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ABSTRACT 
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“Why do some textbooks not mention complementarity?  Because it will not help in 
quantum mechanical calculations or in setting up experiments.  Bohr’s considerations are 
extremely relevant, however, to the scientist who occasionally likes to reflect on the 
meaning of what she or he is doing.” – Abraham Pais [1] 
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0++81%.G!'/%!%#%,'&-*!0#B04+!%:)+'+!0+!0!#-,0#)V%.!30&'),#%!0*.!)+!)*.%%.!#-,0'%.!0'!0!
+3%,)2),!3-)*'!)*!+30,%!0'!0##!')1%+!6)'+!3-+)')-*!0#+-!/0+!&%0#)'49G!'/%*!0!3&-$0$)#)+'),!
6+'0')+'),0#9! .%+,&)3')-*! -2! '/%! '&8%! +'0'%! -2! '/0'! %#%,'&-*! 18+'! $%! ,-*+).%&%.!
).+$,!(&*&;!=J?!"!3/4+),0#!I80*')'4!'/0'!/0+!+-1%!.%2)*)'%!70#8%G!$8'!)+!*-'!.%+,&)$%.!
$4!0!'/%-&4G!)+!A*-B*!0+!0!3)--&.0/'#)'4(&;!
! ",,-&.)*C!'-!I80*'81!1%,/0*),+G! '/%!-$+%&70$#%+!-!0*.!@!0&%! ).+$,!'*)4(&!
6'/%)&!10'/%10'),0#!-3%&0'-&!&%3&%+%*'0')-*+!.-!*-'!,-118'%9D!
6M;W9!

 
p̂, x̂[ ] = p̂ ! x̂ " x̂ ! p̂ =

!
i

     #      $x ! $p % !
2
!

0*.!+-!'/%!3-+)')-*!0*.!1-1%*'81!-2!0!30&'),#%!,0**-'!$%!+)18#'0*%-8+#4!.%+,&)$%.!
B)'/!0&$)'&0&4!3&%,)+)-*;! ! F2G! )*!'/)+!+,%*0&)-G! '/%!%#%,'&-*!.-%+!*-'!0,'80##4!%:)+'!0'!
+-1%!+)*C#%G!.%2)*)'%!#-,0')-*!8*')#!-$+%&7%.G!'/%*!'/%!'/%-&4!-2!I80*'81!1%,/0*),+!
)+!.$*0.&+&%%'#)(2!0*!)*,-13#%'%!.%+,&)3')-*!-2!'/0'!&%0#)'4;!
! F*!MXJYG!()*+'%)*!60#-*C!B)'/!S-&)+!Z-.-#+A4!0*.![0'/0*!\-+%*G!,-##%,')7%#4!
A*-B*!0+!(Z\9!3-+)'%.!0!+%,-*.!0++813')-*!0$-8'!'/%!*0'8&%!-2!&%0#)'4!6B/),/!'/%4!
,-*+).%&%.! '-! $%! 5&%0+-*0$#%<9D! 5F2G! 0'! '/%! ')1%! -2! 1%0+8&%1%*'G! 'B-! +4+'%1+! *-!
#-*C%&!)*'%&0,'G!*-!&%0#!,/0*C%!,0*!'0A%!3#0,%!)*!'/%!+%,-*.!+4+'%1!)*!,-*+%I8%*,%!
-2! 0*4'/)*C! '/0'!104!$%!.-*%! )*! '/%! 2)&+'! +4+'%1;<! =J?!]/)+! )*'8)')7%!'%%",!*)$.0$5!
($+'()*2!+04+!'/0'!'/%!-8',-1%!-2!0!1%0+8&%1%*'!3%&2-&1%.!-*!+-1%!K4+'%1!"!,0*!
/07%!*-!)*2#8%*,%!6-&!.%3%*.%*,%9!-*!0*4!1%0+8&%1%*'!3%&2-&1%.!-*!+-1%!-'/%&!
K4+'%1! S! '/0'! )+! +822),)%*'#4! )+-#0'%.! 2&-1! '/%! 2)&+';! ! U)'/! '/%)&! +$.-)*)$.0 $50
+$,!(&*&.&%%! 0*.! '/%!'%%",!*)$.0 $50 ($+'()*2! )*! /0*.G! (Z\! 0&C8%.! '/0'! '/%!3-+)')-*!
0*.!1-1%*'81! -2! 0! 30&'),#%! ,0*! $%! #-C),0##4! .%1-*+'&0'%.! '-! /07%! +)18#'0*%-8+!
&%0#)'4G!0*.!'/0'!'/%!I80*'81!1%,/0*),0#!.%+,&)3')-*!)+!'/%&%2-&%!)*,-13#%'%;!
! ^&)C)*0##4! 2-&18#0'%.! )*! '%&1+! -2! 3-+)')-*! 0*.! 1-1%*'81!1%0+8&%1%*'+G!
'/%!(Z\!0&C81%*'!/0+!$%%*!&%2&01%.!=W?!)*!'%&1+!-2!+3)*!1%0+8&%1%*'+!3%&2-&1%.!
-*!+4+'%1+!-2!&.*'.6(&-!30&'),#%+;!!U%!)10C)*%!0!30)&!-2!+3)*HMT>!2%&1)-*+!6Z0&'),#%+!
"! _! S9! +-1%/-B! 2-&1%.! )*! 0! +'0'%! -2! V%&-! '-'0#! +3)*! 0*C8#0&! 1-1%*'81! 0*.!
'&07%#)*C! )*!-33-+)'%!.)&%,')-*+;M! ! F*.)7).80#!1%0+8&%1%*'+!-2! %0,/!30&'),#%R+! +3)*!
3&-E%,')-*!0#-*C!0*4!C)7%*!0:)+!B)##!0#B04+!4)%#.!-*%!-2!'B-!70#8%+!6"!!-&!-$7.G!`M!
-&! LMG! /-B%7%&! B%! ,/--+%! '-! .%+)C*0'%! '/%19;! ! a-&%-7%&G! +3)*! 1%0+8&%1%*'+!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 The argument does not depend on how this is done, but one method would involve 
preparing a positronium atom in a singlet state, and then dissociating the electron-
positron bound state in such a way that the total linear and angular momentum of the 
system are conserved. [5] 
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3%&2-&1%.! -*! '/%+%! %*'0*C#%.! 2%&1)-*! 30)&+!B)##! 0#B04+! 4)%#.! -33-+)'%! 70#8%+G! +-!
#-*C!0+! '/%!1%0+8&%1%*'+!0&%!3%&2-&1%.!0#-*C! '/%!+01%!0:)+;! ! F*! '/)+!B04G!0!+3)*!
1%0+8&%1%*'!3%&2-&1%.!0#-*C!'/%!VH0:)+!2-&!E8+'!-*%!-2!'/%!30&'),#%+!)+!+822),)%*'!2-&!
3&%.),')*C!B)'/!Mbbc!,%&'0)*'4!'/%!-8',-1%!-2!0!+3)*!1%0+8&%1%*'!3%&2-&1%.!-*!
'/%! +%,-*.! 30&'),#%! 0#-*C! '/0'! +01%! 0:)+d! '/%! 0,'80#! 1%0+8&%1%*'! -*! '/%! +%,-*.!
30&'),#%! *%%.! *-'! $%! 3%&2-&1%.G! $8'! ,0*! $%! .-*%! +-! 0+! '-! ,-*2)&1! '/%! 3&%.),'%.!
-8',-1%;! !]/%!+01%! )+! '&8%! 2-&! +3)*!1%0+8&%1%*'+!3%&2-&1%.!0#-*C! '/%!:H0:)+G!-&!
0*4! -'/%&! 0:)+!B%! ,/--+%G! +-! #-*C! 0+! '/%! 0:)+! -2! -&)%*'0')-*! )+! '/%! +01%! 2-&! $-'/!
0*0#4V%&+;! !e80*'81!1%,/0*),+!+04+!'/%!-3%&0'-&+!2-&!'/%!:H,-13-*%*'!0*.!'/%!VH
,-13-*%*'! -2! +3)*! 0*C8#0&!1-1%*'81! 0&%! *-*H,-118')*CG! 0*.! '/%&%2-&%! -$%4! 0!
+)1)#0&!8*,%&'0)*'4!&%#0')-*!0+!B)'/!3-+)')-*!0*.!#)*%0&!1-1%*'81!6'/%!,-13-*%*'+!
-2!+3)*!0*C8#0&!1-1%*'81!2-&!0!30&'),#%!,0**-'!$%!+)18#'0*%-8+#4!+3%,)2)%.!0#-*C!
'B-!.)22%&%*'!0:%+!B)'/!0&$)'&0&4!3&%,)+)-*9D!
6M;Y9! Ŝx , Ŝz!" #$ % 0     &      'Sx ( 'Sz % 0

