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Ë'äpÒ3Ñ�Ô3Ë�Ì�ï Ô2È0ä´Ô2Í'â0Ñ2É Ë�Ì7ênñ = è =�> è =?= íNáHô�ÌßÑ�Ç×È�ÏdÐYÍ'ÌsÑ�Ð×Þ Þ�È�â�Ç�Í'Ì�É â0Ò�è£Ñ2Ç�ÈA@CBEDGF Þ�È5Ñ�Ç�ËkÖ�ä´Ë�Ô�Ñ�Ç�È
Ò2È0Þ�É�Õ�â0ÎªÍ'Ò3Ò2É â�Í'Î�Î�É Þ�É�ÑpË'ä£Ñ2Ç�È�Hkâ�Ç�Ô2ËkÖ�É Ì×ï�È�Ô�È�ÏdÐYÍ¶Ñ�É Ë'Ì Ì�È0È�Ö�Ò°Þ4Ð�Î�Ñ�É�å'Í�Î Ð�È0ÖÃã�ÇYÍ'Ò3È�Ò±Ñ2Ë1â0Ë�Ì�Ò�Ñ�Ô2Ð×â0Ñ°Ñ�Ç�È
Í'Ò�ÜSÞ�ã×Ñ2Ë'Ñ�É�â�È5îSãYÍ�Ì�Ò2É�Ë�Ì�Ë'ä8Ñ�Ç�È�à£Íjå�È%ÓYÈ0Î Ö>èFà§Ç�È0Ô2È�Ñ2Ç�È�ã�ÇYÍ�Ò2È�Ò�Í'Ô3È�Þ4Ð�Î�Ñ�É�å'Í�Î Ð�È0Ö Ò3Ë�Î Ð×Ñ2É Ë�Ì×Ò�Ë'ä.Í'Ì
È�É�Ê'Ë�Ì�Í'ÎUÈ�ÏdÐYÍ�Ñ2É Ë�Ì ênñ9I×è>ñ9JSèKI8L¶íDá

