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 ABSTRACT 

 LeYeUaJLQJ NRYeO TeacKLQJ DRPaLQV TRZaUd BURadeU PaUWLcLSaWLRQ LQ CRPSXWLQJ 

 b\ 

 EPLO\ MaULe LRYeOO 

 TKe fLeOd Rf cRPSXWeU VcLeQce KaV ORQJ beeQ SOaJXed b\ LVVXeV Rf dLYeUVLW\ ± LQ 

 SaUWLcXOaU, aWWUacWLQJ aQd UeWaLQLQJ WKRVe KLVWRULcaOO\ PaUJLQaOL]ed LQ cRPSXWLQJ 

 cRQWe[WV. TKLV LV a JUeaW ORVV WR WKe fLeOd, WR WKe fXWXUe Rf LQQRYaWLRQ, aQd WR VRcLeW\. 

 PeUKaSV PRVW LPSRUWaQWO\, LW LV aQ LQcaOcXOabOe ORVV WR WKRVe SRSXOaWLRQV e[cOXded 

 fURP SXUVXLQJ a SaVVLRQ fRU cRPSXWLQJ LQ WKe fLUVW SOace. 

 TKLV dLVVeUWaWLRQ cKURQLcOeV a cROOecWLRQ Rf SURMecWV aLPed aW bURadeQLQJ SeUceSWLRQV 

 Rf cRPSXWLQJ, ZKR LV SaUWLcLSaWLQJ LQ cRPSXWLQJ, aQd ZKaW NLQdV Rf aUWLfacWV aUe 

 cUeaWed ZLWK cRPSXWLQJ. TKeVe SURMecWV OeYeUaJe e[WeQVLYe fLeOdZRUN LQ WKe 

 edXcaWLRQaO dRPaLQV Rf cRPSXWaWLRQaO cUafW aQd RSeQ VRXUce cRQWULbXWLRQ; WKe\ eQWaLO 

 (1) cRXUVe deVLJQ aW WKe cROOeJe OeYeO aQd (2) WRRO aQd cXUULcXOXP deVLJQ fRU a PRUe 

 RSeQ-eQded aXdLeQce Rf KRbb\LVWV aQd edXcaWRUV. TKe cRQWULbXWLRQ Rf WKLV dLVVeUWaWLRQ 

 LV dRcXPeQWaWLRQ Rf WKeVe deVLJQ SURceVVeV, aORQJ ZLWK P\ VXbVeTXeQW UefOecWLRQV, 

 UecRPPeQdaWLRQV, aQd aQaO\VLV. 

 YLLL 



 FLUVW, I VKaUe P\ e[SeULeQce deVLJQLQJ WZR cRXUVeV deYeORSed ZKLOe RQ facXOW\ aW 

 BeUea CROOeJe:  CUafW Rf CRPSXWiQg  , ZKLcK aLPV WR aWWUacW a dLYeUVLW\ Rf fLUVW- aQd 

 VecRQd-\eaU VWXdeQWV WR cRPSXWLQJ, aQd  OSeQ SRXUce  SRfWZaUe EQgiQeeUiQg  , ZKLcK 

 VeeNV WR UeWaLQ a dLYeUVLW\ Rf XSSeUcOaVVPeQ WKURXJK JUadXaWLRQ aQd LQWR cRPSXWLQJ 

 caUeeUV be\RQd. SecRQd, I UeYLVLW P\ RZQ SULRU ZRUN LQ e-We[WLOeV WRRO/cXUULcXOXP 

 deVLJQ, VKaULQJ ORQJ-WeUP LPSacW aQaO\VLV fRU WKe LLO\TLQ\ VeZabOe PLcURcRQWUROOeU 

 aQd accRPSaQ\LQJ ZRUNVKRS JXLde. 

 EYLdeQce VR faU VXJJeVWV WKaW P\ fRUa\V LQWR cROOeJe cRXUVe deVLJQ VXcceVVfXOO\ 

 SLTXed VWXdeQWV' LQWeUeVW LQ QeZ dRPaLQV, ZKLOe SRVLWLYeO\ LQfOXeQcLQJ WKeLU 

 cRQfLdeQce, LdeQWLW\, aQd VeQVe Rf beORQJLQJ. AQaO\VLV Rf WKe LLO\TLQ\ aQd 

 accRPSaQ\LQJ ZRUNVKRS cXUULcXOXP LV aOVR SURPLVLQJ; LW VKRZV WKaW aQ LQe[SeQVLYe 

 aQd VWabOe WRRO, cRXSOed ZLWK fUeeO\ aYaLOabOe LQVWUXcWLRQaO UeVRXUceV, caQ LQdeed 

 acKLeYe ZLdeVSUead adRSWLRQ LQ a PaUNeW VXJJeVWLYe Rf QRYLce aQd edXcaWLRQaO XVe. 

 L[ 



 To my shadoẁ Lyra Wenley̆ 

 [ 



 AckłŋƒledgemełŶŭ 

 IW LV RfWeQ VaLd WKaW fLQdLQJ WKe ULJKW adYLVRU LV WKe PRVW LQfOXeQWLaO facWRU LQ RQe'V 

 JUadXaWe VcKRRO e[SeULeQce... aQd I beOLeYe WKLV WKURXJK aQd WKURXJK. I RZe aQ 

 eQRUPRXV debW Rf JUaWLWXde WR JaPeV DaYLV, P\ adYLVRU RQ aQd Rff fRU RYeU 15 \eaUV 

 QRZ. IW ZaV JaPeV ZKR fLUVW WUXVWed Pe ZLWK a cRXUVe UedeVLJQ aQd ZKR OeQW Pe a 

 cRS\ Rf  UQORckiQg Whe COXbhRXVe  ZKeQ I ZaV feeOLQJ dLVcRXUaJed LQ cROOeJe. IW ZaV 

 aOVR JaPeV ZKR VXJJeVWed I cRQVLdeU JUadXaWe VcKRRO ± aQd ZKR WKeQ ZURWe OeWWeUV Rf 

 UecRPPeQdaWLRQ RQ aOPRVW QR QRWLce, ZKR NeSW LQ WRXcK ZLWK Pe ZKLOe I ZaV aW MIT, 

 aQd ZKR RffeUed Pe aQ acadePLc KRPe WR fLQLVK P\ dRcWRUaWe ZKeQ I OefW. AORQJ WKe 

 Za\, JaPeV KaV beeQ aQ XQZaYeULQJ aOO\, adYRcaWe, cKaPSLRQ, aQd PeQWRU; Ke KaV 

 VXSSRUWed Pe LQ cKaVLQJ P\  SaVVLRQV, LQcOXdLQJ deWRXULQJ WR WeacK aW a OLbeUaO aUWV 

 cROOeJe RQce LW becaPe cOeaU WKaW I WKULYe LQ WKe cOaVVURRP. M\ PeaQdeULQJ SaWK KaV 

 XOWLPaWeO\ caXVed JaPeV a JUeaW deaO Rf KeadacKe aQd SaSeUZRUN, bXW Ke KaV YRXcKed 

 fRU Pe eYeU\ VWeS Rf WKe Za\. He KaV WaXJKW Pe KRZ WR VWa\ caOP XQdeU SUeVVXUe, KRZ 

 WR PaLQWaLQ SeUVSecWLYe, aQd KRZ WR ePbUace OLfe'V XQSUedLcWabLOLW\. He KaV VXSSRUWed 

 Pe LQ baOaQcLQJ cRPSeWLQJ SULRULWLeV, ZKLOe aOZa\V SXWWLQJ P\ KeaOWK fLUVW. TKaQN 

 \RX, JaPeV, fRU QXUWXULQJ P\ JURZWK LPPeaVXUabO\ aV a ZULWeU, cRPPXQLcaWRU, 

 UeVeaUcKeU, aQd edXcaWRU ± aQd fRU aOZa\V WUeaWLQJ Pe aV a cROOeaJXe. 

 I RZe JUeaW WKaQNV aV ZeOO WR DaYLd Lee aQd JaQ PeaUce, fRU VeUYLQJ RQ P\ cRPPLWWee 

 aQd eQULcKLQJ P\ ZRUN. TKaQN \RX fRU aVNLQJ WKRXJKWfXO TXeVWLRQV, RffeULQJ 

 [L 



 cRQVWUXcWLYe feedbacN, aQd ZKROeKeaUWedO\ eQdRUVLQJ P\ fRcXV RQ cRPSXWLQJ 

 edXcaWLRQ. LLQda WeUQeU aQd CKaUOLe McDRZeOO aOVR VXSSRUWed P\ cRPSXWLQJ 

 edXcaWLRQ MRXUQe\ aW UCSC; CKaUOLe WaXJKW P\ fLUVW eYeU SURJUaPPLQJ cOaVV, ZKLOe 

 LLQda OaWeU VSRQVRUed a VePLQaU Rf P\ RZQ deVLJQ. PLRQeeUV LQ WKe fLeOd, WKe\ KaYe 

 RffeUed e[SeUW LQVLJKW, cKaOOeQJLQJ aQd cKeeULQJ Pe aORQJ P\ Za\. 

 M\ MIT adYLVRU, LeaK BXecKOe\, SURYLded a WUePeQdRXV aPRXQW Rf VXSSRUW aQd 

 JXLdaQce WKURXJKRXW P\ PaVWeU'V deJUee aQd eaUO\ LQ P\ dRcWRUaWe; LQ SaUWLcXOaU, VKe 

 eQWUXVWed Pe ZLWK PaNLQJ WKe LLO\TLQ\ a UeaOLW\ aQd VKe facLOLWaWed bULQJLQJ LW WR 

 PaUNeW. MRUe UeceQWO\, VKe RbWaLQed VaOeV daWa ceQWUaO WR P\ dLVVeUWaWLRQ aQd KeOSed 

 WR JXLde P\ eQVXLQJ aQaO\VLV. SSaUNFXQ EOecWURQLcV JeQeURXVO\ SXW WRJeWKeU WKaW daWa 

 VeW aQd KaV PaLQWaLQed WKe LLO\TLQ\ aV SaUW Rf WKeLU SURdXcW OLQe RYeU WKe SaVW WeQ 

 \eaUV. 

 M\ eaUOLeU ZRUN ZaV aOVR VXSSRUWed b\ RWKeUV aW MIT ± eVSecLaOO\ HLJK-LRZ TecK 

 JURXSPaWe DaYLd MeOOLV, ZKR WaXJKW Pe KRZ WR dR PCB Oa\RXW aQd ZKR VXSSRUWed 

 eaUO\ SURJUaPPLQJ ZRUNfORZ fRU WKe LLO\TLQ\. PRO POa JUacLRXVO\ cRQWULbXWed WR WKe 

 deVLJQ Rf WKe ZRUNVKRS JXLde aQd aOVR SKRWRJUaSKed WKe SLORW ZRUNVKRSV. AP\ 

 FLW]JeUaOd Rf MIT'V EdJeUWRQ CeQWeU aQd CKULV RaQdaOO Rf WGBH KeOSed WR SLORW aQd 

 JLYe feedbacN RQ WKe LLO\TLQ\ aQd ZRUNVKRS JXLde. LaWeU RQ, JLe QL aQd NaWaOLe 

 FUeed VSeaUKeaded WKe deVLJQ Rf WKe bRQXV SOXVK PRQVWeU acWLYLW\, ZKLcK Ze WKeQ 

 ZRUNVKRSSed WRJeWKeU. 

 [LL 



 TR eYeU\RQe aW WKe E[SORUaWRULXP'V TLQNeULQJ SWXdLR: WKaQN \RX fRU OeWWLQJ Pe be a 

 JXeVW LQ \RXU ZRUOd! M\ WLPe aW WKe E[SORUaWRULXP WaXJKW Pe VR PXcK abRXW 

 facLOLWaWLRQ aQd LQVSLUed WKe QeedOe feOWed cLUcXLW PLQL-SURMecW LQ  CUafW Rf CRPSXWiQg  . 

 TKe FRVV2VeUYe aQd TeacKLQJ OSeQ SRXUce cRPPXQLWLeV LQYLWed Pe LQWR facXOW\ 

 cLUcOeV befRUe I Kad WKe cUedeQWLaOV WR be WKeUe ± aQd VKRZed Pe MXVW KRZ 

 cROOabRUaWLYe acadePLa caQ be. GLQa LLNLQV, TRP CaOOaZa\, HeLdL EOOLV, GUeJ HLVORS, 

 LRUL PRVWQeU, DaUcL BXUdJe, aQd VR PaQ\ RWKeUV« WKaQN \RX. TKaQNV aOVR WR 

 eYeU\RQe LQ WKe MR]LOOa DeYTRROV cRPPXQLW\ ZKR VXSSRUWed P\ VWXdeQWV, eVSecLaOO\ 

 JaVRQ LaVWeU aQd DaYLd WaOVK. 

 M\ BeUea CROOeJe deSaUWPeQW cKaLUV JaQ PeaUce aQd MaULR NaNa]aZa JUaced P\ WLPe 

 aV a MXQLRU facXOW\ PePbeU ZLWK LPPeQVe fUeedRP aQd UeVSecW. IQ addLWLRQ, NaQc\ 

 GLfW aQd LeVOLe OUWTXLVW-AKUeQV VXSSRUWed Pe ZLWK PeQWRUVKLS aQd adYRcac\, ZKLOe 

 DeaQV CKad BeUU\ aQd MaWW SadeUKROP RffeUed LQVWLWXWLRQaO fOe[LbLOLW\ LQ VXSSRUW Rf 

 P\ KeaOWK. CROOeaJXeV DaQ FeLQbeUJ, LLVa MaUNV, Le[ LaQcaVWeU, aQd ScRWW HeJJeQ 

 RffeUed fULeQdVKLS, cKaOOeQJed Pe aV aQ edXcaWRU, aQd SURYLded LQSXW RQ P\ eYROYLQJ 

 cRXUVeV. AP\ NLcKROV, AdULaQa N~xe], aQd BLOO\ KRULQNR OeQW accRXQWabLOLW\, 

 cRPPLVeUaWLRQ, aQd VXSSRUW aV Ze aOO VRXJKW WR baOaQce dLVVeUWaWLRQV ZLWK WeacKLQJ. 

 AQd WR WKe WeacKLQJ aVVLVWaQWV aQd VWXdeQWV acURVV aOO Rf P\ cRXUVeV« \'aOO aUe 

 aPa]LQJ! SaQdUa PeUNLQV aQd BULa WLOOLaPV eVSecLaOO\ KeOSed JeW  CUafW Rf CRPSXWiQg 

 [LLL 



 Rff WKe JURXQd, afWeU ZKLcK CRd\ MLWcKeOO aQd JacRb HLOO WRRN LW WR WKe Qe[W OeYeO. 

 AOe[ SKaUURQ KeOSed caOPO\ VWeeU VWXdeQWV WKURXJK WKe ZaWeUV Rf RSeQ VRXUce. 

 MaQ\ fULeQdV aQd ORYed RQeV KaYe aOVR VXSSRUWed Pe. M\ SaUeQWV, MaUN aQd ELOeeQ, 

 KaYe XQcRQdLWLRQaOO\ KRQRUed eYeU\ WZLVW aQd WXUQ RQ P\ SaWK ± ZKLOe P\ bURWKeU, 

 SeaQ, KaV NeSW Pe KXPbOe aQd OaXJKLQJ aORQJ WKe Za\. I aP JUaWefXO fRU P\ cRKRUWV 

 LQ bRWK edXcaWLRQ aQd cRPSXWeU VcLeQce, eVSecLaOO\ MecaLOa SPLWK, AUQROd SaQcKe] 

 OUda], EWKaQ CKaQJ, PULVcLOOa SXQJ, DKaQ\a SULdKaU, R\aQ CRPSWRQ, BUad DeWWPeU, 

 aQd AfVKLQ MRbUaPaeLQ. (TKaQN \RX, R\aQ, fRU LQYLWLQJ Pe WR P\ fLUVW RSeQ VRXUce 

 ZRUNVKRS!) MRUe UeceQWO\, PaWULcN Ra\ KaV beeQ a VWeadfaVW VRXUce Rf VXSSRUW aQd WKe 

 XOWLPaWe SaQdePLc WeaPPaWe, ZKLOe PULVcLOOa SXQJ, MecaLOa SPLWK, aQd AQQe-MaULe 

 MRUe\ KaYe cKaPSLRQed Pe WKURXJK WKe KRPe VWUeWcK ZLWK ZaONV, fRRd deOLYeULeV, 

 aQd cR-ZRUNLQJ. (I ZRXOd QRW be JUadXaWLQJ Lf QRW fRU WKe KXQdUedV Rf KRXUV VSeQW 

 ZRUNLQJ LQ PULVcLOOa'V RffLce aQd RQ ZRRP ZLWK MecaLOa.) M\ dRcWRUV KaYe NeSW Pe 

 KeaOWK\ eQRXJK WR NeeS JRLQJ aQd KaYe caUefXOO\ LQWeUZRYeQ PedLcaO WUeaWPeQW ZLWK 

 deadOLQeV; WKaQN \RX NeYeQa ZXbceYLN, MLVcKa GULedeU, KaWKeULQe LaQWVPaQ, 

 CKULVWLQe GUeeQ, aQd WKe CaOLfRUQLa CeQWeU fRU FXQcWLRQaO MedLcLQe. 

 I KaYe beeQ VR fRUWXQaWe WR OeaUQ fURP PaQ\ e[SeULeQced edXcaWRUV ZKR KaYe RffeUed 

 JXLdaQce aQd eQcRXUaJePeQW, SaWLeQce aQd WUXVW. TKe\ KaYe ePSRZeUed Pe WR fLQd 

 P\ RZQ SOace LQ WKe cOaVVURRP aQd I KRSe WR Sa\ WKLV fRUZaUd, LQVSLULQJ RWKeUV WR 

 e[SeULeQce cRPSXWLQJ ZLWK WKe VaPe cXULRVLW\, SOa\fXOQeVV, aQd PaJLc WKaW I dR. 

 [LY 



 A SRUWiRQ Rf WhiV PaWeUiaO iV baVed XSRQ ZRUk VXSSRUWed b\ Whe NaWiRQaO ScieQce 

 FRXQdaWiRQ GUadXaWe ReVeaUch FeOORZVhiS PURgUaP XQdeU GUaQW NR. DGE-1339067. 

 ThiV ZRUk haV aOVR beeQ fXQded, iQ SaUW, b\ Whe MIT Media Lab CRQVRUWiXP aQd a 

 UCSC DiVVeUWaWiRQ YeaU FeOORZVhiS. 

 [Y 



 ː  ͵ IłŶũŋdŽcŶiŋł 

 TKe fLeOd Rf cRPSXWeU VcLeQce KaV ORQJ e[SeULeQced a deaUWK Rf ZRPeQ aQd RWKeU 

 XQdeUUeSUeVeQWed PLQRULWLeV, RQe ZKLcK KaV beeQ dRcXPeQWed b\ UeVeaUcKeUV aQd 

 UefOecWed LQ bRWK eQUROOPeQW aQd KLULQJ VWaWLVWLcV  [79, 80]  .  TKLV LV a JUeaW ORVV WR WKe 

 fLeOd ± aQd PRUe bURadO\ WR KXPaQLW\ ± aV LQQRYaWLRQ deSeQdV RQ a dLYeUVe ZRUNfRUce 

 [104]  . IQ addLWLRQ, caUeeUV LQ cRPSXWeU VcLeQce affRUd  a JUeaW deaO Rf fOe[LbLOLW\ aQd 

 fLQaQcLaO VWabLOLW\, eQabOLQJ XSZaUd VRcLaO PRbLOLW\ fRU a bURad cURVV-VecWLRQ Rf 

 LQdLYLdXaOV  [95]  . 

 FRU ZRPeQ, WKLV deaUWK KaV PaQLfeVWed aV a decOLQe RYeU WLPe; ZRPeQ KaYe, LQ facW, 

 VeUYed aV VRPe Rf WKe fLeOd'V PRVW LQfOXeQWLaO SLRQeeUV. DaWLQJ bacN WR WKe 1830V, Ada 

 LRYeOace PaLQWaLQed QRWeV ZKLOe ZRUNLQJ RQ CKaUOeV BabbaJe'V AQaO\WLcaO EQJLQe 

 WKaW dRcXPeQW VRPe Rf WKe eaUOLeVW NQRZQ cRPSXWeU SURJUaPV aQd KeU RZQ bURad 

 cRQVLdeUaWLRQV fRU WKe fXWXUe Rf cRPSXWLQJ  [86]  . WKeQ  ENIAC caPe LQWR e[LVWeQce 

 RYeU 100 \eaUV OaWeU, VeUYLQJ aV WKe fLUVW JeQeUaO-SXUSRVe eOecWURQLc cRPSXWeU, LW ZaV a 

 JURXS Rf VL[ ZRPeQ WKaW VeUYed aV LWV fLUVW SURJUaPPeUV ± aQd eYeQ WKe\ ZeUe 

 VeOecWed fURP a PXcK OaUJeU JURXS Rf ZRPeQ ePSOR\ed aV PecKaQLcaO cRPSXWeUV, 

 XVLQJ RQO\ caOcXOaWRUV WR dR WKeLU VRSKLVWLcaWed ZRUN  [66]  . NRW ORQJeU afWeU, GUace 

 HRSSeU LQYeQWed WKe fLUVW cRPSLOeU aQd dURYe WKe SLYRWaO deYeORSPeQW Rf eaUO\ 

 SURJUaPPLQJ OaQJXaJeV  [9]  . IQLWLaOO\ dULYeQ b\ WKe  cRQVWUaLQWV Rf ZaUWLPe, WKe 
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 fROORZLQJ \eaUV SUeVeQWed JUeaW RSSRUWXQLW\ fRU ZRPeQ LQ WKe fLeOd Rf cRPSXWLQJ. 

 HRZeYeU, WKLV XSZaUd WUaMecWRU\ Rf UeSUeVeQWaWLRQ VKLfWed WR a decOLQe LQ WKe 

 PLd-1980V, aV VKRZQ LQ FLJXUe 1.1. We aUe VWLOO UecRYeULQJ fURP WKLV decOLQe WRda\. 

 FigXUe 1.1.  CROOHJH HQUROOPHQW RI ZRPHQ LQ FRPSXWHU  VFLHQFH RYHU WLPH, DV FRPSDUHG WR RWKHU ILHOGV. 

 UQfRUWXQaWeO\, WKRVe fURP QRQ-dRPLQaQW UacLaO aQd eWKQLc JURXSV KaYe beeQ 

 cRQVLVWeQWO\ PaUJLQaOL]ed WKURXJKRXW WKe KLVWRU\ Rf cRPSXWLQJ  [79]  . TKLV SeUVLVWV WR 

 SUeVeQW da\, ZLWK VWXdeQWV Rf cRORU aQd ORZ-LQcRPe VWXdeQWV beLQJ faU OeVV OLNeO\ WR 

 KaYe acceVV WR cRPSXWeU VcLeQce cRXUVeV LQ WKeLU KLJK VcKRROV  [12]  . (AV VKRZQ LQ 

 FLJXUe 1.2, QRQ-VXbXUbaQ VWXdeQWV face baUULeUV WR acceVV aV ZeOO.) TKeVe dLVSaULWLeV 
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 aUe cULWLcaO, aV WKRVe ZLWK acceVV WR cRPSXWLQJ LQ KLJK VcKRRO aUe PXcK PRUe OLNeO\ WR 

 SXUVXe LW LQ cROOeJe  [92]  . 

 FigXUe 1.2.  SFKRROV ZLWK JUHDWHU XQGHUUHSUHVHQWHG  UDFLDO/HWKQLF JURXS HQUROOPHQW, JUHDWHU ORZ-LQFRPH 
 VWXGHQW HQUROOPHQW, DQG VLWXDWHG LQ QRQ-VXEXUEDQ VHWWLQJV DUH DOO OHVV OLNHO\ WR RIIHU FRPSXWHU VFLHQFH. 
 SRXUce: CRde.RUJ. 

 IQ addLWLRQ WR WKe RbYLRXV SURbOeP Rf acceVV, WKeUe aUe PaQ\ facWRUV WKRXJKW WR affecW 

 WKe SeUVLVWeQce Rf KLVWRULcaOO\ PLQRULWL]ed VWXdeQWV LQ cRPSXWeU VcLeQce. FRU e[aPSOe, 

 VeOf-effLcac\, RU beOLef LQ RQe¶V RZQ dRPaLQ-VSecLfLc caSabLOLWLeV, caQ be MXVW aV 

 LPSRUWaQW fRU a VWXdeQW¶V VXcceVV aV WKe VWXdeQW¶V acWXaO caSabLOLWLeV  [6, 7]  . Of 

 SaUWLcXOaU QRWe, dLffeUeQceV LQ SeUceLYed VeOf-effLcac\ acURVV JeQdeU Pa\ KeOS e[SOaLQ 

 WKe cRPSXWeU VcLeQce eQUROOPeQW JaS ± aQd aOVR, SeUVLVWeQce JaS ± beWZeeQ PaOe aQd 

 fePaOe VWXdeQWV aW WKe XQdeUJUadXaWe OeYeO  [88]  . ReVeaUcK  KaV VKRZQ 

 SaLU-SURJUaPPLQJ WR be RQe effecWLYe PeaQV Rf bROVWeULQJ VWXdeQW VeOf-effLcac\ LQ 

 cRPSXWLQJ  [84]  . AQ addLWLRQaO aYeQXe fRU cXOWLYaWLQJ  VeOf-effLcac\ LV fRU a VWXdeQW WR 

 Vee LW PRdeOed b\ aQ LQVWUXcWRU RU PeQWRU  [8]  . 
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 ReOaWed, a JURZWK PLQdVeW LV WKe beOLef WKaW RQe caQ becRPe VPaUWeU b\ ZRUNLQJ 

 KaUdeU, aV RSSRVed WR WKe beOLef WKaW eacK SeUVRQ LV bRUQ ZLWK a fL[ed aPRXQW Rf 

 LQWeOOLJeQce  [27]  . CRPSXWeU VcLeQce LQcOXdeV, b\ QeceVVLW\,  UeSeaWed eQcRXQWeUV ZLWK 

 faLOXUe ² fRU e[aPSOe, WKRXJK LWeUaWLYe VRfWZaUe deVLJQ aQd URXWLQe debXJJLQJ. GLYeQ 

 WKe cRQVWaQW eYROXWLRQ Rf SURJUaPPLQJ OaQJXaJeV aQd SUacWLceV, LW LV aOVR LPSRUWaQW 

 fRU VWXdeQWV WR be cRPfRUWabOe ZLWK a VKLfWLQJ WecKQLcaO OaQdVcaSe  [94]  . SWXdeQWV PXVW 

 feeO cRQfLdeQW LQ WKeLU abLOLW\ WR OeaUQ fURP bRWK KaUd ZRUN aQd PLVWaNeV, OeadLQJ 

 VRPe UeVeaUcKeUV WR SURPRWe cXOWLYaWLRQ Rf a JURZWK PLQdVeW WKURXJK cOaVVURRP 

 LQWeUYeQWLRQV  [25, 124]  . 

 AddLWLRQaO facWRUV WKaW KaYe beeQ VKRZQ WR SRVLWLYeO\ LQfOXeQce aWWUacWLQJ aQd 

 UeWaLQLQJ ZRPeQ, LQ SaUWLcXOaU, aUe: eSLVWePRORJLcaO SOXUaOLVP, a VeQVe Rf beORQJLQJ, 

 aQd WKe SRWeQWLaO WR KaYe SRVLWLYe VRcLaO LPSacW. ReOaWed UeVeaUcK LV cRYeUed LQ deSWK 

 LQ OaWeU cKaSWeUV  [23, 80, 131]  . 

 TKe ZRUN deVcULbed LQ WKLV dLVVeUWaWLRQ bXLOdV RQ aOO Rf WKe afRUePeQWLRQed UeVeaUcK, 

 VeeNLQJ VSecLfLcaOO\ WR aWWUacW aQd UeWaLQ a dLYeUVLW\ Rf VWXdeQWV ± cUeaWLQJ a dLYeUVLW\ 

 Rf cRPSXWaWLRQaO aUWLfacWV ± WKURXJK WKe aSSOLed dRPaLQV Rf cRPSXWaWLRQaO cUafW aQd 

 RSeQ VRXUce cRQWULbXWLRQ. TKLV LV dRQe WKURXJK a cRPbLQaWLRQ Rf (1) cRXUVe deVLJQ aW 

 WKe cROOeJe OeYeO aQd (2) WRRO aQd cXUULcXOXP deVLJQ fRU a PRUe RSeQ-eQded aXdLeQce 

 Rf KRbb\LVWV aQd edXcaWRUV; WKXV, P\ ZRUN eQcRPSaVVeV UeVeaUcK RQ KaUdZaUe, 

 VRfWZaUe, aQd cRPSXWLQJ edXcaWLRQ. TKe cRQWULbXWLRQ Rf WKLV dLVVeUWaWLRQ LV 
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 dRcXPeQWaWLRQ Rf WKeVe deVLJQ SURceVVeV, aORQJ ZLWK P\ VXbVeTXeQW UefOecWLRQV, 

 UecRPPeQdaWLRQV, aQd aQaO\VLV. 

 ː ̆ː   BackgũŋŽłd ͬ MŋŶiƑaŶiŋł 

 I fLUVW Kad WKe RSSRUWXQLW\ WR OeaUQ abRXW cRXUVe deVLJQ ZKLOe eQUROOed aV aQ 

 XQdeUJUadXaWe aW UCSC. AV I SURJUeVVed WKURXJK WKe cRPSXWeU VcLeQce cXUULcXOXP 

 LQWR XSSeU-dLYLVLRQ cRXUVeZRUN, I QRWLced feZeU aQd feZeU fePaOe VWXdeQWV LQ P\ 

 cOaVVeV ² eVSecLaOO\ P\ LQWURdXcWRU\ cRPSXWeU JUaSKLcV cOaVV. IQ WKe \eaU WR fROORZ, 

 WKe facXOW\ PePbeU WeacKLQJ WKe cRXUVe (JaPeV DaYLV, QRZ P\ adYLVRU) VXSSRUWed a 

 VPaOO JURXS Rf VWXdeQWV aQd I LQ VecXULQJ aQ LQVWUXcWLRQaO UefRUP JUaQW WKURXJK 

 UCSC'V CRPPLWWee RQ TeacKLQJ. GXLded b\ RXU RZQ dLYeUVe e[SeULeQceV aQd 

 feedbacN fURP RWKeU VWXdeQWV, Ze XVed WKLV fXQdLQJ WR dUafW aQd VXSSRUW a UeYLVed 

 cXUULcXOXP fRU WKe cRXUVe; a QeZ We[WbRRN, UeYLVed aVVLJQPeQWV, aQd SaUWLaO VWaffLQJ Rf 

 VWXdeQW Oab VecWLRQV. WKeQ a QeZ cRXUVe,  TechQRORg\  TaUgeWed aW SRciaO IVVXeV  , 

 debXWed LQ a OaWeU WeUP, I Kad WKe RSSRUWXQLW\ WR eQJaJe QRQ-eQJLQeeULQJ VWXdeQWV LQ 

 XVLQJ WecKQRORJ\ fRU SRVLWLYe VRcLaO aQd eQYLURQPeQWaO LPSacW WKURXJK ZRUNLQJ aV a 

 cRXUVe aVVLVWaQW. 

 Iłfŋũmal Teachiłg EƗťeũiełce 

 I OaWeU eaUQed P\ PaVWeU¶V deJUee fURP WKe MIT MedLa Lab, ZKeUe I ZRUNed aV a 

 UeVeaUcK aVVLVWaQW LQ WKe HLJK-LRZ TecK JURXS  [44]  .  OXU cRPPRQ JRaO ZaV WR 

 dePRcUaWL]e eQJLQeeULQJ aQd WR WKLV eQd, Ze VWURYe WR VXSSRUW QRYLce/KRbb\LVW 
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 cRPPXQLWLeV aW WKe LQWeUVecWLRQ Rf cUafW aQd WecKQRORJ\. TKLV LQcOXded dRcXPeQWLQJ 

 aQd dLVVePLQaWLQJ RXU RZQ fLQdLQJV ² LQcOXdLQJ SXbOLcaWLRQV, bXW aOVR PaQ\ WXWRULaOV 

 RQ cRPSXWaWLRQaO cUafW WecKQLTXeV, PacKLQeV, aQd PaWeULaOV ² aV ZeOO aV deYeORSLQJ 

 WRRONLWV ZKLcK LQYLWed SaUWLcLSaWLRQ fURP aXdLeQceV QRW KLVWRULcaOO\ dUaZQ WR 

 eOecWURQLcV RU cRQYeQWLRQaO SURJUaPPLQJ. 

 AOVR ceQWUaO WR HLJK-LRZ TecK'V PLVVLRQ ZaV RXU eQJaJePeQW LQ LQfRUPaO edXcaWLRQ 

 WR VXSSRUW (aQd aOVR, WR OeaUQ fURP!) dLYeUVe aQd XQdeUUeSUeVeQWed JURXSV LQ 

 cRPSXWLQJ. TKLV LQcOXded QXPeURXV ZRUNVKRSV ZLWK PLddOe aQd KLJK VcKRRO VWXdeQWV, 

 XQLYeUVLW\ deVLJQ VWXdeQWV, aQd cRPPXQLW\ aUWLVWV/cUafWVSeRSOe, LQ ZKLcK Ze ZRXOd 

 WeacK KRZ WR bXLOd LQWeUacWLYe cLUcXLWV XVLQJ cRPSXWaWLRQaO cUafW PaWeULaOV (VXcK aV 

 eOecWULcaOO\ cRQdXcWLYe fabULcV, WKUeadV, aQd SaLQWV) aQd/RU SK\VLcaO cRPSXWLQJ 

 SOaWfRUPV VXcK aV AUdXLQR  [3]  . VeQXeV fRU WKeVe ZRUNVKRSV  LQcOXded WKe MIT 

 MXVeXP, WKe FXOOeU CUafW MXVeXP, MaNeU FaLUe, SIGGRAPH, aQd WKe CRPSXWeU 

 COXbKRXVe IQWeUQaWLRQaO CRQfeUeQce. OXU XOWLPaWe RbMecWLYe ZaV WR ePSRZeU 

 SaUWLcLSaQWV WR feeO PRUe cRPfRUWabOe cUeaWLQJ ZLWK eOecWURQLcV ² aQd LQ VRPe caVeV, 

 WR LQcRUSRUaWe LQWeUacWLYe cLUcXLWU\ LQWR aQ e[LVWLQJ aUW RU deVLJQ SUacWLce. IQ WXUQ, 

 ZRUNVKRS SaUWLcLSaQWV KeOSed XV WR XQdeUVWaQd WKe WecKQRORJ\ baUULeUV WKe\ faced, aQd 

 aOVR VRPeWLPeV VKaUed cUafW e[SeUWLVe LQ aUeaV VXcK aV VcUeeQSULQWLQJ, ZeaYLQJ, aQd 

 ceUaPLcV. TKeVe ZRUNVKRSV VeUYed aV a YaOXabOe fLeOdZRUN cRPSRQeQW WR P\ 

 UeVeaUcK, aOORZLQJ fRU UefOecWLRQ WKURXJKRXW WKe LWeUaWLYe LQVWUXcWLRQaO deVLJQ SURceVV. 

 PUeSaUaWLRQ fRU eacK ZRUNVKRS UeTXLUed WKRXJKWfXO cRQVLdeUaWLRQ Rf SeUVRQaOL]aWLRQ, 
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 UeVRXUceV, acWLYLW\ VWUXcWXUe, aQd QeceVVaU\ WecKQLcaO NQRZOedJe. SRPe Rf WKeVe 

 ZRUNVKRSV aQd cROOabRUaWLRQV aUe VKRZQ LQ FLJXUe 1.3. 

 FigXUe 1.3.  7RS URZ: FRPSXWDWLRQDO FUDIW ZRUNVKRSV  ZLWK TXLOWHUV (OHIW), VFUDSERRNHUV (FHQWHU), DQG D 
 FHUDPLFV DUWLVW (ULJKW). BRWWRP URZ: LHDUQLQJ WR VFUHHQSULQW DW EQVAD PDULV (IRU ODWHU XVH ZLWK 
 WKHUPRFKURPLF LQNV), SDUWLFLSDWLQJ LQ DQ RXWUHDFK HYHQW IRU \RXQJ ZRPHQ DW MLFURVRIW NERD, DQG 
 OHDUQLQJ KRZ ZHDYHU DHQD MROQDU LV LQWHJUDWLQJ FRQGXFWLYH PDWHULDOV LQWR KHU SUDFWLFH. 

 TZR UeOaWed SURMecWV ZKLcK I cRQWULbXWed WR dXULQJ WKLV WLPe, bXW ZKLcK aUe QRW 

 deWaLOed LQ WKLV dLVVeUWaWLRQ aUe:  CRS\CAD  , eQabOLQJ  cRS\ aQd SaVWe Rf SK\VLcaO 

 RbMecWV, aQd  The LiYiQg WaOO  , a SURJUaPPabOe ZaOOSaSeU  ZKLcK OeYeUaJeV a 

 UecRQfLJXUabOe PaJQeWLc AUdXLQR-baVed WRRONLW. TKeVe SURMecWV ZeUe SUeVeQWed LQ 

 2010 aW ACM'V UIST aQd MXOWLPedLa cRQfeUeQceV, UeVSecWLYeO\  [18, 36]  . 

 TKURXJKRXW P\ WLPe aW MIT, P\ RZQ LQdLYLdXaO UeVeaUcK fRcXVed RQ deYeORSLQJ 

 WRROV/cXUULcXOa WR VXSSRUW cRPSXWaWLRQaO We[WLOeV aW WKe K-12 OeYeO. IQ addLWLRQ WR 

 RUJaQL]LQJ P\ RZQ RXWUeacK ZRUNVKRSV, PRVWO\ ZLWK \RXQJ ZRPeQ, I aOVR deYeORSed 
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 UeVRXUceV WR VXSSRUW LQfRUPaO OeaUQeUV ZRUNLQJ RQ WKeLU RZQ; I VWaUWed b\ deYeORSLQJ 

 YeU\ baVLc eOecWURQLc VeZLQJ WXWRULaOV RQOLQe (WKeUe ZaV OLWWOe fUeeO\ aYaLOabOe aW WKe 

 WLPe)  [39]  aQd OaWeU cROOabRUaWed ZLWK edXcaWLRQ facXOW\  WR deYeORS aQ RQOLQe 

 cRPPXQLW\ fRU WKe VKaULQJ Rf e-We[WLOe SURMecWV. FLJXUe 1.4 VKRZV VeOecW VcUeeQVKRWV 

 fURP WKeVe WZR Zeb-baVed SURMecWV, ZKLcK ZeUe SUeVeQWed aW ACM'V IDC aQd C&C 

 cRQfeUeQceV LQ 2010 aQd 2011  [71, 72]  . 

 FigXUe 1.4.  SFUHHQVKRWV IURP P\ HDUOLHVW H-VHZLQJ  WXWRULDO ZHEVLWH (OHIW) DQG WKH ODWHU LLO\PRQG 
 FRPPXQLW\ ZHEVLWH (FHQWHU DQG ULJKW). 

