Bibliograph 222 Xiao, J. and olz, R.A. (1988). Design and motion constrain ts of part- mating planning in the presence of uncertain ties. In Pr dings of IEEE International Confer enc on ob otics and utomation pages 1260{1268. Xiao, J. and olz, R.A. (1989). On replanning for assem bly tasks using rob ots in the presence of uncertain ties. In Pr dings of IEEE International Confer enc on ob otics and utomation pages 638{645. Yin, B., Am bler, A.P ., and opplestone, R.J. (1984). Com bining vision eri�cation with high lev el rob ot programming language. In Pr dings of the 4th International Confer enc e, VISEC pages 371{379. Bibliograph 221 Sriniv as, S. (1976). Err or overy in ob ot Systems PhD thesis, California Institute of ec hnology Sriniv as, S. (1978). Error reco ery in rob ots through failure reason analysis. In Pr dings of AFIPS National Computer Confer enc pages 275{282. ak ase, K., aul, R.P ., and Berg, E.J. (1981). structured approac to rob ot programming and teac hing. IEEE ansactions on Systems Man. and Cyb ernatics SMC-11(4):274{239. ate, A. (1984). Planning and condition monitoring in an FMS. In Pr d- ings of the International Confer enc on Flexible utomation Systems ylor, R.H. (1976). The Synthesis of Manipulator Contr ol Pr gr ams fr om ask-L evel Sp ci�c ations Rep ort AIM 282, Stanford Univ ersit rev ely an, J.P ., Nelson, M., and Ko esi, (1987). Adaptiv motion se- quencing for pro cess rob ots. In Pr dings of 4th International Symp osium of ob otic ese ar ch pages 65{72. Udupa, S.M. (1977). Col lision Dete ction and voidanc in Computer Con- tr ol le Manipulators PhD thesis, California Institute of ec hnology Whitney D.E. and Junk el, E.F. (1982). Applying sto hastic con trol theory to rob ot sensing, teac hing, and long term con trol. In Pr dings of IF Conf. on Information Contr ol Pr oblems in Manufacturing chnolo gy pages 109{ 117. Williams, D.J., Rogers, ., and Upton, D.M. (1986). Programming and re- co ery in cells for factory automation. The International Journal of dvanc Manufacturing chnolo gy 1:37{47. d, B.O. and ugelso, M.A. April 1983. MCL, the man ufacturing con trol language. In Pr dings of the 13th International Symp osium on Industrial ob ots pages 12/85{96, Chicago. Bibliograph 220 Salmon, J.C. (1989). Implementation of Gener alise Patting Behaviour for the SOMASS System Master’s thesis, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Sc hraft, R.D., Strommer, W.M., and Neugebauer, J.G. Octob er 1992. virtual realit testb ed for rob ot applications. In Pr dings of the 23th In- ternational Symp osium on Industrial ob ots pages 105{110, Barcelona. Selk e, K.K.W., Shen, H.C., Deacon, G.E., and Pugh, A. (1991). strategy for sensors and rules in exible rob otic assem bly International Journal of Pr duction es. 29(2):279{291. Sharp, K.A.I. (1990). Me asur ement Generics or The Mk1 Infact Machine Design Do cumen t, Departmen of Computer Science, Univ ersit College of ales. Shen, H.C., Selk e, K.K.W., Deacon, G.E., and Pugh, A. (1987). sensor- data driv en, rule based strategy for error reco ery in rob otic assem bly In Pr dings of NA TO dvanc ese ar ch Workshop on Kinematic and Dy- namic Issues in Sensor ase Contr ol Shimano, B. (1979). AL: ersatile rob ot programming and con trol system. In Pr dings of COMPSA Shimano, B., Gesc hk e, C., and Spalding, C. (1984). AL-II: rob ot pro- gramming language and con trol system. In SME ob ots VIII Confer enc SICStus Pr olo User’s Manual 0.6 patc lev el edition, Octob er 1988. Smithers, T. and Malcolm, C.A. (1989). eha vioural approac to rob ot task planning and o�{line programming. Journal of Structur arning 10:137{ 156. Smithers, T., Malcolm, C.A., and Am bler, A.P (1987). owar ds Inte- gr ate Intel ligent ob otic Assembly System AI orking ap er 197, Depart- men of Arti�cial In telligence, Univ ersit of Edin burgh. Bibliograph 219 Malcolm, C.A. and Smithers, T. (1990). Sym ol grounding via ybrid arc hitecture in an autonomous assem bly system. ob otics and utonomous Systems 6:123{144. Malcolm, C.A. (1987). Planning and Performing the ob otic Assembly of Soma Cub Constructions Master’s thesis, Departmen of Arti�cial In telli- gence, Univ ersit of Edin burgh. Malcolm, C.A., Smithers, T., and Hallam, J. (1989). Emer ging Par adigm in ob otic chite ctur AI Researc ap er 447, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Mani, Murali, and Wilson. (1985). programmable orien ting system for at parts. In Pr dings of NAMRII Nevins, J.L., Desai, M., ogel, E., alk er, B.K., and Whitney D.E. (1984). Adaptiv con trol, learning, and cost e�ectiv sensor systems for rob otic or adv anced automation systems. In The First International Symp osium on ob otics ese ar ch pages 983{994. eshkin, M.A. and Sanderson, A.C. Decem er 1988. The motion of pushed, sliding orkpiece. IEEE Journal of ob otics and utomation 4(6). eshkin, M.A. August 1990. Programmed compliance for error correctiv assem bly IEEE ansactions on ob otics and utomation 6(4). opplestone, R.J., Am bler, A.P ., and Bellos, I. (1978). RAPT, language for describing assem blies. Industrial ob ot 3:131{137. Requic ha. (1983). owar ds The ory of Ge ometric al oler ancing ec h. Memo 40, Univ ersit of Ro hester. Intr ducing TX UMI Ltd, London, England, 3rd edition, April 1987. Bibliograph 218 Lozano-P erez, T. (1981). Automatic planning of manipulator transfer mo emen ts. IEEE ansactions on Systems, Man, and Cyb ernetics SMC{ 11(10):681{698. Lozano-P erez, T. ebruary 1983. Spatial planning con�guration space approac h. IEEE ansactions on Computers C{32(2):108{120. Lozano-P erez, T., Jones, J.L., Mazer, E., O’Donnell, .A., and Grimson, W.E.L. (1987). Handey: rob ot system that recognises, plans, and ma- nipulates. In Pr dings of IEEE Confer enc on ob otics and utomation pages 843{849. Lozano-P erez, T., Mason, M.T., and ylor, R.H. (1990). rti�cial Intel li- genc at MIT Exp anding ontiers hapter 27, pages 60{99. olume 2, MIT Press, Automatic Syn thesis of Fine-Motion Strategies for Rob ots. Lozano-P erez, T., Mazer, E., Jones, J.L., and O’Donnell, .A. (1990). r- ti�cial Intel ligenc at MIT Exp anding ontiers hapter 26, pages 40{59. olume 2, MIT Press, ask Lev el Planning of Pic k-and-Place Rob ot Motions. Malcolm, C.A. and othergill, A.P (1986). Some chite ctur al Implic ations of the use of Sensors AI Researc ap er 294, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Malcolm, C.A. and Ho e, J. (1990). Behaviour al Mo dules: New Appr ach to ob otic Assembly CME Gran GR/E 68075 Extended Rep ort, Depart- men of Arti�cial In telligence, Univ ersit of Edin burgh. Malcolm, C.A. and Smithers, T. (1988). Pr gr amming Assembly ob ots in terms of ack chieving Behaviour al Mo dules: First Exp erimental esults AI Researc ap er 410, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Bibliograph 217 Jennings, J., Donald, B.R., and Campb ell, D. (1989). ards exp erimen tal eri�cation of an automated complian motion planner based on geometric theory of error detection and reco ery In Pr dings of IEEE International Confer enc on ob otics and utomation pages 632{637. Johnson, D.G and Hill, J.J. Septem er 1985. alman �lter approac to sensor-based rob ot con trol. IEEE Journal of ob otics and utomation RA- 1(3). Kalman, R.E. Marc 1960. new approac to linear �ltering and prediction problems. Journal of Basic Engine ering 82D:35{45. Lee, M.H., Barnes, D.P ., and Hardy N.W. (1983). Kno wledge based er- ror reco ery in industrial rob ots. In Pr dings of 8th International Joint Confer enc on rti�cial Intel ligenc pages 824{826. Lee, M.H., Hardy N.W., and Barnes, D.P (1984). Researc in to auto- matic error reco ery In Pr dings of Confer enc on UK ob otics ese ar ch pages 65{69. Lieb erman, L.I. and esley M.A. (1977). Autopass: an automatic program- ming system for computer con trolled mec hanical assem bly IBM Journal of ese ar ch and Development 21(4):321{333. Loughlin, C., (ed.). (1992). InF CT: Pr oje ct, Conc epts, Machine MCB Univ ersit Press Limited, Bradford. Lozano-P erez, T. and Bro oks, R.A. April 1985. Appr ach to utomatic ob ot Pr gr amming AI Memo 842, MIT. Lozano-P erez, T. and esley M.A. (1979). An algorithm for planning collision-free paths among olyhedral obstacles. Communic ations of the CM 22(10):560{570. Lozano-P erez, T. (1976). The Design of Me chanic al Assembly System ec hnical Rep ort 397, Arti�cial In telligence lab oratory MIT. Bibliograph 216 Fleming, A. (1985). nalysis of Unc ertainty in Structur of Parts AI Researc ap er 271, Departmen of Arti�cial In telligence, Univ ersit of Ed- in burgh. Fleming, A. (1985). nalysis of Unc ertainty in Structur of Parts AI Researc ap er 272, Departmen of Arti�cial In telligence, Univ ersit of Ed- in burgh. Fleming, A.D. (1987). nalysis of Unc ertainties and Ge ometric oler anc es in Assemblies of Parts PhD thesis, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Flynn, A.M. and Bro oks, R.A. (1988). MIT rob ots what’s next? In Pr dings of IEEE ob otics and utomation Confer enc pages 611{617. Gardner, M. (1961). Mor Mathemetic al Puzzles and Diversions enguin, 1966 edition. Gini, M. and Gini, G. (1983). Reco ering from failures new hallenge for industrial rob ots. In Pr dings of 26th IEEE Computer So ciety Intern. Conf. pages 220{227. Gini, M. and Gini, G. (1983). ards automatic error reco ery in rob ot programs. In Pr dings of 8th International Joint Confer enc on rti�cial Intel ligenc pages 821{823. Gini, M. and Smith, R.E. (1986). Reliable real{time rob ot op eration emplo y- ing in telligen forw ard reco ery Journal of ob otic Systems 3:281{300. Hardy N.W. Rob otic Assem bly orkshop Presen tation, Edin burgh Univ er- sit (1991). Hardy N.W., Barnes, D.P ., and Lee, M.H. (1989). The automatic diagnosis of task faults in exible man ufacturing systems. ob otic 7(1):25{35. Bibliograph 215 Craig, J.J. (1989). Intr duction to ob otics, Me chanics and Contr ol. 2nd Edition pages 1{144. Addison esley Critc hlo w, A.J. (1985). Intr duction to ob otics hapter 8, pages 293{324. MacMillan. Dean, G.C. Marc 1986. An in tro duction to alman �lters. Me asur ement Contr ol, The Institute of Me asur ement and Contr ol 19(2). Derb S. Marc 1982. Computer graphics sim ulation of rob ot arms using the GRASP program. In Pr dings of CAD/CAM onfer enc MIT, Cam bridge. Donald, B.R. April 1986. Rob ot motion planning with uncertain in the geometric mo dels of the rob ot and en vironmen formal framew ork for error detection and reco ery In Pr dings of IEEE International Confer enc on ob otics and utomation pages 1588{1593, San rancisco. Donald, B.R. (1987). Err or Dete ction and overy for ob ot Motion Plan- ning with Unc ertainty PhD thesis, MIT Arti�cial In telligence Lab oratory Donald, B.R. (1988). Planning ulti-step error detection and reco ery strate- gies. In Pr dings of IEEE International Confer enc on ob otics and u- tomation pages 892{897. Donald, B.R. ebruary 1990. Planning ulti-step error detection and reco v- ery strategies. International Journal of ob otics ese ar ch 9(1):3{60. Drabble, B. and Co x, (1985). Err or Dete ction and overy in an Unc er- tain Envir onment ec hnical Rep ort, Departmen of Computer Science and Applied Mathematics, Univ ersit of Aston, Birmingham. Erdmann, M.A. and Mason, M.T. August 1988. An exploration of sensorless manipulation. IEEE Journal of ob otics and utomation 4(4):369{379. Erdmann, M.A. (1984). On Motion Planning with Unc ertainty ec hnical Rep ort 810, MIT. Bibliograph 214 Bro oks, R.A. (1987). hardw are retargetable distributed la ered arc hitec- ture for mobile rob ot con trol. In Pr dings of IEEE ob otics and utoma- tion Confer enc pages 106{110. Bro oks, R.A. (1989). rob ot that alks: emergen eha viors from carefully ev olv ed net ork. In Pr dings of IEEE ob otics and utomation Confer- enc pages 692{696. Bro oks, R.A. (1991). Intel ligenc Without ason AI Memo 1293, MIT. Bro oks, R.A. (1991). In telligence without represen tation. rti�cial Intel li- genc 47:139{160. Brost, R. April 1986. Automatic grasp planning in the presence of uncer- tain In Pr dings of IEEE International Confer enc on ob otics and utomation Cameron, S. and Aylett, J. (1988). Robmo d: geometry engine for rob otics. In Pr dings of IEEE Confer enc on ob otics and utomation Cameron, S.A. (1984). Mo del ling Solids in Motion PhD thesis, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Chongstitv atana, and Conkie, A.D. (1990). Behaviour-Base Assembly Exp eriments using Vision Sensing AI Researc ap er 466, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Clo ksin, B. and Mellish, C. (1984). Pr gr amming in Pr olo Springer. Connell, J.H. (1989). Colony chite ctur for an rti�cial Cr atur PhD thesis, Massac usetts Institute of ec hnology Corner, D.F., Am bler, A.P ., and opplestone, R.J. (1983). asoning ab out the Sp atial elationships derive fr om RAPT Pr gr am for describing assem- bly by ob ot AI Researc ap er 191, Departmen of Arti�cial In telligence, Univ ersit of Edin burgh. Bibliograph dept manipulator system asic op er ation 1212 Bordeaux Driv e, Sunn yv ale, CA, 1.5 edition, ebruary 1985. dept manipulator system AL{II efer enc guide 1212 Bordeaux Driv e, Sunn yv ale, CA, 4.0 edition, July 1985. Albus, J.S. (1981). Br ains, Behavior, and ob otics BYTE Publications Inc. Am bler, A.P ., Bro wn, C.M., Burstall, R.M., opplestone, R.J., and Barro w, H.G. (1973). ersatile computer-con trolled assem bly system. In Pr d- ings of 3r International Joint Confer enc on AI pages 298{307. Am bler, A.P ., Cameron, S.A., and Corner, D.F. (1987). anguages for Sensor-b ase ontr ol in ob otics pages 305{316. olume F29, Springer-V erlag NA TO ASI Series, Augmen ting the RAPT Rob ot Language. Berlek amp, Con and Guy (1982). Winning Ways olume 2, Academic Press. Bro oks, R.A. (1982). Symb olic Err or nalysis and ob ot Planning AI Memo 685, MIT. Bro oks, R.A. (1986). chieving rti�cial Intel ligenc Thr ough Building ob ots AI Memo 899, MIT, Arti�cial In telligence Lab oratory Bro oks, R.A. (1986). robust la ered con trol system for mobile rob ot. IEEE Journal of ob otics and utomation RA-2:14{23. 213 App endix F. Whole Run ables 212 100 101 102 103 PLAN set_up_init PICK-UP YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY FIND LOCATION YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY FIND CUBE TOP YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY FIND HEIGHT YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY FIND DROP 987969754787 458 874889467798 4878978 COMPARE POINTS YYYYYYYYYYYY YYY YYYYYYYYYYYY YYYYYYY PICK DOUBLE SNAP YY YY PICK UP YY YY SINGLE PICK YYYY YY YY YC YYYY YY YY YYYY FIND HEIGHT YYYY YY YY YYYY YY YY YYYY FIND DROP YYYY YY YY YYYY YY YY YYYY PICK UP YYYY YY YY YYYY YY YY YYYY REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYYYYY YY YYYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYYY YY YYYYYYYY YYYYYY PUSH MOVE ROUND ASS YYY YYY approach ass YYY YYY place part YYY YYY depart ass YYY YYY CHECK PUSH YYY YYY approach ass push part depart ass TIDY UP App endix F. Whole Run ables 211 91 92 93 94 95 96 97 98 99 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 9456845 8444854 9944754 4554455 4545475 5645447 4949445 4858444 4947474 COMPARE POINTS YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY PICK UP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 210 81 82 83 84 85 86 87 88 89 90 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY FIND DROP 5755885 8458844 8459774 6845444 7448448 7444548 86484 12565774 COMPARE POINTS YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYY YYYYYYY PICK DOUBLE SNAP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY PICK UP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 209 71 72 73 74 75 76 77 78 79 80 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 8654684 8548474 945K 9846545 4847744 44577 8855964 4949754 9487754 4545565 COMPARE POINTS YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY PICK UP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP YYY YYY YYY YYY YYY YYY YYY turn for put REGRASP PUT YYY YYY YYY YYY YYY YYY YYY REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET YYY YYY YYY YYY YYY YYY YYY PLACE YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 208 61 62 63 64 65 66 67 68 69 70 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 13944844 9455684 7444474 5484644 4474456 8457454 4645474 5465744 9858644 4848744 COMPARE POINTS YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY PICK UP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY

YYY YYY YYY YYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY turn for put REGRASP PUT YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET YYY YYY YYY YYY YYY YYY YYY YYY YYY YYY PLACE YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 207 51 52 53 54 55 56 57 58 59 60 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 4474454 8765575 4875445 4774455 4867477 8475488 4744584 4744444 4476744 7844444 COMPARE POINTS YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYY YYY PICK UP YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYY YYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP YYY turn for put REGRASP PUT YYY REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET YYY PLACE YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYJ YYYYYYY YYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 206 41 42 43 44 45 46 47 48 49 50 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 5766465 4874775 4766 4844558 4974898 8748494 4886454 8464477 4874485 4465444 COMPARE POINTS YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYYYY YYYYY YYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY PICK UP YYYYY YYYYY YYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYYYY YYYYYYY YYYI YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix F. Whole Run ables 205 31 32 33 34 35 36 37 38 39 40 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 4784458 5485484 7446587 5664468 8744465 6765457 894758 5454487 4744584 7444575 COMPARE POINTS YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY PICK UP YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY YYYYYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY SLIP CHECK PUSH YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY YYYYY PUSH MOVE ROUND ASS YY YY YY YY YY YY YY YY YY approach ass YY YY YY YY YG YY YY YY YY place part YY YY YY YY YY YY YY YY depart ass YY YY YY YY YY YY YY YY CHECK PUSH YY YY YY YY YY YY YY YY approach ass push part depart ass TIDY UP App endix F. Whole Run ables 204 21 22 23 24 25 26 27 28 29 30 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYB YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE YY HUNT CENTRE 11 CHECKPRESSED 11 FIND HEIGHT 11 COMPARE HEIGHT 11 LOCATION YYYYYYY YYYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 7764584 7757449 546A 8848465 7844444 7544585 846 4747784 7849488 8794445 COMPARE POINTS YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY YYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YYYYYY YYYYYY YYY YYYYYY YYYYYY YYYYYY YYY YYYYYY YYYYYY YYYYYY PICK UP YYYYYY YYYYYY YYY YYYYYY YYYYYY YYYYYY YYY YYYYYY YYYYYY YYYYYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP turn for put REGRASP PUT REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET PLACE YYYYY YYYYY YYY YYYYY YYYYY YYYYY YYY YYYYY YYYYY YYYYY SLIP CHECK PUSH YYYYY YYYYY YYY YYYYY YYYYY YYYYY YYY YYYYY YYYYY YYYYY PUSH MOVE ROUND ASS YY YY YY YY YY YY YY YY approach ass YY YY YY YY YY YY YY YY place part YY YY YY YY YY YY YY YY depart ass YY YY YY YY YY YY YY YY CHECK PUSH YY YY YY YY YY YY YY YY approach ass push part depart ass TIDY UP App endix F. Whole Run ables 203 11 12 13 14 15 16 17 18 19 20 PLAN set_up_init PICK-UP YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YY YYYY YYYYYYY YYYYYYY FIND LOCATION YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YY YYYY YYYYYYY YYYYYYY FIND CUBE TOP YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YY YYYY YYYYYYY YYYYYYY FIND HEIGHT YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YB YYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YYYY YYYYYYY YYYYYYY FIND DROP 95D 4665467 7874497 77685 6844584 88775 6784 9444445 7674475 COMPARE POINTS YY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YY YY YYYY YYYYY YYYYY YYYYY YYYYY YYY YYYYYY YYYYYY PICK UP YY YY YYYY YYYYY YYYYY YYYYY YYYYY YYY YYYYYY YYYYYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP YYY YY turn for put REGRASP PUT YYY YY REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET YF PLACE YY YYYYYYY YYYYYYY YYYYY YYYYYYY YYYYY YYY YYYYY YYYYY SLIP CHECK PUSH YY YYYYYY YYYYYYY YYYYYYY YYY YYYYY YYYYY PUSH MOVE ROUND ASS YY YY approach ass YY YY place part YY YY depart ass YY YY CHECK PUSH YY YY approach ass push part depart ass TIDY UP App endix F. Whole Run ables 202 10 PLAN set_up_init PICK-UP YYYYYYY YYYYYYY YYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND LOCATION YYYYYYY YYYYYYY YYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CUBE TOP YYYYYYY YYYYYYY YYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND HEIGHT YYYYYYY YYYYYYY YYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT COMPARE HEIGHT LOCATION YYYYYYY YYYYYYY YYYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY FIND DROP 4447469 4855566 44546A 8744 9444599 4847774 4744487 7444769 7444747 4946477 COMPARE POINTS YYYYYYY YYYYYYY YYYYY YYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY PICK DOUBLE SNAP YY YYYY YY YYYY YY YY YY YY YYYY YY YYYY YY YYYY YY YYYY YY YYYC YY YYYY PICK UP YY YYYY YY YYYY YY YY YY YY YYYY YY YYYY YY YYYY YY YYYY YY YYY YY YYYY SINGLE PICK FIND HEIGHT FIND DROP PICK UP REGRASP YYY YYY YYY YYY YYY YYY YY YYY turn for put REGRASP PUT YYY YYY YYY YYY YYY YYY YY YYY REGRASP TWIST REGRASP GET REGRASP PUT REGRASP GET YYY YYY YYY YYY YYY YYY YY YYY PLACE YYYYYYY YYYYYYY YYYYY YYYB YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY SLIP CHECK PUSH YYYYYYY YYYYYYY YYYYY YYY YYYYYYY YYYYYYY YYYYYYY YYYYYYY YYYYYY YYYYYYY PUSH MOVE ROUND ASS approach ass place part depart ass CHECK PUSH approach ass push part depart ass TIDY UP App endix Whole Run ables The follo wing tables detail the runs of the exp erimen tal rob otic assem bly sys- tem describ ed in Chapter 6. These runs in olv the Beha vioural Mo dules of the whole assem bly system, although only the ones imp ortan to the thesis ork are actually detailed here. The assem bly runs are lo ok ed at in Section 6.2 of the ab hapter. The run um ers head the columns of the table, and the ro headers sho the Beha vioural Mo dule names whic are used. The ones pic ed out in cap- ital letters are the Beha vioural Mo dules in upp er lev el of the hierarc with the others forming the lo est lev el Beha vioural Mo dules in the structure. The Beha vioural Mo dules not on the Ide al Exe cution Path are inden ted. The um- ers sho wn against the Hun Cen tre and Find Drop Beha vioural Mo dules are describ ed in the explanation for the part acquisition Beha vioural Mo dules runs in App endix E. or these runs, eac run consisted of initialisation and tidy up sections, with sev eral runs of eac pic k/place section dep enden on the um er of Soma parts to assem bled. The diagrams also sho where failures ccurred, and the actual cause of the errors is detailed in Section 6.2. 201 App endix E. Pic Run ables 200 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 NORMAL PICK FIND LOCATION FIND CUBE TOP FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone COMPARE HEIGHT LOCATION FIND DROP 12 appros2/check2 12 movesone 12 checkone 12 movesone 12 checkone 12 COMPARE POINTS UNWIND GRIPPER PICK DOUBLE SNAP appros2/check2 movestwo checktwo checktwo PICK UP appros2/check2 move2/check2 checktwo safe height movesone checksix App endix E. Pic Run ables 199 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 NORMAL PICK FIND LOCATION FIND CUBE HEIGHT FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone COMPARE HEIGHT LOCATION FIND DROP 10 11 appros2/check2 10 11 movesone 10 11 checkone 10 11 movesone 10 11 checkone 10 11 COMPARE POINTS UNWIND GRIPPER PICK DOUBLE SNAP appros2/check2 movestwo checktwo checktwo PICK UP appros2/check2 move2/check2 checktwo safe height movesone checksix App endix E. Pic Run ables 198 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 NORMAL PICK FIND LOCATION FIND CUBE TOP FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone COMPARE HEIGHT LOCATION FIND DROP appros2/check2 movesone checkone movesone checkone COMPARE POINTS UNWIND GRIPPER PICK DOUBLE SNAP appros2/check2 movestwo checktwo checktwo PICK UP appros2/check2 move2/check2 checktwo safe height movesone checksix App endix E. Pic Run ables 197 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 NORMAL PICK FIND LOCATION FIND CUBE TOP FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone FIND CENTRE HUNT CENTRE CHECKPRESSED FIND HEIGHT safe height move2/check2 movesone checkone move checkone checkone COMPARE HEIGHT LOCATION FIND DROP appros2/check2 movesone checkone movesone checkone COMPARE POINTS UNWIND GRIPPER PICK DOUBLE SNAP appros2/check2 movestwo checktwo checktwo PICK UP appros2/check2 move2/check2 checktwo safe height movesone checksix App endix Pic Run ables The follo wing tables detail the runs of the exp erimen tal rob otic assem bly system describ ed in Chapter 6. These runs in olv the part acquisition Be- ha vioural Mo dules detailed in Section 6.1 of the ab hapter. The hierarc hi- cal structure for the Beha vioural Mo dules can found in Chapter 6, Fig 6{4. The run um ers head the columns of the table, and the ro headers sho the Beha vioural Mo dule names whic are used. The ones pic ed out in cap- ital letters are the Beha vioural Mo dules in upp er lev el of the hierarc with the others forming the lo est lev el Beha vioural Mo dules in the structure. The Beha vioural Mo dules not on the Ide al Exe cution Path are inden ted. The um- ers sho wn against the Hun Cen tre Beha vioural Mo dule and those elo sho the um er of prob es it to ok to �nd the top of the cub e, ha ving already found the hamfer. The um ers sho wn against the Find Drop Beha vioural Mo dule refer to the um er of horizon tal sw eeps across the cub whic ha een made to determine the orien tation of the cub e. The actual errors whic ccurred are noted the addition of letter corresp onding to the explanation of these giv en in Section 6.1. 196 App endix Soma5a This diagram also uses the spine represen tational form describ ed in App endix to sho the sub-set of the Soma-5 set whic is referred to as the Soma-5a group. Figure D{1: Spine Represen tation the Soma-5a group. 195 App endix C. Spine Represen tation of the Soma-5 Set 194 Figure C{1: Spine Represen tation of the Soma-5 set. App endix Spine Represen tation of the Soma-5 Set These diagrams ha een pro duced using the represen tation of shrinking Soma cub do wn to single oin t, and connecting these oin ts lines to form the Soma shap es. This �ts in ell with the idea of represen ting Soma shap es in Prolog list of [x,y ,z] triples. The Soma-5 set comprises of the one Soma-3 shap e, the six Soma-4 shap es and en y-eigh Soma-5 shap es. Eac of these are sho wn on the follo wing page in spine represen tation form. 193 App endix B. Beha vioural Mo dule Diagrams 192 Figure B{18: Pic Up Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 191 Figure B{15: Compare oin ts Beha vioural Mo dule Figure B{16: Un wind Gripp er Beha vioural Mo dule Figure B{17: Pic Double Snap Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 190 Figure B{13: Lo cation Beha vioural Mo dule Figure B{14: Find Drop Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 189 Figure B{11: Chec Pressed Beha vioural Mo dule Figure B{12: Compare Heigh Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 188 Figure B{9: Find Cen tre Beha vioural Mo dule Figure B{10: Hun Cen tre Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 187 Figure B{6: Safe Heigh Beha vioural Mo dule Figure B{7: Monitored Mo Beha vioural Mo dule Figure B{8: Chec Sensors Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 186 Figure B{4: Find Cub op Beha vioural Mo dule Figure B{5: Find Heigh Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 185 Figure B{2: Normal Pic Beha vioural Mo dule Figure B{3: Find Lo cation Beha vioural Mo dule App endix B. Beha vioural Mo dule Diagrams 184 Figure B{1: Key for Beha vioural Mo dule Diagrams. App endix B. Beha vioural Mo dule Diagrams 183 Monitored Mo (Fig B{7) Monitors the rob ot gripp er sensors while the rob ot is mo ving, halting the rob ot if an of the sensors are triggered. Chec Sensors (Fig B{8) Chec ks the actual alues of the binary sensors against giv en alues. Find Cen tre (Fig B{9) Calls Beha vioural Mo dules to erform simple searc strategy to �nd the top of cub e, giv en that hamfer has already een found. Hun Cen tre (Fig B{10) Simple searc strategy whic in olv es testing he- igh ts found in eac of four directions. Chec Pressed (Fig B{11) Calls Beha vioural Mo dules to �nd heigh and hec if it corresp onds to the top of the cub e. Compare Heigh (Fig B{12) Chec ks if heigh has een found corresp ond- ing to the top of cub e. Lo cation (Fig B{13) Calls Beha vioural Mo dules to determine the orien ta- tion of the part. Find Drop (Fig B{14) Mo es horizon tally er the top of the cub till the edge is detected. Compare oin ts (Fig B{15) Calls Beha vioural Mo dules whic hec the alues pro duced the orien tation strategy Un wind Gripp er (Fig B{16) Rotate gripp er to undo wrist wind-up. Pic Double Snap (Fig B{17) Calls Beha vioural Mo dules to pic up part using double snap of the gripp er. Pic Up (Fig B{18) Pic ks up the part using single snap. App endix Beha vioural Mo dule Diagrams This App endix pro vides Beha vioural Mo dule Diagrams whic are used for the exp erimen tal system. The ey for the diagrams has een pro vided again (see Fig B{1) for con enience, although it also app ears in Chapter 4. The follo wing descriptions detail brie y the function of eac Beha vioural Mo dule sho wn in the follo wing diagrams: Normal Pic (Fig B{2) Calls Beha vioural Mo dules to lo cate the Soma part and then pic it up. Find Lo cation (Fig B{3) Calls Beha vioural Mo dules to �nd top of the cub to gripp ed and then calls Beha vioural Mo dules to determine the ori- en tation of the cub e. Find Cub op (Fig B{4) Calls Beha vioural Mo dules to �nd oin on the top of the cub e. If hamfer heigh is found instead, calls Beha vioural Mo dule to attempt to lo cate the actual top of the cub e. Find Heigh (Fig B{5) Calls lo lev el Beha vioural Mo dules to return heigh found using the binary prob sensors. Safe Heigh (Fig B{6) Finds safe heigh in the ork cell whic is within reac of the rob ot. 182 App endix A. Prolog List for Soma Assem bly 181 [left, part name [[[0,0,0],[0,1,0],[1,1,0],[1,1,1]], nominal position [[0,x,z],[1,1,1]]], alignment gripped cube (pick) [[[z,1]], gripper/wrist alignment(regrasp) [[0,0,0],[0,1,0],[0,1,1],[1,0,0]], nominal posn on regrasp table [[0,0,0],[0,1,0]], base offset on regrasp table [[0,y,z],[0,1,1]], alignment and gripped cube (put) [[0,y,-(x)],[0,1,1]], alignment and gripped cube (get) [[y,1],[z,0]]], rotation for place into assembly [1,1], padding offsets [[[z,1],[y,1]],[[1,1,1], rotation and translation (place) [[[1,1,1],[1,1,2],[1,2,2],[2,2,2]], nominal position in assembly [[0,y,z],[2,2,2]]]]]], alignment gripped cube (place) [fork3, part name [[[0,1,0],[1,0,0],[1,1,0],[1,1,1]], nominal position [[0,x,z],[1,1,1]]], alignment gripped cube (pick) [[[z,3],[y,3]], gripper/wrist alignment(regrasp) [[0,0,1],[1,0,0],[1,0,1],[1,1,1]], nominal posn on regrasp table [[1,0,0]], base offset on regrasp table [[0,y,-(x)],[0,0,1]], alignment and gripped cube (put) [[0,y,z],[0,0,1]], alignment and gripped cube (get) [[z,0]]], rotation for place into assembly [2,0], padding offsets [[[z,3],[y,3]],[[1,0,1], rotation and translation (place) [[[1,0,2],[2,0,1],[2,0,2],[2,1,2]], nominal position in assembly [[-,y,z],[1,0,2]]]]]]] alignment gripped cube (place) App endix A. Prolog List for Soma Assem bly 180 [[0,y,z],[1,0,1]]], alignment gripped cube (pick) [], regrasp details [2,1], padding offsets [[[z,3]],[[2,0,0], rotation and translation (place) [[[2,0,0],[2,1,0],[2,1,1],[2,2,1]], nominal position in assembly [[0,x,z],[2,1,1]]]]]], alignment gripped cube (place) [right, part name [[[0,0,0],[0,1,0],[1,0,0],[1,0,1]], nominal position [[0,y,z],[1,0,1]]], alignment gripped cube (pick) [[[z,0],[y,3]], gripper/wrist alignment(regrasp) [[0,0,1],[1,0,0],[1,0,1],[1,1,0]], nominal posn on regrasp table [[1,0,0]], base offset on regrasp table [[0,y,-(x)],[0,0,1]], alignment and gripped cube (put) [[0,y,z],[1,0,1]], alignment and gripped cube (get) [[z,0]]], rotation for place into assembly [1,0], padding offsets [[[z,0],[y,3]],[[0,0,0], rotation and translation (place) [[[0,0,1],[1,0,0],[1,0,1],[1,1,0]], nominal position in assembly [[0,y,z],[1,0,1]]]]]], alignment gripped cube (place) [ell, part name [[[0,0,0],[0,0,1],[1,0,0],[2,0,0]], nominal position [[0,y,z],[0,0,1]]], alignment gripped cube (pick) [[[z,1],[x,3]], gripper/wrist alignment(regrasp) [[0,0,0],[0,0,1],[0,0,2],[0,1,2]], nominal posn on regrasp table [[0,0,0]], base offset on regrasp table [[0,x,y],[0,1,2]], alignment and gripped cube (put) [[0,x,-(y)],[0,0,1]], alignment and gripped cube (get) [[x,3],[z,0]]], rotation for place into assembly [0,2], padding offsets [[[z,1],[x,2]],[[0,0,1], rotation and translation (place) [[[0,0,2],[0,1,2],[0,2,1],[0,2,2]], nominal position in assembly [[0,x,z],[0,1,2]]]]]], alignment gripped cube (place) App endix Prolog List for Soma Assem bly The follo wing Prolog list represen ts complete run of the assem bly with sev en pic and place actions. full explanation of one of these pic k/place sub-lists is giv en in Chapter on page 69. [[lell, part name [[[0,0,0],[0,0,1],[1,0,0]], nominal position [[0,y,z],[0,0,1]]], alignment gripped cube (pick) [], regrasp details [0,1], padding offsets [[[z,3]],[[0,0,0], rotation and translation (place) [[[0,0,0],[0,1,0],[0,1,1]], nominal position in assembly [[0,x,z],[0,1,1]]]]]], alignment gripped cube (place) [fork2, part name [[[0,0,0],[1,0,0],[1,0,1],[2,0,0]], nominal position [[0,x,z],[1,0,1]]], alignment gripped cube (pick) [], regrasp details [1,2], padding offsets [[[z,2]],[[0,2,0], rotation and translation (place) [[[0,2,0],[1,2,0],[1,2,1],[2,2,0]], nominal position in assembly [[0,x,z],[1,2,1]]]]]], alignment gripped cube (place) [zed, part name [[[0,0,1],[1,0,0],[1,0,1],[2,0,0]], nominal position 179 Chapter 7. Conclusions and urther ork 178 In the longer term, learning could in tro duced in to the yp of arc hitecture detailed in this thesis. presen t, all the design decisions are based on uman kno wledge, but this is an area in whic the system itself could used to learn where an Alternativ Execution ath ma useful, and where the Beha vioural Mo dules should inserted. Chapter 7. Conclusions and urther ork 177 rom the ab exp erimen tal hanges, an in estigation could made in to what constitutes go Beha vioural Mo dule, and what yp of comp etences are required. useful expansion of this yp of system ould to �nd out if these lo lev el Beha vioural Mo dules pro vide useful set of comp etences whic can also used to build more complex systems. As et, not enough Beha vioural Mo dules ha een designed to examine the question of what mak es go Beha vioural Mo dule and go mo dular oundaries, but it is hop ed that the ab system can pro vide basic framew ork for in estigating this matter. 