MpÍ�Ñ2Ð�Ô�Í�Î Î�Ü�Ë�Ì×È�Þ�ÍjÜ�Ð�Ò2È}Ñ2Ç�È�Þ�È0Ñ�Ç×ËSÖ%Ë'ä,â�ÇYÍ�Ô�Í'â5Ñ�È�Ô3É Ò�Ñ�É â0Ò�èYÍ�é�Í'ï'Ô�Í'Ì�ï'ÉªÍ'Ì�ä´Ë�Ô2Þ4Ð×ÎªÍ�Ñ2É Ë�Ì>èsÑ2Ë�â�Ë�Þ�Õ
ã�Ð×Ñ2È8Ñ�Ç�È�Þ4Ð�Î�Ñ�É�å�Í'Î�Ð�È�Ö�Ò2Ë�Î�Ð×Ñ�É�Ë�Ì�Ò"Ë'ä�Ñ�Ç�È§È0É Ê'Ë'ÌYÍ'ÎYÈ�ÏdÐYÍ¶Ñ�É Ë'Ì>áFó�Ëeà�È0å'È�Ô0è�É�Ñ"Ò3Ð7NIÈ�Ô2Ò9ä´Ô2Ë'Þ Ò2Ë�Þ�È;Ñ�Ükã�É â�Í'Î
Ò2Ç×Ë�Ô3Ñ2â�Ë�Þ�É Ì�ï'Ò8Ë'äFé�Í'ï'Ô�Í'Ì�ï'ÉªÍ'Ì%Þ�È0Ñ2Ç�ËSÖ×Ò�è�ä´Ë�Ô8É�Ì�Ò3Ñ�Í'Ì�â�È�èYÌ�Ë�ÌdÐ�Ì�É�ä´Ë�Ô2Þ Ö�É Ò�Ñ�Ô3É æ�Ð×Ñ2É Ë�Ì%Ë�äMÑ2Ç�È±Ò3Ë�Î ÐSÑ�É Ë'Ì�Ò
É Ì÷Ñ�Ç�È�ã�ÇsÜkÒ2É â�Í'ÎtÒ2ãYÍ'â0È'á$Æ8Ç�È�Ô3È�Ò2Ë'Î Ð×Ñ2É Ë�Ì÷Ë'ä;Ñ2Ç�É Ò°É Ò�åkÉªÍ1ÖSÜSÌ�Í'Þ�É�â�Í'Ö�Ö�É�Ñ�É Ë'ÌÝÍ'Ì×ÖöÔ2È0Þ�Ëvå�Í'Î9Ë'ä8Ô2ÍvÜkÒ
O â�Ç�Í'Ô�Í'â5Ñ�È0Ô2É Ò�Ñ�É�â�Ò/P�Í�Ò%â�Ë�Þ�ã�Ð×Ñ�Í�Ñ�É�Ë�Ì ã�Ô2Ëkâ�È0È�Ö�Ò$Í�Ñ�Ñ�Ç�Èõâ�Ë'Ò3ÑÁË'ä°â�Ë'Þ�ã�Î�É â�Í�Ñ�È0Ö ÖYÍ�Ñ�ÍöÒ�Ñ�Ô3Ð�â0Ñ2Ð�Ô2È÷Í'Ì�Ö
æ�ËSË�ÊdÊ�È�È�ã×É Ì�ï$êRQ = íDá"Æ8Ç�È�Ô3È0ä´Ë�Ô3È'è�Ë'Ì�È�Î ËkË�ÊdÒ�ä´Ë'Ô;Ú"Ð�Î È0Ô2É Í'Ì�ä´Ë�Ô3Þ4Ð�Î Í�Ñ�É�Ë�Ì�Ò9ä´Ë�Ô£â0Ë�Þ�ã×Ð×Ñ�É�Ì�ï�Þ4Ð×Î�Ñ�É�å�Í'Î Ð�È0Ö
Ò2Ë'Î Ð×Ñ2É Ë�Ì�Ò8Ë�äMÑ2Ç�È±È0É Ê�Ë�ÌYÍ'ÎUÈ0ÏkÐ�Í�Ñ�É�Ë�Ì>á9ô�Ì$Ñ2Ç�É Ò§Ô3È�ïsÍ'Ô3Ö>è�Í(Ì�È0à Ó�È�Î ÖBè�Ò2Ë�Õ@âjÍ'Î�Î È0Ö1Ú"Ð�Î�È�Ô3ÉªÍ'ÌÁï�È0Ë�Þ�È5Ñ�Ô3É âjÍ�Î
Ë�ã×Ñ2É â0Ò�è�È�Þ�È�Ô2ï'È�Ö
ê = í�Í'Ò�Þ�Í'ÌsÜÁÔ2È�Ò3ÈjÍ'Ô3â�Ç�È�Ô3Ò�ÇYÍjå�È4Ö�È5å�Ë'Ñ2È�ÖõÍ�Î�Ë'Ñ.Ë'ä"ÈSNIË�Ô�Ñ�Ò.Ñ2Ë�Ö�È5å�È�Î�Ë�ã�É�Ì�ï�ÈST�â0É È�ÌsÑ
Ú"Ð�Î È0Ô2É Í'ÌöÞ�È0Ñ�Ç×ËSÖ�Ò°ä´Ë�Ô�â0Ë�Þ�ã�Ð×Ñ�É�Ì�ï/Þ4Ð×Î�Ñ�É�å�Í'Î Ð�È0Ö Ò3Ë�Î ÐSÑ�É Ë'Ì�Ò�Ò3É Ì�â0È�ÈjÍ'Ô3Î�Ü ò > Ò0á$UpÒ�Í1Ô2È�Ò3Ð�Î�Ñ�èFÑ�Ç�È0Ô2È
Í'Ô3È±Þ�Í'ÌsÜ%Ö�ÉVNBÈ0Ô2È�ÌsÑpÍ'ã�ã�Ô3ËsÍ'â�Ç�È0ÒpÉ�Ì$Ñ2Ç�È±Î�É�Ñ2È�Ô�Í¶Ñ�Ð�Ô3È�W9È5îSã�Î�É â�É�Ñ§âjÍ'Ð×Ò3Ñ�É�â�â�Ë�Ì�Ò�Ñ�Ô3Ð�â0Ñ2É Ë�Ì1Þ�È5Ñ�Ç�ËkÖöênñ�è(I¶íDè
Ò2Î�Ëvà§Ì�È�Ò3Ò;Þ�Í¶Ñ�â�Ç�É�Ì�ï�Þ�È0Ñ2Ç�ËSÖ/êXI'òSè5Q > íDè×Ò3È�ï�Þ�È�ÌsÑ;ã×Ô2Ë!Y3È0â0Ñ�É�Ë�Ì�Þ�È0Ñ2Ç�ËkÖÃênñ > íDèSÖ×ÜkÌYÍ�Þ�É�â.Ò3Ð�Ô3ä{Í'â0È�È5îkÑ2È�ÌSÕ
Ò2É�Ë�Ì(Þ�È5Ñ�Ç�ËkÖ$êZI�Q�è8I?[eíNèdÊdÉ Ì×È0Ñ�É�â;Þ�È0Ñ�Ç×ËSÖ�ä´Ë�ÔFÞ�Ð�Î�Ñ2É�Õ�æ×Ô�Í'Ì�â�Ç�È0ÌsÑ�Ô2Ë'ãdÜ4Ò2Ë�Î�Ð×Ñ�É�Ë�Ì�Ò§êRQ�è�ñ9I¶íNèsâ0Ë�Õ�Ö�É�Þ�È0Ì�Ò2É�Ë�Ì
= Î È5å�È0Î�Õ�Ò3È0ÑpÈ0å�Ë'Î Ð×Ñ2É Ë�Ì/Þ�È0Ñ2Ç�ËkÖ�ê = I×è = òkè�ñvë¶íNèUéUÉ�Ë�Ð×åkÉ Î�Î È}È�ÏdÐYÍ¶Ñ�É Ë'Ì�Ò�ä´Ë�ÔpÈ0Ò2â�Í'ãIÈ�ã�Í'Ô�Í'Þ�È0Ñ2È�Ô3Ò(ê�ñ'ñ0íDèBÑ�Ë
ÌYÍ'Þ�È\Y3Ð�Ò�ÑpÍ4ä´È5à�á

