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$EVWUDFW�
�7KLV� SDSHU� GLVFXVVHV� D� ORZ�WHFK� PHWKRG� IRU�HYROXWLRQDU\�URERW�GHVLJQ��7ZR�DVSHFWV�DUH�GHWDLOHG��KRZ�DSW� LV� WKH�HYROXWLRQDU\�DSSURDFK� LQ� WKH�URERW� VLPXODWLRQ�SDFNDJH�0RUSK(QJLQH� WR� JHQHUDWH� EHKDYLRUV� IRU� URERWV�WKDW�VHHP�¶XQQDWXUDO·�IURP�WKH�KXPDQ�SRLQW�RI�YLHZ��DQG�KRZ�XVHIXO�LV�DUWLILFLDO�HYROXWLRQ�LQ�JHQHUDO�WR�VXSSRUW�WKH�HQJLQHHU� LQ� ILQGLQJ� DQG� FRQWUROOLQJ� JDLWV� EDVHG� RQ�HPHUJHQW� G\QDPLFV� �HVSHFLDOO\� SDVVLYH� G\QDPLFV��WKURXJK�WKH�H[SORLWDWLRQ�RI��WKH�SK\VLFDO�HQYLURQPHQW����� ,QWURGXFWLRQ�
,Q� RXU� UHVHDUFK� ZH� H[SORUH� ZD\V� RI� VLPXOWDQHRXVO\�GHYHORSLQJ� WKH� PRUSKRORJ\� �VHQVRUV�� DFWXDWHG� DQG�SDVVLYH�OLPEV��DQG�WKH�FRQWUROOHU�RI�D�PRELOH�URERW�ZKLFK�FRQWUDVWV�ZLWK�WKH�PRUH�WUDGLWLRQDO�ZD\�RI�ILUVW�GHVLJQLQJ�WKH�SK\VLFDO�VKDSH�DQG�WKHQ�WKLQNLQJ�DERXW�WKH�FRQWUROOHU��7KH� LGHDO� SULQFLSOH� RI� QDWXUDO� JURZWK� LV� VWLOO�XQPDWFKHG� LQ� URERWLFV� DQG� LQ� WKH� UHDO� ZRUOG� LW� LV� RIWHQ�YHU\� KDUG� WR� GHVLJQ�� FRPSXWH� DQG� FRQWURO� FRPSOH[�VWUXFWXUHV� WKDW� FRQVLVW� RI� VHYHUDO� LQWHUGHSHQGHQW� SDUWV� ��HVSHFLDOO\� LI� WKH\�PDNH�XVH�RI�SDVVLYH�G\QDPLFV�RU� LI�QR�VLPLODU�VWUXFWXUHV�FDQ�EH�IRXQG�LQ�QDWXUH��7R� WDFNOH� WKHVHV� SUREOHPV�� D�KLJKO\� LWHUDWLYH�PHWKRG�ZDV�XVHG� WR�EXLOG�D� UHODWLYHO\� VLPSOH�PRQNH\�OLNH� URERW�WKURXJK� LQVSLUDWLRQ� GUDZQ� IURP� KXPDQ� HQJLQHHULQJ��HYROXWLRQDU\� H[SORLWDWLRQ� RI� WKH� SK\VLFDO� HQYLURQPHQW�DQG� WKH� UHVXOWLQJ� RSWLPL]DWLRQ� RI� LWV� ORFRPRWLRQ� SDWWHUQ�LQ�VLPXODWLRQ��(YHQWXDOO\�WKLV�SDWWHUQ�FRXOG�EH�WUDQVIHUUHG�WR UHDOLW\��7KH�GHVLJQ�� VLPXODWLRQ�DQG� FRQVWUXFWLRQ�RI� WKH� URERW�ZDV�FRPSOHWHG�LQ�XQGHU�VHYHQ�ZHHNV����� 7KH�,QVSLUDWLRQ�)DFWRU�
7R�LQLWLDOO\�H[SORUH�WKH�EHKDYLRUV�RI�PRUSKRORJLHV�QRW�IRXQG� LQ� QDWXUH�� D� V\PPHWULF� WKUHH�OHJJHG� FUHDWXUH�ZDV�EXLOW� LQ� VLPXODWLRQ�� VLQFH� DQ\� ELRORJLFDO� RFFXUUHQFHV� RI�WULSHGDO�ORFRPRWLRQ�DUH�XQNQRZQ�WR�WKH�DXWKRU��7KH� HYROXWLRQDU\� DOJRULWKP� HYROYHG� D� FRQWURO�VWUXFWXUH� IRU� WKH�DJHQW� �E\�RSWLPL]LQJ� WKH�ZHLJKW�PDWUL[�RI� DQ�$11�FRQQHFWLQJ� VHQVRUV� WR�PRWRUV�� WKDW�ZDV�ZHOO�DGDSWHG� WR� LWV� VSHFLILF� PRUSKRORJ\�� 7KH� UHVXOW� ZDV� D�

1Development Tool by Josh Bongard: 
 http://www.ifi.unizh.ch/ailab/people/bongard/MorphEngine/ 

VXFFHVVIXO� ORFRPRWLRQ�SDWWHUQ� WKDW� DOORZHG� WKH� FUHDWXUH�WR IROORZ�D�UDQGRPO\�SODFHG�OLJKW�VRXUFH��
�

� 7KH�'HVLJQ�RI�D�0RQNH\�5RERW�
7KH�WUDQVIHU�RI�REVHUYHG��VLPXODWHG�EHKDYLRUV�WR�D�UHDO�URERW�ZDV�WHVWHG�ZLWK�WKH�IDVW�DQG�FKHDS�LPSOHPHQWDWLRQ�RI�D�VLPSOH�EUDFKLDWLQJ�URERW�WKDW�WDNHV�DGYDQWDJH�RI�WKH�G\QDPLFV� RI� DQ� LQYHUWHG� SHQGXOXP� IRU� VXFFHVVIXO�ORFRPRWLRQ�RQ�D�VWHHO�URSH��6HYHUDO� FODVVHV� RI� PRQNH\�OLNH� PRUSKRORJLHV� ZHUH�HQJLQHHUHG� DQG� LPSOHPHQWHG� LQ� WKH� VLPXODWLRQ�HQYLURQPHQW�RI�0RUSK(QJLQH��7KH�PRUSKRORJLHV�GLIIHUHG�PDLQO\�LQ�WKH�QXPEHU�RI�DFWXDWHG�MRLQWV����

Above: Two examples of different monkey morphologies. �

2 Videos available at 
 http://n.ethz.ch/student/fdominic/SP2002.html 

3 legged creature that successfully follows a light source: the 
green cones indicate the joint normals. 



7KHQ� DUWLILFLDO� HYROXWLRQ� ZDV� XVHG� WR� ILQG� D�PRUSKRORJ\� WKDW� VKRZHG� D� SURPLVLQJ� ORFRPRWLRQ�SDWWHUQ�� � 9DULDQWV� RI� WKH� FKRVHQ� PRUSKRORJ\� ZHUH�HQJLQHHUHG� ZLWK� GLIIHULQJ� QXPEHUV� DQG� SODFHPHQWV� RI�DFWXDWHG� DQG� SDVVLYH� MRLQWV�� DQG� VHQVRUV� LQ� RUGHU� WR�LPSURYH�WKH�URERW
V�SHUIRUPDQFH���(YHQWXDOO\�D�PRUSKRORJ\�ZDV�FKRVHQ�WKDW�ZDV�VLPSOH�EXW�LQWHUHVWLQJ�HQRXJK�WR�EH�LPSOHPHQWHG�DV�D�UHDO�ZRUOG�SURWRW\SH�ZLWKLQ�����ZHHNV���6HYHUDO� LWHUDWLRQ� VWHSV� EHWZHHQ� KDUGZDUH�FRQVLGHUDWLRQV�� WKH� WUDQVODWLRQ� RI� WKHVH� ERXQGDU\�FRQGLWLRQV� LQWR� VLPXODWLRQ�SDUDPHWHUV�� DQG� WKH� VHOHFWLRQ�RI�D�ILQDO�PRUSKRORJ\�LQIOXHQFHG�E\�ERWK�VLPXODWLRQ�DQG�KDUGZDUH�FRQVLGHUDWLRQV�KDG�WR�EH�PDGH���(YHQWXDOO\�� WKH� PHFKDQLFDO� SURWRW\SH� ZDV� EXLOW� LQ�WKUHH�GD\V���HOHFWURQLFV�ZHUH�DGGHG�GXULQJ�WKH�IROORZLQJ�ZHHN����

Above: Photographs of the actual robot. �)LQDOO\� WKH� UHDO� KDUGZDUH� SDUDPHWHUV� DQG� PDVV�GLVWULEXWLRQ� ZHUH� WUDQVIHUUHG� LQWR� VLPXODWLRQ� DJDLQ� LQ�RUGHU�WR�H[SORLW� WKH�SK\VLFDO�SURSHUWLHV�RI�ERWK�WKH�URERW�DQG�WKH�HQYLURQPHQW�FRUUHFWO\��ILQH�WXQLQJ����7KH�ORFRPRWLRQ�SDWWHUQ�REVHUYHG�LQ�VLPXODWLRQ�KDG�WR�EH� LQWHUSUHWHG� DQG�SURJUDPPHG�RQ� WKH� SURWRW\SH�� VLQFH�WKH� GLUHFW� WUDQVIHU� RI� D� VLWXDWHG� $11� LV� VWLOO� D�WHFKQRORJLFDO�FKDOOHQJH�DQG�ZDV�EH\RQG�WKH�VFRSH�RI�RXU�DSSURDFK��7KH�UHVXOW�ZDV�D�UHDO�ZRUOG�SURWRW\SH�URERW��EDVHG�RQ�WKH� FURVV�LQVSLUHG� GHVLJQ�� ZLWK� D� VXFFHVVIXO� ORFRPRWLRQ�SDWWHUQ�VLPLODU�WR�WKH�RQH�HYROYHG�LQ�VLPXODWLRQ�WKDW�XVHV�WKH�G\QDPLFV�RI�D�SDVVLYH�LQYHUWHG�SHQGXOXP��
� 'LVFXVVLRQ�

7KHUH�DUH�VHYHUDO�GLIIHUHQFHV�EHWZHHQ�WKH�ORFRPRWLRQ�SDWWHUQ�RI�WKH�YLUWXDO�DJHQW�DQG�WKH�SURWRW\SH��7KH\�KDYH�WR GR� ZLWK� NQRZQ� VKRUWFRPLQJV� RI� WKH� VLPXODWLRQ�DFFXUDF\� � LQ� 0RUSK(QJLQH� �ZKLFK� LV� FRQVWDQWO\� EHLQJ�LPSURYHG�� � PDLQO\� LQ� UHJDUGV� WR� PDWHULDO� SURSHUWLHV��VXUIDFH� VWUXFWXUH�� IULFWLRQ�� VWLIIQHVV��� DFWXDWRU� IRUFHV��VSULQJ�SDUDPHWHUV�DQG�QRLVH���,QWHUHVWLQJO\�� RQH� IODZ� KHOSHG� WR� FRPSHQVDWH� IRU�DQRWKHU�� WKH� SURWRW\SH� ZDV� EUDFKLDWLQJ� RQ� D� URSH�FRQVLVWLQJ�RI� WZLVWHG�VWHHO�ZLUHV� FRDWHG�ZLWK� WKLQ�UXEEHU�

3 Videos available at 
 http://n.ethz.ch/student/fdominic/SP2002.html   or 
 http://www.ifi.unizh.ch/ailab/people/bongard/MorphEngine/ 