7.3.2 Long erm As has een men tioned ab e, so far in the dev elopmen of these Beha viour- based systems, not man Beha vioural Mo dules ha een designed and imple- men ted. An in teresting line of researc ould to determine what lo lev el comp etences are necessary from whic generalised systems could dev elop ed. This yp of ork could lead to the ev en tual goal of pro viding library of Beha vioural Mo dules from whic the programmer could select useful ones for particular application. This leads to the dev elopmen of supp ort to ols to dev elop the Beha vioural Mo dules and link them together. As Beha vioural Mo dules ould th us re- used in di�eren situations, more formalised description of their comp etence ould need to dev elop ed, and part of this could formed from the kno wn Exit States and the con trol paths through the Beha vioural Mo dules. If library of already tested and reliable Beha vioural Mo dules ere ailable, this ould reduce the time curren tly needed to dev elop an assem bly system. Ev en library of Beha vioural Mo dules with lo lev el of comp etence ould useful as it has een sho wn that these can easily link ed to pro vide system of greater comp etence. useful decoupling of the dev elopmen of Beha vioural Mo dules from their in tegration in to system can th us de�ned, allo wing the Beha vioural Mo dules to up dated indep enden tly while system dev elopmen can con tin uing. Chapter 7. Conclusions and urther ork 176 7.3 urther ork In this section, some outlines for further researc are suggested. These are split in to sections: the �rst examines impro emen ts to the curren execution system and the second lo oks at longer term ork. 7.3.1 System Extensions So far, the ab ideas ha only een tested in relativ ely simple system with binary sensors and limited complexit Man useful Beha vioural Mo dules ha een dev elop ed, but it has et to sho wn whether this metho dology can generalise out in to more complex systems tac kling more complicated assem blies. Within the exp erimen tal domain whic has een dev elop ed, new strategies could implemen ted to impro the reliabilit of the system. This could done in the �rst instance enhancing individual Beha vioural Mo dules, and could also include etter alternativ strategies should some of the Beha vioural Mo dules on the Ideal Execution ath go wrong. The use of the Soma orld could also expanded to include di�eren strategies to deal with some of the assem blies whic are curren tly imp ossible, suc as assem blies with cyclic adjacency and erhang problems. Along with dev eloping Beha vioural mo dules with di�eren strategies to ex- pand the set of Beha vioural Mo dules, an in estigation could usefully made in to the use of di�eren and more complex sensors. The curren Beha vioural Mo dules only use simple binary input from sensors, and more complex prob- lem, suc as ho to deal with more complicated monitoring of the Beha vioural Mo dules should in estigated in the con text of Exit States, the Ideal Exe- cution ath, and Alternativ Execution aths. Di�eren industrial assem blies could attempted, and di�eren rob ots used to examine the generalit of this metho dology Chapter 7. Conclusions and urther ork 175 ate, allo wing easy insertion of Alternativ Execution aths. The Beha vioural Mo dules can designed to limit the complexit of the individual Beha vioural Mo dules, without limiting the complexit of the system. Retaining the con text of the task Unlik in systems suc as the Error Detection and Reco ery sc hemes, the arc hi- tecture discussed in this thesis retains the con text in whic the oten tial failures ccur. As the Beha vioural Mo dules are designed, built and tested in the real assem bly ork cell, the soft are and hardw are can sp eci�cally matc hed with the task in hand. This allo ws the designer of the system to correctly iden tify the problems and pro vide appropriate alternativ if necessary The con text for the Beha vioural Mo dule task will presen as the system is run, rather than ha ving the information extracted from the system to dealt with o�-line. Beha vioural Mo dule Examination The system can pro vide framew ork for lo oking at what constitutes go Beha vioural Mo dule. The ab system arc hitecture can used to examine ho ell particular Beha vioural Mo dule is monitored sensory co erage and to detect all ossible con trol paths within it to see if it has successfully completed its task. The system can run in the real orld and the output from the system can closely examined. Once system has een dev elop ed and appropriate Beha vioural Mo dules inserted, the system can still examined while running to see if, for example, Alternativ Execution aths ha een used more often than normal, and therefore something ma misaligned in the actual ork cell. The output from this yp of system can also examined to hec the suitabilit of the Beha vioural Mo dules on the Ideal Execution ath to erform the assem bly Chapter 7. Conclusions and urther ork 174 for task, instead of eing guaran teed to correctly erform it. This means that, unlik in man other systems where the system arc hitecture can actually degrade the reliabilit this yp of system uses the arc hitecture to increase it. Complete on-line reliabilit Due to the in whic the system has een designed, it is able to con tain the problem of ariation and uncertain in the on-line execution system. The planner is freed from ha ving to reason ab out ariation and uncertain and therefore all this yp of ph ysical ork cell detail do es not ha to transp orted o�-line. The system itself has no notion of sp eci�cally detecting errors, diagnosing the problem, and erforming reco ery actions. Instead, it just eeps trying to erform the task, sometimes mo difying its actions according to the actual circumstances. It is left to the designer of the system to insert appropriate alternativ actions if deemed necessary The system design allo ws these alternativ es to inserted at all lev els of the Beha vioural Mo dule hierarc with no outrigh failure un til the top of the hierarc is reac hed. This allo ws the system great exibilit to deal with the problem dep ending on what sensors and strategies it has ailable. An attempt can made to rectify particular failure at lo lev el, but if this do es not succeed, it ma still ossible to use an alternativ at higher lev el. As the planner pro vides only part motions, and do es not dictate ho these will erformed (unlik some systems where eac rob ot motion is sen do wn from the planner), the execution system has complete freedom to in terpret these part motions according to what Beha vioural Mo dules are ailable. This yp of system can pro vide the exibilit to hange old strategies with new and impro ed ones without hanging the in terface to the planner. This allo ws full use to made of in tro ducing new sensors in to the system, or designing new strategies to erform sub-task. The hierarc hical structure of this yp of system also allo ws Beha vioural Mo dules to slotted in where appropri- Chapter 7. Conclusions and urther ork 173 States. New strategies ere incorp orated using the sensors whic ha een detailed in previous hapters. The execution system as built up from lo lev el, lo comp etence, Beha vioural Mo dules, and, as eac lev el of the hierarc as formed, the Beha vioural Mo dules ere tested to hec that the hardw are and the soft are ere ell in tegrated to erform the giv en task. As the system dev elop ed in this it as relativ ely easy task to iden tify ossible error situations, and, for some of these cases, it as ossible to slot in an Alternativ Execution ath to deal with the problem should it arise in the actual assem- bly The building of Alternativ Execution aths could done at an lev el of the hierarc wherev er useful alternativ Beha vioural Mo dules ere ail- able. The places where ossible error situations could ccur ere iden ti�ed due to the close relation et een sensing, action, soft are, and hardw are, within the exp erimen tal Beha vioural Mo dules. These can also recognised quic kly allo wing the system to immediately halted or erform alternativ actions, rather than going on to erform inappropriate motions. 7.2.1 The Thesis Con tribution In this thesis, system has een dev elop ed and implemen ted whic is designed to increase the reliabilit of Beha viour-based rob otic assem bly system. In doing so, sev eral other oin ts of signi�cance ha een disco ered. This section outlines the con tributions of this researc h. Relaxed Reliabilit of Individual Beha vioural Mo dules The kind of mo dular structure whic has een dev elop ed for the thesis has also sho wn that the constrain ts formerly imp osed on Beha viour Mo dules, requiring them to ery reliable task-ac hiev ers, can no relaxed. Although, as far as the system design is concerned, individual mo dular reliabilit is still useful thing to aim for, it can seen that the system is forgiving of individual fail- ures and th us allo ws more exibilit in ho reliable the individual Beha vioural Mo dules ust e. Therefore, Beha vioural Mo dule can no go enough Chapter 7. Conclusions and urther ork 172 enable these hoices to made, the follo wing terms ha een in tro duced: Exit States, the Ideal Execution ath, and Alternativ Execution aths. The concept of one returned parameter (p ossibly quali�ed other pa- rameters), called an Exit State, whic sho ws the in ternal con trol path of Beha vioural Mo dule, pro ed to useful when determining the linking of Be- ha vioural Mo dules. The use of other lo cal information whic pro vided con trol decision oin ts within Beha vioural Mo dules ere also used as determining fac- tors as to whether Beha vioural Mo dule had erformed as required or whether some alternativ action should erformed to eep the system from failing. The Exit State alue for particular Beha vioural Mo dule is determined from lo cal data, sensor data, and from Exit States returned from lo er lev el Be- ha vioural Mo dules. Tw other useful concepts ha een in tro duced in the thesis ork: the Ideal Execution ath and Alternativ Execution aths. These de�ne con trol paths through the hierarc of the Beha vioural Mo dules. The paths are determined from the Exit States of Beha vioural Mo dules and from decision oin ts in the lo cal rob ot co de used within the Beha vioural Mo dules. The Ideal Execution ath describ es the est route, according to the system designer, through the Beha vioural Mo dules erforming the assem bly Ev en though the Beha vioural Mo dules are designed and tested to reliable, it can seen that they are not alw ys erfect at erforming the assem bly task, and therefore, alternativ Beha vioural Mo dules, those on an Alternativ Execution ath can included to restore the system to the Ideal Execution ath. Alternativ Execution aths can brough in to use when the Beha vioural Mo dules on the Ideal Execution ath cannot deal with the actual ariation and uncertain in the ork cell, or when one has failed while erforming its task. An exp erimen tal system has een designed and implemen ted to test the ab ideas, and examine the in ternal and external linking of the system. Sim- ple sensors ere in tegrated in to the system to monitor the Beha vioural Mo d- ules and to used to help determine more accurate information ab out the real orld in whic the assem bly is erformed, and th us pro vide alid Exit Chapter 7. Conclusions and urther ork 171 and are dealt with man ually The �rst is far the more opular metho d, but this is only feasible when dealing with pro ducts whic ha the adv an tage of olume. Researc in to the problem has een divided in to three categories: Er- ror Detection and Reco ery systems whic rely on o�-line kno wledge sources to re-plan on failure, orst Case Analysis systems whic concen trate on pro duc- ing plans whic are guaran teed to succeed, and Comp eten Execution Systems whic rely on the run-time comp onen to deal with ariation and uncertain 7.2 Summary of the thesis ork The thesis ork lo oks at increasing the reliabilit of an example of the third yp of system men tioned ab e, the Comp eten Execution System. The Beha viour-based SOMASS system’s reliabilit comes from implemen ted aria- tion reducing motion strategies in single Beha vioural Mo dules (suc as sw eeping the parts in to the nominal osition for pic king them up), ariation con tainmen strategies across sev eral Beha vioural Mo dules (suc as lea ving gaps in the as- sem bly to remo ed patting the shap together at the end of the complete assem bly), and pro viding information from the planner conduciv to er- forming an action in one (suc as the grip ositions giv en on the cub es dictating that the part should gripp ed from ab e). ollo wing this Beha viour-based approac h, the ork of the thesis has sough to extend the scop of the reliabilit of the system to include reliable system arc hitecture. This ork has sho wn that with the aid of sensors and lo cal infor- mation, it can determined whether sub-task has een correctly erformed within the con text of its calling or whether it has failed to deal with the actual ork cell conditions. It has een sho wn that if failure is disco ered, or the ork cell conditions are suc that the Beha vioural Mo dules cannot actually er- form the task, alternativ actions ma ailable, determined the system designer, whic will prev en the system from falling in to an error situation. Chapter Conclusions and urther ork This thesis has een concerned with in tro ducing sensors in to Beha viour- based rob otic assem bly system and in estigating ho these can used to impro its erall reliabilit The problem of ac hieving oth reliable and easily programmed assem bly system has een the fo cus of uc researc in the area of rob otics but, as et, no de�nitiv answ er has een found. The metho of ac hieving reliabilit demonstrated in the Beha viour-based SOMASS system has een expanded to encompass Beha vioural Mo dules em- edded in reliable system arc hitecture. This new approac still retains the mo dularit whic helps the programmer to construct new applications and the metho of linking the Beha vioural Mo dules do es not hinder this abilit In this hapter, the main features of the researc will summarised, with the main con tributions indicated, then areas for further researc will listed. 7.1 Summary As has een iden ti�ed in the previous hapters, one of the major problems facing users of rob otic assem bly systems is pro viding reliable system whic is also easy to program. Curren systems in use in industry tend to in olv trade o� et een the o: either the ork cell is tigh tly engineered to prev en ariation causing man failures, or the error situations are allo ed to happ en 170 Chapter 6. Exp erimen tal Results 169 useful of eeping the system running at the edge of the comp etence of the Beha vioural Mo dules has also een sho wn. If the system uses Alternativ Execution aths more frequen tly than exp ected or previously found, the system can examined to determine the cause of this unexp ected use while still running. Chapter 6. Exp erimen tal Results 168 art initially acquired in wrong orien tation due to to uc orien tation ariation when setting it in the ork cell. Rob ot in alid join osition error. One prob remained stuc in the ‘on’ osition. rong prob sensor triggered in initial do wn ard prob e. art unstable on the re-grasp table. Eac of these problems ere iden ti�ed the Exit States of the system, apart from the hardw are faults where comm unication with the rob ot failed completely and the whole system had to restarted. or eac of the other error situations, ossible Alternativ Execution aths could pro vided if re- quired. 6.3 Summary of assem bly runs This hapter has detailed some assem bly runs whic ere erformed using the assem bly system describ ed in Chapter 5. The results sho that, ev en when using Beha vioural Mo dules whic are unreliable, so long as an appropriate Exit State can returned from these mo dules and other lo cal information is ailable, the system can made more reliable the in tro duction of Alternativ Execution aths. In all of the ab runs, the failure of the system as detected at lo lev el, except in the case of hardw are faults. The structure of the system also mean that alternativ actions could made ailable at an lev el of the hierarc or all of the ab error situations, it is ossible to devise strategies or new Beha vioural Mo dules to replace those whic fail if required. It ma of course the case that there is no alternativ whic can devised, in whic case, op erator in terv en tion is required. Chapter 6. Exp erimen tal Results 167 (en tered times), and Mo Round Assem bly (en tered 45 times). All these Beha vioural Mo dules are describ ed in Chapter 5, Section 5.1.3. Out of the 103 runs of the system, 79 pro duced correct assem blies, with the 24 failures due to individual failures in the pic k/place Beha vioural Mo dules. The sp eci�c failures are sho wn in the digrams in Figs 6{14, 6{15, and 6{16. Of the total of 678 individual pic k/place for individual parts, 654 ere successfully erformed (accoun ting for the 24 failed whole runs ab e). The Ideal Execution ath follo ws the leftmost con trol path ertically do wn ards, with the um er of runs follo wing these also sho wn. The actual causes of the failed runs are detailed in the follo wing description. Where they ccurred is sho wn oth in the �gures and in the detailed runs of the assem bly in App endix F. As for failure ‘A’ for the part acquisition runs. The Find Heigh Be- ha vioural Mo dule found oin righ on the edge of the top just on the hamfer, and th us when the Lo cation Beha vioural Mo dule returns to this oin t, ccasionally the sensor pushes the cub if trying to mo horizon tally Hardw are fault. As for failure ‘B’ for the part acquisition runs. Incorrect orien tation calcu- lation detected as the �ngers mo er the part to pic ed up. art pushed aside trailing prob during the strategy to �nd the orien ta- tion of the cub e. art slipp ed in the gripp er and could not re-grasp ed. art rotated on re-grasp table and could not re-acquired. art slipp ed in gripp er while mo ving round the assem bly and could not re-acquired. art dropp ed completely Chapter 6. Exp erimen tal Results 166 Figure 6{16: Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (placing the part). Chapter 6. Exp erimen tal Results 165 Figure 6{15: Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (regrasp). Chapter 6. Exp erimen tal Results 164 Figure 6{14: Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (part acquisition). Chapter 6. Exp erimen tal Results 163 Figure 6{13: Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules. Chapter 6. Exp erimen tal Results 162 Figure 6{12: Calculated cen tres and orien tation for the Soma part righ t. Fig 6{13 sho ws the erall structure for eac complete run of the assem bly system, completing the assem bly of the runs sho wn in able 6.2. Eac run in olv es initialisation, pic and place for eac part, then �nal Beha vioural Mo dule to tidy up the system and park the rob ot. Figs 6{14, 6{15, and 6{16 sho the individual pic and place for eac part in eac of the ab assem bly runs (one run usually in olv ed sev en pic k/place motions). The diagrams do not sho the complete set of Beha vioural Mo dules used to erform the assem bly task, but sho the major ones on the Ideal Exe- cution ath and the Alternativ Execution aths. rom the diagrams, the Beha vioural Mo dules on the Ideal Execution ath are, as for the art Acqui- sition exp erimen ts, Find Heigh Lo cation Pic Double Snap and for the whole run of the system, the additional Beha vioural Mo dule, Place is also used. The Alternativ Execution aths ailable are Find Cen tre (en tered 10 times), Single Pic (en tered 111 times), the assorted Beha vioural Mo d- ules used for Regrasping the part Regrasp itself is en tered 215 times, with ‘turn for put’ en tered times and Regrasp Twist en tered 98 times), Slip Chapter 6. Exp erimen tal Results 161 Figure 6{10: Calculated cen tres and orien tation for the Soma part left. Figure 6{11: Calculated cen tres and orien tation for the Soma part zed. Chapter 6. Exp erimen tal Results 160 Figure 6{8: Calculated cen tres and orien tation for the Soma part fork2. Figure 6{9: Calculated cen tres and orien tation for the Soma part fork3. Chapter 6. Exp erimen tal Results 159 Figure 6{6: Calculated cen tres and orien tation for the Soma part lell. Figure 6{7: Calculated cen tres and orien tation for the Soma part ell. Chapter 6. Exp erimen tal Results 158 Run no. Soma Set Assem bly 1{12 Soma-4 Cub e333 13{16 Soma-4 Cub e333 17{18 Soma-4 Cub e333 19{40 Soma-4 Crystal 41{59 Soma-4 Cub e333 60{79 Soma-4 Bath tub 80{99 Soma-4 Cub e333 100{104 Soma-5a Cub e444 able 6{2: Whole System assem bly runs. built. Most of the runs built di�eren ersions of the cub whic had di�eren ordering of the parts and di�eren regrasps required. The um er of runs of eac yp of assem bly as determined the nature of the yp es of error situations whic ere ccurring. Sev eral sets of runs ere curtailed when an error situation app eared at the same oin in eac run. In dev eloping system, alternativ actions could pro vided for these error situations, but as the system as not eing dev elop ed further, nothing new as learned con tin uing these runs. Figs 6{6, 6{7, 6{8, 6{9, 6{10, 6{11, and 6{12 sho the calculated cen tres ork ed out for eac of the Soma parts, along with the asso ciated range of calculated orien tations. As for the art Acquire runs, these calculations ere ork ed out the system. In this case, no actual alues ere tak en. These diagrams giv an idea of the ariation presen when the Soma parts ere placed in the ork cell hand. The results ere dealt with in sev en diagrams as eac part as nominally in one of sev en taugh lo cations. The actual runs of the system are detailed in App endix F, with the ex- planation for these giv en on page 201 of the App endix. As with the results from the part acquisition exp erimen tal system, the results are summarised in diagrammatic form, sho wn in Fig 6{13, Fig 6{14, Fig 6{15, and Fig 6{16. Chapter 6. Exp erimen tal Results 157 the Find Cub op lev el of the hierarc where another Beha vioural Mo dule could inserted on the con trol path from the Exit States FH2, FH3, and FH4 to attempt to �nd the part using either di�eren sensors, or using di�eren strategy other than just simple do wn ard prob e. As ell as implemen ting di�eren actions to correct problem, individual Beha vioural Mo dules can replaced with others incorp orating more reliable strategies. or example, di�eren and more reliable searc strategy could implemen ted for �nding the top of the cub in the Find Cen tre Beha vioural Mo dule. 6.2 Whole System Exp erimen ts The second set of exp erimen tal runs in olv ed the complete assem bly system. These runs ere set up to examine the reliabilit of the Beha viour-based system with the use of the Ideal Execution ath and Alternativ Execution aths. The strategies used the Beha vioural Mo dules are describ ed in Chapter 5, Sections 5.1.2 and 5.1.3, and these erform the complete assem bly The hardw are and system set-up ere as for the art Acquisition exp eri- men ts detailed ab e, with ev erything run from SICStus Prolog and using the �ngers with six binary sensors (see Chapter 5, Fig 5{3 and Fig 5{4). The exp er- imen in olv ed pic king up the Soma parts from their nominal taugh lo cations in the ork cell and placing them in to the assem bly or these exp erimen ts, the Soma parts ere just placed in the ork cell hand at the start of eac run. The time tak en to drop the parts from the gripp er as for the art Acquire exp erimen pro ed to long to feasible with so man assem bly runs. Placing the parts hand pro vided suitable amoun of ariation. Most of the runs in olv ed the Soma-4 set with its sev en parts, but sev eral runs ere made with some Soma-5 parts to assem ble cub e. The Soma parts hosen to form the Soma-5a group are sho wn in App endix D. able 6.2 sho ws the di�eren runs, the Soma parts used, and the assem blies Chapter 6. Exp erimen tal Results 156 Mo dule, Find Cen tre is en tered, pro ducing either the Exit State C1 or C2. These come out of Find Cub op as either CT1 or CT2. These tests ha sho wn that, although the actual Beha vioural Mo dules on the Ideal Execution aths are not the est whic could designed, the addi- tion of useful Alternativ Execution ath, determined from sensor informa- tion, can pro vide more reliable system. Without the Alternativ Execution ath, instead of the success rate eing 91 out of 100, the successful pic up of the Soma part ould ha een reduced to 60 out of 100. Again, it ust realised that these runs ere sp eci�cally designed so that the Soma part fell re- eatedly to osition where it as lik ely that the Alternativ Execution ath ma required. Only one run as lost during the deviation to the Alternativ Execution path, whic as due to the searc strategy emplo ed. This testing do es serv to illustrate useful of determining if the Be- ha vioural Mo dules are appropriate for the task. If the Alternativ Execution ath is used more often than initially an ticipated the designer of the system, or progressiv ely ecomes used more er series of runs of the assem bly the ork cell and the rob ot can examined to determine the cause. The system, in the mean time, will con tin ue its execution while the in estigation is taking place as the Alternativ Execution ath can curren tly deal with the increase in the ariation. This could due, for example, to feeder whic has shifted in alignmen t. or eac error situation found in the part acquisition system runs, the sensory co erage of the Beha vioural Mo dules detected the problem and passed the Exit State parameter bac up through the hierarc of the system. eac lev el of the system, Alternativ Execution aths could ha een used if required to prev en the system from falling in to an error situation. An example of this, (using the diagrams of the Beha vioural Mo dules in App endix on page 182), could applied to the error situation where the Soma part as missed completely on the �rst do wn ard prob of the sensors. Although detected at the ery ottom lev el of the hierarc the Chec Sensor Beha vioural Mo dule, an alternativ action could made ailable at Chapter 6. Exp erimen tal Results 155 Mo dule returns to this oin t, ccasionally the sensor pushes the cub when trying to mo horizon tally Incorrect orien tation calculation detected as the �ngers mo er the part to pic ed up. Chamfer detected, but searc strategy failed to �nd top of cub e. Sensor slid o� side of cub when mo ving bac to the cen tre osition to resume orien tation �nding strategy (due to sligh tly inaccurate to ol co or- dinate frame hange). Missed the cub completely on �rst do wn ard prob e. Using the Diagrams in App endix whic are to umerous to include in the main dy of the text, the Exit States for the ab error situations are as follo ws (b eginning with the Beha vioural Mo dule lo est do wn the relev an hierarc y): CS2, FD5, OC4, FL OC2, NP3. CS2, PDS4, NP2. CH2, CP2, HC2, C2, CT2, FL OC3, NP3. CS2, FD5, COP3, OC3, FL OC2, NP3. CS2, FH4, CT5, FL OC3, NP3. The con trol path, again with reference to the diagrams in App endix B, for the Alternativ Execution ath whic as used, sees the Beha vioural Mo d- ule Find Cub op receiving the Exit State FH1 from the Find Heigh Beha vioural Mo dule. The returned heigh is compared with the o or heigh t, then with the correct cub size, with the alue agreeing with neither. When compared to ossible hamfer heigh t, the alues agree and the Beha vioural Chapter 6. Exp erimen tal Results 154 Figure 6{5: Exp erimen tal Runs using the art Acquisition Beha vioural Mo d- ules. Chapter 6. Exp erimen tal Results 153 Figure 6{4: Pic Up rial Chapter 6. Exp erimen tal Results 152 structure sho wing ossible calls of the Beha vioural Mo dules in the lo er lev els. The in ternal structures of the Beha vioural Mo dules are sho wn in full in the diagrams in App endix B, Figs B{2 to B{18. The ey for these diagrams can found in Fig B{1 at the eginning of App endix B. Lo oking at the Beha vioural Mo dule hierarc in Fig 6{4, the Ideal Exe- cution ath for these runs in olv es the Beha vioural Mo dules, Normal Pic Find Lo cation Find Cub op Find Heigh Lo cation and Pic Dou- ble Snap (and the complete tree structures eneath these). The only Alter- nativ Execution ath ailable for this task (enclosed in dotted line) is the Find Cen tre Beha vioural Mo dule whic is called if the ositional ariation of the Soma part is suc that the initial do wn ard prob of the sensor lo cates hamfer on the top of the cub e. The actual runs of the system are detailed in App endix with an explana- tion giv en on page 196. summary of these results is sho wn in diagrammatic form in Fig 6{5 whic sho ws the Beha vioural Mo dules, the um er of runs whic reac hed eac part of the system, and letter referring to the um er of times eac failure ccurred. Out of the 100 runs of the system, 91 successfully completed the task ev en though, as has already een men tioned, the limits of the Beha vioural Mo dules on the Ideal Execution ath ere eing tested. Of the 99 whic made it through the Find Heigh Beha vioural Mo dule, 32 ere immediately div erted to the Find Cen tre Beha vioural Mo dule on an Alterna- tiv Execution ath, indicating that heigh corresp onding to hamfer had een found. 31 of these subsequen tly rejoined the Ideal Execution ath. The details of the failures are describ ed next. The actual errors whic ccurred and led to error situations are detailed in the follo wing description, and where they ccurred can examined in oth the summary diagram (Fig 6{5) and in the detailed runs in App endix E. The Find Heigh Beha vioural Mo dule found oin righ on the edge of the top just on the hamfer, and th us when the Lo cation Beha vioural Chapter 6. Exp erimen tal Results 151 Figure 6{3: Di�erence et een Actual and Calculated cen tres and orien ta- tions. The diagrams in Fig 6{3 sho histograms of the frequency of ccurrence of the alues of the di�erence et een the actual and calculated cen tre oin ts and the actual and calculated orien tation alues. The di�erence et een the actual cen tres and the calculated cen tres is ery small, considering the accuracy with whic the actual ositions could determined (to within appro ximately 2mm). The orien tations also sho similar close corresp ondence. As the gripp er �ngers, when fully op en, can span appro ximately 50mm, with the cub size appro ximately 35mm, the di�erence et een the actual and calculated alues are within an error ound whic can dealt with the system. 6.1.2 Pic k-up results The hierarc hical structure of the Beha vioural Mo dules used to execute the task of pic king up the Soma parts can seen in Fig 6{4, with eac branc of the Chapter 6. Exp erimen tal Results 150 Figure 6{1: Actual cen tres and orien tation of Soma cub for pic k-up runs. Figure 6{2: Calculated cen tres and orien tation of Soma cub for pic k-up runs. Chapter 6. Exp erimen tal Results 149 Runs 76{100 ere et een these extremes. The hoice of whic parts to use in the exp erimen tal trials as arbitrary with the only determining factors eing that they ere in stable con�guration with one single upstanding cub and they did not fall er in to another con�guration when dropp ed. 6.1.1 ariation Before examining the details of the use of Alternativ Execution aths to deal with the failure of Beha vioural Mo dules on the Ideal Execution ath, the dif- ference et een the actual osition from whic the part is acquired and the osition calculated the system are compared. This section will also giv an idea of the ariation whic the Beha vioural Mo dules can deal with in lo cating the Soma part. The actual cen tre oin ts and orien tations ere measured from markings on graph pap er while the system as eing run, and the calculated cen tre oin ts and orien tations ere tak en from calculations erformed the system in its attempt to more accurately lo cate the part. The diagrams in Fig 6{1 and 6{2 sho the spread of actual and calculated cen tre oin ts and orien tations of the Soma part whic ha een gathered from the exp erimen tal runs. The cen tre oin diagrams sho the actual and cal- culated cen tre ositions, with the dotted outline of the hamfered cub sho wing the nominal osition of the cub as exp ected the system. These diagrams do not tak in to accoun the actual orien tation of the cub at these cen tre oin ts, th us leading to cen tre oin ts where the prob sensor ould app ear, from the diagram, to land on the hamfer of the cub e. This is not in fact the case as all the cen tre oin ts sho wn are calculated from oin found the initial do wn- ard prob landing on the cub top. The accompan ying histograms sho the orien tation deviation from the nominal alue of 0. The runs whic failed efore the cen tre oin could calculated are not sho wn in the calculated diagrams, but are indicated cross in the diagrams sho wing the actual cen tres and dark er shading in the histogram for the actual orien tations. Chapter 6. Exp erimen tal Results 148 Run no. art Heigh t(mm) 1{25 Righ 20 26{50 ork3 15 51{75 ork3 22 76{100 Left 10 able 6{1: Soma part pic up runs. The hardw are for these exp erimen ts is describ ed in Section 5.1.1 (gripp er �ngers from Exp erimen tal System 2, and the orking en vironmen from Ex- erimen tal System 3), with the complete system run from SICStus Prolog. As the system ran, the Exit States and con trol directions ere stored where they could examined to analyse the system. This information pro ed useful in de- termining the con trol o through the Beha vioural Mo dules and in iden tifying an problem areas. The exp erimen in olv ed pic king up Soma parts whic had large degree of ositional ariation. or these runs, the ariation as ac hiev ed dropping the part from the rob ot gripp er, with the part ouncing on the table dep en- den on its shap e. This kind of deliv ery as used in these exp erimen ts as the mec hanical rep eatabilit ga sets of runs where the part landed at the edge of the comp etence of the Beha vioural Mo dules. The part as pic ed up using the strategies and Beha vioural Mo dules detailed in Chapter 5, then dropp ed again with the actual osition of the dropp ed part noted (to within appro ximately 2mm). An appro ximation to this osition is calculated the system dur- ing the Beha vioural Mo dule Lo cation and this is compared with the actual osition in Section 6.1.1. able 6.1 sho ws whic Soma parts ere used (see Fig 3{3 for the names and shap es of the Soma parts), the run um ers, and the heigh from whic the parts ere dropp ed. Runs 1{25 and 51{75 resulted in the Soma part landing near the edge of the capabilit of the Beha vioural Mo dules on the Ideal Execution ath, with runs 26{50 tending to ell within their capabilit Chapter Exp erimen tal Results The exp erimen tal system describ ed in Chapter as dev elop ed from the origi- nal SOMASS system to in estigate increasing the reliabilit of suc Beha viour- based system. do this, sensors ere in tro duced, along with the concept of Exit States, the Ideal Execution ath, and Alternativ Execution aths, whic are describ ed in Chapter 4. This hapter examines some results obtained from yp es of exp erimen tal system runs. The �rst of these, in Section 6.1, test the Beha vioural Mo dules designed to acquire the Soma part while the second set, describ ed in Section 6.2, in olv complete runs of the whole system. 6.1 art Acquisition Exp erimen ts The purp ose of this set of exp erimen tal runs as to test the reliabilit of the system in pic king up Soma parts. The Beha vioural Mo dules whic ere de- signed for the system ere not in themselv es the most reliable whic could built for the task, follo wing the relaxation of the idea that Beha vioural Mo d- ules ust ery reliable task-ac hiev ers, but instead pro vided an adequate comp etence. This allo ed the system to tested to see ho ell the Ideal Execution ath and Alternativ Execution aths could impro the reliabilit of the system. 147 Chapter 5. The Exp erimen tal System 146 Beha vioural Mo dule hierarc builds up from lo er lev el Beha vioural Mo d- ules. These sho ho the sensory and lo cal data are used as decision oin ts to determine the Exit State alue. Sections 5.4 and 5.5 examine the con trol paths whic ha een hosen for this system and ho these are iden ti�ed from Exit State alues and some lo cal decisions. Beha vioural Mo dules on Alternativ Execution aths can either deal with problems whic ha ccurred during the execution of Beha vioural Mo dule on the Ideal Execution ath, suc as dealing with slipp ed part in the gripp er, or ma ha completely di�eren comp etences more useful to deal with the actual circumstances in the ork cell, as can seen the example of the Mo Round Assem bly Beha vioural Mo dule whic can cop with assem blies of greater heigh than the normal Place Beha vioural Mo dule. Sev eral of these Alternativ Execution aths are describ ed in Section 5.5. Chapter 5. The Exp erimen tal System 145 the cen tre of the cub along the other. On pic king up the Soma part, the lo er sensors et een the gripp er �ngers inform the system when the gripp er mo es er the part, as seen in Fig 5{14, pro viding more accurate gripping osition and allo wing the sensors to monitor slippage in the gripp er. When using the binary sensors to stop the rob ot and rep ort the lo cation bac to the system, the sp eed at whic the rob ot is run pro vides di�eren lo cations for di�eren sp eeds due to the time it tak es for the sensor to trigger and halt the rob ot. This means that the in terpretation put on these results the system are sp eed dep enden t. eep the ounds of the uncertain within range that the system can still deal with, the system is run at the same sp eed whenev er rep orted guarded motion lo cations are required. The ligh tb eam sensors incorp orated in to this assem bly are simple on/o� binary sensors, and so the programmer do es not ha the same thresholding problems whic are found in force and vision sensing. The uncertain in tro- duced in some of the sensing strategies is either within the ounds that the system can cop with, can further reduced strategies suc as the exam- ple of running the rob ot at constan sp eed, or the Beha vioural Mo dule can accepted as eing susceptible to failure and carefully monitored to see if the strategies ha correctly completed their task. 5.6.3 Exit States, the Ideal Execution ath, and Alternativ Execution aths The exp erimen tal system describ ed in this hapter uses Exit States, the Ideal Execution ath, and Alternativ Execution aths to increase the reliabilit of the assem bly This hapter has outlined the Beha vioural Mo dules used in the exp erimen tal system. Sections 5.3, 5.4, and 5.5 examine some of the Beha vioural Mo dules in more detail with resp ect to the concepts ehind Exit States, the Ideal Execution ath, and Alternativ Execution aths. Section 5.3 examines the Exit State alues of some of the Beha vioural Mo d- ules in the exp erimen tal system, and ho these relate to eac other as the Chapter 5. The Exp erimen tal System 144 ariation and uncertain handling strategies. The use of Exit States and lo cal information to determine the Ideal Ex- ecution ath and Alternativ Execution aths. 5.6.1 Planner strategies As with the SOMASS system describ ed in Chapter 3, certain strategies are enforced the planner with the aim of pro viding more reliable assem bly The planner enforces ertically do wn ard acquisition of the parts pro viding gripp er orien tation to this e�ect, and similarly for part placemen (although this constrain is remo ed when placing and pic king the part up from the regrasp table). The planning of the assem bly also ensures that eac cub in the Soma part to inserted in to the assem bly is supp orted either the ork cell o or or an already assem bled part. All rotations pro vided the planner are suc that they can erformed the degree of freedom rob ot whic as used for the assem blies. 