M�PSFJMMF HBVDIF QMVT QSPDIF 	JQTJMBUÊSBMF
 FU M�PSFJMMF ESPJUF QMVT ÊMPJHOÊF 	DPOUSPMBUÊSBMF
� -B
SFQSÊTFOUBUJPO GSÊRVFOUJFMMF GBJU àHVSFS MFT EJGGÊSFOUFT SÊHJPOT TQFDUSBMFT BUUÊOVÊFT MPST EF MB QSPQBHBUJPO
EF M�POEF KVTRV�BVY EFVY PSFJMMFT�

)35' 	QPVS )FBE 3FMBUFE 5SBOTGFS 'VODUJPO
� $FT àMUSFT DPNQSFOOFOU B GPSUJPSJ MFT
EJGGÊSFODFT JOUFSBVSBMFT EF OJWFBV
 EF UFNQT FU MFT JOEJDFT TQFDUSBVY� -FT )35'T TPOU
FNQMPZÊFT QBS QBJSF � QPVS VOF QPTJUJPO EF TPVSDF EPOOÊF
 MB QSPQBHBUJPO EV TPO FTU
DBSBDUÊSJTÊF QPVS DIBRVF PSFJMMF� 6OF FYFNQMF EF QBJSF E�)35'T FTU SFQSÊTFOUÊ EBOT
MB àHVSF $��� $FT )35'T TPOU QSPQSFT Æ DIBRVF JOEJWJEV FO SBJTPO EF NPSQIPMPHJFT
EJGGÊSFOUFT
 TPVSDFT EF EÊGPSNBUJPOT
 EÊQIBTBHFT FU EJGGSBDUJPOT EJWFSTFT EV TPO� "JOTJ
VO SFOEV TPOPSF CJOBVSBM FTU HÊOÊSBMFNFOU PCUFOV QBS DPOWPMVUJPO FOUSF VO TJHOBM
NPOPQIPOJRVF FU EFT )3*3T NFTVSÊFT PV NPEÊMJTÊFT�

*EÊBMFNFOU
 MFT àMUSFT EF CJOBVSBMJTBUJPO EFWSBJFOU ËUSF QFSTPOOBMJTÊT QPVS DIBRVF
BVEJUFVS
 DFQFOEBOU NFTVSFS MFT )35'T FTU VO QSPDFTTVT GBTUJEJFVY FU DPNQMFYF <�>�
6OF TPMVUJPO DPNNVOÊNFOU VUJMJTÊF FTU E�ÊDPVUFS jÆ USBWFSTv MFT PSFJMMFT E�VO BVUSF
BVEJUFVS
 EPOU MFT )35'T TPOU EJTQPOJCMFT
 PV E�VOF UËUF BSUJàDJFMMF� -�VUJMJTBUJPO
E�)35'T OPO�JOEJWJEVBMJTÊFT QFVU BDDSPÏUSF MFT PDDVSSFODFT EF DPOGVTJPOT BWBOU�
BSSJÍSF <�> PV QSPEVJSF EFT MPDBMJTBUJPOT JOUSB�DSÄOJFOOFT <�
 �>� /ÊBONPJOT
 DFT QSP�
CMÍNFT TPOU FGàDBDFNFOU BUUÊOVÊT QBS MB QSÊTFODF EF SÊWFSCÊSBUJPO EBOT MFT TJHOBVY



��Ó� �ALCUL DES ĉLTRES DE DdCODAGE BINAURAL ÓØÒ

TPOPSFT <�
 �> FU HSÄDF Æ VO EJTQPTJUJG EF TVJWJ EFT NPVWFNFOUT EF UËUF <�
 ��> 	DG
BOOFYF $��
�

��Ó� �ALCUL DES ĉLTRES DE DdCODAGE BINAURAL

-F SFOEV CJOBVSBM EF TJHOBVY BNCJTPOJRVFT FTU DPVSBNNFOU SÊBMJTÊ �
 FO EÊDP�
EBOU MFT TJHOBVY WFST EFT IBVU�QBSMFVST WJSUVFMT
 �
 FO DPOWPMVBOU MFT TJHOBVY EFT
IBVU�QBSMFVST WJSUVFMT BWFD MFT )3*3 EFT EJSFDUJPOT DPSSFTQPOEBOUFT
 �
 FO TPNNBOU
MFT TJHOBVY DPOWPMVÊT <��
 ��>� -FT SÊTVMUBUT PCUFOVT BWFD DFUUF BQQSPDIF EÊQFOEFOU
DFQFOEBOU EV UZQF EF EÊDPEBHF FNQMPZÊ QPVS DPOTUSVJSF MFT TJHOBVY EFT IBVU�QBSMFVST
WJSUVFMT FU EF MB DPOàHVSBUJPO TQBUJBMF EF DFT IBVU�QBSMFVST� %F SÊDFOUT USBWBVY POU
BMPST QSPQPTÊ E�FGGFDUVFS MF EÊDPEBHF CJOBVSBM TBOT M�ÊUBQF JOUFSNÊEJBJSF EV EÊDPEBHF
WFST VOF DPOàHVSBUJPO EF IBVU�QBSMFVST WJSUVFMT <��m��>�

-B GPSNVMBUJPO EV QSPCMÍNF QFVU ËUSF EÊDSJUF DPNNF TVJU� 4PJU VOF POEF QMBOF
EPOU MB GPSNF E�POEF NFTVSÊF BV DFOUSF EV SFQÍSF FTU s FU EPOU MB EJSFDUJPO E�JODJEFODF
FTU 	θp
 ϕp

 MB QSFTTJPO HÊOÊSÊF QBS DFUUF POEF EPOOÊF BV QPJOU 1	r, θ,ϕ
 QBS �

p(k, r, θ,ϕ) = s(k)e−ikr DPT(γ) 	$��


PÜ γ DPSSFTQPOE Æ M�BOHMF FOUSF MFT EJSFDUJPOT 	θp
 ϕp
 FU 	θ,ϕ
� -B QSPKFDUJPO EF MB
QSFTTJPO TPOPSF TVS MB CBTF E�IBSNPOJRVF TQIÊSJRVF UFMMF RVF EÊàOJF Æ M�ÊRVBUJPO 	#��

GPVSOJU MFT DPNQPTBOUFT BNCJTPOJRVFT E�PSESF -
 C(k)
 DPSSFTQPOEBOUFT <��> �

C(k) = s(k)Z(θp,ϕp) 
 	$��


PÜ Z(θp,ϕp) FTU MF WFDUFVS DPOUFOBOU MFT WBMFVST EFT IBSNPOJRVFT TQIÊSJRVFT QPVS MB
EJSFDUJPO (θp,ϕp) KVTRV�Æ M�PSESF L� 4PJU h(k, θp,ϕp) MB GPODUJPO EF USBOTGFSU FO DIBNQ
MPJOUBJO SFMBUJWF Æ MB UËUF� -F TJHOBM CJOBVSBM DJCMF FTU EPOOÊ QBS �

x(k) = s(k)h(k, θp,ϕp) � 	$��


-F CVU FTU EF USPVWFS MFT àMUSFT EF EÊDPEBHFX(k) RVJ DPOEVJTFOU BV TJHOBM CJOBVSBM
x̂(k) RVJ FTU MF QMVT QSPDIF QPTTJCMF EF x(k) QPVS UPVUF EJSFDUJPO �

x̂(k) = XT(k) C(k) 	$��


-B GPODUJPO EF DPÚU RVJ NPEÊMJTF MB EJTTFNCMBODF QFSÉVF FOUSF MFT TJHOBVY x FU
x̂ EPJU BMPST ËUSF NJOJNJTÊF QPVS VO FOTFNCMF EFOTF EF EJSFDUJPOT� $FQFOEBOU
 #FSO�
TDIVU[ FU BM� <��> POU NPOUSÊ RVF MF DBMDVM EF DFT àMUSFT QBS MB NJOJNJTBUJPO EF M�FSSFVS
RVBESBUJRVF FOUSF x FU x̂ FOHFOESF VOF BMUÊSBUJPO EFT EJGGÊSFODFT JOUFSBVSBMFT FU E�JN�
QPSUBOUT BSUFGBDUT TQFDUSBVY RVJ EÊQFOEFOU EF MB EJSFDUJPO E�JODJEFODF EF MB TPVSDF