!! [-B!+833-+%!'/%!+3)*!-2!Z0&'),#%!"!)+!1%0+8&%.!0#-*C!'/%!VH0:)+D!0*!-8',-1%!
-2!`M!2-&!Z0&'),#%!"!1%0*+!'/0'!0!+)1)#0&!1%0+8&%1%*'!3%&2-&1%.!-*!Z0&'),#%!S!B)##!
'(7'2%!4)%#.!'/%!&%+8#'!-2!LMG!4&5$#&!0*4!+8,/!1%0+8&%1%*'!-*!Z0&'),#%!S!)+!0,'80##4!
10.%;!!]/%!'%%",!*)$.0$50($+'()*2!+04+!'/0'!0*4!1%0+8&%1%*'!3%&2-&1%.!-*!Z0&'),#%!
"!,0*!/07%!*-!,08+0#! )*2#8%*,%!-*!'/%!-8',-1%!-2!0*4!1%0+8&%1%*'!3%&2-&1%.!-*!
Z0&'),#%!S;>!!(Z\!B-8#.!'/%*!0&C8%!'/0'!'/%!VH,-13-*%*'!-2!+3)*!2-&!Z0&'),#%!S!18+'!
/07%!/0.!0!.%2)*)'%!6&%0#9!70#8%!0'!'/%!')1%!-2!)'+!+%30&0')-*!2&-1!Z0&'),#%!"G!0*.!'/0'!
'/)+! 70#8%! ,0*! $%! 2-8*.! B)'/-8'! .)+'8&$)*C! Z0&'),#%! S! )*! 0*4! B04;! ! F2! '/%!
1%0+8&%1%*'! -*! Z0&'),#%! S! )+! )*+'%0.! 3%&2-&1%.! 0#-*C! '/%! :H0:)+G! (Z\! B-8#.!
,-*,#8.%! '/0'! '/%! +3)*! 3&-E%,')-*! 2-&! Z0&'),#%! S! )+! *-B! +)18#'0*%-8+#4! +3%,)2)%.!
0#-*C! 'B-!.)22%&%*'!0:%+G!$-'/!:! 6$4! '/%!+%,-*.!1%0+8&%1%*'!-*!Z0&'),#%!S9!0*.!V!
6$4!'/%!2)&+'!1%0+8&%1%*'!-*!Z0&'),#%!"9d!'/%4!'/%&%2-&%!/07%!+)18#'0*%-8+!&%0#)'4G!
B/),/!)+!3&%,#8.%.!)*!'/%!I80*'81!1%,/0*),0#!.%+,&)3')-*;!=(I;!M;Y?!!F'!2-##-B+!'/0'!
I80*'81!1%,/0*),+!-22%&+!0*!)*,-13#%'%!.%+,&)3')-*!-2!'/%!-$E%,')7%#4!&%0#!+'0'%!-2!
Z0&'),#%!S;!
! F*! .%2%*+%! -2! '/%! ,-13#%'%*%++! -2! I80*'81! 3/4+),+G! [)%#+! S-/&! '--A! )++8%!
10)*#4! B)'/! (Z\R+! ,#0)1! -2! +$".*&#5'+*"'(0 -&5).)*&.&%%! L! '/%&%! ,0*! $%! *-! .%2)*)'%!
+'0'%1%*'+!60,,-&.)*C!'-!S-/&9!&%C0&.)*C!'/%!-8',-1%+!-2!I80*'81!1%0+8&%1%*'+!
'/0'!/07%*R'!$%%*!3%&2-&1%.;!=f?!@%!28&'/%&!)*+)+'%.!'/0'!*-!.%2)*)')7%!#)*%!,-8#.!$%!
.&0B*!$%'B%%*! '/%!1%0+8&%1%*'! 0330&0'8+! 0*.! '/%! +4+'%1!$%)*C!1%0+8&%.D! 5"*!
)*.%3%*.%*'! &%0#)'4! )*! '/%! -&.)*0&4! =,#0++),0#?! 3/4+),0#! +%*+%! ,0*! =g?! *%)'/%&! $%!
0+,&)$%.!'-!'/%!3/%*-1%*0!*-&!'-!'/%!0C%*,)%+!-2!-$+%&70')-*;<!=h?!S-/&!8#')10'%#4!
B%*'!+-!20&!0+!'-!&%.%2)*%!'/%!38&3-+%!-2!+,)%*,%D!5F'!)+!B&-*C!'-!'/)*A!'/0'!'/%!'0+A!
-2! 3/4+),+! )+! '-! 2)*.! -8'! /-B!*0'8&%! )+;! ! Z/4+),+! ,-*,%&*+!B/0'!B%! ,0*! +04! 0$-8'!
*0'8&%;<!=i?!
!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Assuming the two measurements are performed at space-like separations (the second 
measurement lies outside the light cone of the first), then special relativity precludes any 
cause-and-effect relationship between the two events. 
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9:A:($70?;,;-78(;+(B.0*2.*C(

! F'! )+! C%*%&0##4! 0C&%%.! )*! '/%! 3/4+),+! ,-118*)'4! '/0'! S-/&! %1%&C%.!

'&)813/0*'! )*! '/)+! .%$0'%G! =i?! '/-8C/! 10*4! 3/4+),)+'+! -2! '-.04! 1)C/'! 2%%#! /0&.H

3&%++%.! '-! +04! %:0,'#4! B/4;! ! F2! 0*4'/)*CG! )'! /0+! $%%*! 0&C8%.! '/0'! '/%! 3-+)')7)+'),J!

0+3%,'+! -2! '/%! 8$!&.3'6&.0 9.*&#!#&*'*)$.! =X?! 6-2'%*! &%2%&&%.! '-! 0+! '/%! $#*3$-$:!
)*'%&3&%'0')-*!-2!I80*'81!1%,/0*),+!=Mb?9!/07%!,-*'&)$8'%.!'-! )'+!3-38#0&)'4!-7%&!

'/%!4%0&+!$4!0##-B)*C!3/4+),)+'+!'-!+%'!0+).%!I8%+')-*+!-2!,-13#%'%*%++!0*.!#-,0#)'4G!

0*.!)*+'%0.!E8+'!8+%!'/%!B07%!28*,')-*!'-!5+/8'!83!0*.!,0#,8#0'%j<!=MM?!"##!'/%!+01%G!

)'!B0+!0*4B04+!B).%#4!$%#)%7%.!'/0'!N;!7-*![%810**!/0.!+8,,%++28##4!&8#%.!-8'!'/%!

3-++)$)#)'4!2-&!/)..%*!I80*'81!70&)0$#%+!)*!MXJ>;!=M>?!

! K8,/!$%#)%2+!B%*'!#0&C%#4!8*,/0##%*C%.!=W?!8*')#!'/%!033%0&0*,%!)*!MXfW!-2!0!

C&-8*.$&%0A)*C! 303%&! $4! N;! K;! S%##G! B/-! /0.! ,-1%! '-! &%0#)V%! '/0'! ()*+'%)*R+!

0++813')-*+! B%&%! *-'! E8+'! 0! 10''%&! -2! 3/)#-+-3/),0#! '0+'%G! 0*.! ,-8#.! $%! 38'! '-!

%:3%&)1%*'0#!'%+';!=MJ?!F*!/)+!-B*!.)+,8++)-*!-2!'/%!(Z\!0&C81%*'G!S%##!10)*'0)*%.!

'/%!0++813')-*!-2!#-,0#)'4!)*!/)+!.%1-*+'&0')-*!'/0'!0!1-&%!,-13#%'%!.%+,&)3')-*!-2!

0*! %*'0*C#%.! +4+'%1! -2! 30&'),#%+! ,-8#.! *%7%&! $%! +3%,)2)%.! )*! '%&1+! -2! /)..%*!

70&)0$#%+!60!+%'!-2!-*%!-&!1-&%!8*A*-B*!30&01%'%&+G!k9;!!F2!'/%!&%+8#'!2-&!Z0&'),#%!"!

)+!0!28*,')-*!-2!'/%!-&)%*'0')-*!-2!)'+!K'%&*HO%&#0,/!0*0#4V%&!68*)'!7%,'-&!!9!0*.!'/%!
/)..%*!30&01%'%&+! 6k9d! 0*.! )2! '/%!-8',-1%! 2-&!Z0&'),#%!S! )+! +)1)#0&#4! 0! 28*,')-*!-2!

$-'/!'/%!-&)%*'0')-*!-2!)'+!K'%&*HO%&#0,/!0*0#4V%&!6"9!0*.!-2!kG!B%!104!B&)'%!'/)+!0+!
6M;f9! A(a,!) = ±1     &     B(b,!) = ±1 G!
B/%&%! "! 0*.! S! &%3&%+%*'! '/%! 1%0+8&%1%*'! -8',-1%+! 2-&! Z0&'),#%+! "! _! SG!

&%+3%,')7%#4;!!]/%!0++813')-*!-2!#-,0#)'4!104!%:3&%++%.!0+!

6M;h9! A ! A(a,b,")     &     B ! B(a,b,") !
B/),/!+04+!1%&%#4!'/0'!"!,0**-'!.%3%*.!-*!/-B!'/%!-'/%&!0*0#4V%&!)+!-&)%*'%.G!0*.!

