
HAL Id: inria-00072294
https://inria.hal.science/inria-00072294v1

Submitted on 23 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

EPspectra: A Formal Approach to Developing DSP
Software Applications

Hahnsang Kim, Thierry Turletti, Amar Bouali

To cite this version:
Hahnsang Kim, Thierry Turletti, Amar Bouali. EPspectra: A Formal Approach to Developing DSP
Software Applications. [Research Report] RR-4293, INRIA. 2001. �inria-00072294�

https://inria.hal.science/inria-00072294v1
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
R

--
42

93
--

F
R

+
E

N
G

ap por t  
de  r ech er ch e 

THÈME 1

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

EPspectra: A Formal Approach to Developing
DSP Software Applications

Hahnsang Kim — Thierry Turletti — Amar Bouali

N° 4293

Octobre 2001





Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)

Téléphone : +33 4 92 38 77 77 — Télécopie : +33 4 92 38 77 65

���������
	��������� ���������������� �����	"!#����$%�'&��(�)���+*-,�.
$0/1� /2��34�657����8�����+�-*-	9�:��*)��,��

; <>=�?�@A<>?�BDCFEHG�I"J1=�ELKNM4MPOQJSR�MPTLKVU4UAEWIYX GD<>M[Z]\>R"<>THE

^'_a`-b2c2dfehg
iPjkcPlVmon�c)pSjkqojrps`-b2cPj
t"usvxwrc-p
tYyzlV{|`)psc

g(lx}a}6vNuWp(~oc�uscP��_|cPus��_ac�{>�����V�V��e��f�)pkvV�aukc��x�N�|d(e�dP�]}alV�VcPj

�����P�-���|�V�V�0� vx��pr�'lxuscflV}|}|usvNlN��_[pkv1~ocP�VcPy�vN}|��{a�2���z�V��pslxy � ���N{alxy t"usvo�)c4jkjk��{a�+¡L� � t�¢
lx}a}|y��£�-lxpk�zvV{aj
�auk�z{|�Nj�jWvNb]c���{�pkcPukc4jrps��{a�F�¤cPlxpkm|uscPjP¥�jkma��_¦lNj�§ac-n¨�z�|�zy���prqV¥�usc)©ªmajslx�|�zy���prq�vV�
ukc4jWvNm|us�-cPj�lV{a~«cPlNjWq�m|}o©
�NuslN~ocPj�vx�(lx}|}ay��£�-lxpk�zvV{ajP¬F(v��®c-�VcPuP¥���p¯uscP°�m|�zukc4j�y�vN{|�+pkc4jrp�j¯lV{a~±�VcPuk��²6�Pl�pk�zvV{±}|_6lVjkcPj�~|m|c1pkv�pk_|c
�z{a�-ukc4lVjk��{|�F�-vVb2}|yzc)no�³prq�vx�(jkvx��pr�'lxuscV¬�´µ{±ps_|�£j�usc-}>vVukpP¥��9c[}aukc4jWcP{Np�ps_|c�¶�·�¸P¹|ºa»6¼¾½À¿Ápkv¨vVyzÂ¨�³p4¥�lV{
¶f¸)¼¾º|½¾ºaÃ�©ª�alVjkcP~]~ocP�Vc-yzvV}ab]cP{�p��VcPuk��²6�-lxpk�zvV{]c-{¨�¨��usvV{ab]cP{�p"pslxus�Vc-pkc4~�psv�~oc-�Nc-yzvV}1� � t¦lx}a}|y��£�-lxpk�zvV{aj
vN{��Nc-{|cPuslVy�}|mauk}>vNjkc]�-vVb2}|mopsc-u�j-¬�Ä�c2�zy�yzmajWpku�l�pkc¯pk_ac2~|cPjs�)us��}ops��vN{��
��pk_±lx{Åc)n|lxb2}|yzc]vx�9� � tÆ��b]©
}ay�cPb]cP{�psl�ps��vN{ Ç"ps_|c�uslN~o�zv]�z{�pkcPuW�HlN�)c�}alVuWp
vx�"l[È �|É �alNjWc�jWpslxpk�zvV{ ¬ � ma��_Ê� � tËlx}|}|yz�£�-l�ps��vN{aj'_alA�Nc
�-vVb2}|yzc)n��-vV{�pkusvVy�©ª}al�ps_aj9jk�z{a�)c:ps_|c-q�_alA�Vc�pkv2vV�>c-q jrpsuk�£�Ìp(js��_|cP~|m|y��z{|�2usm|y�c4j-¬
^'_|cF}am|uk}>vNjkc+vx�fpk_|cÊ¶f¸)¼¾º|½¾º|Ã±�¤vVusb2lVy
b2c)pk_av¨~Á�£j]pkv«c4lVjkc�ps_|cF}|usvV�NuslVb]b2�z{|��vV�f�-vVb2}|yzc)n