QPVS MFT PSESFT BNCJTPOJRVFT VTVFMT EFT DPNQPTBOUFT C�

%JWFSTFT NÊUIPEFT POU BMPST ÊUÊ FYQMPSÊFT BàO E�BNÊMJPSFS MB RVBMJUÊ TQFDUSBMF EFT
àMUSFT EF EÊDPEBHF FO VUJMJTBOU EFT àMUSFT E�ÊHBMJTBUJPO <��
 ��> PV FO SÊ�ÊDIBOUJMMPOOBOU
M�FOTFNCMF EFT EJSFDUJPOT QPVS MFTRVFMMFT M�PQUJNJTBUJPO FTU FGGFDUVÊF <��>� 6OF NÊ�
UIPEF SÊDFOUF QFSNFUUBOU EF SÊEVJSF EF NBOJÍSF TJHOJàDBUJWF MFT BSUFGBDUT TQFDUSBVY
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DPOTJTUF Æ QSÊ�USBJUFS MFT )3*3T FO WVF EF M�ÊUBQF E�PQUJNJTBUJPO <��>� %BOT VO QSF�
NJFS UFNQT
 M�BMJHOFNFOU UFNQPSFM FO GPODUJPO EF MB GSÊRVFODF FTU BQQMJRVÊ EF NBOJÍSF
Æ DF RVF MFT )3*3T TPJFOU BMJHOÊFT UFNQPSFMMFNFOU FO IBVUFT GSÊRVFODFT UBOEJT RVF
MFT EJGGÊSFODFT JOUFSBVSBMFT EF UFNQT TPOU NBJOUFOVFT BVY CBTTFT GSÊRVFODFT� 1PVS EJG�
GÊSFOUT UZQFT EF TJHOBVY
 JM B ÊUÊ EÊNPOUSÊ RVF DFUUF NPEJàDBUJPO EF QIBTF Æ IBVUF
GSÊRVFODF QFVU ËUSF FGGFDUVÊF BV�EFTTVT E�VOF GSÊRVFODF EF DPVQVSF fc = 2 L)[ <��>�
%BOT VO TFDPOE UFNQT
 M�PQUJNJTBUJPO FTU FGGFDUVÊF FONJOJNJTBOU M�FSSFVS RVBESBUJRVF
FOUSF x FU x̂ QPVS VO FOTFNCMF EFOTF EF EJSFDUJPOT FO CBTTF GSÊRVFODF UBOEJT RVF TFVMF
M�FSSFVS EFT NBHOJUVEFT FTU NJOJNJTÊF Æ IBVUF GSÊRVFODF QPVS DFU FOTFNCMF EF EJSFD�
UJPOT� -FT àMUSFT EF EÊDPEBHF PQUJNJTÊT
 X̂(k)
 EPJWFOU TBUJTGBJSF BVUBOU RVF QPTTJCMF
MB TPMVUJPO BV NPJOESF DBSSÊ EV TZTUÍNF E�ÊRVBUJPOT TVJWBOU �

X̂(k) =

⎧
⎨

⎩

BSHNJO
X

∥ :.X(k)− I(k)∥22 TJ k < kc

BSHNJO
X

∥ |:.X(k)|− |I(k)|∥22 TJOPO

	$��


PÜ kc FTU MF OPNCSF E�POEF Æ fc
 : FTU MB NBUSJDF EFT WBMFVST EFT IBSNPOJRVFT TQIÊ�
SJRVFT QPVS VO FOTFNCMF EF M EJSFDUJPOT �

: =

⎛

⎜⎜⎜⎜⎜⎜⎝

Z(θ1,ϕ1)

Z(θ2,ϕ2)
���

Z(θM ,ϕM )

⎞

⎟⎟⎟⎟⎟⎟⎠
	$��


FU I(k) FTU MF WFDUFVS EFT WBMFVST E�)35'T DPSSFTQPOEBOUFT �

I(k) = [h(k, θ1,ϕ1) h(k, θ2,ϕ2) . . . h(k, θM ,ϕM )]T � 	$��


$FQFOEBOU
 CJFO RVF M�BMJHOFNFOU UFNQPSFM EFT )35'T Æ IBVUF GSÊRVFODF BNÊ�
MJPSF MB SFDPOTUSVDUJPO EF MB NBHOJUVEF EFT )35'
 JM UFOE ÊHBMFNFOU Æ QSPEVJSF EFT
TJHOBVY CJOBVSBVY RVJ TPOU BOPSNBMFNFOU DPSSÊMÊT FOUSF FVY� &O QBSUJDVMJFS
 MFT àMUSFT
EF EÊDPEBHF CJOBVSBM E�PSESF GBJCMF GPVSOJTTFOU EFT TJHOBVY CJOBVSBVY USPQ DPSSÊMÊT
BV EFTTVT EF MB GSÊRVFODF EF DPVQVSF fc� "àO EF DPOUPVSOFS DF QSPCMÍNF
 ;BVOTDIJSN
FU BM� <��> POU QSPQPTÊ E�BKPVUFS VOF ÊUBQF àOBMF Æ MB NÊUIPEF EÊDSJUF DJ�EFTTVT
 EBOT
MBRVFMMF MFT àMUSFT EF EÊDPEBHF CJOBVSBM TPOU BKVTUÊT EF NBOJÍSF Æ DF RVF MB DPSSÊ�
MBUJPO JOUFSBVSBMF EFT TJHOBVY CJOBVSBVY DPSSFTQPOEF Æ DFMMF EFT )35'T E�PSJHJOF�
$FUUF NÊUIPEF BQQMJRVF VOF DPOUSBJOUF TVS MB DPSSÊMBUJPO JOUFSBVSBMF EFT àMUSFT EF
EÊDPEBHF CJOBVSBM RVJ BV EFTTVT EF MB GSÊRVFODF EF DPVQVSF fc EPJU DPSSFTQPOESF Æ
DFMMF DBMDVMÊF E�BQSÍT MFT )35'T NFTVSÊFT EBOT VOF DPOàHVSBUJPO FO DIBNQ EJGGVT�
$FUUF DPSSFDUJPO BNÊMJPSF MB EÊDPSSÊMBUJPO EFT TJHOBVY CJOBVSBVY QPVS MFT PSESFT � FU
� FTTFOUJFMMFNFOU�

-B àHVSF $�� SFQSÊTFOUF MFT EJBHSBNNFT EF EJSFDUJWJUÊ EFT àMUSFT EF EÊDPEBHF CJ�
OBVSBM DBMDVMÊT QPVS VOF PSFJMMF FU QFSNFU EF SFOESF DPNQUF EF MB QSÊDJTJPO TQBUJBMF
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'ñïýúí $�� m %JBHSBNNFT EF EJSFDUJWJUÊ EFT àMUSFT EF EÊDPEBHF CJOBVSBM BVY PSESFT �
 � FU � QPVS EFT
GSÊRVFODFT EF 	B
 ��� )[
 	C
 ���� )[
 	D
 ���� )[
 	E
 ���� )[
�

EFT àMUSFT BJOTJ DBMDVMÊT Æ EJGGÊSFOUFT GSÊRVFODFT FO DPNQBSBJTPO BVY )35'T NFTV�
SÊFT� -B àHVSF $�� SFQSÊTFOUF MF TQFDUSF FU MB EÊDPSSÊMBUJPO FO GPODUJPO EF MB GSÊRVFODF
EFT TJHOBVY CJOBVSBVY DBMDVMÊT E�BQSÍT MFT )35'T NFTVSÊFT FU E�BQSÍT MFT àMUSFT EF
EÊDPEBHF BVY PSESFT �
 � FU �
 BQSÍT DPSSFDUJPO� 0O DPOTUBUF RVF MFT WBSJBUJPOT TQFD�
USBMFT IBVUFT GSÊRVFODFT TPOU DPOUFOVFT HSÄDF Æ M�PQÊSBUJPO EF M�ÊRVBUJPO 	$��
 RVJ
QFSNFU EF SFTQFDUFS MF TQFDUSF EF SÊGÊSFODF FU RVF MB EÊDPSSÊMBUJPO TVJU MF NËNF QSP�
àM EF EÊDSPJTTBODF FO GPODUJPO EF MB GSÊRVFODF RVF MFT )35'T NFTVSÊFT HSÄDF Æ MB
DPSSFDUJPO QSPQPTÊF QBS ;BVOTDIJSN FU BM� <��>�
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'ñïýúí $�� m 4QFDUSFT NPZFOOÊT TVS MFT DPNQPTBOUFT BNCJTPOJRVF FU DPSSÊMBUJPO DSPJTÊF EFT àMUSFT EF
EÊDPEBHF CJOBVSBM DBMDVMÊT BVY PSESFT �
 � FU ��

��Ô� �RISE EN COMPTE DES MOUVEMENTS DE LA TeTE

-F SFOEV CJOBVSBM EZOBNJRVF EÊTJHOF VOF SFTUJUVUJPO BV DBTRVF QPVS MBRVFMMF MB
SPUBUJPO EF MB UËUF EF M�BVEJUFVS FTU QSJTF FO DPNQUF� -�VUJMJTBUJPO E�VO EJTQPTJUJG EF TVJWJ
EFT NPVWFNFOUT EF MB UËUF QFSNFU EF T�BQQSPDIFS E�VOF TJUVBUJPO E�ÊDPVUF OBUVSFMMF
FU QSÊTFOUF M�BWBOUBHF EF SÊEVJSF Æ MB GPJT MFT BNCJHVÐUÊT EF MPDBMJTBUJPO FU E�BNÊMJPSFS
M�FYUFSOBMJTBUJPO � D�FTU Æ EJSF MB DBQBDJUÊ Æ QFSDFWPJS EFT ÊWÊOFNFOU BVEJUJGT FO EFIPST
EF MB UËUF FO ÊDPVUF CJOBVSBMF <�
 �
 ��>�

-B QSJTF FO DPNQUF EFT NPVWFNFOUT EF MB UËUF TF USBEVJU QBS VOF DPNQFOTBUJPO
EFT NPVWFNFOU FO BQQMJRVBOU VOF SPUBUJPO JOWFSTF BV DIBNQ TPOPSF� 1PVS VO SFOEV
CJOBVSBM EZOBNJRVF VUJMJTBOU EJSFDUFNFOU MFT )3*3T QPVS TQBUJBMJTFS VO TJHOBM NPOP�
QIPOJRVF 	BQQSPDIF EJUF PCKFU

 MB SPUBUJPO JNQMJRVF E�FGGFDUVFS VO GPOEV PV DPNNV�
UBUJPO FOUSF MFT àMUSFT QPVS ÊWJUFS M�BQQBSJUJPO E�BSUFGBDUT� %BOT MF EPNBJOF BNCJTP�
OJRVF
 MB QSJTF FO DPNQUF EFT NPVWFNFOUT EF UËUF FTU QMVT FGàDBDF DBS MB SPUBUJPO EF MB
TDÍOF TPOPSF T�FGGFDUVF QBS VO TJNQMF QSPEVJU NBUSJDJFM FOUSF MFT TJHOBVY BNCJTPOJRVFT
FU VOF NBUSJDF EF SPUBUJPO <��
 ��>�

