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A Design Approach for Real-Time Embedded Systems with Energy and
Code Size Constraints

Abstract
Real-time embedded systems often have multiple resource constraints such as energy and code size
constraints. Traditionally, techniques for reducing energy consumption for real-time embedded systems have
been developed without considering code size constraints, whereas code size reduction techniques have been
developed without considering energy constraints. There, however, is a tradeoff relationship between reducing
dynamic energy consumption and reducing code size for real-time embedded systems. Therefore, reducing
code size may result in increasing energy consumption. In this paper, we present a triple-tradeoff relationship
among code size, execution time, and energy consumption and then address the code size minimization
problem while considering simultaneously the energy constraints and the real-time requirements of
embedded systems. We formulate such an optimization problem and prove this optimization problem is NP-
hard. Given the difficulty of finding the optimal solution to the problem, we then propose four heuristic
algorithms to find sub-optimal solutions and evaluate their performance through simulations.
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eL]^èW`yZ�èWZw_TVUé�ì"IÉêyE�IÉE.éoêT_TZ�GWIÉñ'Z�ø?IÉìWOÓêyEQeLbØ]3GWëa]�eLecILEUéoè"Z']yGJZ�ILE�ì"OQZ�EPVQë î Z'è0ê�íÎZ�^TZ'éoVQï
ìWILê^E éobTé	eÉZwG	ð�õÂVUè Z']^èWeLIÉZ'è�ø¤êyèWKòù  �û�XQè"ê^X$êyGWZ'_Ö]�_TZ'GWIL`^EÃí¿è"]^ëÀZ	øÅê^è"K�ìWOU]�ì�_TZ']^eLG ø?I�ì"O
]Ï_TZwGJIL`^EÑXQè"ê î eÉZ'ë�ì:]�KPILEQ`.]y_j[]�Edì"]^`^Zaê�í?ì"OQIËGAé	êT_TZNGWIÉñ'Z�TG	ðÊìWILëÀZÒì"è"]y_TZ	êY��ðÊDFE ì"OQILG
XU]�X$Z	èwSUøÅZ ILEyì"èWêT_TVHéoZ�]aEUZ	ø _TZwGJIL`^EÓ]^XQXQè"êy]^é:OØì"OU][ìÂGWILë�VQeÉì"]^EQZ	êyVUGJeLb�éoê^EHGJIË_TZ	è:G�é	êP_QZ
GJILñ	ZySTZ	EQZ'èW`yb^SQ]�EH_3ì"Z	ëÀXHêyè"]^e5éoêyEUGqì"è"]^IÉEdì:G	ð