�-vV{�pkusvVy�©ª}al�ps_aj�lV{a~[ps_|cf�Vc-us��²6�-lxpk�zvV{[vV��jsl��¤c)prq1}aukvN}6cPuWps��c4j�vV� pk_|c4jWc��-vV{�pkusvVy�©Í}6l�pk_6j-¬�´µ{�ps_|�zj'usc-}>vVukpP¥
�®c2jW_|v���_av��Î�9c]�VcPuk���¤qÊjkc-�VcPuslVy��-uk��pk�£�-lVy"jklx�¤c)prqF}|usvV}>c-ukpk�zcPj�vx�Yps_|c2uslN~o�zv��z{�pkc-uk�HlV�-c�vV�9vVmau�È �aÉ
m6jW�z{|�2pk_ac�¶�¸-¼Àºa½¾º|Ã2�VcPuk��²6�Pl�pk�zvV{ c-{¨�¨�zukvN{|b2c-{�pP¬ � ��{a�-c:pk_|c�b]vo~ocPy majkcP~��¤vVu(pk_|c�c-n¨c4�)mop�lx�|yzc��)vo~oc
�Nc-{|cPuslxpk�zvV{Ïlx{a~Á�¤vNu1pk_acF�¤vVusb1lxy(�Nc-us�³²6�Pl�ps��vN{Á�£j1ps_|c�jslxb2cV¥®ps_|c�¶S·f¸-¹aºa»6¼À½À¿Æpsv¨vVyzÂ���p�lN��_|��cP�Vc4j
ps_|c+�Hlx��pk_|�¤m|yS�Nc-us�³²6�Pl�ps��vN{Dvx�fpk_ac+pslxus�Vc-pkc4~ÐlV}|}|yz�z�Pl�pk�zvV{�¬ÏÑ®qÐmajW�z{|�¦¶S·f¸-¹aºa»6¼À½À¿Y¥®�®c+vV�op�lx�z{Ál
_a���N_|c-u'�)vN{o²6~ocP{a�)c���{�pk_|cf²a{alVy6�zb2}|yzc-b2c-{�pslxpk�zvV{ jW�z{a�)c�pku�lV~|�³ps��vN{alxy>�VcPuk��²6�-lxpk�zvV{2pscP��_|{|�£°�m|cPj®�alNjWc4~
vN{«jW�zb�m|y£l�ps��vN{ÅlV{a~Åpkc4jrps��{a�Ê�-lx{±vN{|y�q�}alxukpk�£lxyzyzqÊ�VcPuk���¤qFpk_ac[}|usvV�Vu�lxb+¬ É vNukcPv��VcPuP¥Àps_|c�¶S·f¸-¹aºa»aÒ
¼¾½À¿Álx}|}aukv�lV��_F_alNj�jW_|v��
{Êpk_|c[~ou�lVjWpk�£�¯ukc4~oma�Ìps��vN{�vV�9�VcPuk��²6�Pl�pk�zvV{ÀÓ4pkc4jrps��{a�1pk�zb2c]�
_a��yzc2ukc4°Nma��us��{a�
usc-y£l�ps���Nc-yzq2�¤c-�Æc)no}>c-ukpk�£jWc:�z{��¤vNukb1lVy¾yzlV{|�VmalV�Vc��Vc-us��²6�-lxpk�zvV{ b]c-pk_|vo~|jP¬
ÔFÕ�ÖÀ×sØ�Ù ��Ú��V� jkq¨{a��_|usvV{|vNmaj®yzlV{|�VmalV�VcN¥o¶f¸)¼¾º|½¾ºaÃ|¥o�¤vNukb1lVy¾b]c-pk_|vo~|jP¥o�¤vNukb1lxy¾�Nc-us�³²>�-l�ps��vN{ ¥ojWvV��pW©
�'lxusc:jklx�¤c)prqV¥ }|usvV�NuslVbÛ�-vVusukc4�Ìps{|cPjsj-¥o� � tÏlx}|}ay��£�-lxpk�zvV{ajP¥aÈ �|É �alVjkc�jrp�l�ps��vN{