-B SPUBUJPO E�VO IBSNPOJRVF TQIÊSJRVF E�PSESF l SÊTVMUF FO VOF DPNCJOBJTPO MJ�
OÊBJSF E�IBSNPOJRVFT TQIÊSJRVFT EF NËNF PSESF l� -B NBUSJDF EF SPUBUJPO EFT TJHOBVY
BNCJTPOJRVFT QSFOE EPOD MB GPSNF E�VOF NBUSJDF EJBHPOBMF QBS CMPD �
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PÜ DIBRVF CMPD 3l FTU EF EJNFOTJPO (2m + 1) × (2m + 1)� -F DBMDVM EF MB NBUSJDF 3
QPVS VOF SPUBUJPO RVFMDPORVF TFMPO MFT BYFT x, y, z FU VO PSESF BNCJTPOJRVF TPVIBJUÊ
O�FTU DFQFOEBOU QBT USJWJBM� *M FTU OÊBONPJOT QPTTJCMF EF DBMDVMFS DFUUF NBUSJDF QBS
SÊDVSSFODF <��>� ;PUUFS QSPQPTF ÊHBMFNFOU EF EÊDPNQPTFS MB SPUBUJPO 3 FO QMVTJFVST
NBUSJDFT EF SPUBUJPOT àYFT EF π

2 BVUPVS EF M�BYF y FU EF SPUBUJPOT WBSJBCMFT BVUPVS EF
M�BYF z QPVS MFTRVFMMFT MFT FYQSFTTJPOT BOBMZUJRVFT TPOU TJNQMFT <��>�

*M FTU ÊHBMFNFOU QPTTJCMF E�FYQSJNFS 3 DPNNF MB DPNCJOBJTPO EF EFVY PQÊSBUJPOT �

�� VOF EÊDPNQPTJUJPO FO POEFT QMBOFT E�PSESFL WFST VO FOTFNCMF EFN ≥ (L+1)2

EJSFDUJPOT �

�� VO FODPEBHF EFT TJHOBVY SÊTVMUBOUT TFMPO DF NËNF FOTFNCMF EF EJSFDUJPOT BV�
RVFM B ÊUÊ BQQMJRVÊF VOF NBUSJDF EF SPUBUJPO�

4PJFOU MB NBUSJDF Θ EFT DPPSEPOOÊFT DBSUÊTJFOOFT EFT N EJSFDUJPOT FU :Θ MB NB�
USJDF EFT WBMFVST EFT IBSNPOJRVFT TQIÊSJRVFT BTTPDJÊFT� /PUPOT ΘR MB NBUSJDF EFT
DPPSEPOOÊFT DBSUÊTJFOOFT EF DFT N EJSFDUJPOT Æ MBRVFMMF B ÊUÊ BQQMJRVÊF VOF NBUSJDF
EF SPUBUJPO R(χ, η, ξ) E�BOHMFT χ BVUPVS EF M�BYF x
 η BVUPVS EF M�BYF y FU ξ BVUPVS EF
M�BYF z �

ΘR = R(χ, η, ξ)Θ. 	$��


4PJU :ΘR MB NBUSJDF EFT WBMFVST EFT IBSNPOJRVFT TQIÊSJRVFT BTTPDJÊFT BVY EJSFD�
UJPOT PCUFOVFT BQSÍT SPUBUJPO� -B NBUSJDF EF SPUBUJPO EFT TJHOBVY BNCJTPOJRVFT 3
T�ÊDSJU BMPST �

3 = :†
ΘR

:Θ 	$���


PÜ :†
ΘR

EÊTJHOF MB QTFVEP�JOWFSTF EF :ΘR 
 D�FTU Æ EJSF :†
ΘR

:ΘR = *(L+1)2 �

∗ ∗ ∗

"JOTJ JM FTU QPTTJCMF EF SFTUJUVFS FO CJOBVSBM EZOBNJRVF MF DIBNQ TPOPSF E�VOF
TDÍOF SÊWFSCÊSÊF FO VUJMJTBOU MFT QSPDÊEÊT EF USBJUFNFOU EV TJHOBM FYQPTÊT EBOT MFT
BOOFYFT EF DF EPDVNFOU� -B àHVSF $�� JMMVTUSF MF QSPDFTTVT E�BVSBMJTBUJPO E�VOF TDÍOF
TPOPSF DPOWPMVÊF QBS MB SÊQPOTF JNQVMTJPOOFMMF TQBUJBMF E�VOF TBMMF� $F QSPDFTTVT FTU
DFMVJ FNQMPZÊ EBOT MFT UFTUT QFSDFQUJGT QSÊTFOUÊT EBOT DF EPDVNFOU�
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'ñïýúí $�� m 1SPDFTTVT E�BVSBMJTBUJPO E�VOF TDÍOF TPOPSF SÊWFSCÊSÊF BV NPZFO E�VOF SÊQPOTF JNQVMTJPO�
OFMMF TQBUJBMF EF TBMMF�

<�> &� .� 8FO[FM
 .� "SSVEB
 %� +� ,JTUMFS FU '� -� 8JHIUNBO
 i-PDBMJ[BUJPO VTJOH OPOJO�
EJWJEVBMJ[FE IFBE�SFMBUFE USBOTGFS GVODUJPOT
u +� "DPVTU� 4PD� "N�
 WPM� ��
 Q� ���m���

����
 IUUQT ���EPJ�PSH������������������

<�> 4� .� ,JN FU 8� $IPJ
 i0O UIF FYUFSOBMJ[BUJPO PG WJSUVBM TPVOE JNBHFT JO IFBEQIPOF
SFQSPEVDUJPO � " 8JFOFS àMUFS BQQSPBDI
u +� "DPVTU� 4PD� "N�
 WPM� ���
 Q� ����m����

����
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<�> %� 3� #FHBVMU FU &� .� 8FO[FM
 i)FBEQIPOF MPDBMJ[BUJPO PG TQFFDI
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WPM� ��
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<�> %� 3� #FHBVMU
 &� .� 8FO[FM FU .� 3� "OEFSTPO
 i%JSFDU DPNQBSJTPO PG UIF JNQBDU PG
IFBE USBDLJOH
 SFWFSCFSBUJPO
 BOE JOEJWJEVBMJ[FE IFBE�SFMBUFE USBOTGFS GVODUJPOT PO UIF
TQBUJBM QFSDFQUJPO PG B WJSUVBM TQFFDI TPVSDF
u +� "VEJP &OH� 4PD�
 WPM� ��
 Q� ���m���

�����

<�> %� 3� #FHBVMU
 i1FSDFQUVBM FGGFDUT PG TZOUIFUJD SFWFSCFSBUJPO PO UISFF�EJNFOTJPOBM BVEJP
TZTUFNT
u +� "VEJP &OH� 4PD�
 WPM� ��
 Q� ���m���
 �����

<�> &� )FOESJDLY
 1� 4UJUU
 +��$� .FTTPOOJFS
 +��.� -Z[XB
 #� '� (� ,BU[ FU $� EF #PJ�
TIÊSBVE
 i*OáVFODF PG IFBE USBDLJOH PO UIF FYUFSOBMJ[BUJPO PG TQFFDI TUJNVMJ GPS OPO�
JOEJWJEVBMJ[FE CJOBVSBM TZOUIFTJT
u +� "DPVTU� 4PD� "N�
 WPM� ���
 Q� ����m����
 ����B
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 1� 4UJUU
 +��$� .FTTPOOJFS
 +��.� -Z[XB
 #� '� (� ,BU[ FU $� EF #PJTIÊ�
SBVE
 i*NQSPWFNFOU PG FYUFSOBMJ[BUJPO CZ MJTUFOFS BOE TPVSDF NPWFNFOU VTJOH B iCJOBV�
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�A SIMULATION DE RdPONSES
IMPULSIONNELLES DE SALLE

%BOT MF CVU E�PCUFOJS MB SÊQPOTF JNQVMTJPOOFMMF E�VOF TBMMF
 VOF TJNVMBUJPO OVNÊ�
SJRVF QFVU ËUSF NJTF FO �VWSF� -B QSPQBHBUJPO EV TPO EBOT VO NJMJFV IPNPHÍOF FU
JTPUSPQF FTU EÊDSJUF QBS M�ÊRVBUJPO E�POEF� $FUUF ÊRVBUJPO SFMJF MF DPNQPSUFNFOU TQB�
UJBM EF MB QSFTTJPO TPOPSF p Æ TPO DPNQPSUFNFOU UFNQPSFM TFMPO VOF ÊRVBUJPO MJOÊBJSF
BVY EÊSJWÊFT QBSUJFMMFT EF TFDPOE PSESF �

∆p =
1

c2
∂2p

∂t2
	%��


PÜ c FTU MB WJUFTTF EV TPO FU ∆ M�PQÊSBUFVS MBQMBDJFO TDBMBJSF EF EÊSJWBUJPO TQBUJBMF
E�PSESF �� $FUUF ÊRVBUJPO EPJU ËUSF SÊTPMVF QPVS TJNVMFS VOF SÊQPOTF JNQVMTJPOOFMMF
EF TBMMF NBJT
 FO EFIPST EF DPOàHVSBUJPOT TJNQMFT
 JM O�FYJTUF QBT EF TPMVUJPOT BOBMZ�
UJRVFT� %FVY BQQSPDIFT QFSNFUUFOU E�PCUFOJS VOF BQQSPYJNBUJPO EF DFT TPMVUJPOT � MFT
NÊUIPEFT EF SÊTPMVUJPO OVNÊSJRVF FU MFT NÊUIPEFT E�BDPVTUJRVF HÊPNÊUSJRVF <�>�

-FT NÊUIPEFT EF SÊTPMVUJPOT OVNÊSJRVFT
 UFMMFT RVF MB NÊUIPEF EFT ÊMÊNFOUT à�
OJT <�> PV MB NÊUIPEF EFT ÊMÊNFOUT àOJT EF GSPOUJÍSF <�>
 QFSNFUUFOU E�BQQSPDIFS VOF
TPMVUJPO EF M�ÊRVBUJPO E�POEF QBS EJTDSÊUJTBUJPO EV WPMVNF EÊMJNJUÊ QBS M�FOWJSPO�
OFNFOU NPEÊMJTÊ PV EFT QBSPJT EÊMJNJUBOU DFU FOWJSPOOFNFOU� -B TPMVUJPO BV QSP�
CMÍNF FTU DBMDVMÊF TVS MFT O�VET E�VO NBJMMBHF EF M�FOWJSPOOFNFOU
 DF RVJ OÊDFTTJUF
VOF JOUFSQPMBUJPO EFT SÊTVMUBUT QPVS EÊDSJSF MB QSFTTJPO TPOPSF FO UPVU QPJOU� 1MVT
MFT QPJOUT TPOU EJTUBOUT MFT VOT EFT BVUSFT
 QMVT M�BQQSPYJNBUJPO MJÊF Æ M�JOUFSQPMBUJPO
SJTRVF EF T�ÊDBSUFS EFT QIÊOPNÍOFT QIZTJRVFT ÊUVEJÊT� $FQFOEBOU
 MF NBJMMBHF EF M�FO�
WJSPOOFNFOU EÊQFOE EF MB MPOHVFVS E�POEF � MFT ÊMÊNFOUT EV NBJMMBHF EPJWFOU BWPJS
EFT EJNFOTJPOT FOWJSPO TJY GPJT QMVT QFUJUFT RVF MB MPOHVFVS E�POEF EF MB GSÊRVFODF Æ
MBRVFMMF MB QSFTTJPO FTU DBMDVMÊF <�>� 1BS DPOTÊRVFOU
 DFT BQQSPDIFT EFNBOEFOU CFBV�
DPVQ EF SFTTPVSDFT FO DBMDVM FU OF TPOU QBT BQQMJRVÊFT FO IBVUFT GSÊRVFODFT QPVS EFT
FOWJSPOOFNFOUT Æ HSBOE WPMVNF� $FT NÊUIPEFT TPOU HÊOÊSBMFNFOU FNQMPZÊFT QPVS MF

ÓØÚ
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DBMDVM EF MB QBSUJF CBTTF GSÊRVFODF EF MB SÊQPOTF JNQVMTJPOOFMMF EF TBMMF KVTRV�Æ MB GSÊ�
RVFODF EF 4DIS�EFS� "V�EFMÆ EF DFUUF GSÊRVFODF
 MFT NPEFT EF MB TBMMF TF DIFWBVDIFOU
FU QFVWFOU ËUSF EÊDSJUT QBS EFT QSPQSJÊUÊT TUBUJTUJRVFT� %�BVUSFT BQQSPDIFT GPOEÊFT TVS
M�BDPVTUJRVF HÊPNÊUSJRVF
 QMVT FGàDBDFT FO UFSNF EF DBMDVM
 TPOU BMPST VUJMJTÊFT EBOT
DFUUF SÊHJPO GSÊRVFOUJFMMF� 0O DPNQUF OPUBNNFOU QBSNJ DFT BQQSPDIFT
 MB NÊUIPEF
EFT TPVSDFT JNBHFT <�
 �> FU EV MBODÊ EF QBSUJDVMFT <�>�

��Ò� �A MdTHODE DES SOURCES IMAGES

$FUUF NÊUIPEF TJNQMF QFSNFU EF DBMDVMFS MFT SÊáFYJPOT TQÊDVMBJSFT HÊOÊSÊFT QBS VOF
TPVSDF 4 FU SFÉVFT QBS VO SÊDFQUFVS EBOT VOF TBMMF� &MMF DPOTJTUF Æ DBMDVMFS MB QPTJUJPO
EFT QPJOUT TZNÊUSJRVFT EF 4 QBS SBQQPSU Æ UPVUFT MFT QBSPJT EF MB TBMMF� $FT QPJOUT

OPNNÊT TPVSDFT JNBHFT
 TPOU DPOTJEÊSÊT DPNNF EFT TPVSDFT TFDPOEBJSFT QSPEVJTBOU
VOF POEF TPOPSF SÊTVMUBOU EF MB SÊáFYJPO EF 4 BWFD MB QBSPJ BTTPDJÊF� -FT TPVSDFT
JNBHFT TZNÊUSJRVFT EF 4 QBS SBQQPSU Æ MB TPVSDF QSJODJQBMF TPOU EFT TPVSDFT JNBHFT
E�PSESF �� -FT TZNÊUSJRVFT EF DFT TPVSDFT JNBHFT TPOU Æ MFVS UPVS EÊUFSNJOÊFT EF MB
NËNF GBÉPO FU TPOU RVBMJàÊFT E�PSESF �� -�PQÊSBUJPO FTU SÊBMJTÊF / GPJT PÜ / EÊTJHOF
M�PSESF NBYJNBM EFT TPVSDFT JNBHFT� *M FTU FOTVJUF OÊDFTTBJSF EF WÊSJàFS TJ JM FYJTUF VO
USBKFU SFMJBOU DIBDVOF EFT TPVSDFT JNBHFT BV SÊDFQUFVS QPVS TÊMFDUJPOOFS MFT TPVSDFT
JNBHFT BVEJCMFT FO DF QPJOU�

'ñïýúí %�� m *MMVTUSBUJPO EF MB NÊUIPEF EFT TPVSDFT JNBHFT�

-B àHVSF %�� JMMVTUSF DFUUF NÊUIPEF� -B TPVSDF�JNBHF 4a FTU M�JNBHF EF 4 QBS SBQ�
QPSU Æ MB QBSPJ a� -F USBKFU FOUSF 4a FU MF SÊDFQUFVS OF SFODPOUSBOU QBT E�BVUSFT PCTUBDMFT
RVF MB QBSPJ a
 DF USBKFU FTU SFUFOV FU BTTPDJÊ Æ MB SÊáFYJPO TVS MB QBSPJ a E�VOF POEF
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ÊNJTF QBS MB TPVSDF� -�JNBHF TPVSDF E�PSESF �
 4a,b
 FTU FOTVJUF PCUFOVF FO DBMDVMBOU
MF TZNÊUSJRVF EF 4a QBS SBQQPSU Æ MB QBSPJ b�

-B NÊUIPEF EFT TPVSDFT JNBHFT O�FTU QBT FO NFTVSF EF SFQSPEVJSF MB EJGGVTJPO RVJ
BQQBSBJU MPST EF MB SÊáFYJPO EFT POEFT TPOPSFT TVS MFT QBSPJT EF M�FOWJSPOOFNFOU� &MMF
QFSNFU OÊBONPJOT E�FTUJNFS DPSSFDUFNFOU MB QPTJUJPO EFT QSFNJÍSFT SÊáFYJPOT E�PSESF
GBJCMF� 6OF BQQSPDIF IZCSJEF DPNCJOBOU DFUUF NÊUIPEF BWFD MF MBODÊ EF QBSUJDVMFT
FTU TPVWFOU BEPQUÊF QPVS ËUSF FO NFTVSF EF HÊOÊSFS MB QBSUJF UBSEJWF EF MB SÊQPOTF
JNQVMTJPOOFMMF�

��Ó� �E LANCd DE PARTICULES

-F MBODÊ EF QBSUJDVMF TJNVMF MB QSPQBHBUJPO E�VOF JNQVMTJPO TPOPSF QSPWFOBOU EF
MB TPVSDF FO ÊNFUUBOU EFT QBSUJDVMFT E�ÊOFSHJF RVJ TF QSPQBHFOU Æ MB WJUFTTF EV TPO
EBOT VO OPNCSF àOJ EF EJSFDUJPOT SÊQBSUJFT BVUPVS EF MB TPVSDF� $IBRVF QBSUJDVMF
USBOTQPSUF VOF RVBOUJUÊ E�ÊOFSHJF RVJ EÊQFOE EF MB EJSFDUJPOOBMJUÊ EF MB TPVSDF� $FT
QBSUJDVMFT QFSEFOU EF M�ÊOFSHJF FO TF QSPQBHFBOU EV GBJU EFT GSPUUFNFOUT EBOT M�BJS FU
FO SBJTPO EFT QIÊOPNÍOFT E�BCTPSQUJPO FU EF EJGGVTJPO MPSTRV�FMMFT TF SÊáÊDIJTTFOU TVS
MFT QBSPJT EF M�FOWJSPOOFNFOU�

	B
 1SPQBHBUJPO E�VOF QBSUJDVMF HÊOÊSÊF
QBS VOF TPVSDF PNOJEJSFDUJPOOFMMF� -B
MBSHFVS EV SBZPO TZNCPMJTF MB RVBOUJUÊ
E�ÊOFSHJF QPSUÊF QBS MB QBSUJDVMF�

	C
 *MMVTUSBUJPO EF MB SÊáFYJPO E�VOF QBSUJDVMF JO�
DJEFOUF TVS VOF TVSGBDF EF NBOJÍSF TQÊDVMBJSF PV
EJGGVTF� -FT ÊOFSHJFT EF MB QBSUJDVMF JODJEFOUF
 EF
TB SÊáFYJPO EJGGVTF
 TQÊDVMBJSF FU EF TPO BCTPSQ�
UJPO TPOU OPUÊFT Ei
 Ed
 Es FU Ea SFTQFDUJWFNFOU�

'ñïýúí %�� m *MMVTUSBUJPO EF MB NÊUIPEF EV MBODÊ EF QBSUJDVMFT�

-PSTRV�VOF POEF TF SÊáÊDIJU TVS VOF QBSPJ
 VOF QSPQPSUJPO EF TPO ÊOFSHJF SÊáÊDIJF
	OPUÊF JDJ rs
 TF QSPQBHF TFMPO VO BOHMF E�JODJEFODF ÊHBM Æ M�BOHMF EF SÊáFYJPO FU M�BVUSF
QBSUJF 	OPUÊF rd = 1 − rs
 TF QSPQBHF EF NBOJÍSF EJGGVTF EBOT MFT BVUSFT EJSFDUJPOT�
-PST EV MBODÊ EF QBSUJDVMFT
 MB SÊáFYJPO E�VOF QBSUJDVMF FTU TPJU DPOTJEÊSÊF DPNNF
ÊUBOU TQÊDVMBJSF � M�BOHMF E�JODJEFODF FTU ÊHBM Æ M�BOHMF EF SÊáFYJPO � TPJU EJGGVTF �
M�BOHMF EF SÊáFYJPO FTU EÊUFSNJOÊ TFMPO VOF MPJ EF QSPCBCJMJUÊ EÊàOJF QBS MB EJGGVTJWJUÊ
EF MB QBSPJ� -B OBUVSF EF MB SÊáFYJPO FTU EÊUFSNJOÊF EF NBOJÍSF BMÊBUPJSF FO QSFOBOU
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FO DPNQUF MF QPVWPJS EJGGVTFVS EV NBUÊSJBVY� 4J VOF QBSUJDVMF FTU SÊáÊDIJF EF NBOJÍSF
EJGGVTF
 M�ÊOFSHJF QPSUÊF QBS DFUUF QBSUJDVMF DPSSFTQPOE Æ MB QSPQPSUJPO EF M�ÊOFSHJF
SÊáÊDIJF rd� 4J VOF QBSUJDVMF FTU SÊáÊDIJF EF NBOJÍSF TQÊDVMBJSF
 M�ÊOFSHJF QPSUÊF QBS
DFUUF QBSUJDVMF DPSSFTQPOE Æ MB QSPQPSUJPO EF M�ÊOFSHJF SÊáÊDIJF rs� -FT EFVY UZQFT
EF SÊáFYJPOT DPOTJEÊSÊT EBOT MB TJNVMBUJPO TPOU JMMVTUSÊT QBS MB àHVSF %��B� "JOTJ

DPOUSBJSFNFOU Æ MB NÊUIPEF EFT TPVSDFT JNBHFT
 MF MBODÊ EF SBZPO QSÊTFOUF M�BWBOUBHF
EF QSFOESF FO DPNQUF MB EJGGVTJPO EFT NBUÊSJBVY�

-FT QBSUJDVMFT TPOU DBQUÊFT QBS VO SÊDFQUFVS DBSBDUÊSJTÊ QBS VO WPMVNF PV VOF
TVSGBDF DBS MB QSPCBCJMJUÊ E�BUUFJOESF VO SÊDFQUFVS QPODUVFM EBOT VO FTQBDF BWFD VO
OPNCSF àOJ EF QBSUJDVMFT FTU RVBTJ OVMMF� $F SÊDFQUFVS OPO QPODUVFM
 OPNNÊ EÊUFD�
UFVS
 FTU JMMVTUSÊ TVS MB àHVSF %��B� $IBRVF GPJT RV�VOF QBSUJDVMF GSBQQF MF EÊUFDUFVS

M�ÊOFSHJF
 M�BOHMF E�JODJEFODF FU MF UFNQT EF USBKFU EF MB QBSUJDVMF TPOU FOSFHJTUSÊT�

-F MBODÊ EF QBSUJDVMFT FTU FGGFDUVÊ QBS CBOEF EF GSÊRVFODF DBS MB EJSFDUJPOOBMJUÊ EF
MB TPVSDF
 M�BCTPSQUJPO FU MB EJGGVTJPO EFT NBUÊSJBVY FU M�BCTPSQUJPO QBS M�BJS EÊQFOEFOU
GPSUFNFOU EF MB GSÊRVFODF� -B QSPQBHBUJPO EF DFT QBSUJDVMFT FTU DBMDVMÊF KVTRV�Æ VO
UFNQT NBYJNVN PV VO TFVJM NJOJNVN E�ÊOFSHJF EPOOÊ� &O SBJTPO EF MB OBUVSF TUP�
DIBTUJRVF EF DFUUF NÊUIPEF
 MFT SÊTVMUBUT EF TJNVMBUJPO QFVWFOU WBSJFS E�VOF TJNVMBUJPO
Æ M�BVUSF� -FT WBMFVST FOSFHJTUSÊFT QFSNFUUFOU OÊBONPJOT E�ÊUBCMJS VOF FTUJNBUJPO EF
MB EJTUSJCVUJPO E�ÊOFSHJF UFNQPSFMMF USJEJNFOTJPOOFMMF EFT SÊáFYJPOT FO GPODUJPO EF MB
GSÊRVFODF�

��Ô� �A PRISE EN COMPTE DE LA DIĈRACTION

$FTNÊUIPEFT OF DPVWSFOU DFQFOEBOU QBT MFT QIÊOPNÍOFT EF EJGGSBDUJPO RVJ QFVWFOU
TF QSPEVJSF BVY CPSET EFT QBSPJT FU FO QSÊTFODF E�PCKFUT EBOT M�FOWJSPOOFNFOU RVJ GPOU
PCTUBDMF Æ MB QSPQBHBUJPO EV TPO Æ VOF GSÊRVFODF EPOOÊF <�>� $F QIÊOPNÍOF BQQBSBJU
QPVS EFT GSÊRVFODFT EPOU MB MPOHVFVS E�POEF FTU EV NËNF PSESF EF HSBOEFVS RVF MFT
EJNFOTJPOT EF M�PCTUBDMF�

4BOT QSJTF FO DPNQUF EF MB EJGGSBDUJPO
 MFT NÊUIPEFT E�BDPVTUJRVF HÊPNÊUSJRVF
OF QFVWFOU EPOD QBT DPSSFDUFNFOU TJNVMFS MB QSPQBHBUJPO E�POEFT TPOPSFT QSPWFOBOU
E�VOF TPVSDF TJUVÊF EFSSJÍSF VO PCTUBDMF� #JFO RVF MF DBMDVM OÊDFTTBJSF QPVS TJNVMFS EFT
QIÊOPNÍOFT EF EJGGSBDUJPO TPJU JNQPSUBOU
 DFSUBJOT DBT EF àHVSF QFVWFOU ËUSF DPVWFSUT
QBT EFT NÊUIPEFT TJNQMFT�

4FMPO MB UIÊPSJF EF MB EJGGSBDUJPO VOJGPSNF 	65%
 <�>
 MFT CPSET E�VO PCKFU GBJTBOU
PCTUBDMF Æ MB QSPQBHBUJPO EV TPO EFWJFOOFOU EFT TPVSDFT TFDPOEBJSFT EF SBZPOT EJG�
GSBDUÊT RVJ Æ MFVS UPVS QFVWFOU TF QSPQBHFS EBOT M�FOWJSPOOFNFOU� -B EJGGSBDUJPO E�VOF
POEF TVS VO CPSE FTU BMPST SFQSÊTFOUÊF QBS VO SBZPO EPOU M�ÊOFSHJF FTU BUUÊOVÊF QBS VO
DPFGàDJFOU EF EJGGSBDUJPO� -�65% FTU VOF BQQSPYJNBUJPO IBVUF GSÊRVFODF FU T�BQQMJRVF
FO UIÊPSJF Æ EFT CPSET JOàOJT
 MPSTRVF MB TPVSDF FU MF SÊDFQUFVS TPOU ÊMPJHOÊT 	FO UFSNFT
EF MPOHVFVS E�POEF
 EFT TVSGBDFT EJGGSBDUBOUFT�

1PVS BEBQUFS MB NÊUIPEF EF DBMDVM EFT TPVSDFT JNBHFT BV DBMDVM EF MB EJGGSBDUJPO

4DISÕEFS <��> QSPQPTF EPOD E�BKPVUFS VO BVUSF UZQF EF TPVSDFT TFDPOEBJSFT BQQFMÊFT
TPVSDFT EF EJGGSBDUJPO� $FT TPVSDFT TPOU QPTJUJPOOÊFT Æ DIBRVF BSËUF E�VO PCTUBDMF FU
TPOU QSJTFT FO DPNQUF TJ DFMVJ�DJ TF TJUVF FOUSF MB TPVSDF ÊNFUUSJDF PV VOF TPVSDF�JNBHF
FU MF SÊDFQUFVS� $PNNF QPVS MB HÊOÊSBUJPO EF TPVSDFT JNBHFT
 MFT TPVSDFT TZNÊUSJRVFT
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Abstract

Few studies have investigated the influence of visual cues on sound space perception, beyond
the influence of visual cues on sound source position. Previous studies suggest that the perception
of late reflections is not affected by the visual impression of a room, however only a limited number
of spatial sound attributes were investigated. In the present paper, audiovisual interactions were
examined without making assumptions on the number and the nature of perceptual dimensions
involved in the perception of sound space. In a virtual environment that employed an Head
Mounted Display and dynamic binaural playback, subjects were asked to judge the perceived
dissimilarity between sound spaces while watching the same visual stimulus. Pairwise comparisons
were repeated using multiple visual conditions, including an audio-only condition. One sound
source, a male voice reciting a poem, was considered in the listening test. It appeared that the
visual modality did not impact the perceived differences between sound spaces.