5.6.2 ariation and Uncertain Handling Strategies Sev eral strategies are used in the course of the assem bly execution to reduce the amoun of ariation in the ork cell. The osition and orien tation of the Soma parts are more accurately determined using the prob in the �ngertip of the gripp er to in estigate the appropriate area, as describ ed in Section 5.1.2. This do es not reduce the ariation presen in the part osition, but allo ws the osition to more accurately determined. The system ust no also tak in to accoun an uncertain in tro duced the sensory measuremen ts if it is still to erform reliably double snap of the gripp er, as sho wn in Fig 3{16, is used to cen tre the part in the gripp er if single uprigh cub is ailable for grasping, ph ysically reducing the ariation presen in the part osition. If this is not the case, single snap helps to reduce the ariation along one axis, and running the prob across the top of the cub e, as seen in Fig 5{18, helps to �nd Chapter 5. The Exp erimen tal System 143 rotated through 180 degrees and then placed do wn as describ ed in Section 5.1.3. This rotation forms another minor Alternativ Execution ath, dep ending on the information from the rob ot con troller hec king if the rob ot can ph ysically reac osition. If the rob ot cannot reac the cub to grasp ed, in the orien tation that it ust use, another Alternativ Execution ath is used. This time, the alternativ in olv es Beha vioural Mo dule, Regrasp Twist whic er- forms pic up, rotation and place (also describ ed in Section 5.1.3). If this Beha vioural Mo dule returns the Exit State T1 sho wing that the ro- tation has een successfully ac hiev ed, the system can go on to regrasp the correct cub and the con trol returns to the calling Beha vioural Mo dule. Slip The Slip Beha vioural Mo dule is only used if during the transp ortation of the Soma part, the system detects that it has slipp ed in the grip- er. An attempt is then made to pic up the part again as describ ed in Section 5.1.3. Mo Round Assem bly This Alternativ Execution ath is determined from data from the plan- ner and erforms yp of collision oidance, since the main object of this Beha vioural Mo dule is to oid the already completed assem bly 5.6 Summary of the Exp erimen tal System Reliabilit The exp erimen tal system uses three di�eren metho ds to deal with the ariation and uncertain found in the ork cell. These are as follo ws: Planner enforced strategies. Chapter 5. The Exp erimen tal System 142 Figure 5{25: Regrasp Beha vioural Mo dule. Beha vioural Mo dule (see Fig 5{23) and tries oin ts small distance along the axes and rob ot axes un til the top is found as illustrated in Fig 5{16. Single Pic The div ersion from the Ideal Execution ath of the normal pic up Be- ha vioural Mo dule, Pic Double Snap is determined information from the planner. If an cub es are joined to the one to gripp ed at the same heigh as that cub e, the strategy detailed in Section 5.1.2 is used. Information ab out cub es joined at the same heigh as the gripp ed cub could easily disco ered the prob sensors in the �ngers, but with the planner in terfaced at the Prolog lev el, and the information ab out the parts ailable there, it pro ed less time consuming to consult this to determine if the Alternativ Execution ath should follo ed. Regrasp The Regrasp Beha vioural Mo dule is only en tered if information, again from the planner, states that the part cannot tak en from the initial starting lo cation to its place in the �nal assem bly with only rotation around the rob ot axis. Once in the Regrasp Beha vioural Mo dule (Fig 5{25), if the rob ot cannot ph ysically place the part do wn on the regrasp table, then the part ust Chapter 5. The Exp erimen tal System 141 within Beha vioural Mo dule), an Alternativ Execution ath ma follo ed to mak use of this information and to try to restore the system to the Ideal Execution ath. It is useful to kno ho Beha vioural Mo dule exited as, if the Beha vioural Mo dule is ell designed, this can tell the system exactly what happ ened within it, allo wing the correct hoice of an Alternativ Execution ath. In the original SOMASS system the Ideal Execution ath consisted solely of the pic and place Beha vioural Mo dules. The only Alternativ Execution aths ailable ere en tered using information from the planner. These included the regrasp strategy and the pic up Beha vioural Mo dule for the ‘zed’ part. All other actions to ok place whether the assem bly as eing erformed correctly or not. If the ariation in the ork cell pro ed to great for the comp etence of the Beha vioural Mo dules, the rob ot ould still con tin ue along the Ideal Execution ath although there as no that the assem bly could correctly completed in this Sev eral Alternativ Execution aths ere designed for the exp erimen tal system for this thesis. The Ideal Execution ath has already een describ ed in Section 5.4. This section will describ some of the major Alternativ Execution aths whic ere sp eci�cally designed to op erate in this system, giving exam- ples from the Beha vioural Mo dules already describ ed in the previous sections. Find Cub op As has already een describ ed in Section 5.3, this Beha vioural Mo dule (Fig 5{24) lo cates oin on the top of the cub to gripp ed of Soma shap e. If oin is detected whic corresp onds with the heigh of hamfer on the cub e, an Alternativ Execution ath is used. This particular Alternativ Execution ath uses the Beha vioural Mo dule Find Cen tre to lo cate oin on the top of the cub and bring the system bac to the Ideal Execution ath. If hamfer has een lo cated, the top of the cub ust somewhere near, but it is not kno wn in whic direction. The Find Cen tre Beha vioural Mo dule uses the Find Heigh Chapter 5. The Exp erimen tal System 140 The Ideal Execution ath for the exp erimen tal system egins at the top lev el of the hierarc as describ ed in Section 5.1.2, with calls to the Beha vioural Mo dules to acquire the parts, and to place them in the assem bly Both of these are brok en do wn in to other Beha vioural Mo dules as the hierarc is tra ersed. The example Beha vioural Mo dule, Find Cub op (See Fig 5{24), is part of the Ideal Execution ath for the system. The path progresses through the Beha vioural Mo dule Find Heigh with Exit State FH1, the ‘Compare with o or heigh t’ lo cal mo dule, with con trol information that o or heigh has not een found, and ends up in the ‘Compare Cub size’ lo cal mo dule with the correct cub size found. This leads to an Exit State of CT1 from the Find Cub op Beha vioural Mo dule. the next lev el do wn, the Find Heigh Beha vioural Mo dule also lies on the Ideal Execution ath, due to it eing called from the Beha vioural Mo d- ule ab already on the Ideal Execution ath. The Ideal Execution ath through the Find Heigh Beha vioural Mo dule follo ws Safe Heigh with Exit State SH1, Monitored Mo with Exit State MM1, Chec Sensors with Exit State CS1, Monitored Mo with Exit State MM1 and �nally Chec Sensors with Exit State CS1, ending up with Exit State FH1 from this Be- ha vioural Mo dule. Although paths end with Exit State FH1, only the path just describ ed forms the Ideal Execution ath for this call of the Beha vioural Mo dule. 5.5 Alternativ Execution ath In dev eloping the complete system, sev eral opp ortunities ccurred to mak the most of the sensor and planner information ailable to allo the con trol of Beha vioural Mo dule to follo Alternativ Execution aths. The ab Ideal Execution ath is follo ed if the Beha vioural Mo dules can deal with the ariation and uncertain in the ork cell. If they cannot (indicated the con text of the Exit State from Beha vioural Mo dule or con trol information Chapter 5. The Exp erimen tal System 139 osition corresp onds to the ork cell o or. If it do es, then Exit State CT4 is returned. If not, the returned osition is then compared with the nominal exp ected heigh of the cub e, and if there is matc h, Exit State CT1 will returned. If the heigh do es not matc with the exp ected top of cub heigh t, the heigh is then compared with ossible hamfer heigh t. If the heigh matc hes with this, Beha vioural Mo dule on the Alternativ Execution ath, Find Cen tre (describ ed in Section 5.1.3) is en tered to mo the rob ot to the top of the cub e. Corresp onding Exit States will returned dep ending on ho the Find Cen tre Beha vioural Mo dule is exited, pro- ducing CT1 if the top has successfully een found, and CT2 if not. Diagrams sho wing the Find Cen tre Beha vioural Mo dule, and the Be- ha vioural Mo dules it calls, are giv en in App endix B. If the heigh t, on the other hand, do es not corresp ond to the heigh of the hamfer, the Exit State CT3 is returned. 5.4 Ideal Execution ath eac lev el of the Beha vioural Mo dule hierarc the Ideal Execution ath can traced the Exit States from lo er lev el Beha vioural Mo dules called from this lev el, and other con trol decisions whic are made from information ailable to the system at this oin t. Exit States de�ne certain of exiting Beha vioural Mo dule and although, within Beha vioural Mo dule the same Exit State ma reac hed sev eral di�eren paths, from the outside of the Beha vioural Mo dule only the result is seen. An example of this is in the Find Heigh Beha vioural Mo dule, see Fig 5{23, where Exit State FH1 can arriv ed at di�eren routes. Therefore, to determine the Ideal Execution ath through system whic has een built, the path is follo ed do wn through the hierarc and is determined Exit States and lo cal decisions. Chapter 5. The Exp erimen tal System 138 Figure 5{24: Find Cub op Beha vioural Mo dule. If prob do es not trigger, prob is then hec ed. If this has not een triggered, Exit State FH2 is returned, signifying that no object has een found. If it do es trigger, Exit State FH3 is returned, signifying that prob has found some heigh t. The Exit State alue FH1 corresp onds to heigh eing found the cor- rect prob e. parameter con taining the rob ot’s osition is also returned. Find Cub op In mo ving up one more lev el, this Beha vioural Mo dule, Find Cub op uses the previous mo dule, Find Heigh Designed to lo cate the top of Soma shap in the ork cell, when nominal lo cation of the part is kno wn, this mo dule uses the Find Heigh mo dule, then determines if the heigh returned is useful. Fig 5{24 sho ws diagram of the Beha vioural Mo dule. The Find Heigh mo dule can return one of the Exit States, FH1, FH2, FH3, and FH4. Exit States FH2, FH3, and FH4 from Find Heigh result in Exit State CT5 from the Find Cub op Beha vioural Mo dule. If FH1 has een returned, signifying heigh has een found, the pa- rameter con taining the rob ot’s osition is examined to determine if the Chapter 5. The Exp erimen tal System 137 Figure 5{23: Find Heigh Beha vioural Mo dule. Heigh The state of the sensors is no compared with their exp ected states, to determine if an sensors ha een triggered on the to the safe osition. If this has happ ened, Exit State FH4 is returned and the Beha vioural Mo dule exited immediately If the sensors are in the exp ected state, the Adept is then commanded to mo ertically do wn ard to ards the ork cell o or. The rob ot will either stopp ed the sensors triggering, ha ving touc hed something, or reac hing the osition on the o or. The heigh �nding prob e, for this example, prob A, is hec ed to see if it has activ ated. If it has, the Beha vioural Mo dule exits with FH1. If the prob whic has een designate to �nd the heigh t, prob A, has not een triggered, the rob ot is commanded to mo do wn ery small amoun t, to hec if erhaps the other prob e, prob B, has hit the object �rst. If prob no triggers, alid heigh has een found, and, again, Exit State FH1 is returned. This ma happ en if prob lands er hamfer. Chapter 5. The Exp erimen tal System 136 Figure 5{22: Monitored Mo Beha vioural Mo dule. The �rst Exit State, MM1, signi�es that the Adept has either successfully mo ed from its curren osition to the named osition, carried in pa- rameter, or it has een halted along the when one of the monitored binary sensors successfully triggered. Both of these results are regarded as the same Exit State for this particular Beha vioural Mo dule. The only other Exit State, MM2, is one whic signi�es that the osition whic the Adept as told to mo to could not reac hed the rob ot. This can easily ccur if the osition has een calculated. Find Heigh As more complex Beha vioural Mo dule, Find Heigh has more Exit States than Monitored Mo The origin of the Exit States can de- termined examining the comp onen sections of the Beha vioural Mo d- ule in Fig 5{23. The Beha vioural Mo dule egins calling another Beha vioural Mo dule, Safeheigh whic can seen in Fig 5{21. This Beha vioural Mo dule alw ys returns Exit State SH1 and returns osition whic is in reac of the Adept at safeheigh ab designated oin on the o or of the ork cell. This means that, default, the sensor Monitored Mo to this osition will pro duce the successful Exit State, MM1. The Exit State MM2, whic is related to the osition to mo ed to eing out of range, is not needed and is therefore not returned in an form from Find Chapter 5. The Exp erimen tal System 135 Figure 5{21: Safe Heigh Beha vioural Mo dule. 5.3 Exit States This section expands some of the previous examples to include the ossible Exit States from the Beha vioural Mo dules. As has een previously stated (see Section 4.3), Exit States are the alues returned from Beha vioural Mo dule to inform the system of ho it has exited. Beha vioural Mo dules can designed to return these Exit States, whic can then used the con trol hierarc to determine if Beha vioural Mo dule has successfully completed its task in the con text of its calling, or whether something has failed. It is imp ortan that the sensory co erage is adequate and appropriate for the task eing erformed. Safe Heigh This Beha vioural Mo dule is an example of the simplest Exit State de- scription ossible. There exists only one Exit State from the Beha vioural Mo dule, SH1, whic re ects the fact that the only task this mo dule er- forms is to return osition whic is within reac of the Adept at safe heigh ab designated oin on the o or of the ork cell. The diagram in Fig 5{21 sho ws this simple Beha vioural Mo dule. The ey for the diagram can found in Section 4.2 on page 88. Monitored Mo The Beha vioural Mo dule Monitored Mo whic is describ ed in Sec- tion 5.2, has ery simple Exit States whic are sho wn in Fig 5{22. Chapter 5. The Exp erimen tal System 134 Monitored Mo This ga an accurate enough lo cation to lo er the gripp er er the object without catc hing the top. Example Pic Double Snap When dealing with grasping Soma shap es whic ha single upstanding cub designated as the cub to gripp ed (whic is true of all parts except zed in the Soma-4 set), Beha vioural Mo dule similar to the one used for the same purp ose in the SOMASS system as used. Ha ving een pro vided with the lo cation of the part as parameter, the rob ot mo es do wn er the part, and erforms snaps of the gripp er, at 90 degrees to eac other. This ensures that the part is cen tred in the gripp er, whic is useful for ariation reduction. As has already een men- tioned in Section 5.1.2, the additional strategy in tro duced in the system with sensors in olv ed mo ving do wn er the cub to gripp ed un til the ottom ligh tb eams lo cated et een the �ngers ere obscured. The rob ot as then halted and the �ngers closed. In this the sensors rep orted whether the gripp er as holding the cub e, and could tell if it slipp ed. All the mo emen ts in this Beha vioural Mo dule ere erformed the Beha vioural Mo dule, Monitored Mo These are all examples of Beha vioural Mo dules whic ere designed, im- plemen ted and tested individually as they ere dev elop ed, hec king that their Exit States (some of whic are examined in the next section) ere relev an to the task of the Beha vioural Mo dule. In this when com bined, the comp e- tence of the underlying Beha vioural Mo dules could relied on to erform to certain sp eci�cation. Chapter 5. The Exp erimen tal System 133 other sensor is triggered. This means that the heigh found will the heigh under the designated prob e. The sensor Monitored Mo Beha vioural Mo dule is used on all mo emen ts of the rob ot in the Find Heigh Beha vioural Mo dule. Example Find Drop Again, stopping the rob ot using binary sensor transition pla ys an im- ortan part in this particular Beha vioural Mo dule. Of particular use in the Soma domain where the shap es are cub es, once the heigh of an object is found using the Find Heigh Beha vioural Mo dule, the rob ot can then mo horizon tally un til the prob sensor is released to �nd the ertical edge of the cub e. This has pro ed useful for �nding lo cations and orien tations of the cub es. Again, this uses the Monitored Mo for the guarded motion to �nd the drop oin t. These drop oin ts can found using Soma cub es with hamfers. Example Lo cation Initially the problem of pic king up the Soma shap es as that of lo cating the parts accurately enough in the ork cell to pic ed up without the gripp er catc hing on the upp er surface of the cub on the do wn to grasp it. ariation in osition and orien tation could so great that just bringing the gripp er do wn to straddle the part ould often result in the gripp er ecoming stuc on the top of the object. The sensorless SOMASS system relied on sw eeping the parts in to place to reduce this ariation and allo the parts to correctly grasp ed, but this required ro om around the parts in the ork cell for the sw eeping motions. As more parts ere in tro duced, problem arose concerning the space in the ork cell, and so di�eren orien tation �nding strategy as devised whic used binary sensors. reliable metho for �nding the orien tation as devised, as detailed in Section 5.1.2, mainly using the Beha vioural Mo dules Find Drop and Chapter 5. The Exp erimen tal System 132 mo dule, while constan tly monitoring the binary sensors in the �ngers for particular state hanges whic are also detailed as parameters. If one of the sp eci�ed sensor transitions is detected, the Adept motion is halted immediately useful in man situations, Beha vioural Mo dule ust su�- cien tly general; in this case, this is ac hiev ed parameterisation. As has een explained in Section 5.1.1, the binary sensors can constan tly monitored to detect hanges in state. By setting parameters to detect particular hanges, the four sensors lo cated et een the �ngers can de- tect the presence or absence of an object in the gripp er, and also whether an object has slipp ed in the gripp er. All the sensors can used to erform guarded motions. An example of this is to �nd the ertical heigh of an object mo ving do wn ard un til the prob sensor is triggered, as is used in the Beha vioural Mo dule Find Heigh The rob ot con troller can queried for the curren rob ot osition if that osition is required on completing guarded mo e. If the Beha vioural Mo dule is eing used only to stop the rob ot, the actual stopping lo cation ma not imp ortan t. This Beha vioural Mo dule can used for man di�eren purp oses, from guarded motions to hec king if an object has dropp ed from the gripp er as it mo es. Example Find Heigh Using ersion of the previous Beha vioural Mo dule, Monitored Mo whic only monitors the prob es, this Beha vioural Mo dule is designed to return osition, represen tativ of the ertical distance et een the ork cell surface and the curren gripp er osition, th us determining heigh t. The Adept mo es to safe heigh er oin whic is pro- vided as parameter, then, monitoring the sensors, mo es ertically do wn ard un til either sensor is triggered to halt the rob ot, or the giv en oin is reac hed. In this particular mo dule, only one of the prob es is designated as able to �nd heigh t, with an error eing announced if the Chapter 5. The Exp erimen tal System 131 There are man other minor Alternativ Execution aths in the assem- bly system, all activ ated sensory information from the real orld, or information from the planner translated in to real orld terms. 5.2 Beha vioural Mo dules As the hardw are and soft are in the exp erimen tal assem bly system dev elop ed, so to did the design and implemen tation of the Beha vioural Mo dules. The main hanges describ ed ab in olv ed in en ting new and more robust strate- gies, and also using the sensors in ys etter designed for the task of assem- bling Soma mo dels. The follo wing examples outline in more detail some of the Beha vioural Mo dules whic ere dev elop ed and used for the exp erimen tal trials sho wn in Section 6.1, to giv an idea of the ossibilities ailable. Example Monitored Mo The name, Monitored Mo Beha vioural Mo dule, describ es set of Be- ha vioural Mo dules whic fall under the mo emen category The mo e- men erformed can an one of the AL-II commands: MO VE and MO VES (straigh line or join t-in terp olated motion et een lo ca- tions); APPR and APPR OS (straigh line or join t-in terp olated motion to to ol o�set distance, approac hing giv en lo cation); or DEP AR and DEP AR TS (straigh line or join t-in terp olated motion to to ol o�- set distance, departing from giv en lo cation). The sensors monitored during this mo e, dep ending on whic Beha vioural Mo dule is called, can either single sensor, or o, four or six sensors. These Beha vioural Mo dules ere designed as lo lev el monitored actions whic could reused in man di�eren situations to build up other lev els of Beha vioural Mo dules, increasing in comp etence up the hierarc They can erform either straigh t-line motion, or join t-in terp olated from the curren rob ot osition to osition named as parameter to the Chapter 5. The Exp erimen tal System 130 Figure 5{20: urning regrasp part through 180 degrees (after). Mo Round Assem bly This particular Beha vioural Mo dule, Mo Round Assem bly as in tro- duced to deal with the problem of heigh clearance when dealing with high assem blies, esp ecially problem with the in tro duction of parts from the Soma- set. The addition of the force sensor table to build the assem bly on also reduced the heigh clearance in an already shallo orkspace. If the already constructed assem bly reac hes certain heigh t, determined information from the plan in conjunction with the size of the cub es (only kno wn at run-time), the rob ot will attempt to erform di�eren Place Beha vioural Mo dule. path is determined using information ab out the already completed assem bly and the cub size whic will allo the rob ot to mo around the assem bly and bring the part in from direction whic will not crash in to the parts whic ha already een inserted. Once the part has een mo ed around the assem bly it can then lo ered in to place as the assem bly returns to the Ideal Execution ath. Chapter 5. The Exp erimen tal System 129 Figure 5{19: urning regrasp part through 180 degrees (b efore). enable the rob ot to erform this action. An example of this yp of turning is sho wn in the photographs in Fig 5{19 and Fig 5{20. Slip During an motion with the Soma part held in the Adept gripp er �ngers, the four sensors et een the �ngers are monitored to hec if the part is still in osition. If the sensors detect that the part has slipp ed, simple Alternativ Execution ath is en tered to try to restore the part to the correct osition in the gripp er. This strategy curren tly in olv es mo ving the Soma part bac to its previous lo cation, either the taugh pic up lo cation, or the lo cation on the regrasp edestal, dropping the part again, then attempting to pic it up the same metho as previously used. Chapter 5. The Exp erimen tal System 128 een the �ngers are also constan tly monitored to detect the presence/absence of an object. No motion strategies are used to impro the reliabilit of the Beha vioural Mo dule Regrasp Put during this task, ev en though added ariation ma ccur if the regrasp table is unsteady or the part is unev en. increase the reliabilit of the Beha vioural Mo dule Regrasp Get part of the same strategy whic as used for the Single Pic Beha vioural Mo dule is incorp orated, where the gripp er straddles the part un til the ottom ligh tb eam sensors are obscured (see in Fig 5{14). The prob sensors are also used as, if they are triggered, the part will ha turned su�cien tly so that the gripp er can no longer straddle the cub e. Although, in the curren system, no Alternativ Execution ath has een devised, this is the yp of situation whic could detected and dealt with in that Not only is regrasp an example of an Alternativ Execution ath, but the execution of it can tak sev eral di�eren paths as is sho wn in the next section. Regrasp Twist If the ork cell restrictions are suc that the Soma part cannot placed on the regrasp edestal with the gripp er orien tation required (see the problem describ ed in Section 5.1.1 on page 114), the part can rotated through 180 degrees and put do wn in this orien tation instead. Whether the rob ot can reac giv en oin can ork ed out the rob ot con troller at run-time using information from the plan, the taugh regrasp lo cation and its wn in ternal sensors. This Alternativ Execution ath can used if at least approac hes to the regrasp table are ailable, at 90 degree angle to eac other. Once more, if the gripp er cannot reac the Soma part to pic it up in the correct orien tation for placing in to the assem bly an in termediate rotation of 180 degrees can used. or this rotation, more information ust supplied to the Prolog plan from the planner to giv an alternativ grasp lo cation to Chapter 5. The Exp erimen tal System 127 Figure 5{18: Second strategy to cen tre the Soma part in the gripp er. The regrasp strategy allo ws part to placed on small edestal in the ork cell and pic ed up from another orien tation, either grasping the same cub e, or hanging to another sp eci�ed the planner. This strategy is describ ed in Section 3.2.4, with photographs sho wing an example gripp er osition hange in Fig 3{9 and Fig 3{10. The planner pro vides details of the orien tation of the gripp er on placing the part on the table, and o�sets whic allo the part to placed in gra vita- tionally stable osition in the cen tre of the small table. The same is pro vided for pic king the part up again, with details of whic cub is to grasp ed. Some orien tations of the gripp er are not ossible as the rob ot only has �v degrees of freedom, but these are tak en in to accoun when orking out the the part can grasp ed. The part is released on the table then the Adept mo es re-orien ts for grasping the part from another direction, and mo es bac in to grasp it. The prob sensors in the �ngers are constan tly monitored during all the motions to detect if the prob es ha bump ed in to an ything and the four ligh tb eams e- Chapter 5. The Exp erimen tal System 126 Figure 5{17: First strategy to cen tre the cub in gripp er. the ab to �nd the ertical edge of the cub without bumping in to the other cub es at the same heigh t. The strategy then dev elop ed used the prob sensor to measure the top surface of the cub e, �nding the cen tre dividing this in o. This strategy is sho wn in Fig 5{18. Finally as in the Beha vioural Mo dule Pic Double Snap the Adept is mo ed do wn er the Soma part un til the ottom sets of ligh tb eams are obscured, lea ving the top clear, as is sho wn in Fig 5{14. Regrasp Unlik the part acquisition and part placemen whic are required for ev ery part used in the assem bly the regrasp is required for just those parts whic cannot placed in the assem bly with only rotation around the axis from the pic up orien tation (as in the SOMASS system). This is used as an Alternativ Execution ath, iden ti�ed kno wledge from the planner. Chapter 5. The Exp erimen tal System 125 Figure 5{16: Strategy for �nding cub top (ha ving found hamfer). Single Pic In some cases, esp ecially when parts from the Soma-5 set are in tro duced as assem bly comp onen ts, it is not ossible to pic them up single upstanding cub using the Pic Double Snap Beha vioural Mo dule. These cases can iden ti�ed lo oking at the Prolog list represen tation of the part and hec king for an other cub es at the same heigh in the Soma shap as the one to gripp ed. In order to cen tre the part in the gripp er to reduce the lo cational ariation once more, single snap of the gripp er can erformed for one direction, but the other requires di�eren strategy ecause of the extra cub es in the The original strategy devised for this as to use the four sensors lo cated et een the �ngers to �nd the ertical edge of the cub e, as can seen in the photograph in Fig 5{17. Once the edge as found, the gripp er could calculate the cen tre of the Soma cub e. This pro ed an imp ossible strategy when dealing with some of the Soma-5 set where the part had cub es lo cated on diagonal to the one to grasp ed. This mean that the gripp er could not used in Chapter 5. The Exp erimen tal System 124 Regrasp Reorien the Soma part for placing in the assem bly Regrasp Twist urn the Soma part on the regrasp edestal if the Adept cannot reac the cub to gripp ed in the correct gripp er orien tation. Slip If the Soma part slips in the gripp er while eing carried, try to regrasp the part. Mo Round Assem bly If the assem bly ecomes to high to allo clearance of parts lifted er it, the parts can placed in the assem bly after mo ving round the already completed assem bly The exten of the Alternativ Execution aths aries from small deviations to hec sensor reading, to hanges in olving the regrasp of part. It is only some of the major alternativ es whic are detailed here. More detailed information of the Beha vioural Mo dules will describ ed in Section 5.5, as the curren section deals mainly with the strategies in olv ed. Find Cen tre If the Beha vioural Mo dule, Find Heigh fails to land on the top of the Soma cub to gripp ed during the strategy describ ed in Section 5.1.2, landing in- stead on the hamfer of that cub (determined comparison with the nominal heigh of the cub e), searc can made for oin lo cated on the top of the cub as it is kno wn to nearb The searc strategy whic is emplo ed in the Beha vioural Mo dule Find Cen tre simply prob es do wn ard short distance from the hamfer oin along eac of the four axes directions and y) un til oin corresp onding to the nominal cub heigh is found, as seen in Fig 5{16. This oin can then used as the cen tral oin for the Lo cation Beha vioural Mo dule describ ed in Section 5.1.2. Con trol then returns to the original Ideal Execution ath and the system pro ceeds as efore. Chapter 5. The Exp erimen tal System 123 Figure 5{15: Using the Adept wrist to push the Soma part in to place. tion aths whic can attempt to bring the system bac from certain error situation. The Alternativ Execution aths describ ed elo ha een dev elop ed to cop with sp eci�c failures in the Ideal Execution ath. Sensory data and planner information in conjunction with kno wledge ab out the ph ysical ork cell can used to determine when these Beha vioural Mo dules are appropriate, and the particular hierarc hical structure of the linking of the Beha vioural Mo dules means that these can easily in tegrated in to the system. The follo wing sections detail some of the major Alternativ Execution aths used in the system. Find Cen tre Searc for oin on the top of the Soma cub if hamfer has een detected on �rst do wn ard prob e. Single Pic Cen tre the Soma part in the gripp er if Pic Double Snap Be- ha vioural Mo dule cannot used. Chapter 5. The Exp erimen tal System 122 ork cell. The planner pro vides details of o�sets from this osition dep ending on the placing of the individual parts as describ ed in Chapter 3, page 73. The actual distances are calculated at execution time and are dep enden on the size of the cub e. The part is alw ys inserted do wn ard in to the assem bly When the force sensor table is used as an assem bly platform, the force/torque readings can examined to determine when the part has come in to con tact with the table or the assem bly and the rob ot can halted. presen t, only the reading is examined to determine this con tact, with certain threshold de�ned as con tact ha ving een made. The force sensor could used in man other ys to obtain more information ab out ho the con tact is made. Once con tact has een ac hiev ed, the gripp er is op ened, closed then op ened once more to mak sure the part is correctly in place. The rob ot then retires to safe heigh once more. The sensors are constan tly monitored for di�erence from exp ected alues and unexp ected transitions. As hamfered cub es are used for the assem bly it is no longer necessary to lea pads in the assem bly to cop with ositional ariation as the hamfers themselv es will prev en parts catc hing on the tops of others (see Chapter 3, page 67). It is, ho ev er, still necessary with some assem blies, to lea gap for �nger clearance when inserting the last part. This part can then pushed in to place using the bac of the rob ot wrist. The photograph in Fig 5{15 sho ws this strategy This is only required for shap es lik the large cub where no space is ailable for the gripp ers to insert the parts otherwise. 5.1.3 System Ov erview Alternativ Execution aths The Beha vioural Mo dules whic ha een describ ed fall within the Ideal Ex- ecution ath of the system for the application of putting together Soma as- sem blies. These Beha vioural Mo dules are quite reliable (see Section for ex- erimen tal runs of these Beha vioural Mo dules), but still fail to erform their task on ccasions. On these ccasions, it is useful to ha Alternativ Execu- Chapter 5. The Exp erimen tal System 121 Figure 5{14: Final osition of the ligh tb eam sensors on part pic k-up. with its �ngers, without colliding with the top of the part. The results from the exp erimen tal system runs in Chapter giv more details of the ariation that can dealt with. The gripp er mo es to safe heigh er the calculated cen tre oin of the cub e, then ertically descends er the part un til the ottom sensor ligh t- eams et een the �ngers are brok en the cub e. This is erformed in the Beha vioural Mo dule Pic Double Snap whic is detailed in Section 5.2. The cub is cen tred in the gripp er with the double snaps as previously sho wn in Fig 3{16. The part is then gripp ed with the lo er ligh tb eam sensors in the �ngers obscured the gripp ed cub e, while the upp er are clear of the top of the part (as sho wn in Fig 5{14), and mo ed to safe heigh in the ork cell. art Placemen The part placemen Beha vioural Mo dule, Place requires that lo cation is taugh to the system informing it where the assem bly should built in the Chapter 5. The Exp erimen tal System 120 Figure 5{12: Finding orien tation of Soma part Strategy 1. Figure 5{13: Finding orien tation of Soma part Strategy 2. Chapter 5. The Exp erimen tal System 119 Figure 5{11: Gripp er after do wn ard prob to lo cate cub top. the oin already found on the top of the cub e, and stopping the rob ot trig- gering the sensor when the prob as released when it fell o� the edge of the cub (consisten tly halfw do wn the hamfered slop e). These �v oin ts ere enough to determine an appro ximation of the orien tation of the cub except in the case where the angle as near zero. This as due to the metho of calcu- lation (sine of small angle), and it as decided that complete new strategy could devised whic ould pro more useful than �nding an alternativ strategy when the angle as near this problem orien tation. Using the same metho of �nding the edges of the cub e, the second ori- en tation strategy found series of oin ts along the edge un til the orien tation hanged to sho corner had een turned. See Fig 5{13 for an example of suc strategy When corner as lo cated, the cen tre of the cub could estimated su�cien tly accurately from this and the kno wledge of the nominal size of cub e. The strategy implemen ted is not erfect to �nd the orien tation of the cub e, but erforms ell enough to enable the rob ot to straddle the cub Chapter 5. The Exp erimen tal System 118 cub using suitable motion strategies and the binary sensors in the �ngers. art Placemen t: The Soma part can placed in the �nal assem bly in lo cation calculated from o�sets from nominal taugh lo cation. aria- tion can dealt with the use of the hamfers on the cub es, the force/torque sensor table, and using the sensors et een the �ngers. The follo wing sections detail the strategies used to deal with ariation and uncertain in this assem bly system, but lo ok only at the Ideal Execution ath through the system. Section 5.1.3, examines the strategies emplo ed when these Ideal Execution aths fail, and an Alternativ Execution ath ma tak en instead. art Acquisition The part acquisition Beha vioural Mo dule, Pic k-up requires taugh nominal lo cations for eac part, and the nominal size of the cub es in the part. The implemen ted strategy mak es use of guarded motions erformed using the prob es in the Adept �ngers, and the four sensors et een the �ngers. Initially the top of the cub to gripp ed is lo cated erforming guarded motion do wn ards to ards the cub with one of the prob sensors using Beha vioural Mo dule called Find Heigh (detailed in Section 5.2). The photograph in Fig