�Q�������
	Y�������� ,��0����� ��1	�!��0��������(�P�)��� $��'&��(�-�������

� �
� �����+�-*-	9�:��*)��,�� �)��.¯*)	'*)�(�-�-� � � $0/1�

��� �
	�� � �� pk�zy��£jWcPu
m|{|c:lx}|}aukvo��_|cfy�vN�V�£�)�zc-yzy�c�}6vNm|u
~oi-�Nc-yzvV}|}>c-u
~oc4j'lx}|}|yz�£�-l�ps��vN{aj'~oc�pku�lx��pkc-b2cP{Np
~|mQjW�z�V{alVySlx}a}6vNuWpscÊ~ocF{|vVb¯�|usc-monÏlA�AlV{�pslx�NcPjP¥9�-vVb2b2cÊyzl±}>vNjsjk���|�zyz�³psi�~ocÊ~oiP�Vc-yzvV}a}6cPu�~ocPj�lxyz�VvV©
us��pk_|b2cPj®}|yzmaj®§ac-no���|yzcPjP¥oc)p(~oc:yzcPj'b2c)pkpkusc��SwrvNm|u'}|yzmaj®�HlV�-��yzc-b2c-{�p4¬��9c-}>c-{a~|lV{�pP¥oy£l�b2�£jWc:c-{���m|�¨usc
~|c¯�)c4jfy�vN�V�£�)�zc-y£j({|i4�)cPjsjk�³psc¯~oc]y�vN{|�VmacPj�}|_alVjkcPjf~oc¯�Vi-us��²6�-lxpk�zvV{Ê~omÅ�)vo~oc]c)p�~oc�pscPjWpsjfc-{�uslV�zjkvV{Ê~oc
y£l��-vVb2}|yzc)no��pki�lN�-�-ukm|c�~om¦yzvV�V�£�)�zc-yÍ¬��flx{6j]�-c�u�lx}|}>vVukpP¥�{|vNmaj¯}|uki4jWcP{�pkvV{6j��|us��`P�VcPb]cP{�p�yzlÊpkv¨vVyzÂ¨�³p
¶�·�¸P¹|ºa»6¼¾½À¿"¥>m|{Fc-{¨�¨��usvV{a{|c-b2c-{�pSyzvV�N�z�-��cPy �alNjWi�jkm|u�y�c¯yzlV{|�NlV�Vc:�¤vVusb2c-y�¶�¸-¼Àºa½¾º|Ã1}>vVm|uf~oi-�Nc-yzvV}o©
}>c-u�~ocPj�lx}|}|yz�£�-l�ps��vN{aj
� � tYjSjkm|uS~|cPjSjWpslxpk�zvV{ajSt�� �)y£lVjsjW�£°�m|cPjP¬��(vNmaj
�zy�yzmajWpkusvV{ajS�)c)pkpkc�~|cPjs�)us��}ops��vN{
lA�NcP�
�-vVb2b2cSc)nocPb]}ay�cf~�� lV}|}|yz�z�Pl�ps��vN{ ¥¨yzl�}6lxukpk�zc����¾¼¾º|½��s¿ »>ºÊ½À¿����! �~�� m|{|cfjrp�l�pk�zvV{�~ocS�alNjWcfÈ �|É ¬
�9cfprq¨}>c�~�� lV}|}|yz�z�Pl�ps��vN{ ~ovN�³p(vN�6iP��u"�2~oc4j'uk`P�VyzcPj
~�� vVu�~ovN{|{alx{6�)c-b2cP{Np
jWpkus�z�)pkcPjP¬

#�� �z{�pki-u%$)p"~oc'y&� mops��yz�£jklxpk�zvV{¯~|m¯y£lx{|��lx�NcY�¤vVusb2c-y|¶�¸-¼¾º|½¾º|Ã�cPjWpY~oc9�HlV�)�zyz�³psc-u�yzl�b2�zjkc'c-{'��m|�¨ukc®c)p�yzl
�Ni-us�³²>�-l�ps��vN{1~�� lVy��NvVus�³ps_|b2cPj9~oc��-vV{�pku%(VyzcS�)vNb2}|y�c-nocPjP¬��flx{aj®�)c�uslV}|}>vVukpP¥�{|vVmaj�b2vV{�pkusvV{aj9�)vNb]b2cP{Np
�N`-us�³²6c-u]m|{Ïc-{ajkc-b¯�|y�c+~oc+}|usvV}|us�zi)pki4j2~oc ²6lx�|�zyz�³psi+°�m|�(jkvV{�p1�)us�³ps�z°�m|c4j2}6vNm|u2y)� lx}a}|y��£�-lxpk�zvV{ÏÈ �|É ¬
#�cPj2pscP��_|{a�z°�m|c4j�~ocÊ�Ni-us�³²>�-l�ps��vN{DpsuslN~o��pk�zvV{|{|cPy�yzcPj[�alVjki-c4j[jWmau�y£l«jW�zb�m|y£l�ps��vN{Q~omQ�)vo~oc�c)p�yzcFpkc4jrp
{acF}6cPukb2c)pkpkcP{Np °Nm�� m|{acF�Vi-us��²6�-lxpk�zvV{Á}alxukpk�zc-yzy�cF~omQ�-vo~ocV¬*#�� cP{¨���zusvV{|{|cPb2c-{�p[~ocÊ~oi-�Nc-yzvV}|}>c-b2cP{Np
¶�·�¸P¹|ºa»6¼¾½À¿�}>c-usb]c-p ma{|c��Ni-us�³²6�Pl�ps��vN{Ëy�vN�V�£�)�zc-yzy�c�}|y�m6j��-vVb2}|yz`)pkcÅ}alVus�-c�°�m+� �zy:mopk�zyz�zjkc�yzc�b,$Pb]c
b2vo~o`Py�c®�¤vVusb2c-yo}>vVm|u"�Ni-{|iPukcPu�y�c(�-v¨~|c®c-noiP�)m|pslx�ay�c'c)pY}>vVmau"�Vi-us��²ac-u�yzcPj�}|usvV}|us�zi)pki4j�~oc
y)� lx}a}|y��£�-lxpk�zvV{ ¬
�Svxpsukc'lx}|}aukvo��_|c®}6cPukb2c-p�lx�z{ajW�o~oc
usiP~|m|��usc®y�c4j�pkc-b2}aj"~|c®�Ni-us�³²>�-l�ps��vN{�c-p"~|c'pkcPjWpY~oc
~oi-�Nc-yzvV}|}>c-b2cP{Np
~|mfyzvV�N�z�-��cPy�pkvNmop�cP{f{acY{|iP�-cPjsjW��pslV{�p¾°�m|c�ukcPyzlxpk�z�Vc-b2cP{Np¾}>c-m�~�� c)no}>c-ukpk�£jWc"cP{:b]i-pk_|vo~oc4j�~oc"�Ni-us�³²>�-l�ps��vN{
�¤vNukb2cPy�yzcPjP¬
- Ù �4� × �/. � �Q� yzlV{|�NlV�VcFjkq�{6��_|ukvN{|cV¥
¶�¸-¼¾º|½¾º|Ãa¥
b2i)pk_av¨~|cPj2�¤vNukb2c-yzyzcPjP¥®�Ni-us�³²>�-l�ps��vN{D�¤vNukb2cPy�yzcV¥
0 }|}|yz�z�Pl�ps��vN{aj
� � t�¥ � pslxpk�zvV{+~oc��alNjWc�~oc�È �|É ¬