1 Introduction

Various studies have defined numerous percep-
tual attributes related to spatial qualities of
sound in the field of spatial quality assessment,
spatial audio reproduction or concert hall acous-
tics [1–3]. Some work employed real existing
rooms and performed studies directly in con-
cert halls or in laboratories using dummy head
recordings. However, with laboratory test se-
tups, it can be argued that there is a lack of
experimental control concerning the stimuli pre-
sented: the visual impression of the sound space

under study was usually not considered [4]. In
this paper, we address the influence of vision
on the perception of sound space in order to as-
sess whether the lack of experimental control re-
garding the visual environment was detrimental
in such studies. To this end, we used state-of-
the-art auralization and display technologies that
give us the opportunity to have a better experi-
mental control on the audio-visual stimuli under
study.

Several studies on audiovisual cross modality
show an interaction between auditory and visual
cues related to the perception of space. Some

1
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studies have especially examined the influence of
vision on the assessment of sound source localiza-
tion [5–7], auditory distance perception [8–12],
externalization [13–17] or spatial impression [18–
20].

1.1 Sound source localization

It seems that vision has a strong impact on
the perception of audiovisual source localization.
Following the early work of Jack and Thurlow [5],
numerous experiments were performed to deter-
mine whether subjects experienced an auditory
stimulus perceptually unified with a visual ob-
ject of a different location (the so-called ven-
triloquism effect) [21–25]. All came to the con-
clusion that a strong visual capture occurs and
that the effect increases with decreasing angu-
lar difference between the positions of the sound
and visual stimuli. Hendrickx et al. [6] also re-
ported that the phenomenon had a greater im-
portance in elevation than in azimuth. Bishop et
al. [7] studied another cross-modal interaction
regarding source localization: the impact of vi-
sual cues on the precedence effect. According to
the precedence effect, it is considered that when
the delay to the reflection is short, the reflec-
tion is not perceived as a separate event. In this
case, the perceived source localization is domi-
nated by the location of the leading sound. It
was shown that the strength of the precedence
effect can be enhanced when visual information
spatially and temporally coincides with the lead-
ing wave. Conversely, the precedence effect is
lessened when vision coincides with the reflec-
tion.

1.2 Auditory distance perception

Visual capture also occurs in auditory distance
perceptions even in the presence of multiple au-
ditory cues [8, 9]. In particular, Hládek et al. [10]
measured distance localization performance in a
dark reverberant room using noise bursts that
were spatially congruent or incongruent with vi-
sual stimuli (LEDs). They reported a ventrilo-
quism effect in the distance dimension: a shift to-
wards the visual stimuli was perceived when they
were presented closer to or farther away from the
auditory stimuli. Further, Calcagno et al. [11]
reported that, even when the sound source was
visually occluded, auditory distance judgements
were more accurate when visual information of
the whole scene was available. They hypothe-
sized that visual information other than the per-
ceived distance to the source, such as room size,
can be used by listeners to perform auditory dis-
tance judgements.

1.3 Externalization

Several investigations show that visual aspects
also have an influence on externalization [13–17].
This capacity to hear out-of-head auditory events
in binaural playback decreases if the listening
room and the synthesized room are incongruent,
i.e. when there is a mismatch between the virtual
sound reverberation and the visual impression of
the listening room.

In a study conducted by Udesen et al. [16], ex-
ternalization judgements were performed in two
rooms: one congruent and the other incongruent
with the virtual sound space of binaural stim-
uli. Although the same binaural sound sam-
ple was used - only visual cues differed - results
showed significant differences between test en-
vironments: externalization ratings were lower

2



3 INFLUENCE OF VISION ON PERCEIVED DIFFERENCES BETWEEN SOUND SPACES

in the incongruent condition. Authors hypothe-
sized that when expectations of a realistic sound
environment are not met, particularly when a di-
vergence between vision and auditory cues oc-
curs, the realism of the sound scene is affected
and leads to internalized perception.

Thus it seems that auditory perception is sig-
nificantly affected by visual impressions of the
listening room and listener expectations - which
can be altered through training [17]. Neverthe-
less, results of an externalization test conducted
by Gil-Carvajal et al. [15] showed that the audi-
tory modality had a greater impact on external-
ization than the visual modality. In their experi-
ment, Binaural Room Impulse Response (BRIR)
were measured in a reference room to create in-
dividualized sound stimuli for 18 subjects. Stim-
uli were played-back in the reference room and
in two other rooms: 1) a smaller and more rever-
berant room, 2) a larger and anechoic room. The
incongruence between the reference room and the
test rooms differed depending on volume (visual
cues) and reverberation time (auditory cues).
Three conditions were tested: an auditory-only
condition (test performed in the dark and noise
bursts were used as additional auditory cues),
a visual-only condition (subjects could see the
room and no additional auditory cues were avail-
able), visual and auditory cues (subjects could
see the room and noise bursts were used as addi-
tional auditory cues). They reported that the
highest degree of externalization was obtained
when both audio and visual information were
congruent. Externalization ratings were signifi-
cantly reduced when subjects received additional
auditory cues from the playback room that did
not match those from the virtual sound space.
However, externalization ratings remained unaf-
fected when subjects could see a room that dif-
fered from the one they heard through the head-

phone reproduction. Hence, it can be hypothe-
sized that prior knowledge of acoustical features
of the listening environment may have a greater
impact on externalization than acoustical expec-
tations based on room-related visual cues. Fur-
ther studies are needed to resolve this ambiguity.
It is clear that vision can bias audition in mul-
tiple non-trivial ways and that the connections
between visual and auditory perception are not
fully understood.

1.4 Spatial impressions

Still photographs have been employed as visual
cues in numerous studies on audiovisual cross
modality. However, Larsson et al. [18] showed
that the degree of visual realism affected audi-
tory room quality assessment. Particularly, their
study indicated that sound sources were consid-
ered significantly wider when the subject was in
the real room or used a Head-Mounted Display
(HMD) in comparison to conditions with no vi-
sual cues or still photographs. Consequently,
Postma & Katz [20, 26] used a test setup with
a high degree of visual realism - a CAVE-light
system - to investigate the influence of vision
on room acoustics perception. For the room
under study, they observed a significant influ-
ence of visual cues on distance perception while
no significant influence regarding the apparent
source width or envelopment was found. It can
be argued that the different test setups or sound
spaces employed in these studies can explain the
contradictory results obtained regarding the ap-
parent source width. Further studies are needed
to clarify such ambiguity and determine whether
visual cues impact our perception of a sound
space. While the perception of sound source dis-
tance, localization and externalization seem to
be impacted by visual cues, the influence of vi-
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sion on other spatial sound attributes remains
unclear.

Recently, Schutte et al [27] have investigated
the influence of vision on the perceived degree
of reverberation in audiovisual virtual environ-
ments. Three conditions were tested : 1) con-
gruent auditory and visual environments, 2) in-
congruent auditory and visual environments, and
3) audio-only condition. They reported no influ-
ence of vision on the subjects’ answers, whether
the environment were congruent or incongruent.
However, this study focused the attention on the
perceived degree of reverberation only and sub-
jects may thus have based their judgment on lim-
ited features, such as reverberation time or direct
to reverberant energy ratio. The perception of
sound space is generally considered multidimen-
sional and involves other perceptual attributes
such as clarity, envelopment, depth or width [28].
Therefore, a test protocol that does not steer
the attention towards a particular sound feature
would be more ecologically valid, and might high-
light factors other than reverberance that do in-
teract with the visual modality.

1.5 Aim of the present study

We examined the influence of multiple visual con-
ditions on dissimilarity ratings related to a set
of sound stimuli. Subjects had to rate the per-
ceived differences between sound stimuli while
looking at the same visual stimulus and the pair-
wise comparisons were repeated with multiple vi-
sual stimuli (including an audio-only condition).
Hence, we did not make assumptions on the num-
ber and the nature of perceptual dimensions in-
volved in the perception of sound space. Ad-
ditionally, Multidimensional Scaling (MDS) was
employed to assess that the perceptual structure
underlying the perception of the sound spaces

was not uni-dimensional.

As mentioned earlier, when there are spatially-
related conflicts between visual and auditory
cues, vision usually dominates and biases audi-
tion [29]. For example, the perception of exter-
nalization can be significantly lessened if there is
a mismatch between the visual impressions of the
listening room and the acoustical features of the
virtual sound. Additionally, biases of auditory
localization towards the visual stimulus are usu-
ally observed when subjects are presented with
a spatially discordant auditory-visual stimulus
with respect to direction or distance. This could
be explained by the fact that the visual system
has a greater spatial precision than the auditory
system and is therefore more reliable [6, 30, 31].
Likewise, it can be hypothesized that vision offers
more information about a given room (such as
room-size [12]), which may bias sound space per-
ception towards visual expectations, especially if
the visual and auditory environments are incon-
gruent. In the present experiment, it may lead to
subjects perceiving fewer differences when they
compare sound spaces while watching the same
visual space than when the comparisons are con-
ducted without any visual cues.

Since auditory room quality assessment seems
to be affected by the degree of visual realism [18],
Schutte et al. employed a Head Mounted Dis-
play (HMD) to provide a high visual fidelity [27].
Likewise, we employed 360° videos displayed in
a HMD along with a dynamic binaural sound re-
production to ensure a high simulation quality.
Moreover, the sound spaces involved were mea-
sured with a dense spherical microphone array
to allow an accurate reproduction of the corre-
sponding sound field.
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(a) VRR (b) VKT

(c) VRF (d) VSW

Figure 1: Equirectangular projection of the different visual stimuli. VRR: Restroom, VKT: Kitchen,
VRF: Refectory, VSW: Swimming pool. The volume of the visual spaces are respectively 23 m3,
81 m3, 360 m3 and 7448 m3.