 IW becaPe aSSaUeQW WKaW WKeUe ZaV a UeVRXUce JaS fRU edXcaWRUV ZaQWLQJ WR LQWURdXce 

 SK\VLcaO cRPSXWLQJ WKURXJK VeZQ cLUcXLWV; UeTXLUed SK\VLcaO PaWeULaOV ZeUe 

 SURKLbLWLYeO\ e[SeQVLYe aQd cXUULcXOa ZeUe eLWKeU WRR LQWURdXcWRU\ RU WRR adYaQced. 

 M\ MIT PaVWeU¶V WKeVLV addUeVVed WKLV ZLWK WKe SLORW, deYeORSPeQW, aQd OaXQcK Rf a 

 ZRUNVKRS cXUULcXOXP  [69, 77]  . IQ addLWLRQ, I deVLJQed  aQd SURWRW\Sed a ORZ-cRVW RSeQ 

 VRXUce VeZabOe PLcURcRQWUROOeU NQRZQ aV WKe LLO\TLQ\ ² QRZ VROd b\ SSaUNFXQ 

 EOecWURQLcV aV SaUW Rf WKe LLO\Pad AUdXLQR SURdXcW OLQe  [67]  . TKLV ZRUN LV fXUWKeU 

 deWaLOed LQ CKaSWeU FRXU, aORQJ ZLWK a UeceQW fROORZ-RQ aQaO\VLV. 
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 I KaYe aOVR VRXJKW WR VXSSRUW e[SeULeQWLaO OeaUQLQJ ZLWK cRPSXWaWLRQaO cUafW WKURXJK 

 cROOabRUaWLQJ ZLWK PXVeXPV aQd PXVeXP edXcaWRUV. TKLV KaV LQcOXded facLOLWaWLQJ 

 RQe-Rff acWLYLWLeV (VXcK aV aW SaQWa CUX]'V RZQ MXVeXP Rf AUW aQd HLVWRU\) aQd a 

 WKUee-PRQWK ORQJ LQWeUQVKLS ZLWK WKe E[SORUaWRULXP'V TLQNeULQJ SWXdLR LQ SaQ 

 FUaQcLVcR (RffeUed WKURXJK WKe MaNeU EdXcaWLRQ IQLWLaWLYe'V MaNeU CRUSV SURJUaP) 

 [78, 129]  . WRUNLQJ aW WKe E[SORUaWRULXP, LQ SaUWLcXOaU,  RffeUed LQ-deSWK e[SeULeQce 

 deVLJQLQJ dURS-LQ acWLYLWLeV, eQJaJLQJ ZLWK caVXaO OeaUQeUV, aQd cUeaWLQJ SK\VLcaO 

 dePRV/e[aPSOeV URbXVW eQRXJK fRU a PXVeXP fORRU. FLJXUe 1.5 KLJKOLJKWV VRPe 

 acWLYLWLeV, eYeQWV, aQd e[aPSOe SURMecWV fURP WKLV WLPe SeULRd. 

 FigXUe 1.5  . 7RS URZ: IDFLOLWDWLQJ DQ DFWLYLW\ ZLWK  E[SORUDWRULXP YLVLWRUV, IDFLOLWDWLQJ DW DQ HYHQLQJ 
 VSHFLDO HYHQW ZLWK VRIW FLUFXLW DUWLVWV DQG H[SHUWV GUDFH KLP DQG S\X]L PDNKFK\DQ. BRWWRP URZ: 
 H[DPSOH SDSHU FLUFXLWV FUHDWHG IRU PXVHXP GLVSOD\ (OHIW DQG FHQWHU), LQWHUDFWLYH SDSHU FLUFXLW H[DPSOH 
 IRU PXVHXP YLVLWRUV (ULJKW). 
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 AfWeU cRPSOeWLQJ WKe fLUVW \eaU Rf P\ dRcWRUaWe aW MIT ± aQd fROORZLQJ WKe dLVVROXWLRQ 

 Rf HLJK-LRZ TecK ± I UeWXUQed WR UCSC WR cRQWLQXe P\ dRcWRUaWe. WKLOe e[SORULQJ 

 SRWeQWLaO QeZ UeVeaUcK dLUecWLRQV, I ZaV LQYLWed WR YROXQWeeU aW a RQe-da\  OSeQ SRXUce 

 CRPeV WR CaPSX  V ZRUNVKRS aW HaUWQeOO CROOeJe. TKLV  ZRUNVKRS ZaV cR-RUJaQL]ed b\ 

 CSU MRQWeUe\ Ba\ aQd HaUWQeOO¶V LQQRYaWLYe CSLQ3 SURJUaP  [95]  , ZKLcK VeeNV WR 

 JUadXaWe XQdeUUeSUeVeQWed VWXdeQWV LQ RQO\ WKUee \eaUV ² aQd b\ OSeQHaWcK, ZKLcK 

 ZaV a QRQ-SURfLW RUJaQL]aWLRQ WKaW VXSSRUWed QRYLce RSeQ VRXUce cRQWULbXWRUV WKURXJK 

 RQOLQe UeVRXUceV aQd LQ-SeUVRQ ZRUNVKRSV  [103]  . AV  a PeQWRU aW WKe ZRUNVKRS, I 

 VXSSRUWed a VPaOO JURXS Rf VWXdeQWV LQ dLVcXVVLRQ, KaQdV-RQ e[eUcLVeV, aQd PaNLQJ a 

 cRQWULbXWLRQ WR aQ e[LVWLQJ RSeQ VRXUce SURMecW. 

 IW ZaV bRWK e[cLWLQJ aQd KXPbOLQJ KaYLQJ WR OeaUQ RQ-WKe-fO\, VWa\LQJ RQO\ VWeS VWeS 

 aKead Rf VWXdeQWV WKURXJKRXW WKe da\. OQe Rf WKe VWXdeQWV aQd I VWa\ed LQ WRXcK 

 be\RQd WKe ZRUNVKRS aQd cRQWLQXed PeeWLQJ RQ IRC WR Vee KeU cRQWULbXWLRQ 

 VXcceVVfXOO\ PeUJed LQWR a SURMecW. SKe ZaV eOaWed! SeeLQJ a dLYeUVLW\ Rf VWXdeQWV¶ 

 eQWKXVLaVP fRU OeaUQLQJ UeaO ZRUOd WRROV (L.e. YeUVLRQ cRQWURO, bXJ WUacNLQJ) aQd 

 PaNLQJ a cRQcUeWe cRQWULbXWLRQ WR a UeaO ZRUOd SURMecW VSaUNed P\ RZQ LQWeUeVW LQ 

 XVLQJ RSeQ VRXUce LQ WKe cOaVVURRP aV a PeaQV WR aWWUacW aQd UeWaLQ a bURadeU 

 cURVV-VecWLRQ Rf VWXdeQWV. CKaSWeU TKUee deWaLOV P\ MRXUQe\ fXUWKeU LQWR WKLV WeacKLQJ 

 dRPaLQ. (IQ SaUaOOeO WR aOO Rf WKLV, I aOVR VRXJKW WR JaLQ PRUe SeUVRQaO e[SeULeQce 

 cRQWULbXWLQJ WR aQ RSeQ VRXUce SURMecW. TKLV Oed Pe WR cROOabRUaWe ZLWK WZR RWKeU 

 UCSC cRPSXWeU VcLeQce JUadXaWe VWXdeQWV RQ LQWeUface/XVabLOLW\ LPSURYePeQWV WR 
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 SaKaQa EdeQ, a dLVaVWeU UeVSRQVe SOaWfRUP  [121, 139]  . We SXbOLVKed WKLV ZRUN aW 

 IEEE'V 2015 GHTC  [1]  .) 

 Fŋũmal Teachiłg EƗťeũiełce 

 IQ addLWLRQ WR a ZeaOWK Rf LQfRUPaO WeacKLQJ e[SeULeQce, beLQJ a JUadXaWe VWXdeQW KaV 

 RffeUed PaQ\ RSSRUWXQLWLeV fRU Pe WR JURZ aV a cOaVVURRP edXcaWRU. DXULQJ P\ WLPe 

 LQ WKe HLJK-LRZ TecK UeVeaUcK JURXS, I VeUYed aV a WeacKLQJ aVVLVWaQW fRU a 

 SURMecW-baVed JUadXaWe cRXUVe eQWLWOed  NeZ Te[WiOeV  [98]  , ZKLcK e[SORUed WKe fXWXUe Rf 

 We[WLOeV WKURXJK WKe cRPbLQed OeQVeV Rf cUafW aQd WecKQRORJ\. AfWeU OaWeU UeWXUQLQJ WR 

 UCSC, I ZRUNed aV a WeacKLQJ aVVLVWaQW fRU RXU XQdeUJUadXaWe  IQWURdXcWiRQ WR 

 CRPSXWeU ScieQce  cRXUVe (CMPS 10; UCSC'V YeUVLRQ Rf  a CS0 cRXUVe). 

 I ZaQWed WR SURJUeVV fURP ZRUNLQJ aV a WeacKLQJ aVVLVWaQW WR WeacKLQJ cRXUVeV Rf P\ 

 RZQ, VR P\ adYLVRU VXSSRUWed Pe LQ WaNLQJ RQ a JUadXaWe VWXdeQW LQVWUXcWRU (GSI) 

 SRVLWLRQ WR RffeU P\ RZQ VecWLRQV Rf  IQWURdXcWiRQ  WR CRPSXWeU ScieQce  RYeU WZR 

 cRQVecXWLYe VXPPeUV aW UCSC. AOWKRXJK I fRUWXQaWeO\ LQKeULWed a ZeOO deYeORSed aQd 

 WeVWed cXUULcXOXP ² OaUJeO\ baVed RQ WKe  AP CRPSXWeU  ScieQce PUiQciSOeV  cXUULcXOXP 

 ² I SXW a JUeaW deaO Rf effRUW LQWR addLQJ PRUe acWLYe OeaUQLQJ cRPSRQeQWV, VRPeWKLQJ 

 affRUded b\ P\ VPaOOeU VXPPeU cOaVV VL]eV. TKeVe LQcOXded, fRU e[aPSOe, VPaOO JURXS 

 acWLYLWLeV LQ ZKLcK VWXdeQWV OeaUQed abRXW VeaUcK aOJRULWKPV b\ SOa\LQJ JXeVVLQJ 

 JaPeV aV ZeOO aV dLVcXVVLRQV RQ SURYRcaWLYe YLdeRV aQd UeadLQJV. 
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 DXULQJ WKLV WLPe, I ZaV aOVR RUJaQL]LQJ aQ LQfRUPaO OXQcKWLPe JaWKeULQJ fRU UCSC 

 JUadXaWe VWXdeQWV LQWeUeVWed LQ cRPSXWeU VcLeQce edXcaWLRQ; Ze ZRXOd PeeW PRQWKO\ 

 aQd WaON abRXW SaSeUV Ze ZeUe UeadLQJ, RXU RZQ LdeaV fRU UeVeaUcK SURMecWV, aQd eYeQ 

 Pade SOaQV WR aWWeQd cRQfeUeQceV (VXcK aV SIGCSE) WRJeWKeU. SWXdeQWV LQ WKLV JURXS 

 e[SUeVVed UeSeaWed LQWeUeVW LQ dLYLQJ deeSeU LQWR UeadLQJ aQd dLVcXVVLRQ ² aQd VR P\ 

 adYLVRU, aORQJ ZLWK aQRWKeU facXOW\ PePbeU, LLQda WeUQeU, VXSSRUWed Pe LQ 

 deYeORSLQJ a JUadXaWe OeYeO VePLQaU RQ WKe WRSLc. I SXW WRJeWKeU a WKePed UeadLQJ OLVW 

 ZKLcK LQcOXded a feZ PXVW-Uead SaSeUV fRU eacK ZeeN, aORQJVLde a ORQJeU OLVW Rf 

 VXSSRUWLQJ OLWeUaWXUe. E[aPSOeV Rf WRSLcV/WKePeV WKaW Ze cRYeUed LQcOXde: UeVeaUcK 

 PeWKRdV, WKeRUeWLcaO bacNJURXQd, acWLYe OeaUQLQJ/fOLSSed cOaVVURRPV, bURadeQLQJ 

 SaUWLcLSaWLRQ, aQd SURJUaPPLQJ OaQJXaJeV fRU WeacKLQJ. I RUJaQL]ed dLVcXVVLRQ OeadeUV 

 fRU eacK WRSLc, aQd caPe XS ZLWK P\ RZQ ZeeNO\ dLVcXVVLRQ TXeVWLRQV WR NeeS 

 cRQYeUVaWLRQ fORZLQJ ZKeQ Ze JRW VWXcN. I SXW aOO Rf WKeVe aVVLJQPeQWV/UeVRXUceV LQWR 

 a VKaUed dRcXPeQW RQOLQe ZKLcK Ze cROOecWLYeO\ UeYLVed aQd added UeVRXUceV WR aV 

 WKe\ caPe XS dXULQJ RXU dLVcXVVLRQV. (A cRPSOeWe YeUVLRQ Rf RXU dRcXPeQW, aV LW ZaV 

 aW WKe eQd Rf RXU WLPe WRJeWKeU, LV LQcOXded aV aQ aSSeQdL[.) LLQda cRQWULbXWed KeU 

 RZQ e[WeQVLYe cRPSXWLQJ edXcaWLRQ UeVeaUcK e[SeULeQce b\ VeUYLQJ aV a facXOW\ 

 VSRQVRU fRU WKe cRXUVe, aWWeQdLQJ RXU ZeeNO\ PeeWLQJV, aQd KeOSLQJ WR facLOLWaWe 

 dLVcXVVLRQV. TKe cRXUVe ZaV aOVR aWWeQded b\ CKaUOLe McDRZeOO, aQRWKeU facXOW\ 

 PePbeU ZKRVe UeVeaUcK KaV beeQ LQfOXeQWLaO WR WKe fLeOd Rf cRPSXWLQJ edXcaWLRQ, WKe 
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 JUadXaWe VWXdeQWV fURP RXU eaUOLeU OXQcKWLPe JURXS, aQd a feZ PRUe ZKR OeaUQed Rf 

 WKe cRXUVe WKURXJK fO\eUV/PaLOLQJ OLVWV. 

 IQ P\ WKLUd \eaU Rf dRcWRUaO VWXdLeV aW UCSC, aURXQd WKe WLPe Rf P\ adYaQcePeQW, I 

 ZaV UecUXLWed fRU a facXOW\ SRVLWLRQ aW BeUea CROOeJe. BeUea LV a VPaOO OLbeUaO aUWV 

 cROOeJe ± aQd aOVR a ZRUN cROOeJe ± ORcaWed LQ BeUea, KeQWXcN\. TKe cROOeJe'V PLVVLRQ 

 LV WR VeUYe VWXdeQWV Rf JUeaW acadePLc SURPLVe, bXW OLPLWed ecRQRPLc PeaQV; aOO 

 VWXdeQWV aWWeQd RQ fXOO VcKROaUVKLS aQd SaUWLcLSaWe LQ a caPSXV OabRU SURJUaP, WKURXJK 

 ZKLcK WKe\ ZRUN SaUW-WLPe fRU WKe cROOeJe ZKLOe SXUVXLQJ WKeLU deJUeeV. TKe BeUea 

 VWXdeQW bRd\ LV e[ceSWLRQaOO\ dLYeUVe; 40% aUe VWXdeQWV Rf cRORU, 55% aUe 

 fLUVW-JeQeUaWLRQ cROOeJe VWXdeQWV, aQd 11% aUe LQWeUQaWLRQaO VWXdeQWV (UeSUeVeQWLQJ 76 

 dLffeUeQW cRXQWULeV, PRVWO\ LQ WKe deYeORSLQJ ZRUOd). IW LV a XQLTXe aQd LPSacWfXO 

 VeWWLQJ LQ ZKLcK WR cRQVLdeU bURadeQLQJ SaUWLcLSaWLRQ LQ cRPSXWLQJ, JLYeQ WKaW 

 VWXdeQWV fURP KLVWRULcaOO\ XQdeUVeUYed cRPPXQLWLeV cRPSULVe PRVW Rf WKe VWXdeQW 

 bRd\. 

 WKLOe fRUWXQaWe WR WeacK VRPe Rf P\ RZQ cOaVVeV aV a JUadXaWe VWXdeQW aW UCSC, I 

 VeL]ed WKLV RSSRUWXQLW\ WR MRLQ a VPaOO cRPSXWeU VcLeQce deSaUWPeQW aV a facXOW\ 

 PePbeU, YLeZLQJ LW aV a cKaQce WR dR WUXO\ LPPeUVLYe fLeOdZRUN. BeUea, LQ SaUWLcXOaU, 

 RffeUed Pe WKe fUeedRP WR deYeORS aQd WeacK P\ RZQ cRXUVeV aW WKe bRXQdaULeV Rf 

 cRPSXWeU VcLeQce aQd WR ZRUN cORVeO\ ZLWK XQdeUUeSUeVeQWed VWXdeQWV. IQ addLWLRQ, WKe 

 cROOeJe YaOXeV LQQRYaWLYe WeacKLQJ SedaJRJ\, LQcOXdLQJ acWLYe OeaUQLQJ aQd a fOLSSed 
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 cOaVVURRP aSSURacK. (FLJXUe 1.6 VKRZV P\ eaUO\ SaUWLcLSaWLRQ LQ RQe VXcK 

 LQVWUXcWLRQaO acWLYLW\, LQ ZKLcK VWXdeQWV PXVW YeUbaOO\ "SURJUaP" WKeLU 

 LQVWUXcWRUV-WXUQed-URbRWV WR PaNe a SeaQXW bXWWeU aQd MeOO\ VaQdZLcK.) 

 FigXUe 1.6.  7HDFKLQJ VWXGHQWV WR "WKLQN OLNH D FRPSXWHU  VFLHQWLVW" E\ LVVXLQJ VDQGZLFK-PDNLQJ 
 LQVWUXFWLRQV WR WKHLU LQVWUXFWRUV-WXUQHG-URERWV. (PLFWXUHG: DU. SFRWW HHJJHQ DQG P\VHOI, HDUO\ LQ D CS1 
 WHUP.) 

 I WaXJKW aW BeUea fRU a WRWaO Rf WZR aQd a KaOf \eaUV, dXULQJ ZKLcK P\ UeVeaUcK aQd 

 WeacKLQJ LQWeUeVWV ZeUe QXUWXUed aQd P\ SRVLWLRQ cRQYeUWed fURP WePSRUaU\ WR 

 WeQXUe-WUacN. I deVLJQed WZR QeZ cRPSXWeU VcLeQce cRXUVeV aW WKe ORZeVW aQd KLJKeVW 

 OeYeO RffeUed b\ BeUea (100-OeYeO aQd 400-OeYeO), bRWK Rf ZKLcK aUe deWaLOed LQ WKLV 

 dLVVeUWaWLRQ. I aOVR Kad WKe RSSRUWXQLW\ WR WaNe RYeU BeUea'V CS1-eTXLYaOeQW,  SRfWZaUe 

 DeVigQ & IPSOePeQWaWiRQ  , WeacKLQJ WKUee VecWLRQV LQ  SaUaOOeO LQ P\ fLQaO WeUP. I OefW 
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 P\ QeZfRXQd KRPe (aQd caUeeU) LQ UXUaO ASSaOacKLa dXe RQO\ WR RQJRLQJ cKaOOeQJeV 

 ZLWK P\ KeaOWK aQd WKe dLffLcXOW\ Rf cRPSOeWLQJ a dLVVeUWaWLRQ ZKLOe WeacKLQJ fXOO 

 WLPe. I aP VR WeUULbO\ JUaWefXO fRU KaYLQJ Kad WKLV e[SeULeQce, ZKLcK, LQ WXUQ, becaPe 

 ceQWUaO WR P\ dLVVeUWaWLRQ. 

 CROOecWLYeO\, aOO Rf WKeVe WeacKLQJ e[SeULeQceV ² LQfRUPaO aQd fRUPaO ² aOORZed Pe 

 WR beWWeU XQdeUVWaQd WKe SeUVSecWLYe Rf YaULRXV OeaUQeUV, fURP K-12 VWXdeQWV WR 

 XQLYeUVLW\ VWXdeQWV (VRPeWLPeV, SeeUV) WR cUafWVSeRSOe WR PXVeXP YLVLWRUV. I OeaUQed 

 KRZ WR WUaQVOaWe LdeaV aQd cRQceSWV LQWR cXUULcXOa, KRZ WR aSSeaO WR a dLYeUVLW\ Rf 

 OeaUQLQJ VW\OeV, aQd KRZ WR deVLJQ OeaUQLQJ e[SeULeQceV fRU dLffeUeQW VeWWLQJV; a 

 90-PLQXWe cRXUVe PeeWLQJ aQd 10-PLQXWe dURS-LQ PXVeXP acWLYLW\ cRQWUaVW JUeaWO\ LQ 

 WKeLU cKaOOeQJeV aQd affRUdaQceV! TKeVe e[SeULeQceV aOVR JaYe Pe WKe RSSRUWXQLW\ WR 

 dLUecWO\ RbVeUYe baUULeUV WR OeaUQLQJ abRXW cRPSXWeU VcLeQce aQd eOecWURQLcV, VXcK aV 

 ORZ WecKQRORJLcaO VeOf-effLcac\ aQd a fL[ed PLQdVeW, ZKLcK I ZURWe abRXW aV SaUW Rf WKe 

 2014 ICER DRcWRUaO CRQVRUWLXP  [70]  . TKeVe eaUO\ WeacKLQJ  e[SeULeQceV aOVR JaYe Pe 

 WKe cKaQce WR RbVeUYe UeVRXUce aQd RSSRUWXQLW\ JaSV, VRPe Rf ZKLcK I VRXJKW WR 

 addUeVV LQ P\ OaWeU ZRUN. 
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 ː ̆ˑ   DŋcŽmełŶ OƑeũƑieƒ 

 TKLV UePaLQdeU Rf WKLV dLVVeUWaWLRQ cKURQLcOeV a cROOecWLRQ Rf SURMecWV aLPed aW 

 bURadeQLQJ SeUceSWLRQV Rf cRPSXWLQJ, ZKR LV SaUWLcLSaWLQJ LQ cRPSXWLQJ, aQd ZKaW 

 NLQdV Rf aUWLfacWV aUe cUeaWed ZLWK cRPSXWLQJ. AOO Rf WKeVe SURMecWV aUe VLWXaWed ZLWKLQ 

 WKe OaQdVcaSe Rf aSSOLed dRPaLQV ZKLcK aUe QRW \eW cRPPRQSOace LQ WeacKLQJ, QaPeO\ 

 cRPSXWaWLRQaO cUafW aQd RSeQ VRXUce cRQWULbXWLRQ. 

 CKaSWeUV TZR aQd TKUee VXPPaUL]e WZR PaMRU cXUULcXOXP-deVLJQ SURMecWV 

 XQdeUWaNeQ ZKLOe VeUYLQJ RQ facXOW\ aW BeUea CROOeJe RYeU a WZR aQd a KaOf \eaU 

 SeULRd Rf WLPe. TKe PaMRULW\ Rf WKLV ZRUN ZaV SXbOLVKed aW IEEE'V 2021 FURQWLeUV LQ 

 EdXcaWLRQ CRQfeUeQce  [74, 75]  . S\OOabL fRU P\ fLQaO  RffeULQJV Rf WKeVe cRXUVeV aUe aOVR 

 LQcOXded aV aQ aSSeQdL[. 

 MRUe VSecLfLcaOO\, CKaSWeU TZR UeSRUWV RQ a CS0-OeYeO cRPSXWaWLRQaO cUafW cRXUVe 

 added WR BeUea CROOeJe'V deSaUWPeQWaO RffeULQJV LQ KRSeV Rf fXUWKeU bURadeQLQJ 

 SaUWLcLSaWLRQ. I VXPPaUL]e WKe cRXUVe deVLJQ aQd VWUXcWXUe, ZKLcK ePSKaVL]e 

 aOJRULWKPLc deVLJQ (XVLQJ PURceVVLQJ), KaQdcUafW, aQd dLJLWaO fabULcaWLRQ. I VKaUe 

 e[aPSOeV Rf cUeaWLYe cRPSXWaWLRQaO ZRUN aQd feedbacN fURP VWXdeQWV, aV ZeOO aV 

 UefOecWLRQV RQ WKe cRXUVe'V effLcac\ ZLWKLQ BeUea'V fXQQeO-VW\Oe cXUULcXOXP. EaUO\ 

 eYLdeQce VXJJeVWV WKaW WKe cRXUVe RffeUV a KLJKO\ SeUVRQaO aQd cUeaWLYe eQWU\ SRLQW WR 
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 cRPSXWLQJ ± aQd RQe WKaW LV effecWLYe aW eQJaJLQJ a dLYeUVLW\ Rf VWXdeQWV ZKLOe 

 eQVXULQJ a VPRRWK WUaQVLWLRQ WR CS1. 

 MeaQZKLOe, CKaSWeU TKUee UeSRUWV RQ P\ e[SeULeQce VcaffROdLQJ VWXdeQW VXcceVV LQ 

 WKe XQceUWaLQ OaQdVcaSe Rf RSeQ VRXUce. FROORZLQJ SaUWLcLSaWLRQ LQ facXOW\ ZRUNVKRSV 

 RQ WKe VXbMecW, I VSeQW WZR cRQVecXWLYe WeUPV deYeORSLQJ, WeacKLQJ, aQd UeYLVLQJ aQ 

 XSSeU-dLYLVLRQ RSeQ VRXUce VRfWZaUe cRXUVe. TKe dLffeUeQce beWZeeQ WKe WZR cRXUVe 

 RffeULQJV ZaV aVWRXQdLQJ; VWXdeQWV eQUROOed LQ WKe VecRQd LWeUaWLRQ Pade PRUe 

 VXcceVVfXO SURMecW cRQWULbXWLRQV, VSeQW PRUe Rf WKeLU RZQ WLPe ZRUNLQJ RXWVLde Rf 

 cOaVV, aQd feOW a JUeaWeU cRQQecWLRQ WR bRWK WKe SURMecW aQd WKe deYeORSeU cRPPXQLW\ 

 Rf ZKLcK WKe\ ZeUe a SaUW. I deWaLO P\ e[SeULeQceV, ZLWK SaUWLcXOaU fRcXV RQ WKe 

 LPSRUWaQce Rf SURMecW VeOecWLRQ ± aV ZeOO aV WKe UeYLVLRQV I beOLeYe WR be PRVW 

 UeVSRQVLbOe fRU LPSURYePeQW: addLWLRQaO PeQWRUVKLS, VXSSOePeQWaO LQ-cOaVV WXWRULaOV, 

 PRUe dedLcaWed cOaVV WLPe fRU WeaPZRUN, LQWeQWLRQaO WeaP JURXSLQJV, aQd acceVV WR 

 OaUJe VcUeeQV fRU cROOabRUaWLRQ. 

 CKaSWeU FRXU SUeVeQWV fROORZ-RQ aQaO\VLV Rf ZRUN fURP P\ PaVWeU'V WKeVLV. TKe 

 LLO\TLQ\ VeZabOe PLcURcRQWUROOeU ZaV cUeaWed WeQ \eaUV aJR ± aV SaUW Rf WKaW WKeVLV 

 aQd LQ cROOabRUaWLRQ ZLWK P\ adYLVRU aW WKe WLPe, LeaK BXecKOe\ ± LQ aQ effRUW WR 

 PaNe eOecWURQLc We[WLOeV PRUe acceVVLbOe. AW WKe WLPe, e-We[WLOeV ZaV JaLQLQJ WUacWLRQ 

 aV a PeaQV WR LQYLWe PRUe dLYeUVe SaUWLcLSaWLRQ LQ cRPSXWLQJ, bXW fLQaQcLaO aQd 

 LQVWUXcWLRQaO baUULeUV VWRRd LQ WKe Za\ Rf bURadeU adRSWLRQ. IQ addLWLRQ, WKeUe e[LVWed a 
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 VcaffROdLQJ JaS beWZeeQ SURMecWV LQYROYLQJ OLJKWV, baWWeULeV, aQd WKUead ± aQd WKRVe 

 UeTXLULQJ SURJUaPPLQJ (L.e. OeYeUaJLQJ WKe LLO\Pad AUdXLQR aQd/RU addLWLRQaO VeQVRUV 

 RU RXWSXWV). IQ aQ effRUW WR e[SaQd acceVV WR eOecWURQLc We[WLOeV, I deVLJQed WKe 

 LLO\TLQ\, aQ LQe[SeQVLYe, SUe-SURJUaPPed VeZabOe PLcURcRQWUROOeU ZKLcK cRQWUROV 

 aVVRUWed LED SaWWeUQV, aQd ZKLcK OaWeU becaPe aYaLOabOe fRU SXUcKaVe WKURXJK 

 SSaUNFXQ. AORQJVLde WKe LLO\TLQ\, I UeOeaVed a fUee ZRUNVKRS JXLde fRU edXcaWRUV 

 ZKLcK deWaLOV fLYe ORZ-cRVW acWLYLWLeV WKaW caQ be WaXJKW ZLWKRXW aQ\ SULRU eOecWURQLcV 

 e[SeULeQce. TKLV cKaSWeU VXPPaUL]eV P\ SULRU deYeORSPeQW Rf WKe LLO\TLQ\ aQd 

 cRPSaQLRQ cXUULcXOXP ± aQd WKeQ UefOecWV RQ ZKeWKeU I PeW P\ VWaWed JRaO Rf 

 e[SaQdLQJ acceVV WR eOecWURQLc We[WLOeV LQ WKe decade VLQce. I VKaUe aQd dLVcXVV YaULRXV 

 PeaVXUeV Rf LPSacW, LQcOXdLQJ: a VXUYe\ Rf deULYaWLYe SURdXcWV, a PXOWL-\eaU aQaO\VLV 

 Rf VaOeV daWa fURP WKe LLO\TLQ\'V VROe dLVWULbXWRU SSaUNFXQ EOecWURQLcV, aQd a 

 VaPSOLQJ Rf cXVWRPeU UeYLeZV aQd SURMecWV. TKe PaMRULW\ Rf WKLV ZRUN KaV beeQ 

 acceSWed fRU SXbOLcaWLRQ aW ACM'V 2022 CHI CRQfeUeQce RQ HXPaQ FacWRUV LQ 

 CRPSXWLQJ S\VWePV  [73]  . 
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 ˑ  ͵ CŋŽũŭe Deŭigł fŋũ AŶŶũacŶiłg Bũŋadeũ PaũŶiciťaŶiŋł˿ 
 CũafŶ ŋf CŋmťŽŶiłg 

 M\ MRb LQWeUYLeZ aW BeUea CROOeJe cRQcOXded ZLWK WKe deSaUWPeQW cKaLU aVNLQJ Pe 

 RYeU dLQQeU, "If \RX Kad cRPSOeWe fUeedRP WR deYeORS a QeZ cRXUVe, ZKaW ZRXOd LW 

 be?" IQWULJXed b\ WKe Ldea, I VXJJeVWed VRPeWKLQJ Rf a PaVKXS beWZeeQ LQWURdXcWRU\ 

 SURJUaPPLQJ LQ PURceVVLQJ, cRPSXWaWLRQaO cUafW, aQd aOJRULWKPLc deVLJQ. I Kad 

 eQMR\ed WeacKLQJ VWXdeQWV WR SURJUaP LQ PURceVVLQJ aW UCSC, Kad a ORW Rf e[SeULeQce 

 ZLWK cRPSXWaWLRQaO cUafW (aQd LW'V cUeaWLYe, dLYeUVe SRVVLbLOLWLeV) fURP P\ WLPe aW MIT, 

 aQd Kad aOZa\V ZaQWed WR e[SeULPeQW PRUe ZLWK aOJRULWKPLc deVLJQ. AOO Rf WKeVe 

 aSSURacKeV aOVR KeOd SURPLVe aV aYeQXeV fRU bURadeQLQJ SaUWLcLSaWLRQ. WKeQ RffeUed 

 WKe SRVLWLRQ, I ZaV LQYLWed WR deVLJQ e[acWO\ WKLV cRXUVe ± WKe VaPe RQe I VWaUWed 

 LPaJLQLQJ RYeU IQdLaQ fRRd WKaW QLJKW. 

 M\ RQO\ cRQVWUaLQW ZaV WR VLWXaWe WKe cRXUVe, ZKLcK Ze QaPed  CUafW Rf CRPSXWiQg  , 

 ZLWKLQ aQ e[LVWLQJ VeOecWLRQ Rf CS0-OeYeO cRXUVeV deVLJQed WR LQYLWe dLYeUVe 

 SaUWLcLSaWLRQ. TKeVe cRXUVeV WaUJeW bRWK (1) QRQ-PaMRUV ZKR aUe cXULRXV abRXW 

 cRPSXWLQJ (aQd/RU aUe VeeNLQJ WR fXOfLOO a cROOeJe-ZLde JeQeUaO edXcaWLRQ 

 UeTXLUePeQW) aQd (2) cRPSXWeU VcLeQce PaMRUV ZKR Pa\ QRW KaYe PXcK SULRU 

 e[SeULeQce ZLWK cRPSXWLQJ. AccRUdLQJO\, PRVW VeaWV LQ BeUea'V CS0 cRXUVeV aUe 

 UeVeUYed fRU fUeVKPaQ aQd VRSKRPRUeV. UQOeVV e[ePSWed b\ LQVWUXcWRU SeUPLVVLRQ, 
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 VWXdeQWV aUe UeTXLUed WR WaNe aW OeaVW RQe CS0-OeYeO cRXUVe befRUe SURceedLQJ WR 

 BeUea'V CS1 eTXLYaOeQW. 

 BecaXVe Rf WKLV VWUXcWXUe ± LQ addLWLRQ WR BeUea'V bURadeU LQVWLWXWLRQaO cRQWe[W ± WKLV 

 cRXUVe RffeUed a XQLTXe RSSRUWXQLW\ WR LPSacW VWXdeQW SeUceSWLRQV Rf cRPSXWLQJ; LW 

 ZaV a cKaQce WR VKaUe ZLWK VWXdeQWV KRZ cRPSXWLQJ caQ be SeUVRQaO, cUeaWLYe, aQd 

 aSSOLed, aQd WR dR VR aW a SLYRWaO PRPeQW LQ WKeLU acadePLc MRXUQe\ aQd LdeQWLW\ 

 deYeORSPeQW. M\ deSaUWPeQW XQeTXLYRcaOO\ VXSSRUWed WKeVe effRUWV LQ WeUPV Rf VSace, 

 eTXLSPeQW, PaWeULaOV, PeQWRUVKLS, aQd WeacKLQJ VXSSRUW ± ZLWKRXW ZKLcK WKLV ZRUN 

 ZRXOd QRW KaYe beeQ SRVVLbOe. 

 ˑ ̆ː   IłŶũŋdŽcŶiŋł 

 CS0 cRXUVeV caQ RffeU VWXdeQWV ZLWK OLWWOe-WR-QR cRPSXWLQJ bacNJURXQd WKe 

 RSSRUWXQLW\ WR e[SORUe cRPSXWeU VcLeQce befRUe cRPPLWWLQJ WR a PaMRU  [136]  . WKaW¶V 

 PRUe, CS0 cRXUVeV caQ KeOS WR OeYeO WKe SOa\LQJ fLeOd fRU WKeVe VWXdeQWV b\ WKe WLPe 

 WKe\ eQWeU CS1 aORQJVLde SeeUV ZKR Pa\ KaYe WaNeQ cRPSXWeU VcLeQce cRXUVeV LQ KLJK 

 VcKRRO aQd/RU KaYe a VWURQJeU PaWKePaWLcV bacNJURXQd  [13]  . 

 BeUea CROOeJe, aPRQJ RWKeU LQVWLWXWLRQV, KaV adRSWed a CS0 "fXQQeO" aSSURacK WR 

 aWWUacW PLQRULWL]ed VWXdeQWV; WKaW LV WR Va\, BeUea RffeUV VeYeUaO CS0 cRXUVeV RQ WRSLcV 

 Rf LQWeUeVW WR WKe JeQeUaO VWXdeQW SRSXOaWLRQ  [108]  .  TKLV aSSURacK KaV VLQce beeQ 

 adRSWed aQd fRXQd WR be effecWLYe eOVeZKeUe  [42, 136]  .  USRQ P\ KLUe, I ZaV LQYLWed WR 
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 deVLJQ aQd WeacK a QeZ CS0 cRXUVe LQ P\ dRPaLQ Rf e[SeUWLVe ± cRPSXWaWLRQaO cUafW ± 

 LQ KRSeV Rf fXUWKeU bURadeQLQJ deSaUWPeQWaO dePRJUaSKLcV. CRPSXWaWLRQaO cUafW KaV 

 beeQ VWXdLed aV a VXcceVVfXO aYeQXe fRU aWWUacWLQJ aQd UeWaLQLQJ JURXSV KLVWRULcaOO\ 

 e[cOXded fURP cRPSXWLQJ, SaUWLcXOaUO\ ZRPeQ  [14, 58]  .  TKLV cRXUVe, eQWLWOed  CUafW Rf 

 CRPSXWiQg  , cRYeUV cRUe CS0 cRQceSWV LQcOXdLQJ cRPSXWaWLRQaO  WKLQNLQJ, YaULabOeV, 

 ORRSV, fXQcWLRQV, eWc. TKe cRXUVe aOVR VKRZcaVeV WKe cUeaWLYe SRVVLbLOLWLeV Rf 

 cRPSXWLQJ ZKeQ SaLUed ZLWK KaQdcUafW, dLJLWaO fabULcaWLRQ, aQd aOJRULWKPLc deVLJQ. I 

 WaXJKW  CUafW Rf CRPSXWiQg  fLYe WLPeV RYeU a WZR-\eaU  SeULRd, dXULQJ ZKLcK LW ZaV 

 deePed VR VXcceVVfXO aV WR be added WR WKe cROOeJe'V SeUPaQeQW caWaORJ. 

 IQ WKLV cKaSWeU, I deWaLO WKe cRXUVe VWUXcWXUe, OeaUQLQJ JRaOV, aQd PaMRU aVVLJQPeQWV ± 

 cRPSOeWe ZLWK PaQ\ cRPSeOOLQJ e[aPSOeV Rf VWXdeQW ZRUN;  CUafW Rf CRPSXWiQg 

 VWXdeQWV KaYe cUeaWed SeUVRQaOO\ UeOeYaQW aQd PeaQLQJfXO aUWLfacWV, RfWeQ dLVSOa\ed LQ 

 WKeLU dRUP URRPV RU JLYeQ aV JLfWV. E[aPSOeV LQcOXde: a QeedOe-feOWed faLU\ KRXVe ZLWK 

 ePbedded LED OLJKWV, OLJKW-XS SaSeU cLUcXLW YaOeQWLQeV, aQd beaXWLfXO UecXUVLYe 

 JeRPeWULc SaWWeUQV ± fLUVW JeQeUaWed LQ PURceVVLQJ aQd WKeQ UeaOL]ed LQ WKe fRUP Rf 

 SORWWeU dUaZLQJV, YLQ\O-cXW OaSWRS VWLcNeUV, aQd OaVeU-cXW ZRRdeQ cRaVWeUV. 