+)1)#0&#4!2-&!S;! !]/%!0*'),-&&%#0'%.!*0'8&%!-2!1%0+8&%1%*'!-8',-1%+!0#-*C!+)1)#0&!

0:%+!104!$%!B&)''%*!0+!

6M;i9! A(a,!) = "B(a,!) ;!
U%!104!'/%*!2)*.!'/%!%:3%,'0')-*!70#8%!)*!'/)+!#-,0#!/)..%*!70&)0$#%!6@l9!'/%-&4!2-&!

'/%!!#$-"+*!-2!'/%!'B-!1%0+8&%1%*'+G!$4!+811)*C!-7%&!0##!3-++)$#%!70#8%+!2-&!'/%!
/)..%*! 70&)0$#%+G! B%)C/'%.! $4! +-1%! 3&-$0$)#)'4! .)+'&)$8')-*! 2-&! '/%! /)..%*!

30&01%'%&+!6m9D!

!6M;X9!
 
EHV (a,b) !

!
S1 "a( ) !S2 "b( )

HV
= d#  $ #( )A a,#( )%  B(b,#) !

U%! *-B! +/-B! '/0'! '/%! 3&-.8,'! -2! '/%! /)..%*! 70&)0$#%! %:3%,'0')-*! 70#8%+!

6B/%&%! #-,0#)'4!/0+!$%%*!0++81%.9!18+'!-$%4!0*! )*%I80#)'4! '/0'! )+!7)-#0'%.!$4!'/%!

3&%.),')-*+!-2!I80*'81!1%,/0*),+;!!U%!+'0&'!$4!B&)')*C!.-B*!'/%!%:3&%++)-*D!

6M;Mb9! EHV (a,b) ! EHV a,c( ) = d"  # "( ) A a,"( )B(b,") ! A a,"( )B(c,")$% &'( !

B/%&%! #! )+! +-1%! -'/%&! 8*)'! 7%,'-&! 0#-*C! B/),/! '/%! +3)*! 3&-E%,')-*! 1)C/'! $%!
1%0+8&%.;!!n+)*C!6M;i9!'/)+!104!$%!&%B&)''%*!0+!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 In this context, we are referring to a refusal to speculate on that which can’t be observed 
(measured). 
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6M;MM9! EHV (a,b) ! EHV a,c( ) = ! d"  # "( ) A a,"( )A(b,") ! A a,"( )A(c,")$% &'( G!

0*.!'/%*!20,'-&%.!$4!&%,-C*)V)*C!'/0'!'/%!+I80&%!-2!0*4!1%0+8&%1%*'!-8',-1%!18+'!
$%!%I80#!'-!`MG!+-!'/0'!

6M;M>9! EHV (a,b) ! EHV a,c( ) = ! d"  # "( )A(a,")A(b,") 1! A(b,")A(c,")[ ]$ ;!

U%!18+'!0#+-!/07%!'/0'D
!

6M;MJ9! A(a,!)A(b,!) " +1 !
+-!'/0'!'0A)*C!0$+-#8'%!70#8%+!)*!(I;!M;M>G!0*.!8+)*C!'/%!20,'!'/0'!m6k9!)+!*-&10#)V%.G!
C)7%+!B/0'!)+!*-B!A*-B*!0+!;&((<%0).&="'()*2D!
6M;MW9! EHV (a,b) ! EHV (a,c) " 1+ EHV (b,c) ;!
]/%!I80*'81!1%,/0*),0#!%:3%,'0')-*!70#8%!2-&!'/%!3&-.8,'!-2!+3)*!1%0+8&%1%*'+!)+!

6M;MY9!
 
EQM (a,b) !

!
S1 "a( ) !S2 "b( )

QM
= # a "b = # cos $( ) G!

B/%&%!ϕ! )+!'/%!0*C#%!$%'B%%*!'/%!8*)'!7%,'-&+!0!0*.!$;! !]/%!%I8)70#%*'!%:3&%++)-*!
2-&!6M;MW9!)*!'%&1+!-2!'/%!I80*'81!1%,/0*),0#!6ea9!%:3%,'0')-*!70#8%+!)+!

6M;Mf9! EQM (a,b) ! EQM (a,c) " 1+ EQM (b,c) ;!
]/%&%!0&%!0!70&)%'4!-2!0*C#%+! 2-&!B/),/! '/)+!I80*'81!1%,/0*),0#! )*%I80#)'4!/-#.+G!
$8'!2-&!'/%!+)13#%!,0+%!B/%&%!'/%!'/&%%!7%,'-&+!0&%!+)'80'%.!0'!fbb!'-!%0,/!-'/%&G!+-!
'/0'! â ! b̂ = cos 600( ) G! b̂ ! ĉ = cos 600( ) !_! â ! ĉ = cos 1200( )B%!2)*.D!
6M;Mh9! 1 =  1

2
! !

1
2

"
#$

%
&'

 (  1! 1
2

 =  1
2
!

B/),/! ,#%0&#4! 7)-#0'%+! S%##R+! )*%I80#)'4;! ! S%,08+%! I80*'81! 1%,/0*),+! ,-&&%,'#4!
3&%.),'+!'/%!-$+%&7%.!%:3%,'0')-*!70#8%+!6+%%!$%#-B9G!)'!2-##-B+!'/0'!0'!#%0+'!-*%!-2!
(Z\R+!0++813')-*+!6&%0#)+1!0*.T-&!#-,0#)'49! )+!*-'!70#).!B/%*!.%+,&)$)*C!I80*'81!
3/%*-1%*0;!!F2!#-,0#)'4!)+!)*+'%0.!.$*00++81%.!)*!'/%!0$-7%!0&C81%*'D!
6M;Mi9! A = A a,b,!( )      &     B = B a,b,!( ) !
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FIG. 1.1. Relevant energy levels of calcium.  The atoms are excited by a two-photon 
absorption process (!K and !D), and then decay by the emission of two visible photons (!1 
and !2) that are correlated in polarization. [22] 
!
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"*!0'-1),!$%01!-2! ,0#,)81!6B)'/ ! = 3"1010 ! 0'-1+T,1J9!B0+! )&&0.)0'%.!0'!Xbb!$4!
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FIG. 1.2. Results of the first Aspect experiment testing Bell’s inequality – normalized 
coincidence rate as a function of relative polarizer orientation.  Error bars represent one 
standard deviation, and the curve drawn through the data points is not a best-fit curve, but 
rather what is predicted by quantum mechanics. [22] 
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.%+3)'%!'/%&%!$%)*C!*-!+3%,)2),!%:3%&)1%*'0#!%7).%*,%!0'!'/%!')1%!2-&!'/)+!0++%&')-*;!
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FIG. 1.3. Number of annual citations [1966-1986] of “On the Einstein-Podolsky-Rosen 
Paradox,” by J. S. Bell, Physics 1, 195 (1964). [26] 
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FIG. 1.4. Schematic diagram for the first anticoincidence experiment by Grangier, et al.  
PM1, PMA & PMB are photomultipliers; N1, NA, NB &NC are counters; BS1 is a beam 
splitter; MA and MB are mirrors. [29] 
!

!
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!

 
FIG. 1.5. Results from the first photon anticoincidence experiment performed by 
Grangier, et al.  The anticorrelation parameter plotted as a function of the counting rate in 
PM1 (equivalently, the luminosity of the “single-photon” source). [29] 
 
!
!
!
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FIG. 1.6. Schematic diagram for the second anticoincidence experiment by Gragier, et al.  
PMA, PMB & PM1 are photomultipliers; N1, NA, NB &NC are counters; BS1 and BS2 are 
beam splitters; MA and MB are mirrors. [29] 
!
!
!
!
!
!