5{11 sho ws an example of the osition of the gripp er after one suc motion. The case where the prob lands on hamfer is dealt with in Section 5.1.3. Once the top of the cub has een lo cated, the rob ot erforms motion strategy to determine the orien tation of the cub using the Beha vioural Mo dule Lo cation whic is again detailed in Section 5.2. The �rst strategy designed to cop with this found the horizon tal edge of the cub along eac of the axes and rob ot axes, and an additional �fth oin to distinguish et een am biguous cases. Fig 5{12 sho ws an example of this strategy The oin ts ere found mo ving out ard along the rob ot axes from Chapter 5. The Exp erimen tal System 117 Figure 5{10: orce/T orque Sensor Sandwic h. 5.1.2 System Ov erview Ideal Execution ath This section outlines the strategies used on the Ideal Execution ath of the exp erimen tal system. rom this oin on ard, the exp erimen tal system re- ferred to will the one describ ed in Section 5.1.1, using the set of gripp er �ngers describ ed in Exp erimen tal System and the con trol from Exp erimen tal System 3. This exp erimen tal system as designed to erform the assem bly of ham- fered Soma-4 and Soma-5 parts, constructing pre-selected assem bly mo dels. The task decomp osition falls in to stages for eac part in turn: acquiring the part, and then placing it in the assem bly Eac of these is erformed Beha vioural Mo dule whic in turn decomp oses the task in to smaller sections. Both of these Beha vioural Mo dules fall on the Ideal Execution ath. art Acquisition: The Soma part can acquired from nominal taugh lo cation, dealing with ariation in orien tation of appro ximately 45 degrees and translational ariation equiv alen to the size of the top of the Chapter 5. The Exp erimen tal System 116 Figure 5{8: Adept rob ot ork cell limitations Gripp er rotation 2. Figure 5{9: Adept rob ot ork cell limitations Gripp er rotation 3. Chapter 5. The Exp erimen tal System 115 Figure 5{7: Adept rob ot ork cell limitations Gripp er rotation 1. ositions as in Fig 5{9, but cannot reac those in Fig 5{7. This can lead to problems when parts are placed in osition with the gripp er in one orien tation, and pic ed up with the gripp er in another. This problem is comp ounded the addition of the force sensor attac hed to the wrist. The heigh to whic the Adept can mo with the gripp er orien ted as in Fig 5{9 is also sev erely limited. The second problem in olv ed the noise of the rob ot vibration in the sensor readings when it as moun ted on the arm. reduce these problems, the force/torque sensor as sandwic hed et een metal plates and the assem bly as built on top of the plates, as can seen in the photograph in Fig 5{10. This mean that the force/torque sensor could not used in the acquisition of the parts, but the binary sensor co erage of this as adequate for the task. Chapter 5. The Exp erimen tal System 114 Figure 5{6: Comm unication within the system. help ed with the in tegration of other sensing systems whic ere already con- nected in to the bac kplane of the SUN, suc as the force/torque sensor. ork on vision system [Chongstitv atana Conkie, 1990], using Datacub soft are, could also ha een incorp orated if required, but this yp of sensing as not used in the exp erimen tal system. brief men tion should made here concerning the use of the force/torque sensor. Connected directly in to the bac kplane of the SUN orkstation, the same comm unications program used for the Adept con troller could mo di�ed to read the data from the force sensor. Although the force/torque sensor as originally designed to attac hed to the wrist of the Adept, this caused separate problems. The �rst of these as the length this added to the wrist in the limited orkspace of the Adept rob ot. (See the photographs in Fig 5{7, Fig 5{8 and Fig 5{9.) In Fig 5{7, with the Adept arm fully extended, the gripp er can reac osition uc further than is ossible after simple rotation of the gripp er though 180 degrees, whic is sho wn in Fig 5{9. If the gripp er is ositioned ertically do wn ards, as sho wn in Fig 5{8, it can reac the same Chapter 5. The Exp erimen tal System 113 that the output from the planner, the Prolog list, could in terpreted as the system ran. This ga the adv an tage of quic testing of mo di�cations to the in terface et een the planner and the Beha vioural Mo dules, easy in tegration of other sensing systems whic had een dev elop ed, suc as force sensing or vision, and editing the Beha vioural Mo dules ecame uc easier, as the editing facilities on the rob ot con troller had pro ed un wieldy when dealing with large systems as compared to the adv anced editing facilities on the SUN orkstation. program had een dev elop ed A. Conkie (ED AI) to allo simple com- unication et een the SUN orkstation and the Adept con troller through an RS232 serial line. This allo ed single command to sen to the con troller, con trol returning to the SUN when the rob ot signaled completion of the com- mand. This program had to mo di�ed to allo return of con trol to the SUN orkstation during the execution of the command, suc as MO VE in- struction, to allo other sensors whic ere connected directly to the SUN orkstation to in terrogated. Fig 5{6 sho ws the new system set-up. As the AL-II co de could run one line at time from Prolog, this brough ab out more exible con trol en vironmen t, and the structure of the system could hanged as required for exp erimen tation. Con trol decisions could made at an oin in the program, based on information from the planner, or on information from the sensors. The rob ot con troller could still deal with the kinematics and mathematics of the rob ot, and the Prolog could deal with the in terface with the planner and the con trol structure. The binary sensors could still used directly through the con troller, allo wing fast reaction time, and other sensors, suc as force sensor, could incorp orated at an lev el of the new structure. Man Beha vioural Mo dules had already een written in AL-II co de and stored on the Adept con troller. These ere not up dated to run directly from SICStus Prolog (although they ere no accessed as subroutines direct call from SICStus Prolog). All new dev elopmen of Beha vioural Mo dules as subsequen tly handled from the SUN. All AL-II commands, ev en the calibra- tion of the rob ot, could dealt with from this new in tegrated system. This Chapter 5. The Exp erimen tal System 112 Figure 5{5: CAD mo del of the �nger design. The sets of �ngers whic ere designed ere used within Beha vioural Mo dules whic ere stored and run directly from the Adept con troller, as ere the Beha vioural Mo dules designed for the SOMASS system. In order to pro vide an easier orking en vironmen where the plan could run directly from SUN orkstation instead of sen do wn man ually to the con troller and stored there, the system as hanged once more. The follo wing section details these hanges. Exp erimen tal System aid the program dev elopmen and pro vide more exible orking en viron- men t, it as decided that the complete system should run from the SUN orkstation. The SOMASS system, as has een describ ed in Section 3.2.2, pro vides Prolog plans from SUN orkstation whic are sen do wn an RS232 serial line to the Adept con troller. These plans con tain calls to Beha vioural Mo dules whic are stored within the con troller. Muc time as sp en sending these AL-II plans to the con troller, and sligh mo di�cation in plan structure or lev el of in terface required new AL-II �le to pro duced and transp orted. With the whole system run from the SUN orkstation, individual AL-II com- mands could sen do wn from Prolog (SICStus Prolog [Sic1988] as no eing used for the planning system) to the con troller at run-time, whic mean Chapter 5. The Exp erimen tal System 111 Figure 5{3: Second set of gripp er �ngers (view A). Figure 5{4: Second set of gripp er �ngers (view B). Chapter 5. The Exp erimen tal System 110 Exp erimen tal System maximise the information whic can gained from binary sensors, and ha ving observ ed from previous exp erience with the �rst set of sensors what information can useful in the manipulation and assem bly of Soma shap es, the new set of �ngers, incorp orating six binary sensors as designed. Infra-red ligh tb eams replaced the microswitc h, whic as to bulky inac- curate, and easily damaged. The photographs in Fig 5{3 and Fig 5{4 sho the sensor arrangemen on the �ngers. Eac �nger incorp orates ligh eam across the top of the gripp er whic can brok en depressing the prob at the end of the �nger. Fig 5{5 sho ws CAD mo del of the prob itself and the �nger design whic sho ws where the sensors actually lie. Eac �nger also holds ligh tb eam emitters and detectors whic line up with the detectors and emitters resp ectiv ely in the opp osite �nger. Again, the �nger design to hold these sensors is sho wn in Fig 5{5. The sensor set-ups whic incorp orate the prob will referred to as the prob es to distinguish them from the four ligh tb eam sensors et een the �ngers. The binary sensors ere lo cated in the �ngers with the follo wing design features and functionalit in mind: Abilit to detect oin of con tact of the gripp er �ngers with an object in the z-do wn ards direction, stopping the rob ot if necessary Find ertical or horizon tal edge of the object, again stopping the rob ot if necessary Detect presence/absence of object in gripp er. Detect slippage of object in gripp er. The use of hamfered �ngers and rounded prob es so no snagging can tak place. Chapter 5. The Exp erimen tal System 109 the rob ot immediately (or as fast as inertia will allo w), and allo ws div ersion to subroutine if required. This kind of sensor triggering whic can halt the rob ot allo ws guarded motions to erformed. The stopping conditions can an sensor transition, or com bination of sensor transitions (b oth OR and AND com binations), in this case, either op ening or closing the microswitc h, or breaking or completing the ligh tb eam. Once the rob ot has een stopp ed, its lo cation in the ork cell can returned to the con troller and this information used the system. With the ligh tb eam sensor et een the �ngers, the gripp er can constan tly hec ed to see if it is holding part. Although useful in the �rst exp erimen ts with the system, sev eral problems came to ligh concerning the use of these �ngers and sensors. The microswitc pro ed to bulky addition to the gripp er, often catc hing on the parts during the assem bly and causing damage to the parts and the microswitc itself. This as particularly problem when the parts ere eing inserted in to the assem bly The use of the lev er on the microswitc (again, see the photograph in Fig 5{2 for this detail) ga rise to problems in accuracy when using the microswitc for guarded motions, as the lev er could trigger the microswitc from an oin along its length. Along with the ab problems, it so on ecame clear that uc more use- ful information could gained mo difying the design of the �ngers. The microswitc as replaced simple ligh tb eam arrangemen to protect the ottom of the �ngers, and the �nger ottoms ere hamfered to prev en snag- ging. More ligh tb eams ere incorp orated et een the gripp er �ngers. Ov erall, the �ngers ere less bulky had more sensory capabilit and ere etter pro- tected from damage. The next section lo oks at these new �ngers, and the information whic could no deriv ed from them. Chapter 5. The Exp erimen tal System 108 Figure 5{2: The original gripp er �ngers. gripp er �ngers. When lo cated in the �ngers in this oth sensors can used to constan tly monitor asp ects of the rob ot gripp er in the ork cell, esp ecially when it is mo ving. The motion of the rob ot can also used to acquire information using dynamic sensing. Some sensors are usefully placed in the ork cell itself, esp ecially those sensitiv to rob ot vibration, suc as force sensor. ork done in Ab eryst wyth [Sharp, 1990] [Loughlin, 1992] has pro duced some useful touc sensors whic can placed around the ork cell. The AL-II REA CTI command, an extension of the basic REA CT com- mand whic allo ws the rob ot arm to halted when sensors are correctly triggered, can used to initiate the constan monitoring of binary signal. If signal is monitored to detect transition from ‘o� to ‘on’, and the signal is already ‘on’, no triggering ccurs un til the signal has gone to ‘o� and then ‘on’ again. The signal ust remain stable for at least 18 milliseconds to assure detection of the transition. The monitoring con tin ues un til either the correct transition ccurs on particular sensor, or un til an IGNORE command is issued for that sensor. When the sensor is triggered, the REA CTI command stops Chapter 5. The Exp erimen tal System 107 description for the new Soma-5 set, and descriptions of the expanded range of �nal assem bly shap es. In dealing with �nal assem blies whic used man more parts, the time factor for �nding solution increased man times due to the com binatorial expansion. or some of the larger assem blies (comp osed from more than the original sev en Soma-4 shap es), no solutions ere found after sev eral da ys. The aim of the newly expanded system as to in tro duce sensing in to Be- ha vioural Mo dules and to examine their subsequen linking and comp osition. As the ideas dev elop ed, sev eral major hanges to ok place in the system, and these are detailed elo w. The hanges re ected oth the need for sensor in- formation appropriate to the task in hand, and the need for more exi- ble programming en vironmen t. It ecame quic kly apparen that the soft are, hardw are, and the task ere closely in ter-related. Exp erimen tal System The �rst exp erimen tal system whic as dev elop ed incorp orated simple binary sensing in to Beha vioural Mo dules. The Adept con troller is con�gured to handle eigh external binary input/output signals through serial line. Eac signal can set to either or 0, signifying ‘on’ or ‘o� ’. These designations of ‘on’ or ‘o� are dep enden on the electronic set-up of the particular sensor. The binary sensors can monitored directly sev eral AL-II commands, suc as REA CT, SIG, and SIGNAL. REA CT commands initiate the monitoring of the binary signals, SIG returns their state and SIGNAL can used to trigger the sensors. See the Adept User Man uals for sp eci�c details of these commands as used with the Adept rob ot [Ade1985a] [Ade1985b]. The �rst sensor dev elopmen in tegrated in to the system in olv ed binary sensors, one microswitc h, the other an infra-red ligh tb eam emitter/detector set. The photograph in Fig 5{2 sho ws the placemen of these sensors on the gripp er. The microswitc is lo cated at the tip of one �nger, and the ligh tb eam emitter/detector set are placed suc that the ligh tb eam crosses et een the Chapter 5. The Exp erimen tal System 106 assem bly If the assem bly has reac hed certain heigh t, instead of mo ving directly er the assem bly and erhaps colliding, extra ork can done to �nd safe route in to the assem bly for the part, oiding the already completed sections. This comes in useful when the Soma-5 set is in tro duced, or when tall assem blies are attempted. or the insertion of the parts, force/torque sensor is used to detect when the part reac hes the table. Most imp ortan for this particular ork is the increased reliabilit whic can gained the use of the Ideal Execution ath and Alternativ Execution aths. Information to determine hange of con trol direction to the Alternativ Execution aths from the Ideal Execution ath is ailable from Exit States and lo cal relev an information. The follo wing sections examine the implemen tation stages of the exp eri- men tal system, and the strategies used in the Beha vioural Mo dules in the �nal system on oth the Ideal Execution ath and the Alternativ Execution aths. 5.1.1 Implemen tation Stages This section lo oks at the system dev elopmen and in tro duces in more detail the sensory system and the programming en vironmen t. As the exp erimen tal system dev elop ed, sev eral imp ortan mo di�cations ere made to its hardw are and soft are. The sections elo detail the three major hanges whic ere required to impro the system and pro vide etter test-b ed for the ork. It is also imp ortan to note ho these hardw are and soft are hanges ere a�ected the nature of the task itself. The ork cell’s main comp onen t, consisten tly used through all the exp er- imen ts, is the 5-degree of freedom Adept rob ot (sho wn in Fig 3{7). Cham- fered Soma shap es from the Soma-4 and Soma-5 sets are used as the assem bly comp onen ts. As with the SOMASS system, the �nal assem blies are shap es constructed from the individual Soma parts. Some of these can seen in Fig 3{4. The SOMASS planner as retained in the same form as efore (see Section 3.2.3), with the only addition eing the input parameters of the part Chapter 5. The Exp erimen tal System 105 Figure 5{1: Chamfered Soma-4 Shap ork3. een relaxed, suc as the strategy of lea ving pads in the �nal assem bly as the system uses hamfered Soma parts (see Fig 5{1) whic can adequately cop with small translational ariations. The exp erimen tal system, as with the SOMASS system, uses some motion strategies to reduce the ariation presen t, but it also incorp orates some sensing strategies to help increase the reliabilit The sw eeping motions to mo the parts in to prede�ned osition ha een replaced simple strategies using binary sensors to acquire the part. Where ossible, the double snap of the gripp er is used to cen tre the part in the gripp er (see Fig 3{16), but when this is not ossible, the part is cen tred in the gripp er using strategy in olving the simple sensors (see Section 5.1.3 on page 125). Whenev er the part is carried in the gripp er, binary sensors monitor the con ten ts of the gripp er. If regrasp is necessary this is also closely monitored, allo wing for more ariation than in the sensorless SOMASS system. When inserting the parts in to the assem bly the parts whic ha already een assem bled are tak en in to accoun to ensure that the part carried in the gripp er will not collide with the already completed Chapter 5. The Exp erimen tal System 104 The SOMASS system, describ ed in Chapter 3, as selected as foundation for the dev elopmen of Beha vioural Mo dules using sensors. The adv an tages of the Soma shap es as examples of assem bly objects are examined in Section 3.2.1. The existing planner for the SOMASS system as retained, with the fo cus of the ork concen trating on the dev elopmen of appropriate sensory Beha vioural Mo dules and their linking. The planner output of Prolog list remained un- hanged, see App endix A, but as ost-pro cessed in to di�eren form more suitable to exploit the new structure and sensors ailable. The �rst section of this hapter examines the implemen tation details and the structure of the exp erimen tal system, giving complete outline of the strategies and Beha vioural Mo dules used. The second section lo oks in more detail at some of the implemen ted Beha vioural Mo dules. The third, fourth, and �fth sections examine the Exit States of some of the Beha vioural Mo dules, the Ideal Execution ath, and some Alternativ Execution aths of the system resp ectiv ely The �nal section pro vides summary of the ork. 5.1 System Outline The system for the thesis ork, based on the SOMASS system, erforms the task of assem bling Soma structures. The planner for the SOMASS system is re- tained, but the structure and con ten of the Beha vioural Mo dules are hanged. Simple binary sensing is in tegrated to allo decision making capabilities de- enden on sensory information. As with the original SOMASS system, the planner implicitly uses some rules to facilitate assem bly and assure that certain motions whic are deemed unreliable are not used. The rules whic are still enforced in the exp erimen tal assem bly system include do wn ard acquisition and insertion of the parts. arts ust still gra vitationally supp orted when inserted in to the assem bly with eac cub in the Soma part supp orted the o or or another cub e. Again, this forbids the assem bly of an shap with an erhang. Other rules ha Chapter The Exp erimen tal System This hapter examines the exp erimen tal system whic as designed and im- plemen ted to test the ideas related to Exit States, Ideal Execution aths, and Alternativ Execution aths (see Chapter 4). The Beha vioural Mo dules dev el- op ed for this system pro vided basis for examining the details whic ould needed to link them successfully to build reliable and robust assem bly system. As it is to so on in the dev elopmen of the �eld for coheren theory of rob otic assem bly to ha een form ulated to pro vide framew ork in whic the Beha vioural Mo dules could tested, the exp erimen ts in en ted for the system ere designed to test its abilit to successfully complete task in the presence of ariation using the Beha vioural Mo dules on the Ideal Execution ath. If it could not do this, alternativ Beha vioural Mo dules ere pro vided for parts of the system, and if these did not allo the task to successfully completed, the system as allo ed to fail, pro viding details ab out this failure. The exp erimen ts detailed in Chapter sho sets of runs of the exp er- imen tal system, one using only the part of the system whic acquires Soma parts, and the second set sho wing the running of the whole system. The um- er of times the Ideal Execution ath and the Alternativ Execution ath ere used in oth trials are noted, along with the failures and the reason for the failures. 103 Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 102 information decree that the system is no longer in state to follo the Ideal Execution ath, Alternativ Execution aths ma ailable to bring the system bac to the Ideal Execution ath. Alternativ Execution aths ma used to deal with more, or di�eren t, ariations in the ork cell, or ma used to reco er from oten tial error situation. The ey to the diagrams whic will used throughout the thesis to illus- trate the Beha vioural Mo dules has also een presen ted. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 101 comp osed of other Beha vioural Mo dules. If the Beha vioural Mo dule, ASK-A, is comp osed of Beha vioural Mo dules, ASK-B and ASK-C, the failure ma due to either one. In this case, as in Fig 4{5, there is no alternativ ailable at the ASK-B and ASK-C lev el, the problem ma left to dealt with at the lev el of ASK-A and ASK-A2. This time, ASK-A has the hoice of three alues to return, S, F1, or F2. The di�erence et een F1 and F2 ma relev an at higher lev el to determine where the Beha vioural Mo dule en wrong. In this diagram, it has een decided that if the returned alue is F1, the alternativ Beha vioural Mo dule, ASK-A2 ma attempted. These alues ma carried up as far as required as Exit States from eac lev el of Beha vioural Mo dule. 4.6 Reliable Beha viour-based Rob otic Assem bly This hapter has in tro duced the terms and ideas whic are used in this thesis to in estigate building reliable rob otic assem bly system. These include Exit States, the Ideal Execution ath, and Alternativ Execution aths. Beha viour-based rob otic assem bly system can split in to distinct sections, comprising planning system and an execution system. The plan- ning system pro vides high lev el description of the part motions, and these are realised on-line comp eten execution system comp osed of Beha vioural Mo dules. These Beha vioural Mo dules are mo dular units whic com bine soft- are and hardw are to erform task in the real orld and can deal with certain amoun of ariation and uncertain in the ork cell. Exit States, whic inform the system what has ccurred within Beha vioural Mo dule, can used along with lo cal information to iden tify the Ideal Execution ath and appropri- ate Alternativ Execution aths. The Ideal Execution ath is con trol path through the hierarc of Beha vioural Mo dules whic describ es the est route through these as decided the designer of the system. If sensors or lo cal Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 100 Figure 4{5: Multiple lev el Alternativ Execution ath. feren sensors, or ma simply try the Beha vioural Mo dule, ASK-A once more. The Beha vioural Mo dule, ASK-A2, will return the alue S, or F. This time, if is returned, the system designer has decided that there is no alternativ whic can tried. In this case, the Beha vioural Mo dule, T1 will return F. Th us, this example demonstrates ho an alternativ can tried at the same lev el as failure ccurs. The next example in Fig 4{5 lo oks at deviation from the Ideal Execution ath whic cannot dealt with at the same lev el of Beha vioural Mo dule. Again, using T1 as basic task, this lo oks at sligh tly more complex situation. ASK-A ma consist of either lo cal rob ot command co ding, or ma in turn Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 99 Figure 4{4: Single lev el Alternativ Execution ath. the problem is dealt with, the greater the problem there is with the ariation and uncertain in the ork cell. As with the hierarc hical structure devised Albus, the problem of ariation can dealt with at an lev el, although with this system, the decomp osition is simpler and the sensory structure di�eren t. The follo wing example sho ws ho failure can dealt with at di�eren lev els of the system. In Fig 4{4, the Beha vioural Mo dule, named T1, has een designed to com- plete task, ASK-A. The Beha vioural Mo dule, named ASK-A, is executed and can return one of alues as its Exit State, in this case, either or F. As this is simple task, these will curren tly referred to as Success or ailure to mak explanation of the example easier. If ASK-A returns Success, then the Beha vioural Mo dule, T1, will return Success. On the other hand, if the result of erforming ASK-A is ail, then an alternativ Beha vioural Mo dule, ASK-A2 can tried. ASK-A2 is designed to bring the assem bly to the same state as ould ccur at the successful comple- tion of ASK-A. The Beha vioural Mo dule ASK-A2 ma in olv erforming di�eren strategy with the same sensors as ASK-A, it ma use completely dif- Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 98 task. Extensiv rep eated deviation to Alternativ Execution aths sho ws that the Beha vioural Mo dules on the Ideal Execution ath are not no the est suited for the task, whatev er the criteria for their original hoice. Either the Beha vioural Mo dules on the Ideal Execution ath ha pro ed inadequate to deal with the task, or the circumstances in the ork cell ha altered and ma need atten tion. In system with no sensors and no information ailable concerning ossible Alternativ Execution aths, con trol will automatically follo an Ideal Execution ath. Ev en if the ariation pro es to uc for the task to successfully completed, the rob ot will still go through the motions of the assem bly with no parts in its gripp er. The linking of the planner with the Beha vioural Mo dules pro vides an in ter- face whic is useful in determining the reasons for the failure of an assem bly system. The failure could due to either the use of inappropriate Beha vioural Mo dules, or due to the lev el of the in terface with the planning system pro vid- ing inappropriate information for the use of these Beha vioural Mo dules. In other ords, the question ecomes one of disco ering whether the Beha vioural Mo dules are comp eten enough to deal with the ariation in the en vironmen t, or whether the planner is erhaps pro ducing the wrong lev el of detail for the Beha vioural Mo dules whic ha een selected. If large um er of Alterna- tiv Execution aths are used regularly then erhaps the hoice of Beha vioural Mo dules on the Ideal Execution ath is inappropriate for the task. ailure at Di�eren Lev els The use of Alternativ Execution aths, deviated to information from Exit States and lo cal information, allo ws the system to deal with the oten tial failure of the system at an oin in the hierarc The problem can dealt with at lo lev el within the same Beha vioural Mo dule, or ma tac kled at higher lev el where another alternativ can used. This means that there is no ultimate failure of the system un til the top of the hierarc is reac hed and nothing more can done. This lea es plen of scop for reco ery at an lev el when relev an t. It is usually the case that the further up the hierarc Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 97 4.5 Usefulness of the system This section lo oks at some of the other adv an tages whic can found when using the ab ideas within the framew ork of Beha viour-based rob otic as- sem bly system, apart from that of pro viding more reliable system using appropriate alternativ actions. Decomp osition of the assem bly system In the SOMASS system describ ed in Chapter 3, and the exp erimen tal system dev elop ed for this thesis (describ ed in Chapter 5), the planner plans for assem- bly in terms of part motions, rather than in terms of the rob ot motions required to ac hiev the part motions. With this comes the adv an tages of Object Lev el programming where it is seen as easier for the programmer to think in terms of part motions (see Chapter 2, page 20). The planner, although enforcing the constrain ts previously discussed, do es not kno an ything ab out the dimensions of the ph ysical assem bly parts or ork cell, or the ailabilit of sensors, and erforms no reasoning ab out the ariation or uncertain in the ph ysical ork- cell. The execution system, comp osed of Beha vioural Mo dules, in terfaces to the planner only through series of part motions pro vided Prolog list (see App endix A), and this allo ws the execution system the freedom to in terpret these without resorting to replanning if particular rob ot motion is not appro- priate. The Beha vioural Mo dules can easily hanged and inserted in to the execution system to pro duce more comp eten system using di�eren sensors and di�eren strategies where appropriate. The execution system can used to handle ossible error situations without re-planning. Suitabilit of Beha vioural Mo dules The exten to whic the system follo ws the Ideal Execution ath can tak en as measure of the suitabilit of the Beha vioural Mo dules hosen to erform Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 96 Ha ving set out the ideas concerning the Ideal Execution ath and the Al- ternativ Execution aths, the follo wing example sho ws ho these can used in practice. Supp osing the existence of Beha vioural Mo dule whose task is to �nd an object (referred to as Find Object Beha vioural Mo dule). If the object is usually in certain lo cation and orien tation, then simple touc sensor ma used to �nd it with this Beha vioural Mo dule eing on the Ideal Execution ath. If this fails due to the actual ork cell con�guration eing out with the ariation it can cop with, an alternativ yp of sensing, suc as vision, ma used, pro viding an Alternativ Execution ath. The comp etences of the Beha vioural Mo dules, one using touc and the other using vision, will di�eren t, with vision erhaps able to sense quic kly er larger area, but the touc ma more accurate. So, to the system designer, it ma ob vious to try the touc �rst, and if that fails, try the second. Th us, the Find Object Beha vioural Mo dule ma still succeed, but di�eren metho from the Ideal Execution ath. Some Beha vioural Mo dules are only used within an Alternativ Execution ath, and th us will nev er included in system’s Ideal Execution ath. An lo er lev el Beha vioural Mo dules within Beha vioural Mo dule in Fig 4{ will not on the Ideal Execution ath for the example system. When Beha vioural Mo dule is called in di�eren circumstances in di�eren parts of the system, di�eren routes through it ma included on the erall Ideal Execution ath. One call of Demonstration (Fig 4{2) ma determine that the Ideal Execution ath for the system follo ws through Beha vioural Mo dule with Exit State BM-1A, and through Beha vioural Mo dule with Exit State BM-2A, whereas another call of the Beha vioural Mo dule, still on the Ideal Execution ath, ma follo through Beha vioural Mo dule with Exit State BM-1B, and on through Beha vioural Mo dule with Exit State BM-3B. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 95 the correct feature is iden ti�ed, but ccasionally the Alternativ Execution ath con taining the searc strategy ma ha to used. There follo ws list of circumstances where an Alternativ Execution ath ma pro useful. 1. Beha vioural Mo dule on the Ideal Execution ath ma not ha the comp etence to deal with the ariation actually presen in the real ork- cell. or example, an object ma not found within the range of the visual �eld of vision system eing used Beha vioural Mo dule. Al- ternativ strategies to deal with this problem ma range from mo ving the camera to using other yp es of sensor, dep ending on the capabilities of the system. 2. Beha vioural Mo dule on the Ideal Execution ath, on consulting in- formation gained from sensors within that Beha vioural Mo dule or from lo cal information, ma decide that it is no longer in situation where it can est deal with the task. or example, osition calculated in the Beha vioural Mo dule ma out with the reac of the rob ot. This cannot alw ys kno wn efore en tering the Beha vioural Mo dule and actually calculating the osition. In this case, the rob ot ma for example, able to approac the osition using di�eren gripp er orien tation. 3. If the information receiv ed from Beha vioural Mo dule whic has suc- cessfully completed its task is determined to in alid for the curren application of the Beha vioural Mo dule, an Alternativ Execution ath ma follo ed. or example, alue corresp onding to heigh is re- turned, th us the Beha vioural Mo dule whose task it as to �nd heigh has een successful, but this heigh do es not lie close enough to an ex- ected estimated heigh t. Dep ending on the con text and capabilities of the Beha vioural Mo dule, the source of the heigh whic has een found ma easily iden ti�ed and an alternativ strategy used to ypass this obstacle. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 94 The deviation to an Alternativ Execution ath is determined the Exit State of the Beha vioural Mo dules or from lo cal information ailable to the system. When an Exit State and qualifying parameters are returned from Beha vioural Mo dule, this can examined to determine whether the task as successfully completed in the con text of the calling or whether it failed. The Exit State can sho whether the Beha vioural Mo dule could not attempt the task due to the conditions in the ph ysical ork cell eing out with its comp e- tence, or whether it partially completed the task, but then failed to complete it. This is useful information whic can used to determine whether there are other Beha vioural Mo dules whic could cop with the un usual situation and bring the system bac to the Ideal Execution ath. Alternativ Execution aths can also en tered in to information from the planner whic can instan tiated at run-time with information from the real orld. The planning system do es not kno an ything ab out the dimensions of the parts and the ork cell, but the on-line system can determine if alter- nativ Beha vioural Mo dules should used due to, for example, the heigh of an assem bly ecoming to great for the normal metho of inserting part. In Fig 4{2, an Alternativ Execution ath is ailable through Beha vioral Mo dule if the Exit State from Beha vioral Mo dule is BM-1B. Alternativ Execution aths ma consist of Beha vioural Mo dules, or ma merely erform lo cal rob ot commands, dep ending on the exten of the deviation from the Ideal Execution ath. The Alternativ Execution ath ma simply retry the original Beha vioural Mo dule whic returned failed Exit State if it is ossible that it ma succeed in correctly erforming the task if rep eated. The Alternativ Execution ath ma instead use di�eren sensor yp es if ailable, or ma use di�eren strategies. If, for example, section of an object has een iden ti�ed some sensing strategy but not the segmen required for con tin uation of the Ideal Execution ath, it can inferred that the object is actually presen t, and simple searc strategy can used to �nd the part of the object required. In the majorit of calls of this particular Beha vioural Mo dule, Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 93 4.4 The Ideal Execution ath and Alternativ Execution aths Both the Ideal Execution ath and Alternativ Execution aths describ con- trol routes through the hierarc of Beha vioural Mo dules. The Ideal Execution ath describ es the est route, as determined the system designer, whic can tak en through the Beha vioural Mo dules. Alternativ Execution aths are de�ned if particular Beha vioural Mo dules on the Ideal Execution ath fail to correctly erform their task due to there eing to uc ariation and/or un- certain in the actual ork cell or the strategies eing unable to deal with the actual situation in the ork cell. Through an Beha vioural Mo dule hierarc an Ideal Execution ath can iden ti�ed the designer of the system whic re ects the est in whic the assem bly can erformed. The criteria for this can div erse, ranging from time tak en to execute the Beha vioural Mo dule, to its reliabilit In the example in Fig 4{2 the Ideal Execution ath for the task erformed the Be- ha vioural Mo dule, Demonstration can designated as follo wing the con trol route through Beha vioural Mo dule with Exit State BM-1A, and through Beha vioural Mo dule with Exit State BM-2A. If the ariation and uncertain in the ork cell pro to uc for the Beha vioural Mo dules on the Ideal Execution ath, or it is determined that the curren Beha vioural Mo dule is no longer the most suitable for the task, an Alternativ Execution ath ma ailable to bring the system bac to the Ideal Execution ath where execution can con tin ue on ard as efore. The use of an Alternativ Execution ath is not the optimal route that should follo ed for the assem bly task, but can useful to prev en failure of the complete system when some alternativ action can erformed whic could result in successful completion of the task. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 92 Mo dule to determine if lo er lev el mo dule has completed its task in the required manner for that call. Supp ose the existence of Beha vioural Mo dule whic �nds outlines of objects in an image tak en from vision system. The Exit State from this particular Beha vioural Mo dule ma ‘Y es, there are one or more objects whic ha determined the outline of ’, or ‘No, there are no objects in the image’. Dep ending on the con text of the call of this Beha vioural Mo dule, the system ma exp ecting there to an object in the image, in whic case, if ‘Y es’ ere returned, this ould in terpreted as correct Exit State for that call. If, on the other hand, the Beha vioural Mo dule had returned ‘No’, this ould mean that, from the Exit State alue, it could determined that the Beha vioural Mo dule had failed to �nd an object. Ev en though correct Exit State is returned from Beha vioural Mo dule, this do es not mean that the correct information is ound to ailable, due to the generalit of the Beha vioural Mo dules. In the ab example, the Beha vioural Mo dule whic calls the lo er lev el object-�nding Beha vioural Mo dule ma obtain the required Exit State for that call, but when qualifying parameter is examined, only one object ma ha een found where ere lo ok ed for. Th us, although Exit States pro useful in determining if Beha vioural Mo dule has failed completely in its task, ev en when the righ Exit State for the con text has een returned, the parameterised information whic is returned ma pro to inadequate. The Exit State plus the range of other returned parameters giv an idea of the comp etence of the Beha vioural Mo dule and what it can cop with. Once the comp etence to erform task has een constructed from Beha vioural Mo d- ules, it is ossible to �nd the Ideal Execution ath through the Beha vioural Mo dules lo oking at the Exit States and the other con trol decision oin ts. The follo wing section lo oks at the ideas ehind the Ideal Execution ath and Alternativ Execution aths. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 91 move-and-check(position, sensor-state, Exit-State) move(position, Exit-State) if Exit-State ‘Moved to position’ then check-sensors(sensor-state, Exit-state) if Exit-State ‘Sensors-as-expected’ then Exit-State ‘Yes’ else Exit-State ‘No’ else Exit-State ‘Not moved’ end Figure 4{3: Example of general Beha vioural Mo dule. part should in the gripp er, or an particular asp ect that the sensors ma able to detect (again, dep enden on the situation). The alue of the parameter Exit State for the Beha vioural Mo dule mo e-and-c hec is either ‘Y es’, ‘No’, or ‘Not mo ed’. When Beha vioural Mo dule is called up on to erform task, it is not the problem of the Beha vioural Mo dule itself to recognise whether it has succeeded or failed for this particular call, but rather to recognise what has ccurred within it and pass this information bac up via the Exit State parameter. Exit States are useful for higher lev el Beha vioural Mo dules to determine what has happ ened at the lo er lev el, although eac lev el in turn is only concerned with its wn in ternal structure, rather than the in terpretation of its output. Once the Exit State has een passed on to the calling Beha vioural Mo dule further up the hierarc it is up to this Beha vioural Mo dule to determine if the Exit State returned is the appropriate one for whic the Beha vioural Mo dule as called, and also whether the qualifying parameters asso ciated with the Exit State pro vide alid information for that task. The follo wing example demonstrates the use of Exit States Beha vioural Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 90 Beha vioural Mo dule Demonstration In another section of Demonstration the Beha vioural Mo dule Beha vioural Mo dule pro duces Exit States, BM-3A and BM-3B. The �rst of these links directly to Beha vioural Mo dule th us not directly ecoming an Exit State for Demonstration but the sec- ond is con erted in to the Exit State alue of DEMO-B from Demonstration simple Beha vioural Mo dule ma ha only one Exit State, while more complex mo dules, esp ecially those comp osed of lo er lev el Beha vioural Mo d- ules, ma ha man more. The um er of alues that the Exit State can attain dep ends on the actual Beha vioural Mo dule and its design. Eac Be- ha vioural Mo dule has one parameter assigned to carry its Exit State. This means that addition of new Beha vioural Mo dules to lo er lev els of the system do es not a�ect the um er of parameters passed up ards, although the um er of Exit State alues at eac lev el ma subsequen tly di�eren t. With the ad- dition of another Beha vioural Mo dule in to Demonstration new Exit State of DEMO-C ma no needed, requiring only that this alue recognised at higher lev el if necessary The Exit State parameter ma also supp orted other qualifying parameters whic can pro vide information required the task. The example in Fig 4{3 illustrates general purp ose Beha vioural Mo dule whic can called to erform di�eren tasks. As suc h, the parameterisation of the Beha vioural Mo dule and the returned Exit State pla an imp ortan part in the use of this mo dule. The parameterised alues for the Beha vioural Mo dule, mo e-and-c hec are the osition for the rob ot to mo to, the exp ected state of the sensor after the mo e, and the parameter whic will con tain the Exit State. If the rob ot has een able to mo to the correct osition, it will return the Exit State, ‘Mo ed to osition’. If it has not mo ed, then the Beha vioural Mo dule mo e-and-c hec will return the Exit State alue of ‘Not mo ed’. If the rob ot did mo e, the sensors can hec ed to see if the mo Beha vioural Mo dule has erformed its task correctly with the sensor state telling the system the exp ected alues, for this call of the Beha vioural Mo dule, to compared with the actual alues of the sensors. The sensor states can indicate that Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 89 Figure 4{2: An Example of Beha vioural Mo dule. ceeded or failed while erforming the task assigned to it the system, but only informs the system what it has actually ac hiev ed. The Exit State of Beha vioural Mo dule re ects its in ternal execution and can determined from the follo wing: The Exit States of lo er lev el Beha vioural Mo dules whic are called within the Beha vioural Mo dule. Sensory or lo cally ailable data. The con ten ts of eac Beha vioural Mo dule can partitioned according to its comp osition. section can either consist of one other lo er lev el Beha vioural Mo dule, or of section of lo cal rob ot co de, curtailed some yp of con- trol decision where the con trol path divides when decision is made. This decision can tak en from sensor data, or other lo cal information ailable at that oin t. the end of eac section of co de, an Exit State alue for the Beha vioural Mo dule ma pro duced to distinguish the di�erence in con trol path through it. Whether the section pro duces one or more Exit State alue from the Beha vioural Mo dule or not dep ends on the decision of the designer. In the example Beha vioural Mo dule diagram in Fig 4{2 (whic will referred to throughout the remainder of this hapter see Fig 4{1 for the ey for this diagram), the Beha vioural Mo dule Beha vioural Mo dule pro duces its wn Exit State BM-2A, whic is con erted in to an Exit State of DEMO-A for the Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 88 Figure 4{1: Key for Beha vioural Mo dule Diagrams. Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 87 correctly within the con text of its calling. If it has not, an alternativ series of actions ma initiated to attempt to prev en the system from falling automat- ically in to an error situation. This yp of system relies on real orld testing of the Beha vioural Mo dules as they are dev elop ed and using the con text in whic the Beha vioural Mo dules are actually called to determine suitable alternativ actions. The follo wing sections lo ok at the diagrams and terminology whic has een designed to help with the in tro duction of the ideas ab e: Exit States, the Ideal Execution ath, and Alternativ Execution aths. 4.2 Diagrams Before con tin uing with this hapter, the diagrams whic will used for the rest of the thesis ust in tro duced. Fig 4{1 sho ws an example of diagram whic illustrates Beha vioural Mo dule called Example This Beha vioural Mo dule is comp osed of lo er lev el Beha vioural Mo dule, Find Heigh and section of lo cal rob ot language co de. This �gure should referred to when other similar diagrams are encoun tered. The ey explains the lab eling con en tions for eac of the sym ols whic are used, and an example of eac sym ol is incorp orated in the diagram. 4.3 The Exit State This section lo oks at the concept of Exit States and examines ho they are determined, what they are, and what they can used for. The Exit State of Beha vioural Mo dule pro vides an indication of the in- ternal con trol path whic particular call of that Beha vioural Mo dule has follo ed. This alue do es not determine if the Beha vioural Mo dule has suc- Chapter 4. Increasing the Reliabilit of Beha viour-based Rob otics 86 The hapter con tin ues examining ho the ab ideas can used, then concludes with summary 4.1 System Reliabilit This thesis examines system whic as built to in estigate the in tegration of soft are and hardw are to ensure that the Beha vioural Mo dules can deal reliably with the tasks they erform, and to in estigate the linking of these Beha vioural Mo dules in reliable do this, it as necessary to in tro duce sensing in to the system. In Chapter 2, it has een men tioned that sensors can erform basic functions when in tegrated in to an assem bly system: they can gather data to hange the destination of the rob ot arm, or they can hange the sequence of actions of the rob ot. Both these uses can increase the reliabilit of the assem bly system. Although this ork lo oks in passing at sev eral strategies whic use sensors to guide the destination of the rob ot arm, it is mainly the hange of the sequence of actions whic will examined here. Sensors can used to monitor Beha vioural Mo dules to detect what is c- curring during their execution. The hierarc hical structure of the system allo ws sensors to in tegrated at an lev el, allo wing the exibilit to monitor actions where necessary Therefore, the real orld can used as uc as ossible to pro vide immediate information for the system, rather than relying on data from comp osed in ternal orld mo del. The close in tegration of hardw are, soft are and the task can ac hiev ed at all lev els of the system and this allo ws the Beha vioural Mo dules to sp eci�cally adapted to the task. This do es not limit the generalit of the whole system as long as the tasks erformed the Beha vioural Mo dules are general er the assem bly domain. The ab monitoring of the Beha vioural Mo dules, along with information obtained from the planner and instan tiated at run-time with real orld data, allo ws the system to determine whether Beha vioural Mo dule has erformed Chapter Increasing the Reliabilit of Beha viour-based Rob otics Chapter has in tro duced Beha viour-based rob otic assem bly system whic pro vides simpli�ed planning system connected to comp eten execution sys- tem. The reliabilit in the system is ac hiev ed designing Beha vioural Mo dules whic can individually deal with the ariation presen in the orld and attempt to reduce its e�ect using motion strategies. This thesis examines metho of increasing this reliabilit in tegrating sensors whic help to pro vide reliable linking et een Beha vioural Mo dules. This allo ws for more resp onsiv system whic can deal with Beha vioural Mo dules whic are unable to successfully complete their task. The follo wing hapter outlines the metho dology and terminology whic is used to describ the thesis ork. Beginning with general in tro duction to the ideas, the hapter con tin ues with an in tro duction to Exit States the Ide al Exe cution Path and lternative Exe cution Paths whic together form the basis for the reliable linking of the Beha vioural Mo dules in the assem bly execution system. The Exit State pro vides information on ho Beha vioural Mo dule erformed its task. The Ideal Execution ath and the Alternativ Execution ath describ con trol routes through the Beha vioural Mo dule hierarc whic can used to prev en the assem bly system falling in to an error situation. 85 Chapter 3. Beha viour-based Rob otic Assem bly 84 een men tioned. As parts are put in to the assem bly the planner mak es sure that eac do wn ard facing cub is supp orted either the ork cell o or or some previously inserted cub e. This also means that no erhangs are ermitted in the assem bly so there are some shap es whic cannot planned for with this planner. Another metho in the ork cell for ensuring no collisions is to use the idea of transp orting all parts at pre-de�ned safe heigh t. After pic king up part at an stage of the assem bly it is lifted to safe heigh in the ork cell and transp orted at this heigh t. The rob ot also mo es at this safe heigh when not burdened part. The SOMASS system pro vides demonstration of ho reliabilit can ac hiev ed appropriate mo dularisation of the task and dealing with ariation within individual Beha vioural Mo dules. The ork in this thesis lo oks at en- hancing the system the in tro duction of sensors and in estigating ho the reliabilit can impro ed appropriate linking of the Beha vioural Mo dules using information from these. Chapter in tro duces the terms and ideas for the thesis ork. Chapter 3. Beha viour-based Rob otic Assem bly 83 include the in tegration of vision-guided part acquisition Beha vioural Mo dule [Chongstitv atana Conkie, 1990]. These in olv no signi�can hanges to the planner. 3.2.5 SOMASS Reliabilit Strategies This section pro vides summary of the ys in whic the SOMASS rob otic assem bly system deals with the ariation in the ork cell and parts to pro vide reliable system. Uncertain is not dealt with in this system as sensors are not emplo ed (see Chapter 2, Section 2.1 for the de�nition of the ord ‘uncertain y’ as used in this thesis). The managemen of ariation is dealt with in ys in the SOMASS system. The �rst is in ariation-reducing motion strategies, and the second, in tro ducing rules constraining certain parts of the assem bly All the ariation-reducing motion strategies attempt to use the rob ot to manipulate the assem bly object some means suc that, at the end of the motion, the part is in more accurate osition. The examples of this are the sw eeping of the parts in to place efore pic king them up, and using double snap to cen tre the part in the gripp er efore lifting it. Both of these manipulate the orkpiece in suc that the ariation whic ma ha een presen efore the motion is ery uc reduced. useful, but less generally applicable example of the rob ot itself eing used as ariation-reduction implemen t, is the �nal patting together of the cub e. This is the climax of the ariation con tainmen strategy whic prev en ts collisions with other parts on put do wn lea ving gaps in the assem bly These are squeezed out patting the cub together at the end. The second of pro ducing robust assem bly relies on general rules and strategies in en ted the designer. Constraining the system suc that parts can only acquired in do wn ards direction ensures that the gripp er do es not collide with other parts or the ork cell o or. The same is true for the rule stating that the parts are only put in to the �nal assem bly in do wn ards direction. The previous strategy of lea ving pads in the assem bly has already Chapter 3. Beha viour-based Rob otic Assem bly 82 calculates the and o�sets needed for eac part to safely insert it in the as- sem bly In the actual Beha vioural Mo dule, the distance of the gap is calculated at run-time according to the actual size of the cub es used. (See Fig 3{11.) The com bination of the ab Beha vioural Mo dule whic lea es spaces, and Beha vioural Mo dule whic pats the shap bac together, sho ws an ex- ample of ariation-reduction strategy erformed er sev eral mo dules. The zvpatcub Beha vioural Mo dule only orks for the cub shap e. The sw eeping implemen is applied to the four sides of the assem bled cub in turn, gradually mo ving the parts bac to their prop er place in the assem bly Tw rounds of the assem bly are normally made. The padding of the parts cannot used with certain Soma-5 shap es where cyclic adjacencies ccur. These basic Beha vioural Mo dules pro duce reliable assem bly system. Re- liabilit tests of the system ha een erformed and these are rep orted in [Malcolm Smithers, 1988]. In 517 runs in olving large and small den Soma-4 sets, and assem bling 12 di�eren assem blies, only 12 failures ccurred, mainly due to previously undisco ered bugs in the planner. Timings for the planner are also rep orted in that pap er. The SOMASS system, in spite of its lac of external sensors, can still erform reliable assem blies in the real orld. In acquiring Soma part, large amoun of rotational and lo cational ariation can dealt with, and the padding strategy allo ws uc ariation on part placemen t. Due to built in sim- pli�cations, certain assem blies cannot built, in particular, those with an erhanging cub es, those whic need part placemen to allo for �nger clear- ance on more than the last part, and those tall enough to unreac hable the rob ot using the strategy of do wn ard insertion. If an ything do es go wrong in the assem bly pro cess, the rob ot has no kno wledge of this and will con tin ue regardless with its pre-programmed actions. If some part of the assem bly fails, the whole assem bly will fail. later ersion of the SOMASS system (implemen ted etrop oulakis) incorp orates di�eren regrasp strategy whic can deal with the regrasp table eing inaccessible from sides. Later dev elopmen ts of the SOMASS system Chapter 3. Beha viour-based Rob otic Assem bly 81 Regrasp If, due to the use of the �v degree of freedom rob ot, the Soma shap cannot directly inserted in to the assem bly using only rotation from the orig- inal orien tation on pic up, the zmanip Beha vioural Mo dule is used. This Beha vioural Mo dule is one of the most susceptible to failure due to ariation in the en vironmen as no attempt is made to erform an ariation-reducing strategies, although suc strategies are ossible, suc as sw eeping the parts bac in to place as efore. The planner decides if regrasp ust erformed, and, if so, pro vides information ab out the cub to regrasp ed and the orien- tation of the gripp er and the wrist for the grasp. All these are passed to the mo dule parameters. The pic ed up part is transp orted to small regrasp table, where the gripp er can no approac the part from the side. This could not ha een done on the original pic up due to the ossibilit of wrist col- lision with the top of the orktable. The part can placed on the regrasp table, then pic ed up again from another orien tation, and erhaps grasping di�eren cub e. No ariation-reduction strategies are in tro duced in this Be- ha vioural Mo dule, so, although the parts are initially held in kno wn osition in the gripp er from the pic k-up Beha vioural Mo dule, the unev en surface of the regrasp table ccasionally causes the parts to ro and lose their osition, or the part can slip in the gripp er while eing turned. When the part is pic ed up from the regrasp table, it ma no longer cen tred in the gripp er. art Placemen The �nal put do wn Beha vioural Mo dule, zput is facilitated ariation con- tainmen strategy whic in olv es lea ving gaps in the assem bly If the previous Beha vioural Mo dules, esp ecially the zmanip one, do not hold the part cor- rectly ha not pic ed it up correctly or it has slipp ed sligh tly in the journey through the ork cell, the part ma collide with the already completed partial assem bly causing failure of the assem bly This ma also happ en due to inac- curately made cub es. remo this ossible source of failure, the planner Chapter 3. Beha viour-based Rob otic Assem bly 80 Figure 3{15: Strategy to cen tre the Soma part sw eeping motions. Figure 3{16: Strategy to cen tre the Soma part double snap. Chapter 3. Beha viour-based Rob otic Assem bly 79 lo ation taugh lo cation. zvpatcub (lo cation) lo ation taugh lo cation. The main three stages of the assem bly namely ‘P art Acquisition’, ‘Regrasp’ and ‘P art Placemen t’ are describ ed in more detail in the follo wing sections. art Acquisition The Beha vioural Mo dule designed to pic up the Soma parts is split in to sections. See Fig 3{15 and Fig 3{16 for diagrams represen ting the motion strategies. The �rst of these, zpatget cen tres the Soma shap using straigh piece of to sw eep the part from all four sides. This reduces the ariation in the initial placing of the shap in the ork cell and allo ws the gripp er to mo do wn er the part without fear of colliding with the top of the cub e. The sw eeping strategy is quite restrictiv in that lot of space is required around the parts, and some of the Soma-5 parts swing round to the wrong acquisition orien tation on sw eeping due to their wkw ard shap es and the friction of the part on the table. Once the part has een cen tred sw eeping, there are still ossible metho ds of actually grasping it. The �rst, zget (see Fig 3{16) is used if single upstanding cub can grasp ed. In this case, the gripp er is turned through 90 degrees around the axis from the grasp orien tation pro vided from the planner and single snap of the �ngers is made. This cen tres the part e�ectiv ely in the gripp er in this direction. The gripp er then pic ks up the cub from the normal orien tation. If, as with the ‘zed’ part, or more cub es are presen and the double snap cannot erformed, single grasp is made, using the zpic Beha vioural Mo dule. The single grasp, zpic is also used for pic king up the for the sw eeping motions. Chapter 3. Beha viour-based Rob otic Assem bly 78 zpatget (lo cation, xrot, xmin us, xplus, yrot, ymin us, yplus) lo ation cen tral taugh lo cation around whic the sw eeping mo- tions ccur. xr ot rotation around the axis from normal lo cation needed to erform sw eep along the axis. xminus o�set from the cen tral lo cation to accoun for the shap of the part. art sw ept up to this distance from cen tre. xplus as for xmin us (2nd sw eep). yr ot as for xrot, but to align for sw eeping along the axis. yminus as for xmin us (3rd sw eep). yplus as for xmin us (4th sw eep). zpic (lo cation) lo ation taugh lo cation. zget (lo cation) lo ation taugh lo cation. zmanip (lo cation, putrot, xn, yn, pzn, getrot, gxn, gyn, gzn) lo ation taugh lo cation for cen tre of regrasp table. putr ot rotations from normal lo cation for dep ositing part. pxn, pyn, pzn x, and o�sets for the grasp ed cub to place the part in stable osition on the regrasp table. getr ot rotations from normal lo cation for reacquiring the part. gxn, gyn, gzn x, and o�sets for the new cub to regrasp ed as it sits on the regrasp table. zput (lo cation) Chapter 3. Beha viour-based Rob otic Assem bly 77 .PROGRAM zget(pos) sets robot speed, approaches at safe height above Soma part to be grasped, opens gripper, approaches part at 90 degree rotation, moves down, opens/closes gripper, departs then moves down in correct orientation to grip the part and depart to safe height. SPEED transp APPRO pos, clear OPEN APPROS pos:TRANS(0, 0, 0, -90, 0, 0), approach MOVES pos:TRANS(0, 0, 0, -90, 0, 0) CLOSEI OPENI DEPARTS approach APPROS pos, approach MOVES pos CLOSEI DEPARTS clear RETURN .END Figure 3{14: AL-II Beha vioural Mo dule designed to pic up Soma part. Chapter 3. Beha viour-based Rob otic Assem bly 76 assem blies and eac Beha vioural Mo dule is designed to cop with certain amoun of ariation in the ork cell, dep ending on the particular strategies emplo ed. Strategies ere also implemen ted er sev eral di�eren Beha vioural Mo dules to help to pro duce reliable system. An example of this yp of strategy is found in the patting strategy on page 82. The Beha vioural Mo dules kno nothing of the assem bly order, the space ccupancy of the parts, or the �nal assem bly osition. These are all passed to them parameters giv en in the plan in terms of relativ information and are instan tiated with real ork cell data at run-time. The system at this oin kno ws the nominal initial lo cations of the parts, the nominal cub size and sev eral placing lo cations, suc as lo cation whic de�nes where the �nal as- sem bly should built. It is assumed that the Soma shap es are presen ted in an initial nominal con�guration, within an allo able translational and orien ta- tional ariation. These ork cell details are required to ensure that there is no in terference et een the starting lo cations for the parts and the other activi- ties in the ork cell. The initial lo cations for the parts ust ell spaced due to the pic up strategy emplo ed, pro viding problem of ork cell ercro wd- ing if more parts are in tro duced. This could reduced feeding the parts in individually another rob ot, or using feeding mec hanism. The initial con�guration as also designed so that the shap es ould gra vitationally stable and presen ted with single upstanding cub to grasp ed. This as not ossible with the ‘zed’ part whic as presen ted with topmost cub es. Beha vioural Mo dule Implemen tation The main Beha vioural Mo dules, with asso ciated parameters pro vided the planner, are listed in the follo wing description. Eac lo cation men tioned refers to AL-II de�ned lo cation in the orld co ordinate frame, giv en as (x, z, w, pitc h, roll) and taugh to the rob ot using teac h-p endan t. Lo cations are treated as distinct from ositions or oin ts whic are de�ned as [x, z] only The rotations are rotations from giv en normal lo cation. An example of the actual AL-II co de for the zget Beha vioural Mo dule can found in Fig 3{14. Chapter 3. Beha viour-based Rob otic Assem bly 75 ----------- The placing of right ----------- CALL zpatget(b7.get, RZ(90), -1.5,0.5, RZ(0), -0.5,1.5) CALL zget(b7.get:RZ(0)) CALL zmanip(table, RZ(0):RY(270),-1.0,0.0,2,RZ(0),0.0,0.0,2) CALL zput(b7.put:RZ(0)) Figure 3{13: AL-II pre-co ded pro cedures generated from the Prolog list. 3.2.4 The SOMASS Beha vioural Mo dules The on-line section of the SOMASS system is erformed Beha vioural Mo d- ules whic execute the plan sp eci�ed the planner. ritten in AL-II, these Beha vioural Mo dules run directly in the rob ot con troller and are activ ated pro cedural calls from the plan created during the planning pro cess. They are structured in hierarc hical manner and realise the part motions whic are giv en in the plan. The top lev el of the hierarc deals with the Beha vioural Mo dules zpatget (cen tre the part for pic up), zpic (pic up the part with single snap of the gripp er), zget (pic up the part with double snap of the gripp er), zmanip (regrasp the part if necessary), zput (place the part in the assem bly), and zvpatcub (push the �nal assem bly together). Fig 3{13 sho ws ypical call pro duced from the planner of sub-plan to place one part in to the assem bly Lo er lev el Beha vioural Mo dules can called in turn from these. The actual Beha vioural Mo dules used are describ ed on page 76. Beha vioural Mo dule Characteristics In the early ersion of the SOMASS system whic is describ ed here, no sensors or sensory data ere used, so it as only the ariation in the ork cell and parts whic had to dealt with to ac hiev reliable assem bly system. The system relies on ariation-reducing motion strategies to pro duce these reliable Chapter 3. Beha viour-based Rob otic Assem bly 74 Figure 3{11: adding of assem bly Figure 3{12: Cyclic adjacency relationship of parts. With the Soma-4 set, this o�set is alw ys ossible, but when the Soma-5 set is used, or ev en duplicate parts in the Soma-4 set, cyclic adjacency relationships ma ccur where the parts cannot ossibly separated in this manner (see Fig 3{12). Once the �nal Prolog list has een completed, con taining the information sho wn ab e, it is passed through the ost-pro cessor to pro vide set of sub- plans in AL-II. Fig 3{13 is an example of part of the plan pro duced in AL-II co de the planner to pic k, regrasp, and place part. It sho ws the actual AL-II co de generated for the part, named ‘righ t’, whic as pro duced from the Prolog list previously describ ed. The next section lo oks at the Beha vioural Mo dules whic are called from these sub-plans. Chapter 3. Beha viour-based Rob otic Assem bly 73 parts whic later cannot �lled due to the rule of parts alw ys eing inserted ertically do wn ards. 3. Put-do wn Grasp This section of the planner determines if alid put- do wn grasp can obtained for eac part. There ust clearance for the gripp er �ngers to op en to release the part in the actual assem bly Th us there ust no other cub already in place to the sides of where the gripp ed cub will placed in the assem bly This rule can relaxed in some cases where the last part cannot inserted in this manner due to the shap of the assem bly In the cub e, for example, it is im- ossible to insert the last part in this manner. Instead, the part is placed o�set from the put do wn lo cation. The wrist osition is automatically clear of the assem bly as the parts are inserted ertically do wn ards and no part is higher in the assem bly than the one eing inserted. 4. Regrasp Planning When the part cannot placed directly from the initial starting lo cation in to its �nal place in the assem bly using only rotation around the axis, the planner hec ks to see if the part can regrasp ed. Alternativ grasps for the part are examined to �nd an that ma successfully erformed the rob ot, taking in to accoun that the rob ot used to erform the assem bly has only degrees of freedom. Again, bac ktrac king tak es place if regrasp cannot found. After the planner has found solution whic can erformed in the real as- sem bly ork cell, an addition is made to help the put-do wn ariation-reduction strategy This in olv es calculating small distance, or pad whic is left et een the parts on put-do wn (see Fig 3{11). The actual distance left is calculated at the run-time of the actual assem bly and is dep enden on the size of the cub es. The information in the planner is in terms of unit o�sets. After one part is placed, the o�set for the next is calculated. This is in terms of an and o�set, with eac axis treated separately If previous part has een o�set, the next o�set ma more than one pad as the haining e�ect of other faces ma dictate that more o�set is necessary Chapter 3. Beha viour-based Rob otic Assem bly 72 Certain heuristics can used to sp eed up the planning pro cess, suc as lo oking at the rotations of parts whic corresp ond with their initial con�gu- ration �rst. In the Soma-4 set, ho osing the part with only three cub es to inserted �rst allo ws the remaining un�lled spaces in the assem bly to parti- tioned in to ultiples of four to see if the remaining parts can ossibly �tted in. The planner attempts to �nd general solution to the problem of �tting the parts in to the assem bly then decorates this solution with details required to erform the actual assem bly using bac ktrac king et een the di�eren stages of the planning. complete plan is formed at eac stage, efore eing expanded at the next lev el. There are four stages of the planner, with eac bac ktrac king to the previous on failure, except in some sp ecial cases where failure-directed bac ktrac king is used to miss out ob viously imp ossible trials. 1. General Solution general solution for an assem bly is one in whic the parts will correctly �t in to the �nal assem bly or the Soma-4 shap es and the cub e, the parts can �t in to the �nal assem bly in 240 di�eren ys excluding rotational and mirror symmetries. The plan- ner �nds 1440 solutions as gra vit is imp ortan for this problem. The parts can rotated and translated from their initial starting orien tation. These mo emen ts ma not ph ysically ossible in the real assem bly cell, but suc details are examined at later stages of the planner. Eac part is placed in turn, then the next part compared with the remaining spaces in the assem bly bac ktrac king when failure is encoun tered. 2. Gra vitationally Stable Ordering Ha ving found general solution for the parts, an attempt is made to �nd an ordering of the assem bly whic will allo eac part to inserted ertically do wn ards in to the already completed subassem bly and come to rest in gra vitationally stable o- sition. This means that eac do wn ard surface of the part ust sup- orted either the ork cell surface, or cub of an already inserted Soma part. This has the side e�ect of ensuring that no gaps are left under Chapter 3. Beha viour-based Rob otic Assem bly 71 Figure 3{9: Regrasp placemen of the ‘righ t’ Soma-4 part. Figure 3{10: Regrasp acquisition of the ‘righ t’ Soma-4 part. Chapter 3. Beha viour-based Rob otic Assem bly 70 Regrasp Details [[[z,0],[y ,3]], Rotation orien tation of wrist for placing part on regrasp table. [[0,0,1],[1,0,0],[1,0,1],[1,1,0]], Orien tation of part on the regrasp table. [[1,0,0]], O�set of base of part relativ to table cen tre. [[0,y ,-(x)],[0,0,1]], Axis, wrist orien tation and gripp ed cub for release. [[0,y ,z],[1,0,1]], Axis, wrist orien tation and gripp ed cub for regrasp. [[z,0]]], Rotation of wrist for ev en tual placing in assem bly [1,0], and padding o�sets for the part in the �nal assem bly [[[z,0],[y ,3]],[[0,0,0], The rotation and translation through whic the part ust mo ed relativ to its initial lo cation in order to place it in the �nal assem bly [[[0,0,1],[1,0,0],[1,0,1],[1,1,0]], The list of ordered oin ts stating the �nal lo cation relativ to the assem- bly origin of where the part will lo cated in the �nal assem bly [[0,y ,z],[1,0,1]]]]]] The axis along whic the gripp er and the wrist should aligned on put do wn of the cub e, and the cub to gripp ed. Chapter 3. Beha viour-based Rob otic Assem bly 69 Figure 3{8: Represen tation of the ‘fork3’ Soma-4 part. ‘righ t’ of the Soma-4 set, in tegrated with description of what eac piece of information represen ts. The wrist and gripp er orien tations and part ositions on the regrasp table are sho wn in the photographs in Fig 3{9 (regrasp part placemen t) and Fig 3{10 (regrasp part acquisition). The full Prolog list from whic this as extracted can found in App endix A. [righ t, The iden tifying name for the Soma shap whic is also used as reference to its appro ximate taugh lo cation in the rob ot cell. [[[0,0,0],[0,1,0],[1,0,0],[1,0,1]], Prolog list of ordered oin ts stating the initial orien tation in whic the part should presen ted in the ork cell (tak en from [0,0,0] origin for the part). [[0,y ,z], [1,0,1]]], The axis along whic the gripp er and the wrist should aligned on pic up of the cub e, and the cub to gripp ed. Chapter 3. Beha viour-based Rob otic Assem bly 68 3.2.3 The SOMASS Planner The planner is designed to deal with the Soma shap es and assem blies, and, as suc h, incorp orates sev eral features particular to this orld. In the original SOMASS system, only the Soma-4 shap es ere used in the assem blies. ritten in Prolog [Clo ksin Mellish, 1984], language whic naturally lends itself to orking with lists, the planner uses this facilit to pro duce �le con taining information to erform the assem bly written in AL-II. The aim of the planner is to pro vide plan whic can used to assem ble the sev en Soma-4 pieces in to sp eci�ed assem bly pattern. This system as designed to easily expanded to include planning for the Soma-5 set at later stage. The planner as designed to ha as little kno wledge of the real orld and assem bly domain as ossible, lea ving the ork cell details to the execution system. The input to the planning section of the system consists solely of represen tation of the shap es of the parts themselv es, and similar represen- tation of the shap of the �nal assem bly or ease of use, and simplicit of dra wing diagrams to understand the output from the planner, eac cub as shrunk to an [x,y ,z] oin t, and the Soma shap es represen ted as list of these oin ts. or example, the four cub es in the ‘fork3’ part are describ ed the represen tation, [[0,0,0],[1,0,0],[0,1,0],[0,0,1]] (see Fig 3{8). The �nal assem bly is describ ed in similar fashion. The planner can no mak use of the simplicit of the in teger um ers to manipulate the data since only simple arithmetic op- erations are no necessary to calculate part rotations, gra vitational stabilit and space ccupancy These ma replaced more complicated pro cedures if di�eren assem bly pieces are used. The planner is hierarc hical and mak es use of Prolog’s bac ktrac king facilities to searc the space of ossible solutions for the particular assem bly The output from the planner con tains generated list whic is ost-pro cessed in to AL- II. sub-plan is pro duced for eac shap e, describing ho it can acquired, re-orien ted if necessary and set do wn in the assem bly The follo wing sho ws an example Prolog sub-plan for particular pic k, regrasp and place for the part Chapter 3. Beha viour-based Rob otic Assem bly 67 placed within the translational ounds of the part acquisition sw eeping motion (see Section 3.2.4, page 79) and ust within an orien tation of appro ximately 40 degrees of the nominal initial osition. The limitation of the gripp er op ening distance means that the parts ust pic ed up across single cub length. This, along with rule whic states that part ust grasp ed ertically do wn ard, leads to simpli�cation rule that states that the parts ust initially placed, if ossible, with single topmost cub (the Soma-4 set sho wn in Fig 3{2 and Fig 3{3 sho ws these ositions). In the Soma-4 set, this is ossible with all parts except for the ‘zed’ shap e. This is unstable in all ositions with single uprigh cub e, and ust instead presen ted with cub es upp ermost. or insertion of the Soma shap es in to the �nal assem bly again, it is insisted that ertically do wn ard motion used. This helps to oid collisions with other parts whic ha already een inserted. An allo ance ust also made for �nger clearance on op ening the gripp er to release the shap e. Th us, there ust space on either side of the gripp ed cub of appro ximately half cub length. This cannot done for the last piece to inserted in to some assem blies, suc as the cub e, so the part is set do wn in an o�set osition. When the parts are placed in to the �nal assem bly gaps are left, determined the planner, to ensure that ev en when the parts are subject to ariation, they can still inserted in to the assem bly without kno king in to others already there. This is called the strategy of adding the assem bly Once all the parts ha een assem bled in to their padded ositions, the �nal assem bly can pushed together to reduce the gaps (called ads ). This pro cess is referred to as atting [Salmon, 1989] implemen ted patting strategy whic dealt with most assem bly shap es. Chapter 3. Beha viour-based Rob otic Assem bly 66 Figure 3{7: The �v degree of freedom Adept Rob ot. comp onen ts of the rob ot hand orien tation at that oin t. Direct mo emen to sp eci�c lo cation can made, or mo emen can made relativ to the curren lo cation, either straigh line motion, or through join t-in terp olated path. Sp ecial commands ha een inserted to access sensor data, although in the �rst exp erimen ts with this system, sensors ere not emplo ed. The planning comp onen of the system runs on SUN3 orkstation, whic pro duces �le of AL-II commands whic are, in turn, passed on to the Adept con troller via an RS232 link. The Beha vioural Mo dules, stored in the Adept con troller, are programmed in AL-II and called directly the plan. The planner and the execution system oth mak use of some explicit kno wl- edge of the task and the ork cell. Some rules of assem bly ere de�ned whic ere the consequence of using �v degree of freedom rob ot, and also some whic ere included to mak the assem bly more reliable. Some of these rules are listed in the follo wing paragraphs. In the initial ork cell con�guration, the Soma-4 parts are placed in stable con�gurations, with adequate space et een them to oid collisions due to rob ot motion strategies when acquiring the parts. The parts ust also Chapter 3. Beha viour-based Rob otic Assem bly 65 creased. The ph ysical parts used in the assem bly exp erimen ts ere constructed from roughly made den and plastic cub es, inaccurately glued together, whic often ga the shap es tilt when set on the ork surface. Therefore, the problem of ariation as still presen due to the di�erences from the ideal of the individual shap es, and the propagation of the e�ects of these di�erences as the shap es ere in tro duced in to the assem bly 3.2.2 SOMASS System Ov erview The SOMASS system as designed as an exp erimen tal in estigation in to the Beha viour-based approac to rob otic assem bly The system, comp osed of sym olic planner and Beha viour-based execution system, is link ed the plan itself, whic has imp ortan implications on the arc hitecture of the system. The aim of the project as to sho that appropriate Beha viour-based task decomp osition in to comp eten run-time system comp osed from Beha vioural Mo dules could pro duce go foundation for rob otic assem bly It as also in tended that the system sho that Beha vioural Mo dules could used to build useful assem bly systems and pro vide go in terface to simpli�ed planner. The planner and Beha vioural Mo dules ere designed to deal with assem blies in the Soma orld, using Soma shap es as the building comp onen ts and some of the man ossible assem blies as the �nal assem bly goal. The ideas ere tested in the real orld in an assem bly ork cell with its asso ciated ariations and uncertain ties (see [Malcolm Smithers, 1988]). �v degree of freedom Adept rob ot pro vides the cen tral feature of the exp erimen tal ork cell and can seen in Fig 3{7. The Adept rob ot can programmed using the AL-II rob ot programming language [Shimano et al. 1984]. AL-II supp orts certain ell kno wn program con trol statemen ts, suc as conditional and simple lo op structures, but also includes sp eci�c commands for the con trol of the rob ot. The rob ot can directed to lo cation in the ork cell. Lo cation is de�ned, in this case, as eing com bination of (x, z) osition relativ to sp eci�ed co ordinate frame, and the w, pitc and roll Chapter 3. Beha viour-based Rob otic Assem bly 64 Figure 3{5: An example of the 2D eg-in-Hole in the Soma-5 orld. Figure 3{6: An example of the 3D eg-in-Hole in the Soma-7 orld. Chapter 3. Beha viour-based Rob otic Assem bly 63 Soma Domain for Assem bly The Soma orld as selected as the domain in whic to erform exp erimen ts in assem bly and test an in tegrated planning and rob otic assem bly system. The requiremen for this kind of system as simple exp erimen tal domain whic still retained the imp ortan prop erties of assem bly tasks, suc as the �tting of parts together, without the geometric complexit normally asso ciated with suc tasks. The assem bly of the Soma shap es in olv es shap e-dep enden part �tting. The Soma shap es are geometrically simple, th us making it easy for planner to represen and reason ab out them, et they are not simple ‘blo ks orld’ objects, whose assem bly prop erties consist only of ‘placing on’ or ‘next to’. Planning for this particular kind of assem bly in olv es lo oking at the ast com binatorial problem of space ccupancy while the actual assem bly rob ot in olv es placing the parts in to an assem bly constrained the part and as- sem bly shap e. Th us the geometry of the parts is simpli�ed, but the planning problem is still complex. In an industrial setting, as with this system, the part placemen ould ork ed out o�-line and giv en to the run-time system. Hu- mans, with their adv anced sensory systems and dexterous �ngers, �nd it easy to manipulate the ph ysical Soma shap es, but �nd it di�cult to cop with the large solution space of the assem bly problem. It is relativ ely easy for com- puter program to searc through the solution space, but the ph ysical assem bly pro vides problems for rob ot, whic has greatly limited sensory capabilit The Soma orld is extendible, with the Soma-4 set easily expanded to the Soma-5 set (see App endix for spine represen tation of the Soma-5 set). New problems are encoun tered with eac expansion, as ell as retaining the old ones. An example of this is the 2D eg-in-hole problem whic initially arises in the Soma-5 set (see Fig 3{5), but the 3D eg-in-hole problem only app ears when the Soma-7 set is in tro duced (see Fig 3{6). The geometrical prop erties of the Soma shap es are simpli�ed, but this do es not mean that the ph ysical assem bly problem of ariation in tolerances is de- Chapter 3. Beha viour-based Rob otic Assem bly 62 Figure 3{3: Soma shap es comp osed of cub es. Figure 3{4: Some Soma Assem blies. Chapter 3. Beha viour-based Rob otic Assem bly 61 Figure 3{2: Soma-3 set. 3.2.1 The Soma orld The Soma Shap es Soma shap es are built from individual cub es whic are joined together accord- ing to certain construction rules. Eac cub can squarely joined one or more of its faces to other cub es of similar size, to form shap es whic are irregular, that is, with at least one surface conca vit The only ossible ar- rangemen for cub es is ob viously not conca e, and therefore not Soma shap e. The �rst Soma shap e, and, inciden tally set, comprises three cub es as seen in Fig 3{2. This is referred to as the Soma-3 set, the set of Soma shap es with three or few er cub es. There are six instances of Soma shap es with four cub es (see Fig 3{3). These are com bined with the one Soma-3 shap to form the Soma-4 set, the set of Soma shap es with four or few er cub es. This can expanded to include shap es with up to ‘n’ um er of cub es, to form the Soma-n set, as long as they conform to the ab rule of irregularit The Soma-4 set, as puzzle, as �rst disco ered the Danish Mathe- matician, Piet Hein around 1936 [Gardner, 1961]. It can sho wn that the sev en Soma-4 shap es can put together to form cub in 240 di�eren ys, excluding rotational and mirror symmetries [Berlek amp et al. 1982]. Man other assem blies are also ossible using the sev en shap es from the Soma-4 set. (See Fig 3{4.) Chapter 3. Beha viour-based Rob otic Assem bly 60 3.2 The SOMASS Rob otic Assem bly System The SOMASS assem bly system, designed and implemen ted Malcolm [Mal- colm, 1987], pro vides complete planning and execution system whic erforms the assem bly of Soma shap es. Dev elop ed as �rst exp erimen in building Beha viour-based rob otic assem bly system, it as designed to explore the rep- resen tational and arc hitectural problems in olv ed. High lev el descriptions of the task are used sym olic planner to pro duce plans whic pro vide an in terface to the actual run-time execution system. The SOMASS system is divided in to parts: the planning system and the execution system. The planner do es no explicit reasoning ab out the ariation or uncertain presen in the real orld of the assem bly ork cell but, instead, lea es the problem of dealing with ariation and uncertain to the on-line execution system. The assem bly task is divided in to part motions whic are realised in the rob otic assem bly cell Beha vioural Mo dules, designed and engineered to cop with certain amoun of ariation in the ork cell. The planner do es use some implicit assem bly rules, suc as putting the parts in to the assem bly in ertically do wn ard direction, whic help to increase the reliabilit of the system. Since the earliest system, describ ed here, emplo ys no external sensing (and therefore do es not deal with uncertain y), it relies on ariation-reducing motion strategies to increase the reliabilit within the Beha vioural Mo dules in the on-line system. This section egins examining the usefulness of the Soma orld as domain for rob otic assem bly exp erimen ts and then con tin ues presen ting an erview of the planning and execution comp onen ts of the SOMASS system. The reliabilit of the SOMASS system is then summarised. Chapter 3. Beha viour-based Rob otic Assem bly 59 Figure 3{1: hierarc hical decomp osition. Chapter 3. Beha viour-based Rob otic Assem bly 58 ranges from erforming the complete task to ac hieving minor sub-tasks in- olving single rob ot motions. The lo er lev el mo dules tend to fo cus on the in teraction of the rob ot and the assem bly pieces. The Beha vioural Mo dules can designed implemen ting basic lo lev el comp etences and using these as building blo ks to build higher lev el Beha vioural Mo dules with corresp ond- ingly higher comp etences. Fig 3{1 sho ws an example of plan in terfaced with hierarc of Beha vioural Mo dules. Emphasis is placed on using information directly from the real orld as uc as ossible, th us mo ving from the approac used more classical systems whic rely on cen tralised represen tation of the outside orld residing inside the system and up dated sensors. Beha vioural Mo dules are designed, implemen ted, and tested in the real orld, th us ensuring that they are correctly adapted to the hosen en vironmen t. As far as is ossible, the ariation and uncertain presen in the task for whic the Beha vioural Mo dule is designed, is dealt with within the mo dule using ariation-reducing strategies devised the designer and correctly adapting sensors to particular part of the task. This applies to oth the lo er lev el Beha vioural Mo dules whic only deal with rob ot commands, and to higher lev el Beha vioural Mo dules whic can call the lo er lev el ones. The higher lev el Beha vioural Mo dules ma deal with ariation and uncertain reducing strategies er com bination of sev eral di�eren lo er lev el Beha vioural Mo dules. Chapter 3. Beha viour-based Rob otic Assem bly 57 designed so that sensors could in tro duced without signi�can hange to the planner. 