 EaUO\ aQaO\VLV VXJJeVWV WKaW WKe cRXUVe RffeUV a KLJKO\ SeUVRQaO aQd cUeaWLYe eQWU\ 

 SRLQW WR cRPSXWLQJ ± aQd RQe WKaW LV effecWLYe aW eQJaJLQJ a dLYeUVLW\ Rf VWXdeQWV 

 ZKLOe eQVXULQJ a VPRRWK WUaQVLWLRQ WR CS1. M\ SeUVRQaO RbVeUYaWLRQV aUe 

 VXSSOePeQWed ZLWK VWXdeQW feedbacN LQ WKe fRUP Rf LQWeUYLeZV, LQfRUPaO cRXUVe 
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 UefOecWLRQV, aQd eQd-Rf-WeUP cRXUVe eYaOXaWLRQV. I aOVR SURYLde LQVLJKWV aQd 

 UecRPPeQdaWLRQV fRU RWKeUV ORRNLQJ WR adRSW a cUafW-WKePed CS0 cRXUVe. 

 IQ VXP, WKe SULPaU\ JRaO Rf WKLV cKaSWeU LV WR dRcXPeQW  CUafW Rf CRPSXWiQg  , a QRYeO 

 XQdeUJUadXaWe cRXUVe deVLJQed WR bURadeQ  SeUceSWiRQV  abRXW cRPSXWLQJ ± ZKLcK LQ 

 WXUQ, LQfOXeQceV ZKR  SaUWiciSaWeV  LQ cRPSXWLQJ  [22,  81]  . 

 ˑ ̆ˑ   RelaŶed Wŋũk 

 M\ ZRUN bXLOdV XSRQ a bRd\ Rf SULRU UeVeaUcK RQ cRPSXWLQJ edXcaWLRQ SedaJRJ\, 

 bURadeQLQJ SaUWLcLSaWLRQ LQ cRPSXWLQJ, CS0 cRXUVe deVLJQ aQd RXWcRPeV, WKe 

 PURceVVLQJ SURJUaPPLQJ OaQJXaJe, aQd cRPSXWaWLRQaO cUafW. 

 TKe cRXUVe deVLJQ dUaZV XSRQ a QXPbeU Rf e[LVWLQJ SedaJRJLcaO aSSURacKeV WKaW aUe 

 ZeOO-UeVeaUcKed bRWK ZLWKLQ aQd be\RQd cRPSXWLQJ edXcaWLRQ. FRU e[aPSOe, I VRXJKW 

 WR VXSSRUW affecWLYe OeaUQLQJ LQ WKLV cRXUVe ± dRLQJ VR WKURXJK eQcRXUaJLQJ LQfRUPaO 

 VRcLaO LQWeUacWLRQ, cKaOOeQJLQJ VWXdeQWV WR bULdJe WKe dLJLWaO aQd SK\VLcaO ZRUOdV, aQd 

 SRUWUa\LQJ cRPSXWaWLRQaO cUafW LQ WKe OLJKW Rf "KaUd fXQ"  [106, 110]  . (IQ RWKeU ZRUdV, 

 cRPSXWaWLRQaO cUafW  iV  cKaOOeQJLQJ, bXW Lf acWLYeO\  eQJaJed LQ RQe'V SeUVRQaO aQd 

 cUeaWLYe SXUVXLW, RQe LV OeVV OLNeO\ WR PLQd.) TKe cOaVV LV aOVR bXLOW aURXQd aQ acWLYe 

 OeaUQLQJ aSSURacK, ZKLcK LV NQRZQ WR eQKaQce VWXdeQW OeaUQLQJ aQd PRWLYaWLRQ, 

 KeaYLO\ LQWeUVSeUVLQJ KaQdV-RQ acWLYLWLeV ZLWK VKRUW SeULRdV Rf LQVWUXcWLRQ RU WXWRULaO 

 [38, 82, 111]  . OYeUOa\LQJ WKe deVLJQ Rf WKe cRXUVe  LWVeOf, P\ RZQ WeacKLQJ UeOLeV 
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 KeaYLO\ RQ JXLded dLVcRYeU\; ZKeQ a VWXdeQW aVNV a TXeVWLRQ, I UeVSRQd ZLWK a VeULeV 

 Rf TXeVWLRQV WR Oead WKeP WR aQ aQVZeU ± UaWKeU WKaQ PeUeO\ VXSSO\LQJ WKe aQVZeU XS 

 fURQW  [2]  . TKeVe WecKQLTXeV aQd aSSURacKeV ZeUe fRXQdaWLRQaO  WR WKe deVLJQ Rf WKe 

 cRXUVe, PaQ\ Rf WKeP beLQJ XVed ZLdeO\ aW OLbeUaO aUWV cROOeJeV dXe WR WKeLU SRVLWLYe 

 effecW RQ VWXdeQW OeaUQLQJ aQd RYeUaOO e[SeULeQce. 

 TXUQLQJ WR bURadeQLQJ SaUWLcLSaWLRQ, WKe deaUWK Rf ZRPeQ aQd RWKeU PLQRULWL]ed 

 JURXSV LQ cRPSXWLQJ LV ZeOO dRcXPeQWed, aV aUe VRPe Rf WKe facWRUV cULWLcaO WR 

 aWWUacWLQJ aQd UeWaLQLQJ WKeP  [65, 79, 80]  . EVSecLaOO\  UeOeYaQW WR WKLV cKaSWeU aUe a 

 VeQVe Rf beORQJLQJ aQd eQJaJLQJ LQ ZRUN WKaW LV SeUVRQaOO\ PeaQLQJfXO aQd/RU 

 cXOWXUaOO\ UeOeYaQW  [49, 64, 89, 132]  . BXLOdLQJ WecKQRORJLcaO  VeOf-effLcac\ aQd a 

 JURZWK PLQdVeW caQ fXUWKeU VXSSRUW WKeVe JRaOV  [25,  77, 94, 124]  . CUeaWLYe cRPSXWLQJ, 

 LQ SaUWLcXOaU, KaV beeQ VKRZQ WR effecWLYeO\ LQcUeaVe JURZWK PLQdVeW aQd decUeaVe 

 cRPSXWeU aQ[LeW\  [68]  . TKe deVLJQ Rf  CUafW Rf CRPSXWiQg  bXLOdV XSRQ WKLV NQRZOedJe, 

 LQcOXdLQJ WKe LQcRUSRUaWLRQ Rf VSecLfLc UecRPPeQdaWLRQV ± fRU e[aPSOe, eQcRXUaJLQJ 

 VWXdeQWV WR SXUVXe LdeQWLW\-affLUPLQJ cUeaWLYe ZRUN aQd cXUaWLQJ a SK\VLcaO VSace LQ 

 ZKLcK VWXdeQWV Rf dLYeUVe LdeQWLWLeV feeO ZeOcRPe  [23]  . TKe cRXUVe aOVR OeYeUaJeV SaLU 

 SURJUaPPLQJ WKURXJKRXW, ZKLcK LV ZeOO dRcXPeQWed aV VXSSRUWLQJ bURadeU 

 SaUWLcLSaWLRQ  [83, 84, 134]  . 

 TKeUe LV aOVR aPSOe UeVeaUcK RQ WKe LPSRUWaQce Rf CS0-OeYeO cRXUVeV aV aQ aYeQXe 

 LQWR cRPSXWLQJ, eVSecLaOO\ fRU VWXdeQWV ZLWK OLWWOe-WR-QR SULRU SURJUaPPLQJ 
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 e[SeULeQce. PULRU ZRUN aOVR affLUPV WKe LPSRUWaQce Rf CS0 aV a Za\ WR bURadeQ 

 VWXdeQW SeUceSWLRQV Rf cRPSXWeU VcLeQce  [136]  . TR  WKLV eQd, a "fXQQeO" cXUULcXOaU 

 PRdeO KaV beeQ ZeOO-dRcXPeQWed, LQ ZKLcK VeYeUaO dLffeUeQW WKePed CS0 cRXUVeV aUe 

 RffeUed aV a PeaQV WR LQYLWe dLYeUVe SaUWLcLSaWLRQ  [42, 108, 136]  . M\ ZRUN e[SaQdV 

 e[LVWLQJ SUacWLce b\ RffeULQJ \eW aQRWKeU QRYeO eQWU\ SRLQW WR cRPSXWLQJ, WKURXJK a 

 dRPaLQ ZKLcK LV bRWK cUeaWLYe LQ QaWXUe aQd VWeUeRW\SLcaOO\ "VRfWeU": cUafW. 

 TKe PURceVVLQJ SURJUaPPLQJ OaQJXaJe ZaV deVLJQed WR VXSSRUW e[acWO\ WKLV NLQd Rf 

 cUeaWLYe ZRUN  [40, 119, 120]  ; LW ZaV deYeORSed b\  deVLJQeUV aQd PeaQW WR be PRUe 

 acceVVLbOe WKaQ LW'V cORVeVW cRXQWeUSaUW, JaYa. PURceVVLQJ KaV VLQce beeQ OeYeUaJed LQ 

 XQLYeUVLW\-OeYeO RffeULQJV Rf "CS PULQcLSOeV" aQd CS0-VW\Oe cRXUVeV, bRWK aV aQ 

 aSSURacKabOe We[W-baVed OaQJXaJe aQd a PeaQV WR cUeaWe aUW  [4, 137]  . IW LV fRU e[acWO\ 

 WKeVe UeaVRQV WKaW I cKRVe WR WeacK  CUafW Rf CRPSXWiQg  XVLQJ PURceVVLQJ. 

 CRPSXWaWLRQaO cUafW ± eVSecLaOO\ WKe fLeOd Rf eOecWURQLc We[WLOeV ± KaV beeQ eVWabOLVKed 

 aV aQ effecWLYe PeaQV WR bURadeQ SaUWLcLSaWLRQ LQ cRPSXWLQJ, eVSecLaOO\ aW WKe K-12 

 OeYeO aQd LQ afWeU-VcKRRO VeWWLQJV  [16, 56, 58]  . M\  ZRUN e[SaQdV WKeVe LQLWLaWLYeV WR 

 WKe XQdeUJUadXaWe cRQWe[W, LQ ZKLcK VWXdeQWV aUe cULWLcaOO\ decLdLQJ XSRQ aQd 

 SXUVXLQJ a fLeOd Rf VWXd\ WR SURSeO WKeLU caUeeUV. M\ ZRUN aOVR LQfXVeV a VWURQJeU 

 VRfWZaUe cRPSRQeQW (YLa SURJUaPPLQJ LQ PURceVVLQJ), LQ KRSeV WKaW WKLV Pa\ SUeSaUe 

 VWXdeQWV fRU CS1. 

 24 



 LaVWO\, WKe deVLJQ Rf WKLV cRXUVe ZaV eVSecLaOO\ LQfRUPed b\ WKe ZRUN Rf CU BRXOdeU'V 

 CUafW TecKQRORJ\ Lab aQd P\ SULRU UeVeaUcK JURXS aW WKe MIT MedLa Lab, HLJK-LRZ 

 TecK  [44]  . BRWK Rf WKeVe QRZ-defXQcW JURXSV KaYe OaLd  a VWURQJ fRXQdaWLRQ Rf WXWRULaOV 

 aQd WRROV ZKLcK eQabOe PaNLQJ, KacNLQJ, aQd SURJUaPPLQJ URRWed LQ cUafW. TKeLU 

 PLVVLRQV fRcXVed RQ dePRcUaWL]aWLRQ Rf eQJLQeeULQJ aQd WKe UadLcaO LQcOXVLRQ Rf 

 dLYeUVe SRSXOaWLRQV ± aQd WKeLU UeVeaUcK aQd WeacKLQJ KaV YeU\ dLUecWO\ LQVSLUed P\ 

 effRUWV WR fRUPaOL]e a cRXUVe aW WKe XQdeUJUadXaWe OeYeO. 

 ˑ ̆˒   BackgũŋŽłd 

 M\ cRXUVe MRLQed aQ e[LVWLQJ VeOecWLRQ Rf WKePed CS0 RffeULQJV aW WKe cROOeJe, aOO Rf 

 ZKLcK fXQQeO LQWR a VLQJXOaU CS1 cRXUVe. E[aPSOeV LQcOXde:  IQWUR WR RRbRWicV, 

 SWRU\WeOOiQg ZiWh AOice, IQWUR WR GaPe DeVigQ  , aQd  BXiOdiQg BeWWeU ASSV  . WKLOe  CUafW 

 Rf CRPSXWiQg  debXWed aV a "VSecLaO WRSLcV"/eOecWLYe  RffeULQJ Rf WKLV YaULeW\, LW ZaV 

 added WR WKe cROOeJe'V SeUPaQeQW caWaORJ ZLWKLQ RQe \eaU. 

 I WaXJKW  CUafW Rf CRPSXWiQg  fLYe WLPeV RYeU a SeULRd  Rf fRXU cRQVecXWLYe 15-ZeeN 

 acadePLc WeUPV. TKLV cKaSWeU LQcOXdeV e[aPSOeV Rf VWXdeQW ZRUN acURVV aOO Rf WKe 

 WeUPV LQ ZKLcK WKe cRXUVe ZaV RffeUed. HRZeYeU, LQ deWaLOLQJ WKe VWUXcWXUe Rf WKLV 

 cRXUVe, WKLV cKaSWeU ZLOO fRcXV RQ WKe OaWeVW LWeUaWLRQ XQOeVV RWKeUZLVe QRWed. TKeUe 

 ZeUe VRPe QRWabOe cKaQJeV Pade RYeU WKe WZR \eaU SeULRd LQ ZKLcK WKe cRXUVe ZaV 
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 deYeORSed; WKRVe aUe dLVcXVVed WRZaUd WKe eQd Rf WKLV cKaSWeU LQ WKe cRQWe[W Rf 

 UecRPPeQdaWLRQV fRU RWKeUV. 

 ˑ ̆˓   CŋŽũŭe Deŭigł 

 CUafW Rf CRPSXWiQg  VKaUeV WKe VaPe OeaUQLQJ JRaOV  Rf PaQ\ RWKeU CS0-OeYeO cRXUVeV, 

 QaPeO\ WR WeacK cRUe cRPSXWeU VcLeQce cRPSeWeQcLeV ZKLOe VKRZcaVLQJ aSSOLcaWLRQV 

 Rf cRPSXWLQJ (LQ WKLV caVe, cUeaWLYe RQeV), aQd WR ORZeU WKe baUULeUV WR eQWU\ fRU 

 VWXdeQWV ZLWK OLWWOe RU QR SURJUaPPLQJ e[SeULeQce  [136]  . I OeYeUaJe cUafW aV a cRQWe[W 

 becaXVe LW LV bRWK UeOaWabOe aQd SURYRcaWLYe ZKeQ cRQVLdeUed LQ MX[WaSRVLWLRQ WR 

 cRPSXWLQJ ± ZKLOe aOVR e[SRVLQJ VWXdeQWV WR cUeaWLYe aSSOLcaWLRQV Rf SURJUaPPLQJ. IQ 

 WeUPV Rf dRPaLQ-VSecLfLc cRQWeQW,  CUafW Rf CRPSXWiQg  e[SRVeV VWXdeQWV WR WKe 

 fROORZLQJ: 

 ●  PURgUaPPiQg iQ PURceVViQg  ± LQcOXdLQJ cRYeUaJe Rf  cRPSXWaWLRQaO cRQceSWV 

 VXcK aV ORRSV, YaULabOeV, aQd fXQcWLRQV (facLOLWaWLQJ WKe cUeaWLRQ Rf 

 cRPSXWaWLRQaO aUW) 

 ●  SRPe baVic eOecWURQicV  ± LQcOXdLQJ VLPSOe We[WLOe  aQd SaSeU cLUcXLWV 

 ●  HaQdcUafW  ± LQcOXdLQJ QeedOe feOWLQJ aQd ePbURLdeU\  (aOORZLQJ VWXdeQWV WR 

 UeaOL]e WKeLU aOJRULWKPLc deVLJQV LQ a WUadLWLRQaO cUafW PedLXP) 
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 ●  DigiWaO fabUicaWiRQ  ± LQcOXdLQJ XVe Rf a SORWWeU, OaVeU cXWWeU, aQd YLQ\O cXWWeU 

 (aOORZLQJ VWXdeQWV WR UeaOL]e WKeLU aOJRULWKPLc deVLJQV LQ a cRPSXWeU-PedLaWed 

 cUafW PedLXP) 

 TKe cRXUVe aOVR LQcOXdeV VRPe cRYeUaJe Rf WKe  PakeU  PRYePeQW  , LQ SaUWLcXOaU, 

 dLVcXVVLRQ aURXQd acceVVLbLOLW\ aQd LQcOXVLYLW\ Rf PaNeU cXOWXUe. 

 SeŶŶiłg ͬ OũgałiơaŶiŋł 

 I WaXJKW  CUafW Rf CRPSXWiQg  LQ a Oab VSace VKaUed  b\ BeUea'V eOecWURQLcV cRXUVe, ZKLcK 

 aOORZV acceVV WR aOO Rf WKe UeOeYaQW WRROV, PaWeULaOV, aQd eTXLSPeQW, aV ZeOO aV a VLQN 

 fRU cOeaQXS aQd a Vafe SOace fRU VWXdeQWV WR OeaYe SURMecWV-LQ-SURJUeVV. TKLV cOaVVURRP 

 LV aOVR WKe VeWWLQJ fRU WKe deSaUWPeQW'V eYeQLQJ Oab KRXUV ZKLcK aUe RSeQ WR VWXdeQWV LQ 

 aOO cRPSXWeU VcLeQce cRXUVeV, aQd ZKeUe VWXdeQWV Pa\ dURS LQ fRU KeOS RU WR ZRUN RQ 

 SURMecWV. AQ aVVRUWPeQW Rf TAV VWaff WKLV VSace SXQda\ WKURXJK TKXUVda\ QLJKW eacK 

 ZeeN, aQd aQ effRUW LV Pade WR KaYe RQe RU PRUe TAV fURP eacK cOaVV VcKedXOed RQ 

 aQ\ JLYeQ QLJKW. SWXdeQWV feeO JUeaW RZQeUVKLS RYeU WKLV VSace. 

 TKe cRXUVe PeeWV fRU ORQJ cOaVV SeULRdV ± 110 PLQXWeV ± WZLce SeU ZeeN. OQe da\ SeU 

 ZeeN fRcXVeV RQ SURJUaPPLQJ RU cRPSXWaWLRQaO cRQceSWV, VXcK aV PURceVVLQJ V\QWa[, 

 cRRUdLQaWe V\VWePV, aQd SURJUaPPLQJ fXQdaPeQWaOV. TKeVe cOaVV SeULRdV LQcOXde 

 LQfRUPaO ZKLWebRaUd "PLQL-OecWXUeV" cRYeULQJ bLWe-VL]ed cRQceSWV VXcK aV YaULabOeV, 

 ORRSV, aQd fXQcWLRQV, RQe aW a WLPe. TKeVe aUe LQWeUVSeUVed ZLWK e[eUcLVeV fURP WKe 

 We[WbRRN ZKLcK aUe cRPSOeWed LQ SaLUV, VKaULQJ RQe OaSWRS, aV dLcWaWed b\ SaLU 
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 SURJUaPPLQJ SUacWLceV. SWXdeQWV KaYe UeSRUWed UeaOO\ OLNLQJ WKLV fRUPaW; aV RQe 

 VWXdeQW cRPPeQWed LQ a cRXUVe eYaOXaWLRQ,  "ThiV iV  a cOaVV WhaW dReVQ'W ZRUk ZeOO ZiWh 

 a OecWXUe VW\Oe aQd Vhe kQRZV WhaW aQd WaXghW Whe cOaVV accRUdiQgO\, VPaOO SaUW OecWXUe 

 aQd WheQ haQdV-RQ ZRUk." 

 TKe VecRQd da\ eacK ZeeN fRcXVeV RQ cLUcXLWV, KaQdcUafW, aQd dLJLWaO fabULcaWLRQ aV 

 PedLXPV fRU cRPSXWaWLRQaO aUW aQd deVLJQ. DXULQJ WKeVe cOaVV SeULRdV, a dRcXPeQW 

 caPeUa aQd eTXLSPeQW/PaWeULaOV aUe XVed WR dR OLYe dePRV RQ KaQdcUafW WecKQLTXeV 

 aQd aOVR WecKQLcaO WRSLcV VXcK aV KRZ WR: XVe a PXOWLPeWeU, deVLJQ a VLPSOe cLUcXLW 

 (ZLWK a baWWeU\ aQd a LED), SUeSaUe fLOeV fRU dLJLWaO fabULcaWLRQ, aQd XVe CNC 

 eTXLSPeQW. TKeVe dePRV aUe LQWeUVSeUVed ZLWK ORQJ SeULRdV Rf XQVWUXcWXUed KaQdV-RQ 

 ZRUN WLPe, dXULQJ ZKLcK VWXdeQWV aUe eQcRXUaJed WR PRYe aURXQd, ZRUN LQ cOXVWeUV, 

 VRcLaOL]e, aQd aVN P\VeOf RU RQe aQRWKeU fRU KeOS aV Qeeded. 

 CaWeJRULeV Rf VWXdeQW ZRUN aQd aVVeVVPeQW aUe RXWOLQed LQ FLJXUe 2.1. AVVLJQPeQWV 

 aQd TXL]]eV fRcXV RQ bXLOdLQJ cRUe cUafW aQd SURJUaPPLQJ cRPSeWeQcLeV, ZKLOe 

 PLQL-SURMecWV aQd WKe fLQaO SURMecW RffeU WKe RSSRUWXQLW\ WR LQWeJUaWe aQd aSSO\ WKeVe 

 VNLOO VeWV. (MLQL-SURMecWV aQd WKe fLQaO SURMecW aUe deWaLOed LQ WKe fROORZLQJ VecWLRQ.) 

 HRPeZRUN LQcOXdeV UeadLQJV fURP WKe We[WbRRN, ZRUN RQ PLQL aQd fLQaO SURMecWV, aQd 

 VRPeWLPeV fLQLVKLQJ aQ LQ-cOaVV cUafW RU SURJUaPPLQJ e[eUcLVe (aOWKRXJK WKe bXON Rf 

 WKLV ZRUN KaSSeQV  iQ  cOaVV). 
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 FigXUe 2.1.  CRXUVHZRUN FRPSRQHQWV, ZLWK SHUFHQWDJH  RI RYHUDOO FRXUVH JUDGH DQG D VKRUW VXPPDU\. 

 Majŋũ AŭŭigłmełŶŭ 

 TKe PaMRU aVVLJQPeQWV Rf WKe cRXUVe, PLQL-SURMecWV aQd WKe fLQaO SURMecW, ePSKaVL]e 

 bOeQdLQJ KaQdcUafW ZLWK eOecWURQLcV, WKe cUeaWLRQ Rf RULJLQaO YecWRU deVLJQV LQ 

 PURceVVLQJ, aQd UeaOL]LQJ WKRVe deVLJQV LQ SK\VLcaO fRUP. AOWKRXJK WKe PaMRULW\ Rf 

 WKeVe aVVLJQPeQWV aUe VWUXcWXUed aURXQd a SLece Rf dLJLWaO fabULcaWLRQ eTXLSPeQW, WKe 

 ePSKaVLV LV RQ ZKaW cUeaWLYe SRVVLbLOLWLeV WKe eTXLSPeQW eQabOeV, UaWKeU WKaQ VLPSO\ 

 OeaUQLQJ KRZ WR XVe LW. 

 Mini̖project ̅1˿ Felted Circuits 

 TKe fLUVW PLQL-SURMecW LQYLWeV VWXdeQWV WR bOeQd QeedOe feOWLQJ ZLWK We[WLOe cLUcXLWU\, aV 

 LQVSLUed b\ WKe ZRUN Rf aUWLVW MR[Le LLebeUPaQ  [93]  .  (LLebeUPaQ ZaV aQ 

 aUWLVW-LQ-UeVLdeQce LQ WKe E[SORUaWRULXP'V TLQNeULQJ SWXdLR dXULQJ P\ LQWeUQVKLS 

 WKeUe.) OYeU a cRXSOe Rf cOaVV SeULRdV, VWXdeQWV aUe WaXJKW KRZ WR QeedOe-feOW, KRZ WR 

 deVLJQ a VLPSOe cLUcXLW (ZLWK a OLJKW, a baWWeU\, aQd aQ LED), aQd cRQVLdeUaWLRQV fRU 

 ZRUNLQJ ZLWK eOecWURQLc We[WLOe PaWeULaOV OLNe cRQdXcWLYe VeZLQJ WKUead. EacK VWXdeQW 

 VNeWcKeV a WKUee-dLPeQVLRQaO feOWed RbMecW, aORQJ ZLWK SOaQV fRU KRZ WKe\ ZLOO ePbed 

 a VeZQ cLUcXLW LQWR LWV VWUXcWXUe ± ZLWK caUe aQd aWWeQWLRQ JLYeQ WR LED SOacePeQW, 
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 baWWeU\ SacN SOacePeQW, aQd NeeSLQJ WKe YaULRXV WKUeadV fURP accLdeQWaOO\ PaNLQJ 

 cRQWacW aQd VKRUW-cLUcXLWLQJ. SWXdeQWV ZKR aUe LQWeUeVWed LQ RSWLRQaOO\ addLQJ a VZLWcK 

 aUe eQcRXUaJed WR dR VR, aQd LQVWUXcWLRQaOO\ VXSSRUWed LQ PRdLf\LQJ WKeLU VNeWcKeV WR 

 accRPPRdaWe WKLV. OQce VWXdeQWV bULQJ WKeLU VNeWcKeV WR Pe fRU UeYLVLRQV aQd 

 aSSURYaO, WKe\ cROOecW WKe QeceVVaU\ PaWeULaOV aQd bULQJ WKeLU cLUcXLWV WR OLfe. 

 E[aPSOeV Rf VWXdeQW ZRUN aSSeaU LQ FLJXUe 2.2. 

 FigXUe 2.2.  FHOWHG FLUFXLWV GHVLJQHG E\ VWXGHQWV:  D IDLU\ KRXVH WKDW OLJKWV XS LQVLGH ZKHQ WKH IORZHU LV 
 SODFHG DWRS LW, DQ DQJOHU ILVK, DQG D EDE\ ELUG. 

 Mini̖project ̅2˿ Plotter Drawings 

 TKe VecRQd PLQL-SURMecW LQYLWeV VWXdeQWV WR bOeQd cRde-dULYeQ/aOJRULWKPLc deVLJQ 

 (dRQe LQ PURceVVLQJ) ZLWK YecWRU SaWK  dUaZiQg  . SWXdeQWV  aUe aVNed WR cUeaWe aQ 

 RULJLQaO VLQJOe-fUaPe/QRQ-aQLPaWed YecWRU deVLJQ LQ PURceVVLQJ, ZKLcK PXVW aOVR 

 PeeW WKe fROORZLQJ WecKQLcaO UeTXLUePeQWV: 

 ●  UVe Rf 2+ dUaZLQJ cRPPaQdV/VKaSeV (  line  ,  -ec/  ,  elli+.e  ,  eWc.) 

 ●  UVe Rf  YaUiabOeV  ZKeQeYeU SRVVLbOe. 

 ●  AW OeaVW RQe  ORRS  , WR cUeaWe YLVXaO UeSeWLWLRQ. 
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 ●  ASSURSULaWe XVe Rf cRPPeQWV WKURXJKRXW. 

 SWXdeQWV fLUVW VXbPLW a dUafW Rf WKeLU cRde WR MRRdOe (BeUea'V LMS) aQd SUeVeQW WKeLU 

 dUafW WR WKe cOaVV fRU feedbacN XVLQJ aQ RYeUKead SURMecWRU. WKLOe VWXdeQWV aUe 

 ZRUNLQJ RXWVLde-Rf-cOaVV WR LQcRUSRUaWe aQ\ VXJJeVWLRQV RU UeYLVLRQV, cOaVV WLPe LV 

 XVed WR dePRQVWUaWe KRZ WR e[SRUW aQd fRUPaW PURceVVLQJ PDFV fRU YecWRU SORWWLQJ 

 aQd KRZ WR XVe a CULcXW PacKLQe fRU dUaZLQJ. SWXdeQWV VXbPLW a fLQaO dUafW Rf WKeLU 

 cRde/deVLJQ, RXWSXW WKeLU deVLJQ RQ WKe CULcXW XVLQJ SeQV RU PaUNeUV, aQd cRPSRVe a 

 ZULWWeQ UefOecWLRQ abRXW WKe e[SeULeQce. TKe\ SUeVeQW WKeLU fLQaO SK\VLcaO dUaZLQJ LQ 

 cOaVV aORQJVLde WKeLU cRde, aJaLQ XWLOL]LQJ aQ RYeUKead SURMecWRU WR dR VR. E[aPSOeV Rf 

 VWXdeQW ZRUN aSSeaU LQ FLJXUe 2.3. 

 FigXUe 2.3.  PORWWHU GHVLJQV SURGXFHG E\ VWXGHQWV DV  WKH\ OHDUQ WR GUDZ DOJRULWKPLFDOO\. (PHQ RQ SDSHU, 
 PDFKLQH-GUDZQ.) 

 Mini̖project ̅˒˿ Vinyl̖cut Stickers 

 TKe WKLUd PLQL-SURMecW LQYLWeV VWXdeQWV WR bOeQd cRde-dULYeQ/aOJRULWKPLc deVLJQ (dRQe 

 LQ PURceVVLQJ) ZLWK YecWRU SaWK  cXWWiQg  . TKLV aVVLJQPeQW  fROORZV WKe VaPe 

 dUafW-UeYLVLRQ-fabULcaWLRQ VWUXcWXUe aV WKe SORWWeU PLQL-SURMecW, bXW LQcOXdeV WKe added 
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 cKaOOeQJe Rf deVLJQLQJ fRU cXW SaWKV LQVWead Rf dUaZQ OLQeV; deVLJQLQJ YLQ\O-cXW 

 VWLcNeUV UeTXLUeV VWXdeQWV WR WKLQN abRXW SRVLWLYe/QeJaWLYe VSace aQd RSeQ/cORVed 

 VKaSeV. EacK WeUP, aQ eaUO\ RbVeUYaWLRQ aQd SRLQW Rf dLVcXVVLRQ LV WKaW RYeUOaSSLQJ 

 OLQeV LQ a deVLJQ ZLOO JeQeUaWe YLQ\O cRQfeWWL LQVWead Rf a VLQJOe, XQLfLed VWLcNeU. 

 SWXdeQWV PXVW VXbPLW aQ RULJLQaO deVLJQ WKaW LV VLJQLfLcaQWO\ dLffeUeQW LQ cRPSRVLWLRQ 

 fURP WKeLU SORWWeU deVLJQ. WKLOe VWXdeQWV aUe ZRUNLQJ RXWVLde-Rf-cOaVV WR UeYLVe WKeLU 

 VWLcNeU deVLJQV, cOaVV WLPe LV XVed WR dePRQVWUaWe KRZ WR ZRUN ZLWK a RROaQd YLQ\O 

 cXWWeU aQd KRZ WR caUefXOO\ WUaQVfeU a cXW VWLcNeU WR a VXUface. FRU WKeLU fLQaO 

 SUeVeQWaWLRQV, VWXdeQWV aUe UeTXLUed WR VKRZ WKeLU VWLcNeU adKeUed WR a VXUface; eYeQ a 

 SLece Rf SaSeU VXffLceV, bXW PRVW VWXdeQWV cKRRVe WR affL[ WKeLU VWLcNeU WR a bLc\cOe, 

 OaSWRS, RU RWKeU SeUVRQaOO\ PeaQLQJfXO RbMecW. E[aPSOeV Rf VWXdeQW ZRUN aSSeaU LQ 

 FLJXUe 2.4. 

 FigXUe 2.4.  9LQ\O-FXW VWLFNHUV, ZKLFK VWXGHQWV YDOXHG  HQRXJK WR DSSO\ WR WKHLU RZQ ODSWRSV. 
 (SWXGHQW-SURGXFHG VWLFNHUV DSSHDU KHUH LQ PDJHQWD, GDUN UHG, DQG VN\ EOXH, IURP OHIW WR ULJKW.) 
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 Final Project 

 TKe fLQaO SURMecW LQYLWeV VWXdeQWV WR bOeQd cRde-dULYeQ/aOJRULWKPLc deVLJQ (dRQe LQ 

 PURceVVLQJ) ZLWK KaQdcUafW, YecWRU SaWK dUaZLQJ, YecWRU SaWK cXWWLQJ, RU a PL[ Rf 

 WKeVe. EVVeQWLaOO\, VWXdeQWV aUe aVNed WR JeQeUaWe a PRUe cRPSOLcaWed YecWRU deVLJQ 

 WKaQ WKe\ KaYe dRQe SULRU aQd WR UeaOL]e LW LQ aQ\ Rf WKe SK\VLcaO PedLXPV cRYeUed LQ 

 WKe cRXUVe. TKe\ Pa\ aOVR XVe aQ\ aUW/cUafW PedLXP ZLWK ZKLcK WKe\ KaYe SULRU 

 e[SeULeQce RU ZLVK WR e[SORUe RQ WKeLU RZQ. 

 TKLV SURMecW fROORZV WKe VaPe dUafW-UeYLVLRQ-fabULcaWLRQ VWUXcWXUe aV WKe WZR SULRU 

 PLQL-SURMecWV, bXW ZLWK WKe added WecKQLcaO UeTXLUePeQW WKaW VWXdeQWV PXVW XVe 

 fXQcWLRQV LQ WKeLU cRde. SWXdeQWV aUe aOVR e[SecWed WR eQJaJe LQ LQdeSeQdeQW UeVeaUcK 

 aQd SOaQQLQJ LQ WeUPV Rf cUeaWLQJ a deVLJQ WKaW LV VXLWabOe fRU WKeLU cKRVeQ PedLXP(V), 

 eQYLVLRQLQJ KRZ WKe\ ZLOO UeaOL]e WKLV deVLJQ LQ SK\VLcaO fRUP, aQd UeTXeVWLQJ aQ\ 

 QeceVVaU\ SK\VLcaO PaWeULaOV fRU WKeLU SURMecW. TKe fabULcaWLRQ SaUW Rf WKLV aVVLJQPeQW 

 PXVW eLWKeU LQcRUSRUaWe KaQdcUafW LQ VRPe Za\ RU dePRQVWUaWe a PRUe cRPSOLcaWed 

 aSSOLcaWLRQ Rf a WRRO fURP aQ eaUOLeU aVVLJQPeQW (fRU e[aPSOe, XVLQJ a SORWWeU ZLWK WZR 

 SeQV/cRORUV RU XVLQJ a OaVeU cXWWeU ZLWK a QeZ PaWeULaO). E[aPSOeV Rf VWXdeQW ZRUN aUe 

 VKRZQ LQ FLJXUe 2.5 ± bXW VWXdeQWV aOVR XVed PaQ\ RWKeU PedLXPV VXcK aV cKaUcRaO, 

 acU\OLc SaLQW, aQd 3D SULQWLQJ. 
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 FigXUe 2.5.  SWXGHQW ILQDO SURMHFWV. 7RS URZ: ODVHU  FXW FRDVWHUV DQG D KDQG-HPEURLGHUHG SLOORZ. MLGGOH 
 URZ: D KDQG-HPEURLGHUHG VFHQH, D WRROHG OHDWKHU EUDFHOHW, DQG D KDQG-HPEURLGHUHG SLOORZ. BRWWRP URZ: 
 D JUDGXDWLRQ FDS, VWDUW WR ILQLVK. 

 Bonus Activity˿ Paper Circuits 

 EacK WeUP, RQe cOaVV SeULRd LV VSeQW WeacKLQJ VWXdeQWV KRZ WR PaNe OLJKW-XS 

 HaOORZeeQ caUdV (FaOO WeUP) RU YaOeQWLQeV (SSULQJ WeUP), aV LQVSLUed b\ WKe ZRUN Rf 

 JLe QL  [114, 115]  . TKLV acWLYLW\ LV XQJUaded, aV VWXdeQWV  WaNe WKeLU caUdV ZLWK WKeP aW 
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 WKe eQd Rf cOaVV, bXW LW LV LQWeQded WR UeLQfRUce eaUOLeU OeaUQLQJ abRXW cLUcXLWV aQd WR 

 dePRQVWUaWe \eW aQRWKeU cUeaWLYe WecKQLcaO aSSOLcaWLRQ. 

 DXULQJ WKLV cOaVV SeULRd, ZKLcK aOZa\V WaNeV SOace afWeU WKe feOWed cLUcXLW PLQL-SURMecW, 

 I WeacK KRZ WR cUeaWe cLUcXLWV RQ SaSeU XVLQJ cRSSeU WaSe, OLJKWV, aQd baWWeULeV. I aOVR 

 WeacK VWXdeQWV KRZ WR VROdeU ± aQd WKe\ KaYe WKe RSSRUWXQLW\ WR SUacWLce ZKaW WKe\'Ye 

 aOUead\ OeaUQed abRXW XVLQJ a PXOWLPeWeU WR PeaVXUe cRQWLQXLW\. SRPe e[aPSOeV 

 aSSeaU LQ FLJXUe 2.6. 

 FigXUe 2.6.  HDOORZHHQ-WKHPHG SDSHU FLUFXLWV PDGH E\  VWXGHQWV. 

 Deprecated Assignments 

 IQ addLWLRQ WR WKe abRYe, eaUOLeU RffeULQJV Rf WKe cRXUVe LQcOXded a We[WLOe VeQVRU 

 PLQL-SURMecW WKaW fROORZed WKe feOWed cLUcXLW PLQL-SURMecW. IQVSLUed b\ HaQQaK 

 PeUQeU-WLOVRQ'V ZRUN  [50, 109]  , WKLV RSeQed XS dLVcXVVLRQ  Rf UeVLVWaQce aQd WKe 

 dLffeUeQceV beWZeeQ a "dLPPeU" aQd a "VZLWcK". We XVed QeRSUeQe, VeORVWaW, aQd 

 cRQdXcWLYe WKUead WR fROORZ PeUQeU-WLOVRQ'V IQVWUXcWabOe RQ WKe WRSLc  [52]  . SWXdeQWV 

 added WKeLU RZQ fOaLU WR WKe aVVLJQPeQW b\ PaNLQJ WKeLU VeQVRUV LQ cUeaWLYe VKaSeV OLNe 
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 dLQRVaXUV aQd KeaUWV ± aQd eQMR\ed cRPSaULQJ KRZ WKLV aQd RWKeU YaULabOeV affecWed 

 WKeLU UeVLVWaQce, XVLQJ a PXOWLPeWeU WR LQYeVWLJaWe. AOWKRXJK VWXdeQWV aSSUecLaWed WKLV 

 PRUe adYaQced eOecWURQLcV SURMecW, LW ZaV UePRYed fURP OaWeU cRXUVe RffeULQJV VR WKaW 

 Ze cRXOd JR PRUe LQ-deSWK RQ fUeTXeQWO\-UeTXeVWed, PRUe adYaQced WRSLcV LQ 

 cRPSXWLQJ, OLNe WUaQVOaWLRQ aQd XVeU LQWeUacWLRQ. 

 A cRXSOe Rf eaUOLeU WeUPV Rf WKe cRXUVe aOVR XVed a OaVeU cXWWeU LQ OLeX Rf a YLQ\O cXWWeU 

 fRU MLQL-PURMecW #3; WKLV ZaV VLPSO\ deSeQdeQW RQ ZKeWKeU Ze Kad WKe QeceVVaU\ 

 eTXLSPeQW acceVV, aQd WKe SURMecW UeTXLUePeQWV aQd cKaOOeQJeV ZeUe cRPSaUabOe 

 acURVV WKe WZR dLffeUeQW PacKLQeV. DXULQJ WKeVe RffeULQJV, VWXdeQWV ZeUe aOVR abOe WR 

 XVe WKe OaVeU cXWWeU fRU WKeLU fLQaO SURMecWV. E[aPSOeV Rf VWXdeQW ZRUN fURP WKeVe 

 deSUecaWed aVVLJQPeQWV aSSeaU LQ FLJXUe 2.7. 