 
FIG. 1.7. Results from the second photon anticoincidence experiment performed by 
Grangier, et al.  Counting rates at 15-second intervals for each of the two counters         
N1 (left) and N2 (right) as a function of path length difference (" - in units of #/50).  For 
this experiment, $ = 0.18. [29] 
!
!
!
!
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)*! ,-*'&0.),')-*! B)'/! -8&! ,-*,#8+)-*+! 2&-1! '/%! 2)&+'! %:3%&)1%*'9! 2-&G! 0+! '/%!
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'-!)*.),0'%!,-*'&0.),'-&4!$%/07)-&!2-&!'/%!3/-'-*+!0'!SKMw! !@-B!.-%+!%0,/!3/-'-*!
A*-B! B/%'/%&! SK>! )+! )*! 3#0,%! -&! *-'! 6B/%'/%&! B%! 0&%! ,-*.8,')*C! '/%! 2)&+'!
%:3%&)1%*'! -&! '/%! +%,-*.9!B/%*! )'! 2)&+'! %*,-8*'%&+!SKMw! !t)&0,!B-8#.! 0&C8%! '/0'!
%7%&4!3/-'-*!)+!,-/%&%*'#4!+3#)'!0+!0!.%#-,0#)V%.!B07%!0'!%0,/!$%01!+3#)''%&!)*!4$*30
&:!&#),&.*%G! 0*.! '/0'! )*! %0,/! ,0+%! '/%! B07%! )*+'0*'#4! ,-##03+%.! .-B*! '-! 0! 3-)*'!
B/%*! )*'%&0,')*C!B)'/! 0! .%'%,'-&;W! ! S-/&!B-8#.! 0&C8%! 61-&%!3/)#-+-3/),0##49! '/0'!
%0,/!3/-'-*!)+G! 2&-1!'/%!7%&4!$%C)**)*CG! )*'%&0,')*C!B)'/!'/%!%*')&%!0330&0'8+!0+!0!
B/-#%G!0*.!'/0'!)'!$%/07%+!0+!)'!.-%+!0'!'/%!2)&+'!$%01!+3#)''%&!630&'),#%H#)A%!-&!B07%H
#)A%9!0,,-&.)*C!'-!B/),/!'43%!-2!$%/07)-&!)+!0##-B%.!2-&!B/),/!'43%!-2!%:3%&)1%*';!
! F*! '/%!%*.G! '/%+%!0&%!0##! I8%+')-*+!-2!$.*$($6)+'(0 +'*&6$#20'**#)4"*)$.! L! )'! )+!
,#%0&!'/0'!3/-'-*+!+-1%')1%+!%:/)$)'!30&'),#%H#)A%!$%/07)-&G!0*.!+-1%')1%+!%:/)$)'!
B07%H#)A%! $%/07)-&G! .%3%*.)*C! -*! '/%! %:3%&)1%*';! ! F+! )'! 3-++)$#%! 2-&! 3/-'-*+! '-!
+)18#'0*%-8+#4! $%/07%! 0+! $-'/! 30&'),#%! 0*.! B07%G! 2-&! '/%1! '-! +)18#'0*%-8+#4!
%*#'--(&! 'B-! 6,#0++),0##49! .)+')*,'! -*'-#-C),0#! ,0'%C-&)%+wY! ! "! 201-8+! '/-8C/'H
%:3%&)1%*'!B0+!3&-3-+%.!$4!U/%%#%&!)*!MXhi!=Jb?!60*.!&%0#)V%.!$4!@%##18'/G!%'!0#;!
)*!MXih!=JM?9! '-! '%+'! 2-&! '/)+!3-++)$)#)'4;! ! F10C)*%!0!3/-'-*!%*'%&)*C!'/%!0330&0'8+!
B/%*!-*#4!-*%!30'/!)+!070)#0$#%!6'/%!3/-'-*!18+'!'0A%!0!+)*C#%G!.%2)*)'%!30'/9!2&-1!
+-8&,%! '-! .%'%,'-&G! $8'! '/%*! 0! +%,-*.! 30'/! )+! -3%*%.! 83! 0'! '/%! #0+'! 1-1%*'!
6+8..%*#4G! 'B-!30'/+! 0&%! 070)#0$#%9;! ! F2! '/%!3/-'-*!/0.!0#&%0.4! 5,/-+%*<! '-! '0A%! 0!
+)*C#%!30'/!0'!'/%!2)&+'!$%01!+3#)''%&G!'/%&%!+/-8#.!$%!*-!-33-&'8*)'4!2-&!'/%!3/-'-*!
'-!)*'%&2%&%!B)'/!)'+%#2G!0*.!*-!)*'%&2%&%*,%!+/-8#.!$%!7)+)$#%!)*!'/%!.%'%,'-&+;!

F*!'/%!0,'80#!%:3%&)1%*'G!=o)C;!M;i?!0!+/-&'H38#+%.!#0+%&!6#%++!'/0*!0!$)##)-*'/!
-2! 0! +%,-*.G! B)'/! 0*! 07%&0C%! -2! -*%! 3/-'-*! 3%&! 38#+%9! B0+! .)&%,'%.! 0'! 0! $%01!
+3#)''%&G!0*.!'/%!#)C/'!'/%*!30++%.!'/&-8C/!MbH1%'%&!#-*C!-3'),0#!2)$%&+!6)*!-&.%&!'-!
)*,&%0+%! '/%! '&0*+)'! ')1%!$4!uJb!*+9;! ! "!Z-,A%#+! ,%##! 6ZPH"9! )*! ,-*E8*,')-*!B)'/! 0!
O#0*+! 3&)+1!B0+!8+%.! '-! %22%,')7%#4! )*+%&'! 0*.! &%1-7%! 0! 30'/;! !U/%*! 0! 7-#'0C%! )+!
033#)%.!'-!'/%!Z-,A%#+!,%##G!)'!&-'0'%+!'/%!3#0*%!-2!3-#0&)V0')-*!-2!'/%!#)C/'!B)'/)*!2)7%!
*0*-+%,-*.+d! '/%!O#0*+!3&)+1! '/%*!.%2#%,'+! 0B04!3/-'-*+!B/-+%!3-#0&)V0')-*!/0+!
$%%*! 0#'%&%.G!B/)#%! '&0*+1)'')*C!8*&-'0'%.!3/-'-*+;! ! ]/%&%2-&%G!B/%*!0! 7-#'0C%! )+!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Dirac did not take this “mental model” as a literal description of what was happening, 
but instead considered it to be a picture that helps to make sense of the situation: “One 
may extend the meaning of the word ‘!)+*"#&’ to include any way of looking at the 
fundamental laws which makes their self-consistency obvious.” [28] 
5 Ontology concerns itself with the categorization of concepts, physical entities and 
processes according to their fundamental properties.  Entities with similar characteristics 
belong to similar categories or sub-categories.  
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FIG. 1.8. Schematic diagram of the delayed-choice experiment conducted by Hellmuth, 
et al.  PC-A is a Pockels cell used to rotate the plane of photon polarization when a 
voltage is applied; a Glans prism is used to pass unrotated photons, and to reflect away 
rotated photons.  Only one path to BS2 is available with the voltage applied. [31] 
 
 
!
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FIG. 1.9. Counting rates in “normal” mode [dots; no voltage applied throughout] and in 
“delayed-choice” mode [crosses; second path is unblocked after photon encounters BS1] 
as a function of path length difference.  A clear interference pattern is observed in both 
data sets. [31] 
!
!
!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 Epistemology concerns itself with the nature of knowledge, and how it is acquired.  In 
simplest terms, it addresses the question: How do we know what we know? 
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FIG. 1.10. Buildup of a single electron interference pattern.  Single electrons are initially 
detected at seemingly random places, yet an interference pattern is still observed to build 
up after detecting many electrons. [35] 
! !
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7 Non-local and/or statistical (probabilistic) perspectives, by their standards. 
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FIG. 1.11. Cross-sectional analysis of student responses to the statement: It is possible 
for physicists to carefully perform the same experiment and get two very different results 
that are both correct (expressed as a fraction of total responses: PHYS1, N=2200; 
PHYS2, N=1650; PHYS3, N=730). Error bars represent the standard error on the 
proportion. 
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FIG. 1.12. Post-instruction student responses to the double-slit essay question, from 
seven different modern physics offerings of various instructional approaches                   
[R = @&'()%*; MW = F'**&#>G'/&; C/A = 8$!&.3'6&.EH6.$%*)+].  Error bars represent 
the standard error on the proportion; N ~ 50-100 for each course. 
!
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FIG. 1.13. Post-instruction student responses to the statement: H.0&(&+*#$.0 ).0'.0'*$,0
&:)%*%0 '*0 '0 -&5).)*&0 I4"*0 ".A.$7.J0 !$%)*)$.0 '*0 &'+30 ,$,&.*0 ).0 *),&, from seven 
different modern physics offerings of various instructional approaches [R = @&'()%*;    
MW = F'**&#>G'/&; C/A = 8$!&.3'6&.EH6.$%*)+].  Error bars represent the standard 
error on the proportion; N ~ 50-100 for each course. 
!

b!
b;M!
b;>!
b;J!
b;W!
b;Y!
b;f!
b;h!
b;i!
b;X!
M!

\HM! \H>! aUHM! aUH>! PT"HM! PT"H>! PT"HJ!

\("vFK]! a"]](\HU"l(! "O[^K]FP!

b!
b;M!
b;>!
b;J!
b;W!
b;Y!
b;f!
b;h!
b;i!
b;X!
M!

\HM! \H>! aUHM! aUH>! PT"HM! PT"H>! PT"HJ!

"O\((! tFK"O\((! [(n]\"v!



 
24!