���������
	����� �

� � ,����� ��� 	���*)�¯,

´ªp'�£j'�9cPy�yÀÂ¨{|v��
{1ps_al�p'pk_acf{¨m|b¯�6cPu'vx� psuslV{ajW�£jWpkvVu�jY}>c-u
�z{�pkcP�Vu�l�pkc4~[�)�zu��)m|��p®usvVma�V_|yzq1~ovVm|�ay�c4j9cP�VcPukq
d���b2vV{�ps_aj9lN�-�-vVu�~o��{a��pkv É v¨vVusc/� j�y£lA���4¬Y^'_|�£j®yzlA�Ë_6lVj9�6cPc-{�b1lV��{�pslV��{acP~�lV{a~�jWpk�zyzy>_avVy£~|jYpsukmac��¨q
b1lVukÂNc)p��HlV�ÌpsvVu�j-¬ �9vV{ajkcP°�m|cP{�pkyzqV¥x}|usvV�NuslVb2b]�z{|��c-{¨�¨��usvV{|b2cP{Np�j��¤vVuY� � t«lx}|}ay��£�-lxpk�zvV{aj�lxusc'{|v:b2vVusc
uscP°�m|�zuscP~]pkv�ukcPy�q]vV{�jk}>cP�)�£lxyz�£jWc4~1� � tD_alxu�~o�'lxusc
lVj�pk_|c�}6cPuW�¤vNukb1lx{6�)c
vx� �Nc-{|cPuslVy³©ª}|m|us}>vNjkc®}aukvo�)c4jr©
jkvVu
lV{a~�}>c-us�z}|_|c-u�lxy¾c4°�m|��}ab]cP{�p'�z{a�-ukc4lVjkcflVy�vN{|�¯�
��pk_ ps_|c�_|�z�V_o©Ípkc4��_ �-m|uk�NcPjP¬�´ªp({6l�pkmauslVy�yzq[~oc-us�z�VcPj
ps_|c�jk_|�³��p�vx��_alxu�~o�'lxusc)©ªvV}>c-u�l�pk�zvV{2�¤ma{a�Ìps��vN{aj(�z{�pkv[jkvx��pr�'lxuscV¬ 0 jkvx��pr�'lxuscflV}|}|usvNlV��_�pkv[~ocP�VcPy�vN}|��{a�
� � tÏlx}a}|y��£�-lxpk�zvV{aj®lxyzyzv��(jYps_|cf�¤vVyzy�v��
�z{|�2lV~o��lx{�p�lx�Vc4j-Ç�ukc-©Ím6jklV�|��yz��prq1vx��c-n¨�£jWpk�z{|�¯_6lxu�~o�®lVukcN¥Nc4lVjkc�vV�
ma}|�Vu�lV~oc4j-¥ab]vNukc:§6c)no���ay�c�lV}|}|yz�z�Pl�ps��vN{aj-¥6c)p��x¬S��{+pk_|c�vxpk_ac-uS_6lx{a~¾¥6�³pfb1lxÂVc4j'pk_ac���b2}|yzc-b2cP{Np�l�ps��vN{
vV�>jkvx��pr�'lxusc®lV}|}|yz�z�Pl�ps��vN{aj�b2vVusc'�-vVb2}|yzc)n�v��
�z{|��pkv�uscP°�m|�zuk�z{|�fb�m|y�pk��©µ~o�zjs�)�z}|yz��{6lxusq�Â¨{|v��
y�c4~o�VcN¥xjWm6��_
lNj'jWvV��pr�®lVukc:lxu���_|��pkcP�)pkm|uscV¥ojk���N{alxy¾}aukvo�)c4jkjk�z{|�a¥¨uscPlxy�©Ípk�zb]c:js��_|cP~omay��z{|�a¥o{ac)pr�®vVusÂ��z{|�¯}|ukvVpkvo�)vNyzjP¥¨��lxyz�³©
~al�pk�zvV{�¥�c-ps�V¬��|m|ukpk_|cPukb2vNukcN¥N��p
ukc4°Nma��uscPj®lx{ lx}|}|usvV}auk�£l�psc�~ocP�Vc-yzvV}ab]cP{�p9c-{¨�¨�zukvN{|b2c-{�p'lN�-�-cPjsjW�z�|yzc(pkv
}aukvN�Vu�lxb2b2c-u�j-¬
g
c4�)cP{Npsy�qN¥��®c2_alA�Vc1~ocP�VcPy�vN}6c4~�lV{Åc-n¨pkc-{6jW�zvV{Åvx�®pk_|c ·�¸P¹|ºa»6¼¾½À¿Á~|c-�VcPy�vN}|b2c-{�p�c-{¨�¨��usvV{ab]cP{�p