ô�Ì�Ñ�Ç×É Ò,ãYÍ'ã�È�Ô�à£È�ã�Ô2Ë�ã�Ë�Ò3È;Í'Ì�Ë�Ñ�Ç�È0ÔMÎ�È0å�È0Î�Õ@Ò2È0Ñ�æYÍ'Ò3È�Ö�Ú"Ð�Î�È�Ô2É Í'Ì°Þ�È5Ñ�Ç�ËkÖ±ä´Ë�Ô�â0Ë�Þ�ã×Ð×Ñ�É�Ì�ï.Þ�Ð�Î�Ñ2É�å�Í'Î�Õ
Ð�È0Ö�Ò2Ë'Î Ð×Ñ2É Ë�Ì�Ò"Ë�äIÑ2Ç�È.ã�Í'Ô�Í¶îSÉ Í'Î�È�É�Ê'Ë�Ì�Í'ÎYÈ�ÏdÐYÍ�Ñ2É Ë�Ì�É Ì(æ�Ë'Ñ�Ç�É Ò3Ë'Ñ�Ô3Ë�ã�É�â8Í'Ì�Ö�Í'Ì�É Ò3Ë'Ñ�Ô3Ë�ã�É�â;Þ�È5Ñ�Ô3É â�Ò0áFÆ8Ç�È
Î È5å�È0Î�Õ�Ò3È0Ñ°ä´Ô�Í'Þ�È0à�Ë�Ô3Ê÷ã×Ô2ËvåkÉ Ö�È0Ò4Í1Ì�Í�Ñ�Ð�Ô2Í'Î9Î É�Ì�Ê�ä´Ô2Ë'Þ Í�é�Í'ï�Ô2Í'Ì�ï�É Í'Ì÷ä´Ë'Ô2Þ4Ð�Î Í�Ñ�É�Ë�Ì/Ñ�Ë�Í'ÌWÚ"Ð�Î�È�Ô2É Í'Ì
ä´Ë�Ô3Þ4Ð�ÎªÍ¶Ñ�É Ë'Ì>á]@ÝÈ�ÓYÔ3Ò3Ñ±Ö�È�Ô3É�å'È�Ñ2Ç�È�Ô2ÍjÜ/Ñ�Ô2Í'â�É�Ì�ï1È0ÏdÐYÍ�Ñ�É�Ë�Ì÷Ð�Ò2É�Ì�ï1Ë'Ì�È(Ë'ä£Ñ2Ç�È�Ò3ãYÍ�Ñ2ÉªÍ'ÎFÖ×É Ô2È0â0Ñ2É Ë�Ì÷Í'Ò
Ñ�Ç×ÈpÔ2Ð×Ì�Ì�É Ì×ï±ãYÍ�Ô�Í'Þ�È0Ñ2È�Ô�èdà§Ç�É�â�Ç�â�Ë'Ô2Ô2È0Ò2ã�Ë�Ì�Ö�Ò�Ñ�Ë±Ñ2Ç�È�ãYÍ'Ô�Íeî×É Í'Î�È�É�Ê'Ë�ÌYÍ�Î�È0ÏdÐYÍ�Ñ�É�Ë�Ì>áFÆ8Ç×ÈpÔ�ÍjÜ(Ñ�Ô2Í'â�É�Ì�ï
È�ÏdÐYÍ¶Ñ�É Ë'Ì É�Ò}È�Þ4æ�È�Ö�Ö×È�ÖÝÉ�ÌsÑ�Ë$Í$Î�È0å'È�Î�Õ@Ò2È5Ñ±Þ�Ë'Ñ2É Ë�ÌÃÈ0ÏkÐ�Í�Ñ�É�Ë�ÌÃÑ�Ë$Ö�È0ÓYÌ×È�ÍÁãYÍ'Ò3Ò2É�å'È�Þ�Ë'Ñ2É Ë�Ì/ä´Ë�Ô}Î�È0å'È�Î
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+�É�ï�Ð�Ô2È�[)W�Ú"Ð�Î�È�Ô2É Í'ÌÃÑ�Ô2Ívå'È�Î�Ñ�É Þ�È O � Õ � P�â�Ë�Þ�ã�Ð×Ñ2È�Ö÷Ë�Ì = Q > c = Q > Þ�È0Ò2ÇõåSÒ0á%é�Í'ï�Ô2Í'Ì�ï�É Í'ÌÃÑ�Ô�Íjå'È�Î�Ñ2É Þ�È
O � Ë � P£æsÜ$Í(Ô2ÍjÜ�Ñ�Ô2Í'â�É�Ì�ï(Þ�È5Ñ�Ç�ËkÖ$Í�Ñ S � = � > É�Ì#HkÉ ÌdÐ�Ò2Ë'É ÖYÍ'ÎBÞ�ËkÖ�È�ÎDá