 FigXUe 2.7.  LD\HUHG ODVHU-FXW SDSHU, IURP DQ HDUOLHU  YHUVLRQ RI MLQL-PURMHFW #3. 

 IłfũaŭŶũŽcŶŽũe 

 TKe cKRLce Rf XVLQJ PXOWLSOe LQfUaVWUXcWXUe WRROV fRU WeacKLQJ YeUVXV cRQVROLdaWLQJ 

 LQWR a VLQJOe SOaWfRUP KaV aQ effecW RQ WKe WRQe Rf WKe cOaVV. AOWKRXJK WKeUe LV a 
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 OeaUQLQJ cXUYe WR VWXdeQWV XVLQJ PXOWLSOe WRROV LQ WaQdeP, WKLV LV cRPPRQ LQ WKe 

 cRPSXWeU VcLeQce ZRUNSOace aQd I ePSKaVL]e WKeLU XWLOLW\ ZLWK UeJaUd WR SUeSaUaWLRQ 

 fRU SRVW-JUadXaWLRQ ePSOR\PeQW. 

 TKe cRXUVe LV WaXJKW eQWLUeO\ LQ PURceVVLQJ, aVLde fURP a BORcNO\-baVed ZaUP XS 

 aVVLJQPeQW. I cKRVe PURceVVLQJ becaXVe LW ZaV RULJLQaOO\ deYeORSed b\ aUWLVWV aQd 

 deVLJQeUV WR eQabOe WKe cUeaWLRQ Rf cUeaWLYe ZRUN b\ WKRVe ZLWK PLQLPaO SURJUaPPLQJ 

 bacNJURXQd  [120]  . TR VcaffROd RXU MRXUQe\ WKURXJK  OeaUQLQJ WR ZULWe PURceVVLQJ cRde, 

 aOO VWXdeQWV aUe UeTXLUed WR SXUcKaVe  LeaUQiQg PURceVViQg  aQd LW VeUYeV aV WKe cRXUVe 

 We[WbRRN  [123]  .  CUafW Rf CRPSXWiQg  cRYeUV WKe fLUVW  WKUee cKaSWeUV Rf WKe bRRN LQ JUeaW 

 deWaLO, ZLWK VeOecW WRSLcV fURP OaWeU LQ WKe bRRN cRYeUed b\ UeTXeVW. 

 A TUeOOR bRaUd VeUYeV aV RXU cRXUVe ZebVLWe  [24, 130]  ,  ZKLcK cRORUfXOO\ RUJaQL]eV 

 XScRPLQJ aVVLJQPeQWV/dXe daWeV, UeTXLUePeQWV fRU eacK aVVLJQPeQW, aQd UefeUeQceV 

 VXcK aV WKe V\OOabXV aQd eTXLSPeQW dRcXPeQWaWLRQ. SWXdeQWV VXbPLW cRXUVeZRUN RQ 

 MRRdOe, e[ceSW fRU SK\VLcaO aUWLfacWV ZKLcK aUe VXbPLWWed LQ SeUVRQ. AQ e[aPSOe 

 fURP RQe Rf WKe cRXUVe RffeULQJV LV VKRZQ LQ FLJXUe 2.8. 

 37 



 FigXUe 2.8.  7KH FRXUVH ZHEVLWH, DV RUJDQL]HG RQ 7UHOOR. AQ RYHUYLHZ RI FXUUHQW WDVNV DQG UHIHUHQFHV 
 (OHIW) DQG D "FDUG" RIIHULQJ JXLGDQFH RQ WKH ILQDO SKDVH RI DQ LQGLYLGXDO PLQL-SURMHFW (ULJKW). 

 SWXdeQWV aUe aOVR UeTXLUed WR MRLQ WKe  CUafW Rf CRPSXWiQg  cKaQQeO RQ RXU deSaUWPeQW'V 

 SOacN WeaP  [125]  , ZKLcK ZaV cUeaWed aQd LV PaQaJed  b\ WKe deSaUWPeQW'V WeacKLQJ 

 aVVLVWaQWV (TAV). TKLV LV ZKeUe aQ\ aQQRXQcePeQWV RU cOaULfLcaWLRQV aUe Pade LQ 

 beWZeeQ cRXUVe PeeWLQJV, fRU e[aPSOe, deadOLQe e[WeQVLRQV RU RQ-dePaQd e[aPSOeV 

 WR cOaULf\ cRQWeQW. SWXdeQWV aUe aOVR aVNed WR SRVW RQ SOacN UaWKeU WKaQ ePaLOLQJ Pe, aV 

 WKLV eQabOeV a TXLcNeU UeVSRQVe fURP WKe P\VeOf, cRXUVe TAV, RU RWKeU VWXdeQWV LQ WKe 

 cRXUVe. SWXdeQWV aUe aOVR eQcRXUaJed WR VeQd  diUecW  PeVVaJeV WR Pe aQd/RU WKe TAV RQ 

 SOacN Lf WKe\ ZRXOd OLNe WR LQTXLUe abRXW JUadLQJ, aVN a TXeVWLRQ VSecLfLc WR WKeLU cRde, 

 RU aQ\WKLQJ PRUe SULYaWe. 

 CRPSOePeQWaU\ WR WKe abRYe, GRRJOe dRcV LV XVed WR KRVW VRfWZaUe aQd eTXLSPeQW 

 dRcXPeQWaWLRQ aQd CaOeQdO\ LV XVed fRU VWXdeQWV WR VcKedXOe WLPe RQ VSecLfLc 

 eTXLSPeQW  [21]  . 
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 IłŭŶũŽcŶiŋłal SŽťťŋũŶ 

 TeacKLQJ aVVLVWaQWV KaYe beeQ abVROXWeO\ LQVWUXPeQWaO LQ WKe VXcceVV Rf  CUafW Rf 

 CRPSXWiQg  . AbXQdaQW WeacKLQJ VXSSRUW LV a XQLTXe beQefLW  Rf WeacKLQJ aW a ZRUN 

 cROOeJe, bXW XQdeUJUadXaWe WXWRUV aQd JUadeUV cRXOd be WaVNed ZLWK VLPLOaU VXSSRUW aW 

 RWKeU LQVWLWXWLRQV. FRU WKLV cRXUVe, TAV VWaff eYeQLQJ Oab KRXUV aQd PRQLWRU WKe cRXUVe 

 SOacN cKaQQeO. TKe\ KaYe aOVR ZRUNed LQdeSeQdeQWO\ WR cUeaWe LQYaOXabOe 

 dRcXPeQWaWLRQ WKaW SeUVLVWV acURVV WeUPV; TAV KaYe aXWKRUed deWaLOed VWeS-b\-VWeS 

 WXWRULaOV RQ eacK SLece Rf eTXLSPeQW aV ZeOO aV fLOe cRQYeUVLRQ SURceVVeV. AOO Rf WKeVe 

 feaWXUe aQQRWaWed VcUeeQVKRWV, ORWV Rf eQcRXUaJePeQW, aQd a VeQVe Rf KXPRU. TKeVe 

 ZaONWKURXJKV KaYe beeQ YLWaO LQ WeUPV Rf UedXcLQJ VWXdeQW cRQfXVLRQ. 

 TAV aOVR OeaUQ KRZ WR XVe eacK SLece Rf eTXLSPeQW LQ adYaQce Rf aVVRcLaWed 

 aVVLJQPeQWV aQd WKe\ VXSeUYLVe eTXLSPeQW WLPe VORWV, ZKLcK VWXdeQWV caQ UeVeUYe bRWK 

 dXULQJ aQd RXWVLde Rf eYeQLQJ Oab. TAV aOVR KaQdOe aOO Rf WKe VLJQXSV aQd VcKedXOLQJ 

 fRU WKLV. 

 FLQaOO\, TAV JUade aOO Rf WKe TXL]]eV aQd PeeW ZLWK Pe WR JUade fLQaO SURMecWV aV a 

 JURXS aW WKe eQd Rf eacK WeUP. TKLV LV YeU\ KeOSfXO, aV WKe\ KaYe a ZLQdRZ LQWR eacK 

 VWXdeQW'V SURceVV aQd aQ\ baUULeUV WKaW WKe\ KaYe eQcRXQWeUed. OQ WKe ZKROe, I KaYe 

 fRXQd LW WUePeQdRXVO\ KeOSfXO WR KaYe P\ TAV' RQJRLQJ feedbacN RQ ZKaW WRSLcV 

 VWXdeQWV VWUXJJOe ZLWK LQ Oab aQd aQ\ LVVXeV WKaW aULVe ZLWK eTXLSPeQW RU PaWeULaOV. 
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 ˑ ̆˔   ReƪecŶiŋłŭ 

 IQ WKLV VecWLRQ, I VXPPaUL]e VRPe Rf P\ RZQ RbVeUYaWLRQV aQd UefOecWLRQV abRXW WKe 

 cRXUVe. 

 Challełgeŭ ͬ Reƒaũdŭ ŋf Wŋũkiłg ił Ŷhe PhƘŭical Wŋũld 

 WRUNLQJ ZLWK SK\VLcaO PaWeULaOV aQd eTXLSPeQW caQ be WLPe-cRQVXPLQJ aQd 

 fUXVWUaWLQJ, aV ecKRed LQ VWXdeQWV' cRXUVe eYaOXaWLRQV, eVSecLaOO\ aV LW cRQWUaVWV ZLWK 

 WKe VRfWZaUe/dLJLWaO fRcXV Rf PRVW cRPSXWeU VcLeQce cRXUVeZRUN. HRZeYeU, RQce 

 VWXdeQWV JeW LQ WKe KabLW Rf SOaQQLQJ aKead aQd VLJQLQJ XS fRU eTXLSPeQW WLPe VORWV, 

 WKe\ RfWeQ e[SUeVV a VeQVe Rf SULde aQd WULXPSK LQ ZKaW WKe\ PaNe; a VeQWLPeQW 

 ecKRed WKURXJK PaQ\ VWXdeQW eYaOXaWLRQV LV,  "The PRUe  effRUW I SXW iQWR a SURjecW, Whe 

 PRUe eQjR\PeQW I gRW RXW Rf iW."  SWXdeQWV KaYe eVSecLaOO\  eQMR\ed PaNLQJ WKLQJV WR 

 dLVSOa\ LQ WKeLU dRUP URRPV, WR SeUVRQaOL]e WKeLU beORQJLQJV, RU WR JLfW WR ORYed RQeV ± 

 VRPeWLPeV UeTXeVWLQJ LWePV be UeWXUQed eaUO\ fURP JUadLQJ LQ WLPe fRU a bLUWKda\ RU 

 KROLda\. 

 I KaYe addLWLRQaOO\ RbVeUYed VWXdeQWV bRQdLQJ RYeU WKe abRYe-PeQWLRQed fUXVWUaWLRQV; 

 fRU e[aPSOe, KRZ aQ eaUOLeU-XVed SORWWeU ZRXOd VRPeWLPeV TXLW KaOfZa\ WKURXJK 

 dUaZLQJ RU KRZ aZfXO WKe OaVeU cXWWeU VPeOOV afWeU cXWWLQJ ZRRO feOW. SWXdeQWV KaYe 

 aOVR bXLOW a VWURQJ VeQVe Rf cRPPXQLW\ aURXQd RXU SUeVeQWaWLRQ da\V. USRQ WKeLU 

 VXJJeVWLRQ, I VWRcNed WKe Oab ZLWK Wea aQd VecRQd KaQd cRffee PXJV ± aQd WKeVe cOaVV 

 PeeWLQJV caPe WR be NQRZQ aV "CULTEATXe Da\V". SKaULQJ cUeaWLYe ZRUN LV 
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 YXOQeUabOe aQd I beOLeYe WKaW WRJeWKeU Ze KaYe cXOWLYaWed a Vafe VSace fRU VWXdeQWV WR 

 SURYLde cRQVWUXcWLYe feedbacN aQd WU\ QeZ WKLQJV. TKLV LV ecKRed b\ a VWXdeQW 

 eYaOXaWLRQ:  "[The iQVWUXcWRU] iV YeU\ SaVViRQaWe abRXW  Whe WRSic aQd eQcRXUageV XV WR 

 WU\ QeZ WechQiTXeV, RU WR aSSO\ WheVe WechQiTXeV diffeUeQWO\ WR Vee Whe RXWcRPe." 

 SWXdeQWV ORRN fRUZaUd WR RXU CULTEATXe cOaVV SeULRdV, WaNLQJ JUeaW LQWeUeVW LQ RQe 

 aQRWKeU'V cUeaWLYe aQd WecKQLcaO JURZWK. 

 SWXdeQWV KaYe aOVR UeSRUWed aSSUecLaWLRQ fRU OeaUQLQJ cUafW WecKQLTXeV ± aV a cUeaWLYe 

 RXWOeW, aV a deVWUeVVRU eVSecLaOO\ aURXQd PLdWeUPV aQd fLQaOV, aQd aV a PeaQV WR be 

 PRUe VeOf-VXffLcLeQW. OQe VWXdeQW ZULWeV,  "I hadQ'W  cRQceUQed P\VeOf SUiRU ZiWh VeZiQg 

 RU feOWiQg, bXW I haYe a faiU deaO Rf iQWeUeVW aQd UeVSecW fRU Whe cUeaWiYe aSSOicaWiRQV Rf 

 bRWh afWeU haYiQg WakeQ Whe cRXUVe."  AQRWKeU UefOecWV,  "ThiV cRXUVe WaXghW Pe Whe 

 baVicV Rf SURgUaPPiQg aQd baVic VeZiQg aQd ePbURideUiQg WechQiTXeV WhaW QRW RQO\ I 

 caQ XVe iQ a caUeeU bXW fRU Oife VkiOOV WRR." 

 ImťŋũŶałce ŋf GũŋƒŶh MiłdŭeŶ aŶ Ŷhe CSˏ LeƑel 

 TKe LPSRUWaQce Rf a JURZWK PLQdVeW LV ZeOO-dRcXPeQWed, aQd WKe fRcXV RQ cUeaWLYLW\ 

 aQd cUafW LQ WKLV cRXUVe VeePV WR VXSSRUW WKLV RbMecWLYe. MRVW LQWURdXcWRU\ cRPSXWLQJ 

 cRXUVeV KaYe aOO VWXdeQWV cRPSOeWe e[acWO\ WKe VaPe aVVLJQPeQWV. TKLV caQ RffeU WKe 

 WePSWaWLRQ WR aVN aQRWKeU VWXdeQW KRZ WKe\ VROYed a bXJ, UaWKeU WKaQ VWUXJJOLQJ ZLWK LW 

 RQ RQe'V RZQ. TKe fRcXV RQ cUeaWLYLW\ LQ WKLV cRXUVe PeaQV WKaW eYeU\ SURMecW LV 

 XQLTXe, aQd QeLWKeU RWKeU VWXdeQWV QRU P\VeOf aUe OLNeO\ WR NQRZ WKe aQVZeUV 
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 LPPedLaWeO\. TKLV aOORZV abXQdaQW RSSRUWXQLW\ WR SUacWLce debXJJLQJ aQd JURZWK 

 PLQdVeW WRZaUdV a JRaO WKe VWXdeQW LV SeUVRQaOO\ LQYeVWed LQ. SWXdeQW eYaOXaWLRQ 

 cRPPeQWV UefOecW WKLV e[SeULeQce: 

 "She ZaV YeU\ UeOaWe-abOe aQd WaOked WhURXgh VWUXggOeV. She aOVR did QRW jXVW 

 giYe XV Whe aQVZeUV WR SURbOePV iQ RXU cRde. She jXVW VSRWWed Whe VSRWV ZheUe 

 Whe\ ZeUe aQd iW ZaV Oike hide aQd Veek RU fiQd WaOdR. IW ZaV gUeaW WR heaU Whe 

 eQcRXUagePeQW Rf kQRZiQg WhaW Vhe had fRXQd Whe bXg iQ Whe cRde aQd WheQ Ze 

 had WR ZRUk RQ fiQdiQg WheP RXUVeOYeV." 

 "She ZeOcRPeV TXeVWiRQV aQd PiVWakeV RQ ZRUk aQd aVVigQPeQWV aQd WeacheV 

 XV WhaW VRPeWiPeV PiVWakeV aUeQ'W WeUUibOe WhiQgV bXW caQ add RQ WR RXU 

 SURjecWV." 

 "The iQVWUXcWRU dReV a gRRd jRb Rf OeadiQg \RX iQWR fi[iQg cRde \RX haYe a 

 SURbOeP ZiWh iQVWead Rf RXWUighW WeOOiQg \RX ZhaW iV ZURQg RU ZhaW \RX Qeed WR 

 add VR WhaW \RX caQ acWXaOO\ OeaUQ VRPeWhiQg." 

 "WheQeYeU VWXdeQWV aUe VWXck Vhe jXVW dReVQ¶W giYe WheP Whe aQVZeUV Vhe aVkV 

 WheP TXeVWiRQV fRU WheP WR VWaUW ³WhiQkiQg Oike a cRPSXWeU VcieQWiVW´ aV Vhe 

 ZRXOd Va\." 

 "She haV heOSed Pe WR OeaUQ WhaW cRdiQg iV QR haUdeU WhaQ VROYiQg a SX]]Oe." 
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 LeƑeliłg Ŷhe PlaƘiłg Field 

 CS0 cRXUVeV VWULYe WR SURYLde aQ eQWU\ SRLQW fRU VWXdeQWV ZLWK OLWWOe-WR-QR 

 SURJUaPPLQJ bacNJURXQd, \eW RfWeQ eQUROO VWXdeQWV ZLWK a ZLde UaQJe Rf SUeSaUaWLRQ. 

 FRU e[aPSOe, VRPe VWXdeQWV Pa\ RSW WR WaNe CS0 aV UeYLeZ RU becaXVe WKe\ aUe 

 LQWeUeVWed LQ WKe VSecLfLc WRSLc/WKePe WKaW LV feaWXUed. TKLV SUeVeQWV a XQLTXe cKaOOeQJe 

 fRU CS0 LQVWUXcWRUV, aV WKe\ VWULYe WR baOaQce aSSURacKabLOLW\ fRU OeVV e[SeULeQced 

 VWXdeQWV ZLWK NeeSLQJ PRUe e[SeULeQced VWXdeQWV eQJaJed. 

 GLYeQ P\ e[SeULeQce ZLWK WKLV cRXUVe, cRPSXWaWLRQaO cUafW LV, LQ facW, YeU\ ZeOO VXLWed 

 WR WKLV cKaOOeQJe. BeWZeeQ WKe cUeaWLYe aVSecW Rf eYeU\ aVVLJQPeQW, WKe YaULeW\ Rf 

 WRROV/PaWeULaOV/WecKQLTXeV aW KaQd, aQd WKe e[WeQVLbLOLW\ Rf PURceVVLQJ aV a 

 SURJUaPPLQJ OaQJXaJe ± I KaYe VeeQ VWXdeQWV Rf aOO OeYeOV UePaLQ eQJaJed RYeU WKe 

 cRXUVe Rf eacK WeUP. SWXdeQW eYaOXaWLRQ cRPPeQWV VXSSRUW WKLV: 

 "[The cRXUVe] aOORZV VWXdeQWV WR bUaiQVWRUP aQd cUeaWe WheiU RZQ XQiTXe 

 SURjecWV ZhiOe eQVXUiQg Whe VWXdeQWV OeaUQ Whe cRQWeQW aQd Whe SURjecWV fROORZ 

 Whe VSecificaWiRQV." 

 "... iQdiYidXaOV iQ Whe cOaVV ZeUe aW a YaUieW\ Rf VkiOO OeYeOV aQd [...] eYeU\RQe 

 ZaV abOe WR OeaUQ deVSiWe WhaW chaOOeQge." 

 "AQ\WiPe WhaW Ze fiQiVhed a ceUWaiQ SaUW, Vhe ZRXOd chaOOeQge XV ZiWh e[WUa 

 WaVkV WhaW gaYe a beWWeU XQdeUVWaQdiQg." 
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 PũeťaũaŶiŋł fŋũ CSː 

 CS0 cRXUVeV aLP QRW RQO\ WR RffeU aQ aSSURSULaWe eQWU\ SRLQW WR cRPSXWeU VcLeQce, bXW 

 aOVR WR SUeSaUe VWXdeQWV ZLWK PLQLPaO SURJUaPPLQJ bacNJURXQd fRU CS1. SWXdeQW 

 eYaOXaWLRQV UefOecW VXcceVV LQ WKeVe aUeaV aV ZeOO: 

 "EYeQ WhRXgh I had QR backgURXQd Rf CRPSXWeU ScieQce, [...] WhiV cRXUVe 

 [ZaV] YeU\ acceVVibOe WR Pe." 

 "I UecRgQi]e WhaW WhiV ZRXOd be aQ ideaO fiUVW cRPSXWeU VcieQce cRXUVe."  (TKLV 

 cRPPeQW ZaV Pade b\ a VWXdeQW ZLWK VRPe SURJUaPPLQJ bacNJURXQd 

 aOUead\.) 

 "I ZRXOd UecRPPeQd aQ\RQe ZhR iV WhiQkiQg abRXW dRiQg cRPSXWeU VcieQce WR 

 Wake WhiV cRXUVe. IW'V a SeUfecW SUeSaUaWRU\ cRXUVe fRU [CS1] aQd [CS2] b\ 

 VRfWO\ iQWURdXciQg ke\ cRQceSWV WhaW aUe cUXciaO WR Whe PajRU. AQ\RQe ZhR 

 WakeV WhiV cRXUVe ZiOO haYe a hXge Oeg XS iQ [CS1]." 

 DeVSLWe WKe QRQ-WUadLWLRQaO cRPSXWLQJ WRSLc aUea ZKLcK Pa\ be SeUceLYed b\ VRPe aV 

 "VRfWeU" RU OeVV dLffLcXOW,  CUafW Rf CRPSXWiQg  LV  RQe Rf WKe RQO\ CS0 cRXUVeV LQ WKe 

 deSaUWPeQW WR XVe a We[W-baVed SURJUaPPLQJ OaQJXaJe; PRVW CS0 cRXUVeV LQ BeUea'V 

 fXQQeO XWLOL]e bORcN OaQJXaJeV. A cRXSOe Rf VWXdeQWV SRVLWed LQ LQWeUYLeZV WKaW WKLV 

 PaNeV fRU a VPRRWKeU WUaQVLWLRQ WR RXU CS1 cRXUVe WaXJKW LQ P\WKRQ;  CUafW Rf 

 CRPSXWiQg  VWXdeQWV aOUead\ KaYe faPLOLaULW\ ZLWK cRPSLOeU  eUURUV, QXaQceV Rf ZULWWeQ 
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 V\QWa[, aQd daWa UeSUeVeQWaWLRQ (e.J. LQWV YV. fORaWV).  CUafW Rf CRPSXWiQg  'V cRYeUaJe Rf 

 PURceVVLQJ aOVR XQLTXeO\ e[SRVeV VWXdeQWV WR debXJJLQJ, OLbUaULeV, aQd SURJUaPPLQJ 

 LQ dLffeUeQW cRRUdLQaWe V\VWePV. 

 Bũŋadełiłg PaũŶiciťaŶiŋł ͬ PeũceťŶiŋłŭ ThũŋŽgh CũafŶ 

 TKe JRaOV I ZaV PRVW SaVVLRQaWe abRXW fRU WKLV cRXUVe ZeUe WR LQYLWe SaUWLcLSaWLRQ 

 fURP a dLYeUVe cURVV-VecWLRQ Rf VWXdeQWV aQd WR YaVWO\ bURadeQ VWXdeQWV' SeUceSWLRQV Rf 

 ZKaW cRPSXWeU VcLeQce LV "JRRd fRU". 

 A WRWaO Rf 69 VWXdeQWV eQUROOed LQ  CUafW Rf CRPSXWiQg  RYeU WKe WZR-\eaU LQWeUYaO, 

 PaQ\ Rf ZKLcK ZeUe fLUVW \eaU VWXdeQWV. AW BeUea CROOeJe, fLUVW \eaU VWXdeQWV aUe 

 SOaced LQWR FaOO TeUP cRXUVeV b\ aQ adYLVRU, ZKLOe aOO VWXdeQWV VeOf-eQUROO fRU WKe 

 SSULQJ TeUP. LRRNLQJ RQO\ aW SSULQJ TeUP (VeOf-eQUROOed) VWXdeQWV, 19 PeQ aQd 15 

 ZRPeQ eQUROOed LQ WKe cRXUVe. WKLOe a VPaOO cRXUVe OLNe WKLV LV KaUdO\ VXLWabOe fRU 

 UeSRUWLQJ VWaWLVWLcV, WKLV LV 44% fePaOe eQUROOPeQW, aV cRPSaUed WR XQdeU 20% Rf 

 cRPSXWeU VcLeQce bacKeORU'V deJUeeV beLQJ aZaUded WR ZRPeQ QaWLRQZLde  [96]  . 

 I aP aOVR YeU\ eQcRXUaJed WKaW VWXdeQW eYaOXaWLRQV UefOecW VXcceVV LQ bURadeQLQJ 

 SeUceSWLRQV Rf cRPSXWLQJ: 

 "EYeU\ aVVigQPeQW iV fOe[ibOe; Whe cUiWeUia caQ be PeW ZiWh aQ iQcUedibOe 

 QXPbeU Rf VROXWiRQV Rf YaU\iQg cRPSOe[iW\, aQd eYeU\ aVVigQPeQW feeOV Oike iW 

 haV Whe SRWeQWiaO WR be aQ aUW SURjecW." 
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 "... Whe cRXUVe did ZeOO WR OiQk Whe cRPSXWaWiRQaO aQd Sh\VicaO aUeaV, geQeUaOO\ 

 bURadeQiQg Whe VcRSe fRU Zhich I PighW cRQVideU SURgUaPPiQg." 

 "I OeaUQed VR iQcUedibO\ PXch! BefRUe WhiV cRXUVe, I didQ'W kQRZ Whe fiUVW WhiQg 

 abRXW SURgUaPPiQg, bXW QRZ, I'P cRdiQg ViPSOe YideR gaPeV iQ P\ fUee WiPe, 

 aQd I haYe eYeQ decided WR PiQRU iQ cRPSXWeU VcieQce. I ORYed WhiV cRXUVe VR 

 PXch WhaW I aSSOied fRU, aQd ZaV gUaQWed Whe RSSRUWXQiW\ WR ZRUk aV RQe Rf Whe 

 WZR TAV fRU Whe cRXUVe iQ Whe faOO." 

 "« heU abiOiW\ WR UeOaWe Whe cRPSXWiQg iQfRUPaWiRQ WR WhiQgV iQ Whe UeaO ZRUOd, 

 aQd WR cRPbiQe digiWaO ZRUk ZiWh aQaORg ZRUk iV ViPSO\ aVWRXQdiQg." 

 "ThiV ZaV a gUeaW RSSRUWXQiW\ WR OeaUQ QeZ WhiQgV iQ a QeZ fieOd. I Oiked beiQg 

 abOe WR bUiQg P\ cRde WR aUW." 

 PeũŭŋłallƘ MeałiłgfŽl Wŋũk 

 LaVWO\,  CUafW Rf CRPSXWiQg  VWXdeQW SURMecWV fUeTXeQWO\  UefOecW VWXdeQWV' LdeQWLWLeV, 

 UeOaWLRQVKLSV, aQd PLOeVWRQeV. SWXdeQWV KaYe cUeaWed KRPaJeV WR beVW fULeQdV aQd 

 SaUeQWV, JLfWV fRU WKeLU cKLOdUeQ, aQd decRU fRU WKeLU dRUP URRPV. MaQ\ VWXdeQWV KaYe 

 cKRVeQ WR LQWeJUaWe WKeLU SURMecWV LQWR WKeLU eYeU\da\ OLYeV ± fRU e[aPSOe, affL[LQJ 

 WKeLU YLQ\O cXW VWLcNeUV WR fUeTXeQWO\ XVed LWePV, VKaULQJ WKeLU SURMecWV RQ VRcLaO 

 PedLa, aQd aVNLQJ fRU ZRUN WR be JUaded aKead Rf VcKedXOe VR WKaW LW caQ be JLYeQ aV a 

 JLfW. TKLV VeePV eVSecLaOO\ SURPLVLQJ, aV UeVeaUcK KaV VKRZQ WKaW eQJaJLQJ LQ 
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 SeUVRQaOO\ PeaQLQJfXO ZRUN caQ aWWUacW KLVWRULcaOO\ PaUJLQaOL]ed VWXdeQWV. A cRXSOe 

 Rf e[aPSOeV Rf VWXdeQW fLQaO SURMecWV ceOebUaWLQJ SeUVRQaO LdeQWLW\ aQd 

 accRPSOLVKPeQW caQ be VeeQ LQ FLJXUe 2.9. 

 FigXUe 2.9.  PHUVRQDOO\ PHDQLQJIXO VWXGHQW ZRUN. LHIW:  RQH VWXGHQW UHSUHVHQWV KHUVHOI E\ FRGLQJ DQG 
 SHQ-SORWWLQJ D IDFH WKDW LV KDOI AIULFDQ DQG KDOI NDWLYH APHULFDQ. RLJKW: DQRWKHU VWXGHQW FHOHEUDWHV KHU 
 JUDGXDWLRQ E\ KDQG-HPEURLGHULQJ D FRPSXWDWLRQDO GHVLJQ DQG IUDPLQJ LW LQ D VKDGRZER[ ZLWK 
 NHHSVDNHV. 

 ˑ ̆˕   RecŋmmełdaŶiŋłŭ 

 IQ WKLV VecWLRQ, I PaNe cRQcUeWe UecRPPeQdaWLRQV WR RWKeUV ZKR Pa\ be LQWeUeVWed LQ 

 RffeULQJ a VLPLOaU cRXUVe aW WKeLU RZQ LQVWLWXWLRQ. 

 CŋŽũŭe LŋgiŭŶicŭ 

 LRQJeU cRXUVe SeULRdV UeaOO\ dR RffeU PRUe WLPe WR eQJaJe ZLWK SK\VLcaO PaWeULaOV, 

 fabULcaWLRQ eTXLSPeQW, aQd KaQdcUafW. TKe\ aOVR aOORZ fRU PRUe PeaQLQJfXO 

 dLVcXVVLRQV, bRWK RQ WKe WRSLc Rf UeadLQJV aQd RQ da\V WKaW VWXdeQWV aUe SUeVeQWLQJ 
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 WKeLU ZRUN. I UecRPPeQd VcKedXOLQJ a cRXUVe Rf WKLV W\Se dXULQJ e[WeQded WLPe 

 bORcNV, Lf \RXU LQVWLWXWLRQ RffeUV WKLV RSWLRQ. 

 TKe eaUOLeVW RffeULQJV Rf WKe cRXUVe ZeUe WaXJKW LQ a cRXSOe Rf dLffeUeQW cOaVVURRPV 

 WKaW dLd QRW KaYe VWRUaJe fRU PaWeULaOV RU VWXdeQW SURMecWV ± QRU dLd WKe\ KaYe WKe 

 eTXLSPeQW XVed LQ WKe cOaVV. I VSeQW a ORW Rf WLPe VKXffOLQJ bRWK PaWeULaOV aQd VWXdeQWV 

 beWZeeQ ORcaWLRQV, WR eQVXUe WKaW Ze Kad acceVV WR eYeU\WKLQJ Ze Qeeded. If aW aOO 

 SRVVLbOe, I UecRPPeQd VcKedXOLQJ a cRXUVe Rf WKLV W\Se LQ a Oab VSace ± LdeaOO\ RQe LQ 

 ZKLcK VWXdeQWV feeO aW KRPe. 

 IQ WeUPV Rf UeVRXUceV, VWXdeQWV adRUed  LeaUQiQg PURceVViQg  aV a We[WbRRN. TKe\ 

 aSSUecLaWed WKe aXWKRU'V cRQYeUVaWLRQaO WRQe aQd WKe ZRUNbRRN-VW\Oe e[eUcLVeV, ZKLcK 

 Ze OeYeUaJed bRWK fRU KRPeZRUN aQd LQ cOaVV. SWXdeQWV Kad QR WURXbOe VNLSSLQJ aKead 

 WR VSecLfLc WRSLcV Rf LQWeUeVW RQ WKeLU RZQ Lf WKe\ ZeUe ORRNLQJ fRU a cKaOOeQJe; LQ facW, 

 RQe Rf WKe PRVW cRPPRQ SLeceV Rf feedbacN UeceLYed UeJaUdLQJ WKe We[WbRRN ZaV 

 VLPSO\ a deVLUe WR KaYe cRYeUed PRUe Rf LW. SRPe VWXdeQWV aOVR LQdeSeQdeQWO\ VRXJKW 

 RXW WKe We[WbRRN aXWKRU'V accRPSaQ\LQJ YLdeRV ZKLcK e[SOaLQ aQd dePRQVWUaWe Ne\ 

 cRQceSWV, aQd WROd XV KRZ KeOSfXO WKeVe ZeUe. IQ VKRUW, a We[WbRRN aQd UeOaWed YLdeRV 

 WKaW  diUecWO\ VXSSRUW VWXdeQW acWiYiWieV  ZRUNed ZeOO. 

 SWXdeQWV LQLWLaOO\ cRPSOaLQed a bLW abRXW aOO Rf WKe LQfUaVWUXcWXUaO SLeceV (MRRdOe, 

 TUeOOR, SOacN, GRRJOe dRcV, eWc.). I ePSKaVL]ed TUeOOR aQd SOacN aV WKe PRVW LPSRUWaQW 

 UeVRXUceV WR NeeS WUacN Rf, eQcRXUaJed VWXdeQWV WR cRQfLJXUe SOacN QRWLfLcaWLRQV WR 
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 WKeLU SKRQe RU ePaLO, aQd WRRN JUeaW caUe WR aSSURSULaWeO\ OLQN beWZeeQ SOaWfRUPV. 

 UOWLPaWeO\, PaQ\ VWXdeQWV dLd fLQd SOacN WR be a KeOSfXO WRXcKVWRQe WKURXJKRXW WKe 

 WeUP. I beOLeYe PeVVaJLQJ RQ SOacN feeOV cORVeU WR a We[W PeVVaJe WKaQ aQ ePaLO, aQd 

 WKaW WKLV aOORZV VWXdeQWV WR YeU\ TXLcNO\ JeW LQ WRXcK ZLWKRXW ZRUU\ RYeU fRUPaOLW\, 

 eWLTXeWWe, RU SeUfecW SKUaVLQJ. TKXV, I dR UecRPPeQd XVLQJ SOacN ± RU aQRWKeU 

 SOaWfRUP ePSKaVL]LQJ aSSURacKabLOLW\, WR facLOLWaWe aQQRXQcePeQWV aQd SeeU VXSSRUW 

 beWZeeQ cRXUVe PeeWLQJV. 

 EŨŽiťmełŶ ͬ MaŶeũialŭ 

 AV PeQWLRQed LQ P\ eaUOLeU UefOecWLRQV, ZRUNLQJ ZLWK SK\VLcaO WRROV aQd PaWeULaOV LV 

 XQLTXeO\ cKaOOeQJLQJ ± eVSecLaOO\ ZLWKLQ a cRPSXWeU VcLeQce cRQWe[W, ZKeUe VWXdeQWV 

 aUe XVed WR KaYLQJ eYeU\WKLQJ WKe\ Qeed WR cRPSOeWe aVVLJQPeQWV ULJKW RQ WKeLU 

 OaSWRSV. OYeU WLPe, I KaYe fRXQd a feZ VWUaWeJLeV WKaW KeOSed WR eaVe WKLV. 

 I OeW VWXdeQWV NQRZ LQ WKe cRXUVe deVcULSWLRQ, aQd aJaLQ RQ WKe fLUVW da\ Rf cOaVV, WKaW 

 WKLV cRXUVe ZLOO UeTXLUe YLVLWLQJ WKe eYeQLQJ Oab aQd/RU VcKedXOLQJ VeSaUaWeO\ ZLWK 

 eTXLSPeQW. TKLV KeOSV WR VeW VWXdeQW e[SecWaWLRQV eaUO\ RQ aQd WR UedLUecW VWXdeQWV 

 ZKR Pa\ KaYe aQ LQcRPSaWLbOe WeUP VcKedXOe. 

 I aOVR PaNe VXUe WR RffeU SOeQW\ Rf XQVWUXcWXUed WLPe WR ZRUN RQ SURMecWV dXULQJ 

 cRXUVe PeeWLQJV. TKLV LV eVSecLaOO\ KeOSfXO ZKeQ OeaUQLQJ abRXW cLUcXLWV, dRLQJ aQ\ 

 NLQd Rf KaQdcUafW, aQd ZKeQ VWXdeQWV aUe SXUVXLQJ RSeQ-eQded fLQaO SURMecWV. BecaXVe 

 Rf WKe dePaQdV Rf VWXdeQWV' OabRU VcKedXOeV, WKLV KeOSV WR eQVXUe WKaW VWXdeQWV KaYe WKe 
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 QeceVVaU\ WLPe, VXSSRUW, aQd acceVV (WR eTXLSPeQW, PaWeULaOV, aQd LQVWUXcWLRQaO VWaff) 

 WR acKLeYe cRXUVe JRaOV. DeSeQdLQJ RQ \RXU LQVWLWXWLRQaO cRQWe[W, \RX Pa\ cKRRVe WR 

 dR WKLV aV ZeOO. 

 TR NeeS WKe cOaVV RQ VcKedXOe, I UecRPPeQd SXUcKaVLQJ aQ\ QeceVVaU\ eTXLSPeQW aQd 

 PaWeULaOV befRUe WKe VWaUW Rf WKe WeUP. TKe RQe e[ceSWLRQ WR WKLV LV VWXdeQWV' fLQaO 

 SURMecW PaWeULaOV, ZKLcK VWXdeQWV UeTXeVW WKURXJK a GRRJOe VSUeadVKeeW. If \RXU 

 deSaUWPeQW dReV QRW KaYe fXQdLQJ aYaLOabOe WR cRYeU WKeVe QeedV, \RX Pa\ cRQVLdeU 

 cKaUJLQJ a PaWeULaOV fee fRU WKe cRXUVe. 

 WKeQ VeOecWLQJ eTXLSPeQW, VLPSOe LV beVW. EaUO\ cRXUVe RffeULQJV LQcRUSRUaWed a OaVeU 

 cXWWeU aQd YLQ\O cXWWeU KRXVed LQ a QeLJKbRULQJ deSaUWPeQW, SOXV a 

 SRZeUfXO-bXW-e[SeULPeQWaO SORWWeU. B\ WKe WLPe Rf WKe cRXUVe'V OaWeVW RffeULQJ, I Kad 

 VcaOed bacN WR PRVWO\ UeO\LQJ XSRQ a CULcXW PacKLQe (ZKLcK caQ bRWK cXW aQd dUaZ). 