½ ¾.áQâ�¿����3À Á��3ÂPå�áUæ�Ã�àQæqâ¤ßÄ��ß0ãÆÅ.Ç«Â^àj�3À È@â?ã«�3�
É·�)� ÊD���VËPÌ)�`ÍÏÎU�R�T�!���ÑÐP���)�V�
çÎë î Z'_U_TZ'_�GWbTGqì"Z	ëaG?ê�í©ì"Z	E�OU]�yZ�èWZwGJêyVQè:éoZ�éoêyEUGqì"è"]^IÉEdì:G?]^G?øÅZ	eLec]^G0èWZw]�eÉï|ì"IÉëÀZ¾è"Z��dVQILèWZ	ï
ëAZ'Edì"G'ðHDFE�ì"OQIËG0XU]^XHZ'è'S$øÅZ�éoêyEUGJIË_TZ'è�ìqøÅê3èWZwGJêyVQè:éoZ éoêyEUGJìWè:]�ILEyì:GkìWOH][ì�]�è"Z�Z	EQZ'èW`ybØ]^EU_
éoêT_TZÏGWIÉñ'ZÓéoêyEUGqì"è"]^IÉEdì:G	ð��kOUZÏ_TbPEU]�ëÀIËéL^êye�ì:]�`yZ�G"é	]^eÉILEQ` ô)(+*ÌMQ÷aìWZwé:OQEQI��yVUZÓbPIÉZ'eL_QGÒ]
ìWè:]^_TZ'ê!�Ïè"Z	eË][ì"IÉêyEUGJOUIÉX î Z	ìqø¤Z'Z	E[^êye�ì:]�`yZ¾]^EU_Óö.-�/Õé	eÉêTé:KÒGWXHZ'Z'_Øí¿êyèkìWOQZ�GWbTGqì"Z	ë�SU]^EU_
ø?I�ì"OÀìWOQIËGÎì"è"]y_TZ	êY��S^ø¤Z�é']�EaZ']yGJILeLb î VQILeË_a]�EaZ	EUZ	è"`^b�é	ê^EUGWVQëÀXTì"IÉêyE�TG'ð^Z�^PZwéoVTì"IÉêyEAìWILëAZ
ìWè:]^_TZ'ê!� í¿êyè ]Øì"]^GWK�ðÊö¤êT_TZ3GJILñ	Zaè"Z'_QVUé�ì"IÉêyE.ì"Z'é:OQEUI��dVQZwG GJVHé:OÖ]yG¾ê^EQZaVHGJILEQ`�ìWOUZ3_TVU]�e
IÉEUGJìWè"VUéoìWILê^E GJZ	ì"GÀXQè"êT_TVUéoZ�]ÏìWè:]^_TZ'ê!� è"Z	eË][ì"IÉêyEUGJOUIÉX î Z	ìqø¤Z'Z	E éoêT_TZ�GJILñ	Z�]^EU_ Z�^TZ'éoVQï
ìWILê^ENìWILëAZÌí¿êyèÅ]^ENILEU_TI�PIL_TVH]�e$ì"]yGJK�ðUö¤ê^ë î IÉEUIÉEQ`�ìWOUZ'GWZÂìqøÅê ì"è"]y_TZ	êY��èWZ'eL]�ìWILê^EUGWOQILXUG	SdøÅZ
XQèWZwGJZ'EdìÂ]ÀEQZ	ø<ì"èWILXQeLZoï¨ìWè:]^_TZ'ê!�.è"Z	eË][ì"IÉêyEUGWOQIÉX�]^ëAêyEQ`3éoêT_TZ�GJILñ	ZySUZ�^TZwéoVTì"IÉêyENì"IÉëÀZyS$]^EU_
Z	EQZ'èW`ybÏéoêyEUGJVUëAXQìWILê^EÖê�í?]Nì"]^GWK�ð·zÃZ3]^_Q_Tè"Z'G"G�]�_TZ'GWIL`^EÖXQè"ê î eLZ	ë í¿ê^è�è"Z']�eÉï¨ìWILëAZÀZ'ë�ï
î Zw_Q_TZ'_ÀGWbTGqì"Z	ëaG6ø?I�ì"O�ì"OQIËG6ìWè"IÉXUeÉZ	ï|ì"è"]y_TZ	êY�Àè"Z	eË][ì"IÉêyEUGWOQIÉXcð!�kOQZ?_TZ'GWIÉ`yE�XUèWê î eÉZ'ë�S\é']�eLeÉZw_
9;STkY=�7�m>nT=	S;o#p)msr�m>nT:�pqmuS�vµo@OxSgy�<�=�rAScIËGÌìWê�_TZ	ìWZ	è"ëÀIÉEUZÀìWOQZ3é	êP_QZÀGWILñ	Z�ÒyS�ìWOQZaEPVQë î Z'è�ê�í
Z�^TZ'é	VTìWILê^E�éobTéoeLZ'GÔÓ�SQ]^EU_ÒìWOQZ�ö.-0/<é	eÉêTé:K3GWXHZ'Z'_LÕ�ê^íÊZw]^é:OØèWZw]�eÉï|ì"IÉëÀZÂì"]^GWKÒGWVUé:ONìWOU]�ì
Ö ][ì�é	ê^ëÀXQILeÉZ3ìWILëAZyS�é	ê^ëÀXQILeÉZ'è"G�é	]�EÑZ'ëÀXQeÉê[b1ÒN]�EU_³ÓóìWêÏ`^Z	EUZ	è:][ìWZaIÉì"G�Z�^TZ'é	VTì"] î eLZéoêT_TZ�ILENêyè"_QZ	èkìWêÀëÀILEQIÉëÀILñ	Z¾ì"OQZ GJbTGJìWZ'ë%5 GÅìWê^ì"]^ecéoêT_TZ�GWIÉñ'Z^SU]^EU_
Ö ][ìÅèWVQE3ìWILëAZySdìWOQZÌç�(l&Ãì"]^GWKÀGWé:OQZw_TVQeLZ	èÅé	]�EÒVUGJZ0ìWOQZ�ö.-�/ í¿èWZT�yVUZ	EUé	bwÕNì"ê�G"é:OQZ'_TïVQeLZÀìWOQZÀì:]^GWK�IÉEÖê^è:_TZ'èÂì"êÓGW]�ìWIËGqí¿bÏI�ì:G¾èWZw]�eÉï|ì"IÉëÀZÀèWZT�dVQIÉè"Z	ëÀZ'Eyì�]�EH_.ëa]^IÉEdì"]^IÉE.ìWOUZ
GJbTGJìWZ'ë%5 GkZ	EUZ	è"`^bÒé	ê^EUGWVQëÀXTìWILê^E î Z	eLê[ø�IÉì"G?VQXUXHZ'è î êyVQEU_Cð