�
_a�z��_]_alVj��>c-cP{1~oc-�Nc-yzvV}>cP~¯��q�pk_|c � }6c4�Ìpkusm|b�ÄÅlVukc'}|usvxwrc4�Ìp��'lxp É ´r^:¬N·�¸P¹|ºa»6¼¾½À¿�� Ñ®vNjs�V�¨¥ �YlVjs�V�"!
�'lVj�~ocPjk���N{|cP~ÁpsvD�zb2}|y�cPb2c-{�p jkvx��pr�'lxusc+uslN~o��v¦lV}|}|yz�z�Pl�ps��vN{aj[vN{Ë�Vc-{ac-u�lxy�©Í}|mauk}>vNjkc+�9vNukÂojWpsl�ps��vN{ajP¬
^'_ac�¶�¸-¼Àºa½¾º|Ã2c)n¨psc-{ajk��vN{�vV�"·f¸-¹aºa»6¼À½À¿Y¥>¶S·f¸-¹aºa»6¼À½À¿#� S^
�|d�!��£j(l2�)vVb2}>vV{|cP{�pW©ª�alVjkcP~ ~oc-�Nc-yzvV}o©
b2cP{Npf�VcPuk��²6�-lxpk�zvV{+c-{¨�¨�zukvN{|b2c-{�pS�
_|�£��_F��{�psc-�Vu�l�pscPj�~oc-�|ma�V�V�z{|�[lV{a~F�VcPuk��²6�Pl�pk�zvV{+}|_6lVjkcPj(�
��pk_a��{�l
�-vVb2}>vV{|cP{Npk©Í�6lVjkcP~±lxu���_|��pkcP�)pkm|uscV¬�´ªp¯b1lxÂNcPj���p¯}>vNjsjk���|yzc[psvÊ�HlN�)�zy���pslxpkc1ps_|c ~|c-�VcPy�vN}|b2c-{�p�vV�S� � t
jkvx��pr�'lxusc:lx}|}|yz�£�-l�ps��vN{aj'lx{a~ �Nc-us�³�¤q2ps_|c-�zuS�)vNukuscP�)pk{|c4jkjP¬
´µ{Ïps_|�zj�ukcP}6vNuWp4¥'�9cÊ}aukc4jWcP{Np�¶�·�¸P¹|ºa»6¼¾½À¿"¥
l¦~ocP�Vc-yzvV}ab]cP{�p[�Vc-us��²6�-lxpk�zvV{Ác-{¨�¨��usvV{|b2cP{Np1ps_al�p

lVy�yzv��(j®pk_ac���b2}|yzc-b2cP{Np�l�ps��vN{ vV�Y� � t�jWvV��pr�®lVukc:lx}|}ay��£�-lxpk�zvV{aj(lV{a~�pk_|c��Vc-us��²6�-lxpk�zvV{+vx��pk_|cP��ufjklx�¤c)prq
}aukvN}6cPuWps��c4j-¬ 0 j�lx{�c-nolVb2}|y�c®vx�6¶�·�¸P¹|ºa»6¼¾½À¿�lV}|}|yz�z�Pl�pk�zvV{6j-¥A�®c9~oc4jk�-uk�z�6c®lfÈ �aÉ Ñ'lVjkc�^�uslV{ajk�-c-�z�VcPu
� psl�ps��vN{Å¡LÑ'^ � ¢$� É�É �V�"!ª¬"´µ{ }alxukpk�£�)m|y£lxu4¥¨�9cf�¤vo�)m6j'vV{�pk_|c�u�lV~o�zv]��{�pkcPuW�HlN�)cf}alxukp
vx�"È �|É ¬>��{�pkvN}
vV� pk_6l�pP¥¨�®cf~|cPjs�)us���>c�jsl��¤c-prq]}aukvN}6cPuWps��c4j�vV� pk_|cf�zb]}ay�cPb]cP{�psl�ps��vN{��z{�lN�-�)vNus~alx{a�-c(�
�³ps_[ps_|cf�-vV{a�-c-}op
vV�6psc-b2}>vVu�lxy|yzvV�N�z�9�¤vVuYpk_|c(�Nc-us�³²>�-l�ps��vN{�}|_6lVjkcPj"vV�¾¶�·�¸P¹|ºa»6¼¾½À¿"¥NlV{a~2~o�zjs�)m6jkj�ps_|c(uscPjkm|y�psj�vV�|pslx�z{|c4~
�¤usvVb pk_|c��Nc-us�³²6�Pl�ps��vN{�vx�"jsl��¤c)prq1}aukvN}6cPuWps��c4j-¬
^'_|c9�¤vVusb1lxy�yzlV{|�Vm6lx�Vc®¶�¸-¼Àºa½¾º|Ã%� Ñ®c-u��V�"!¨�£j�l�jWq¨{a��_aukvN{|vVmaj�}|usvV�Vu�lxb2b2�z{|�
yzlV{|�Vm6lx�Vc9~ocP~o�£�-lxpkc4~