 TKe CULcXW VRfWZaUe LV aOVR eaVLeU fRU VWXdeQWV WR OeaUQ aQd WR VWLcN ZLWK RYeU PXOWLSOe 

 aVVLJQPeQWV, eVSecLaOO\ cRPSaUed ZLWK OeaUQLQJ RQe aSSOLcaWLRQ fRU a OaVeU cXWWeU aQd 

 aQRWKeU fRU a YLQ\O cXWWeU. 

 File FŋũmaŶŶiłg ͬ EƗťŋũŶiłg 

 IW caQ be cRQfXVLQJ fRU VWXdeQWV WR eQYLVLRQ KRZ WKe dLVSOa\ RXWSXW Rf WKeLU cRded 

 deVLJQV ZLOO WUaQVOaWe LQWR WKe SK\VLcaO ZRUOd. FRU eacK PURceVVLQJ-baVed PLQL-SURMecW, 

 LW LV LPSRUWaQW WR be cOeaU WKaW WKe JRaO LV JeQeUaWLRQ Rf VWaWLc LPaJeV ± QRW aQLPaWLRQV 

 ± becaXVe RQO\ YecWRU daWa ZLOO be XVed WR JeQeUaWe PacKLQe RXWSXW. SWXdeQWV aUe 
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 ZeOcRPe WR ePbeOOLVK WKeLU cRde ZLWK cRORU aQd fLOOV RQ WKeLU VKaSeV, bXW LW LV 

 LPSRUWaQW WR ePSKaVL]e WKaW RQO\ WKe OLQe daWa ZLOO be XVed. 

 AOWKRXJK PURceVVLQJ dReV aOORZ fRU e[SRUWLQJ YecWRU deVLJQV WR PDF, VRPe addLWLRQaO 

 fRUPaWWLQJ LV QeceVVaU\. MRVW QRWabO\, PURceVVLQJ e[SRUWV dXSOLcaWe SaWKV fRU eacK 

 VKaSe: RQe WR UeSUeVeQW OLQeV aQd RQe WR UeSUeVeQW fLOO, eYeQ ZKeQ  noFilltu  LV 

 VSecLfLed. TKe fLUVW WLPe aQ aVVLJQPeQW UeTXLUeV fRUPaWWLQJ VWXdeQW deVLJQV fRU a SLece 

 Rf eTXLSPeQW, I UecRPPeQd dRLQJ a OLYe dePR Rf WKe VWeSV UeTXLUed WR acKLeYe WKLV. I 

 LQcOXde a TXLcN RYeUYLeZ Rf YecWRU YeUVXV UaVWeU fLOe fRUPaWV aQd a bULef-bXW-WaUJeWed 

 dLS LQWR AdRbe IOOXVWUaWRU. 

 M\ TAV KaYe aVVLVWed ZLWK cUeaWLQJ ZULWWeQ dRcXPeQWaWLRQ Rf WKLV SURceVV fRU 

 VWXdeQWV WR fROORZ aORQJ ZLWK RQ WKeLU RZQ. IQ addLWLRQ, I SURYLde VRPe VLPSOe 

 e[aPSOe fLOeV fRU VWXdeQWV WR SUacWLce WKLV SURceVV RQ. I UecRPPeQd eQVXULQJ WKaW \RX 

 KaYe WeVWed WKe eQWLUe ZRUNfORZ aQd WKaW \RXU VWXdeQWV KaYe acceVV WR aQ\ QeceVVaU\ 

 VRfWZaUe ± eYeQ RQe Oab cRPSXWeU ZLWK YecWRU JUaSKLcV VRfWZaUe (e.J. AdRbe 

 IOOXVWUaWRU) LQVWaOOed ZLOO VXffLce. A dedLcaWed Oab cRPSXWeU caQ aOVR be YeU\ XVefXO fRU 

 UXQQLQJ WKe dLJLWaO fabULcaWLRQ eTXLSPeQW, UaWKeU WKaQ KaYLQJ VWXdeQWV ³SULQW´ WR WKLV 

 eTXLSPeQW fURP WKeLU OaSWRSV. 

 Emťhaŭiơiłg Oũigiłal CũeaŶiƑe Wŋũk 

 FURP WKe cRXUVe'V LQceSWLRQ, I Kad LQWeQded fRU VWXdeQWV WR cUeaWe RULJLQaO deVLJQV fRU 

 eYeU\ aVVLJQPeQW, aOWKRXJK I ZaV RSeQ-PLQded abRXW ZKaW WKaW PeaQW. HRZeYeU, 

 51 



 VRPe VWXdeQWV dedLcaWed TXLWe a ORW Rf WLPe WR UecUeaWLQJ faPLOLaU LPaJeU\ ZLWK 

 PURceVVLQJ, ZKLOe WecKQLcaOO\ PeeWLQJ eacK aVVLJQPeQW'V cRdLQJ UeTXLUePeQWV. IQ 

 VRPe caVeV, WKLV PeaQW VSeQdLQJ KRXUV SORWWLQJ RXW aQ e[LVWLQJ ORJR RU cKaUacWeU 

 cRRUdLQaWe-b\-cRRUdLQaWe, faLOLQJ WR OeYeUaJe WKe bXLOW-LQ PURceVVLQJ fXQcWLRQV I Kad 

 ZaQWed VWXdeQWV WR OeaUQ abRXW ± aQd PLVVLQJ RXW RQ WKe MR\ aQd cUeaWLYLW\ Rf 

 aOJRULWKPLc deVLJQ. 

 IQ OaWeU WeUPV, I added aQ e[SOLcLW UeTXLUePeQW WKaW aVVLJQPeQWV cRQVLVW Rf RULJLQaO 

 cUeaWLYe ZRUN UaWKeU WKaQ aQ\WKLQJ deULYaWLYe. TKLV \LeOded beWWeU SURJUeVV WRZaUd 

 SURJUaPPLQJ OeaUQLQJ JRaOV aQd aOVR PRUe LQWeUeVWLQJ RXWcRPeV. SKRZcaVLQJ 

 beaXWLfXO e[aPSOeV Rf SULRU VWXdeQW ZRUN, aV WKe\ ZeUe accXPXOaWed, KeOSed JUeaWO\ 

 ZLWK WKLV aV ZeOO. 

 FLQaOO\, fURP a VWXdeQW cRXUVe eYaOXaWLRQ:  "I VXggeVW  Vhe bX\ PRUe QeedOe WhUeadeUV." 

 TKLV LV LQdeed a JUeaW WKLQJ WR NeeS LQ PLQd ZKeQ WeacKLQJ ZLWK We[WLOeV! 

 ˑ ̆˖   FŽŶŽũe Wŋũk 

 EYLdeQce VR faU ± VeeQ LQ VWXdeQW ZRUN, eQUROOPeQWV, aQd cRXUVe eYaOXaWLRQV ± LV 

 SURPLVLQJ. FXUWKeU aQaO\VLV Rf VWXdeQW cRXUVe eYaOXaWLRQV aQd LQVWLWXWLRQaO daWa caQ 

 SaLQW a PRUe deWaLOed SLcWXUe Rf ZKR eQUROOV LQ WKe cRXUVe ± QRW RQO\ VWXdeQWV' JeQdeU, 

 bXW aOVR WKeLU decOaUed PaMRU aQd UeaVRQ fRU eQUROOLQJ. TKe Qe[W VWeS afWeU WKaW ZLOO be 

 WR OeYeUaJe LQVWLWXWLRQaO daWa WR XQdeUVWaQd Lf (aQd KRZ) eQUROOPeQW LQ  CUafW Rf 
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 CRPSXWiQg  LPSacWV VWXdeQWV' cKRLce Rf PaMRU aQd/RU SaWK WKURXJK WKe PaMRU. FLQaOO\, 

 PaQ\  CUafW Rf CRPSXWiQg  VWXdeQWV KaYe YRLced LQWeUeVW  LQ aQ XSSeU-dLYLVLRQ OeYeO Rf 

 WKe cRXUVe« aQd LW ZRXOd be a ZRQdeUfXO e[SeULeQce WR deVLJQ aQd RffeU aQ adYaQced 

 eOecWLYe cRXQWeUSaUW! 

 ˑ ̆˗   SŽmmaũƘ 

   IQ deVLJQLQJ  CUafW Rf CRPSXWiQg  , I Kad KRSed WR  fXUWKeU bURadeQ SaUWLcLSaWLRQ ZLWKLQ 

 P\ RZQ XQdeUJUadXaWe deSaUWPeQW, aQd WR e[SaQd VWXdeQWV' SeUceSWLRQV Rf cRPSXWeU 

 VcLeQce. AQecdRWaO eYLdeQce VXJJeVWV WKaW WKe cRXUVe ZaV effecWLYe LQ dRLQJ VR; WKe 

 cRXUVe eQUROOed VWXdeQWV acURVV a dLYeUVLW\ Rf PaMRUV (LQcOXdLQJ aUW, WKeaWeU, aQd 

 aSSOLed deVLJQ) aQd VWXdeQWV UeSRUW a bURadeU XQdeUVWaQdLQJ Rf WKe fLeOd LQ WKeLU 

 cRXUVe eYaOXaWLRQV. TKe ZRUN WKaW VWXdeQWV SURdXced ± aV e[ePSOLfLed LQ WKLV cKaSWeU 

 ± LV XQLTXeO\ cUeaWLYe aQd SeUVRQaOO\ PeaQLQJfXO, SLTXLQJ VWXdeQWV' LQWeUeVWV LQ WKe 

 cUeaWLYe aQd YaULed SRVVLbLOLWLeV Rf cRPSXWLQJ. 

 I KRSe WKaW VKaULQJ P\ e[SeULeQceV aQd UecRPPeQdaWLRQV ePSKaVL]eV WKe LPSRUWaQce 

 Rf dLYeUVLfLed CS0 RffeULQJV aQd caQ, LQ SaUWLcXOaU, eQabOe PRUe cRXUVeV Rf WKLV YaULeW\ 

 aW RWKeU LQVWLWXWLRQV. 
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 ˒  ͵ CŋŽũŭe Deŭigł fŋũ ReŶaiłiłg Bũŋadeũ PaũŶiciťaŶiŋł˿ 
 Oťeł SŋŽũce SŋfŶƒaũe Ełgiłeeũiłg 

 SKRUWO\ afWeU P\ fLUVW e[SeULeQce WeacKLQJ RSeQ VRXUce, YLa WKe OSeQHaWcK ZRUNVKRS 

 aW HaUWQeOO CROOeJe, I dLVcRYeUed a YaVW bRd\ Rf e[LVWLQJ UeVeaUcK RQ VWXdeQW 

 LQYROYePeQW LQ fUee aQd RSeQ VRXUce VRfWZaUe (FOSS) SURMecWV. TKLV UeVeaUcK ZaV 

 PRWLYaWed b\ PaQ\ Rf WKe VaPe cKaUacWeULVWLcV I RbVeUYed WKaW da\: RSeQ VRXUce 

 SURMecWV RffeU VWXdeQWV a PeaQV Rf deYeORSLQJ a SUacWLcaO VNLOOVeW, bXLOdLQJ a SRUWfROLR 

 Rf ZRUN, SaUWLcLSaWLQJ LQ a cRPPXQLW\ Rf SUacWLce, aQd XVLQJ cRPSXWLQJ WR LPSacW 

 VRcLeW\ LQ a PeaQLQJfXO Za\. MXcK Rf WKLV ZRUN ZaV SXbOLVKed b\ facXOW\ LQYROYed 

 ZLWK FRVV2VeUYe  [37]  , a VSecLaO LQWeUeVW VXbJURXS  Rf WKe TeacKLQJ OSeQ SRXUce 

 cRPPXQLW\  [140]  . AQ eVWabOLVKed ZRUNLQJ JURXS Rf edXcaWRUV  aQd UeVeaUcKeUV, 

 FRVV2VeUYe VXSSRUWV VWXdeQW LQYROYePeQW LQ KXPaQLWaULaQ RSeQ VRXUce SURMecWV, 

 VSecLfLcaOO\ becaXVe Rf WKeLU VRcLaO LPSacW. I aOVR OeaUQed Rf POSSE (WKe PURfeVVRUV¶ 

 OSeQ SRXUce SRfWZaUe E[SeULeQce), ZKLcK LV a PXOWL-da\ SURfeVVLRQaO deYeORSPeQW 

 ZRUNVKRS RffeUed b\ RedHaW aQd FRVV2VeUYe WR VXSSRUW facXOW\ QeZ WR WeacKLQJ RSeQ 

 VRXUce  [28, 91, 113]  . OYeU WKe fROORZLQJ WZR \eaUV  ± aQd ZKLOe e[SORULQJ dLVVeUWaWLRQ 

 dLUecWLRQV ± I SaUWLcLSaWed LQ PXOWLSOe POSSE-UeOaWed ZRUNVKRSV, dXULQJ ZKLcK I 

 JaLQed e[SeULeQce ZLWK RSeQ VRXUce WRROV aQd KeOSed WR deYeORS cXUULcXOXP aQd 

 acWLYLWLeV fRU cROOeJe cOaVVURRP XVe. I aOVR OeaUQed fURP facXOW\ aW a YaULeW\ Rf 
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 LQVWLWXWLRQV ZKR ZeUe LQWeJUaWLQJ RSeQ VRXUce cRQWULbXWLRQ LQWR WKeLU cRPSXWeU VcLeQce 

 cRXUVeV aQd beJaQ eQYLVLRQLQJ KRZ I PLJKW WeacK VXcK a cRXUVe Rf P\ RZQ. 

 USRQ VWaUWLQJ P\ SRVLWLRQ aW BeUea CROOeJe, I ZaV LQYLWed WR dR e[acWO\ WKLV. SKRUWO\ 

 afWeU P\ KLUe, I ZaV RffeUed WKe RSSRUWXQLW\ WR WaNe RYeU BeUea'V XSSeU-dLYLVLRQ 

 VRfWZaUe eQJLQeeULQJ cOaVV, ZKLcK Kad PRVW UeceQWO\ beeQ WaXJKW LQ WKe cRQWe[W Rf 

 RSeQ VRXUce VRfWZaUe. TKLV YeUVLRQ Rf WKe cRXUVe Kad SUeYLRXVO\ beeQ UXQ RQe RU WZR 

 WeUPV, WaXJKW b\ a BeUea facXOW\ PePbeU ZKR Kad aOVR aWWeQded aQd ZKR I Kad PeW 

 WKURXJK POSSE ZRUNVKRSV. IQfRUPed b\ POSSE beVW SUacWLceV, feedbacN fURP 

 VWXdeQWV ZKR Kad WaNeQ WKe eaUOLeVW LWeUaWLRQV Rf WKe cRXUVe, aQd P\ RZQ WeacKLQJ 

 e[SeULeQce, I decLded WR UedeVLJQ WKe cRXUVe ZLWK a fRcXV RQ VcaffROdLQJ VWXdeQW 

 VXcceVV deVSLWe aQ LQKeUeQWO\ XQSUedLcWabOe cRQWe[W: WKe ZLOdV Rf RSeQ VRXUce 

 cRQWULbXWLRQ. IQ dRLQJ VR, I OeaQed KeaYLO\ RQ WKe UeVRXUceV aQd PeQWRUVKLS affRUded 

 b\ P\ LQYROYePeQW ZLWK FRVV2VeUYe. I KaYe UePaLQed LQYROYed ZLWK WKLV facXOW\ 

 UeVeaUcK cRPPXQLW\ eYeU VLQce, PRVW UeceQWO\ cROOabRUaWLQJ ZLWK LRUL PRVWQeU aQd 

 DaUcL BXUdJe WR RffeU a ZRUNVKRS aW WKe 2018 GUace HRSSeU CeOebUaWLRQ Rf WRPeQ LQ 

 CRPSXWLQJ RQ WKe WRSLc Rf caQdLdaWe SURMecW eYaOXaWLRQ fRU VWXdeQW LQYROYePeQW. 

 WKLOe  CUafW Rf CRPSXWiQg  RffeUed WKe RSSRUWXQLW\ WR  LPSacW VWXdeQW SeUceSWLRQV Rf 

 cRPSXWLQJ aW WKe eQWU\ OeYeO, deVLJQLQJ aQ RSeQ VRXUce eOecWLYe affRUded WKe cKaQce WR 

 dR VR aW aQRWKeU cULWLcaO PRPeQW ± aV VWXdeQWV cRQVLdeUed ZKeWKeU WKe\ ZRXOd SXUVXe 
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 a caUeeU LQ cRPSXWLQJ SRVW-JUadXaWLRQ; effecWLYeO\, LW RffeUed aQ RSSRUWXQLW\ WR  UeWaiQ 

 a dLYeUVLW\ Rf VWXdeQWV ZKR Kad aOUead\ beeQ  aWWUacWed  WR cRPSXWLQJ. 

 ˒ ̆ː   IłŶũŋdŽcŶiŋł 

 TeacKLQJ RSeQ VRXUce VRfWZaUe deYeORSPeQW KaV JaLQed WUacWLRQ LQ XQdeUJUadXaWe 

 cXUULcXOa fRU PaQ\ UeaVRQV: VWXdeQWV OeaUQ WR XVe UeaO-ZRUOd WRROV/SURceVVeV, bXLOd 

 SRUWfROLRV Rf SURMecW cRQWULbXWLRQV, aQd fXQcWLRQ ZLWKLQ a dLVWULbXWed SURfeVVLRQaO 

 cRPPXQLW\  [30, 47]  . OSeQ VRXUce aOVR SURYLdeV a cOeaU  aYeQXe fRU VWXdeQWV WR KaYe a 

 SRVLWLYe aQd WaQJLbOe LPSacW RQ VRcLeW\, VRPeWKLQJ WKaW LV NQRZQ WR be UeOeYaQW WR 

 bURadeQLQJ SaUWLcLSaWLRQ LQ cRPSXWLQJ  [26, 80]  . 

 OSeQ VRXUce cRQWULbXWLRQ aOVR VKRZcaVeV aQ aSSOLcaWLRQ Rf cRPSXWeU VcLeQce WKaW 

 VWXdeQWV Pa\ QRW KaYe beeQ aZaUe Rf SULRU. AW WKe XSSeU-dLYLVLRQ cRXUVe OeYeO, WKLV LV 

 eVSecLaOO\ LPSRUWaQW, aV VWXdeQWV aUe abRXW WR decLde ZKeWKeU WKe\ ZLOO VeeN a caUeeU 

 LQ cRPSXWLQJ SRVW-JUadXaWLRQ  [138]  . TKe LVVXe Rf SRVW-JUadXaWLRQ  UeWeQWLRQ LV 

 eVSecLaOO\ cULWLcaO aW BeUea CROOeJe, ZKeUe PaQ\ VWXdeQWV aUe ZRUNLQJ WR RYeUcRPe 

 VRcLRecRQRPLc dLVadYaQWaJe. 

 OYeU WKe cRXUVe Rf WZR cRQVecXWLYe WeUPV, I deYeORSed, WaXJKW, aQd KeaYLO\ UeYLVed aQ 

 XSSeU-dLYLVLRQ cRXUVe eQWLWOed  OSeQ SRXUce SRfWZaUe  EQgiQeeUiQg  . I OeYeUaJed a 

 ZeaOWK Rf e[LVWLQJ acWLYLWLeV aQd UeVRXUceV LQ deVLJQLQJ WKe cRXUVe  [37]  , ZaV VXSSRUWed 

 ZLWK UeaO-WLPe PeQWRUVKLS aV I UaQ WKe cRXUVe (fURP RWKeU facXOW\ LQYROYed ZLWK 
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 POSSE), aQd VecXUed VXVWaLQed SURfeVVLRQaO PeQWRUVKLS fRU P\ VWXdeQWV (fURP WKe 

 MR]LOOa DeYTRROV SURMecW). 

 TKe dLffeUeQce beWZeeQ WKe WZR WeUPV ZaV WUePeQdRXV. MRVW QRWabO\, VWXdeQW SURMecW 

 cRQWULbXWLRQV LQcUeaVed fURP a 25% VXcceVV UaWe LQ WKe fLUVW LWeUaWLRQ WR 100% LQ WKe 

 VecRQd LWeUaWLRQ. AV a UeVXOW Rf WKe cRXUVe'V VXcceVV, LW ZaV UeWaLQed LQ WKe 

 deSaUWPeQW'V SeUPaQeQW cRXUVe caWaORJ. IQ WKLV cKaSWeU, I deWaLO P\ e[SeULeQceV acURVV 

 WKeVe WZR WeUPV aQd WKe UeYLVLRQV WKaW I beOLeYe WR be UeVSRQVLbOe fRU WKe LPSURYed 

 VWXdeQW e[SeULeQce aQd RXWcRPeV LQ WKe VecRQd LWeUaWLRQ. 

 ˒ ̆ˑ   RelaŶed Wŋũk 

 TKeUe e[LVWV a JURZLQJ bRd\ Rf UeVeaUcK RQ XQdeUJUadXaWe eQJaJePeQW LQ fUee aQd 

 RSeQ VRXUce (FOSS) SURMecWV, eVSecLaOO\ KXPaQLWaULaQ fUee aQd RSeQ VRXUce SURMecWV 

 (HFOSS). IW KaV beeQ ZeOO eVWabOLVKed WKaW LQYROYLQJ VWXdeQWV LQ RSeQ VRXUce 

 cRPPXQLWLeV RffeUV a YaOXabOe RSSRUWXQLW\ fRU VWXdeQWV WR OeaUQ ZLWKLQ a cRPPXQLW\ 

 Rf SUacWLce, JaLQ e[SeULeQce ZLWK SUacWLcaO WRROV (e.J. YeUVLRQ cRQWURO V\VWePV, bXJ 

 WUacNeUV), bXLOd a SRUWfROLR, aQd cRQWULbXWe WR a UeaO-ZRUOd SURMecW  [29, 31, 46]  . IQ 

 addLWLRQ, WeacKLQJ ZLWK RSeQ VRXUce UeaSV WKe beQefLWV Rf SURMecW-baVed OeaUQLQJ ± fRU 

 e[aPSOe, KeOSLQJ VWXdeQWV cXOWLYaWe "VRfW" VNLOOV VXcK aV WeaPZRUN, cRPPXQLcaWLRQ, 

 aQd SURMecW PaQaJePeQW  [87]  . 
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 HFOSS SURMecWV, LQ SaUWLcXOaU, KaYe beeQ a deOLbeUaWe cKRLce fRU PaQ\ edXcaWRUV 

 becaXVe WKeVe cRPPXQLWLeV aUe W\SLcaOO\ ZeOcRPLQJ aQd VXSSRUWLYe WR QeZcRPeUV 

 [48]  . IW LV VXVSecWed WKaW WKeVe cRPPXQLWLeV aOVR  aWWUacW SaUWLcLSaWLRQ fURP ZRPeQ aQd 

 RWKeU XQdeUUeSUeVeQWed PLQRULWLeV, dXe WR WKeLU VRcLaO LPSacW  [112]  . AddLWLRQaOO\, WKe 

 aOWUXLVWLc QaWXUe Rf KXPaQLWaULaQ RSeQ VRXUce cRQWULbXWLRQ OeQdV LWVeOf QLceO\ WR 

 VeUYLce-OeaUQLQJ  [90]  . TeacKLQJ RSeQ VRXUce aOVR RffeUV  LQVWUXcWRUV WKe cKaQce WR 

 PRdeO a JURZWK PLQdVeW aQd WR fRVWeU a VeQVe Rf beORQJLQJ ZLWKLQ a SURfeVVLRQaO 

 cRPPXQLW\ ± aOVR Rf JUeaW UeOeYaQce WR bURadeQLQJ SaUWLcLSaWLRQ  [49, 64, 132]  . 

 MXcK OLNe  CUafW Rf CRPSXWiQg  , WKLV cRXUVe aOVR OeYeUaJeV  PRUe JeQeUaO SedaJRJLcaO 

 WecKQLTXeV ZLWK a WUacN UecRUd Rf VXSSRUWLQJ VWXdeQW OeaUQLQJ aQd bURadeU 

 SaUWLcLSaWLRQ ± QaPeO\, acWLYe OeaUQLQJ aQd SaLU SURJUaPPLQJ  [38, 82±84, 111, 134]  . 

 AOVR aV ZLWK  CUafW Rf CRPSXWiQg  , P\ WeacKLQJ VW\Oe  ePbRdLeV a JXLded dLVcRYeU\ 

 aSSURacK, PeeWLQJ VWXdeQW LQTXLULeV ZLWK P\ RZQ VeULeV Rf TXeVWLRQV, deVLJQed WR Oead 

 WKeP LQcUePeQWaOO\ WR WKe aQVZeU RU UeVRXUce WKe\ Pa\ be VeeNLQJ  [2]  . IQ WKLV cRXUVe, 

 I eVSecLaOO\ PaNe a SRLQW Rf RffeULQJ SURceVV-RULeQWed SUaLVe, aV VWXdeQW OeaUQLQJ LV QRW 

 aOZa\V UefOecWed LQ SURMecW cRQWULbXWLRQV ± aQd QRQeWKeOeVV I aLP WR VXSSRUW WKeLU 

 deYeORSPeQW Rf a JURZWK PLQdVeW  [27]  . 

 A QXPbeU Rf VXcceVVfXO RSeQ VRXUce cRXUVeV SUe-daWe P\ RZQ cRXUVe deVLJQ, VLWXaWed 

 ZLWKLQ a YaULeW\ Rf LQVWLWXWLRQaO cRQWe[WV  [11, 48]  .  TKeVe UaQJe fURP VLQJOe WeUP 

 cRXUVeV, feaWXULQJ a WaVWe Rf RSeQ VRXUce, WR LPPeUVLYe \eaU-ORQJ caSVWRQe cRXUVeV RU 
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 WKRVe aLPed VSecLfLcaOO\ aW bURadeQLQJ SaUWLcLSaWLRQ  [10, 55, 133]  . IQ deVLJQLQJ P\ 

 RZQ cRXUVe, I VRXJKW WR WUaQVOaWe e[LVWLQJ beVW SUacWLceV WR fLW ZLWKLQ RXU OLbeUaO aUWV 

 XSSeU-dLYLVLRQ eOecWLYe cRQWe[W. GLYeQ WKaW VR PaQ\ BeUea VWXdeQWV cRPe fURP 

 KLVWRULcaOO\ PaUJLQaOL]ed cRPPXQLWLeV, I aOVR VRXJKW WR VKRZcaVe a VRcLaOO\ LPSacWfXO 

 aQd cRPPXQLW\-RULeQWed aSSOLcaWLRQ Rf cRPSXWLQJ, LQ KRSeV Rf UeWaLQLQJ VWXdeQWV LQ 

 WKe fLeOd SRVW-JUadXaWLRQ. 

 DeVSLWe aOO Rf LWV SURPLVe, WeacKLQJ RSeQ VRXUce SUeVeQWV PaQ\ cXUULcXOaU cKaOOeQJeV: 

 cRPPXQLW\ OeadeUVKLS caQ WaNe XQe[SecWed WXUQV, SURMecWV YaU\ LQ VL]e aQd 

 cRPSOe[LW\, aQd VWXdeQW OeaUQLQJ caQ be dLffLcXOW WR aVVeVV  [30]  . IQ addLWLRQ WR SXWWLQJ 

 WKe afRUePeQWLRQed UeVeaUcK LQWR SUacWLce, P\ ZRUN UeSRUWV RQ ZKaW I KaYe OeaUQed; 

 VcaffROdLQJ VWXdeQW OeaUQLQJ LQ VXcK aQ XQSUedLcWabOe cRQWe[W LV cKaOOeQJLQJ, bXW 

 WKRXJKWfXO SOaQQLQJ aQd UeYLVLRQ caQ KaYe a dUaPaWLc SRVLWLYe LPSacW RQ RXWcRPeV. 

 ˒ ̆˒   CŋŽũŭe OƑeũƑieƒ 

 AOWKRXJK P\ cRXUVe LV WLWOed  OSeQ SRXUce SRfWZaUe  EQgiQeeUiQg  , WKe ePSKaVLV LV 

 PXcK PRUe RQ RSeQ VRXUce WKaQ RQ VRfWZaUe eQJLQeeULQJ SUacWLceV. TKe fLUVW KaOf Rf 

 eacK WeUP LV VSeQW RQ KLVWRU\, eWLTXeWWe, cXOWXUe, aQd WRROV ± aQd WKe VecRQd KaOf LV 

 VSeQW dLYLQJ LQWR aQ acWLYe RSeQ VRXUce SURMecW. 

 TKe fLUVW RffeULQJ cRQVLVWed Rf 16 VWXdeQWV (14 PaOe, 2 fePaOe) aQd WKe VecRQd RffeULQJ 

 cRQVLVWed Rf 12 VWXdeQWV (10 PaOe, 2 fePaOe). BRWK cOaVVeV UeSUeVeQWed a ZLde UaQJe Rf 
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 e[SeULeQce, aV VRPe VWXdeQWV Kad RQO\ WaNeQ CS1 aQd CS2 ZKLOe RWKeUV Kad 

 cRPSOeWed a YaULeW\ Rf XSSeU-dLYLVLRQ cRXUVeZRUN. AQ RYeUYLeZ Rf WKe WZR RffeULQJV 

 fROORZV. 

 Teũm ː 

 I OeYeUaJed WKe FRVV2VeUYe OLbUaU\ Rf acWLYLWLeV fRU WKe fLUVW KaOf Rf WKe cRXUVe, JXLdLQJ 

 VWXdeQWV WKURXJK OLceQVLQJ, caQdLdaWe SURMecW eYaOXaWLRQ, YeUVLRQ cRQWURO ZLWK JLW, 

 cRPPXQLcaWLRQ WRROV (VXcK aV IRC aQd SOacN) aQd PRUe. SWXdeQWV cRPSOeWed WKeVe 

 e[eUcLVeV LQ SaLUV, LQ cOaVV. I aOVR UeTXLUed VWXdeQWV WR PaNe GLWHXb accRXQWV aQd, 

 afWeU aQ LQ-cOaVV cUaVK-cRXUVe RQ HTML aQd CSS, VWXdeQWV SUacWLced fL[LQJ XS a 

 bXJJ\ GLWHXb PaJeV VLWe WKaW ZaV cUeaWed LQ adYaQce. I JeQeUaWed VeYeUaO GLWHXb 

 "LVVXeV" fRU VWXdeQWV WR cOaLP aQd ZRUN RQ, WR KeOS OeaUQ WKe GLWHXb ZRUNfORZ aQd WR 

 SUacWLce HTML/CSS. (TKLV acWLYLW\ ZaV bRUURZed fURP OSeQHaWcK.) 

 WeeNO\ UeadLQJ ZaV aVVLJQed fURP eLWKeU  The CaWhedUaO  aQd Whe Ba]aaU  [117]  RU  The 

 AUW Rf CRPPXQiW\  [5]  . SWXdeQWV ZeUe UeTXLUed WR cUeaWe  bORJV aQd WR SRVW UeadLQJ 

 UeVSRQVeV WKeUe. A feZ JURXS dLVcXVVLRQV ZeUe KeOd LQ cOaVV RQ UeOaWed WRSLcV. 

 FRU WKe VecRQd KaOf Rf WKe WeUP, I ePbedded aOO VWXdeQWV LQ WKe VaPe RSeQ VRXUce 

 SURMecW UaWKeU WKaQ eacK WeaP VeOecWLQJ WKeLU RZQ SURMecW. SWXdeQWV ZeUeQ'W YeU\ 

 e[cLWed abRXW WKLV aSSURacK, bXW I feOW WKaW LW ZRXOd be eaVLeU fRU Pe WR VXSSRUW WKeP ± 

 aQd fRU WKeP WR VXSSRUW RQe aQRWKeU. I VROLcLWed VXJJeVWLRQV WKURXJK WKe TeacKLQJ 

 OSeQ SRXUce  [140]  PaLOLQJ OLVW aQd OeaUQed Rf RWKeUV¶  SRVLWLYe e[SeULeQce eQJaJLQJ 
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 ZLWK WKe MR]LOOa FLUefR[ DeYTRROV cRPPXQLW\  [35]  aQd, PRUe VSecLfLcaOO\, ZLWK WKe 

 debXJJeU.KWPO SURMecW  [53]  . (MR]LOOa RULJLQaOO\ deYeORSed  WKLV debXJJeU aV SaUW Rf WKe 

 FLUefR[ DeYeORSeU TRROV, aOWKRXJK LW QRZ ZRUNV LQ bRWK FLUefR[ aQd CKURPe.) I 

 cRQQecWed ZLWK WZR RWKeU facXOW\ PePbeUV WeacKLQJ ZLWK DeYTRROV, HeLdL EOOLV aQd 

 DaUcL BXUdJe, aQd WRJeWKeU Ze ZRUNed ZLWK WKe debXJJeU.KWPO cRPPXQLW\ WR LdeQWLf\ 

 caQdLdaWe bXJV fRU RXU VWXdeQWV. (I NQeZ bRWK HeLdL aQd DaUcL WKURXJK POSSE, aV 

 WKe\ ZeUe bRWK a SaUW Rf WKe cRUe JURXS Rf facXOW\ RUJaQL]LQJ aQd KRVWLQJ WKe 

 ZRUNVKRSV, FRVV2VeUYe.) MRWLYaWed b\ a deVLUe WR eQJaJe VWXdeQWV LQ HFOSS, Ze 

 VeOecWed bXJV XQdeU WKe XPbUeOOa Rf acceVVLbLOLW\. 

 I dLYLded VWXdeQWV LQWR WeaPV Rf fRXU. I JURXSed VWXdeQWV accRUdLQJ WR WKeLU RZQ 

 SUefeUeQceV aQd ZKR I WKRXJKW ZRXOd ZRUN ZeOO WRJeWKeU. OQe cRQVeTXeQce, KRZeYeU, 

 ZaV WKaW PRVW WeaPV UefOecWed a bURad VSecWUXP Rf SULRU e[SeULeQce. I LQVWUXcWed 

 VWXdeQWV WR aVVLJQ WKePVeOYeV UeOeYaQW KRPeZRUN beWZeeQ cOaVV PeeWLQJV ± e.J. 

 WXWRULaOV, WeVWLQJ, RU bXJ UeVeaUcK ± aQd aVNed WKaW WKe\ UeVeUYe cOaVV WLPe fRU WeaP 

 cROOabRUaWLRQ. SWXdeQWV cRPSOeWed bL-ZeeNO\ WeaP eYaOXaWLRQV, LQ ZKLcK WKe\ UaQNed 

 WKePVeOYeV aQd eacK Rf WKeLU WeaPPaWeV RQ PeWULcV OLNe UeJXOaU aWWeQdaQce, 

 OeadeUVKLS, aQd aWWLWXde. (TKLV WRRO ZaV VKaUed ZLWK Pe b\ HeLdL EOOLV.) TKeVe ZeUe 

 WUeaWed aV cRQfLdeQWLaO aQd aOORZed a ZLQdRZ LQWR aQ\ LQWeUSeUVRQaO cKaOOeQJeV eaUO\ 

 eQRXJK WR LQWeUYeQe. 
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 SWXdeQWV ZeUe UeTXLUed WR MRLQ WKe  OSeQ SRXUce SRfWZaUe EQgiQeeUiQg  cKaQQeO RQ WKe 

 deSaUWPeQW'V SOacN WeaP, ZKLcK ZaV cUeaWed aQd LV PaQaJed b\ WeacKLQJ aVVLVWaQWV. 

 EacK WeaP ZaV aOVR aVNed WR cUeaWe  WheiU RZQ  SOacN  cKaQQeO, LQ ZKLcK WKe\ ZRXOd 

 bULefO\ UeSRUW RXW LQ ZULWLQJ aW WKe VWaUW aQd fLQLVK Rf eacK cOaVV. I MRLQed eacK Rf WKeVe 

 cKaQQeOV aV ZeOO. TKLV SUacWLce ZaV LQVSLUed b\ VcUXP/VWaQdXS PeeWLQJV; eacK VWXdeQW 

 Kad WR VKaUe ZKaW WKe\ accRPSOLVKed RXWVLde Rf cOaVV aQd ZKaW WKe\ ZRXOd VSeQd 

 cOaVV WLPe ZRUNLQJ RQ WKaW da\. TKLV JaYe VWXdeQWV e[SeULeQce ZLWK LQdXVWU\ SUacWLceV 

 aQd WRROV aQd aOVR KeOSed JXLde Pe aV WR ZKLcK WeaPV Qeeded KeOS JeWWLQJ XQVWXcN. 

 TKLV SUacWLce aOVR KeOd VWXdeQWV accRXQWabOe, aV WeaPPaWeV ZRXOd be dLVaSSRLQWed Lf 

 VRPeRQe Kad QRW dRQe aQ\ ZRUN beWZeeQ cRXUVe PeeWLQJV. 

 DXULQJ cOaVV, WeaPV ZRUNed ± VRPeWLPeV aOWRJeWKeU, VRPeWLPeV LQ SaLUV ± WR PaNe 

 SURJUeVV RQ WKeLU cKRVeQ bXJ. TKLV RfWeQ LQYROYed SRVWLQJ WR cRPPXQLcaWLRQ cKaQQeOV 

 XVed b\ WKe debXJJeU.KWPO SURMecW, LQcOXdLQJ SOacN aQd GLWHXb. TKURXJK RXU 

 cRPPXQLW\ LQWeUacWLRQV, LW becaPe aSSaUeQW ZKR a cRXSOe Rf SaUWLcXOaUO\ KeOSfXO 

 MR]LOOa deYeORSeUV ZeUe, aQd Ze OeYeUaJed WKeLU VXSSRUW WKURXJK WKe UeVW Rf WKe WeUP. 

 TKe debXJJeU.KWPO SURMecW LV bXLOW LQ ReacW  [118]  ,  ZKLcK LV QRW cRYeUed aQ\ZKeUe LQ 

 RXU deSaUWPeQWaO cXUULcXOXP. NR VWUXcWXUed VXSSRUW ZaV SURYLded fRU OeaUQLQJ ReacW; 

 LQVWead, eacK WeaP VRXJKW RXW PaWeULaOV WR OeaUQ WKe baVLcV, aQd VRPeWLPeV VWXdeQWV 

 VKaUed UeVRXUceV acURVV WeaPV. 
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 TKUee RXW Rf fRXU WeaPV JRW VR faU aV WR VXbPLW SXOO UeTXeVWV RQ GLWHXb. HRZeYeU, 

 RQO\ RQe WeaP'V cRQWULbXWLRQ ZaV acceSWed aQd PeUJed. TKe RWKeU WeaPV JRW VWXcN LQ 

 WKe UeYLeZ SURceVV ± RU LQ RQe caVe, ZeUe XQabOe WR eYeQ fXOO\ VROYe/addUeVV WKe bXJ 

 WKe\ Kad beeQ ZRUNLQJ RQ aOO WeUP. 

 Teũm ˑ 

 I Pade VLJQLfLcaQW cKaQJeV WR WKe cRXUVe, bRWK LQ UeVSRQVe WR VWXdeQW feedbacN aQd P\ 

 RZQ RbVeUYaWLRQV. I aOVR KLUed a TA ZKR Kad SUeYLRXVO\ WaNeQ WKe cOaVV aQd ZaV abOe 

 WR SURYLde feedbacN baVed RQ KLV e[SeULeQce aV a VWXdeQW LQ WKe cRXUVe. BeORZ, I 

 VXPPaUL]e WKe PaMRU cKaQJeV. 