K'8.%*'+! 2&-1!,-8&+%+! '08C/'! 2&-1!0!8$!&.3'6&.03%&+3%,')7%! 6-&!-*%+! '/0'!
.%H%13/0+)V%.! )*'%&3&%'0')-*9! -22%&%.! 1-&%! 70&)%.! &%+3-*+%+;! ! ]/%+%! #0''%&!
+'8.%*'+! B%&%! *-'! -*#4! 1-&%! #)A%#4! '-! 3&%2%&! 0*! 0C*-+'),! +'0*,%! 6I80*'81!
1%,/0*),+!)+!0$-8'!3&%.),')*C!'/%!)*'%&2%&%*,%!30''%&*G!*-'!.)+,8++)*C!B/0'!/033%*+!
)*! $%'B%%*9G! '/%4! B%&%! 0#+-! 1-&%! #)A%#4! '-! 0#)C*! '/%1+%#7%+! B)'/! 0! &%0#)+'!
)*'%&3&%'0')-*;! =o)C;! M;M>?! ^2! 30&'),8#0&! )*'%&%+'! )+! /-B! '/%+%! +01%! +'8.%*'+!
&%+3-*.%.! '-! '/%! +'0'%1%*'D! H.0 &(&+*#$.0 ).0 '.0 '*$,0 3'%0 '0 -&5).)*&0 4"*0 ".A.$7.0
!$%)*)$.0'*0&'+30,$,&.*0).0*),&d!=o)C;!M;MJ?!"C&%%1%*'!B)'/!'/)+!+'0'%1%*'!B-8#.!$%!
1-+'! ,-*+)+'%*'! B)'/! 0! &%0#)+'! 3%&+3%,')7%;! ! K'8.%*'+! 2&-1! 0##! -2! '/%+%! '43%+! -2!
1-.%&*! 3/4+),+! ,-8&+%+! B%&%! C%*%&0##4!1-+'! #)A%#4! '-! 0C&%%!B)'/! '/)+! +'0'%1%*'G!
)*,#8.)*C!+'8.%*'+!2&-1!,-8&+%+!%13/0+)V)*C!0!10''%&HB07%!)*'%&3&%'0')-*;!

U/%*!0CC&%C0'%! +'8.%*'! &%+3-*+%+! 2&-1! 2-8&!1-.%&*!3/4+),+!-22%&)*C+!0&%!
,-1$)*%.!+-! '/0'! &%+3-*+%+! '-! '/)+! +'0'%1%*'!-*!0'-1),!%#%,'&-*+!0&%!C&-83%.!$4!
/-B! '/-+%! +01%! +'8.%*'+! &%+3-*.%.! '-! '/%! %++04! I8%+')-*! -*! '/%! .-8$#%H+#)'!
%:3%&)1%*'G! =o)C;! M;MW?! B%! +%%! '/0'! +'8.%*'+! )*! '/%! 6.-8$#%H+#)'9! @&'()%*! ,0'%C-&4!
B%&%! '/%! 1-+'! ,-*+)+'%*'G! B)'/! 1-+'! 3&%2%&&)*C! &%0#)+'! )*'%&3&%'0')-*+! )*! $-'/!
,-*'%:'+;! ! @-B%7%&G! *%0&#4! /0#2! -2! '/%! +'8.%*'+! B/-! 3&%2%&&%.! 0! B07%H30,A%'!
.%+,&)3')-*! -2! %#%,'&-*+! )*! '/%! .-8$#%H+#)'! %:3%&)1%*'! B-8#.! +')##! 0C&%%! '/0'!
%#%,'&-*+!)*!0'-1+!%:)+'!0+!#-,0#)V%.!30&'),#%+;!!^*#4!'/-+%!+'8.%*'+!B/-!3&%2%&&%.!0*!
0C*-+'),! +'0*,%! -*! '/%! .-8$#%H+#)'! I8%+')-*!B%&%!1-&%! #)A%#4! '-! .)+0C&%%!B)'/! '/%!
+'0'%1%*'! '/0*! 0C&%%G! 0*.! *-*%! -2! '/%+%! +'8.%*'+! 2%#'! *%8'&0##4! 0$-8'! B/%'/%&!
0'-1),!%#%,'&-*+!0&%!0#B04+!#-,0#)V%.;!!F*!0..)')-*G!0!+10##!*81$%&!-2!+'8.%*'+!2&-1!
0##! ,-8&+%+! 6uYcG! *-'! +/-B*9! ,/-+%! '-! 0C&%%! B)'/! $-'/!F'**&#>G'/&! 0*.!@&'()%*!
)*'%&3&%'0')-*+! -2! '/%! .-8$#%H+#)'! %:3%&)1%*';! ! ]/%+%! 2)*.)*C+! )*.),0'%! 0! *%%.! 2-&!
1-&%!.%'0)#%.!,/0&0,'%&)V0')-*+!-2!+'8.%*'!3%&+3%,')7%+!-*!I80*'81!3/%*-1%*0;!

!

!
FIG. 1.14. Combined student responses from both PHYS3 courses to the statement: H.0
&(&+*#$.0 ).0 '.0 '*$,0 3'%0 '0 -&5).)*&0 4"*0 ".A.$7.0 !$%)*)$.0 '*0 &'+30 ,$,&.*0 $50 *),&, 
grouped by how those students responded to the double-slit essay question.  Error bars 
represent the standard error on the proportion (N~60). 
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!
FIG. 2.1. Cross-sectional analysis of student responses to the statement: 7',%&,86&&%9$",46-,
8:2&%5%&'&,'6,5#-"4)$$2,8"-46-+,':",&#+",";8"-%+"*',#*3,<"','/6,0"-2,3%44"-"*',-"&)$'&,
':#', #-", 96':, 56--"5' (expressed as a fraction of total responses: PHYS1, N=2200; 
PHYS2, N=1650; PHYS3, N=730). Error bars represent the standard error on the 
proportion. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 In informal interviews, physics faculty members at the University of Colorado 
responded approximately 35% Agree, 60% Disagree, and 5% Neutral. 
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!

 
FIG. 2.2. Longitudinal study of student responses to the statement: 7', %&, 86&&%9$", 46-,
8:2&%5%&'&,'6,5#-"4)$$2,8"-46-+,':",&#+",";8"-%+"*',#*3,<"','/6,0"-2,3%44"-"*',-"&)$'&,
':#', #-", 96':, 56--"5' (expressed as a fraction of total responses: N=124). Error bars 
represent the standard error on the proportion. 
!
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TABLE 2.I. Categorization of reasoning provided by students in response to the 
statement: 7',%&,86&&%9$",46-,8:2&%5%&'&,'6,5#-"4)$$2,8"-46-+,':",&#+",";8"-%+"*',#*3,<"',
'/6,0"-2,3%44"-"*',-"&)$'&,':#',#-",96':,56--"5'9 

 
 
!
!
!
!
!
!
!
TABLE 2.II. Distribution of reasoning provided by students before and after instruction 
in modern physics, in response to the statement: 7',%&,86&&%9$",46-,8:2&%5%&'&,'6,5#-"4)$$2,
8"-46-+,':",&#+",";8"-%+"*',#*3,<"','/6,0"-2,3%44"-"*',-"&)$'&,':#',#-",96':,56--"5'9  
Categories are as given in Table 2.I.  Errors are the standard error on the proportion. 

PRE-QM INSTRUCTION (+/-2%) POST-QM INSTRUCTION (+/-5%) 

CATEGORY 
AGREE 
 (N=231) 

DISAGREE 
(N=199) 

AGREE 
(N=41) 

DISAGREE 
(N=26) 

A 10% 5% 32% 27% 

B 3% 0% 17% 4% 

C 28% 6% 10% 8% 

D 59% 20% 41% 19% 

E 0 69% 0 42% 

! !

!

!

!

A Quantum theory/phenomena 

B Relativity/different frames of reference 

C There can be more than one correct answer to a physics problem. 
Experimental results are open to interpretation. 

D Experimental/random/human error 
Hidden variables, chaotic systems 

E There can be only one correct answer to a physics problem. 
Experimental results should be repeatable. 
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FIG. 2.3. Representation of a double-slit experiment with single electrons in the 
Quantum Wave Interference PhET simulation; used in the end-of-term essay question. 
!
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C.$! '5%,! +,,(6!8#+,'%.&=! '5+$+! %,! (! ,'$.&-!4%(,! '.>($/,! (!H#''"-.A#0"! 0+$,0+1'%*+!
(3.&-! JKLMGW! ,'#/+&',=! >5%)+! ,'#/+&',! 7$.3! JKLMG_! 5%-5)6! 0$+7+$$+/! (! !"#$%&'!
0+$,0+1'%*+9! !n%$'#())6!&.!,'#/+&'!(-$++/!>%'5! 7%1'%.&()!M'#/+&'!G! A>5%15!3%-5'!4+!
1.&,%,'+&'!>%'5!(&!=<*6&'%5!0+$,0+1'%*+TU!(3.&-!'5.,+!>5.!+B0)%1%')6!/%,(-$++/!>%'5!
M'#/+&'!G=!3.,'!7+)'!'5('!2&.>%&-!(4.#'!'5+!0$.4(4%)%'6!/+&,%'6!>(,!(!,#77%1%+&'!7.$3!
.7!2&.>)+/-+!(4.#'!'5%,!8#(&'#3!,6,'+39!
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TABLE 2.III. Student responses to the Quantum Wave Interference essay question from 
two offerings of PHYS3.  Numbers in parentheses represent the standard error on the 
proportion. 