3.1.2 Beha vioural Mo dules The planning system sits on top of the Beha viour-based execution system whic is formed from reliable Beha vioural Mo dules whic deal with certain amoun of ariation and uncertain in the ork cell. These Beha vioural Mo dules are joined together in hierarc with the top lev el in terfaced to the planner. This section lo oks at the comp osition of Beha vioural Mo dules and ho they can used to pro vide reliable system. Beha vioural Mo dules can regarded as mo dular units whic com bine hard- are and soft are to reliably erform task in the real orld. The follo wing haracteristics are considered to useful prop erties of Beha vioural Mo dules in general Beha viour-based systems [Malcolm Ho e, 1990]: they handle the ariations and uncertain ties ypical of the task; they in tegrate sensing and action at lo lev el; they are computationally minimal; they kno (i.e., represen sym olically) as little as ossible. Early ork [Smithers Malcolm, 1989] lik ened Beha vioural Mo dules to the mo dular units of VLSI hips. The VLSI design practices pro duce mo dular units whose outputs are guaran teed, and they can therefore easily com bined in to hierarc hical system. The reliabilit of the mo dular units is ac hiev ed from con trol of the uncertain ties within the unit. Built in hierarc hical fashion, eac Beha vioural Mo dule can comp osed of an com bination of other Beha vioural Mo dules and individual rob ot com- mands in rob ot con trol language. The comp etence of Beha vioural Mo dules Chapter 3. Beha viour-based Rob otic Assem bly 56 raditional planning systems ha aimed at the use of sym olic represen ta- tions of the en vironmen to reason ab out ailable actions and the hanges in the real orld caused these actions. Suc things as erception and motor con trol can represen ted as set of sym ols whic can manipulated the planning system to pro duce the �nal detailed plan. This has led to complex problem solving systems whic egin to reason ab out actions and e�ects of uncertain and deduce what has happ ened from incomplete kno wledge of the orld. (See Chapter 2, Section 2.4.2.) This creates systems where the rob ot motions are carefully detailed the planner. Error Detection and Reco ery systems use the planning system to re-plan the sequence of rob ot actions if one action has failed to erform its correct function. In orst Case Analysis systems, the planner bases its actions on detailed mo dels of the orld. The Beha viour-based approac on the other hand lea es the manipulation and sensing to Beha vioural Mo dules whic use information from the real orld to enable completion of the task, freeing the planner from ha ving to deal with the motions and actions of the rob ot and the ab reasoning ab out the real orld. (See Chapter 2, Section 2.4.3.) The planner, therefore, deals with an ideal orld and assumes that the rob ot will reliably carry out actions suc as pic and place. This lea es the planner to deal with problems suc as opp ortunistic sc heduling (allo wing the hanging of the ordering of the assem bly dep ending on the ailable parts), whic in olv reasoning ab out the ordering of the assem bly rather than the actual rob ot motions and sensors used to ac hiev the assem bly In the SOMASS system and the exp erimen tal system dev elop ed for this thesis, planner whic pro vides high lev el description of the task as imple- men ted, lea ving the run time details and dealing with uncertain and ariation to erformed at the lev el of the Beha vioural Mo dules. The planner pro vides Object Lev el plans, rather than the motions of the rob ot to ac hiev part mo e- men t. The translation of the part mo emen to rob ot motion tak es place in the Beha vioural Mo dules themselv es. The SOMASS system as sp eci�cally Chapter 3. Beha viour-based Rob otic Assem bly 55 3.1 System decomp osition Chapter examines the problems facing programmers of rob otic assem blies, in particular, that of pro ducing system whic will ork reliably in the ph ysical assem bly domain. Of the three main metho dologies describ ed, Error Detec- tion and Reco ery (Section 2.4.1), orst Case Analysis (Section 2.4.2), and Comp eten Execution Systems (Section 2.4.3), it is the latter whic is used in the thesis ork. This section will examine useful system decomp osition whic aids the reliabilit and ease of programming of Beha viour-based rob otic assem bly system. The decomp osition of the assem bly system falls in to parts: the o�- line planning system and the execution system, with the in terface pro vided plan. The planner is simpli�ed to aid in the in tegration of sensing in to the on-line execution system, and therefore needs to kno little ab out the ph ysical ork cell. The planner can plan in terms of part motions whic can translated in to rob ot motions at run-time. The execution system can split in to mo dular units, referred to as Beha vioural Mo dules, whic are designed, implemen ted, and tested to reliably erform particular task or sub-task in the real orld. 3.1.1 Planning for Beha viour-based System Planning systems are necessary in rob otic assem bly to imp ose an ordering on the rob ot actions or the part motions. Initial constrain ts determine the ordering of the assem bly of the parts, ensuring that one assem bly op eration do es not prev en another from ccurring. If lid is placed on efore another part is placed inside the x, the lid ust remo ed again efore the latter can tak place an ob vious aste of time and e�ort. Planning can also determine the need to erform sub-assem blies whic ha to in tegrated in to the main assem bly Chapter Beha viour-based Rob otic Assem bly This hapter outlines the original ideas ehind the dev elopmen of Beha viour- based rob otic assem bly system, SOMASS [Malcolm et al. 1989]. These ideas and the system itself are describ ed here in detail to sho ho this yp of system originally dealt with the problem of pro viding reliable rob otic assem bly in an easily programmed en vironmen t. The �rst section of this hapter examines the general decomp osition of Beha viour-based rob otic assem bly system in to an o�-line planning system and Beha viour-based execution system. The examination of the execution system concen trates on its decomp osition in to reliable mo dular units called Beha vioural Mo dules. The hapter then con tin ues with an erview of the SOMASS system, whic is describ ed in detail here as the planning system is used in the exp erimen tal ork for this thesis and the execution system pro vided the foundation for the dev elopmen of the sensory Beha vioural Mo dules. The main emphasis of this hapter is the examination of ho the SOMASS system pro vides reliable assem bly 54 Chapter 2. Related ork 53 it from com bination of planner enforced strategies, and reliable execution mo dules, called Beha vioural Mo dules (see Section 3.2.5). 2.5 Metho ds Summary The �rst section of this hapter examined the dev elopmen of the lev els of programming pro vided for rob ots. Although these lev els ha help ed the pro- grammer to dev elop new ys of in terfacing with the rob ot, the underlying problem of dealing with the reliabilit of the assem bly in the real orld is not faced. The natural of programming using these kinds of lev els has een seen in the past as up dating an in ternal mo del of the orld with input from sensors, and using this data to determine appropriate actions for the rob ot. This leads to ad ho metho ds of in tegrating sensors, and do es not solv the problem of reliable assem blies. The three main categories of systems designed to deal with ariation and uncertain as seen ab e, are Error Detection and Reco ery orst Case Anal- ysis and Comp eten Execution Systems. The �rst of these, Error Detection and Reco ery mak es no attempt to oid failures in the assem bly but concen trates on detecting these failures, diagnosing the cause consulting some kno wledge source, and determining appropriate reco ery motions. The main problem as- so ciated with this metho is determining what has happ ened at eac stage within the con text of the assem bly The second metho d, orst Case Analysis, relies on eing able to mo del all factors whic ma cause system to fail, and determining successful series of motions under these constrain ts. This relies on the orld eing exactly as exp ected the system, and often in olv es ex- tensiv computation. The last metho d, Comp eten Execution Systems, oid the problems of planning and mo delling the system and rely instead on making appropriate information ailable when the system needs it. The main researc problems asso ciated with this metho are �nding useful mo dular oundaries and determining ho to in tegrate high lev el con trol to ac hiev long term goals. Chapter 2. Related ork 52 Figure 2{10: Con trol la ers in the Subsumption Arc hitecture [Bro oks, 1986]. capabilit of the rob ot. Again, eac la er as comp osed of net ork of AFSMs. Connell [Connell, 1989] describ es so da can collecting rob ot designed under the Subsumption Arc hitecture. So far, this metho has pro ed successful with mobile rob ots with small um er of limited eha viours. The next stage whic is eing dev elop ed is to test the Subsumption Arc hitecture on more complex rob ots to ac hiev more complicated eha viour using the com bination of far more mo dules [Bro oks, 1991b] [Bro oks, 1991a]. SOMASS System brief men tion ust made at this oin of the Beha viour-based rob otic assem bly system, SOMASS, dev elop ed Malcolm [Malcolm, 1987] [Malcolm Smithers, 1990]. This ork is describ ed in more detail in Chapter 3, whic lo oks at the SOMASS system as basis for the exp erimen tal ork of this thesis. The SOMASS rob otic assem bly system is Beha viour-based system whic erforms the assem bly of Soma shap es, the details of whic can found in Section 3.2.1. The system is divided in to planner whic pro vides details of part motions (see Section 3.2.3), and an execution system whic reliably ac hiev es these motions (see Section 3.2.4). This system ac hiev es its reliabil- Chapter 2. Related ork 51 in whic they liv and they manage to act and surviv despite the ev er hang- ing orld around them (see [Bro oks, 1986a] for the insect metaphor). Bro oks aims to ac hiev an appropriate lev el of con trol for mobile rob ots. The Subsumption Arc hitecture consists of la ers of task ac hieving eha viours whic together pro vide the comp etence of the system. Eac eha viour ust ac hiev some task and comp ound eha viours can formed the amalga- mation of simple eha viours to ac hiev more complicated goals. Due to the ertical decomp osition of the hierarc hical system, ultiple parallel routes are ailable through this system, allo wing redundancy and therefore robustness in the task completion. The Subsumption approac pro vides an arc hitecture for complete rob ot con trol system for mobile rob ot ac hieving tasks in the real orld. con trol system is initially built to erform the lo est lev el task, and is extensiv ely tested. This zeroth lev el is no nev er altered and an additional comp etences to erform new tasks are added building other la ers on top of this (see Fig 2{10). An new la ers can examine data from lo er la ers and can supply data to these suppressing the normal data o within the la ers. Eac la er is comp osed of set of pro cessors, eac an Augmen ted Finite State Mac hine (AFSM) with no shared global memory Input signals can suppressed signals from the upp er la ers and output signals can inhibited. See [Bro oks, 1987] for details of the hardw are for suc system. Bro oks has gone on to demonstrate the Subsumption Arc hitecture in real rob ots in real orking en vironmen ts. [Flynn Bro oks, 1988] lo oks bac on the early rob ots dev elop ed at MIT and examines their dev elopmen from Jan uary 1985. The pap er examines the dev elopmen and ideas ehind �v orking rob ots whic ha een designed to op erate autonomously and robustly in dynamically hanging en vironmen ts. [Bro oks, 1989] examines the dev elopmen of Genghis, six-legged alking rob ot whic measures ab out 35cm long and eighs appro ximately kg. This rob ot as dev elop ed using the incremen tal steps pro vided subsumption arc hitecture. Basic comp etences ere built, then augmen ted additional la ers pro viding an increase of erformance and Chapter 2. Related ork 50 ottlenec ks within the system. Eac mo dule can designed to ha lo infor- mation comm unication et een mo dules, but eac ust still ait completion of the previous one. This lea es the system vulnerable to the sp eed of indi- vidual mo dules and to eac comm unication in terface et een mo dules. The in terfaces ust also set up when the system is initially designed, making it in exible for future dev elopmen t. Sensor data tak es time to �lter through the system, and, with this time dela the external orld ma ha hanged and rendered the data in alid (see [Malcolm et al. 1989]). The only to sp eed up the pro cess is to enhance individual mo dules to increase the throughput of information. Up dating of in ternal orld mo dels with actual sensor information impro es the abilit of the system to plan for more than just the immediate actions, but, as already men tioned, if all actions are planned in this the time dela ma render them inappropriate. With ertical decomp osition (see Fig 2{9), sensory data can quic kly in tegrated and pro cessed to pro duce immediate actions. This means that feed- bac systems can easily in tegrated in to the system to guide it to complete the task using information straigh from the real orld, whic leads to more stable systems incorp orating less time dela Eac lev el of the hierarc can in uenced its sup erior, but is indep enden in erforming its wn task. The lo lev els are seen as erforming simple and general tasks, with the upp er lev els lo oking at more complex and situation sp eci�c tasks. Problems asso ciated with these yp es of system include the in tegration of high lev el con trol to ac hiev longer term goals, �nding go mo dule oundaries where comm unication is of lo complexit and determining the yp of mediation et een comp eting eha viours. Bro oks adv cates decomp osition of the mobile rob ot task in to task ac hieving eha viours, based on the ab ertical decomp osition [Bro oks, 1986b]. Bro oks has dev elop ed computational mo del, the Subsumption Arc hitec- ture, to in estigate building con trol systems for rob ots with insect lev el capa- bilities, in the elief that insects displa the reliabilit and robustness whic is really required in mobile rob ots. Insects are ell adapted to the en vironmen ts Chapter 2. Related ork 49 Figure 2{8: Horizon tal decomp osition of mobile rob ot con trol system in to functional mo dules [Bro oks, 1986]. Figure 2{9: ertical decomp osition of mobile rob ot con trol system based on task ac hieving mo dules [Bro oks, 1986]. programming rob ots, and the Beha viour-based approac h, see mo dularit as useful goal and attempt to reduce comm unication et een their mo dules. It is the in whic the task is decomp osed in to these mo dules and th us the comp osition of the mo dules whic leads to the di�erence in approac h. Bro oks, in [Bro oks, 1986a], lo oks at the di�erence et een the Classical hor- izon tal decomp osition and ertical Beha viour-based decomp osition of ypical mobile rob ot task (see Fig 2{8 and Fig 2{9). In Fig 2{8, the Classical horizon tal decomp osition, eac individual mo dular unit ust complete its task efore the rest can egin, causing large information Chapter 2. Related ork 48 similar trajectories through these regions, di�ering only in their magnitude. This leads to an exp ected route through the sensory space whic leads to successful completion of the task. If this trajectory is deviated from when ariation in the ork cell is encoun tered, another region of the information space is en tered. This region also has asso ciated actions whic attempt to con erge the presen trajectory with the previous exp ected trajectory If the trajectory lea es the set of kno wn regions, this is seen as an error, but the data can examined and new region incorp orated so that in the future, this region will pro vide an appropriate action. The di�cult with this system is actually de�ning the oundaries of the regions in information space. All relev an parameters ould ha to ex- amined for totally de�ned information space, and it is not ob vious what these parameters ould e. The actions de�ned for eac region ust also appropriate. Beha viour-based Programming di�eren metho for programming rob ots, the Beha viour-based metho d, has emerged er the last few ears due to dissatisfaction with what has een termed as the Classical approac to programming rob ots. The Beha viour- based metho attempts to decomp ose the task in to reliable task-ac hieving units, called eha viours, rather than in to the separate information pro cess- ing functions of the Classical approac h. mo is made from collecting and pro cessing data to form single represen tation of the orld in whic the rob ot op erates, to in tegrating sensor information at the lo est ossible lev el to direct more resp onsiv eha viour. The adv an tages of mo dularisation are clearly sho wn reference to com- puter programming languages where it is no commonplace to write mo dular programs, aided the use of subroutines. An imp ortan asp ect of mo dularit is to reduce the complexit et een the mo dules eeping the comm uni- cation et een mo dules as lo as ossible. Both the Classical approac to Chapter 2. Related ork 47 serv oing and safet They also deal with their wn eri�cation of end-e�ector osition. Certain assumptions are made concerning the yp of en vironmen this sys- tem is to ork in. These include that ariation is ypically handled clev er strategies, that the assem bly is ell constrained in the �rst place, and that the failures in olv ed are ypically the result of certain ell understo problems, suc as stic king feeding mec hanisms. It is also assumed that heap, fast sens- ing will used. The actual sensors used in the ork cell are sp ecially designed sen tinel binary sensors (a robust �nger-lik sensor whic is activ ated the rob ot kno king its spring-attac hed top half er), whic can mo ed round the ork cell as appropriate. Measuremen strategies are used to deal with the uncertain and ariation presen t. Eac recognised problem is matc hed with sp eci�c measuremen strategy to deal with it. strategy of mo ving part past sensor in sp eci�c direction ma resolv problem of 180 degree am biguit ab out the ositioning of part. ariation in feed osition can oided eing matc hed with fast and simple correction strategies. If there is no strategy programmed for particular problem, nothing is done ab out the problem. Information Space Another metho of using an execution system to cop with the ariation in the en vironmen is prop osed group at Hull Univ ersit [Shen et al. 1987] [Selk et al. 1991]. The metho in olv es programming in terms of generic tasks, with eac task comp osed of feeding, transp ortation, and mating. Eac task is haracterised in terms of the information required to de�ne success of that phase. or particular task, the rob ot motions are discretised asso ciated sensor readings in to regions in what is referred to as information space. Eac discrete region corresp onds to an appropriate action and the task can de�ned as trajectory through this information space. Di�eren generic tasks pro vide Chapter 2. Related ork 46 includes hierarc consisting of task-decomp osition mo dules, sensory pro- cessing mo dules and orld mo dules. The task-decomp osition mo dules receiv information from the sensory pro cessing mo dules whic ha extracted sensory data to mak decisions at that lev el. The sensory pro cessing mo dules are pro- vided with exp ectations from the orld mo del at the same lev el. The orld mo del mo dule, in turn, receiv es input of actions, plans and yp othesis from the task decomp osition mo dule. The sensory information can compared with the orld mo del data to pro vide feedbac to alter the actions. Commands can represen ted as ectors and sequences of commands as trajectories. The complexit of the con trol of the system is dep enden on the um er of lev els of the con trol hierarc the um er of feedbac ariables, the appropri- ateness of the op erator and of the sensory pro cessing systems whic extract feedbac for the functions. Sup ervisory System and Action Mo dules metho dev elop ed the Rob otics group at Ab eryst wyth Univ ersit de- signed for the InF CT assem bly system, separates sensing and action in to di�eren mo dules, and links the sup ervisory system [Hardy 1991] [Loughlin, 1992]. Uncertain and ariation are dealt with measuremen strategies whic are only used in situations where it is though that problems or am biguities ma ccur. The system, whic is designed to easily in tegrated in to existing mac hine ork cells, requires that minimal sensing used, and mac hines easily re- con�gurable to allo easy reprogramming for div erse tasks. sup ervisory system in teracts with action mo dules, and can also talk directly to sensor in tegration x. The sensory in tegration collects information from sensors and stores it un til it is requested the sup ervisor. The sensing and action are delib erately ept separate the in terv en tion of the sup ervisory system. The action mo dules are designed to in ternally comp eten and deal with their wn Chapter 2. Related ork 45 Figure 2{7: cross-coupled pro cessing-generating hierarc [Albus, 1981], page 129. closing real time con trol lo op at eac lev el of the hierarc the lo est lev els of the hierarc the sensory feedbac is unpro cessed and hence fast act- ing, whereas at higher lev els, the feedbac pro vided the sensory hierarc has passed through the ascending stages of pro cessing, and th us will slo er acting, giving the higher lev els information er longer time in terv als. There are sev eral trajectories through the system whic will result in successful task completion, but not all result in erfect task erformance. If erturbations ccur at lo lev el, unless they erwhelm that lev el, they can dealt with quic kly If the system is erwhelmed, other la ers of the hierarc can deal with it hange of strategy If the erturbation is so great that none of the lev els can deal with it, erall failure will ccur. The lev el at whic the system is required to cop with the erturbation giv es go indication of ho ell it is suited to the task. The further do wn the hierarc the erturbations can dealt with, the etter suited the system. Albus go es on to lo ok at ossible con trol structure for rob ot. This Chapter 2. Related ork 44 Figure 2{6: arying eedbac [Albus, 1981], page 115. tion, in the form of IF/THEN program structures. Sensory data en ters at the ottom of the hierarc and �lters up through sensory pro cessing and pattern recognition mo dules. Relev an information is sen out at appropriate lev els. The mo dules in Fig 2{7 decomp ose input goals in to output subgoals using feedbac F. The mo dules recall exp ected sensory data whic is compared with observ ed sensory exp eriences E. The mo dules recognise sen- sory patterns and compute feedbac errors F. Input to the mo dules comes from subgoal information whic indicates what action is eing con templated or executed, as ell as from con text information deriv ed from ariet of sources. The top lev el input to the hierarc hical structure is goal, whic is de- comp osed in to sub-tasks un til the lo est lev el pro duces observ able eha viour. Success or failure of the goal seeking dep ends on eeping the output within region of successful erformance, despite erturbation and uncertain ties in the en vironmen t. eac lev el of the action, or as it is describ ed Albus, the eha viour hierarc feedbac is used to amend the curren eha viour to eep the system from stra ying in to failure situation and erforms the function of Chapter 2. Related ork 43 Figure 2{5: Multiv ariable serv omec hanism [Albus, 1981], page 114. aries er time; the situation is illustrated in Fig 2{6. Albus describ es the illustration as follo ws: stationary ector establishes setp oin t, and as time pro- gresses the feedbac ector aries from to to The ector th us traces out trajectory The op erator computes an output for eac input and so pro duces an output trajectory The result is that the input command is decomp osed in to sequence of output sub commands ." If the command ector, C, stands for task, goal, or plan, then the output string of represen ts sequence of sub-tasks, subgoals, or subplans resp ectiv ely The system relies hea vily on correctly form ulated functions (whic ma ha to tak in to accoun sp eed, stabilit and the other practical problems whic are all em edded in the functions) er the en tire space tra ersed the input. This yp of feedbac con trol including ector notation can used to pro- duce eha viour generating hierarc sensory-pro cessing hierarc is run parallel to the eha viour-generating hierarc (see Fig 2{7) to in tegrate oth sensory input from the external en vironmen and data recalled from exp eri- ences or in ternal con text, to recognise patterns and detect errors. This can then used to steer the actions along trajectories and pro vide the feedbac whic can used to determine the next action. Memory is used to recall what has happ ened and predict what will happ en dep ending on certain ac- Chapter 2. Related ork 42 Hierarc hical Con trol In his ok, ‘Brains, Beha vior and Rob otics’ [Albus, 1981], Albus attempts to sho ho the study of rob otics can used as to ol in the study of hierarc hical con trol systems and their relationship to goal-seeking and purp osiv eha viour. In this, he lo oks at hierarc hical decomp osition comp osed of goal-ac hieving mo dules. This ork is presen ted in detail as the thesis ork also uses similar hierarc hical structure, although the mo dularit is based on di�eren ideas. Albus uses the notation of ectors and trajectories to describ his ideas. ector is describ ed as an ordered set, or list, of ariables whic can sp ecify state. trajectory is the path the state ector follo ws through the ector space as time progresses, pro ducing sequence of states. In examining serv mec hanisms, the simplest case of using feedbac to direct eha viour to ac hiev goal, he lo oks at hierarc hical structure designed to examine ac hieving goals in an unpredictable en vironmen t. eedbac con trol in olv es using sensing devices to monitor the state of the ph ysical system, and using this information as part of the next input to the system to mo derate the action tak en. In e�ect, the sensory feedbac is used to eep the system as close to an ideal path to ards the giv en goal as is ossible. An di�erence detected et een the real orld situation and the exp ected situation results in an action eing tak en to guide the output in the correct direction to reduce the error. The ector notation allo ws expansion of the command, feedbac and out- put used in serv omec hanisms. The com bined input of the command and the feedbac from previous cycles is acted on an op erator to pro duce actuator commands. See Fig 2{5 from Albus. The function, H, op erates on all the com binations of the input command, (a ector consisting of the ariables through and the feedbac k, (a ector consisting of sensory ariables +1 through ), to pro duce the output ector, (a ector consisting of through whic con trols the actual actuators in the ph ysical en vironmen t. Albus go es on to examine stationary command ector with feedbac whic Chapter 2. Related ork 41 represen ted in this manner in suc as to pro vide all the information the system needs to eep running. When the rob ot system uses orld mo del in this it ecomes imp or- tan that an accurate orld mo del can made and the resultan systems tend to ecome in olv ed in trying to pro duce an ev er increasingly accurate represen- tation of the rob ot task and ork en vironmen t. Ev en so, there is still enough ariation in the ork cell at run-time to require more than pre-determined orld mo del to ac hiev success in the giv en task. Ev en small ariations in the external orld ma cause failure of the task, th us making the in ternal orld mo del an ev en more inaccurate represen tation of the real orld. Sensors can added, but the problem arises of determining the correct represen tation and in tegration of this new data in to the orld mo del. Di�eren tasks require di�eren information from the sensors, whic in turn ma require di�eren rep- resen tations. There is also the problem of the time in terv al et een taking readings from sensors, and making decisions based on the new information. The metho of orst Case Analysis also tends to reject man strategies whic ma in the real orld, correctly erform the assem bly As the ounds put on the system lo ok at the orst scenario whic could ccur, man useful and e�cien strategies are rejected when they ma actually ork in the real orld. This leads to ine�cien strategies and the system also considers man situations whic will nev er ccur. 2.4.3 Comp eten Execution Systems Another form of dealing with ariation and uncertain in the ork cell is to design Comp eten Execution System. This metho plans for simpli�ed ideal orld, and exp ects the execution system to reliably erform the assem bly without resorting to re-planning. The use of reliable mo dular design is an imp ortan factor in this metho d. Chapter 2. Related ork 40 gies whic are sp eci�cally designed to bring the part in to unique orien tation and osition in the gripp er from previously unkno wn initial con�guration with substan tial initial ariation in orien tation and osition. Other ork has concen trated on using ‘fences’ to manipulate parts in order to ac hiev �nal kno wn orien tation. These fences ma either manipulated rob ot with the part on stationary table, or the part ma mo ed con ey or elt through strategically placed stationary fences [Mani et al. 1985]. eshkin and Sanderson [P eshkin Sanderson, 1988] ha con tributed to the ab ork placing qualitativ ounds on the rate at whic predicted motion ccurs to ensure that the metho ds can pro duce manipulation strategies whic are guaran teed to succeed. This in olv es calculating the Cen tre of Ro- tation (the co ordinates of oin whic express the degrees of freedom of the pushed object; its third degree of freedom is constrained con tact with the pusher), whic can hange dramatically dep ending on the distribution of the supp ort forces of the object. Th us an attempt is made to �nd the lo cus of COR’s under all ossible supp ort distributions. This pro vides basis for planning manipulation of sliding objects either with or without sensors. eshkin has since mo ed on from this yp of ork to lo ok at programmed compliance [P eshkin, 1990]. Giv en nominal motion plan whic tak es no accoun of errors, the compliance is then designed in suc that the plan will succeed. Underlying this strategy is the idea that forces arising during task often con tain enough information to indicate where an assem bly has gone wrong. The damping matrix (compliance matrix) con tains elemen ts so that the force whic haracterises ev ery ossible error condition maps in to motion that reduces it. Summary of orst Case Analysis In the systems ab whic use sym olic represen tation to pro duce an in ternal orld mo del from whic the rob otic system ma reason ab out the curren state of the orld, an imp ortan assumption is made that the orld and the task can Chapter 2. Related ork 39 In [Donald, 1987], planner called LIMITED is describ ed whic imple- men ts EDR in restricted domain of planar assem blies. ork rep orted in [Donald, 1988] and