ä´Ô2Ë'Þ Ñ�Ç�È T�È�Ô3Ë�Î È5å�È0ÎMÒ3È0ÑjèIÔ2È0â�È�É�å�È0Ô2Òpä´Ô3Ë�Þ = [ > Ñ�Ë = ë > Í'Ô3È�Ò3É Ì�ï�Î�È5ÕNå'Í�Î Ð�È0ÖÁä´Ð×Ì�â0Ñ2É Ë�Ì�Ò.Ë'ä'�kèBÍ'Ì×Ö�Ñ�Ç�È5Ü
â�Ë'Ô2Ô2È0Ò2ã�Ë�Ì�Ö%Ñ�Ë4Ó�Ô2Ò3Ñ�ÕrÍ'Ô3Ô2É�å'Í�Î�Ñ2Ô�Íjå�È0Î�Ñ�É�Þ�È0Ò�á.U.ã�ãYÍ'Ô3È�ÌsÑ�Î�Ü�è×Ñ2Ç�ÈpÑ2É ã%Ë'äUÑ2Ç�È T�È0Ô2Ë�Î È5å�È0Î>Ò2È5Ñ§Ì�ÈjÍ'Ô£Ô2È�â0È�É�å�È�Ô
= [ > Ò2Ç�Ë�Ð×Î Ö%æ�È�Þ�Ë'Ô2ÈpÈ0Î Ë�Ì×ïsÍ�Ñ�È0Ö>è×æ×Ð×Ñ8Ò2Ë'Þ�È0Ç�Ëvà Ñ2Ç�È}Î È5å�È0ÎBÒ2È5Ñ8ä{Í'É Î�È�Ö�Ñ�Ë4È0Î Ë�Ì�ï�Í�Ñ�È�Ñ�ÇYÍ�Ñ£Ñ�É ãBáFÆ8Ç�É Ò£É Ò
ãYÍ'Ô�Ñ�Î�Ü�Ö�Ð×È�Ñ�Ë4Ñ�Ç×È}Ö�É Ò3Ò2É ã�Í�Ñ�É�Ë�Ì�Ë'ä�Ñ2Ç�È�ÓYÌ�É�Ñ�È�Ö�ÉVNBÈ0Ô2È0Ì�â�È�Ë'äUÑ2Ç�È�ÓYÌ�É�Ñ�È�Ö�ÉVNBÈ0Ô2È0Ì�â�È�Ò2â�Ç×È�Þ�È}Ð�Ò2È0Ö1Ç�È0Ô2È
Í'Ì�Ö�ãYÍ'Ô�Ñ�Î�Ü�Ö�Ð×È�Ñ2Ë�Ñ2Ç�È§Ô2È0Ò2Ë�Î�Ð×Ñ�É�Ë�Ì�âjÍ'ã�Í'æ�É Î�É�Ñ�Ü°Ë'ä�Ñ�Ç�È§Î�È0å�È0ÎYÒ2È5Ñ£Þ�È0Ñ2Ç�ËSÖ4à§Ç×É â�Ç�âjÍ'Ì�Ô2È0Ò2Ë�Î�å�È8Ñ�Ç�È�T0È�Ô2Ë
Î È5å�È0ÎFÒ2È5Ñ�Ë�Ì�Î�Ü1Ð�ã/Ñ2Ë%Ë�Ì�È�ï�Ô3É ÖSÕ@â�È�Î�Î,à§É�Ö×Ñ�ÇBá�ç£Ë'Þ�ã�ÐSÑ�Í�Ñ2É Ë�ÌYÍ�Î Î�Ü'è�É�ä9Ñ�Ç�È�Ò2È�ï'Þ�È0ÌdÑ2Ò�Ë'ä9Ñ�Ç�È'T0È�Ô3Ë$Î�È0å'È�Î
â�Ð×Ô3å�Èpï�È0Ñ2Ò£Ñ�ËkË�â0Î Ë�Ò3È.Ñ�Ë±ÈjÍ'â�Ç%Ë�Ñ�Ç�È0Ô�èSÑ2Ç�È�Ì�Ñ2Ç�È0Ü(à§É�Î Î�Þ�È0Ô2ï�ÈpÍ'Ì�Ö�Ñ2Ç�É ÒtÉ Ò�È5î×Í'â5Ñ�Î�Ü�ÇYÍ�ã�ãIÈ0Ì�É Ì×ï�Ñ�Ë°Ñ�Ç�È
Ñ�É�ã%Ñ�ÇYÍ�Ñ8à�È±Í'Ô2È}É�ÌdÑ2È�Ô3È�Ò3Ñ2È�Ö1É Ì>á