 SWXdeQWV UeSRUWed JeWWLQJ OLWWOe RXW Rf WKe UeadLQJV fURP  The AUW Rf CRPPXQiW\  , VR I 

 dURSSed WKaW We[WbRRN. BecaXVe dLVcXVVLRQV Kad beeQ VSaUVeO\ SaUWLcLSaWed LQ, I VSeQW 

 OeVV cOaVV WLPe RQ WKeP aQd LQVWead aVNed VWXdeQWV WR UefOecW deeSeU LQ WKeLU bORJ SRVWV. 

 TKeVe cKaQJeV ZRQ PRUe cOaVV WLPe fRU ZRUNLQJ LQ SaLUV RU WeaPV. 

 SWXdeQWV fURP WKe SULRU WeUP VWUXJJOed ZLWK OeaUQLQJ ReacW aQd e[SUeVVed fUXVWUaWLRQ 

 ZLWK eacK WeaP dLVcRYeULQJ WKe VaPe UeVRXUceV RQ WKeLU RZQ. IQ UeVSRQVe, I aVNed WKe 

 cRXUVe TA WR deYeORS aQd Oead a ZaONWKURXJK LQ ZKLcK VWXdeQWV bXLOW a baUebRQeV 

 bORJ XVLQJ ReacW. I aOVR cUeaWed a VKaUed YLUWXaO bXOOeWLQ bRaUd (XVLQJ TUeOOR  [130]  ), 

 ZKeUe VWXdeQWV SRVWed UeVRXUceV WKaW WKeLU cOaVVPaWeV PLJKW fLQd XVefXO. 
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 I cKRVe WR LQYROYe VWXdeQWV LQ WKe VaPe SURMecW aV befRUe: debXJJeU.KWPO. TKLV WLPe, 

 VWXdeQWV ZeUe JURXSed ZLWK WKRVe Rf  ViPiOaU e[SeUieQce OeYeO  , aOORZLQJ eacK WeaP WR 

 cKRRVe aQ aSSURSULaWeO\ cKaOOeQJLQJ bXJ WR WacNOe. SWXdeQWV ZeUe aOVR JURXSed LQ 

 WeaPV Rf WhUee iQVWead Rf fRXU  , aV I VXVSecWed WKLV  PLJKW Oead WR PRUe cRQVLVWeQW 

 cRPPXQLcaWLRQ ZLWKLQ WeaPV. TeaPV dLd cROOabRUaWe PRUe effecWLYeO\ WKLV Za\, ZLWK 

 eacK PePbeU cRQWULbXWLQJ PRUe eTXaOO\ WR cRQYeUVaWLRQV aQd WR cRde. 

 TKe MR]LOOa deYeORSeUV WKaW Ze eQcRXQWeUed LQ TeUP 1 bUaLQVWRUPed ZLWK Pe abRXW 

 KRZ WR beWWeU VXSSRUW VWXdeQWV WKURXJK WKe cRQWULbXWLRQ SURceVV. We decLded WR 

 LdeQWLf\ VPaOOeU LVVXeV ± RU eYeQ VXbWaVNV Rf LVVXeV ± fRU WeaPV WR cOaLP, eYeQ Lf LW 

 PeaQW VKLfWLQJ fRcXV be\RQd acceVVLbLOLW\. We aOVR eVWabOLVKed a VeSaUaWe SOacN 

 cKaQQeO RQ WKe DeYTRROV WeaP, ZKLcK bRWK WKe VWXdeQWV aQd WKe deYeORSeUV MRLQed. 

 TKLV RffeUed a OeVV LQWLPLdaWLQJ YeQXe fRU VWXdeQWV WR aVN TXeVWLRQV. SWXdeQWV ZeUe 

 UeTXLUed WR cURVV-SRVW WKeLU VcUXP UeSRUWV LQ WKLV cKaQQeO, VR WKaW WKe deYeORSeUV cRXOd 

 WUacN WKeLU SURJUeVV LQ JUeaWeU deWaLO. I beOLeYe WKaW WKLV JaYe VWXdeQWV¶ VeOf-aVVLJQed 

 KRPeZRUN a JUeaWeU ZeLJKW, aV WKe\ ZeUe UeSRUWLQJ WR UeaO-ZRUOd deYeORSeUV, aQd QRW 

 MXVW WR WKeLU cROOeJe LQVWUXcWRU aQd cOaVVPaWeV. I aOVR added LQ-cOaVV VWaQdXS PeeWLQJV 

 RQ a ZeeNO\ baVLV, LQ ZKLcK WeaPV ZRXOd UeSRUW RXW WR RQe aQRWKeU RQ WKeLU SURJUeVV 

 aQd VKaUe OeaUQed e[SeUWLVe. 

 TKe WeaPV Rf WKUee JUaSSOed LQLWLaOO\ ZLWK KRZ WR cROOabRUaWe dXULQJ cOaVV; QR ORQJeU 

 cRXOd WKe\ dLYLde-aQd-cRQTXeU b\ VSOLWWLQJ LQWR SaLUV. TKe\ beJaQ PaNLQJ XVe Rf OaUJe 
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 SRUWabOe VcUeeQV LQ WKe cOaVVURRP, ZKLcK WKe\ ZKeeOed WR WKeLU deVN cOXVWeUV aQd WRRN 

 WXUQV cRQQecWLQJ WKeLU OaSWRSV WR. TKLV facLOLWaWed PXcK ULcKeU dLVcXVVLRQ abRXW eacK 

 WeaP¶V SURJUeVV, aV WeaPV cRXOd aQaO\]e cRde, ZULWe cRde, RU VLfW WKURXJK UeVRXUceV 

 WRJeWKeU. IQVWead Rf ZaWcKLQJ SaLUV Kead-dRZQ aW WKeLU OaSWRSV, I VaZ WeaPV eQJaJLQJ 

 LQ OLYeO\ dLVcXVVLRQ, PRYLQJ aURXQd aQd XVLQJ WKe VcUeeQ aV a SURS. TKLV aOVR Pade LW 

 eaVLeU fRU Pe WR cLUcXOaWe WKURXJKRXW WKe cOaVVURRP aQd PRQLWRU eacK WeaP¶V SURJUeVV, 

 MRLQLQJ WKeLU dLVcXVVLRQV ZKeQ KeOSfXO. 

 TRZaUdV WKe eQd Rf WKe cRXUVe, WKe MR]LOOa deYeORSeUV ZKR ZeUe VXSSRUWLQJ P\ 

 VWXdeQWV RffeUed WR VcKedXOe a YLdeR caOO dXULQJ cOaVV WLPe. We VWUXcWXUed WKLV caOO aV a 

 VWaQdXS PeeWLQJ, dXULQJ ZKLcK eacK WeaP UeSRUWed RXW RQ WKeLU ZeeNO\ SURJUeVV aQd 

 Kad WKe RSSRUWXQLW\ WR UeceLYe UeaO-WLPe feedbacN. SWXdeQWV ZeUe aOVR abOe WR aVN WKe 

 deYeORSeUV abRXW WKeLU SeUVRQaO e[SeULeQce JeWWLQJ LQWR RSeQ VRXUce. 

 EacK Rf WKe fRXU WeaPV Pade aW OeaVW RQe VXcceVVfXO cRQWULbXWLRQ WR WKe SURMecW. OQe 

 WeaP Pade WKUee, VSaQQLQJ bRWK cRde aQd dRcXPeQWaWLRQ! 

 ˒ ̆˓   SŶŽdełŶ Feedback 

 I aVNed fRU LQfRUPaO feedbacN WKURXJKRXW bRWK WeUPV LQ ZKLcK WKe cRXUVe ZaV RffeUed. 

 IQ TeUP 1, VWXdeQWV e[SUeVVed a OaUJe deJUee Rf fUXVWUaWLRQ aQd cRQfXVLRQ (aOWKRXJK 

 WKe\ UeVSRQded WR LW ZLWK a cRQVWUXcWLYe aWWLWXde), ZKLOe VWXdeQWV LQ WKe VecRQd WeUP 

 RSeQO\ aQd eQWKXVLaVWLcaOO\ affLUPed WKaW WKe\ ZeUe KaYLQJ a SRVLWLYe OeaUQLQJ 
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 e[SeULeQce. UQVROLcLWed, I UeceLYed WKe fROORZLQJ fURP a VWXdeQW YLa ePaLO, abRXW 

 KaOfZa\ WKURXJK TeUP 2: 

 ³SR faU I aP geQXiQeO\ eQjR\iQg Whe cRXUVe. The ZRUk iV QRW WRR RYeUZheOPiQg 

 aQd iW feeOV PaQageabOe. I UeaOO\ Oike hRZ Ze aUe eQcRXUaged WR WU\ WhiQgV aQd 

 OeaUQ RQ RXU RZQ. IW iV bXiOdiQg P\ cRQfideQce aV a ZRPaQ iQ cRPSXWeU 

 VcieQce." 

 I aOVR UeceLYed YaOXabOe feedbacN RQ WKe cRXUVe WKURXJK VWXdeQWV¶ cRXUVe eYaOXaWLRQV, 

 VXbPLWWed aW WKe eQd Rf eacK WeUP. A cRXSOe Rf cRPPeQWV fROORZLQJ TeUP 2: 

 ³I did OeaUQ a ORW. I feeO PXch PRUe cRPfRUWabOe ZiWh P\ cRPSXWeU, ZiWh Zeb 

 deYeORSPeQW, ZiWh RSeQ VRXUce, ZiWh cRPPXQicaWiQg, ZiWh WeaPZRUk, aQd 

 eYeU\WhiQg Ze WRXched RQ iQ cOaVV.´ 

 ³I OeaUQed PRUe abRXW RSeQ VRXUce deYeORSPeQW WhaQ I eYeQ e[SecWed WR iQ 

 WhiV cRXUVe. I WhiQk Whe idea Rf haYiQg VWXdeQWV cRQWUibXWe WR a UeaO Siece Rf 

 VRfWZaUe iV aPa]iQg aQd iW iV a Siece Rf VRfWZaUe WhaW PiOOiRQV Rf SeRSOe, 

 iQcOXdiQg P\VeOf XVe. IQWeUacWiQg ZiWh Whe FiUefR[ cRPPXQiW\ ZaV YeU\ 

 edXcaWiRQaO bRWh iQ a cRdiQg aVSecW aQd iQ a... ZeOO, cRPPXQiW\ aVSecW.³ 

 CRPSaULQJ TXaQWLWaWLYe eYaOXaWLRQ daWa, VWXdeQWV fURP TeUP 2 VSeQW PRUe KRXUV SeU 

 ZeeN RQ WKe cRXUVe, UeSRUWed OeaUQLQJ PRUe, aQd UaWed WKe cRXUVe KLJKeU RYeUaOO. 
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 ˒ ̆˔   ReƪecŶiŋłŭ ͬ RecŋmmełdaŶiŋłŭ 

 IW Pa\ VeeP RbYLRXV WKaW a cRXUVe VKRXOd LPSURYe LQ LWV VecRQd RffeULQJ, dXe WR WKe 

 LQVWUXcWRU'V LQcUeaVed faPLOLaULW\ ZLWK WKe PaWeULaO/VWUXcWXUe aQd acceVV WR aQ 

 e[SeULeQced TA. HRZeYeU, WKLV cRXUVe LPSURYed dUaPaWLcaOO\, aQd deVSLWe a 

 cRQWLQXaOO\ VKLfWLQJ cRQWe[W. BeORZ, I VXPPaUL]e ZKaW I beOLeYe WR be WKe PRVW 

 LQfOXeQWLaO facWRUV. 

 PũŋjecŶ Chŋice 

 PURMecW cKRLce LV aUJXabO\ WKe PRVW fRXQdaWLRQaO facWRU LQ WKe VXcceVV Rf aQ\ cOaVV 

 VWUXcWXUed aURXQd RSeQ VRXUce cRQWULbXWLRQ. I UecRPPeQd, ZKeQ SRVVLbOe, ePbeddLQJ 

 aOO VWXdeQWV LQ RQe SURMecW/cRPPXQLW\; WKLV aOORZV WKe LQVWUXcWRU WR XQdeUVWaQd aQd 

 VXSSRUW VWXdeQW SURJUeVV ZKLOe aOVR VWa\LQJ LQ WRXcK ZLWK a VLQJOe VeW Rf cRPPXQLW\ 

 OeadeUV. AV LV ePSKaVL]ed b\ FRVV2VeUYe, I aOVR UecRPPeQd YeULf\LQJ WKaW WKe 

 cRPPXQLW\ LV KLJKO\ acWLYe aQd ZeOcRPLQJ WR QeZcRPeUV; WKLV ZLOO eQVXUe WKaW 

 VWXdeQWV UeceLYe WLPeO\, cRQVWUXcWLYe UeVSRQVeV WR TXeVWLRQV aQd SXOO UeTXeVWV. IQ RXU 

 caVe, debXJJeU.KWPO'V acWLYe SOacN cKaQQeO aOVR PeaQW WKaW VWXdeQWV cRXOd RbVeUYe 

 cRPPXQLW\ QRUPV befRUe ZadLQJ LQ WKePVeOYeV. TKe LdeaO VROXWLRQ ZLOO YaU\ ZLdeO\ 

 JLYeQ WKe QXPbeU Rf VWXdeQWV LQ a cRXUVe; fRU e[aPSOe, LW PLJKW be RYeUZKeOPLQJ WR 

 ePbed a cOaVV Rf 50 RU 100 VWXdeQWV LQ a VLQJOe cRPPXQLW\. 

 SeOecWLQJ a SURMecW WKaW LV ZeOO-NQRZQ aQd/RU KXPaQLWaULaQ LQ QaWXUe aOORZV VWXdeQWV 

 WR KaYe UeaO-ZRUOd LPSacW. AddLWLRQaOO\, VeOecWLQJ a YeU\ acWLYe SURMecW ZLWK cOeaU 
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 dRcXPeQWaWLRQ aQd a ZeOcRPLQJ aWPRVSKeUe caQ KeOS cXOWLYaWe a VeQVe Rf beORQJLQJ. 

 A SURMecW ZKLcK OeYeUaJeV cXUUeQW/UeOeYaQW WRROV RU OaQJXaJeV ± aQd ZKLcK XVeV a 

 PaMRU SOaWfRUP WR WUacN cRQWULbXWLRQV (VXcK aV GLWHXb) ± ZLOO aOVR KeOS VWXdeQWV WR 

 deYeORS SURfeVVLRQaO VNLOOV aQd a YLVLbOe SRUWfROLR. 

 Team FŋũmaŶiŋł ͬ Tŋŋlŭ Ŷŋ SŽťťŋũŶ CŋllabŋũaŶiŋł 

 AfWeU aWWePSWLQJ WZR dLffeUeQW VWUaWeJLeV fRU aVVLJQLQJ WeaPV, I feeO VWURQJO\ WKaW LW¶V 

 beVW WR JURXS VWXdeQWV ZLWK RWKeUV Rf VLPLOaU e[SeULeQce OeYeO. TKLV Za\, OeVV 

 e[SeULeQced VWXdeQWV dR QRW faOO beKLQd RU ORVe cRQfLdeQce ± ZKLOe PRUe e[SeULeQced 

 VWXdeQWV caQ WaNe Rff aQd UXQ ZLWK a PRUe dLffLcXOW SURbOeP. I aOVR RbVeUYed WKaW WeaPV 

 Rf VLPLOaU e[SeULeQce OeYeO QaWXUaOO\ JUaYLWaWed WRZaUdV bXJV ZLWKLQ UeacK Rf WKeLU 

 e[SeUWLVe; WKLV fXUWKeU aOORZed aOO WeaP PePbeUV WR eQJaJe eTXaOO\ LQ WKe SURceVV aQd 

 WR UeacK aQ affLUPLQJ RXWcRPe. 

 AV WLPe SeUPLWV, WKe PRUe e[SeULeQced WeaPV caQ aOVR SURYLde VXSSRUW WR WKRVe WKaW 

 aUe VWXcN. TKLV LV eaVLO\ facLOLWaWed b\ WKe addLWLRQ Rf cOaVV-ZLde VWaQdXS PeeWLQJV, 

 dXULQJ ZKLcK VWaOOed WeaPV caQ VROLcLW KeOS. I aOVR UecRPPeQd WeaP-VSecLfLc SOacN 

 cKaQQeOV fRU cRPPXQLcaWLRQ/UeSRUWLQJ, aORQJ ZLWK a cOaVV-ZLde cKaQQeO fRU VWXdeQWV 

 WR aVN TXeVWLRQV aQd VKaUe UeVRXUceV beWZeeQ cOaVV PeeWLQJV. 

 FLQaOO\, a WeaP VL]e Rf WKUee ± aORQJ ZLWK acceVV WR OaUJe VKaUed VcUeeQV ± eQcRXUaJeV 

 OLYeO\ dLVcXVVLRQ aQd eTXLWabOe cROOabRUaWLRQ ZLWKLQ eacK WeaP. 
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 SŶũŽcŶŽũiłg Ułfamiliaũ Tŋŋlŭ ͬ Techłŋlŋgieŭ 

 AOWKRXJK KaYLQJ WR OeaUQ QeZ WecKQRORJLeV ± ReacW, LQ WKLV caVe ± ZaV QRW WKe 

 LQVXUPRXQWabOe RbVWacOe I e[SecWed LW WR be, LW UeaOO\ KeOSed WR SURYLde VRPe VWUXcWXUe 

 aURXQd WKLV LQ WKe VecRQd WeUP. I UecRPPeQd SURYLdLQJ LQfUaVWUXcWXUe fRU VWXdeQWV WR 

 VKaUe UeVRXUceV, aV I dLd ZLWK SOacN aQd TUeOOR. I aOVR UecRPPeQd RffeULQJ 

 SURMecW-VSecLfLc dePRV aQd/RU ZaONWKURXJKV fRU VWXdeQWV WR bXLOd e[SeULeQce ZLWK aQ\ 

 UeTXLUed WRROV RU WecKQRORJLeV. I beOLeYe WKaW WKeVe WKLQJV ePSRZeUed VWXdeQWV WR PRUe 

 effLcLeQWO\ aQd cRQfLdeQWO\ MXPS LQWR ZRUNLQJ RQ WKeLU bXJ/LVVXe. (NRWe WKaW WKLV dLd 

 QRW deSULYe VWXdeQWV Rf WKe RSSRUWXQLW\ WR feeO ³SURdXcWLYeO\ ORVW´; WKeUe ZaV VWLOO 

 SOeQW\ Rf LQdeSeQdeQW OeaUQLQJ WR be dRQe!) 

 Pũŋfeŭŭiŋłal MełŶŋũŭhiť 

 PURfeVVLRQaO PeQWRUVKLS ZaV a YLWaO WKUead UXQQLQJ WKURXJK WKe eQWLUe cRXUVe 

 e[SeULeQce. I beOLeYe WKLV WR be, SeUKaSV, WKe PRVW LQfOXeQWLaO facWRU LQ WKe cRXUVe¶V 

 LPSURYePeQW. WKeQ WKe MR]LOOa deYeORSeUV becaPe PRUe LQYROYed LQ TeUP 2, 

 VWXdeQWV UeVSRQded ZLWK JUeaWeU PRWLYaWLRQ aQd a VWURQJeU VeQVe Rf accRXQWabLOLW\. 

 AOWKRXJK PaQ\ VWXdeQWV LQLWLaOO\ fRXQd LW LQWLPLdaWLQJ WR cRPPXQLcaWe dLUecWO\ ZLWK 

 WKe deYeORSeUV, dRLQJ VR SXVKed WKeP WR SUacWLce cRPPXQLcaWLQJ ZLWK 

 SURfeVVLRQaOLVP aQd VSecLfLcLW\. TKeVe deYeORSeUV PRdeOed a JURZWK PLQdVeW; QRW 

 aOZa\V KaYLQJ WKe aQVZeUV, bXW cRacKLQJ VWXdeQWV WKURXJK fLQdLQJ UeVRXUceV aQd 
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 OeaUQLQJ RQ WKe fO\. TKe\ SURYLded cRQWLQXRXV aQd WLPeO\ feedbacN YLa SOacN aQd 

 GLWHXb, dRLQJ VR ZLWK SURfLcLeQc\, SaWLeQce, aQd eQcRXUaJePeQW. 

 SWXdeQWV UeVSRQded eVSecLaOO\ SRVLWLYeO\ WR WKe VWaQdXS YLdeR caOO WKaW Ze dLd WRZaUdV 

 WKe eQd Rf TeUP 2. KQRZLQJ WKe caOO ZaV RQ WKe KRUL]RQ PRWLYaWed WKeP WR PaNe 

 SURJUeVV aV a WeaP aQd WR JeQeUaWe LQWeUeVWLQJ TXeVWLRQV. AddLWLRQaOO\, WKe\ YaOXed 

 VeeLQJ WKaW WKe deYeORSeUV ZeUe SeRSOe WKaW WKe\ cRXOd UeOaWe WR; aSSURacKabOe 

 LQdLYLdXaOV ZKR RQce Kad YeU\ OLWWOe e[SeULeQce ZLWK RSeQ VRXUce WKePVeOYeV. IQ WKLV 

 VeQVe, WKe deYeORSeUV WKaW PeQWRUed P\ VWXdeQWV becaPe YeU\ effecWLYe UROe PRdeOV 

 fRU WKeP. 

 I aOVR beQefLWed fURP PeQWRUVKLS ± bRWK fURP WKe deYeORSeUV (ZLWK ZKRP I cRXOd 

 cKecN LQ abRXW VWXdeQW SURJUeVV aQd LPSacW RQ WKeLU cRPPXQLW\) aQd fURP RWKeU 

 facXOW\ WeacKLQJ RSeQ VRXUce (ZKR RffeUed PXWXaO VXSSRUW aQd \eaUV Rf e[SeULeQce). 

 FRU PRVW Rf TeUP 1, I Kad a VWaQdLQJ ZeeNO\ caOO ZLWK WKe WZR RWKeU facXOW\ PePbeUV 

 ePbeddLQJ WKeLU VWXdeQWV LQ WKe debXJJeU.KWPO SURMecW ± aQd I NeSW LQ cORVe cRQWacW 

 ZLWK WKe MR]LOOa deYeORSeUV YLa SOacN WKURXJKRXW bRWK WeUPV. TKLV PeQWRUVKLS KeOSed 

 Pe  WR PaLQWaLQ a JURZWK PLQdVeW aV I JXLded VWXdeQWV  WKURXJK XQfaPLOLaU cRQWeQW aQd 

 SURceVVeV; I RfWeQ Qeeded WR UePLQd bRWK P\VeOf aQd P\ VWXdeQWV WKaW P\ UROe LQ WKe 

 cRXUVe ZaV WR  gXide  UaWKeU WKaQ WR  iQVWUXcW  WKeP. 
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 FRU WKe abRYe UeaVRQV, I ePSKaWLcaOO\ UecRPPeQd UeacKLQJ RXW WR RWKeUV WeacKLQJ 

 ZLWK RSeQ VRXUce, aV ZeOO aV VecXULQJ PeQWRUVKLS fRU \RXU VWXdeQWV ZLWKLQ \RXU 

 cKRVeQ SURMecW. 

 ˒ ̆˕   FŽŶŽũe Wŋũk 

 AOWKRXJK I aP cRQfLdeQW WKaW VWXdeQWV OeaUQed PRUe LQ WKe VecRQd RffeULQJ Rf WKe 

 cRXUVe, aVVeVVLQJ acWXaO VWXdeQW OeaUQLQJ LQ RSeQ VRXUce LV cKaOOeQJLQJ. IQ WKe caVe Rf 

 WKLV cRXUVe, eacK VWXdeQW eQWeUed ZLWK a dLffeUeQW OeYeO Rf e[SeULeQce, aQd LW ZaV 

 LPSRUWaQW WR Pe WKaW VWXdeQWV PaNe SURJUeVV UeOaWLYe WR WKeLU RZQ VWaUWLQJ SRLQWV. 

 BORJV aOORZed a ZLQdRZ LQWR eacK VWXdeQW¶V SURceVV, bXW PRVW VWXdeQWV dLd QRW VeeP 

 PRWLYaWed WR cRPSOeWe WKeVe aVVLJQPeQWV WKRXJKWfXOO\ QRU LQ a WLPeO\ faVKLRQ. 

 SWXdeQWV ecKRed WKeVe VeQWLPeQWV LQ WKeLU cRXUVe eYaOXaWLRQV, aORQJ ZLWK aQ e[SOLcLW 

 deVLUe WR be aVVeVVed RQ WKeLU WecKQLcaO cRQWULbXWLRQV. AddLQJ aQ aVVeVVPeQW Rf 

 VWXdeQWV' cRQcUeWe WecKQLcaO cRQWULbXWLRQV ZRXOd VeUYe aV a JRRd PRWLYaWRU LQ fXWXUe 

 RffeULQJV. SWXdeQWV, LQ facW, ZURWe RSeQO\ abRXW WKLV LQ WKeLU cRXUVe eYaOXaWLRQV: 

 ³IW'V a ORW eaVieU, SV\chRORgicaOO\, WR ZRUk haUd RQ Whe bORg SRVWV aQd ZUiWWeQ 

 aVVigQPeQWV, becaXVe Whe\ ZeUe gUaded. IW'V haUd WR geW ZRUkiQg RQ Whe cRdiQg 

 aQd UeVeaUchiQg becaXVe iW'V QRW diUecWO\ gUaded, aQd iW ZaVQ'W haUd WR dR a 

 OiWWOe biW aQd WheQ ZUiWe aQ eQWhXViaVWic bORg SRVW WhaW geWV fXOO SRiQWV.³ 
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 ³WheQ chRRViQg beWZeeQ a gUaded aVVigQPeQW iQ RQe cOaVV aQd aQ XQgUaded 

 aVVigQPeQW iQ [WhiV cRXUVe], iW'V YeU\ haUd WR QRW chRRVe Whe gUaded RQe. The 

 RQO\ Za\ WR cRPbaW WhiV iV WR VRPehRZ Pake Whe RSeQ VRXUce ZRUk gUaded. I 

 dRQ'W kQRZ hRZ WhiV cRXOd be dRQe. BXW aV ORQg aV Whe RQO\ gUaded ZRUk iQ 

 WhiV cOaVV iV Whe bORgV aQd ZUiWiQg aVVigQPeQWV, iW ZiOO be WRR eaV\ WR VOack Rff 

 RQ Whe RSeQ VRXUce ZRUk.³ 

 AOWKRXJK I SeUKaSV defLQe VXcceVV aQd OeaUQLQJ LQ bURadeU Za\V WKaQ P\ VWXdeQWV, LW 

 VeePV WKaW addLQJ aQ aVVeVVPeQW Rf WKeLU cRQcUeWe WecKQLcaO cRQWULbXWLRQV ZRXOd VeUYe 

 aV a JRRd PRWLYaWRU fRU WKeP WR e[SeQd WLPe LQ WKaW aUeQa. 

 GLYeQ WKe SRVLWLYe UeVSRQVe fURP RXU VLQJOe VWaQdXS VcUXP YLdeR caOO LQ TeUP 2, I 

 beOLeYe VcKedXOLQJ WKRVe PeeWLQJV PRUe fUeTXeQWO\ ZRXOd be beQefLcLaO ± aQd WKe 

 deYeORSeUV YROXQWeeUed WR dR VR LQ a fXWXUe cRXUVe RffeULQJ. 

 FLQaOO\, a WeUP-OeQJWK cRXUVe LV baUeO\ ORQJ eQRXJK fRU VWXdeQWV WR dLS WKeLU WReV LQWR 

 aQ RSeQ VRXUce SURMecW. MaQ\ VWXdeQWV KaYe LQdLcaWed LQWeUeVW LQ cRQWLQXLQJ WKeLU 

 LQYROYePeQW LQ debXJJeU.KWPO aQd I ZRXOd ORYe WR adYRcaWe fRU WKLV WR becRPe aQ 

 RSWLRQ fRU VaWLVf\LQJ WKe deSaUWPeQW¶V VeQLRU SURMecW UeTXLUePeQW. 

 ˒ ̆˖   SŽmmaũƘ 

 OSeQ VRXUce LV aQ XQceUWaLQ aQd cRQVWaQWO\ VKLfWLQJ OaQdVcaSe ZLWKLQ ZKLcK WR VLWXaWe 

 aQ XQdeUJUadXaWe cOaVV ± bXW WKe beQefLWV aUe YaVW ZKeQ ZeOO-e[ecXWed. IW LV WULcN\ WR 

 72 



 JeW ULJKW; deVSLWe P\ SaUWLcLSaWLRQ LQ SURfeVVLRQaO deYeORSPeQW ZRUNVKRSV aQd 

 cRQQecWLRQ ZLWK PRUe e[SeULeQced cROOeaJXeV, VWXdeQWV LQ WKe cRXUVe'V fLUVW RffeULQJ 

 ZeUe OeVV VXcceVVfXO WKaQ I ZRXOd KaYe SUefeUUed. TKe VecRQd RffeULQJ UeVXOWed LQ 

 VXbVWaQWLaOO\ KLJKeU VWXdeQW VXcceVV aQd I beOLeYe WKeVe JaLQV ZeUe aWWULbXWabOe 

 SULPaULO\ WR WKRXJKWfXO WeaP fRUPaWLRQ, VWUXcWXULQJ XQfaPLOLaU WRROV aQd WecKQRORJLeV, 

 aQd SURfeVVLRQaO PeQWRUVKLS. I KRSe WKaW WKeVe fLQdLQJV aUe Rf XVe WR RWKeUV VeWWLQJ RXW 

 WR WeacK VLPLOaU cRXUVeV. 
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 ˓  ͵ A Caŭe SŶŽdƘ ił EƗťałdiłg Acceŭŭ Ŷŋ 
 ElecŶũŋłic TeƗŶileŭ˿  The LilƘTiłƘ 

 TeQ \eaUV aJR, aQd aV SaUW Rf P\ PaVWeU'V WKeVLV, I deVLJQed a VLPSOLfLed VeZabOe 

 PLcURcRQWUROOeU baVed RQ WKe LLO\Pad AUdXLQR WRRONLW aQd UeOeaVed a cRPSaQLRQ 

 SURMecW-baVed e-We[WLOe cXUULcXOXP aORQJ ZLWK LW. TKLV ZRUN ZaV PRWLYaWed b\ WKe 

 LQacceVVLbOe cRVW aQd cRPSOe[LW\ Rf WeacKLQJ LQWURdXcWRU\ eOecWURQLcV aQd 

 SURJUaPPLQJ aW WKe WLPe, deVSLWe WKe SRWeQWLaO fRU WKeVe acWLYLWLeV WR aSSeaO WR 

 KLVWRULcaOO\ PLQRULWL]ed SRSXOaWLRQV aQd SRWeQWLaOO\ KeOS bXLOd VeOf-effLcac\. 

 TKe UeVXOWLQJ cLUcXLW bRaUd LV NQRZQ aV WKe LLO\TLQ\ aQd LV QRZ cRPPeUcLaOO\ 

 aYaLOabOe WKURXJK cROOabRUaWLRQ ZLWK SSaUNFXQ EOecWURQLcV. TaNLQJ adYaQWaJe Rf WKe 

 UeVLVWaQce LQKeUeQW LQ cRQdXcWLYe WKUead, WKe LLO\TLQ\ VLPSO\ bUeaNV RXW eacK SLQ Rf 

 aQ ATWLQ\85 PLcURcRQWUROOeU ZKLcK LV SUeSURJUaPPed ZLWK a YaULeW\ Rf OLJKW 

 beKaYLRUV. DeSeQdLQJ RQ KRZ WKe\ aUe cRQQecWed, WKe LLO\TLQ\ caQ dULYe aQ LED WR 

 bOLQN, UaQdRPO\ WZLQNOe, fade RQ/Rff LQ a KeaUWbeaW SaWWeUQ, RU fade RQ/Rff LQ a 

 bUeaWKLQJ SaWWeUQ. TKe LLO\TLQ\ Pa\ aOVR be UeSURJUaPPed b\ WKe XVeU, WKXV 

 e[SaQdLQJ LWV XWLOLW\ WR WeacK bRWK cLUcXLW-bXLOdLQJ  aQd  SURJUaPPLQJ VNLOOV. 

 IQ WKe WLPe VLQce WKe UeOeaVe Rf WKe LLO\TLQ\ (aV a cRPPeUcLaO SURdXcW) aQd aQ 

 accRPSaQ\LQJ ZRUNVKRS JXLde, I WXUQed P\ fRcXV WR RWKeU SURMecWV, dRLQJ OLWWOe WR 

 SURPRWe WKeLU adRSWLRQ. M\ dLVVeUWaWLRQ UeVeaUcK UeWXUQV WR WKLV bRd\ Rf ZRUN, 
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 VSecLfLcaOO\ WR e[aPLQe ZKaW KaSSeQed dXULQJ WKaW WLPe SeULRd; dLd WKe UeOeaVe Rf 

 WKeVe UeVRXUceV "LQWR WKe ZLOd" LPSURYe acceVV WR e-We[WLOeV, aV I Kad KRSed? 

 ˓ ̆ː   IłŶũŋdŽcŶiŋł 

 EOecWURQLc We[WLOeV, aOVR NQRZQ aV ³e-We[WLOeV´ RU ³VRfW cLUcXLWV", aUe eOecWULcaO cLUcXLWV 

 cUeaWed XVLQJ fOe[LbOe cRQdXcWLYe PaWeULaOV (VXcK aV cRQdXcWLYe WKUeadV aQd fabULcV) LQ 

 cRQMXQcWLRQ ZLWK dLVcUeWe eOecWURQLc cRPSRQeQWV (VXcK aV OLJKWV, baWWeULeV, VZLWcKeV, 

 aQd VeQVRUV). TKLV dRPaLQ KaV ORQJ beeQ JaLQLQJ WUacWLRQ aV a cUeaWLYe aQd 

 aSSURacKabOe aYeQXe LQWR cRPSXWLQJ; XWLOL]LQJ cUafW PaWeULaOV aQd WecKQLTXeV, LW 

 LQYLWeV dLYeUVe SaUWLcLSaWLRQ, bURadeQV SeUceSWLRQV Rf ZKaW eOecWURQLcV aQd cRPSXWLQJ 

 aUe "JRRd fRU", aQd VXSSRUWV WKe cUeaWLRQ Rf a YeU\ dLffeUeQW NLQd Rf aUWLfacW ZKeQ 

 cRPSaUed ZLWK WUadLWLRQaO eOecWURQLcV SURWRW\SLQJ PaWeULaOV  [17]  . 

 TKe LLO\Pad AUdXLQR ZaV LQWURdXced LQ 2008 aV a cRPPeUcLaOO\ aYaLOabOe e-We[WLOe 

 WRRONLW, eQabOLQJ aQ\RQe WR bXLOd WKeLU RZQ VRfW, ZeaUabOe, VeZQ ± aQd SURJUaPPabOe 

 ± cLUcXLWV  [14, 15]  . IQ WKe \eaUV WR fROORZ, AdafUXLW  UeOeaVed a VLPLOaU WRRONLW, NQRZQ aV 

 WKe FORUa  [128]  . IQ addLWLRQ WR VXSSRUWLQJ LQdLYLdXaO  aUWLVWV aQd PaNeUV LQ UeaOL]LQJ 

 SeUVRQaO SURMecWV, WKeVe WRRONLWV aOVR RSeQed XS WKe SRVVLbLOLW\ Rf WeacKLQJ eOecWURQLcV 

 aQd SURJUaPPLQJ ZLWK e-We[WLOeV. IQdeed, UeVeaUcK KaV fRXQd WKLV WR be a fUXLWfXO 

 aYeQXe fRU bURadeQLQJ SaUWLcLSaWLRQ LQ cRPSXWLQJ, WeacKLQJ eOecWURQLcV aQd 
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 SURJUaPPLQJ, aQd LQVSLULQJ a QeZ cOaVV Rf beaXWLfXO, cRPSXWaWLRQaO, aQd SeUVRQaO 

 aUWLfacWV  [56]  . 

 DeVSLWe WKeVe VXcceVVeV, I RbVeUYed cULWLcaO UeVRXUce JaSV SUeYeQWLQJ ZLdeVSUead 

 adRSWLRQ Rf e-We[WLOe OeaUQLQJ acWLYLWLeV, eVSecLaOO\ aW WKe K-12 OeYeO. IQ SaUWLcXOaU, I 

 QRWLced WKaW PaQ\ edXcaWRUV dLd QRW KaYe acceVV WR WKe bXdJeW UeTXLUed WR VecXUe 

 UeOeYaQW WRROV aQd PaWeULaOV aW VcaOe. AddLWLRQaOO\, I QRWed a OacN Rf LQVWUXcWLRQaO 

 PaWeULaOV WR VXSSRUW edXcaWRUV LQ SUeSaULQJ fRU aQd facLOLWaWLQJ VXcK acWLYLWLeV. 

 I aOVR QRWLced a VcaffROdLQJ "YaOOe\" beWZeeQ VLPSOe SURMecWV LQYROYLQJ RQO\ OLJKWV, 

 baWWeULeV, aQd VeZQ cRQQecWLRQV ± aQd PRUe adYaQced SURMecWV OeYeUaJLQJ WKe 

 SURJUaPPabOe LLO\Pad AUdXLQR. I deVLJQed WKe LLO\TLQ\ LQ aQ aWWePSW WR bULdJe WKLV 

 YaOOe\; eacK LLO\TLQ\ LV SUe-SURJUaPPed ZLWK VeYeUaO LED beKaYLRUV, LQYLWLQJ 

 cRQYeUVaWLRQ abRXW WKe SRZeU Rf cRPSXWaWLRQ ZLWKRXW UeTXLULQJ VWXdeQWV WR ZULWe (RU 

 eYeQ XQdeUVWaQd) cRde. 

 TKLV cKaSWeU VXPPaUL]eV P\ e[SeULeQce deYeORSLQJ a ORZ-cRVW VeZabOe 

 PLcURcRQWUROOeU, NQRZQ aV WKe LLO\TLQ\, aQd a ZRUNVKRS JXLde WR VXSSRUW LW ± ZRUN 

 XQdeUWaNeQ WR addUeVV WKe afRUePeQWLRQed UeVRXUce JaSV LQ KRSeV Rf bURadeQLQJ 

 acceVV WR e-We[WLOeV. I aOVR VKaUe WKe UeVXOWV Rf P\ LQTXLU\ LQWR WKe LPSacW Rf WKLV ZRUN, 

 VeYeUaO \eaUV KaYLQJ eOaSVed VLQce I cUeaWed WKe LLO\TLQ\ ± QRZ a cRPPeUcLaO SURdXcW 

 VROd b\ SSaUNFXQ EOecWURQLcV. M\ LQYeVWLJaWLRQ LQcOXdeV a VXUYe\ Rf deULYaWLYe 
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 SURdXcWV, a PXOWL-\eaU aQaO\VLV Rf VaOeV daWa, aQd e[aPLQaWLRQ Rf cXVWRPeU UeYLeZV 

 aQd SURMecWV. 

 ˓ ̆ˑ   RelaŶed Wŋũk 

 TKe deYeORSPeQW Rf WKe LLO\TLQ\ ZaV Pade SRVVLbOe b\ \eaUV Rf SULRU UeVeaUcK LQ 

 SK\VLcaO cRPSXWLQJ, eOecWURQLc We[WLOeV, aQd edXcaWLRQ. 