psv±ukc4lV�Ìps���Nc jkqojrpsc-b1jP¬Ë¶f¸)¼¾º|½¾ºaÃÅ}|ukvN�Vu�lxb1j¯}6cPuW�¤vNukb lV{Ð�z{|}|m|pW©µ~ouk�z�VcP{Á�-vVb2}|mop�l�ps��vN{ Ç+�®lV�³p]�¤vVu
�z{|}|m|psj2lx{a~D�)vVb2}|m|pkc+�)vVususcPjk}6vN{a~o�z{|�FvVmops}|mop�j¯�z{Ðl��)qo�)yz�£�[b1lx{|{ac-u4¥"ukc-�¤c-usukc4~±pkvÅlVj]lÊuscPlV�)pk�zvV{ ¬
¶f¸)¼¾º|½¾ºaÃ«}|usv��¨�z~oc4j2}6v��®c-uk�¤m|yf�)vV{6jrpsukma�)psjPÇ�jkcP°�m|cP{a�)�z{|�a¥'}alVuslVy�yzc-yz�£jWb+¥'}|usc-c-b2}ops��vN{ ¥
c)p��x¬z¥
�
_|�£��_
lVukc1jkm|��pkcP~��¤vNu�}|usvV�Vu�lxb2b2�z{|��jkvx��pr�'lxusc1lx{a~�_alxu�~o�'lxusc]�-vV{�pkusvVyzyzc-u�j��
_ac-usc2pk_|c[�-vV{�pkusvVy�©Í_6lx{a~oyz�z{|�
}6lxukpsj�lVukc
}aukc4~ovVb2�z{alx{�pP¬�ÄÅcS}|uscPjkc-{�pYps_|cf¶f¸)¼¾º|½¾º|Ã�b2c)ps_|vo~ovVyzvV�Nq¯�
_|�£��_1}|usv��¨�z~oc4jYjk}6c4�)��²6�-lxpk�zvV{ ¥
jk�zb�m|y£l�ps��vN{ ¥|lxmopsvVb1l�ps�z�:�-v¨~|cf�Nc-{|cPuslxpk�zvV{ ¥olV{a~ �Vc-us��²6�-lxpk�zvV{ ¬
^�c-b2}>vVu�lxy"yzvV�V�£�&�(' 0 �N��!�jkm|}|}>vVukpsjfps_|c1jW}>cP�-�³²>�-l�ps��vN{�vV��psc-b2}6vNuslVy"�6cP_alA�¨��vNusjflx{6~�}|usvV}>c-ukpk�zcPj

uscP°�m|�zuscP~��¤vVu(uscPlN�Ìps���Nc�jWqojWpkc-b1jP¬9´ªpflxyzy�v��(j
vN{|c:�¤vVu(pk_|c��¤vVusb2lVy��£jsl�pk�zvV{ �
��pk_ÊuscPjk}6c4�Ìp
psv1pk_|c¯jW}>cP�-�³©
²>�-l�ps��vN{Fvx�Y}|usvV}>c-ukpk�zcPj(ukc4°Nma��uscP~ �¤vNu(pk_ac�}|usv¨vx�"vx��pk_ac¯�)vNukuscP�)pk{|c4jkjP¬
´µ{+pk_a�zj�ukcP}6vNuWp4¥6�®c�jk_|v��Æpk_|c
¶f¸)¼¾º|½¾ºaÃ¯pku�lx{ajkyzlxpk�zvV{aj®vV��jsl��¤c-prq[}|usvV}>c-ukpk�zcPj9pk_alxpS�-lV{��>c�c)no}|uscPjsjWc4~��z{ pkcPb]}>vVu�lxyÀyzvV�N�z�V¬

)�*,+-+/.10�0�243 565�78787�9 :(;�0�+-<=9 >@?6AB5�CD+-EF+@G
CD>�.H5�EF:(<(:(>-?6;H5�AI?�?6CD+@E�<JG@7�9 .10FA
K *,+-+/.10�0�243 565�78787�9 EFL"E@9 <(>@E@9 AI: 0�9 +-L"MN56*,2H+@>O0�C�M�AQPRG
C�+�5

STS ;NUWV1X6Y6Z



� ���������	���
 ���F������������ ��
��
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vN{1b2v¨~|c-y�©ª��_|c4��Â¨��{|���¤vVu����z{|��pkc � pslxpkc É lV��_|�z{|c�¡�� �aÉ ¢Yb2vo~ocPy>lV{a~ � c4�Ìpk�zvV{1�]~ocPjs�)us�z�6c4j9¶�¸-¼¾º|½¾º|Ã
psuslV{ajkyzlxpk�zvV{aj'vV��ps_|c��)vNukuscPjk}>vV{a~o�z{|�1jsl��¤c)prq�}|usvV}>c-ukpk�zcPjP¬ É vVusc-v��Nc-u4¥¨pk_|c��-vVb¯�|��{6l�pk�zvV{+vV���>vxps_+pk_|c
psuslV{ajkyzlxpk�zvV{ vx�"}|usvV}>c-ukpk�zcPj(lV{a~ pk_|c���b2}|yzc-b2c-{�p�l�pk�zvV{FvV�"}|ukvN�Vu�lxb1j'�£jSjk_|v��
{ ¬ � cP�)pk�zvV{��1lV{alxyzqojWc4j
ps_|c�}>c-uk�¤vVusb2lV{a�)c:uscPjkm|y�psj'vx��pk_ac��VcPuk��²6�-lxpk�zvV{�}|ukvo�-cPjsj
lx{a~+~o�£jk�-majsjWc4j
lV~o��lx{�p�lx�Vc4j'lx{a~+~o���[�)m|y�pk�zcPj
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0 }|}alxusc-{�psy�qN¥Nlxyzy|b2vo~om|yzcPj�ukm|{2�z{1}alxu�lxyzyzc-yÍ¥x�|mop�ma{|y�c4jkj��-lxusc)�¤may�yzq�}|usvV�NuslVb2b]�z{|�6¥Apk_|c(}aukvo�)c4jkj�vV�
l[b]vo~omay�c¯b2lAq �|yzvo��Â�ps_|c�}aukvo�)c4jkj(vx�"pk_ac�vxps_|c-u�j
�¤usvVb�usm|{|{|�z{|��jk�zb�m|y�pslV{|c-vNmajWyzq+~om|c�psv[b2�zjsjk��{|�
jk�z�V{alVyzj9pk_6l�pSjk_|vVm|y£~��6c�uscP�-c-�z�VcP~ ¬