Æ8Ç�È�Ô3È0ä´Ë�Ô3È'èdÑ�Ë°Ô2È0Ò2Ë�Î�å�È8Ñ�Ç�È§ÓYÌ�È8Ñ2É ã�à£È�ÇYÍjå�È§Ñ�Ë�Ð�Ò3ÈpÍ}ÓYÌ�È0Ô9ï�Ô2É�Ö>è8Q >?> c =�>?> Ë�Ì R Õ ��Ò3ãYÍ'â0È'árHSÉ�Ì�â�È
Ñ�Ç×È±Ë�Ô3É ï�É�ÌYÍ'ÎBå'È�Î�ËSâ0É�Ñ�ÜÁÞ�ËSÖ�È0ÎUÉ Ò§ï�É�å�È�Ì1Ë�Ì1Ñ2Ç�È°Ö�É Ò3â�Ô2È5Ñ�É T�È�Ö�ãIË�É�ÌsÑ�Ò�è�à�È�Ð×Ò2È�Ö×Ëeà§ÌkÕ�Ò�Í�Þ�ã�Î�É Ì�ï O É ÌsÑ�È0Ô�Õ
ã�Ë�ÎªÍ�Ñ2É Ë�ÌKP;Ñ2Ë�Ë�æ×Ñ�Í'É Ì�Í�å�È0Î Ëkâ�É�Ñ�Ü1Þ�ËkÖ�È�Î�ä´Ë�Ô.Ñ2Ç�È±Ó�Ì�È�Ô�â0Ë�Þ�ã�Ð×Ñ�Í¶Ñ�É Ë'ÌYÍ'Î�Þ�È0Ò2Ç>ápÆ8Ç�È4â�Ë'Þ�ã�ÐSÑ�Í�Ñ2É Ë�ÌYÍ�Î
Ô2È0Ò2Ð�Î�Ñ�Ò�Í'Ô2ÈtÒ2Ç�Ëvà§Ì4Ë'Ì'+�É�ï�Ð�Ô2È�òpÍ�Ì�Ö�ñ > á
U.ÒMà�È£âjÍ�Ì�Ò2È0È'èsÉ�Ì°Ñ2Ç�É Ò,Ô2Ð�Ì°Ñ�Ç�È�Î È5å�È�Î�Õ�Ò3È0Ñ�Ú9Ð×Î È�Ô3ÉªÍ'Ì°Þ�È0Ñ�Ç×ËSÖ
ÜkÉ È0Î Ö�Ò8Þ4Ð×Î�Ñ�É�å�Í'Î Ð�È0Ö�Ñ2Ô�Íjå�È0Î�Ñ�É�Þ�È0Ò;à§Ç�É â�ÇÁÞ�Í�Ñ�â�Ç%à§É�Ñ�Ç%Ñ�Ç�È�Ô2ÍvÜ�Ñ�Ô2Í'â�É�Ì�ï�Ò2Ë�Î�Ð×Ñ�É�Ë�Ì%Ô2È0Þ�Í�Ô2Ê¶Í'æ�Î�Ü�á_+YÔ2Ë'Þ
+�É�ï�Ð�Ô2È±ñ > èdà£È}â�Í'Ì%Ò2È0È�Ñ�ÇYÍ¶Ñ;Ñ�Ç�È#T�È�Ô3Ë�Î È5å�È�ÎBÒ2È0Ñ;Ö�ËSÈ0Ò;ÇYÍjå�È°Í'Ì�È�Î Ë'Ì�ïsÍ�Ñ2È�Ö�Ñ2É ã�ä´Ô3Ë�Þ Ô3È�â0È�É�å'È�Ô = [ > Ñ�Ë
= ë > èIÍ�Ì�Ö�Ñ�Ç×È�Ò2È0ï�Þ�È�ÌsÑ�Ò�Ë�äFÑ�Ç�È T�È0Ô2Ë�Î�È0å�È0ÎMÒ3È0Ñpâ�Ð�Ô�å�È�Ì�È�Í'Ô�Ñ2Ç�È±Ñ2É ã�Í'Ô2È±É Ì�Ö�È0È�Ö�å'È�Ô�Ü�â0Î Ë�Ò3È°Ñ2Ë�ÈjÍ'â�Ç
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Multiple TT: level−set method vs. ray tracer