 PhƘŭical CŋmťŽŶiłg 

 IQ WKe UeaOP Rf SK\VLcaO cRPSXWLQJ, WZR SURMecWV LQ SaUWLcXOaU dLUecWO\ SaYed WKe Za\: 

 WKe AUdXLQR eOecWURQLcV SURWRW\SLQJ SOaWfRUP aQd, OaWeU, WKe VeZabOe LLO\Pad AUdXLQR. 

 AUdXLQR ZaV LQLWLaOO\ deYeORSed WR eQabOe UaSLd SURWRW\SLQJ ZLWKRXW VSecLaOL]ed 

 eQJLQeeULQJ e[SeUWLVe  [85]  . TKe LLO\Pad WRRONLW e[WeQded  WKLV fXQcWLRQaOLW\ WR a We[WLOe 

 cRQWe[W, WKeUeb\ LQYLWLQJ SaUWLcLSaWLRQ fURP dLYeUVe SRSXOaWLRQV aV ZeOO aV eQabOLQJ 

 WKe cUeaWLRQ Rf VRfW, beaXWLfXO, cRPSXWaWLRQaO aUWLfacWV  [14, 15, 17]  . BRWK Rf WKeVe 

 SURMecWV SLRQeeUed WKe QRZ-XbLTXLW\ Rf SK\VLcaO cRPSXWLQJ ± QRW RQO\ b\ WKeLU YeU\ 

 deVLJQ, bXW aOVR b\ WKeLU PaVV aYaLOabLOLW\ aQd SULcLQJ VXLWabOe fRU KRbb\LVWV, aUWLVWV, 

 aQd VWXdeQWV. TKe\ bRWK OeYeUaJe aQ RSeQ VRXUce KaUdZaUe (aOVR NQRZQ aV "RSeQ 

 KaUdZaUe") PRdeO, aOORZLQJ RWKeUV WR PRdLf\ WKe PCB Oa\RXWV fRU SeUVRQaO XVe RU 

 deULYaWLYe SURdXcWV. M\ ZRUN e[WeQdV WKeVe effRUWV, aWWePSWLQJ WR PaNe e-We[WLOeV 

 PRUe acceVVLbOe aQd affRUdabOe WR a bURadeU aXdLeQce. 
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 ElecŶũŋłic TeƗŶileŭ ͬ CŋmťŽŶiłg EdŽcaŶiŋł Reŭeaũch 

 TKe LLO\Pad AUdXLQR KaV beeQ e[WUaRUdLQaULO\ VXcceVVfXO LQ OeYeUaJLQJ KaQdcUafW 

 SUacWLceV aQd PaWeULaOV WR dUaZ LQ dePRJUaSKLcV KLVWRULcaOO\ e[cOXded fURP 

 eQJLQeeULQJ (PRVW QRWabO\, ZRPeQ). TKLV KaV beeQ eYLdeQced b\ a PXcK OaUJeU 

 SURSRUWLRQ Rf WKe LLO\Pad AUdXLQR PaUNeW VKaUe beLQJ fePaOe SXUcKaVeUV ZKeQ 

 cRPSaUed WR WKe cOaVVLc AUdXLQR ± aQd b\ aQ ePeUJLQJ deVLJQ cRPPXQLW\ aW WKe 

 LQWeUVecWLRQ Rf aeVWKeWLcV, cUafW, aQd cRPSXWaWLRQ  [17]  . 

 SLJQLfLcaQW ZRUN KaV aOVR JRQe LQWR WKe deYeORSPeQW Rf cXUULcXOXP WR VXSSRUW 

 adRSWLRQ Rf WKe LLO\Pad AUdXLQR  [14, 16, 43, 58, 59,  116]  . TKLV ZRUN affLUPV KRZ 

 KLJKO\ I YaOXed deYeORSLQJ cXUULcXOXP WR VXSSRUW WKe LLO\TLQ\ KaUdZaUe. 

 NJaL, eW aO. KaYe deYeORSed WZR PRdXOaU SOaWfRUPV fRU ZeaUabOe cRPSXWLQJ, TeeBRaUd 

 aQd L*CATcK, WR bULQJ cRPSXWaWLRQaO We[WLOeV LQWR WKe cOaVVURRP aQd WeacK baVLc 

 SURJUaPPLQJ  [99±101]  . MRUe UeceQWO\, HLOO, eW aO.  LQWURdXced WKe TKUeadBRaUd, fRU 

 UaSLd SURWRW\SLQJ Rf e-We[WLOe cLUcXLWV  [45]  . TKeVe  SURMecWV UeSUeVeQW cULWLcaO VWULdeV LQ 

 WKe PLVVLRQ WR e[SaQd edXcaWLRQaO acceVV, aOWKRXJK WKeVe WRROV aUe QRW \eW aYaLOabOe WR 

 WKe JeQeUaO SXbOLc. 

 IQ SaUaOOeO WR WKe deYeORSPeQW Rf QeZ e-We[WLOeV WRROV aQd NLWV, WKeUe KaV beeQ a JUeaW 

 deaO Rf UeVeaUcK LQWR WKe LPSacW Rf WeacKLQJ ZLWK e-We[WLOeV. FRU e[aPSOe, VWXdLeV KaYe 

 dePRQVWUaWed WKe XWLOLW\ Rf e-We[WLOeV aV a PeaQV WR deYeORS VWXdeQWV' 

 STEM/WecKQRORJLcaO VeOf-effLcac\, WeacK debXJJLQJ, deYeORS cRPSXWaWLRQaO WKLQNLQJ, 

 78 



 e[SeULPeQW ZLWK aeVWKeWLcV, aQd cUeaWe cXOWXUaOO\ UeOeYaQW aUWLfacWV  [34, 57, 58, 60, 77, 

 122]  . TKLV bRd\ Rf ZRUN KaV LQaUJXabO\ eVWabOLVKed  WKe YaOXe Rf e-We[WLOeV aV aQ 

 aYeQXe fRU effecWLYeO\ bURadeQLQJ SaUWLcLSaWLRQ LQ cRPSXWLQJ, eVSecLaOO\ aW WKe K-12 

 OeYeO aQd LQ afWeU-VcKRRO VeWWLQJV  [19, 56]  . BURadeU  LPSacW Rf WKLV ZRUN KaV beeQ 

 OLPLWed, LQ SaUW, b\ WKe fXQdLQJ UeTXLUed WR VecXUe QeceVVaU\ WRROV aQd PaWeULaOV, aV 

 ZeOO aV acceVV WR a YaULeW\ Rf LQVWUXcWLRQaO UeVRXUceV WR VXSSRUW edXcaWRUV. I dLUecWO\ 

 VRXJKW WR addUeVV WKeVe OLPLWaWLRQV. 

 IłŭŶũŽcŶiŋłal Deŭigł fŋũ K̖ːˑ STEM 

 E[SeULeQced edXcaWRUV aQd RUJaQL]aWLRQV KaYe beeQ dLVVePLQaWLQJ UeVRXUceV fRU 

 STEM OeaUQLQJ ORQJ befRUe e-We[WLOeV acWLYLWLeV caPe WR be. IQ SaUWLcXOaU, WGBH (a 

 PBS affLOLaWe, QRZ NQRZQ aV GBH) KaV a ORQJ KLVWRU\ Rf SXbOLVKLQJ K-12 acWLYLW\ 

 JXLdeV fRU XVe LQ cOaVVURRPV aQd aW KRPe. (TKe DeVLJQ STXad JXLdeV aUe aQ e[ceOOeQW 

 e[aPSOe Rf WKLV  [107, 135]  .) TKe NaWLRQaO CeQWeU fRU  WRPeQ & IQfRUPaWLRQ 

 TecKQRORJ\ (NCWIT) aOVR RffeUV "LQ-a-bR[" SURJUaPPLQJ RQ WRSLcV LQcOXdLQJ 

 cRPSXWeU VcLeQce "XQSOXJJed" (LQ-SeUVRQ, Rff-VcUeeQ acWLYLWLeV), RXWUeacK, aQd SaLU 

 SURJUaPPLQJ  [97]  . TKe deVLJQ Rf P\ ZRUNVKRS JXLde  dUeZ KeaYLO\ RQ WKe fRUPaW Rf 

 WKeVe VXcceVVfXO UeVRXUceV, e[SaQdLQJ WKeLU dRPaLQ cRYeUaJe WR LQcOXde e-We[WLOeV. 

 (NCWIT KaV VLQce UeOeaVed aQ "e-Te[WLOeV LQ-a-BR[" SURJUaP  [33]  .) 
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 IłdeťełdełŶ Leaũłiłg ReŭŋŽũceŭ fŋũ E̖TeƗŶileŭ 

 IQ addLWLRQ WR UeVRXUceV fRU edXcaWRUV, WKeUe KaV beeQ aQ e[SORVLRQ Rf UeVRXUceV fRU 

 LQdLYLdXaOV WR LQdeSeQdeQWO\ OeaUQ QeZ VNLOOV RU cRPSOeWe SURMecWV UeOaWed WR PaNLQJ, 

 cUafWLQJ, aQd SURWRW\SLQJ. AW WKe WLPe WKaW I deYeORSed WKe LLO\TLQ\, a KaQdfXO Rf 

 SURMecW-baVed e-We[WLOeV bRRNV Kad beeQ UeOeaVed:  FaVhiRQiQg TechQRORg\, SZiWch 

 CUafW, FaVhiRQ Geek, aQd OSeQ SRfWZeaU  [32, 63, 102,  105]  . AURXQd WKe VaPe WLPe, 

 MAKE MaJa]LQe ± aQd WKe VKRUWeU OLYed CRAFT MaJa]LQe ± ZeUe JaLQLQJ 

 SRSXOaULW\ aV PRQWKO\ SXbOLcaWLRQV, cRQWaLQLQJ e[aPSOe SURMecWV, UeOeYaQW 

 QeZV/SURdXcWV, aQd SURfLOeV Rf SURPLQeQW PaNeUV/cUafWeUV. SLQce WKe deYeORSPeQW Rf 

 WKe LLO\TLQ\ aQd accRPSaQ\LQJ cXUULcXOXP, WZR addLWLRQaO DIY e-We[WLOeV bRRNV KaYe 

 beeQ UeOeaVed:  Make: WeaUabOe EOecWURQicV  aQd  SeZ  EOecWUic  (WKe OaWWeU cRQWaLQLQJ aQ 

 acWLYLW\ feaWXULQJ WKe LLO\TLQ\)  [20, 41]  . 

 IQ addLWLRQ WR SULQW UeVRXUceV, WKe LQWeUQeW KaV beeQ KRVW WR a QXPbeU Rf fUee, dLJLWaO 

 DIY UeVRXUceV RYeU WLPe; ZebVLWeV OLNe SRfW CLUcXLW SaWXUda\V aQd HRZ TR GeW WKaW 

 YRX WaQW KaYe UefOecWed LQdeSeQdeQW effRUWV WR VKaUe e-We[WLOeV UeVRXUceV  [50, 126]  , 

 ZKLOe VWUXcWXUed WXWRULaOV KaYe RffeUed JXLdaQce WR LQdeSeQdeQW OeaUQeUV LQ WKe 

 cUafW/WecKQRORJ\ UeaOP  [61, 62, 71]  . IQVWUXcWabOeV  KaV VeUYed aV a YaOXabOe SOaWfRUP 

 fRU PaQ\ Rf WKeVe, eVSecLaOO\ aV OeYeUaJed b\ SURPLQeQW e-We[WLOeV aUWLVWV/PaNeUV OLNe 

 BecN\ SWeUQ aQd HaQQaK PeUQeU-WLOVRQ  [51, 52]  . SSaUNFXQ  EdXcaWLRQ KaV e[SaQded 

 80 



 WKeVe RffeULQJV LQ UeceQW \eaUV, LQ SaUWLcXOaU VXSSRUWLQJ WKe LLO\TLQ\ ZLWK deWaLOed 

 dRcXPeQWaWLRQ aQd WXWRULaOV  [127]  . 

 M\ ZRUN bXLOdV RQ WKe VXcceVV Rf PaQ\ Rf WKe afRUePeQWLRQed SURMecWV, ZLWK aQ 

 ePSKaVLV RQ ORZeULQJ SUeYaLOLQJ baUULeUV Rf cRVW aQd NQRZ-KRZ, ZKLOe XQLTXeO\ 

 VWULYLQJ WR VXSSRUW edXcaWRUV JXLdLQJ PaQ\ OeaUQeUV LQ SaUaOOeO. 

 ˓ ̆˒   Deŭigł ͬ DeƑelŋťmełŶ 

 TKe LLO\TLQ\ aQd accRPSaQ\LQJ ZRUNVKRS JXLde ZeUe cUeaWed WR addUeVV NQRZQ 

 baUULeUV WR bURadeU adRSWLRQ Rf e-We[WLOeV LQ edXcaWLRQaO VeWWLQJV. IQ deVLJQLQJ WKeVe 

 PaWeULaOV, I VRXJKW WR RYeUcRPe cKaOOeQJeV Rf cRVW, NQRZ-KRZ, aQd aOVR WR SURYLde a 

 bULdJe WR LQWeJUaWLQJ cRPSXWaWLRQ aQd OeaUQLQJ abRXW PLcURcRQWUROOeUV ZLWKRXW KaYLQJ 

 WR SURJUaP. IW ZaV P\ KRSe WKaW WKLV ZRUN ZRXOd e[SaQd acceVV WR eOecWURQLc We[WLOeV 

 aV a cUeaWLYe Za\ LQWR cRPSXWLQJ. 

 The LilƘTiłƘ 

 M\ JRaO fRU WKe LLO\TLQ\ ZaV WR cUeaWe a VeZabOe PLcURcRQWUROOeU aW a PXcK ORZeU 

 SULce SRLQW WKaQ WKe LLO\Pad AUdXLQR, aQd RQe ZKLcK aUULYeV SUe-SURJUaPPed, 

 aOORZLQJ XVeUV WR LQcRUSRUaWe cRPSXWaWLRQ LQ WKeLU SURMecWV ZLWKRXW ZULWLQJ cRde. I 

 deVLJQed aURXQd WKe ATWLQ\85 PLcURcRQWUROOeU becaXVe LW LV YeU\ LQe[SeQVLYe, \eW LV 

 SRZeUfXO eQRXJK WR VXSSRUW SUe-SURJUaPPed beKaYLRUV VXcK aV OLJKW SaWWeUQV. M\ 

 bUeaNRXW bRaUd ZaV baVed RQ WKe LLO\Pad AUdXLQR acceOeURPeWeU bRaUd Oa\RXW, ZKLcK 
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 LV RSeQ VRXUce aQd aYaLOabOe XQdeU a CUeaWLYe CRPPRQV LLceQVe. TKe LLO\TLQ\ LV 

 abRXW WKe VL]e Rf a TXaUWeU. 

 I XVed a PLOOLQJ PacKLQe WR PaNe WKe fLUVW SURWRW\Se Rf WKe bUeaNRXW bRaUd (Vee FLJXUe 

 4.1). ATWLQ\ cKLSV ZeUe VROdeUed b\ KaQd WR eacK PLOOed bRaUd, afWeU ZKLcK WKe bURNeQ 

 RXW SLQV ("SeWaOV" LQ LLO\Pad WeUPLQRORJ\) ZeUe cRORU-cRded ZLWK SeUPaQeQW PaUNeUV. 

 I SURJUaPPed WKeVe eaUO\ SURWRW\SeV RQe-b\-RQe XVLQJ aQ eaUO\ SURWRW\Se Rf 

 SSaUNFXQ'V TLQ\ AVR PURJUaPPeU ZKLcK aWWacKed WR WKe SeWaOV Rf eacK bRaUd XVLQJ 

 aOOLJaWRU cOLSV. 

 FigXUe 4.1.  LLO\7LQ\ SURWRW\SHV, IURP OHIW WR ULJKW:  LQLWLDO PLOOHG FLUFXLW ERDUG, FXVWRP-RUGHUHG IDFWRU\ 
 ERDUG, ILQDO FRPPHUFLDO SURGXFW (VROG E\ SSDUNFXQ EOHFWURQLFV). 

 AfWeU WKeVe bRaUdV ZeUe PaQXaOO\ WeVWed aQd VXcceVVfXOO\ XVed LQ a SLORW ZRUNVKRS, I 

 SOaced a cXVWRP RUdeU ZLWK a cLUcXLW bRaUd PaQXfacWXUeU. TKLV YeUVLRQ LQcOXded 

 aSSURSULaWeO\ OabeOed SLQV aQd ZaV PRUe UeOLabOe WKaQ WKe fLUVW. TKLV WLPe, I XVed baWcK 

 UefORZ VROdeULQJ WR affL[ WKe ATWLQ\ cKLSV, afWeU ZKLcK WKe bRaUdV ZeUe aJaLQ 

 SURJUaPPed LQdLYLdXaOO\ ZLWK a TLQ\ AVR PURJUaPPeU SURWRW\Se. 
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 FROORZLQJ WeVWLQJ aQd aQ addLWLRQaO SLORW ZRUNVKRS, Ze SaUWQeUed ZLWK SSaUNFXQ 

 EOecWURQLcV WR UeOeaVe WKe LLO\TLQ\ cRPPeUcLaOO\ aV SaUW Rf WKe LLO\Pad AUdXLQR 

 WRRONLW OLQe Rf SURdXcWV. (M\ adYLVRU, LeaK BXecKOe\, aQd OabPaWe, DaYLd MeOOLV, 

 JXLded WKLV SURceVV.) 

 AOO YeUVLRQV Rf WKe LLO\TLQ\ SURWRW\Se ZeUe SURJUaPPed ZLWK WKe VaPe AUdXLQR 

 cRde, aOORZLQJ a XVeU WR acceVV fRXU dLffeUeQW OLJKW SaWWeUQV deSeQdLQJ RQ ZKLcK 

 RXWSXW SLQ/SeWaO WKe\ VeZ aQ LED WR. TKeVe LQcOXde: bOLQNLQJ RQ/Rff, a bUeaWKLQJ 

 SaWWeUQ, a KeaUWbeaW SaWWeUQ, aQd a UaQdRP WZLQNOe SaWWeUQ. I cKRVe WR SUe-SURJUaP WKe 

 bRaUdV LQ WKLV Za\ WR LQYLWe dLVcXVVLRQ Rf cRPSXWaWLRQ ZLWKRXW WKe XVeU KaYLQJ WR 

 ZULWe RU XQdeUVWaQd cRde, PeaQZKLOe RffeULQJ RXW-Rf-WKe-bR[ acceVV WR cUeaWLYe aQd 

 cRPSXWaWLRQaOO\ LQWeUeVWLQJ beKaYLRUV. TKLV fLOOed a JaS aW WKe WLPe beWZeeQ 

 ORZeU-WecK SURMecWV LQYROYLQJ RQO\ LEDV aQd baWWeULeV ± aQd PRUe cRPSOLcaWed 

 SURMecWV OeYeUaJLQJ a LLO\Pad AUdXLQR ZKLcK PXVW be SURJUaPPed befRUe XVe. 

 FRU PRUe adYaQced XVeUV, WKe LLO\TLQ\ RffeUV a ORZeU-cRVW PeaQV Rf LQcRUSRUaWLQJ 

 cRPSXWaWLRQ LQWR a SURMecW, aV LW caQ be UeSURJUaPPed XVLQJ a TLQ\ AVR PURJUaPPeU 

 aQd WKe AUdXLQR VRfWZaUe. 

 TKe LLO\TLQ\ debXWed fRU VaOe WKURXJK SSaUNFXQ fRU abRXW $10, bXW LWV SULce KaV 

 KRYeUed cORVeU WR $5 fRU WKe PaMRULW\ Rf WKe \eaUV VLQce LQWURdXcWLRQ. TKLV PaNeV LW 

 SRVVLbOe fRU edXcaWRUV WR cRQVLdeU SXUcKaVLQJ LQ bXON fRU ZRUNVKRSV RU cOaVVURRPV. 
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 Cŋmťałiŋł CŽũũicŽlŽm 

 TR VXSSRUW adRSWLRQ Rf WKe LLO\TLQ\, eVSecLaOO\ aPRQJVW a WaUJeW aXdLeQce Rf 

 edXcaWRUV, I deYeORSed aQd VeOf-SXbOLVKed a cRPSaQLRQ ZRUNVKRS cXUULcXOXP eQWLWOed 

 GeWWiQg HaQdV-RQ ZiWh SRfW CiUcXiWV  . I Pade WKLV cXUULcXOXP  aYaLOabOe fRU fUee RQ WKe 

 LQWeUQeW aQd aOVR fRU RUdeULQJ LQ KaUd cRS\ fRUPaW. 

 TKLV cXUULcXOXP ZaV deVLJQed aV a VWaQdaORQe UeVRXUce, SURYLdLQJ MXVW eQRXJK 

 RQ-dePaQd LQfRUPaWLRQ fRU edXcaWRUV/facLOLWaWRUV WR JXLde VWXdeQWV WKURXJK aQ 

 LQfRUPaO acWLYLW\. TKLV LQcOXdeV QeceVVaU\ NQRZ-KRZ UeOaWLQJ WR bRWK VeZLQJ/cUafWLQJ 

 aQd WR eOecWURQLcV. 

 TKe cXUULcXOXP LQcOXdeV a VeULeV Rf fLYe ZRUNVKRS acWLYLWLeV OeYeUaJLQJ e-We[WLOeV aV a 

 PeaQV WR e[SORUe cLUcXLWV aQd cRPSXWaWLRQ, VRPe Rf ZKLcK aUe VKRZQ LQ FLJXUe 4.2. 

 TKeVe acWLYLWLeV aUe deVLJQed LQ VeTXeQce, VXcK WKaW eacK acWLYLW\ bXLOdV RQ WKe 

 cRQceSWV Rf WKRVe SUecedLQJ LW ± bXW aOVR VXcK WKaW RQe cRXOd cKRRVe dLffeUeQW 

 acWLYLWLeV WR ZRUNVKRS, deSeQdLQJ RQ SULRU e[SeULeQce. AcWLYLWLeV 4 aQd 5 PaNe XVe Rf 

 WKe LLO\TLQ\, ZLWK WKe SUecedLQJ acWLYLWLeV bXLOdLQJ fRXQdaWLRQaO e-We[WLOe VNLOOV. 

 FigXUe 4.2.  SDPSOH DFWLYLWLHV IURP WKH ZRUNVKRS FXUULFXOXP. 
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 EacK acWLYLW\ LQcOXdeV a SKRWR Rf aQ e[aPSOe SURMecW, a OLVW Rf WRROV aQd PaWeULaOV, a 

 VXPPaU\/RYeUYLeZ, a OLVW Rf OeaUQLQJ JRaOV, aQd dLUecWLRQV RQ KRZ WR SUeSaUe fRU aQd 

 facLOLWaWe WKe acWLYLW\. WKeQ UeOeYaQW, acWLYLWLeV aOVR LQcOXde VXSSRUW PaWeULaOV, VXcK aV 

 WePSOaWeV RU KaQdRXWV WKaW caQ be JLYeQ WR VWXdeQWV. EacK SURMecW ZaV deVLJQed WR be 

 dRabOe LQ a WZR RU WKUee KRXU VeVVLRQ, ZLWK WKe e[ceSWLRQ Rf WKe fLQaO acWLYLW\ ZKLcK LV 

 beWWeU VXLWed WR a KaOf-da\ ZRUNVKRS. 

 AcWLYLWLeV 1 WKURXJK 3 bXLOd fRXQdaWLRQaO e-We[WLOe VNLOOV: aQ LQWURdXcWLRQ WR cLUcXLWV 

 ZLWK cRQdXcWLYe WKUead, a SULPeU RQ VZLWcKeV aQd KRZ WKe\ cRQWURO eOecWULcaO fORZ, 

 aQd aQ RYeUYLeZ Rf SaUaOOeO cLUcXLWV aQd KRZ WKe\ eQabOe RQe baWWeU\ WR SRZeU 

 PXOWLSOe OLJKWV. 

 AcWLYLWLeV 4 aQd 5 SURYLde a KLJK-OeYeO LQWURdXcWLRQ WR PLcURcRQWUROOeUV aQd WKe 

 cRQceSW Rf SURJUaPPabLOLW\ ± ZLWKRXW KaYLQJ WR Uead RU ZULWe cRde. IQ WKeVe acWLYLWLeV, 

 SaUWLcLSaQWV cUeaWe OLJKW-XS SaWcKeV, XVLQJ WKe SUe-SURJUaPPed LLO\TLQ\ WR cRQWURO WKe 

 beKaYLRU Rf aQ LED (bOLQNLQJ, fadLQJ, WZLQNOLQJ, RU KeaUWbeaW). TKLV LV fLUVW dRQe 

 LQdLYLdXaOO\, aQd WKeQ aV SaUW Rf a cROOabRUaWLYe eOecWURQLc SaWcKZRUN TXLOW. 

 AOO Rf WKe acWLYLWLeV ZeUe deVLJQed aURXQd ORZ-cRVW, eaVLO\ RbWaLQabOe PaWeULaOV. TKeVe 

 LQcOXde cUafW QRWLRQV (acU\OLc feOW, VeZLQJ QeedV, VQaSV, beadV, eWc.) aV ZeOO aV 

 Rff-WKe-VKeOf eOecWURQLcV cRPSRQeQWV (VXcK aV WKURXJK-KROe LEDV, cRLQ ceOO baWWeULeV, 

 aQd baWWeU\ KROdeUV). TKeVe LWePV caQ aOO be VRXUced fRU OeVV WKaQ 50 ceQWV aSLece. TKe 
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 RQO\ WRROV UeTXLUed fRU WKeVe acWLYLWLeV aUe UeadLO\ aYaLOabOe, VXcK aV QeedOe QRVe 

 SOLeUV, VcLVVRUV, aQd KRW JOXe JXQV. 

 TKe ZRUNVKRS JXLde aOVR LQcOXdeV a WURXbOeVKRRWLQJ fORZcKaUW, a cXUaWed OLVW Rf 

 ORZ-cRVW WRROV aQd PaWeULaOV, aQd SRLQWeUV WR addLWLRQaO SULQW aQd RQOLQe UeVRXUceV 

 UeOaWLQJ WR VRfW cLUcXLWV. 

 AfWeU WKe UeOeaVe Rf WKe ZRUNVKRS JXLde, I cR-deYeORSed RQe PRUe LLO\TLQ\-SRZeUed 

 acWLYLW\ ZLWK cROOabRUaWRUV NaWaOLe FUeed aQd JLe QL. TKLV acWLYLW\ LV eQWLWOed  POXVh 

 MRQVWeUV: CUeaWXUeV ZiWh ChaUacWeU  . OULJLQaOO\ deYeORSed  fRU a OaUJe-VcaOe ZRUNVKRS 

 aW WKe 2011 GUace HRSSeU CeOebUaWLRQ Rf WRPeQ LQ CRPSXWLQJ, Ze VeOf-SXbOLVKed 

 WKLV acWLYLW\ RQOLQe afWeUZaUdV  [76]  . TKe acWLYLW\  Pa\ be XVed aV aQ add-RQ RU 

 LQdeSeQdeQW Rf WKe ZRUNVKRS JXLde, aV LW LQcOXdeV LWV RZQ cXUULcXOaU PaWeULaOV aV 

 VKRZQ LQ FLJXUe 4.3. (TKe Oa\RXW Rf WKe ZRUNVKRS JXLde LV YeU\ VLPLOaU.) 

 FigXUe 4.3.  SHOHFW SDJHV IURP WKH SOXVK PRQVWHU DFWLYLW\,  ZKLFK XWLOL]HV WKH LLO\7LQ\. 
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 PilŋŶ TeŭŶiłg 

 DeVLJQ Rf WKe LLO\TLQ\ aQd cXUULcXOXP ZeUe JXLded b\ WZR SLORW ZRUNVKRSV UXQ LQ 

 SaUaOOeO ZLWK WKe deYeORSPeQW SURceVV. TKeVe ZRUNVKRSV ZeUe aUUaQJed LQ 

 cROOabRUaWLRQ ZLWK aQ RXWUeacK ceQWeU RQ MIT'V caPSXV aQd eQUROOed YROXQWeeU 

 KRPeVcKRRO VWXdeQWV ZKR ZeUe aOUead\ faPLOLaU ZLWK baVLc cLUcXLWV. OYeU a WZR-KRXU 

 VeVVLRQ, facLOLWaWRUV WaXJKW VWXdeQWV WR cUeaWe a OLJKW-XS SaWcK ZLWK aQ LED ZKRVe 

 beKaYLRU LV cRQWUROOed b\ a LLO\TLQ\, XVLQJ AcWLYLW\ 4 fURP WKe ZRUNVKRS JXLde. 

 SWXdeQWV SaUWLcLSaWLQJ LQ WKeVe ZRUNVKRSV ZeUe faPLOLaU ZLWK baVLc cLUcXLWV aQd 

 eOecWURQLc cRPSRQeQWV ± a VLPLOaU OeYeO Rf XQdeUVWaQdLQJ WR WKaW ZKLcK LV cRYeUed LQ 

 WKe JXLde¶V fLUVW WKUee acWLYLWLeV. 

 I WaXJKW WKe fLUVW ZRUNVKRS XVLQJ WKe eaUOLeVW PLOOed YeUVLRQ Rf WKe LLO\TLQ\. A WRWaO Rf 

 16 VWXdeQWV beWZeeQ WKe aJeV Rf 11 aQd 16 SaUWLcLSaWed (10 fePaOe, 6 PaOe). 12 Rf WKe 

 16 VWXdeQWV ZeUe VXcceVVfXO LQ JeWWLQJ WKeLU LLO\TLQ\ WR cRQWURO aQ LED. TZR Rf WKeVe 

 VWXdeQWV fLQLVKed eaUO\ aQd added addLWLRQaO OLJKWV WR WKeLU cLUcXLWV LQ SaUaOOeO 

 cRQfLJXUaWLRQ. AOO Rf WKe VWXdeQWV ZeUe RffeUed WKe RSWLRQ Rf WaNLQJ cRQdXcWLYe WKUead 

 aQd/RU addLWLRQaO LEDV KRPe WR cRPSOeWe RU aXJPeQW WKeLU SURMecWV. 

 TKLV ZRUNVKRS UeYeaOed a feZ aUeaV fRU LPSURYePeQW ± fRU e[aPSOe, VRXUcLQJ PRUe 

 dXUabOe PaWeULaOV aQd fLQe-WXQLQJ WecKQLTXeV fRU QRYLce VeZLQJ ZLWK cRQdXcWLYe 

 WKUead. TKeVe LQfRUPed a UeYLVLRQ Rf WKe cXUULcXOXP aQd dXULQJ WKLV WLPe, I aOVR 

 SURcXUed WKe VecRQd YeUVLRQ Rf WKe LLO\TLQ\ cLUcXLW bRaUdV. 
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 IQ RUdeU WR WeVW WKe XVabLOLW\ Rf WKe PaWeULaOV b\ a WKLUd SaUW\, WKe VecRQd ZRUNVKRS 

 ZaV WaXJKW b\ aQ RXWVLde edXcaWRU. I SURYLded aOO Rf WKe SK\VLcaO PaWeULaOV, bXW aVNed 

 KeU WR WeacK WKe ZRUNVKRS XVLQJ RQO\ WKe cXUULcXOXP aV a JXLde. 10 VWXdeQWV 

 SaUWLcLSaWed LQ WKLV ZRUNVKRS, beWZeeQ WKe aJeV Rf 11 aQd 14 (4 fePaOe, 6 PaOe). I ZaV 

 SUeVeQW WR RbVeUYe WKLV ZRUNVKRS, dXULQJ ZKLcK aOO SaUWLcLSaQWV ZeUe VXcceVVfXO LQ 

 VeZLQJ a SaWcK cRQWaLQLQJ a LLO\TLQ\-cRQWUROOed LED. AddLWLRQaOO\, VeYeUaO VWXdeQWV 

 ZeQW be\RQd cRQQecWLQJ RQe OLJKW WR WKeLU PLcURcRQWUROOeU, addLQJ addLWLRQaO OLJKWV 

 ZLWK aOWeUQaWe beKaYLRU. TKLV VecRQd ZRUNVKRS ZaV UeaVVXULQJ WKaW WKe cXUULcXOXP 

 adeTXaWeO\ VXSSRUWed aQ acceVVLbOe aQd VcaOabOe OeaUQLQJ e[SeULeQce XVLQJ WKe 

 LLO\TLQ\. 

 IQ addLWLRQ WR P\ RZQ RbVeUYaWLRQV, I VROLcLWed e[WeQVLYe feedbacN fURP WKe edXcaWRU 

 ZKR WaXJKW WKe VecRQd ZRUNVKRS, aV ZeOO aV fURP aQ e[SeUW STEM acWLYLW\ JXLde 

 deYeORSeU. TKLV ZaV LQYaOXabOe LQ PaNLQJ UeYLVLRQV. 

 I aOVR VROLcLWed feedbacN fURP VWXdeQWV WKURXJK VXUYe\V aW WKe eQd Rf eacK ZRUNVKRS. 

 ReVSRQVeV LQdLcaWed cRQVLVWeQc\ acURVV WKe WZR ZRUNVKRSV LQ WeUPV Rf OeQJWK, 

 dLffLcXOW\, aQd Sace. TKLV ZaV SUeOLPLQaULO\ LQdLcaWLYe WKaW WKe LQVWUXcWLRQaO PaWeULaOV 

 ZeUe WUaQVfeUabOe. WKeQ aVNed abRXW fXWXUe ZRUNVKRSV, VeYeUaO VWXdeQWV LQdLcaWed 

 VSecLfLcaOO\ WKaW WKe\ ZRXOd OLNe WR OeaUQ KRZ WR SURJUaP WKe PLcURcRQWUROOeUV 

 WKePVeOYeV, RU VXJJeVWed SURMecWV WKaW ZRXOd OLNeO\ UeTXLUe SURJUaPPLQJ. 
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 ˓ ̆˓   MeaŭŽũiłg ImťacŶ 

 IQ aQ effRUW WR XQdeUVWaQd WKe LPSacW Rf WKe LLO\TLQ\ LQ WKe \eaUV WKaW KaYe eOaSVed 

 VLQce LW ZaV fLUVW LQWURdXced, I cRQdXcWed a fROORZXS VWXd\ LQYROYLQJ a VXUYe\ Rf 

 deULYaWLYe SURdXcWV, aQaO\VLV Rf VaOeV daWa, aQd a VaPSOLQJ Rf SURdXcW UeYLeZV. 

 AOWKRXJK SSaUNFXQ KaV UeSacNaJed WKe KaUdZaUe LQ YaULRXV Za\V, I KaYe dRQe OLWWOe 

 WR SURPRWe adRSWLRQ Rf WKe LLO\TLQ\; WKXV, I beOLeYe P\ fLQdLQJV WR be a WUXe UefOecWLRQ 

 Rf ZKeWKeU WKeVe UeVeaUcK LQQRYaWLRQV PeW aQ edXcaWLRQaO Qeed aQd Kad LPSacW LQ WKe 

 ZLOd. 

 DeũiƑaŶiƑe ͬ Fŋllŋƒ̖ŋł PũŋdŽcŶŭ 

 I VXUYe\ed WKe PaUNeWSOace fRU ORZ-cRVW VeZabOe PLcURcRQWUROOeUV UeOeaVed RYeU WKe 

 SaVW WeQ \eaUV. A KaQdfXO Rf UeOaWed aQd deULYaWLYe SURdXcWV aUe VKRZQ LQ FLJXUe 4.4. 

 FigXUe 4.4.  DHULYDWLYH DQG IROORZ-RQ VHZDEOH PLFURFRQWUROOHU  ERDUGV. FURP OHIW WR ULJKW: LLO\7ZLQNOH 
 PURWRSQDS, GHPPD, DQ XQEUDQGHG FORQH, DQG WKH LLO\PDG LLO\MLQL. 

 AW WKe WLPe WKaW WKe LLO\TLQ\ caPe WR PaUNeW WKURXJK SSaUNFXQ, a VLVWeU SURdXcW ZaV 

 aOVR UeOeaVed, NQRZQ aV WKe LLO\TZLQNOe. TKe LLO\TZLQNOe KaUdZaUe LV LdeQWLcaO WR 

 WKaW Rf WKe LLO\TLQ\; WKe RQO\ dLffeUeQce beWZeeQ WKe WZR SURdXcWV LV WKaW WKe 

 LLO\TZLQNOe VKLSV ZLWK a dLffeUeQW AUdXLQR SURJUaP. IQVWead Rf eacK LLO\ SeWaO 
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 RffeULQJ a dLffeUeQW OLJKW beKaYLRU aV ZLWK WKe LLO\TLQ\, aOO Rf WKe SeWaOV WZLQNOe OLJKWV 

 aW dLffeUeQW UaWeV. WKLOe WKe LLO\TLQ\ ZaV deVLJQed WR LQYLWe cRQYeUVaWLRQV abRXW 

 cRPSXWaWLRQ LQ edXcaWLRQaO VeWWLQJV, WKe LLO\TZLQNOe LV QLceO\ VXLWed WR cUeaWLQJ 

 VSaUNOLQJ ZeaUabOe SURMecWV ± SUeVXPabO\ aSSeaOLQJ WR a bURadeU aXdLeQce. IQ addLWLRQ 

 WR WKeVe VWaQdaORQe SURdXcWV, SSaUNFXQ bXQdOed WKe LLO\TZLQNOe LQWR a feZ dLffeUeQW 

 NLWV aQd fRUP facWRUV, LQcOXdLQJ: a FLUefO\ JaU NLW WR cUeaWe a WZLQNOLQJ feOW PaVRQ MaU, a 

 PURWRSQaS NLW aOORZLQJ WeVWLQJ Rf WKe bRaUd SULRU WR VeZLQJ, aQd aQ E-We[WLOeV BaVLcV 

 Lab PacN WR VXSSRUW cOaVVURRPV. 

 A OLWWOe RYeU a \eaU afWeU WKe UeOeaVe Rf WKeVe WZR SURdXcWV, AdafUXLW UeOeaVed WKe 

 GePPa VeZabOe PLcURcRQWUROOeU  [54]  . LLNe WKe LLO\TLQ\,  WKe GePPa aOVR aLPV WR be 

 a VPaOOeU, PRUe affRUdabOe YeUVLRQ Rf LW'V fXOO-VcaOe, KLJKeU-SULced cRXQWeUSaUW, WKe 

 FORUa. TKe GePPa KaV XQdeUJRQe VeYeUaO UeYLVLRQV, eYROYLQJ WR fRcXV RQ 

 UeSURJUaPPabLOLW\ aQd QRZ feaWXULQJ aQ XSJUaded cKLS, PLQL-USB cRQQecWRU, 

 RQ-bRaUd RQ/Rff VZLWcK aQd RGB LED. IW cXUUeQWO\ UeWaLOV fRU abRXW WZLce WKe cRVW Rf a 

 LLO\TLQ\, aW aURXQd $10. TKe SUe-ORaded cRde LV QRW ZeOO-dRcXPeQWed QRU PaUNeWed aV 

 a VeOOLQJ SRLQW, bXW LW dReV VKLS ZLWK e[aPSOe cRde. 