#�c)p�m6j�jkc-c ���z�Vm|usc¯�a¬S^'_|c¯}6cPuW�¤vNukb1lx{6�)c�vx�Y}6lxu�lxyzy�cPy��£jWb��-lV{F�6c¯c-{|_6lx{a�-cP~ÊlNj
pk_ac�}|usvo�)cPjsj(vV�
lV{��z{ajk�z~|c]b2vo~om|yzc2�zj�jWyz�z�-cP~���{�psv�pr�®v }|��c4�)c4j1¡¤�Í¬ cN¬¯ps_|c1cPjWpk�zb1l�ps��{|�+b2c)ps_|vo~�lV{a~�pk_|c1�-vVb2}|mops��{|�

Y[ZQS:Y�\



���������
	����� �

b2c-pk_|vo~a¢�usm|{|{|�z{|���z{2}alxu�lxyzy�cPy|lV�P�)vVu�~o�z{|��pkv:pk_ac
b]vo~omay�c � j��¤ma{a�Ìps��vN{alxyz�³prqN¬�´ªp9ukc4°Nma��uscPj�pk_acS�-lVmopk�zvVmaj
jkq¨{a��_|usvV{|�£jsl�pk�zvV{��6c-pr�9cPc-{ pk_|c�}a��c4�)cPj'vV��}|usvo�)c4jkj'vV��vV{acfb2vo~om|yzc�lx{6~�ps_|c�vxps_|c-u�jP¬

await Ack_from_Down;
run Estimate_Data;

emit cancel;
await S_Compute_from_Up;
run Compute_Data;

emit E_Compute_to_Down;

run Rendez_Vous;

...
end loop
emit Ack_to_Up;

end loop end loop
emit Ack_to_Up;
end loop

...
emit E_Compute_to_Down;

run Rendez_Vous;

run Compute_Data;
await S_Compute_from_Up;
emit cancel;

run Estimate_Data;
await Ack_from_Down;
...

loop
emit take;

...
loop
emit take;
...

loop
...module P_MOD :

...loop
...
module P_MOD :

[ Channel Coding ][ Speech Coding ]

*

���z�Vmaukc��|Ç � ���N{alxy¾}alNjkjk�z{|�]~|�zlV�Vu�lxb �>c)pr�®c-c-{ pr�®v]lN~AwWlV�-c-{�p
b2v¨~|m|y�c4j

^'_|c 
 0 ��Â��'�¤usvVb��(�Sv��
{���jk�z�V{alVy(vx�:pk_ac�jW}>c-c4��_Ë�)vo~o�z{|�«b2v¨~|m|y�c��zj�jWq¨{a��_|usvV{a�zjkcP~D�
�³ps_Ëpk_|c