É·�s� ¸·�·���T�RÍØ×Ù�·�P�RÌ
�0ÚK��ÛÜÊ�Új��ÚKÍh�`���`���g� zÃZ¾]yGWGWVQëÀZÂìWOU]�ì?]Aè"Z']^e�ï¨ìWILëÀZÂZ'ë î Z'_Q_TZw_NGWbTGqì"Z	ëÝ�Þeß�Þ�IËG?éoêyëAï
XHêdGJZw_�ê�íÎ]aGJZ	ì0ê�í�è"Z']^e�ï¨ìWILëÀZ¾ì"]^GWKTG	S·à�Ý R�á�â�â�â�á Ý�ã@ä�]�EH_NøÅZ è"Zoí¿Z'ètå ÝTÞIß�Þ!åTìWêaì"OQZ EPVQë î Z	èê�í6èWZw]�eÉï|ì"IÉëÀZ¾ì"]yGJKTGkILE�ìWOQZ GWbTGqì"Z	ë�ðMzÃZ éoêyEUGWIL_TZ'è0]AèWZw]�eÉï|ì"IÉëÀZ¾ì:]^GWKÒOU]yGÅìWOQZ�í¿êyeÉeLê[ø?ILEQ`
XU]�è:]�ëÀZoì"Z	è:G�}
Ö oK=�O�muSTkW��æ�ìWOQZ.$K^TZw_ ì"IÉëÀZ?ILEyì"Z	è;[]�e î Z	ìqø¤Z'Z	E�ìWOQZ�]^èWè"I�\]^e^ì"IÉëÀZwG�ê�íHìqø¤ê¾éoêyEUGJZwéoVTì"I>yZ
èWZT�dVQZ'GJì"Gkê^ícìWOUZ¾ì"]^GWK�S

Ö kY=X:Ykj<çmsv@=DèµæUì"OQZ¾ìWILëÀZ�IÉEUGJì"]^Edì�èWZ'eL]�ìWI�^ZÂìWêÀìWOUZ Gqì:]�èWìJï�ê�í©ï�I�ì:Gqï�XHZ'èWILêT_ î bÒø?OUILé:OØìWOUZ
ì"]yGJK#5 GkZ�^TZ'é	VTìWILê^EØILG�èWZT�yVUIÉè"Z'_3ìWê î Z éoê^ëÀXQeLZoì"Z'_ÖôuèÄé¡� ÷�S