ZKLOH� LQ� VLPXODWLRQ� D� SHUIHFWO\� VWLII� EDU� ZDV� XVHG�� 7KH�UHVXOW� ZDV� D� GLIIHUHQW� TXDOLW\� RI� IULFWLRQ� DQG� D� G\QDPLF�UHVSRQVH� RI� WKH� IOH[LEOH� URSH�� 7KH� VLJQLILFDQWO\� KLJKHU�IULFWLRQ� EHWZHHQ� FODZV� DQG� URSH� LQ� WKH� UHDO� ZRUOG�GHPDQGHG� D� PRUH� G\QDPLF� VZLQJLQJ� EHKDYLRU� WKDQ�REVHUYHG� LQ� VLPXODWLRQ� �WR� IUHH� WKH� DUPV�� E\� XVLQJ� WKH�ZKROH�ERG\�PDVV� WR�JDLQ�PRPHQWXP��7KLV�ZDV�SRVVLEOH�GXH� WR� WKH� LQDFFXUDWHO\� VLPXODWHG� PRWRU� SRZHU� ZKLFK�WXUQHG�RXW�WR�EH�PXFK�VWURQJHU�LQ�UHDOLW\���$ GUDZEDFN�ZDV�WKH�XVH�RI�D�SURJUDPPHG�FRPSXWHU�FKLS�LQVWHDG�RI�DQ�$11��+DYLQJ� QR� SRVVLELOLWLHV� IRU� D� GLUHFW� WUDQVIHU� \HW�� WKH�TXHVWLRQ�DULVHV��KRZ�ZHOO�D� UHVXOWLQJ� ORFRPRWLRQ�SDWWHUQ�LQ� JHQHUDO� FDQ� EH� XQGHUVWRRG� DQG� LQWHUSUHWHG� E\� WKH�KXPDQ�HQJLQHHU�� ,W�ZRUNHG�ZHOO� LQ� WKLV�UHODWLYHO\�VLPSOH�FDVH�RI�D�EUDFKLDWLQJ�URERW��EXW�LW�LV�QRW�FOHDU�ZKHWKHU�WKLV�DSSURDFK�ZLOO�ZRUN�IRU�PRUH�FRPSOH[�SDWWHUQV�ZKHQ�WKH�LQWHUDFWLRQV�DUH�QR�ORQJHU�REYLRXV�DQG�SDUDOOHO�SURFHVVLQJ�ZRXOG�EH�UHTXLUHG�IRU�UHDO�WLPH�SHUIRUPDQFH���� &RQFOXVLRQV�
$IWHU� ORRNLQJ� DW� WKH� VROXWLRQ� WKH� DOJRULWKP� FDPH� XS�ZLWK�LW�PLJKW�VHHP�WKDW�LW�ZDV�REYLRXV�DQG�WKH�ZD\�KRZ�WKH�SK\VLFDO�SURSHUWLHV�RI�WKH�URERW�DQG�WKH�HQYLURQPHQW�ZHUH�H[SORLWHG�ZDV�WR�EH�H[SHFWHG��7KLV�PLJKW�EH�WUXH�LQ�WKLV� UHODWLYHO\� VLPSOH� FDVH�� +RZHYHU�� ZH� WKLQN� WKDW� WKH�VROXWLRQV� IRXQG� E\� HYROXWLRQ� DUH� RIWHQ� QRQ�REYLRXV� RU�VLPSOHU� �FKHDS� GHVLJQ�� WKHQ� ZKDW� DQ� HQJLQHHU� RU�URERWLFLVW�ZRXOG�WKLQN�RI�ZLWKRXW�SULRU�NQRZOHGJH�RI�WKH�HYROXWLRQDU\� VROXWLRQ� DQG� WKDW� VXFK� D� WRRO� PD\� EH� RI� D�JUHDW� EHQHILW� ZKHQ� LW� FRPHV� WR� GHVLJQLQJ� DQG� UDSLGO\�HYDOXDWLQJ� QHZ� VROXWLRQV� IRU� D� FRPSOH[� VWUXFWXUH� ZLWK�PDQ\�PRYLQJ�SDUWV�DQG�FRPSOH[�PDVV�GLVWULEXWLRQV��IRU�D�VLPLODU�DSSURDFK�VHH�>�@���7KH� UHVXOWV� SUHVHQWHG� DUH� SURPLVLQJ�� \HW� WKHUH� DUH�PDQ\� PRUH� VWHSV� WR� EH� GRQH� LQ� RUGHU� WR� SURYH� WKHLU�VLJQLILFDQFH�DQG�WR� LPSURYH� WKH�GHVLJQ� WRRO� IRU� IDVW� ORZ�WHFK�URERW�LPSOHPHQWDWLRQV���� 9LVLRQV�
0HUJLQJ�PHWKRGV� IRU� GLJLWDO�PRFNXS� WKDW� DUH� EDVHG�RQ�HYROXWLRQ�LQ�D�KLJK�OHYHO�VLPXODWLRQ�HQYLURQPHQW�ZLWK�PRGXODU� FRPSRQHQWV>�@�>�@� WKDW� PLJKW� EH� DXWRPDWLFDOO\�PDQXIDFWXUHG� DQG� DVVHPEOHG>�@� PD\� OHDG� WR� WKH�SHUIHFWLRQ� RI� DXWRPDWHG� UDSLG� SURWRW\SLQJ� IRU� UREXVW��DGDSWLYH�DQG�¶LQWHOOLJHQW·�DJHQWV���
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