[Jennings et al. 1989], expands EDR to cop with ulti- step EDR strategies in tro ducing Push-F orwar lgorithm and ailur Mo de nalysis again implemen ted in LIMITED. This ork is con tin ued in [Donald, 1990] where We ak EDR The ory in tro duces new mathematical to ols for studying ulti-step strategies. All of the ab strategies in olv extensiv use of mo del of the orld and rely on this mo del taking in to accoun all the relev an parameters whic ma a�ect the assem bly pro cess. These also, their ery nature, use larger oundaries on the parameters than ma necessary in the actual ork cell, th us not allo wing some strategies whic ma ery successful. Geometric olerancing Analysis Extending Requic ha’s ideas [Requic ha, 1983] on geometric tolerance represen- tation and seman tics, Fleming examined the com bined e�ects of tolerancing constrain ts of assem bly parts to determine whether they will �t together sat- isfactorily [Fleming, 1985a] [Fleming, 1985b]. The geometric tolerances can de�ned with tolerance zones (regions of space in whic real feature ust lie) and datums (a datum is oin t, an in�nite line or an in�nite plane). In [Flem- ing, 1987], he sho ws ho toleranced part can represen ted net ork of tolerance zones and datums connected arcs with asso ciated inequalit constrain ts. The original ork as in tended for in tegration in to the RAPT programming language to hec tolerance during design and o�-line program- ming, but pro ed to to computationally exp ensiv for this to successfully ac hiev ed. The Mec hanics of Manipulation Another category that falls under orst Case Analysis is that of mo delling the mec hanics of manipulation. Brost [Brost, 1986] in estigated grasp strate- Chapter 2. Related ork 38 con tact and cen tre line along the surface normal. mo del of friction can th us made, including angles at whic the object will stic or will slide. The mo del can also extended to include rotations and momen ts [Erdmann Mason, 1988]. Con�guration Space and EDR strategies The previous ork concerned with con�guration space deals with uncertain and ariation arising from sensing and con trol errors. Donald [Donald, 1986] prop osed strategy to cop with mo del errors, that is, errors ccurring from uncertain in the geometric mo dels of the en vironmen and of the rob ot parameterisation of ossible ariations in the en vironmen t, suc as in length and angle of hamfer, or width of hole. It has een disco ered that in the presence of mo del error, there ma cases where suc plans do not exist, where the goal ma anish or ma no longer reac hable. deal with this, Donald in tro duces Error Detection and Reco ery (EDR) (a di�eren use of the phrase to that discussed in the previous section) whic can only deal with strategies whic in olv one motion. plan can found if the goal is recognisably reac hable, but if the goal anishes, the EDR strategy is designed to allo the plan to signal failure. EDR plans will succeed or fail recognisably with no ossibilit that the plan will fail without the executor realising it. Mo del error causes large hanges in con�guration space, and th us goal failure ecomes more prev alen t. Donald states, \An EDR strategy should attain the goal when it is recognizably reac hable, and signal failure when it is not. It should also er- mit serendipitous ac hiev emen of the goal. urthermore, no motion guaran teed to terminate recognizably in the goal should ev er prematurely terminated as failure. Finally no motion should terminated as failure while there is an hance that it migh serendipitously ac hiev the goal due to fortuitous sensing and con- trol ev en ts." Chapter 2. Related ork 37 ector. The range of ositions from whic motion of sp eci�ed elo cit along the direction of the unit elo cit ector will reac some oin of the goal is called the pre-image of the goal. When the pre-image of the goal do es not con- tain the curren osition of the con�guration object, bac kw ard haining can used to ork bac un til the con�guration object is found within the pre-image, using eac previous pre-image as the new goal set. rom these, motion strat- egy consisting of elo cit ectors and asso ciated termination predicates can built up, whic can seen as sequence of guarded motions. ariation in the osition of the con�guration object can also tak en in to accoun creating sphere with certain error radius around the osition as observ ed the rob ot. osition ariation due to inaccurate kno wledge of the initial starting osition of objects in the ork cell and also the uncertain in the rob ot’s osition sensors are com bined to pro duce an upp er error ound. Since this no a�ects the termination predicates, erhaps leading to prema- ture termination of motion, all ossible ositions of the con�guration object within this sphere ust within the goal in order to guaran tee success. In addition to the ariation of the osition of the con�guration object, there is also uncertain in the elo cit along motion. The error et een the actual and the commanded elo cit is giv en ound and the resultan path is within cone cen tered on the commanded path with ap ex at the initial osition. This giv es rise to strong pre-images, whic are de�ned to the lo cations for whic all motions within the range of elo cit uncertain will reac the goal. cop with empt pre-images often found when dealing with purely osition con trolled motions, complian motions suc as sliding can used along with generalised damping, [Lozano-P erez et al. 1990a], to pro duce larger pre-images. Although less sensitiv to uncertain there still remains the problems of friction and �nding the termination predicates. Erdmann [Erdmann, 1984] lo oks in to the problem of friction in the ab ork. If it is assumed that the objects are of single material with equal co e�cien ts of static and sliding friction, the reaction force from con tact at oin on surface will lie within friction cone with ap ex at the oin of Chapter 2. Related ork 36 in the opp osite direction to constrain the alues for plan parameters to enable the plan to succeed. Con�guration Space In examining the problem of safe trajectory planning for mec hanical manipu- lators with links and ultiple degrees of freedom, Udupa [Udupa, 1977] presen ts the basic ideas for Con�gur ation Sp ac generalised form of these ideas as presen ted in [Lozano-P erez esley 1979] where collision-free paths ere planned among olyhedral obstacles. The con�guration of system is said to an set of parameters whic uniquely sp ecify the osition of ev ery part of that system, and the con�guration space is the space de�ned those param- eters. It is ossible in con�guration space to shrink the con�guration object do wn to reference oin and expand con�guration obstacles accordingly The obstacles can gro wn more in certain dimensions to encompass most geomet- rical ariation, th us allo wing safet margin for the con�guration object to mo in this space without collisions and banishing the need for exact calcu- lations for tolerancing error for the obstacles. The problem of planning safe path for olyhedral object mo ving amongst olyhedral objects th us ecomes the mathematically easier problem of mo ving oin through cluttered en- vironmen t. Man sup er�cially di�eren path-planning tasks ecome iden tical when lo ok ed at in con�guration space. more formal explanation of this is presen ted in [Lozano-P erez, 1981] [Lozano-P erez, 1983]. Later ork expands the use of con�guration space to complian �ne-motion strategies [Lozano-P erez Bro oks, 1985]. Geometric descriptions of the parts and estimates of sensing and motion errors are used to pro duce �ne-motion strategies whic emplo com bined strategy of force and osition con trol to guaran tee the �nal con�guration from all lik ely initial conditions. The basic strategy emplo ed is to lo ok for ranges of ositions in con�gura- tion space where the con�guration object (no reduced to single oin t), can reac the goal in single motion, whic can represen ted as unit elo cit Chapter 2. Related ork 35 used to help rob ots monitor and calibrate themselv es, and con trol other self- adjusting eha viour. [Johnson Hill, 1985] uses Kalman �lter to qualify rob ot mo instructions sensor readings, up dating the pre-taugh lo cations with corrected data. These metho ds giv rise to the problems of estimating the statistical parameters required. Fine-Motion Planning Early ork ylor [T ylor, 1976] mo es in to the area of automatic syn thesis of �ne-motion planning from str ate gy skeletons These are partially sp eci�ed strategies whic are completed decisions made using error estimates found propagating the e�ect of errors, ariations, and uncertain through mo del of the task. Lozano-P erez also used strategy sk eletons, this time to select mo- tion parameters [Lozano-P erez, 1976]. Eac motion as expressed the �nal relationship of the parts during the task. Guarded mo emen ts and termination conditions could computed from the ranges of displacemen ts that ac hiev ed this relationship. Bro oks [Bro oks, 1982] extended ylor’s approac and presen ted plan hec er whic uses geometric computer-aided yp of database to infer the e�ects of actions and propagation of errors. This metho for hec king and mo difying rob ot plans tries to ensure that they will ork giv en mec hanical ariation in placemen t, and ranges of tolerances in the construction of the orkpieces and their orien tation. The result of this is to try to pro duce plan whic is guaran teed to succeed, computing the e�ects of ariation and uncertain sym olically and, if the e�ects are small, the plan can accepted. The computational costs for this system are high. If the e�ects are signi�can t, most problem areas can iden ti�ed and the plan can either constrained to succeed, or di�eren metho ds can used to reduce the ariation or uncertain and sensory hec ks included. This metho uses explicit mo dels of ossible ariations. The use of sym olic constrain ts means that not only can they used to estimate errors for particular op erations, but they can used Chapter 2. Related ork 34 2.4.2 orst Case Analysis di�eren metho for tac kling the problems of ariation and uncertain in rob otic assem bly is orst Case Analysis. This metho d, unlik Error Detection and Reco ery tries to guaran tee that plan will succeed, rather than letting it fail and reco ering from that failed osition. Muc use is made of oth mo delling the ork cell and mathematical analysis of the task. Engineering the ork cell One of the least computationally in tensiv metho ds of erforming yp of orst Case Analysis is that of tigh tly engineering the ork cell itself. If the ork cell is designed to accept only parts of certain sp eci�c tolerances, rejecting completely those out with these ounds, and �xturing and jigging is used for particular applications to remo other ariations, it lea es ery little ro om for error situations to arise. The unfortunate consequence of this is that the metho ecomes feasible only for large batc pro ducts as the dev elopmen time and cost for hanging the ork cell for di�eren pro duct ecomes pro- hibitiv e. um er of parts are also rejected whic ma �tted together, th us causing astage. Cam bridge Univ ersit [Williams et al. 1986] are orking on programmable �xtures to sp eed up the hangeo er pro cess and mak it more exible. Sensory Filtering The use of con trol theory has een applied to the problem of uncertain in rob otic sensory data. [Nevins et al. 1984] lo oks in to the adv an tages whic could ac hiev ed the use of these adv anced con trol tec hniques in the presence of noisy data and incomplete pro cess mo dels. Kalman �lters [Kalman, 1960] [Dean, 1986], ha een applied to rob otic systems in an attempt to reduce the uncertain presen in the sensory data pro vided to these systems. [Whitney Junk el, 1982] sho mathematically ho sto hastic con trol theory can Chapter 2. Related ork 33 The detection part of the system requires that eac action is monitored in an appropriate and that the exp ected state of the system is kno wn. This places strain on the mo delling system to eep trac of exactly what is happ ening in the real orld, whic is done up dating it as the assem bly progresses with information oth from the sensors and from exp ected results of the motions whic ha een erformed. Again, the problem arises of eep- ing an accurate and up-to-date mo del whic can cop with the actions and consequences of actions in the real orld. Eac action ust ha asso ciated curren and exp ected states whic h, as these are con text dep enden t, mean that eac stage of the program ust examined separately The problem of con text dep endency also app ears in the diagnostic section where kno wledge base of some sort is consulted to determine what has hap- ened. The sensor readings are th us extracted from the con text in whic they ccurred, and enough information ust transferred with them to determine the actual situation that the particular sensor readings ha disco ered. It is di�cult problem to determine ho uc information is needed to correctly iden tify the appropriate error. or example, if the gripp er is empt is the problem due to gripp er failure, or is it ecause the part has een kno ed from the gripp er some unexp ected obstacle in the ork cell during motion of the gripp er? The reco ery actions rely on the correct diagnosis of the cause of the prob- lem. The kno wledge base needs to con tain information ab out the nature of the errors whic can ccur and, again, the problem arises of information eing used out of con text where inappropriate actions ma tak en. All the ab metho ds deal with oten tial error situations, but do not mak an attempt to use the soft are side of the system to reduce the problems of ariation or uncertain The errors are allo ed to ccur, then iden ti�ed, and reco ery actions planned. The follo wing section lo oks at orst Case Analysis where the systems attempt to pro vide only plans and rob ot motions whic are guaran teed to ork in the real orld, giv en the ounds enforced the system. Chapter 2. Related ork 32 uncertain and rob ot motion uncertain patc plan is inserted to link the unexp ected con�guration to one of the exp ected con�gurations [Xiao olz, 1989]. Plan Managemen System Drabble and Co [Drabble Co x, 1985] prop ose Plan Managemen System (PMS) whic h, as ell as planning, carries out execution error monitoring and analysis and can manage plan patc hing and re-planning. PMS con tains three major mo dules: traditional planner based on ate’s NONLIN [T ate, 1984]; system for plan co-ordination, monitoring and error analysis; and sim ulation of e�ectors, sensors and the real orld. The main purp ose of the researc is to ha monitoring system whic builds up string of plan actions whic can replaced another plan if problem ccurs during execution, problem eing recognised when an action is attempted for whic pre-condition is not met. One major problem with using planning systems to mano euvre manipu- lator in the real orld is that the seman tics of the planner are not usually ric enough to deal with spatial relationships, temp oral problems, or uncertain Man planners create an in ternal mo del of the orld whic is radically in- complete subset of the real orld, con taining information whic can also out of date. acts ab out the orld hange as the planner runs due to motions and actions taking place in the real orld, th us in tro ducing the ossibilit of execution errors. Summary of Error Detection and Reco ery Error Detection and Reco ery systems allo errors to ccur, then attempt to prev en error situations diagnosing the failure and planning some new series of motions designed to restore the system. The three sections of these systems, detection of errors, diagnosis of the problem, and reco ery actions, eac ha their wn asso ciated problems. Chapter 2. Related ork 31 mo emen ts are exact imitations of those used uman sheep shearers, it is not feasible to simply attempt to reac the end of shearing mo emen some alternativ route. Th us, rev ely an only allo ws resumption of the originally in terrupted mo emen rather than trying some alternativ metho d. Kno wledge-based Error Reco ery Researc hers at Ab eryst wyth Univ ersit ha een orking to in estigate sen- sory monitoring sc hemes for error detection, diagnosis of error states from sen- sory signals, and reco ery actions to rectify diagnosed faults [Lee et al. 1983]. AFIRM (Ab eryst wyth ramew ork for Industrial Rob ot Monitoring) has een designed to erform the �rst of these and to pro vide information on sensors, sensory states, and con trols for the second and third [Lee et al. 1984]. Later ork includes an analysis of lo lev el rob ot actions whic h, it is claimed, pro- vides simpler set of errors [Hardy et al. 1989]. In kno wledge base, eac atomic rob ot action is asso ciated with certain general errors. When sensory mismatc ccurs, one or more errors are hosen relating to curren action. os- sible causes are then sough using kno wledge base. This ork is similar to Sriniv as in the use of tree structures, but instead of pruning trees from full failure tree, it attempts to restrict the gro wth of the tree applying kno wledge as the tree dev elops. Replanning for Assem bly asks Another metho d, dev elop ed Xiao and olz [Xiao olz, 1988], plans o�- line for zero error situation and devises simple on-line replanning strategies based up on data ailable from force, momen t, and osition sensors to han- dle errors arising during program run-time. Use of complian motion is made and restrictions are imp osed suc that replanning is only erformed when un- in tended con tact is detected force or momen guards et een an of the parts in olv ed. Again, extensiv use of orld mo del is made, mo delling ge- ometric and ph ysical descriptions of the task en vironmen t, along with sensor Chapter 2. Related ork 30 Figure 2{4: Error Detection and Reco ery [Gini Gini, 1983]. dynamic mo del of the rob ot en vironmen is constructed, initially from declarations in the program and data from the sensors. Eac rob ot action has, asso ciated with it, pre- and ost-conditions whic ust matc the actual data from sensors. Errors are detected matc hing curren mo del with the exp ected mo del for particular action. In early ork, the reco ery pro cedure as only designed to bring the plan bac to the oin where it as susp ended. Later ork [Gini Smith, 1986] expands the Bac kw ard Error Analysis and Reco ery to include orw ard Error Reco ery whic consists of determining the di�erence et een the actual state and the desired state, then dev eloping op erations to ac hiev the desired state. Information collected during execution is passed to reco ery pro cess whic erforms error reco ery The ab metho ds rely on eing able to correctly execute three dif- feren pro cedures: detect errors, determine their cause, and erform an appro- priate reco ery action. Eac of these has asso ciated problems whic will discussed at the end of this section. orw ard Error Analysis Another system [T rev ely an et al. 1987] uses sligh tly di�eren de�nition of orw ard Error Analysis. Gini [Gini Smith, 1986] de�ned orw ard Error Analysis as the determination of the di�erence et een the actual state of the rob ot and the desired state of the rob ot, then dev elop ed sequence of op erations to ac hiev the desired state. rev ely an dev elop ed system for sheep shearing in Australia whic uses an alternativ de�nition of orw ard Error Analysis. Due to the nature of the sheep shearing task, where most of the Chapter 2. Related ork 29 he prop osed, ailur ason nalysis attempts to �nd an explanation for the failure, determine where the problem lies, and ork out what can done ab out it. task is seen as sequence of actions that lead from an initial state to goal state, with in termediate states de�ned. failure results when an action do es not pro duce the next exp ected state and the problem is then to determine the cause of the failure and to iden tify of progressing from the failure state to the goal state. failure reason mo del represen ts the kno wledge ab out di�eren reasons for failure of an action and what can done to reco er from it. As the task is run, failure tree is dynamically constructed con taining action no des whic are deriv ed from the original plan, and failure no des. The failure no des are obtained from an asso ciated action mo del. It is from pruned ersion of this tree that error correction metho ds and the yp of error are sen to patc planner whic in tegrates them in to the initial plan. The main limitations of this system deriv from sources: the extensiv use of plan formation as the basis for constructing rob ot programs, and from the hoice of hec king only the preconditions of the actions when the error ma disco ered later than it actually app eared whic allo ws the system to go on to erform other actions in the assumption that the previous has een correctly erformed. Bac kw ard and orw ard Error Analysis One ork er in the �eld of error reco ery for man ears is Maria Gini. Mo ving on from early ork in the �eld of logic programming, Gini prop osed ersion of soft are error con trol using kno wledge base con taining rules ab out the in terpretation of sensor data and reco ery rules [Gini Gini, 1983b] [Gini Gini, 1983a]. monitoring system is run concurren tly with the rob ot plan whic iden ti�es the app earance of an error and consults the kno wledge base in order to determine what has happ ened, and to generate reco ery actions. The basic strategy can seen in Fig 2{4. Chapter 2. Related ork 28 Comp eten Execution Systems Section 2.4.3 This metho allo ws the on-line system to deal with the ariation and uncertain in the real orld, rather than using metho whic in olv es extensiv re-planning or mo d- elling. 2.4.1 Error Detection and Reco ery This section deals with the �rst category for coping with oten tial error sit- uations, namely Error Detection and Reco ery This metho assumes that errors will ccur in the assem bly pro cess and uses some means to detect these errors, diagnose their cause, and to reco er from the error situation either returning to some previously correct state (sometimes just sw eeping all parts from the ork cell) or orking forw ard some other metho to future correct state. One of the easiest ys of dealing with failure situations using Error Detection and Reco ery is to pro vide eac oten tial error situation with �xed error reco ery routine. This metho uses �xed strategies to deal with ev en ts detected sensors and is th us dep enden on the data receiv ed and the in terpretation of this data. Man of these systems ha concen trated on automating the detection pro- cess and reco ery planning, and are mainly concerned with monitoring the running of systems with appropriate sensors, and replanning when the curren state of the orld is di�eren from the exp ected state. These systems mak use of kno wledge ab out the nature of errors to reason ab out what has happ ened and ho to resolv it. ailure Reason Analysis ork with �xed routine error reco ery systems led to researc in the area of automatic error reco ery Some of the earliest ork can attributed to Sriniv as [Sriniv as, 1976] and [Sriniv as, 1978]. Due to the fact that the orld cannot accurately mo delled, Sriniv as aimed to design system whic could reco er from failures based on kno wledge collected ab out them. The metho Chapter 2. Related ork 27 2.4 ailure Handling As the lev el of programming rob ots as raised, there still remained the under- lying problem of reliabilit and ho to deal with failed assem blies caused ariation and uncertain in the ork cell, the rob ot, and the assem bly com- onen ts. The programming lev els in themselv es did not solv the problems so metho dologies ere built on top of these lev els to help to pro vide reliable systems. Researc in to the problem of reliable rob otic assem bly has led to sev eral strategies for dealing with the problem of ariation and uncertain in rob otic assem bly systems. These range from the emplo ymen of uman erseer to ph ysically restart failed assem bly to di�eren automatic error reco ery metho ds, and uncertain and ariation reduction strategies. The use of uman erseer is simple and exible, but is ine�cien in terms of uman resources. The metho ds for dealing with oten tial failed assem blies fall in to three categories: Error Detection and Reco ery Section 2.4.1 The rob otic assem bly is monitored for deviations whic ma result in an error situation. If de- viation is detected, it is iden ti�ed o�-line, and reco ery strategy er- formed to bring the system bac to oin where the assem bly can resumed as normal. orst Case Analysis Section 2.4.2 This metho attempts to pro vide rob otic system whic is guaran teed to succeed in the presence of the ounds on the ariation and uncertain ties presumed in the analysis. This mak es extensiv use of mo delling the orld o�-line and erforming un- certain analysis on this mo del. Chapter 2. Related ork 26 The in tegration of OBMOD also help ed the programmer of the system, but did not address the problem of reliabilit Fleming [Fleming, 1987] attempted to in tro duce geometric tolerancing analysis in to RAPT, but this pro ed to to computationally exp ensiv (this ork is also presen ted in Section 2.4.2 on page 39). Yin [Yin et al. 1984] in tro duced vision sensing to determine the translational di�erences et een the nominal part osition in the ork cell and the actual part osition. This as done inserting sp ecial RAPT commands in the o�-line system to use the camera information at set oin ts. In this when these commands ere reac hed, the sensor information could exam- ined as required. The camera had to accurately calibrated to �t in with the mo del of the orld already de�ned OBMOD. Although this sensor information pro ed useful to accurately determine the actual ositions of the parts in the ork cell, the use of sensors to hange the ordering of actions due to real orld information, rather than just the destination of the rob ot arm, could not easily ac hiev ed without bringing uc more information o�-line from the system. Incorp orating this kno wledge in to the o�-line system ould pro di�cult and sp eci�c to particular ork cell set-up. The ab ork led to di�eren line of researc the Beha viour-based approac to rob otic assem bly Early ideas ehind this line of researc can found in [Smithers et al. 1987] [Smithers Malcolm, 1989]. This ork put forw ard the idea of programming rob otic assem bly in terms of task-ac hieving eha viours. The o�-line system plans in terms of part motions, and the as- sem bly is erformed on-line comp eten execution mo dules, referred to as Beha vioural Mo dules. Bro oks, at MIT, as also dev eloping ork in Beha viour- based mobile rob otics along similar theme [Bro oks, 1986a] [Bro oks, 1986b]. This ork on mobile rob otics is detailed further in Section 2.4.3 on page 50, and the Beha viour-based programming metho dology will examined in the follo w- ing hapters. The SOMASS project [Malcolm et al. 1989], Beha viour-based rob otic assem bly system dev elop ed from the Beha viour-based ideas, will also fully describ ed in Chapter 3, as this pro vides the basis for the exp erimen tal system dev elop ed for the thesis. Chapter 2. Related ork 25 In an attempt to mak programming easier, the Object Lev el program- ming language, RAPT, as dev elop ed [P opplestone et al. 1978]. RAPT is mo del-based language whic allo ws the assem bly task to describ ed the relationships (‘against’, ‘�ts’, ‘coplanar’, and ‘aligned’) et een the part fea- tures (‘face’, ‘edge’, ‘shaft’, and ‘hole’). These are en tered in to the system as follo ws: <relationship> <feature1>, <feature2>; E.g. against face of body1, face of body2; fits shaft of body1, hole of body2; rom the spatial constrain ts of the parts and kno wing ho the part is to held in the gripp er, RAPT is able to infer the osition of the gripp er to satisfy the constrain ts using geometric reasoning. The required motions of the rob ot could en tered in to the system simply requesting mo using, for example, one of the follo wing commands: move <body name>; move <body name>, parlel, <feature>; move <body name>, perpto, <feature>; move <body name>, parlel, <feature>, <distance>; move <body name>, perpto, <feature>, <distance>; help the user visualise the ab yp of relationships, the RAPT lan- guage as in tegrated with mo delling system, OBMOD [Cameron, 1984] [Cameron Aylett, 1988] [Am bler et al. 1987]. This allo ws the objects to mo delled in terms of their surface features whic the programmer of the system can then use to de�ne the ab RAPT relationships. RAPT mo ed from describing the rob ot motions in terms of abso- lute Cartesian destinations, but instead pro vided an en vironmen where the assem bly could describ ed in terms of ho the features of parts �t together. Chapter 2. Related ork 24 line dev elop ed to pro duce the Beha viour-based approac curren tly eing fol- lo ed. 2.3 Rob otic Assem bly Researc at ED AI This section has een included in the thesis to sho ho the researc ork in ED AI in to rob otic assem bly has dev elop ed. Beginning with Manipulator Lev el system, the lev el of programming as then raised in the RAPT project, whic as programmed at the Object Lev el. Curren researc is also fo cused at this lev el, with the system arc hitecture dev elop ed under the Beha viour-based metho dology ork in the �eld of rob otic assem bly at ED AI egan in the early 70’s with the ‘F reddy’ project, whic erformed the assem bly of to den ship and car [Am bler et al. 1973]. The pieces to assem bled ere initially sorted out from pile, recognised, pic ed up, re-orien ted and placed at their ‘assem bly osition’ in their ‘assem bly orien tation’. The actual assem bly as separate program whic relied on ha ving the parts placed in exactly the correct ositions. Simple vision sensing as used to iden tify the parts in the �rst stage of the system, but as not used in the actual assem bly orce sensing as used for purp oses in the assem bly section of the system: to determine the success of spiral searc for use in ‘hole-�tting’, and for some constrained motions where the rob ot as used to follo surface con tin ually bumping in to it. The ‘F reddy’ assem bly system serv ed to highligh sev eral problems whic ould ha to dealt with if rob ots ere to used for assem bly Program- ming reddy pro ed to di�cult and tedious where the motions had either to taugh using teac endan t, or had to sp eci�ed in 6D con�guration space. This relates to the problems previously describ ed in Section 2.2 with Join Lev el and Manipulator Lev el languages. It also pro ed to di�cult task for the programmers to incorp orate the sensors in to the system. Chapter 2. Related ork 23 Summary The di�eren programming lev els, Join t, Manipulator, Object and ask, ha een dev elop ed er the ears to mak it easier for rob ot programs to de- elop ed. As can seen, this allo ws rob ot programming to erformed more quic kly and easily for an ideal orld, but the problem of erforming the as- sem blies in the real orld of the rob ot ork cell still requires that uncertain and ariation are dealt with in some constructiv Join Lev el programming is to basic to seriously considered as useful en vironmen for programming assem bly rob ots. Manipulator Lev el programs are curren tly used in actual factory applications, but tend to used only in tigh tly constrained en vironmen ts where the ariation and uncertain allo ed in the ork cell are ept to minim um. This is only cost-e�ectiv for large batc assem blies. Ac hieving reliable programs whic run rep eatedly in the real orld without these constrain ts has et to realised. Object Lev el and ask Lev el languages also aid the programmer with the ease of visualising the problem and describing the task in familiar terms, but again, there are no guidelines for systematically dealing with the reliabilit problems. As has een men tioned in the in tro duction in Chapter 1, without sensors rob ots can only execute �xed sequences of motions. Sensor input can used in ys: to gather data to hange the destination of the rob ot arm (but still erforming the same motion), or to hange the sequence of actions of the rob ot. These uses can erlap where data for the task disco ers that an action ust hanged. The second use of sensors, to hange the sequence of actions, is useful when lo oking to impro the reliabilit of the system. The ab programming lev els, although usually pro viding basic in terface for sensors, do not pro vide an ob vious systematic approac to their in tegration. The next section examines the history of the dev elopmen of researc in to programming assem bly rob ots at ED AI. The problems whic ere encoun tered the researc hers at eac stage are examined, and this sho ws ho the researc Chapter 2. Related ork 22 this ideal orld. An attempt as made to in tro duce geometric tolerancing analysis in to RAPT [Fleming, 1987], but this pro ed to to computation- ally exp ensiv e. Vision sensing as in tro duced [Yin et al. 1984] to detect the translational ariation in the initial osition of the parts. The in tro duction of sensors for this purp ose pro ed successful, but the incorp oration of sensors to hange the actions of the rob ot, rather than just its destination, remained di�cult problem. As the sequence of all the ositions and motions are de- termined in an o�-line system whic kno ws little ab out the on-line rob ot and sensor ailabilit it is di�cult to hange the ordering to include alternativ strategies dep enden on sensor data unless the system is told more ab out the ork cell conditions. ask Lev el In an attempt to raise the lev el of rob ot programming still further, another lev el, ask Lev el, has een in estigated. This lev el of programming has not een fully ac hiev ed, although sev eral systems ha een partially dev elop ed at this lev el, for example, UTOP ASS [Lieb erman esley 1977], and more recen tly HANDEY [Lozano-P erez et al. 1987] [Lozano-P erez et al. 1990b]. The aim of this yp of programming is to enable the programmer to sp ecify the parts and the assem bly and some goals along the suc as ‘put eg in hole’, and the system will do the rest. Th us, the goal of the assem bly ould sp eci�ed, but, to an ev en greater exten than with the Object Lev el program- ming languages, the programmer ould ha no kno wledge of the assem bly execution system. All the sensing and rob ot mo emen ould hidden from the user. This requires that the o�-line system has extensiv kno wledge of the rob ot en vironmen as ell as that of the parts and what actions can tak place in the ork cell. This yp of system therefore requires the in tegration of researc done in to collision free paths, grasping strategies and part mating. Again, as with the Object Lev el systems, the ask Lev el systems rely on the hidden Manipulator Lev el languages to erform the task. Chapter 2. Related ork 21 the required spatial relationships et een the parts, rather than describing the rob ot motions and the end-e�ector ositions as in the lo er lev el systems. This lev el of abstraction is seen as more natural for uman program- mer to describ the assem bly and th us mak es it easier to program. It is easier to understand what is happ ening in the assem bly when the system is told to align the axis of eg with the axis of hole, or place face-1 of one object against face-1 of another, than it is to kno what is happ ening when the rob ot is instructed to mo et een oin ts in the ork cell. The actual rob ot motions to ac hiev these relationships, usually written in Manipulator Lev el language, are hidden from the programmer and are deriv ed the system. An example whic approac hes the ideas ehind this kind of system is RAPT, whic as dev elop ed in ED AI (Arti�cial In telligence Departmen of the Univ er- sit of Edin burgh) [P opplestone et al. 1978]. RAPT is mo del-based Object Lev el programming language, whic allo ws the assem bly task to describ ed in terms of the relationship et een the part features. RAPT has spatial relationship inference system whic infers relativ lo cations of parts from set of spatial relations de�ned et een them [Corner et al. 1983]. These are then ost-pro cessed in to lo er lev el rob ot language to actually run rob ot. This system will describ ed in more detail in Section 2.3 on page 25, whic lo oks at the dev elopmen of assem bly rob otics in ED AI. It is claimed that programming rob ot assem bly task in an Object Lev el system can easily ac hiev ed those not familiar with programming lan- guages. As ell as de�ning the dimensions of the parts and the rob ot, go mo delling system is required to visualise whic features of the objects are eing referred to. It is easy to forget whic feature of an object as referred to as side-A when it has een rotated to matc some previously sp eci�ed relation- ship. With visual mo delling system, the curren relationships in the assem bly system can easily examined. Object Lev el systems rely on the real orld of the assem bly cell conforming to the geometric mo del used in the system. Unfortunately this is not usu- ally the case, as the real orld con tains ariation whic do es not conform to Chapter 2. Related ork 20 times di�cult for the programmer to en visage what is actually happ ening in long series of rob ot motions. It is easy to lose trac of where the rob ot should in relation to the parts, and whether part has een mo ed or not. aid in the visualisation of the task, man systems, suc as GRASP [Derb 1982] designed at Nottingham Univ ersit and MCL [W ugelso, 1983] dev elop ed the McDonnell Aircraft Compan of St. Louis, USA, ha used graphics to ols to sim ulate the rob ot en vironmen and ork cell. The rob ot and the parts are mo delled in the sim ulated ork cell under whic sym olic language is pro vided. This is then ost-pro cessed in to rob ot executable manip- ulator lev el language co de. This helps with the planning of the assem bly and collision oidance problems, but the ariation in the real orld whic is not apparen in the sim ulated orld causes problems when the underlying program is used to run real rob ot. Recen tly group in German [Sc hraft et al. 1992] ha link ed an assem bly rob ot to virtual realit head moun ted stereo displa and data glo system. The rob ot can tele-op erated the data glo e, and the sim ulated rob ot in the virtual realit can also manipulate sim ulated parts in its en vironmen using the data glo e, but when the op erator cannot see the real rob ot and is relying only on the image in the virtual orld, the accuracy needed to erform assem bly is not ailable. The next section con tin ues the description of the dev elopmen of rob ot programming lev els with the examination of the Object Lev el programming languages, whic lo ok at describing the task in terms whic are more familiar to the programmer. Object Lev el In order to address the problems asso ciated with Manipulator Lev el program- ming, um er of attempts ha een made to raise the lev el of abstraction from the rob ot motions to deal with the spatial relationships et een parts. The assem bly program describ es the assem bly task as sequence of Chapter 2. Related ork 19 guages tend to treat the sensors as input eripherals, and the rob ot as an output eripheral. This has ev en tually led to man systems eing dev elop ed whic use high lev el detailed mo del of the orld inside the system to co- ordinate their in tegration. The ork cell and the rob ot are mo delled in this in ternal orld, and sensors are used to up date this mo del with erceiv ed in- formation from the real orld. This leads to man problems in eeping this mo del consisten with the actual orld where unexp ected ev en ts can in alidate the curren mo del, and the time factor et een sensor readings and up dating the mo del ma further in alidate these. This problem is examined in [Malcolm et al. 1989]. When rob ot is programmed o�-line, using the com bination of osition con trolled rob ots and an accurate orld mo del to base the plans of action on, the ositions calculated in the mo del orld ma not corresp ond accurately enough to the osition in the real orld where, for example, part ma exp ected to found. The kinematics of the rob ot are designed to mo the rob ot to oin in co ordinate frame, and so it ecomes imp ortan that the ositions of the assem bly pieces kno wn in this co ordinate system to enable the rob ot to manipulate them. This problem do es not ccur at the Join Lev el of programming as the ositions are taugh with the ph ysical rob ot and parts in place. Rob ots tend to ha the rep eatabilit to mo bac to taugh ositions, but ma not ha su�cien accuracy to mo to calculated osition. The Adept rob ot [Ade1985b], particularly accurate mac hine, can return to taugh lo cation with an error of 0.051mm and mo to osition taugh o�-line with an error of 0.127mm. The TX rob ot [R TX1987] has rep eatabilit of 0.5mm in mo ving to taugh lo cation and its accuracy has een found to appro ximately 2mm. Manipulator Lev el programs ha therefore ecome com bination of teac hing appropriate oin ts, and mo ving the rob ot relativ to these, rather than relying on calculating ositions o�-line. This reduces the adv an tage of programming from the rob ot and brings some of the programming bac on-line. In programming o�-line from the actual ork cell and the rob ot, it is some- Chapter 2. Related ork 18 .PROGRAM example(pick,drop) subroutine with parameters pick and drop ACCEL 15 acceleration 15 SPEED 50 set robot speed to 50 number 100 number of parts to be assembled OPEN open gripper MOVE start move (joint-interpolated) to starting position, where start is given in terms of (x, y, z, yaw, pitch, roll) FOR TO number process each part MOVES pick move (straight line) to pick up position CLOSEI close gripper MOVES drop move (straight line) to drop position OPENI open gripper DEPARTS height departs to safe height END end of loop TYPE ‘‘Assembly completed’’ end of program .END Figure 2{3: Example of AL-II rob ot program. Chapter 2. Related ork 17 in teac hing the rob ot the assem bly task in the ork cell. The ab metho of programming enabled the program to en tered o�-line from the rob ot, allo wing the latter to con tin ue with its curren assem bly task un til hangeo er time. The real rob ot is only used for �ne tuning the system and for making adjustmen ts to the �nal program, although in realit as describ ed on page 19, this metho of programming still relies hea vily on taugh ositions. The abilit to program the rob ot from the ork cell, and in terms of Cartesian co ordinates in orld co ordinate frame, led to the adaptation of curren computer languages in to rob ot programming languages. The computer languages retained their exibilit of con trol structures, including conditional statemen ts, subroutines and lo op con trol, and also added commands sp eci�c to the con trol of rob ots: to mo the rob ot from one osition to another; grip- er con trol; to hange the sp eed and acceleration of the rob ot; and to allo the in tegration of sensors. An