CATEGORY PHYS3A (%) (N=72) PHYS3B (%) (N=44) 
!"#$%&', 18 (5) 75 (7) 

H#''"-.A#0", 78 (5) 11 (5) 
!
!
!
! M'#/+&',!7$.3!4.'5!JKLMG!1.#$,+,!(),.!$+,0.&/+/!('!'5+!4+-%&&%&-!(&/!+&/!
.7!'5+!,+3+,'+$!'.!(//%'%.&()!,'('+3+&',!(00+&/+/!'.!(&!.&)%&+!*+$,%.&!.7!'5+!FXWMM!
7.$!3./+$&!056,%1,!,'#/+&',=!%&1)#/%&-@!
!

J#?)@!W&!+)+1'$.&! %&!(&!('.3!5(,!(!/+7%&%'+!4#'!#&2&.>&!0.,%'%.&!('!+(15!
3.3+&'!%&!'%3+9!

(
Z'! 3%-5'! 4+! +B0+1'+/! '5('! ,'#/+&',! >5.! 5(*+! )+($&+/! '.! *%+>! (&! +)+1'$.&! (,!
/+).1()%;+/!#&'%)!/+'+1'+/!%&!'5+!1.&'+B'!.7!(!/.#4)+<,)%'!+B0+$%3+&'!>.#)/!(),.!*%+>!
%'! (,! ,#15! %&! .'5+$! 1.&'+B',=! ,#15! (,! ('.3,9! !e%,(-$++3+&'!>%'5! '5%,! ,'('+3+&'! .&!
('.3%1! +)+1'$.&,! 1.#)/! 4+! 1.&,%,'+&'! >%'5! +%'5+$! (! H#''"-.A#0"! .$!
I68"*:#<"*J=<*6&'%5! 0+$,0+1'%*+=! >5+$+(,! (-$++3+&'! >.#)/! 4+! 3.$+! 1.&,%,'+&'!
>%'5!(!!"#$%&'!0+$,0+1'%*+9!!:5%)+!>+!(-(%&!.4,+$*+!/%77+$+&1+,!%&!,'#/+&'!$+,0.&,+,!
4+'>++&!'5+! '>.!JKLMG!1.#$,+!.77+$%&-,! ED(4)+!O9ZnH! '5+$+! %,!&.'! '5+!,(3+!,'$.&-!
4%(,! '.>($/! (! ,%&-)+! 0+$,0+1'%*+! (,! ,++&! %&! D(4)+! O9ZZZ9! ! e%,(-$++3+&'! >%'5! '5%,!
,'('+3+&'! (3.&-! JKLMGW! ,'#/+&',! %&1$+(,+/! 46! OO^=! (&/! 46! NG^! 7.$! JKLMG_!
,'#/+&',U! (-$++3+&'! >%'5! '5%,! ,'('+3+&'! /+1$+(,+/! 46! V^! %&! JKLMGW=! >5%)+! '5+!
&#34+$! .7! JKLMG_! ,'#/+&',! (-$++%&-! >%'5! '5%,! ,'('+3+&'! %&1$+(,+/! 46! (!
1.30($(4)6!,3())!(3.#&'9!
!

TABLE 2.IV. Student responses to the statement: =*,"$"5'-6*,%*,#*,#'6+,:#&,#,3"4%*%'",
9)',)*C*6/*,86&%'%6*,#',"#5:,+6+"*', %*,'%+"@  Numbers in parentheses represent the 
standard error on the proportion. 

!

!

(

PHYS3A (%) (N=41) PHYS 3B (%) (N=36) 

RESPONSE PRE POST PRE POST 

AGREE 44 (8) 39 (8) 48 (8) 54 (8) 

NEUTRAL 32 (7) 17 (6) 39 (8) 21 (7) 

DISAGREE 22 (6) 44 (8) 10 (5) 23 (7) 
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<<>!(!.18:82+19K(.3(8256+12(/+78/+92:,+8!

! W&! %30.$'(&'! 8#+,'%.&! $+3(%&,@! ($+! '5+$+! 1.&,%,'+&1%+,! %&! ,'#/+&'!
0+$,0+1'%*+,! (1$.,,! /.3(%&,o! ! D5+! /%77+$+&1+,! %&! $+,0.&,+,! 7$.3! JKLMGW! (&/!
JKLMG_!,'#/+&',!($+!)+,,!,%-&%7%1(&'!7.$!kW[O!ED(4)+!O9ZnH!'5(&!'5.,+!,++&!7.$!'5+!
k:Z!+,,(6!8#+,'%.&!ED(4)+!O9ZZZH=!4#'!'.-+'5+$!%&/%1('+!(!0.,,%4)+!)(12!.7!1.&,%,'+&16!
%&! '5+%$! 0$+7+$$+/! 0+$,0+1'%*+,! %&! /%77+$+&'! 1.&'+B',9! ! D5%,! %&1.&,%,'+&16! 1(&! 4+!
4+''+$!%))#,'$('+/!46!1.34%&%&-!3('15%&-!/('(!7.$!4.'5!8#+,'%.&,=!(&/!'5+&!-$.#0%&-!
'.-+'5+$!,'#/+&',! 7$.3!4.'5!1.#$,+,!(11.$/%&-!'.!5.>!'5+6!$+,0.&/+/!'.!'5+!k:Z!
+,,(6!8#+,'%.&9!ED(4)+!O9nH!Z&!/.%&-!,.=!>+!,++!'5('!,'#/+&',!>5.!0$+7+$$+/!(!H#''"-.
A#0"! 0+$,0+1'%*+! %&! '5+! +,,(6! 8#+,'%.&! '+&/+/! '.! /%,(-$++! >%'5! '5+! &.'%.&! '5('!
('.3%1! +)+1'$.&,! +B%,'! (,! ).1()%;+/! 0($'%1)+,U! (&/! '5+! 3(f.$%'6! .7! ,'#/+&',! >5.!
0$+7+$$+/! (! !"#$%&'! 0+$,0+1'%*+! %&! '5+! 7%$,'! 1(,+! (),.! '..2! (!!"#$%&'! ,'(&1+! .&! '5+!
8#+,'%.&!.7!('.3%1!+)+1'$.&,9!!"7!0($'%1#)($!%&'+$+,'=!5.>+*+$=!($+!'5+!,'#/+&',!>5.!
>+$+!&.'!1.&,%,'+&'!%&!'5+%$!$+,0.&,+,@!Ng^!.7!'5.,+!>5.!/%,(-$++/!>%'5!kW[O=!(&/!
GG^! .7! '5.,+! >5.! (-$++/=! .77+$+/! (! $+,0.&,+! '5('! >(,! %&1.&,%,'+&'! >%'5! '5+%$!
$+,0.&,+! '.! '5+!k:Z!+,,(6!8#+,'%.&9! !D5('! %,=! Ng^!.7! ,'#/+&',!/%,(-$++/!>%'5! '5+!
,'('+3+&'! .&! ('.3%1! +)+1'$.&,=! 6+'! -(*+! (! !"#$%&'! $+,0.&,+! .&! '5+! %&'+$7+$+&1+!
8#+,'%.&U! GG^! .7! ,'#/+&',! >+$+! '5+! $+*+$,+@! '(2%&-! (! !"#$%&'! ,'(&1+! .&! ('.3%1!
+)+1'$.&,=! 4#'! 0$+7+$$%&-! (!H#''"-.A#0"! 0+$,0+1'%*+! .&! '5+! 8#+,'%.&! .7! +)+1'$.&!
%&'+$7+$+&1+9!
!

TABLE 2.IV. Student responses to the statement: =*,"$"5'-6*,%*,#*,#'6+,:#&,#,3"4%*%'",
9)', )*C*6/*, 86&%'%6*, #', "#5:, +6+"*', %*, '%+", grouped according to how they 
responded to the QWI essay question.  Numbers in parentheses represent the standard 
error on the proportion. 

QA#2 - POST 

QWI  
DISAGREE (%) NEUTRAL (%) AGREE (%) 

H#''"-.A#0" (N=66) 56 (6) 11 (4) 33 (6) 

!"#$%&' (N=46) 18 (6) 18 (6) 64 (7) 

!

!

!

!

!

!

!

!

!
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<<<>(4500=7K(=16(*:89588:.1!