Ö psêM=�vVQjrFyX=�OFS�ë	=;ì`=X9�Qjp)muS!vÜ9�íY9�<>=�78Ó�æCì"OQZaEPVQë î Z	è�ê�í¤Z�^TZ'éoVQìWILê^EÑéobTéoeLZ'G¾è"Z��dVQILè"Z'_
ìWê3é	ê^ëÀXQeLZoìWZ¾IÉì"G?Z�^TZ'éoVQìWILê^EØIÉEØìWOUZ�ø¤êyè"GJìké']^GWZ^S

Ö N3îtïaëXOx=Xð�QM=�v@9�íLÕ»æ6ìWOUZ�ö.-0/ í¿è"Z��dVQZ'EUéob ôÙê^èaéoeLêTé:KÖGWX$Z	Z'_H÷�]�ìAø?OUILé:O ìWOQZØì"]yGJK
Z�^TZ'é	VTìWZwG3ô ¥PñÔò ã�óôÕ´ó ¥"ñ+õ�ö Scø?OQZ'èWZ ¥Pñ+õ�ö ]^EU_ ¥"ñÔò ãÑ_TZ	EQê^ìWZÀì"OQZ3ëa]�^TILë�VQë
]�EU_ØëÀILEQIÉë�VQë9ö.-0/ í¿èWZT�yVUZ	EUé	IÉZwG?]�\]^IÉeË] î eÉZ¾ILENì"OQZ�GJbTGJìWZ'ëØSUèWZwGJX$Z'éoìWI�^Z	eLbQ÷�S

Ö =xìR=X9�Qjp)muS!v%pqmsrw=.÷�ædìWOQZ0ìWILëÀZÌ]^ëAêyVQEdì�è"Z��dVQILèWZw_AìWê�é	ê^ëÀXQeLZoì"Z�ìWOUZ�ì"]yGJK#5 GÎZ�^PZwéoVTì"IÉêyE
][ì?ì"OQZ�ö.-�/ í¿è"Z��dVQZ	EHéob3ê^í»ÕÓIÉEØìWOUZ�ø¤êyè"GJìké']^GWZYfj÷ÅILG?_QZoìWZ'èWëÀILEQZ'_�]yGÔÓ"®!Õ�S

Ö =�v#=�Oqø!í19XS�vK7�QjrWo@pqmuS�vhùjæ�IËG�ìWOQZ�]^ëAêyVQEdìAê^í0Z	EUZ	è"`^bÑéoêyEUGJVUëAZw_ò_QVQèWILEQ`Ö].GWILEQ`^eLZ
Z�^TZ'é	VTìWILê^E ê^íÂì"OQZ�ì"]yGJK#f�ù�IËG3_TZ	ìWZ'èWëÀILEQZ'_ ]^GF÷ £gú g £ Õ�ø?OQZ	è"Z ú IËGÀìWOQZÓGWVQXQXUeÉb
^êye�ì:]�`^Z¾_TZ'XHZ'EU_TILEQ`aê^ELÕ�SU]�EH_

Ö 9XS�kg='7�m>nT=lÒ`æQìWOUZ GJILñ	Z¾ê�í�ìWOUZ¾ì"]^GWK#5 GkZ�^TZ'éoVQì"] î eÉZ�éoêT_TZyð
¸Z�·�����RÍûÐ,Új��ÚKÍh�`���`���g� zÃZ _TZ�$HEQZ¾ìWOQZ GWbTGqì"Z	ë é	êT_TZ�GJILñ	Z3ôqÒTÞeß�Þ�÷k]^GÅì"OQZ GJVUë ê�í�ìWOUZ
éoêT_TZ�GJILñ	ZwGkê�í�]�eLe�ìWOQZ¾ì:]^GWKTGkIÉEØìWOUZ GJbTGJìWZ	ë�STI¨ð ZyðÉS
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GJVQëÀXTì"IÉêyE�ê�í�]^eÉe5ìWOQZ¾ì:]^GWKPGkILENìWOQZ GWbTGqì"Z	ë _QVQèWILEQ`a]AOPbdX$Z	èWï�XHZ'èWILêT_CSTI|ð Z^ðLS