examination of some of the ailable languages is presen ted in [Critc hlo w, 1985]. AL [Shimano, 1979], common rob ot pro- gramming language, as dev elop ed using the con trol structures of the computer language, BASIC, as mo del. It did not supp ort oating oin um ers or haracter strings, and could not pass argumen ts to subroutines. These de�cien- cies ere corrected in later ersion of the language, AL-II [Shimano et al. 1984]. See Fig 2{3 for small example of program written in AL-II. Another rob ot programming language, AL [T ak ase et al. 1981], as dev elop ed from ascal. Programming rob ots at the Manipulator Lev el carries with it asso ciated adv an tages and disadv an tages. The programming skills of the user ust greater than those required for the Join Lev el programming, but this higher lev el allo ws more exible con trol with useful conditional alternativ actions de- ending on either sensor data, or other data ailable to the system. Program- ming can done without using the rob ot whic is safer for the programmer, and allo ws the rob ot to usefully emplo ed while the programming is eing undertak en for the next assem bly With their deriv ation from computer languages, rob ot programming lan- Chapter 2. Related ork 16 As the programs consist of sequences of ositions whic ust repla ed in order, it is di�cult to incorp orate an programming con trol structures whic allo alternativ rob ot motions to used. It is not imp ossible to incorp orate simple conditional statemen ts and lo op con trol structures in to program, but this pro es to di�cult and time-consuming exercise as the programmer ust resp onsible for eeping close trac of the situation. This is also the case when seeking to incorp orate sensors whose readings can determine the next appropriate action to tak e. Using this lev el of programming rob ots to erform assem bly tasks as to unreliable and slo for useful in tegration in to the factory en vironmen t. Im- pro emen ts had to made in the metho of sp ecifying and learning ositions, and in the in tegration of mec hanisms suc as conditional statemen ts and sen- sor data con trol for hanging the actions of the rob ot dep ending on the actual circumstances in the ork cell. The next section examines the dev elopmen of Manipulator Lev el rob ot programming languages, whic allo ws the program- ming of rob ots o�-line in terms of the osition of the end-e�ector in de�ned co ordinate frame. Manipulator Lev el The majorit of assem bly rob ot programming languages in presen use in oth factory en vironmen ts and researc establishmen ts are programmed at the Ma- nipulator Lev el, where the task is describ ed in terms of the osition of the rob ot’s end-e�ector in some kno wn co ordinate frame, usually relativ to the base of the rob ot. (See Fig 2{2.) The rob ot join alues are calculated from the co ordinates of the osition of the end-e�ector, giv en in the form of x, and co ordinates, plus orien tation alues for the gripp er. These Cartesian co ordi- nates are accepted as input and con erted using kinematic transformations in to join angles at either compile or run time. See [Craig, 1989] for more details. This metho of programming as inspired the problems encoun tered in the Join Lev el programming systems. uc time as eing sp en Chapter 2. Related ork 15 Figure 2{2: Relationship et een the rob ot end-e�ector and join angles [Craig, 1989]. could also tra ersed in the rev erse direction. Programs ecame sequence of ositions, whic ere usually taugh to the rob ot system ph ysically mo ving the rob ot join ts to the required ositions, and storing the sequence. The adv an tages of this kind of programming are few. It is easy to kno where the rob ot is going to mo to, as the oin ts ha een stored actually placing the rob ot in the ph ysical osition, but actually teac hing the rob ot these ositions requires that the programmer ork in close pro ximit to the rob ot, whic can pro dangerous. It can also extremely di�cult to judge the alignmen of axes line of sigh alone, and viewing from di�eren angles ecomes necessary again placing the programmer within the ork cell. dev elop new programs to assem ble di�eren parts, oth the rob ot and protot yp examples of the parts ust ailable, th us eeping the rob ot from eing usefully emplo ed in erforming actual assem blies. Although computational costs are lo w, small hanges in the assem bly task can require extensiv hanges in the rob ot program. Chapter 2. Related ork 14 quic kly and reliably The follo wing sections lo ok at the four main programming lev els, describ ed in [Malcolm othergill, 1986]. These are: Join Lev el: Sp eci�es the end-e�ector osition in terms of the join angles or join displacemen of the rob ot whic ust ac hiev ed to place the end-e�ector in that osition. Manipulator Lev el: Sp eci�es the end-e�ector osition in terms of Cartesian co ordinates in kno wn co ordinate frame. Object Lev el: Sp eci�es the required spatial relationships et een the features of the parts to assem bled. ask Lev el: Uses high lev el sp eci�cation of the assem bly task, suc as, ‘place eg in hole’. The �rst lev els are concerned with mo ving the end-e�ector to kno wn osition in the ork cell, and the last lev els address the problem of describ- ing part motions. These lev els will no examined in more detail. Join Lev el this lev el of programming assem bly rob ots, the osition of the end-e�ector is giv en in terms of the individual join angles whic ust reac hed to ac hiev that osition. See Fig 2{2 (from [Craig, 1989]). the simplest lev el, this in- olv es pro viding con trol feedbac lo op for the serv o-mec hanisms whic con trol the join ts of the arm, to compare their goal ositions with the actual ositions and to ork to reduce the di�erence mo ving in the righ direction. Early rob ot mo emen con trol tec hniques led to erratic rob ot arm trajecto- ries as eac join as activ ated at the same time whatev er the distance it had to tra el to its �nal destination. This metho as re�ned to allo the links to egin and end their mo emen sim ultaneously running the motors at di�er- en rates. This join t-in terp olated motion pro vided uc smo other paths whic Chapter 2. Related ork 13 ation. An error situation ccurs if, ere the rob ot to con tin ue normally with the task, the task ould not correctly completed. distinction is made here et een an error situation and situation from whic the rob ot, with some extra actions, con tin ues the assem bly to successful conclusion. An error situation requires some external agen t, suc as uman, to in terv ene to restart the system. In sensorless rob otic assem bly system where no measuremen ts can tak place, the system will not creating uncertain except in the in ternal sensors of the rob ot, but will still ha to deal with an ariation whic ccurs within the ork cell. This is usually done erforming clev er motion strategies, or using jigging and �xturing. If the system emplo ys sensors, not only do es it ha to cop with ariation, but has to tak in to accoun an uncertain these in tro duce. The close linking of sensors with the task in hand helps to alleviate this problem, as inappropriate matc hing of sensor with task and the en vironmen ma lead to build up in uncertain Ev en if the righ kind of sensing is eing used for particular task, if the useful information range of the sensor coincides with the lev el of noise in the en vironmen or the noise generated the sensor itself, the problem of uncertain build up ma ccur. 2.2 Historical ersp ectiv In order to more fully understand the nature of the problem facing programmers of rob otic assem bly systems, historical lo ok ust tak en at the dev elop- men of rob ot programming languages and ho these ha a�ected the in whic systems are pro duced. Through the ears, in an attempt to facilitate the adaptation of rob ot programs to di�eren assem blies in the factory en viron- men t, the lev el at whic rob ots are programmed has hanged. ac hiev the in tegration of rob ots in factories, it ust ossible for someone, not neces- sarily familiar with adv anced programming tec hniques, to program the rob ots Chapter 2. Related ork 12 Figure 2{1: ariation and Uncertain When the sensors are used to measure things in the orld, this do es not actually reduce the ariation in the ork cell whic is constan un til some outside agen alters this fact (as in mo ving the part). ariation can reduced or hanged ph ysically hanging the lo cation or dimensions of the part and arious strategies can emplo ed to use the rob ot to do this. The rob ot system can uncertain ab out the ariation in the orld ecause it tried to measure the amoun of ariation. The diagram in Fig 2{1 sho ws the relationship et een ariation and uncertain within rob otic assem bly system. The ariation is presen in the ork cell and the uncertain is feature of the rob ot system. Error Situation If the ariation actually presen in the system is greater than it has een designed to cop with, or the uncertain in measuremen ts tak en from sensors pro es to to uc for the system to deal with, or com bi- nation of the o, the rob ot ma fail to correctly complete the assem bly If the rob otic system fails to erform its allotted task or sub-task, and no built in reco ery action is tak en, this failure results in an error situ- Chapter 2. Related ork 11 Dep ending on the the parts are supplied to the ork cell, there can large ariation in the osition in whic they are presen ted to the rob ot. The feeding mec hanisms can ary from presen ting the parts in tigh tly engineered pallets whic h, although exp ensiv e, signi�can tly reduce suc ariation, to the parts eing randomly ositioned in large bin. The relativ costs of these metho ds con tribute to the cost-e�ectiv eness of the rob ot ork cell. If the parts are accurately placed, the feeding mec hanism and tigh tolerancing ecome exp ensiv e, and if they are randomly placed, the cost go es in to dealing with the large ariation in the the parts are presen ted. In the real orld, ariations ccur not only in the ork cell and the parts to assem bled, but also in rob ot itself. The rob ot kinematic mo del ma an inaccurate represen tation of the real rob ot, and di�eren eha viour under load, suc as ending, ma further in alidate this mo del. emp era- ture ariation, structural faults, and join ear ma all con tribute to this inaccuracy and these ma ary from run to run ev en when erforming seemingly iden tical task. Uncertain on the other hand, as distinct from ariation, is only presen when using the measured alues from sensor readings. If, for example, sensor has the capabilit of measuring the osition of part to within 1mm, that sensor can used to lo cate that part to within 1mm whatev er the ariation of the part in the ork cell, giving the system the uncertain of 1mm. Muc ork has een undertak en in reducing the alue of the uncertain asso ciated with sensors, and some of this ork is examined in Section 2.4.2, page 34 where Kalman �lters are discussed. Sensors can used to lo cate part more accurately that is, lessen the e�ect of ariation, but in doing so, accoun ust tak en of the uncertain whic the system is then subject to. Using the de�nition of uncertain ab e, the use of sensors actually in tro duces uncertain in to the system (but can used to reduce the e�ects of ariation on the system). Chapter 2. Related ork 10 systems and metho ds. The hapter concludes with summary of the metho ds describ ed and the problems whic still remain. 2.1 Bac kground to ariation and Uncertain In the rob otic assem bly domain, there are main sources of problems whic ma lead to assem bly failures. These are: 1. ariation in part shap and dimensions, and in their ositioning within the ork cell. 2. Uncertain in tro duced sensor measuremen ts. or the purp ose of this thesis, the terms variation and unc ertainty are sp ecif- ically treated as indep enden problems whic can dealt with separately but whic can oth con tribute to problems and failures. In particular, the term uncertain is used di�eren tly from the normal usage found in the literature where it is often ound together with ariation. These terms are fully de�ned elo w. The term err or situation is also used to sp eci�cally describ failed as- sem blies where op erator in terv en tion ust tak place, as opp osed to situations where problem is detected and reco ered from automatically the system. ariation and Uncertain When an assem bly system is run, the parts supplied to assem bled will ary in dimension. ariation can seen as the di�erence et een the nominal osition or part size, and the actual. art size ma range within certain allo able ariations, kno wn as tolerances, or ma on rare ccasions, exceed these ounds. Most curren assem bly systems rely on eing supplied with parts whic are within prede�ned tolerance ounds to successfully complete the assem bly It is comparativ ely rare, again dep ending on the actual assem bly pieces, to pro vided with parts whic ha missing or additional features. Chapter Related ork The purp ose of this hapter is to examine the problems whic face programmers of rob otic assem bly systems, in particular, the problem of failed assem blies due to unc ertainty and to variation in the rob ot, ork cell, and parts (see Section 2.1 for the sp eci�c meanings of these italicised terms whic are used throughout this thesis). do this, detailed lo ok in to the history of rob ot programming metho ds and curren researc is required. The �rst section of this hapter in tro duces the terms uncertain ariation and error situations. Programming languages to con trol rob ots ha een de- elop ed through the ears in an attempt to pro vide lev el of programming whic allo ws the programmer to quic kly and easily dev elop reliable assem bly programs. The second section examines these programming lev els and com- men ts on their asso ciated adv an tages and disadv an tages. The rob otic assem bly researc ork in the Arti�cial In telligence Departmen of the Univ ersit of Ed- in burgh (whic will referred to as ED AI), whic pro vides the foundation for the ork of this thesis, is then examined, from the early ‘F reddy’ system to the curren Beha viour-based line of researc h. The hapter con tin ues describing the di�eren ys in whic researc hers ha tac kled the main researc topic of this thesis: increasing the reliabilit of rob otic assem bly This is divided in to three parts: Error Detection and Reco ery orst Case Analysis, and Com- eten Execution Systems, with eac part sub-divided to deal with particular Chapter 1. In tro duction Chapter This hapter describ es the exp erimen tal system whic as dev el- op ed to in estigate the ideas of Chapter 4. Chapter The results of test runs of the ab exp erimen tal system are pre- sen ted. Chapter summary of the thesis ork is pro vided and suggestions for ossible extensions of this ork are detailed. Chapter 1. In tro duction This yp of structuring can used to increase the reliabilit of an assem bly system. Using monitored Beha vioural Mo dules whic are guaran teed to pro vide one of sev eral kno wn Exit States, ossible error situations can iden ti�ed and alternativ metho ds for handling failures devised. The ab system arc hitecture can used to con tain the ariation and uncertain in the on-line system, th us freeing the planner from an reasoning ab out these matters. The on-line system therefore has the freedom to deal with the in terpretation of the part motions in to rob ot motions dep ending on what strategies and sensors are ailable to it. The rob ot motions are not dictated the planner, and this also allo ws easy implemen tation of impro ed strategies, and the in tegration of alternativ sets of actions if required. An exp erimen tal system as designed and implemen ted for the thesis whic dev elop ed Beha vioural Mo dules in the ab yp of arc hitecture to pro vide orking system whic as built and tested in the real orld. 1.4 Outline The structure of the rest of the thesis is as follo ws: Chapter This hapter examines the rob ot programming language lev els to sho ho these ha een used to attempt to pro duce easily programmed systems. surv ey of the metho ds whic ha een used to try to ac hiev the goal of pro ducing reliable rob otic assem bly systems is also presen ted. Chapter An in tro duction to the Beha viour-based approac to rob otic as- sem bly is presen ted along with detailed erview of the SOMASS rob otic assem bly system. Chapter This hapter in tro duces the ideas of the thesis and de�nes the terms whic are used to describ the ork. Chapter 1. In tro duction 1.3 Reliable linking of Beha vioural Mo dules This thesis examines metho of using appropriate information ailable to the on-line system along with information returned from lo er lev el Beha vioural Mo dules in the hierarc to reliably link the Beha vioural Mo dules and pro vide alternativ es on failure of mo dule. This uses the concepts of Exit States the Ide al Exe cution Path and lternative Exe cution Paths The Exit State of Beha vioural Mo dule informs the system what has c- curred within that Beha vioural Mo dule, and re ects the con trol paths ailable inside it. The con trol paths can ary within Beha vioural Mo dule dep ending on the returned Exit State from lo er lev el Beha vioural Mo dules in the hierar- and from deviations determined lo cal information (usually sp eci�c data from the plan in com bination with on-line kno wledge of the ph ysical ork cell). The Exit State giv es an idea of the comp etence of the Beha vioural Mo dule and what it can cop with, although, as Beha vioural Mo dules can general purp ose, the con text in whic it is called determines whether it has actually erformed its required task. In one call of Beha vioural Mo dule, the Exit State ‘A’ ma mean successful completion of the task, but in another, this Exit State ma mean that the Beha vioural Mo dule has failed in its assigned task. The Exit State can also quali�ed other parameters. The Ideal Execution ath and Alternativ Execution aths de�ne con trol paths through the hierarc of the Beha vioural Mo dules. The Ideal Execution ath describ es the est route whic can tak en through the Beha vioural Mo dules in the on-line system (determined the system designer). Ev en though Beha vioural Mo dules are designed to erform reliably there are still times when they can fail. Alternativ Execution aths can used if particular Beha vioural Mo dules on the Ideal Execution ath fail to erform their giv en task correctly during the assem bly to attempt to bring the con trol of the assem bly bac to the Ideal Execution ath. Chapter 1. In tro duction pro cess to enable useful incorp oration of sensory data at appropriate oin ts. The main researc problems asso ciated with this metho are �nding useful mo dular oundaries, determining the mo dular arc hitecture of the system, and deciding ho to in tegrate high lev el con trol to ac hiev long term goals. The ork in this thesis examines the problem of ariation and uncertain in the rob otic assem bly ork cell and lo oks at ho it can dealt with in the framew ork of Beha viour-based rob otic assem bly system. 1.2 Beha viour-based Rob otic Assem bly The Beha viour-based approac to programming assem bly rob ots aims to pro- vide decomp osition of the assem bly task in to easily programmed mo dules, referred to as Beha vioural Mo dules, whic reliably erform their task in the real orld. Structured in hierarc hical fashion, with the top lev el determined the in terface to simpli�ed planner, the Beha vioural Mo dules, whic com- bine hardw are and soft are to erform their task, can individually designed, implemen ted and tested to help determine their suitabilit and reliabilit for particular task. The planner can plan in terms of part motions, whic are easier for pro- grammers to iden tify with than rob ot motions, and these part motions can translated in to appropriate rob ot motions in the run-time system. This impro es the exibilit of the system allo wing the run-time system the free- dom to implemen the con ersion as required, and hange it when necessary The assem bly is no the explicit goal of the plan, rather than the side-e�ect of rob ot motions. Chapter 1. In tro duction fall in to the categories of Error Detection and Reco ery orst Case Analysis, and Comp eten Execution Systems. Error Detection and Reco ery systems approac the problem of pro viding reliable systems allo wing errors to ccur during the running of the assem- bly and attempting to erform actions to reco er the system. The assem bly system is run un til failure is detected, diagnosis is made of the cause of the problem, and reco ery actions are determined and erformed. Muc researc has gone in to automating the ab pro cesses, with concen tration fo cusing on in tro ducing sensing to monitor the ork cell in order to detect the failures, and setting up kno wledge bases oth to determine what has ccurred and to decide up on the est course of action. enable the detection of errors, these sys- tems compare exp ected sensor alues (determined from global orld mo dels) and actual sensor alues. This requires that the global orld mo dels ept up-to-date with appropriate con text-dep enden information. It is not an easy problem to determine what information from the running system should transferred to the kno wledge base to determine the cause of the error, and this remo al of the con textual information from the actual on-line system means that incorrect diagnosis of particular instances of problems can ccur. orst Case Analysis systems concen trate on pro ducing plans whic will nev er fail, giv en the constrain ts imp osed on the system the designer. Muc use is made oth of mo delling the ork cell and mathematically analysing the task, leading to computationally exp ensiv systems. By the ery nature of this ork, it lo oks at dealing with the orst ossible scenario whic could faced the system, and attempts to �nd plan whic will ork in these tigh constrain ts. This precludes man strategies whic will actually ork in the real ork cell, and often rejects man whic are useful and e�cien t. Comp eten Execution Systems (one yp of whic h, the Beha viour-based approac h, is used as the foundation of the thesis ork) plan for simpli�ed ideal orld and allo the execution system to reliably erform the assem bly without recourse to re-planning at an oin t. These systems rely on making information ailable when the system needs it and mo dularising the assem bly Chapter 1. In tro duction Rob ots are already usefully emplo ed in areas whic h, for umans, ould dangerous, suc as undersea ork or to xic en vironmen ts. Unpleasan and rep etitiv tasks suc as spra pain ting and arc elding are also erformed rob ots. Among the adv an tages of the use of rob ots is that they are tireless ork ers, erforming consisten ork er extended erio ds of time. It is the problem of pro viding reliable and easily programmed rob otic assem bly system whic is addressed in this thesis. 1.1 The Reliabilit of Rob otic Assem bly major problem with the use of rob ots to erform assem bly tasks is the pres- ence of ariation and uncertain in the ork cell. ariation in part dimensions and ositioning, and uncertain in tro duced when using alues measured from sensors, can com bine to pro duce an error situation whic requires uman in- terv en tion to restart the system after an unsuccessful assem bly This has led to the pro duction of tigh tly engineered rob otic systems whic h, lik sp ecialised hard automation systems, are sp eci�c to particular application and lose the generalit and exibilit originally promised the in tro duction of rob ots to assem bly Without sensors, rob ots are limited to erforming pre-programmed mo- tions and cannot mak decisions based on information gathered from the real assem bly orld. In fact, all they can do is sla vishly erform series of mo- tions, regardless of the side e�ect of erforming an assem bly Unfortunately the real orld is not erfect, and, although complicated rob ot motions can erformed to try to ensure that the task is successfully completed, it is often useful to in tegrate sensors in to the system to allo decision making dep enden on this information and to hec whether task has een correctly erformed. Researc on the subject of pro ducing reliable rob otic assem bly system has fo cused in three main areas whic are dev elop ed further in Chapter 2. These Chapter 1. In tro duction the other hand, fatigue through orking da mak es it di�cult for umans to main tain constan erformance, leading to pro ducts of arying standards and problem with qualit con trol. Certain tasks ust erformed in oten tially dangerous and unpleasan en vironmen ts where bulky protectiv clothing ust orn, th us limiting the e�ciency of the ork er and reducing the acceptabil- it of the orking conditions. Hard automation assem bly systems with dedicated mac hine to ols pro vide rep eatable results whic lead to go lev el of qualit con trol. Dedicated systems deal with the ariation and uncertain in the ork cell the use of large um er of sp ecial jigs and �xtures. These serv to reduce signi�can tly the ossibilit of failure of the system tigh tly engineering the en vironmen t. This leads to systems whic are exp ensiv to hange et een di�eren assem bly pro ducts as the ork cell is sp eci�cally designed for only one. Ev en small hange in the size of the parts ma require extensiv hanges in the �xturing and programming. The parts ust made to within tigh tolerances or the system will fail, adding to the problems of qualit con trol, and the feeding mec hanisms ust presen the parts accurately adding considerably to the cost of the system. Sensory systems are ery rarely used for an ything more than detecting the presence or absence of parts at arious stages of the assem bly relying instead on accurately setting up the non-sensory comp onen ts of the system to enable the successful erformance of the assem bly In industrial assem bly where the primary concerns are reliabilit and cost-e�ectiv eness, this metho is only cost-e�ectiv when applied to large batc runs of particular pro duct. Unfortunately only minorit of go ds whic can assem bled ha the ad- an tage of large olume, the rest requiring small batc runs efore hangeo er to di�eren pro duct. In some cases, it ould also pro useful to in terlea di�eren assem blies dep ending on the demand for particular pro ducts and the ailabilit of parts. The curren hard automation is unable to deal with this yp of exibilit It is in this area that it is hop ed that rob ots can in tro- duced to ful�ll the oten tial of their apparen exibilit Chapter In tro duction The realit of dexterous, alking, talking, and thinking rob ots of opular Sci- ence Fiction tales is still far from eing realised in the presen generation of rob ots and is lik ely to remain so for man ears to come. The rob ots of to da still ha primitiv motor con trol and limited sensory capabilities despite the adv ances made in computer tec hnology engineering, and sensory equipmen t. Ev en rob ots designed sp eci�cally to erform assem bly tasks lac the dexterit and sensory capabilities of uman hand. Mobile rob ots encoun ter problems attempting to duplicate the degree of comp etence displa ed simple insects and the complex capabilities of uman are still long ey ond their cur- ren skills. Despite the ab lac of abilit rob ots can still erform useful functions and, as their capabilities impro e, this range will increase. Man industrial assem blies are erformed umans, who are readily taugh new applications and are quic to adapt to di�eren situations. The adv anced sensory skills ossessed umans, in particular, touc h, force, and vision, allo skillful handling of assem bly pieces, including complian motions whic are particularly di�cult to con trol in most automated systems. With the application of in tellectual reasoning and basic common sense, directed ex- erimen tation or previous kno wledge of ossible problems can lead to quic diagnosis of the fault if assem bly pieces cannot correctly �tted together. The part, or parts, at fault can discarded, or reco ery actions can erformed. Human assem bly ork ers can easily adapt to hanges of assem bly pro duct. On List of ables 6{1 Soma part pic up runs. 148 6{2 Whole System assem bly runs. 158 xii List of Figures xi B{9 Find Cen tre Beha vioural Mo dule 188 B{10 Hun Cen tre Beha vioural Mo dule 188 B{11 Chec Pressed Beha vioural Mo dule 189 B{12 Compare Heigh Beha vioural Mo dule 189 B{13 Lo cation Beha vioural Mo dule 190 B{14 Find Drop Beha vioural Mo dule 190 B{15 Compare oin ts Beha vioural Mo dule 191 B{16 Un wind Gripp er Beha vioural Mo dule 191 B{17 Pic Double Snap Beha vioural Mo dule 191 B{18 Pic Up Beha vioural Mo dule 192 C{1 Spine Represen tation of the Soma-5 set. 194 D{1 Spine Represen tation the Soma-5a group. 195 List of Figures 6{5 Exp erimen tal Runs using the art Acquisition Beha vioural Mo d- ules. 154 6{6 Calculated cen tres and orien tation for the Soma part lell. 159 6{7 Calculated cen tres and orien tation for the Soma part ell. 159 6{8 Calculated cen tres and orien tation for the Soma part fork2. 160 6{9 Calculated cen tres and orien tation for the Soma part fork3. 160 6{10 Calculated cen tres and orien tation for the Soma part left. 161 6{11 Calculated cen tres and orien tation for the Soma part zed. 161 6{12 Calculated cen tres and orien tation for the Soma part righ t. 162 6{13 Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules. 163 6{14 Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (part acquisition). 164 6{15 Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (regrasp). 165 6{16 Exp erimen tal Runs using the complete set of Beha vioural Mo d- ules (placing the part). 166 B{1 Key for Beha vioural Mo dule Diagrams. 184 B{2 Normal Pic Beha vioural Mo dule 185 B{3 Find Lo cation Beha vioural Mo dule 185 B{4 Find Cub op Beha vioural Mo dule 186 B{5 Find Heigh Beha vioural Mo dule 186 B{6 Safe Heigh Beha vioural Mo dule 187 B{7 Monitored Mo Beha vioural Mo dule 187 B{8 Chec Sensors Beha vioural Mo dule 187 List of Figures ix 5{8 Adept rob ot ork cell limitations Gripp er rotation 2. 116 5{9 Adept rob ot ork cell limitations Gripp er rotation 3. 116 5{10 orce/T orque Sensor Sandwic h. 117 5{11 Gripp er after do wn ard prob to lo cate cub top. 119 5{12 Finding orien tation of Soma part Strategy 1. 120 5{13 Finding orien tation of Soma part Strategy 2. 120 5{14 Final osition of the ligh tb eam sensors on part pic k-up. 121 5{15 Using the Adept wrist to push the Soma part in to place. 123 5{16 Strategy for �nding cub top (ha ving found hamfer). 125 5{17 First strategy to cen tre the cub in gripp er. 126 5{18 Second strategy to cen tre the Soma part in the gripp er. 127 5{19 urning regrasp part through 180 degrees (b efore). 129 5{20 urning regrasp part through 180 degrees (after). 130 5{21 Safe Heigh Beha vioural Mo dule. 135 5{22 Monitored Mo Beha vioural Mo dule. 136 5{23 Find Heigh Beha vioural Mo dule. 137 5{24 Find Cub op Beha vioural Mo dule. 138 5{25 Regrasp Beha vioural Mo dule. 142 6{1 Actual cen tres and orien tation of Soma cub for pic k-up runs. 150 6{2 Calculated cen tres and orien tation of Soma cub for pic k-up runs. 150 6{3 Di�erence et een Actual and Calculated cen tres and orien ta- tions. 151 6{4 Pic Up rial 153 List of Figures viii 3{6 An example of the 3D eg-in-Hole in the Soma-7 orld. 64 3{7 The �v degree of freedom Adept Rob ot. 66 3{8 Represen tation of the ‘fork3’ Soma-4 part. 69 3{9 Regrasp placemen of the ‘righ t’ Soma-4 part. 71 3{10 Regrasp acquisition of the ‘righ t’ Soma-4 part. 71 3{11 adding of assem bly 74 3{12 Cyclic adjacency relationship of parts. 74 3{13 AL-II pre-co ded pro cedures generated from the Prolog list. 75 3{14 AL-II Beha vioural Mo dule designed to pic up Soma part. 77 3{15 Strategy to cen tre the Soma part sw eeping motions. 80 3{16 Strategy to cen tre the Soma part double snap. 80 4{1 Key for Beha vioural Mo dule Diagrams. 88 4{2 An Example of Beha vioural Mo dule. 89 4{3 Example of general Beha vioural Mo dule. 91 4{4 Single lev el Alternativ Execution ath. 99 4{5 Multiple lev el Alternativ Execution ath. 100 5{1 Chamfered Soma-4 Shap ork3. 105 5{2 The original gripp er �ngers. 108 5{3 Second set of gripp er �ngers (view A). 111 5{4 Second set of gripp er �ngers (view B). 111 5{5 CAD mo del of the �nger design. 112 5{6 Comm unication within the system. 114 5{7 Adept rob ot ork cell limitations Gripp er rotation 1. 115 List of Figures 2{1 ariation and Uncertain 12 2{2 Relationship et een the rob ot end-e�ector and join angles [Craig, 1989]. 15 2{3 Example of AL-II rob ot program. 18 2{4 Error Detection and Reco ery [Gini Gini, 1983]. 30 2{5 Multiv ariable serv omec hanism [Albus, 1981], page 114. 43 2{6 arying eedbac [Albus, 1981], page 115. 44 2{7 cross-coupled pro cessing-generating hierarc [Albus, 1981], page 129. 45 2{8 Horizon tal decomp osition of mobile rob ot con trol system in to functional mo dules [Bro oks, 1986]. 49 2{9 ertical decomp osition of mobile rob ot con trol system based on task ac hieving mo dules [Bro oks, 1986]. 49 2{10 Con trol la ers in the Subsumption Arc hitecture [Bro oks, 1986]. 52 3{1 hierarc hical decomp osition. 59 3{2 Soma-3 set. 61 3{3 Soma shap es comp osed of cub es. 62 3{4 Some Soma Assem blies. 62 3{5 An example of the 2D eg-in-Hole in the Soma-5 orld. 64 vii able of Con ten ts vi D. Soma5a 195 E. Pic Run ables 196 F. Whole Run ables 201 Bibliograph 213 able of Con ten ts 5.5 Alternativ Execution ath 140 5.6 Summary of the Exp erimen tal System Reliabilit 143 5.6.1 Planner strategies 144 5.6.2 ariation and Uncertain Handling Strategies 144 5.6.3 Exit States, the Ideal Execution ath, and Alternativ Execution aths 145 6. Exp erimen tal Results 147 6.1 art Acquisition Exp erimen ts 147 6.1.1 ariation 149 6.1.2 Pic k-up results 151 6.2 Whole System Exp erimen ts 157 6.3 Summary of assem bly runs 168 7. Conclusions and urther ork 170 7.1 Summary 170 7.2 Summary of the thesis ork 171 7.2.1 The Thesis Con tribution 173 7.3 urther ork 176 7.3.1 System Extensions 176 7.3.2 Long erm 177 A. Prolog List for Soma Assem bly 179 B. Beha vioural Mo dule Diagrams 182 C. Spine Represen tation of the Soma-5 Set 193 able of Con ten ts iv 3.1.2 Beha vioural Mo dules 57 3.2 The SOMASS Rob otic Assem bly System 60 3.2.1 The Soma orld 61 3.2.2 SOMASS System Ov erview 65 3.2.3 The SOMASS Planner 68 3.2.4 The SOMASS Beha vioural Mo dules 75 3.2.5 SOMASS Reliabilit Strategies 83 4. Increasing the Reliabilit of Beha viour-based Rob otics 85 4.1 System Reliabilit 86 4.2 Diagrams 87 4.3 The Exit State 87 4.4 The Ideal Execution ath and Alternativ Execution aths 93 4.5 Usefulness of the system 97 4.6 Reliable Beha viour-based Rob otic Assem bly 101 5. The Exp erimen tal System 103 5.1 System Outline 104 5.1.1 Implemen tation Stages 106 5.1.2 System Ov erview Ideal Execution ath 117 5.1.3 System Ov erview Alternativ Execution aths 122 5.2 Beha vioural Mo dules 131 5.3 Exit States 135 5.4 Ideal Execution ath 139 able of Con ten ts 1. In tro duction 1.1 The Reliabilit of Rob otic Assem bly 1.2 Beha viour-based Rob otic Assem bly 1.3 Reliable linking of Beha vioural Mo dules 1.4 Outline 2. Related ork 2.1 Bac kground to ariation and Uncertain 10 2.2 Historical ersp ectiv 13 2.3 Rob otic Assem bly Researc at ED AI 24 2.4 ailure Handling 27 2.4.1 Error Detection and Reco ery 28 2.4.2 orst Case Analysis 34 2.4.3 Comp eten Execution Systems 41 2.5 Metho ds Summary 53 3. Beha viour-based Rob otic Assem bly 54 3.1 System decomp osition 55 3.1.1 Planning for Beha viour-based System 55 iii ii Declaration declare that this thesis has een comp osed yself and that the ork describ ed in it is wn. Myra S. Wilson Ac kno wledgemen ts ould lik to thank the follo wing for their help during the preparation of the thesis: Dr Tim Smithers for his guidance, time, and constan supp ort, Chris Malcolm for dev eloping the SOMASS project whic pro vided the foundation for this ork and for his sup ervision in the later stages of the ork, Ho ard Hughes for pro of reading and for his commen ts throughout the ears of sharing an o�ce, and Jonathan Salmon for reading early drafts and for some pro of reading. Thanks also to the tec hnical sta� for help with the practical side of rob otics and to SER for funding. Thanks also to the follo wing mem ers of the AR rob otics discussion group for oth tec hnical and moral supp ort: Alistair Conkie, Mitc Harris, Lyk ourgos etrop oulakis, Piak Chongstitv atana, eter Balc h, Graham Deacon, and Jim Donnett. In addition, ould also lik to thank the follo wing past and presen mem- ers of the departmen who ha help ed to mak time here enjo able, either as dining companions, games pla ers, or sp orts partners (or an com bination of the three): in particular, Mik Cameron-Jones,

Stephen Crane�eld, Diana Ben tal, Barbara ebb, and also all the others who are to umerous to men tion here. ould lik to tak this hance to thank the \Mec hanical Engineers" who elcomed me in to their badmin ton team and also the KBG for man an ener- getic Monda ev ening. ould also lik to thank atmate, Marianne MacLeo d, for putting up with piles of assorted pap ers littering the at for the last few mon ths, and for refraining from dumping them with the newspap ers and ottles to recycled! Last, but most certainly not least, ould sp ecially lik to thank paren ts and sister for their constan supp ort (and ho colate praline!) throughout the course of the thesis. Abstract The researc in this thesis lo oks at impro ving the reliabilit of rob otic as- sem bly while still retaining the exibilit to hange the system to cop with dif- feren assem blies. The lac of truly exible rob otic assem bly system presen ts problem whic curren systems ha et to ercome. An exp erimen tal sys- tem has een designed and implemen ted to demonstrate the ideas presen ted in this ork. Runs of this system ha also een erformed to test and assess the sc heme whic has een dev elop ed. The Beha viour-based SOMASS system lo oks at decomp osing the task in to mo dular units, called Beha vioural Mo dules, whic reliably erform the as- sem bly task using ariation reducing strategies. The thesis ork lo oks at expanding this framew ork to pro duce system whic relaxes the constrain ts of complete reliabilit within Beha vioural Mo dule em edding these in re- liable system arc hitecture. This means that Beha vioural Mo dules do not ha to guaran tee to successfully erform their giv en task but instead can erform it adequately with ccasional failures dealt with the appropriate in tro duction of alternativ actions. do this, the concepts of Exit States the Ide al Exe cution Path and lter- native Exe cution Paths ha een describ ed. The Exit State of Beha vioural Mo dule giv es an indication of the con trol path whic has actually een tak en during its execution. This information, along with appropriate information ailable to the execution system (suc as sensor and planner data), allo ws the Ideal Execution ath and Alternativ Execution aths to de�ned. These sho w, resp ectiv ely the est con trol path through the system (as determined the system designer) and alternativ con trol routes whic can tak en when necessary Ac hieving Reliabilit using Beha vioural Mo dules in Rob otic Assem bly System Myra Scott Wilson Ph.D. Univ ersit of Edin burgh 1992