2 Perceptual Test

2.1 Visual stimuli

The visual stimuli consisted of an actor reciting
Fantaisie, a poem by Gérard de Nerval, in four
different spaces: a restroom, a kitchen, a refec-
tory, and a swimming pool. The visual stimuli
will be designated VRR, VKT, VRF, and VSW,
respectively, in the following sections. A fifth vi-
sual condition, being no image at all, was added.
This condition will be thereafter referred to as
V0.

The visual stimuli were 360◦ videos, recorded

in 4K (3840 × 1920 pixels) at 30 frames per sec-
onds using the Insta360 camera. The videos cov-
ered the entire space in both azimuth and eleva-
tion. Screenshots of the visual stimuli are dis-
played in Figure 1.

In order to ensure minimum differences of ac-
tor performance between stimuli, a loudspeaker
was playing an anechoic recording of the voice
and the actor had to lip sync. Thus, no sound
was recorded while capturing the visual stimuli.
A post-synchronization step was then required to
synchronize sound and video. An informal test
conducted by the authors and informal discus-
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Table 1: Abbreviations, early decay times (EDT), direct-to-reverberant ratios (DRR), early-to-late
index (C80) and reverberation times (RT) of the sound spaces used in the experiment. Measure-
ments were computed at mid-frequencies.

Spaces Abbreviation EDT(s) DRR(dB) C80(dB) D50(%) RT(s)
Small box SBX 0.31 -3.73 16.07 85.87 0.38
Restroom TLT 0.33 -2.13 15.14 82.62 0.41
Meeting room MTR 0.35 0.98 15.22 89.90 0.43
Small concert hall SCH 0.31 6.08 16.6 96.19 0.46
Classroom CLS 0.40 3.67 15.53 93.17 0.55
Kitchen KTC 0.51 -2.56 10.19 81.28 0.60
Refectory RFC 0.65 2.61 11.85 87.40 0.83
Medium concert hall MCH 0.27 8.16 18.37 96.88 0.85
Swimming pool SWP 0.72 3.74 11.95 90.13 1.91
Hall HLL 0.55 9.11 16.36 96.57 2.58
Church CHR 2.17 6.55 9.84 88.75 3.56
Cathedral CTH 2.48 6.85 12.72 92.78 6.55
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Figure 2: Acoustic parameters of the sound
spaces used in the experiment: reverberation
times (RT), early decay times (EDT), direct-to-
reverberant ratios (DRR) and early-to-late index
(C80).

sions with the subjects suggested that there was
no perceivable desynchronization.

2.2 Spatial room impulse responses

Twelve different spaces were used for creating the
audio stimuli (cf. Table 1), including the four
spaces used for the visual stimuli. Sound spaces
where chosen on the basis of an informal test con-
ducted by the authors so as to cover a wide span
of the perceptual range of sound spaces. The
sound spaces were not limited to concert halls or
large spaces, that are favoured by a part of the
literature in room acoustics, but also included
everyday places. The various measures displayed
in Table 1 and Fig. 2 are an example of this het-
erogeneity. The considered rooms covered a wide
range of decay times (EDT, RT) and presented
various energy ratios (DRR, C80) for similar de-
cay times.

The spatial room impulse responses (SRIRs)
were measured using the EigenMike EM32 mi-
crophone array from mh acoustics LLC and a
Genelec 8040 loudspeaker. The loudspeaker was

6
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positioned at the same distance from the micro-
phone array (150 cm) in every room, in order to
compare rooms only and not distances. A 10 sec-
ond long exponential sweep-sine signal was used
for the measurements. Since measured impulse
responses are typically corrupted by measure-
ment noise, the noise floor was used to extend
the reverberation decay [32]. Moreover, the influ-
ence of the loudspeaker was compensated in the
SRIRs using equalization filters that were derived
from measurements done in an anechoic cham-
ber. Lastly, the measured microphonic SRIRs
were converted to order-4 ambisonic SRIRs.

2.3 Sound stimuli

One sound source was considered in this test: a
male voice reciting Fantaisie, recorded in an ane-
choic room. The recorded signal was convolved
with the 12 SRIRs corresponding to the aformen-
tionned sound spaces. Hence, we obtained 12
order-4 ambisonic stimuli. A loudness equaliza-
tion was done subjectively by the experimenters
prior to the perceptual test (as recommended in
[33]), so that the perceived loudness remained the
same when switching between spaces. The total
duration of the stimuli was 20 s (sound source du-
ration) + 6.5 s (reverberation time of the longest
SRIRs) = 26.5 s. Stimuli were sampled at a rate
of 48000 Hz with a 24 bit resolution.

2.4 Binauralization and head-tracking

The ambisonic signals were converted into binau-
ral headphone signals using the open-source Bin-
auralDecoder VST plug-in from the IEM plug-
in suite with Head Related Transfer Functions
(HRTFs) derived from measurements of a Neu-
mann KU 100 dummy head. For further informa-
tion about these measurements and the binaural

renderer, please refer to [34, 35].
Ideally, binauralization filters should be per-

sonalized for each listener, however measuring
individualized HRTFs is a complex and expen-
sive process. A common solution is to listen
“through the ears” of another listener, whose
HRTFs are already available, or a dummy head,
as in the present experiment. The use of such
non-individualized HRTFs can increase the oc-
currence of front-back confusions or result in “in-
head" localization, but these issues are effectively
alleviated by head tracking [36, 37] and reverber-
ation [38, 39]. Furthemore, Begault et al. re-
ported that individualized HRTFs offered no ad-
vantage in localization accuracy and externaliza-
tion for the binaural synthesis of speech stimuli
reproduced in the horizontal plane [38].

Head-tracking was performed using the HMD
along with the ambix_rotator_o7 plugin from
Matthias Kronlachner [40].

2.5 Procedure

The perceptual test consisted of successive trials
based on pairwise dissimilarity ratings involving
the 12 sound stimuli. A trial consisted of rat-
ing the dissimilarity between two sound stimuli
while watching a video clip synchronized with the
sound. Note that the same visual stimulus was
used when comparing two sound stimuli. Dis-
similarity ratings for all pairwise comparisons of
sound stimuli were performed under the five dif-
ferent visual conditions. A total of

(12
2

)
= 66

comparisons for each visual condition were thus
rated by each subject.

For each pair, subjects were instructed to
judge to what extent the sound stimuli were ei-
ther similar or different by moving a slider along
a continuous 100-point scale displayed in the
HMD, whose extremities were labeled identical

7
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Figure 3: Dissimilarity matrices for the five visual conditions of the experiment. Each square
represents the dissimilarity rating between two spaces. The grey scale refers to the dissimilarity
scores averaged across subjects. Darker means greater dissimilarity.

Table 2: Results from ANOVA. V: visual conditions, P: pairs, SS: sum of squares, MS: mean of
squares, F: f-value, p: p-values, η2: percentage of variance accounted for.

Factor df SS MS F p-value Eta squared (%)
V 4 334 84 1.6 0.193 0.06
P 65 335374 5160 41.1 < 0.001 60.57
V * P 260 13762 53 1.14 0.067 2.48

(0) and very different (100). There were no pre-
defined intermediate labels nor gradations on the
scale to avoid any undesirable bias [41]. Subjects
were specifically instructed not to close their eyes
during the whole experiment and were allowed to
listen to the two stimuli repeatedly and to switch

between them at will. Playback, commands, and
data capture were controlled using both Unity
and Max. The experiment was carried out in vir-
tual reality using a HTC Vive HMD and a pair
of Sennheiser HD 650 headphones.

The experiment consisted of two one-hour long
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sessions on different days. Before each ses-
sion, participants were presented with the sound
source reverberated in the 12 sound spaces, in or-
der to apprehend the diversity of stimuli included
in the test.

The different pairs, along with the associated
visual stimulus, were presented in a randomized
order. The order of the sound stimuli within each
pair was also randomized. These randomizations
were different for each subject.

Overall, subjects had to rate 330 pairs of sound
stimuli in different visual conditions. Note that
the tested pairs of stimuli either included sound
spaces that were both incongruent with the vi-
sual space or where only one of the sound spaces
was congruent with the visual space.

2.6 Subjects

Eleven subjects (1 woman and 10 men, aged 21
to 25 years old) took part in the perceptual test.
They were all Masters degree students from the
Image & Sound course at the University of Brest.
None reported any known hearing loss, and none
had experience with Virtual Reality nor labora-
tory listening tests. The experience of subjects
with binaural content was globally low : some of
them had already listened to static natural bin-
aural recordings (i.e. real sound sources captured
with microphones placed in the ears of a dummy
head or of a listener), yet none of them had ever
experienced dynamic binaural synthesis.

3 Results

3.1 Dissimilarity matrices

The pair-wise dissimilarity ratings resulted in a
dissimilarity matrix of dimension 12×12 for each
subject and for each visual condition. Since the

order of sound stimuli within each pair was not
distinguished, the dissimilarity matrices are sym-
metric. Matrices averaged over subjects are plot-
ted in Figure 3 for the five visual conditions.
This figures appeared to be very similar, which
was confirmed by large Pearson correlation coef-
ficients between each other (> 0.94, p < 0.001).
This seemed to imply that the vision cues had a
relatively small influence on the perceived differ-
ences between spaces.