 0 ��Â��'pkv��  }+�¨jW�z�V{6lxy>c-b2�³pkpkc4~��¨q2pk_ac:��_6lx{|{|cPy>�-vo~o��{a�¯b2vo~om|yzcV¬ 0 j®jkv¨vV{ lVj 
 0 ��Â��'�¤usvVb��(�Sv��
{��
�£j1uscP�-c-�z�VcP~ ¥9ps_|cÊc4jrps��b1l�ps��{a�¦b2c)pk_av¨~Ï�£j1}>c-uk�¤vVusb2cP~ÏvV{Áps_|c�jk}6cPcP��_Q�)vo~o�z{|�«b2vo~om|yzcD¡¤�Í¬ cV¬�ukma{
U�jrps��b1l�psc��(�fl�p�lN¢Ì¬ ^'_|c 
 � � �9vNb]}amopkc��'©L�¤usvVb��  }��9jk���N{alxy�vx��pk_acÅ��_alV{|{|cPy��)vo~o�z{|�Ðb]vo~omay�c��zj
jkq¨{a��_|usvV{|�£jkcP~±�
��pk_ 
 U�� �9vNb]}amopkc��'pkv��(��v��
{+��jW�z�V{6lxy®c-b2�³pkpkc4~D�¨qÅpk_|cFjk}6cPcP��_D�-vo~o��{a��b2vo~om|yzcV¬
^'_a�zj9jWq¨{a��_|usvV{a�zjsl�ps��vN{�yzcPlV~aj"pkv�}6cPuW�¤vNukb pk_|cS�-vVb2}|mops��{a��b2c)pk_av¨~[vV{]pk_|cf��_alx{a{|c-ya�-vo~o��{a��b2v¨~|m|y�c
¡H�L¬ cV¬�ukm|{ �9vNb]}amopkc��(��lxpslN¢)¬Y(v��®c-�Nc-u4¥ U�jrps��b1l�psc��(�fl�p�l1lx{a~ �9vVb2}|m|pkc��(�fl�p�l]b]vo~omay�c4j(�)vN{Np�lx�z{
� 	
	�� jWpslxpkcPb]cP{�psjf��{6�)yzma~o�z{|�F�)vV{6jWm|b2�z{|� ���D	�,���1lV{a~ÊqNc)p:pk_|c2{¨m|b¯�6cPu�vx�®�-vV{ajkm|b2cP~Êpk�£��Âoj:�
��yzy"�6c
~|c)pkcPukb2�z{|cP~Ðl�p¯pk_|c ukma{¦pk�zb2c�c-nocP�)m|pk�zvV{ ¬±´ªp2b2lAq«�Plxmajkc[ps_|c ��_6lx{|{|cPy®�-vo~o��{a��b2vo~om|yzc�psv�b2�£jkj
ps_|cFjW�z�V{6lxy'�)vVb2�z{|���¤ukvNb0pk_|cFjk}6cPcP��_Ð�-vo~o��{a��b2vo~om|yzcF�)vVususcPjk}6vN{a~o�z{|�FpkvÅps_|c��4©ª�V�z�Vc-{¦lVukusv�� �z{
���z�Vm|usc+�|¬Ð¶f¸)¼¾º|½¾º|ÃÅ�£j2l±jWq¨{a��_|usvV{avVmaj�yzlV{|�VmalV�Vc��|mop2pk_|cPukc+�£j¯pk_|cF�-lNjWc�pk_6l�p2pk_|c+{¨m|b¯�6cPu]vV�
ps�z��Âoj]�>c-�z{|�«�)vV{6jWm|b2c4~¦�£j]jk_alN~ocP~D��{Á�¨��cP� vx�Spk_|c+}|usvV�NuslVb]b2cPusjP¬«^'_|c-usc)�¤vNukcN¥YvV{Ð}|m|us}6v�jWcN¥Y�9c
}amop]l ����� 
 �D	 � � 
���jkq¨{a��_|usvV{|�£jW�z{|�Fb2cP��_6lx{|�£jWb0�-lVy�yzcP~��B� ��� ������� ��� �Ì¬ 0 j���p]lV}|}6c4lxu�j��z{ �����Nm|usc��|¥
ps_|c�
 pslxÂNc/�ojk���N{alxy¾��lxyz�£~|l�pscPj��B� ��� � ����� ��� �Yvx��pk_|c�jk}6cPcP��_+�)vo~o�z{|�2b2v¨~|m|y�c�lV{a~�pk_|cP{!��� ��� ������� ��� �
jkmajk}6cP{a~|j®ps_|c�jWma�P�)c4jkjk���NcS}|usvo�)c4jkj®vx��pk_|c�jk}6cPcP��_+�)vo~o�z{|�]b]vo~omay�cN¥|�
_|�£��_�yzcPlV~aj®pkv2~oc-y£lAq[c-b2��pWps��{|�
ps_|c 
 U�� �9vVb2}|m|pkc��'psv��(��v��
{+�|jk���N{alxy vV��ps_|c�jk}6cPcP��_Ê�-v¨~|��{|�1b2vo~om|yzcV¬ 0 ��psc-us�®lVus~aj-¥|vN{+ukc4�)c-�z�¨��{a�
ps_|c 
 �Plx{a�-c-y&� jW�z�V{6lxy��¤ukvNb pk_ac2��_6lx{|{|cPyY�)vo~o�z{|�+b2v¨~|m|y�cN¥"�B� ��� � ����� ��� �(Â¨��yzyzjfps_|�£j�jWmajk}>c-{a~o�z{|�6¬]´ªp
lVy�yzv��(j®vV{|cfpsv[jWq¨{a��_|usvV{a�zjkc(ps_|c#�4©ªb1lxusÂVcP~�lxusukv���¬
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��yzy cP�Vc-{�psmalxyzy�q1�>c��)vN{ajkm|b2cP~ vV{�pk_|c�jk�z{|Âoj-¬
g(�ÐÄË_|c-{D��{|}amop¯jk���N{alxy£j�vV{«cP�VcPukqÊb2vo~om|yzc�lVukc1uscP�-c-�z�VcP~ ¥�ps_|c��)vNukuscPjk}>vV{a~o�z{|�+vVm|pk}|mop]jW�z�V{alVyzj
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��pk_a��{Fl�� ������� � ��pk�zb2cV¬
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�
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b2vo~ocPy³©µ��_|cP��Â¨�z{|�a¬
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await AckfromDwn
pause;
emit MarktoDwn

pause;

await AckfromUp&Dwn
pause;
emit MarktoDwn
...
await CompfromUp
pause;
emit ComptoDwn
emit AcktoUp

await AckfromUp&Dwn
pause;
emit MarktoDwn
...
await CompfromUp
pause;
emit ComptoDwn
emit AcktoUp

await AckfromUp&Dwn
pause;
emit MarktoDwn
...
await CompfromUp
pause;
emit ComptoDwn
emit AcktoUp

emit ComptoDwn
...

...

await AckfromUp
...
pause;
...
await CompfromUp
...
pause;
...
emit AcktoUp

Source Speech Coding Channel Coding Modulation Sink
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