! D5+!/('(!0$+,+&'+/!%&!'5%,!15(0'+$!,+$*+!(,!+*%/+&1+!%&!,#00.$'!.7!'5$++!2+6!
7%&/%&-,9!!C%$,'=!,'#/+&'!0+$,0+1'%*+,!>%'5!$+,0+1'!'.!3+(,#$+3+&'!(&/!/+'+$3%&%,3!
%&!'5+!1.&'+B',!.7!1)(,,%1()!056,%1,!(&/!8#(&'#3!3+15(&%1,!+*.)*+!.*+$!'%3+9! !D5+!
/%,'$%4#'%.&! .7! $+(,.&%&-! 0$.*%/+/! 46! ,'#/+&',! %&! $+,0.&,+! '.! '5+! FXWMM! ,#$*+6!
,'('+3+&'! %&/%1('+! '5('! '5+! 3(f.$%'6! .7! '5.,+! >5.! /%,(-$++! >%'5! '5%,! ,'('+3+&'!
4+)%+*+!'5('!+B0+$%3+&'()!$+,#)',!,5.#)/!4+!$+0+('(4)+=!.$!'5('!'5+$+!1(&!4+!.&)6!.&+!
1.$$+1'!(&,>+$!'.!(!056,%1,!0$.4)+39!!"&+!1.#)/!+(,%)6!%3(-%&+!'5('!,'#/+&',!4+-%&!
'5+%$!,'#/6!.7!1)(,,%1()!056,%1,!('!'5+!#&%*+$,%'6!)+*+)!>%'5!(!7($!3.$+!/+'+$3%&%,'%1!
*%+>!.7!,1%+&1+!'5(&!%,!+*%/+&1+/!46!'5+%$!%&%'%()!$+,0.&,+,!A(7'+$!())=!3.,'!,'#/+&',!
/.!($$%*+!>%'5!,.3+!'$(%&%&-!%&!1)(,,%1()!,1%+&1+T9!!:+!'(2+!'5+!7%$,'!,%-&%7%1(&'!,5%7'!
%&! ,'#/+&'! $+,0.&,+,! A(! /+1$+(,+! %&! (-$++3+&'! (&/! (&! %&1$+(,+! %&! /%,(-$++3+&'!
>%'5! '5%,! ,'('+3+&'=! (,! ,5.>&! %&! C%-9! O9NT! '.! 4+! %&/%1('%*+! .7! '5+! 0$.3.'%.&! (&/!
$+%&7.$1+3+&'!.7!(!/+'+$3%&%,'%1!0+$,0+1'%*+!%&!,'#/+&',!(,!(!$+,#)'!.7!%&,'$#1'%.&!%&!
1)(,,%1()!056,%1,9!!W7'+$!(!1.#$,+!%&!3./+$&!056,%1,=!,'#/+&'!$+,0.&,+,!,5%7'!(!,+1.&/!
'%3+! A(&! %&1$+(,+! %&! (-$++3+&'! (&/! (! /+1$+(,+! %&! /%,(-$++3+&'! >%'5! '5+! ,#$*+6!
,'('+3+&'T=! ()'5.#-5! '5+! $+(,.&%&-! 4+5%&/! '5+%$! $+,0.&,+,! 15(&-+/9! ! M'#/+&',! .7!
3./+$&! 056,%1,! ($+! %&,'$#1'+/! '5('! /%77+$+&'! 7$(3+,! .7! $+7+$+&1+! 1.#)/! )+(/! '.!
/%77+$+&'!+B0+$%3+&'()!$+,#)',=!4.'5!.7!>5%15!($+!1.$$+1'!A,0+1%()!$+)('%*%'6TU!'5+6!($+!
(),.!'(#-5'!'5('!'5+!8#(&'#3<3+15(&%1()!/+,1$%0'%.&!.7!&('#$+!%,!0$.4(4%)%,'%1=!(&/!
'5('! '5+! /+'+$3%&%,3! (,,#3+/! 46! P+>'.&%(&!3+15(&%1,! %,! &.! ).&-+$! *()%/! ('! '5+!
('.3%1! ,1()+9! ! D5+! %30(1'! .7! '5%,! '60+! .7! %&,'$#1'%.&! %,! $+7)+1'+/! %&! '5+! ,%-&%7%1(&'!
%&1$+(,+!%&!'5+!&#34+$!.7!,'#/+&',!>5.!%&*.2+!$+)('%*%,'%1!.$!8#(&'#3!05+&.3+&(!
(,!(!$+(,.&!7.$!(-$++%&-!>%'5!'5+!,#$*+6!,'('+3+&'9!

M+1.&/=! >+! .4,+$*+! '5('! 5.>! ,'#/+&',! /+*+).0! (&/! (00)6! (! 0($'%1#)($!
0+$,0+1'%*+!1(&!/+0+&/!#0.&!'5+!)+($&%&-!-.(),!.7!'5+%$!%&,'$#1'.$,9!!D5+!$+,#)',!7.$!
'5+!k#(&'#3!:(*+!Z&'+$7+$+&1+!+,,(6!8#+,'%.&!%&/%1('+!'5('!5.>!,'#/+&',!*%+>!(&!
+)+1'$.&! >%'5%&! '5+! 1.&'+B'! .7! (! /.#4)+<,)%'! +B0+$%3+&'! 1(&! 4+! ,%-&%7%1(&')6!
%&7)#+&1+/!46!%&,'$#1'%.&9!!Z&,'$#1'.$!W!+B0)%1%')6!'(#-5'!,'#/+&',!'5('!+(15!+)+1'$.&!
0(,,+,!'5$.#-5!4.'5!,)%',!(&/! %&'+$7+$+,!>%'5! %',+)7=!(&/!0$.*%/+/!,'#/+&',!>%'5!(&!
%&<1)(,,!*%,#()%;('%.&!.7!'5%,!0$.1+,,!*%(!'5+!k:Z!J5cD!,%3#)('%.&9! !D5+!0.,%'%*%,'%1!
(,0+1',!.7!'5+!I68"*:#<"*,7*'"-8-"'#'%6*!ENRH!%&,%,'!'5('!8#+,'%.&,!.7!>5%15!,)%'!(&6!
0($'%1#)($! +)+1'$.&! 0(,,+/! '5$.#-5! ($+! A('! 4+,'T! %))<0.,+/=! (&/! '5('! 8#(&'#3!
3+15(&%1,! 1.&1+$&,! %',+)7! .&)6! >%'5! '5+! 0$.4(4%)%,'%1! 0$+/%1'%.&! .7! +B0+$%3+&'()!
$+,#)',9! ! W&!=<*6&'%5! ,'(&1+!3%-5'! ,(6! '5('! '5+! 8#+,'%.&! .7!>5%15! ,)%'! (&! +)+1'$.&!
0(,,+/! '5$.#-5! %,! %$$+)+*(&'! '.! '5+! 0$.0+$! (00)%1('%.&! .7! '5+! 3('5+3('%1()!
7.$3()%,39!!W)'5.#-5!Z&,'$#1'.$!_!$+0.$'+/!0+$,.&())6!5.)/%&-!(&!=<*6&'%5!,'(&1+!.&!
8#+,'%.&,!.7!%&'+$0$+'('%.&!%&!8#(&'#3!3+15(&%1,=!5+!/%/!&.'!'+(15!'5%,!0+$,0+1'%*+!
+B0)%1%')6=!4#'!$('5+$!>(,!+B0)%1%'!%&!'+(15%&-!(!!"#$%&'! %&'+$0$+'('%.&!.7!'5+!/.#4)+<
,)%'!+B0+$%3+&'U!'5%,!%&,'$#1'%.&()!(00$.(15!%,!0($')6!$+7)+1'+/!%&!5.>!'5+!3(f.$%'6!.7!
JKLMG_!,'#/+&',!0$+7+$$+/!(!!"#$%&'!,'(&1+!.&!+)+1'$.&,!%&!'5%,!1.&'+B'9!

D5%$/=!>+!7%&/!'5('!3(&6!,'#/+&',!/.!&.'!+B5%4%'!(!1.&,%,'+&'!0+$,0+1'%*+!.&!
8#+,'%.&,! .7! .&'.).-6! (&/! +0%,'+3.).-6! (1$.,,!3#)'%0)+! 1.&'+B',9! !:5%)+! '5+! /('(!
,5.>&! %&! D(4)+! O9Zn! /.! /+3.&,'$('+! ,.3+! (3.#&'! .7! 1.&,%,'+&16! %&! $+,0.&,+,!
$+-($/%&-! '5+! 8#+,'%.&! .7! (&! +)+1'$.&?,! ).1('%.&=! (! ,%-&%7%1(&'! &#34+$! .7! ,'#/+&',!
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>5.!0$+7+$$+/!(!H#''"-.A#0"! %&'+$0$+'('%.&!.7! (&! +)+1'$.&!/%77$(1'%.&! +B0+$%3+&'!
>.#)/!,'%))!(-$++!'5('!(&!+)+1'$.&!%&!(&!('.3!5(,!(!/+7%&%'+!A4#'!#&2&.>&T!0.,%'%.&9!!
:+!1.&1)#/+! '5('! ,'#/+&',!>%))!&.'!&+1+,,($%)6!/+*+).0! $.4#,'! 1.&1+0',! $+-($/%&-!
'5+!&('#$+!.7!8#(&'(=!>5%15!>.#)/!4+!1.&,%,'+&'!>%'5!(! $+,.#$1+,!*%+>!.7! ,'#/+&'!
+0%,'+3.).-%+,!(&/!.&'.).-%+,!%&!056,%1,9!ENS<NaH!