+�É�ï�Ð�Ô2ÈÁò)W�éUÈ0ä Ñ�W$Ñ2Ô�Íjå�È0Î�Ñ2É Þ�ÈÁÍ�ÑDT � > á > ÊdÞ æsÜWÑ�Ç�ÈÁÎ�È0å�È0Î�Õ@Ò2È0Ñ�Þ�È0Ñ�Ç×ËSÖWä´Ë�Ô�f�Í'Ô3Þ�Ë'Ð�Ò2É8Þ�ËSÖ×È�Î8Ë�Ì
Q >?> c =�>�> ï'Ô2É ÖBá_B�É�ï�ÇsÑeW9Ú"Ð�Î�È�Ô2É Í'Ì�Ñ�Ô2Íjå�È�Î�Ñ�É�Þ�È0Ò O � Õ � P�åSÒ0á�Ô2ÍjÜdÕNÑ�Ô2Í'â�É�Ì�ï4Ñ�Ô2Ívå'È�Î�Ñ�É Þ�È�Ò O ����� P

200 210 220 230 240 250 260 270 280 290 300

−1

−0.5

0

0.5

1

receivers

θ

zero level−set of φ 

200 210 220 230 240 250 260 270 280 290 300

−1

−0.5

0

0.5

1

receivers

θ 

zero level−set of φ on time field T
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