ù ÞIß�Þ é ü
ý þ ÿYý �����

�P¢��	�
� ò £ ù ò á

ø?OQZ	è"Z�ìWOUZ¤OPbPXHZ'èJï�X$Z	è"IÉêT_8�P¢��
� ILGcìWOUZ�eLZ']^GJì�é	ê^ëÀëÀê^E�ë�VQe�ì"IÉXUeÉILZ	èkôÙY6öÅfÏ÷5ê^íM� ò 5 G5ê�íU]^eÉe
Ý ò 5 GÎILEÀìWOUZ0GJbTGJìWZ'ëØðgz.Z0èWZ	í¿Z	è�ù ñ+õ�öÞIß�Þ ì"ê¾ìWOQZÂëÀ]!^TIÉë�VQë ]�[]�ILeË] î eLZ«ù�ÞIß�ÞÅ]�EU_wù ñÔò ãÞIß�Þ ì"ê�ìWOUZ
ëAILEQILë�VQë ]�\]^IÉeË] î eÉZlù�Þeß�Þwðjz.Z¾_TZ�$UEQZÌìWOQZÌè:]�EQ`yZ0ê�ícìWOQZ�GWbPGJìWZ'ë Z	EQZ'èW`ybaéoê^EHGJVQëÀXTì"IÉêyE
ù�� õ ã���Þeß�Þ ]^G�ô)ù ñ+õ�öÞeß�Þ ¯³ù ñÔò ãÞIß�Þ ÷oð
¸·�)¹Y���K�B�uÍh�%����ÚK�P�R���W� zÃZ ]^G"GJVUëAZÌì"OU][ì?Z']yé:ONè"Z']^e�ï¨ìWILëÀZ0ì:]^GWK3OU]yG?]�ì"è"]y_TZ	êY��èWZ'eL]�ï
ìWILê^EUGWOQILX î ZoìqøÅZ	Z'EÑéoêT_TZ3GWIÉñ'Z3]�EU_ÃZ�^TZwéoVTì"IÉêyE.ì"IÉëÀZyð5DFEÖìWOQIËG�XU]^XHZ'è'Scø¤Za]^G"GWVQëÀZÀìWOU]�ì
ìWOQZ�ì"è"]y_TZ	êY��è"Z	eË][ìWILê^EHGJOQILX ILGÒ`^I�^Z'E ]yGaë�VUe�ì"IÉXQeLZÓXU]^IÉè:Gaê^í¾X$êyG"GWI î eLZ ôÙé	êT_TZÏGWIÉñ'Z ô)Ò\÷�S
ìWOQZÀEPVQë î Z	è�ê^í�Z�^TZwéoVTì"IÉêyEÃé	bPé	eÉZwGÀôÑÓc÷J÷�[]�eLVQZwG	ðZzÃZÀèWZ	í¿Z	è�7�m>n�=��Vpqmsrw=ÌìWè:]^_TZ'ê!�ÖìWêØì"OQILG
ìWè:]^_TZ'ê!�Ñ]�EU_���� ° ìWêNìWOUZ�EPVQë î Z'èÂê^íÎìWè:]^_TZ'ê!�ÖXU]�ILè:G	ð@&ÊIL`^VUèWZU�AGWOQê[ø�G�Z�^Q]�ëÀXQeLZ'GÂê�í
GJILñ	Z��wìWILëÀZ¾ìWè:]^_TZ'ê!�ÓXU]^IÉè:G?ê^íÊì"OQèWZ'Z¾ì"]yGJKTG'ðK&Qê^è0Z']^é:ONì"]yGJKUÝ ò SQø¤Z GWê^èWìkìWOQZwGJZ GWILñ	Z��\ìWILëÀZ
ìWè:]^_TZ'ê!� XU]^IÉè:G�ILEÖ]�_QZ'éoè"Z']yGJILEQ`Øê^è:_TZ	è�ê^íké	êT_TZ3GJILñ	Za]^EU_ÃèWZ	í¿Z	è�� ò�� � ]�EU_! ò�� � ìWê�ìWOUZ
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éoêT_TZ�GJILñ	Z�]^EU_NìWOQZ�EPVQë î Z'è?ê�íÊZ�^TZ'éoVQìWILê^E�éobTéoeLZ'GkILEØìWOQZ98'¯ ÷�:ØXU]^IÉèwSTè"Z'GWXHZwé�ìWI�^Z'eÉbyðTDFE
&ÊIL`^VUèWZF�^SPí¿êyVQè�éoILè:éoeLZ'GÅèWZ'XQè"Z'GWZ	Edì"G¤ìWOUZ¾ìWè:]^_TZ'ê!��XU]�ILè:Gkê�ícì:]^GWK�Ý ò ]^EU_3ì"OQZ¾í¿ê^VUè�éoILè"é	eÉZwG
]�è"ZØEH]�ëÀZ'_ó]^G�ô;� ò<� R á  ò<� R ÷ á�â�â�â�á ]�EU_<ô�� ò<� = á  ò<� = ÷AIÉEóìWOUZÓ_TZ'é	èWZw]^GWIÉEQ`Ãê^è:_TZ'èAê^íÌé	êP_QZGJILñ	ZySCèWZwGJX$Z'éoìWI�^Z	eLb^ðZ?ÂG�GJOQê[ø?E.IÉE.ìWOUZt$H`^VQè"Z^S$ìWOUZÀGWILñ	Z��\ìWILëÀZ�ì"è"]y_TZ	êY�ÑXU]�ILè"GÌëa]\b�EQê^ì
î ZaéoeLZ']^èWeLb�ëÀêP_QZ	eLZ'_Ï]yGÂ]ØéoêyEdìWILEdVUê^VUGÌéoêyE`yZ�^CS$eÉILEQZ']^è'S$ê^è�é	ê^EUé']�^Z�í¿VQEHé�ìWILê^Ecð·��Z	EHéoZ^S
IÉEaì"OQIËG�XU]^XHZ'è'SdøÅZ0éoêyEUGJIË_TZ'è¤] _TIËG"éoè"ZoìWZÂGqì"Z	Xaí¿VQEHé�ìWILê^E?>A@ ò ìWOU]�ìÅé	]^XTìWVUèWZwG�ìWOUZ0X$êyG"GJI î eLZ
ô)Ò á Óc÷ÅXU]^IÉè:Gkê�íÊì"]yGJK�Ý ò ]^GÅí¿êyeÉeLê[ø�G�}