 MRUe UeceQWO\, LQ 2016, SSaUNFXQ UeOeaVed WKe LLO\Pad LLO\MLQL, aQRWKeU VPaOO 

 VeZabOe PLcURcRQWUROOeU ZKLcK aUULYeV SUe-SURJUaPPed, XVeV aQ XSJUaded cKLS, aQd 

 LQcOXdeV aQ RQ-bRaUd cRLQ ceOO baWWeU\ KROdeU. AOWKRXJK WKe SURJUaP LW VKLSV ZLWK 
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 RffeUV PRUe LQWeUacWLYLW\ WKaQ WKe LLO\TLQ\ aQd LLO\TZLQNOe, LW LV VROd aW a KLJKeU SULce 

 SRLQW ($16) aQd LV PXcK PRUe dLffLcXOW WR UeSURJUaP. 

 A QXPbeU Rf RWKeU VeZabOe ATWLQ\85 bUeaNRXW bRaUdV KaYe beeQ UeOeaVed LQ UeceQW 

 \eaUV. TKeVe bRaUdV aUe VLPLOaUO\ bLWe-VL]ed aQd W\SLcaOO\ PaQXfacWXUed XVLQJ SXUSOe 

 VROdeU PaVN, OLNe WKe RULJLQaO LLO\TLQ\. HRZeYeU, WKeVe SURdXcWV feaWXUe a VRPeZKaW 

 dLffeUeQW aUUaQJePeQW Rf SLQV/SeWaOV aQd aQ RQ-bRaUd USB cRQQecWRU. TKe\ aUe VROd 

 XQdeU a YaULeW\ Rf XQbUaQded QaPeV VXcK aV "LLO\TLQ\ ATWLQ\85 DeYeORSPeQW 

 BRaUd", "MLcURUSB LLO\TLQ\", aQd "CJMCU LLO\TLQ\". AOWKRXJK I ZaV QRW LQYROYed 

 LQ WKeLU deYeORSPeQW, WKe cKRLce Rf QaPLQJ OeadV Pe WR beOLeYe WKe\ ZeUe dLUecWO\ 

 LQVSLUed b\ WKe LLO\TLQ\. TKeVe bRaUdV dR QRW QeceVVaULO\ VKLS ZLWK aQ\ e[aPSOe cRde 

 LQVWaOOed, UeTXLULQJ WKe XVeU WR PaNe VRPe PRdLfLcaWLRQV WR WKe AUdXLQR IDE LQ RUdeU 

 WR LQLWLaOO\ SURJUaP WKeP. TKeVe bRaUdV UeWaLO fRU $1-15 aQd aUe ZLdeO\ aYaLOabOe fURP 

 a YaULeW\ Rf VeOOeUV RQ eBa\, APa]RQ, aQd AOLbaba. 

 TKe LLO\TLQ\ ZaV bRUQ RXW Rf RSeQ VRXUce KaUdZaUe deYeORSPeQW, aV ZeUe aOO Rf WKe 

 afRUePeQWLRQed UeOaWed bRaUdV. WKLOe LW LV QRW XQcRPPRQ fRU VRPeRQe WR cORQe RU 

 cUeaWe a deULYaWLYe YeUVLRQ Rf a XVefXO cLUcXLW bRaUd, I beOLeYe WKaW WKe QXPbeU aQd 

 YaULeW\ Rf SURdXcWV fROORZLQJ LQ WKe fRRWVWeSV Rf WKe LLO\TLQ\ aUe WeVWaPeQW WR a 

 PaUNeW Qeed fRU a VPaOO, ORZ-cRVW, VeZabOe PLcURcRQWUROOeU ± eVSecLaOO\ ZKeQ 

 cRPSaUed ZLWK WKe PRUe fXOO-feaWXUed LLO\Pad AUdXLQR aQd FORUa. IW LV ZRUWK QRWLQJ, 

 KRZeYeU, WKaW WKe RQO\ bRaUdV adYeUWLVed ZLWK WKeLU SUe-ORaded SURJUaPV aV a feaWXUe 
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 aUe WKe LLO\TLQ\ aQd LLO\TZLQNOe. I beOLeYe WKLV WR be a SaUWLcXOaU aVVeW aQd VeOOLQJ 

 SRLQW fRU edXcaWLRQaO VeWWLQJV, aV RXW-Rf-WKe-bR[ fXQcWLRQaOLW\ PaNeV WeacKLQJ 

 WLPe-cRQVWUaLQed ZRUNVKRSV/acWLYLWLeV PXcK PRUe feaVLbOe. TKLV feaWXUe aOVR aOORZV 

 WKe LQWURdXcWLRQ Rf cRPSXWaWLRQaO beKaYLRU ZLWKRXW WKe UeTXLUePeQW WR ZULWe cRde RU 

 QaYLJaWe WKe AUdXLQR XSORad/UeSURJUaPPLQJ SURceVV. 

 Saleŭ DaŶa 

 Ne[W, I VeW RXW WR XQdeUVWaQd WKe LLO\TLQ\'V LPSacW RQ XVeUV. I XVe VaOeV daWa aV a 

 SUR[\ fRU adRSWLRQ aQd LQYeVWLJaWe LLO\TLQ\'V SRVLWLRQ ZLWKLQ WKe PaUNeW; ZKeWKeU LW 

 KaV beeQ VXcceVVfXO VLQce LWV cRPPeUcLaO debXW, aQd ZKeWKeU WKLV KaV VKLfWed ZLWK WKe 

 UeOeaVe Rf VLPLOaU SURdXcWV. M\ MIT adYLVRU aQd cUeaWRU Rf WKe LLO\Pad AUdXLQR, 

 LeaK BXecKOe\, KeOSed Pe WR RbWaLQ eLJKW \eaUV Rf VaOeV daWa dLUecWO\ fURP SSaUNFXQ, 

 daWLQJ fURP WKe UeOeaVe Rf WKe LLO\TLQ\ aQd LLO\TZLQNOe LQ JXO\ 2012 WKURXJK WKe VWaUW 

 Rf WKLV LQYeVWLJaWLRQ LQ JXQe 2020. BecaXVe SSaUNFXQ LV WKe RQO\ PaQXfacWXUeU Rf WKe 

 LLO\TLQ\ aQd aOO LLO\Pad AUdXLQR SURdXcWV, WKLV daWa eQcRPSaVVeV aOO VaOeV, LQcOXdLQJ 

 WKRVe Pade dLUecW-WR-cRQVXPeU aQd WKRVe Pade WR dLVWULbXWRUV/UeVeOOeUV. 

 I fLUVW ZaQWed WR cKecN ZKeWKeU RXU KaUdZaUe KaV VROd ZeOO aV a cRPPeUcLaO SURdXcW. 

 IQdeed, LW KaV; RYeU WKLV eLJKW-\eaU SeULRd, a WRWaO Rf 81,227 Rf RXU bUeaNRXW bRaUdV 

 (LLO\TLQ\ aQd LLO\TZLQNOe cRPbLQed) ZeUe VROd. TKLV LQcOXdeV bRaUdV VROd 

 LQdLYLdXaOO\ aV ZeOO WKRVe VROd aV SaUW Rf a NLW RU Oab SacN. OXU KaUdZaUe VKLSSed WR 80 

 dLffeUeQW cRXQWULeV acURVV QeaUO\ 10,000 RUdeUV. TKe UQLWed SWaWeV JeQeUaWed WKe 
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 KLJKeVW QXPbeU Rf RUdeUV, fROORZed b\ AXVWUaOLa, CaQada, aQd WKe UQLWed KLQJdRP LQ 

 WKaW RUdeU. BRWK SURdXcWV OeYeUaJLQJ RXU KaUdZaUe KaYe VROd VWeadLO\ aV VKRZQ LQ 

 FLJXUe 4.5, eacK aYeUaJLQJ RYeU 5,000 XQLWV VROd SeU \eaU. I WKLQN WKeVe QXPbeUV PaNe 

 cOeaU WKaW RXU bUeaNRXW bRaUd LV VaWLVf\LQJ a UeaO XVeU Qeed ± aQd cRQWLQXLQJ WR dR VR 

 ORQJ SaVW WKe LQWURdXcWLRQ Rf cRPSeWLWRU SURdXcWV. 

 FigXUe 4.5.  LLO\7LQ\ DQG LLO\7ZLQNOH PRQWKO\ VDOHV,  VKRZLQJ VXVWDLQHG PDUNHW LQWHUHVW RYHU PDQ\ 
 \HDUV. 

 SecRQd, I ZaQWed WR cKecN WKe K\SRWKeVLV WKaW a YeU\ baVLc bRaUd ZLWK SUe-LQVWaOOed 

 VRfWZaUe LV a XVefXO LQWeUPedLaU\ beWZeeQ VLPSOe cLUcXLWV aQd PRUe cRPSOe[ bRaUdV 

 UeTXLULQJ SURJUaPPLQJ. TR dR WKLV, I ORRNed aW VaOeV daWa acURVV WKe eQWLUe VeW Rf 

 VeZabOe PLcURcRQWUROOeUV RffeUed b\ SSaUNFXQ. FLJXUe 4.6 VKRZV PaUNeW VKaUe fRU 

 eacK LQdLYLdXaO SURdXcW, NLW, RU Oab SacN. TR P\ VXUSULVe, WKe LQdLYLdXaOO\ SacNaJed 

 LLO\TLQ\ ZaV WKe VLQJOe PRVW RUdeUed VeZabOe PLcURcRQWUROOeU dXULQJ WKe eLJKW \eaU 

 WLPe SeULRd WKaW I e[aPLQed. HRZeYeU, PaQ\ SURdXcWV aUe UeOaWed WR RQe aQRWKeU 

 WKURXJK XSJUadeV RU UeSacNaJLQJ, aQd WKXV I JURXSed WKeVe SURdXcWV LQWR cRQceSWXaO 

 faPLOLeV. EYeQ afWeU JURXSLQJ, WKe LLO\TLQ\/LLO\TZLQNOe bRaUd ZaV SXUcKaVed aV RfWeQ 

 aV bRaUdV LQ WKe PXcK PRUe caSabOe LLO\Pad MaLQ faPLO\, ZLWK WKe 

 93 



 LLO\TLQ\/LLO\TZLQNOe bRaUd UeSUeVeQWLQJ 46% Rf VaOeV. TKLV VeePV WR YaOLdaWe WKaW a 

 cKeaSeU VLPSOeU bRaUd KaV YaOXe WR a VXbVWaQWLaO QXPbeU Rf XVeUV. 

 FigXUe 4.6.  SSDUNFXQ VHZDEOH PLFURFRQWUROOHU VDOHV,  JXO\ 2012 WKURXJK JXQH 2020. NRWH WKDW WKH 
 LLO\PDG LLO\MLQL ZDV QRW LQWURGXFHG XQWLO 2016. EDFK FRORU UHSUHVHQWV D GLIIHUHQW SURGXFW IDPLO\. EDFK 
 SLH VOLFH UHSUHVHQWV D GLIIHUHQW SURGXFW UHOHDVH (L.H. LLO\PDG AUGXLQR 328 MDLQ BRDUG, LLO\PDG AUGXLQR 
 SLPSOH BRDUG, FLUHIO\ JDU NLW, HWF.). KLWV DUH FDWHJRUL]HG E\ ZKLFK ERDUG WKH\ LQFOXGH. 

 TKe daWa LQ FLJXUe 4.6 aOVR aOORZV fRU cRPSaULVRQ Rf VaOeV beWZeeQ WKe LLO\TLQ\ aQd 

 WKe LLO\TZLQNOe. TKLV LV LPSRUWaQW WR cRQVLdeU, aV I deVLJQed WKe LLO\TLQ\ aQd LWV 

 VXSSRUWLQJ cXUULcXOXP ZLWK WKe LQWeQW Rf UeacKLQJ edXcaWRUV ± ZKLOe WKe LLO\TZLQNOe 

 LV OLNeO\ WR aSSeaO WR a PRUe JeQeUaO aXdLeQce. I Kad JXeVVed WKaW WKe KRbb\LVW fRcXV 

 aQd addLWLRQaO PaUNeWLQJ YaULaWLRQV ZRXOd KaYe Pade WKe LLO\TZLQNOe PRUe SRSXOaU. 

 HRZeYeU, WR P\ VXUSULVe, WKe LLO\TLQ\ KaV VROd WZLce aV PaQ\ VWaQdaORQe bRaUdV aV 

 WKe LLO\TZLQNOe ± aQd abRXW WKe VaPe QXPbeU Rf WRWaO XQLWV ZKeQ cRQVLdeULQJ aOO NLWV 

 cRQWaLQLQJ WKe LLO\TZLQNOe. I beOLeYe WKLV fLQdLQJ affLUPV WKaW a bRaUd UeOeaVed ZLWK 
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 aSSURSULaWe cXUULcXOXP aQd SUe-SURJUaPPed cRde, VXSSRUWLQJ WKe LQWURdXcWLRQ Rf 

 cRPSXWaWLRQ, LQYLWeV bURad adRSWLRQ. 

 FLQaOO\, I ZaQWed WR NQRZ Lf WKe LLO\TLQ\ LV beLQJ XVed b\ edXcaWRUV; WKaW LV WR Va\, 

 ZKeWKeU LW KaV UeacKed P\ LQWeQded PaUNeW. TKe VaOeV daWa dReVQ'W dLUecWO\ VSecLf\ 

 ZKR LV SXUcKaVLQJ bRaUdV, bXW LW dReV WeOO XV WKe TXaQWLW\ SXUcKaVed LQ eacK RUdeU. 

 IQdLYLdXaO KRbb\LVWV SURbabO\ bX\ a feZ bRaUdV aW PRVW, ZKLOe edXcaWRUV W\SLcaOO\ 

 bX\ LQ TXaQWLW\ aSSURSULaWe fRU cOaVVURRPV RU ZRUNVKRSV. (FRU WKLV aQaO\VLV, I 

 e[cOXded dLVWULbXWRU RUdeUV VLQce I aP LQWeUeVWed LQ LQdLYLdXaO SXUcKaVLQJ SaWWeUQV.) 

 FLJXUe 4.7 UeSRUWV RQ RUdeU TXaQWLWLeV fRU eacK SURdXcW faPLO\. IQdeed, a PXcK JUeaWeU 

 SeUceQWaJe Rf LLO\TLQ\ RUdeUV LQcOXde PXOWLSOeV Rf WKe SURdXcW aQd WKe aYeUaJe XQLWV 

 SeU RUdeU LV KLJKeU, ZKeQ cRPSaUed WR WKe LLO\Pad MaLQ faPLO\, LLO\TZLQNOe, aQd 

 LLO\Pad LLO\MLQL. TKLV LV WUXe deVSLWe WKe facW WKaW WKe LLO\TZLQNOe aQd LLO\Pad MaLQ 

 bRaUdV ZeUe e[SOLcLWO\ PaUNeWed LQ "Oab SacNV" Rf WeQ XQLWV. I beOLeYe WKLV SURYLdeV 

 eYLdeQce WKaW WKe LLO\TLQ\, ZLWK LWV cKRLce Rf aVVRUWed SURJUaPPed OLJKW beKaYLRUV 

 aQd VXSSRUWLQJ cXUULcXOXP, LV OLNeO\ beLQJ XVed fRU WeacKLQJ PRUe fUeTXeQWO\ WKaQ WKe 

 PRUe cRPSOe[ LLO\Pad LLO\MLQL aQd LLO\Pad MaLQ bRaUdV ± RU eYeQ LWV VLVWeU SURdXcW, 

 WKe LLO\TZLQNOe. 
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 FigXUe 4.7.  SSDUNFXQ VHZDEOH PLFURFRQWUROOHU RUGHULQJ  SDWWHUQV, DIWHU DGMXVWLQJ IRU ODE SDFNV ZKLFK 
 FRQWDLQ PXOWLSOH ERDUGV. NRWLFH WKDW D PXFK JUHDWHU SHUFHQWDJH RI LLO\7LQ\ RUGHUV LQFOXGH TXDQWLWLHV RI 
 WKH ERDUG VXLWDEOH IRU WHDFKLQJ. 

 TaNeQ aOWRJeWKeU, WKe VaOeV daWa VeePV WR VXSSRUW WKe RQJRLQJ LPSacW Rf WKe LLO\TLQ\. 

 IW LV eVSecLaOO\ QRWabOe WKaW WKe LLO\TLQ\ KaV XQdeUJRQe QR PaMRU UeYLVLRQV, QRU KaV LW 

 beeQ VROd aV SaUW Rf a NLW RU Oab SacN dXULQJ LWV OLfeWLPe. WKLOe WKe OacN Rf UeYLVLRQV 

 Pa\ be aWWULbXWabOe WR WKe VLPSOLcLW\ Rf WKe KaUdZaUe aQd VRfWZaUe, LW LV QRQeWKeOeVV 

 UaUe WR be abOe WR SXUcKaVe a deYLce PaLQWaLQLQJ cRPSaWLbLOLW\ ZLWK aQ\ VXSSRUW 

 UeVRXUceV deYeORSed LQ LWV OLfeWLPe. I beOLeYe WKaW WKLV VWabLOLW\ LV cUXcLaO fRU 

 edXcaWLRQaO adRSWLRQ. 

 CŽŭŶŋmeũ ReƑieƒŭ ałd PũŋjecŶŭ 

 TR cRPSOePeQW WKe aQaO\VLV Rf VaOeV daWa, I ZaQWed WR JeW a VeQVe Rf cXVWRPeUV' acWXaO 

 e[SeULeQceV ZLWK WKe LLO\TLQ\. FLUVW, I VXUYe\ed aOO Rf WKe LLO\TLQ\ SURdXcW UeYLeZV RQ 

 SSaUNFXQ'V ZebVLWe, ZKLcK aUe VXbPLWWed b\ YeULfLed cXVWRPeUV. I WKeQ SUeOLPLQaULO\ 

 VXUYe\ed VRcLaO PedLa WR Vee ZKaW NLQdV Rf aUWLfacWV LQdLYLdXaOV aUe  PakiQg  ZLWK WKe 

 LLO\TLQ\. I dLd WKLV b\ VeaUcKLQJ bRWK TZLWWeU aQd IQVWaJUaP fRU SXbOLc WZeeWV/SRVWV 

 WaJJed ZLWK "#OLO\WLQ\". 
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 A fLUVW JOaQce UeYeaOV WKaW WKe LLO\TLQ\ LV beLQJ XVed fRU a YaULeW\ Rf KRbb\LVW 

 SURMecWV. A feZ e[aPSOeV Pa\ be VeeQ LQ FLJXUe 4.8. 

 FigXUe 4.8.  HREE\LVW SURMHFWV XVLQJ WKH LLO\7LQ\ (FORFNZLVH  IURP XSSHU OHIW): DQ H-WH[WLOH ORJR, 
 HPEHOOLVKHG KHDGEDQGV, DQG D VRFN PRQNH\ ZLWK D JORZLQJ KHDUW. 
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 TKeVe SURMecWV aUe VXSSRUWed b\ cXVWRPeU UeYLeZV ZKLcK VSeaN WR WKe XWLOLW\ Rf WKe 

 LLO\TLQ\ fRU KRbb\LVW SURMecWV, bRWK becaXVe LW LV eaV\-WR-XVe aQd becaXVe LW LV 

 affRUdabOe: 

 "... IW iV a gUeaW bRaUd iQ a VPaOO fRUP facWRU. VeU\ eaV\ WR XVe, ZRUkV ZeOO... I 

 UecRPPeQd WhiV WR aQ\RQe - \RX caQ'W gR ZURQg." 

 "... PeUfecW Vi]e aQd SRZeU fRU VRPe Rf P\ SURjecWV... HighO\ UecRPPeQded, 

 eVSeciaOO\ ViQce Whe\ aUe VR iQe[SeQViYe." 

 I aOVR fRXQd WKaW WKe LLO\TLQ\ LV beLQJ XVed VSecLfLcaOO\ fRU SURMecWV LQYROYLQJ 

 KaQdcUafW aQd fLQe aUW. A feZ e[aPSOeV aSSeaU LQ FLJXUe 4.9. TKLV aSSOLcaWLRQ LV aOVR 

 VXSSRUWed b\ cXVWRPeU UeYLeZV OLNe WKe fROORZLQJ: 

 "JXVW UeWXUQed fURP WeachiQg a cOaVV fRU Whe SRXWheaVW FibeU FRUXP 

 AVVRciaWiRQ... The VWXdeQWV ZeUe aOO QeZ WR e-We[WiOeV... EYeU\RQe ZeQW aZa\ 

 kQRZiQg hRZ WR fiQiVh Whe VWiWchiQg aW hRPe aQd a OiWWOe abRXW ciUcXiWU\ WhaQkV 

 WR WhiV gUeaW SURdXcW. AOO aUe e[ciWed abRXW Whe SRVVibiOiWieV fRU addiQg 

 eOecWURQicV WR WheiU fibeU aUW." 
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 FigXUe 4.9.  AUW DQG FUDIW SURMHFWV XVLQJ WKH LLO\7LQ\  (FORFNZLVH IURP XSSHU OHIW): DQ HPEURLGHUHG 
 EUDFHOHW, D NQLW EUDFHOHW, DQG D PL[HG PHGLD DUW SLHFH. 

 I Kad KRSed WKaW WKe LLO\TLQ\ PLJKW SURYLde aQ affRUdabOe VWeSSLQJ VWRQe beWZeeQ 

 QRYLce SURMecWV aQd WKe bURadeU ZRUOd Rf AUdXLQR SURJUaPPLQJ, aQd fRU VRPe XVeUV 

 WKLV dReV VeeP WR be WKe caVe. TKe fROORZLQJ cXVWRPeU UeYLeZV VSeaN WR WKe LLO\TLQ\'V 

 YeUVaWLOLW\ LQ WKLV UeJaUd: 

 "ThiV iV a gUeaW OiWWOe bRaUd... I figXUed RXW hRZ WR UeSURgUaP iW WR dR ZhaW I 

 Qeeded. IW'V QRW WRR haUd... GUeaW SUice WRR!" 
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 "EaV\ eQWU\ SRiQW - QR UegUeWV! I bRXghW a LiO\TiQ\ WR SRZeU P\ fiUVW SURjecW 

 XViQg ZeaUabOeV... The SUe-SURgUaPPed fXQcWiRQV WRRk aZa\ a Oa\eU Rf 

 cRPSOe[iW\ aQd OeW Pe jXVW fRcXV RQ OeaUQiQg hRZ WR VeW XS a ZeaUabOe ciUcXiW." 

 "I'Ye OeaUQed Whe LiO\TiQ\ iV a gUeaW OiWWOe SURgUaPPabOe chiS, WR Pe iW'V a 

 PiQi-AUdXiQR... IW iV SRVVibO\ Whe VPaOOeVW fRUP-facWRU fRU a BOiQk\ LED ciUcXiW. 

 NRZ I SURgUaP Whe TiQ\ P\VeOf«" 

 FLJXUe 4.10 VKRZV WZR e[aPSOeV Rf SURMecWV fRU ZKLcK WKe cUeaWRUV KaYe PaQaJed WR 

 UeSURJUaP WKe LLO\TLQ\. 

 FigXUe 4.10.  EYLGHQFH WKDW VRPH LLO\7LQ\ XVHUV DUH  FKRRVLQJ WR UHSURJUDP WKHLU ERDUGV (OHIW) DQG DUH 
 VXFFHVVIXO LQ GRLQJ VR (ULJKW). 

 LaVWO\, aQd PRVW LPSRUWaQWO\ WR P\ RZQ JRaOV fRU WKe SURMecW, WKeUe LV aPSOe eYLdeQce 

 WKaW WKe LLO\TLQ\ LV beLQJ XVed fRU WeacKLQJ. SRPe e[aPSOeV Rf cXVWRPeU UeYLeZV WR 

 VXSSRUW LWV YaOXe LQ WKLV aUeQa: 
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 "JXVW XViQg WhiV aV iV ZaV a ViPSOe SURjecW ZiWh cRRO UeVXOWV. I aP hRSiQg WR XVe 

 WheVe fRU a QeZ WiQkeUiQg cOXb aW P\ VchRRO. FXQ Za\ WR geW kidV e[ciWed 

 ZiWhRXW beiQg iQWiPidaWiQg." 

 "We UaQ aQ eYeQW aW RXU PakeUVSace, WR iQWURdXce fROkV WR ZeaUabOe 

 eOecWURQicV... aQd WhiV iWeP ZaV e[acWO\ ZhaW Ze Qeeded. The SUice iV SeUfecW, 

 Whe ViPSOiciW\ Rf iW iV SeUfecW, aQd iW'V a VWXUd\, ZeOO fXQcWiRQiQg OiWWOe SURdXcW. 

 VeU\ SOeaVed aQd ZiOO be RUdeUiQg hXQdUedV PRUe iQ Whe fXWXUe, I'P VXUe." 

 "The LiO\ TiQ\ iV gUeaW fRU WeacheUV: iW iV QRW aV cRVW SURhibiWiYe aV RWheU 

 PicURcRQWUROOeUV aQd iV SUeWW\ XVeU fUieQdO\ fRU begiQQeUV bXW VWiOO aOORZV a 

 SURgUaPPiQg RSWiRQ WR add a chaOOeQge." 

 FLJXUe 4.11 VKRZV aQ aVVRUWPeQW Rf VRcLaO PedLa SRVWV VKRZcaVLQJ WKe LLO\TLQ\'V XVe 

 LQ ZRUNVKRSV aQd cOaVVeV acURVV a YaULeW\ Rf YeQXeV. 

 AOWKRXJK PRUe LQ-deSWK UeVeaUcK LV ZaUUaQWed, I beOLeYe WKaW WKeVe cXVWRPeU UeYLeZV 

 aQd aUWLfacWV affLUP WKaW WKe LLO\TLQ\ LV KeOSLQJ WR e[SaQd acceVV WR cRPSXWaWLRQaO 

 We[WLOeV. TKLV eaUO\ eYLdeQce VXJJeVWV WKaW WKe bRaUd RffeUV aQ affRUdabOe eQWU\ SRLQW 

 fRU KRbb\LVWV, LV caSabOe Rf VXSSRUWLQJ XVeUV LQ WKe WUaQVLWLRQ fURP VLPSOe WR cRPSOe[ 

 SURMecWV, aQd LV UeacKLQJ P\ WaUJeW aXdLeQce Rf edXcaWRUV. 
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 FigXUe 4.11.  EYLGHQFH RI WHDFKLQJ ZLWK WKH LLO\7LQ\,  LQFOXGLQJ RIIHULQJV DW FDPSV, OLEUDULHV, DQG K-12 
 VFKRROV. 
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 ˓ ̆˔   FŽŶŽũe Wŋũk 

 WKLOe WKLV cKaSWeU SURYLdeV aQ RYeUYLeZ Rf PaUNeW LPSacW, I SOaQ WR cRQWLQXe WKeVe 

 LQYeVWLJaWLRQV WR SaLQW a ULcKeU SLcWXUe Rf KRZ WKLV KaUdZaUe LV beLQJ XVed. A VXUYe\ 

 Rf fROORZ-RQ cXUULcXOXP aQd acadePLc UeVeaUcK ZLOO deeSeQ XQdeUVWaQdLQJ Rf 

 edXcaWLRQaO XVe aW WKe PacUR OeYeO, cRPSOePeQWed b\ VXUYe\V RU LQWeUYLeZV ZLWK 

 edXcaWRUV/facLOLWaWRUV ZKR KaYe XVed RXU KaUdZaUe. I aOVR SOaQ WR cRQdXcW fXUWKeU 

 aQaO\VLV Rf LLO\TLQ\ aUWLfacWV, WR beWWeU XQdeUVWaQd WKe cKaUacWeU Rf SURMecWV eQabOed b\ 

 WKLV ZRUN. 

 ˓ ̆˕   SŽmmaũƘ 

 TeQ \eaUV aJR, I VeW RXW WR deYeORS, SLORW, aQd UeOeaVe a KaUdZaUe WRRO aQd cXUULcXOXP 

 WR VXSSRUW bURadeU edXcaWLRQaO adRSWLRQ Rf e-We[WLOe acWLYLWLeV. TKLV caVe VWXd\ affLUPV 

 WKaW RXU KaUdZaUe KaV addUeVVed a SUeVVLQJ PaUNeW Qeed, aV eYLdeQced b\ a YaULeW\ Rf 

 fROORZ-RQ SURdXcWV aQd VeYeUaO \eaUV Rf VaOeV daWa. AddLWLRQaOO\, e[SORUaWLRQ Rf 

 RUdeULQJ SaWWeUQV aQd cXVWRPeU UeYLeZV LV KLJKO\ VXJJeVWLYe WKaW WKe LLO\TLQ\ LV beLQJ 

 XVed LQ edXcaWLRQaO VeWWLQJV. 
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 ̝  ͵ CŋłclŽŭiŋł 

 LRRNLQJ bacN QRZ RQ 15 \eaUV Rf P\ RZQ UeVeaUcK, WeacKLQJ, aQd WRRO/cXUULcXOXP 

 deVLJQ, WKe WKUead WKURXJK LW aOO KaV beeQ a deVLUe WR PaNe cRPSXWLQJ PRUe acceVVLbOe 

 WR WKRVe QRW KLVWRULcaOO\ LQYLWed LQWR WKe "cOXbKRXVe". TR dR VR UeTXLUeV PaNLQJ 

 cRPSXWLQJ PRUe  iQcOXViYe  ; WR e[SeULPeQW ZLWK QeZ aSSURacKeV  aQd PaWeULaOV, WR 

 ceOebUaWe dLffeUeQW Za\V Rf OeaUQLQJ, NQRZLQJ, aQd PaNLQJ, aQd WR SURd WKe 

 eYeU-VKLfWLQJ bRXQdaULeV beWZeeQ cRPSXWeU VcLeQce aQd adMaceQW fLeOdV. AV a 

 UeVeaUcKeU-SUacWLWLRQeU, P\ ZRUN KaV VRXJKW WR bURadeQ SaUWLcLSaWLRQ LQ cRPSXWLQJ 

 WKURXJK e[WeQVLYe fLeOdZRUN LQ edXcaWLRQ, WKe KLJKOLJKWV Rf ZKLcK cRQVWLWXWe WKLV 

 dLVVeUWaWLRQ. 

 I KaYe deWaLOed WZR cRPSOePeQWaU\ cRXUVeV I deVLJQed aW WKe PaUJLQV Rf cROOeJLaWe 

 RffeULQJV:  CUafW Rf CRPSXWiQg  , ZKLcK aLPV WR aWWUacW  a dLYeUVLW\ Rf fLUVW- aQd 

 VecRQd-\eaU VWXdeQWV WR cRPSXWLQJ, aQd  OSeQ SRXUce  SRfWZaUe EQgiQeeUiQg  , ZKLcK 

 VeeNV WR UeWaLQ a dLYeUVLW\ Rf XSSeUcOaVVPeQ WKURXJK JUadXaWLRQ aQd LQWR cRPSXWLQJ 

 caUeeUV be\RQd. WKLOe PRUe WaUJeWed aQaO\VLV LV UeTXLUed WR beWWeU XQdeUVWaQd 

 VWXdeQWV' SaWKZa\V be\RQd WKeVe cRXUVeV, eYLdeQce VR faU VXJJeVWV WKaW WKe\ SLTXed 

 VWXdeQWV' LQWeUeVW LQ QeZ dRPaLQV, ZKLOe SRVLWLYeO\ LQfOXeQcLQJ WKeLU cRQfLdeQce, 

 LdeQWLW\, aQd beORQJLQJ. 
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 I KaYe aOVR UeYLVLWed P\ RZQ SULRU ZRUN LQ WRRO/cXUULcXOXP deVLJQ fRU LQfRUPaO 

 OeaUQLQJ, cRQdXcWLQJ fROORZ-RQ aQaO\VLV fRU WKe LLO\TLQ\ VeZabOe PLcURcRQWUROOeU aQd 

 accRPSaQ\LQJ ZRUNVKRS JXLde. TKLV aQaO\VLV VKRZed WKaW aQ LQe[SeQVLYe aQd VWabOe 

 WRRO, cRXSOed ZLWK fUeeO\ aYaLOabOe LQVWUXcWLRQaO UeVRXUceV, caQ LQdeed acKLeYe 

 ZLdeVSUead adRSWLRQ LQ a PaUNeW VXJJeVWLYe Rf QRYLce aQd edXcaWLRQaO XVe ± eYeQ 

 ZKeQ cKaOOeQJed b\ WKe UeOeaVe Rf VLPLOaU aQd cRPSeWLWRU SURdXcWV. 

 AOO  Rf WKeVe effRUWV KaYe beeQ dULYeQ aQd VKaSed b\  eQdOeVV cRQYeUVaWLRQV ZLWK 

 VWXdeQWV aQd edXcaWRUV; I beOLeYe WKe VXcceVV Rf P\ ZRUN LV a dLUecW WeVWaPeQW WR WKe 

 LPSRUWaQce Rf WKeVe YRLceV LQ WKe deVLJQ SURceVV, aORQJ ZLWK aQ LWeUaWLYe aSSURacK 

 ZKeUe cRQWLQXRXV feedbacN LV ZeOcRPed. I KRSe WKaW WKLV dLVVeUWaWLRQ KeOSV WR affLUP 

 WKe YaOXe Rf LQWeUdLVcLSOLQaU\ UeVeaUcK aQd WeacKLQJ WRZaUdV bURadeQLQJ SaUWLcLSaWLRQ 

 LQ cRPSXWLQJ, aV WKe Qeed fRU WKLV YeU\ PXcK SeUVLVWV. 
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 AťťełdiƗ A ͵ DeƩłiŶiŋłŭ ͬ AcũŋłƘmŭ 

 C&C:  TKe ACM CRQfeUeQce RQ CUeaWLYLW\ & CRJQLWLRQ. 

 CS0:  CRPSXWeU ScLeQce 0. CRPPRQ Za\ Rf UefeUULQJ WR  a WRSLcaO cRPSXWeU VcLeQce 

 cRXUVe RSeQ WR QRQ-PaMRUV ± aQd RfWeQ XVed WR aWWUacW a dLYeUVLW\ Rf VWXdeQWV WR 

 cRPSXWLQJ. SXcK a cRXUVe Pa\ RU Pa\ QRW cRXQW WRZaUdV cRPSXWeU VcLeQce deJUee 

 UeTXLUePeQWV. CS0 cRXUVeV aUe RfWeQ VWUXcWXUed eLWKeU aV a VXUYe\ Rf WKe fLeOd, 

 cRPbLQLQJ YeU\ LQWURdXcWRU\ SURJUaPPLQJ ZLWK aQ RYeUYLeZ Rf WRSLcV OLNe VecXULW\, 

 eWKLcV, aQd daWa VcLeQce ± RU aV aQ aSSOLed LQWURdXcWLRQ WR cRPSXWLQJ ZLWKLQ a VSecLfLc 

 dRPaLQ (e.J. URbRWLcV, JaPe deVLJQ, deVLJQ, eWc.). 

 CS1:  CRPSXWeU ScLeQce 1. CRPPRQ Za\ Rf UefeUULQJ WR  WKe fLUVW UeTXLUed cRXUVe LQ 

 aQ\ cRPSXWeU VcLeQce deSaUWPeQW (WRZaUd a cRPSXWeU VcLeQce deJUee). T\SLcaOO\ WKLV 

 LV aQ LQWURdXcWRU\ SURJUaPPLQJ cRXUVe LQ a OaQJXaJe VXcK aV P\WKRQ RU JaYa. 

 CS2:  CRPSXWeU ScLeQce 2. CRPPRQ Za\ Rf UefeUULQJ WR  WKe VecRQd UeTXLUed cRXUVe LQ 

 aQ\ cRPSXWeU VcLeQce deSaUWPeQW (WRZaUd a cRPSXWeU VcLeQce deJUee). T\SLcaOO\ WKLV 

 LV a daWa VWUXcWXUeV cRXUVe. 

 E-VeZiQg:  eOecWURQLc VeZLQJ; WKe SURceVV Rf VeZLQJ  ZLWK eOecWULcaOO\ cRQdXcWLYe 

 PaWeULaOV (XVXaOO\ WR cUeaWe a  VRfW ciUcXiW  , Vee beORZ). 

 E-We[WiOeV:  eOecWURQLc We[WLOeV; fabULc aUWLfacWV  WKaW cRQWaLQ VRfW, ePbedded cLUcXLWU\. 
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 EdXcaWRUV  : QRW RQO\ cOaVVURRP WeacKeUV, bXW aOVR ZRUNVKRS facLOLWaWRUV aQd OeadeUV Rf 

 VXPPeU caPSV RU RXWUeacK SURJUaPV. 

 FIE:  TKe IEEE FURQWLeUV LQ EdXcaWLRQ CRQfeUeQce. 

 FOSS:  fUee aQd RSeQ VRXUce VRfWZaUe. 

 GHTC:  TKe IEEE GORbaO HXPaQLWaULaQ TecKQRORJ\ CRQfeUeQce. 

 HFOSS:  KXPaQLWaULaQ fUee aQd RSeQ VRXUce VRfWZaUe. 

 ICER:  TKe ACM CRQfeUeQce RQ IQWeUQaWLRQaO CRPSXWLQJ  EdXcaWLRQ ReVeaUcK, a 

 VLQJOe WUacN UeVeaUcK cRQfeUeQce KeOd aQQXaOO\ (KeOd LQ ORcaWLRQV bRWK dRPeVWLc aQd 

 abURad). 

 IDC:  TKe ACM IQWeUacWLRQ DeVLJQ aQd CKLOdUeQ CRQfeUeQce. 

 LMS:  LeaUQLQJ MaQaJePeQW S\VWeP. 

 MIT:  MaVVacKXVeWWV IQVWLWXWe Rf TecKQRORJ\. 

 MXOWiPedia:  TKe ACM AQQXaO CRQfeUeQce RQ MXOWLPedLa. 

 POSSE:  PURfeVVRUV' OSeQ SRXUce SRfWZaUe E[SeULeQce. 

 SIGCSE:  TKe ACM SSecLaO IQWeUeVW GURXS RQ CRPSXWeU  ScLeQce EdXcaWLRQ, aOVR 

 VKRUWKaQd fRU WKLV JURXS'V aQQXaO cRQfeUeQce/V\PSRVLXP ZKLcK JaWKeUV cRPSXWLQJ 
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 edXcaWLRQ UeVeaUcKeUV aQd SUacWLWLRQeUV fURP aURXQd WKe ZRUOd (KeOd LQ WKe UQLWed 

 SWaWeV). 

 SRfW ciUcXiW  : a fOe[LbOe eOecWULcaO cLUcXLW cRQVWUXcWed  RQ WKe VXUface Rf (RU ePbedded LQ) 

 We[WLOeV. SXcK a cLUcXLW Pa\ be cUeaWed XVLQJ a YaULeW\ Rf VRfW cRQdXcWLYe PaWeULaOV 

 (VXcK aV cRQdXcWLYe WKUeadV aQd fabULcV) LQ cRQMXQcWLRQ ZLWK dLVcUeWe eOecWURQLcV 

 cRPSRQeQWV (VXcK aV OLJKWV, baWWeULeV, VZLWcKeV, aQd VeQVRUV). 

 UCSC:  TKe UQLYeUVLW\ Rf CaOLfRUQLa aW SaQWa CUX]. 

 UIST:  TKe ACM S\PSRVLXP RQ UVeU IQWeUface SRfWZaUe  aQd TecKQRORJ\. 
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 AťťełdiƗ B ͵ CŋmťŽŶiłg EdŽcaŶiŋł 
 Semiłaũ ReŭŋŽũceŭ 
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 AťťełdiƗ C ͵ Beũea Cŋllege CŋŽũŭe SƘllabi 
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