The data were submitted to a repeated-
measures ANOVA with the following factors: vi-
sual conditions V (5) × sound spaces pairs P
(66). Results are presented in Table 2: only the
effect of sound space pairs had a significant in-
fluence on the dissimilarity scores. The p-value
associated to the interaction between visual con-
ditions and sound space pairs was not sufficiently
low to achieve significance [F(260, 2600) = 1.142,
p = 0.067], and the percentage of variance ac-
counted for by this interaction was only 2.48%.

3.2 Multidimensional scaling

Since no influence of the visual cues was found
in the experiment, the corresponding dissimi-
larity matrices were averaged over the differ-
ent visual conditions. Multidimensional Scaling
(MDS) was used for the investigation of the per-
ceptual structure underlying judgments of stim-
uli dissimilarities. MDS searches for the per-
ceptual dimensionality assumed to underlie the
perception of a set of stimuli and provides coor-
dinates for these stimuli on each perceptual di-
mension [42]. In particular, INDSCAL analysis
[43] finds a group of perceptual dimensions that
are common to all subjects and provides the cor-
responding coordinates for each stimuli and sub-
jects.

One of the challenges in MDS analysis is to find
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Figure 4: Two dimensional perceptual space re-
sulting from INDSCAL analysis. Variances of
the overall ratings related to dimension 1 and 2
are 0.757 and 0.096 respectively.

the right number of perceptual dimensions, i.e.
which dimensions are worth interpreting. The
analysis of the explained variance as a function of
dimension gives a hint on the number of dimen-
sions to consider: it is of interest to maximize
the overall explained variance of the solution un-
til it increases by less than 0.05 per added di-
mension [44]. The analysis revealed that the as-
sociated perceptual space was a two-dimensional
one. The first dimension explains most of the
perceived differences between sound spaces with
75.7 % of the variance explained, while the sec-
ond dimension explains almost 10 % of the vari-
ance. The representation of the 12 sound stimuli
in this perceptual space is displayed in Figure 4.

Additional statistical analyses were carried out
to find correlations between the obtained per-
ceptual dimensions and acoustic measurements.
Twenty-two room acoustic parameters were de-
rived from the 12 SRIRs, defined in the ISO

3382-1 standard [45]. These parameters were
computed at mid-frequencies (average between
values from 250Hz to 2kHz) and on broadband
SRIRs. The first dimension was found to be
well correlated to the logarithm of reverberation
times at mid-frequencies with a Pearson corre-
lation coefficient of 0.966. It can be postulated
that the corresponding perceptual attribute is re-
verberance, i.e. the perceived amount of rever-
beration which was studied by Schutte et al. [27].
Measurement D50 seem to explain the second
perceptual dimensions with a Pearson correlation
coefficient of 0.926. D50 measures the early to
total energy ratio of the room impulse response.
This metric is a measure of clarity which is par-
ticularly suited to characterize speech intelligi-
bility [45].

4 Discussion

The analysis of variance revealed that visual con-
ditions had no significant influence on the per-
ceived differences between sound space. Thus,
whatever the divergence between the visual and
auditory conditions, may there be visual content
or not, the visual modality did not change the
perceived differences between sound spaces.

The results of the present experiment are in
agreement with the findings of Schutte et al.
[27] that vision has no significant impact on the
perception of reverberance. As the present ex-
periment did not make any assumptions on the
dimensions involved in the perception of sound
space, it suggests that vision not only has a weak
impact on reverberance, but also more globally
on the overall perception of sound spaces.

A multidimensional analysis was performed to
investigate whether other dimensions than re-
verberance were involved to distinguish between

10
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sound spaces. It revealed that the structure un-
derlying the perception of the sound spaces was
multidimensional. In addition to reverberance,
the listeners seem to have assessed features re-
lated to clarity. However, we can hypothesize
that the second perceptual dimension is related
to the sound source employed and that the use
of other sound sources might have revealed dif-
ferent perceptual features of the sound spaces
[46]. Moreover, it is possible that the range of
auditory spatial attributes covered by the con-
sidered rooms was not wide enough. In other
words, subjects may not have been able to as-
sess other attributes such as envelopment or ap-
parent source width, because not enough differ-
ences were present in the sound stimuli regard-
ing these attributes. Further, most of the sound
spaces under consideration had a positive DRR.
(this is due to the fact that the sound source
was located at 1.5 m away from the subject)
and for SRIRs with the highest DRR, the re-
verberant part may not have been loud enough
in comparison with the direct sound to high-
light differences in the perception of some at-
tributes. Various distances could be employed to
investigate whether high DRR impacted dissim-
ilarity ratings, i.e. whether there is a threshold
above which reverberation differences are masked
by the direct sound. Hence, further studies
should be performed using other sound sources
and sound spaces to confirm our results.

The limited number of perceptual dimensions
involved in this analysis is due to the fact
that only 12 sound spaces were investigated, as
pairwise comparisons are very time-consuming.
Other protocols such as free classification tasks
would have enabled to use a much larger amount
of sound stimuli and thus potentially uncover
other dimensions. However, the goal of the study
was rather to examine the influence of vision on

the perceived differences between sound spaces,
rather than to determine the perceptual dimen-
sions involved, and to this end pair-wise compar-
isons seemed a better option, as it is known to be
more accurate than free classification tasks [47].

5 Conclusion

The present work investigated the effect of vision
on the perception of sound spaces using pairwise
comparisons of sound stimuli under multiple vi-
sual conditions. Results showed that the visual
impression of a room did not affect the perceived
differences between sound spaces. This study
was performed using dissimilarity ratings with-
out presuming of the number and nature of the
perceptual dimensions involved: additional mul-
tidimensional scaling analysis revealed that two
dimensions - reverberance and clarity - were con-
sidered by subjects to distinguish between sound
spaces. Following the studies of Schutte [27] and
Postma [26], the present study therefore adds
new evidence for a lack of visual influence on
the auditory perception of space. Further ex-
periments must be undertaken to investigate the
influence of visual impression on room acous-
tic perception, particularly using more sound
sources and a greater diversity of sound spaces.
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Titre : Contrôle des impressions spatiales dans un environnement acoustique virtuel. 

Mots clés : Perception de l'espace sonore, Acoustique virtuelle, Réverbération, Binaural 

Résumé :  Les travaux présentés dans cette 
thèse participent à l'élaboration de nouveaux 
outils de conception d'un espace sonore pour la 
production de contenus immersifs. En 
particulier, ils visent à permettre le contrôle des 
impressions spatiales : la largeur apparente de 
source et l'enveloppement. Pour cela, plusieurs 
études ont été réalisées afin d'évaluer la 
perception de l'acoustique de salles selon une 
méthode de reproduction sonore communément 
employée dans ce contexte : un rendu binaural 
non-individualisé de scènes sonores encodées 
en ambisonique. Les contenus immersifs étant 
généralement composés d’un environnement 
visuel à 360° et d’une grande diversité de 
sources sonores, la première partie de cette 
thèse traite de l’influence de ces deux 
composantes sur la perception de l'acoustique 
d'une salle. La seconde partie aborde la 
paramétrisation de réponses impulsionnelles 
spatiales de salle (SRIRs) qui caractérisent le 
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trajet acoustique  entre la source sonore et 
l'auditeur. Nous avons cherché à optimiser  
les résolutions spatiales, fréquentielles et 
temporelles des SRIRs, permettant ainsi une 
réduction de la quantité de données et une 
meilleure appréhension du contrôle perceptif 
tout en conservant un rendu convenable de 
l'espace sonore. La dernière partie se 
concentre sur la modification de SRIRs pour le 
contrôle des impressions spatiales. Afin 
d'évaluer le contrôle de la largeur apparente de 
source, plusieurs transformations spatiales ont 
été appliquées aux signaux ambisoniques 
d'ordre 1 utilisés pour décrire les premières 
réflexions d'une SRIR. Une méthode de 
contrôle de la sensation d'enveloppement a été 
proposée en utilisant un réverbérateur artificiel 
qui permet la modification des amplitudes et 
pentes de décroissance de l'énergie sonore 
dans plusieurs bandes de fréquence et 
secteurs angulaires. 
 

 

 

 Title: Control of spatial impressions in virtual acoustic environments. 

 Keywords: Sound space perception, Virtual Acoustics, Reverberation, Binaural 

Abstract: The work presented in this thesis 
contributes to the development of new tools that 
facilitate the design of immersive sound spaces 
for the production of Virtual Reality contents. 
More specifically, we aimed to allow the control 
of spatial impressions : the apparent source 
width and the sensation of envelopment. To this 
end, several studies have been conducted to 
evaluate the perception of room acoustics using 
a non-individualized binaural rendering of 
ambisonic sound scenes, which is common in 
this context. Since immersive contents usually 
consist of a 360° visual environment and a wide 
variety of sound sources, the first part of this 
thesis focuses on the influence of these two 
components on the perception of room 
acoustics. The second part addresses the 
parameterization of Spatial Room Impulse 
Responses (SRIRs), which are transfer 
oklmolklm 

functions that describe the acoustic path 
between the sound source and the listener. 
The spatial, temporal and frequency 
resolutions of SRIRs were studied to seek a 
possible reduction in the amount of data and 
thus a better apprehension of the perceptual 
control, while maintaining spatial and timbral 
fidelity. The last part focuses on the 
modification of SRIRs for the control of spatial 
impressions. In order to evaluate the control of 
the apparent source width, several spatial 
transformations were applied to the first-order 
ambisonic signals used to describe the early 
reflections of SRIRs. For the control of the 
sensation of envelopment, a method was 
proposed using an artificial reverberator that 
allows the modification of the sound energy 
amplitudes and decay slopes in several 
frequency bands and angular sectors. 
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