ÓAéB>A@ ò ôqÒw÷ á ø?OQZ'èWZ'Ò0C à�� ò<� R�á�â�â�â�á � ò<� �EDGF"ä á ôe�\÷
&ÊIL`^VUèWZ��Å]^eLGWêÂGWOQê[ø�G5Z�^Q]�ëÀXQeLZ'G�ê�íU_TIËG"éoè"ZoìWZkGJìWZ	X�í¿VQEUéoìWILê^EUGÊìWOH][ì�é	]�XQìWVQè"Z'GcìWOQZÅì"è"]y_TZ	êY�
XU]�ILè"Gkê^ícì"OQèWZ'Z¾ì"]yGJKTG'Sdè"Z'GWX$Z'é�ì"I>yZ	eLb^ð
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XHZ'è'S$ø¤ZA]^G"GJVUëAZ�ìWOU]�ì0ì"OQZ�ì"è"]y_TZ	êY�Ãè"Z	eË][ì"IÉêyEUGWOQIÉX�IËGÂ`^I�^Z	E.]^G�êyEQZ�ILE ��] î eÉZU�^S$ø?OQZ	è"Z
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= é ¥"ñ+õ�ö é ��M0ILKÒ]^EU_ ¤ R é � â � ¤ á�â�â�â�á ¤�= é � â � ¤ S$èWZwGJX$Z'éoïìWI�^Z	eLb^ð@zÃZ�è"Zoí¿Z	è�N�S!<çpI:�ø`=)�V7)oM=X=Xk ì"è"]y_TZ	êY�Ïì"ê3ìWOUILG0ìWè:]^_TZ'ê!�Ö]�EU_O��P
Qóì"ê3ìWOUZ�EPVQë î Z	è
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