:%'5.#'! 0(,,%&-! f#/-3+&'! .&! (&6! 0($'%1#)($! ,+'! .7! %&,'$#1'%.&()! -.(),=! %'! %,!
>.$'5!(12&.>)+/-%&-!'5('!,%-&%7%1(&'!/%77+$+&1+,!%&!'5+!'+(15%&-!.7!!3./+$&!056,%1,!
1.#$,+,!/.!+B%,'! A(,!>%'5!#00+$</%*%,%.&!1.#$,+,! ! %&!8#(&'#3!3+15(&%1,ENNHT=!(&/!
'5('! '5+,+! )+($&%&-! -.(),! 3(&%7+,'! '5+3,+)*+,! 4.'5! +B0)%1%')6! (&/! %30)%1%')6!
A%&'+&'%.&())6=! .$!&.'T!/#$%&-! '5+! 1.#$,+!.7! %&,'$#1'%.&9! ! ! Z'! %,! %&! %',+)7! (! ,%-&%7%1(&'!
7%&/%&-!'5('=!('!)+(,'!%&!'5%,!$+-($/=!,'#/+&',!($+!.0+&!'.!(/.0'%&-!'5+%$!%&,'$#1'.$?,!
+B0)%1%'!%&'+$0$+'('%.&,!.7!8#(&'#3!05+&.3+&(!A'5.#-5!%'!3(6!4+!($-#+/!%&!'5+!1(,+!
.7!Z&,'$#1'.$!_!'5('!5%,!+B0)%1%'!%&,'$#1'%.&!>(,!()$+(/6!%&!()%-&3+&'!>%'5!'5+!-"#$%&'!
+B0+1'('%.&,! .7! 5%,! ,'#/+&',TU! '5+$+! %,! ,#4,'(&'%()! +*%/+&1+! '5('! ,'#/+&',! /.! &.'!
&+1+,,($%)6! (/.0'! (&! %&,'$#1'.$?,! *%+>,! %&! .'5+$! 1.&'+B',9! ! J$+*%.#,! ,'#/%+,! .7!
%&'$./#1'.$6! 1)(,,%1()! 056,%1,! 1.#$,+,! 5(*+! ,5.>&! '5('=! >%'5! &.'(4)6! 7+>!
+B1+0'%.&,=!ENO<NYH!,'#/+&',!'+&/!'.!,5%7'!'.!3.$+!#&7(*.$(4)+!A&.*%1+<)%2+T!4+)%+7,!
(4.#'!056,%1,!(&/!(4.#'!'5+!)+($&%&-!.7!056,%1,!ENO=!NVH9!!Z'!5(,!4++&!/+3.&,'$('+/=!
5.>+*+$=!'5('!3(2%&-!+0%,'+3.).-6!(&!+B0)%1%'!(,0+1'!.7!%&,'$#1'%.&!%&!%&'$./#1'.$6!
056,%1,! 1.#$,+,! 1(&! 0.,%'%*+)6! %&7)#+&1+! '5%,! &+-('%*+! '$+&/9! ENYH! D5+! ,'#/%+,!
0$+,+&'+/!%&!'5%,!15(0'+$!0$.*%/+!7#$'5+$!%&/%1('%.&!'5('!%&,'$#1'.$,!,5.#)/!&.'!'(2+!
7.$!-$(&'+/! '5('!,'#/+&',!>%))!(/.0'! '5+%$!0+$,0+1'%*+,!.&!8#(&'#3!056,%1,!#&)+,,!
,#15!)+($&%&-!-.(),!($+!3(/+!+B0)%1%'!%&!'5+%$!'+(15%&-9!

Z&! '5+! +&/=! %'! ,++3,! '5('! (! $+(,.&(4)+! %&,'$#1'%.&()! .4f+1'%*+!>.#)/! 4+! 7.$!
,'#/+&',! '.! (00)6! (! 0($'%1#)($! 0+$,0+1'%*+! A/+'+$3%&%,'%1! .$! 0$.4(4%)%,'%1=! ).1()! .$!
&.&).1()T!('!'5+!(00$.0$%('+!'%3+9!!Z7!>+!($+!'.!%&1)#/+!'5+,+!-.(),!7.$!.#$!1)(,,+,=!%'!
%,!%30.$'(&'!'.!#&/+$,'(&/!5.>!'5+,+!3+,,(-+,!($+!,+&'!'.!.#$!,'#/+&',=!(&/!>5('!
%&,'$#1'%.&()!0$(1'%1+,!3(6!0$.3.'+!,#15!#&/+$,'(&/%&-,9!EF5(0'+$!GH!
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
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'+3+7+19+8(H!D=/2+7()I(
(
A>( M9! J.)).12! (&/! P9! e9! C%&2+),'+%&=! M#,'(%&%&-! F5(&-+@! Z&,'$#1'.$! c77+1',! %&!
D$(&,7.$3+/!X($-+!X+1'#$+!F.#$,+,=!KL!I,K-65""3%*<&,MNNO!AWZJ!J$+,,=!p+)*%))+=!PL=!
ORRST9!
(
)>!:9!q9!W/(3,=!q9!q9!J+$2%&,=!P9!J./.)+7,26=!p9!e#4,.&=!P9!e9!C%&2+),'+%&!(&/!F9!c9!
:%+3(&=! W! &+>! %&,'$#3+&'! 7.$! 3+(,#$%&-! ,'#/+&'! 4+)%+7,! (4.#'! 056,%1,! (&/!
)+($&%&-!056,%1,@! '5+!F.).$(/.!X+($&%&-!W''%'#/+,!(4.#'!M1%+&1+!M#$*+6=!K:2&@,!"0@,
P>Q,K:2&%5&,L3)5#'%6*,!"&"#-5:!)=!N=!RNRNRN!AORRST9!
!
G>! r9!:9! F$+,>+))=!L3)5#'%6*,!"&"#-5:=! O&/!c/9! AJ$+&'%1+!K())=! c&-)+>../!F)%77,=!Pr=!
ORRVT=!009!Ga]<Gag9!
!
@>!W9!_#77)+$=!M9!W))%+=!C9!X#44+&!s!_9!F(304+))=!D5+!/+*+).03+&'!.7!7%$,'!6+($!056,%1,!
,'#/+&',?! %/+(,!(4.#'!3+(,#$+3+&'! %&! '+$3,!.7!0.%&'!(&/!,+'!0($(/%-3,=! 7*'@, R@,P5%@,
L3)5@!)GL!NN!AORRNT9!
!
M>!_9!b9!d$++&+=!>:",L$"<#*',S*%0"-&"!AP.$'.&=!P+>!L.$2=!PL=!ORRGT9!
!
N>(M9!:9!K(>2%&-=!=,T-%"4,U%&'6-2,64,>%+"!A_(&'(3=!P+>!L.$2=!PL=!NaggT9!
!
O>!M9!_9!p1q(-(&=!q9!q9!J+$2%&,!(&/!F9!c9!:%+3(&=!b+7.$3%&-!(!)($-+!)+1'#$+!3./+$&!
056,%1,!1.#$,+!7.$!+&-%&++$%&-!3(f.$,!#,%&-!(!Jcb<4(,+/!/+,%-&=!KL!I,K-65""3%*<&,
MNNO!AWZJ!J$+,,=!p+)*%))+=!PL=!ORRST9!
!
P>!5''0@tt05+'91.).$(/.9+/#!
!
Q>!5''0@tt05+'91.).$(/.9+/#t,%3#)('%.&,t,%3,9050o,%3\k:Z!
!
AR>!:9!K9!M'(00=!D5+!F.0+&5(-+&!Z&'+$0$+'('%.&=!=+@,R@,K:2&@!@R=!NRag!ANa]OT9!
!
AA>( M9! d.)/5(4+$=! M9! J.)).12=! p9! e#4,.&=! J9! _+()+=! (&/! q9! J+$2%&,=( D$(&,7.$3%&-!
I00+$<e%*%,%.&! k#(&'#3! p+15(&%1,@! X+($&%&-( d.(),! (&/! W,,+,,3+&'=! KL!I,
K-65""3%*<&,MNNV!AWZJ=(p+)*%))+=!PL=!ORRaT9!
!
A)>!c9!b+/%,5=!r9!M(#)!(&/!b9!M'+%&4+$-=!M'#/+&'!+B0+1'('%.&,!%&!%&'$./#1'.$6!056,%1,=!
=+@,R@,K:2&@!NN=!ONO!ANaagT9!
!
AG>!n9!q9!"'+$.!(&/!q9!c9!d$(6=! hW''%'#/%&()!-(%&,!(1$.,,!3#)'%0)+!#&%*+$,%'%+,!#,%&-!
'5+! J56,%1,! (&/! c*+$6/(6! D5%&2%&-! 1#$$%1#)#3=i, K:2&@, !"0@, P>Q, K:2&%5&, L3)5#'%6*,
!"&"#-5:!@!ANT=!RORNRY!AORRgT9!
!
A@>!e9!K(33+$=!M'#/+&'!$+,.#$1+,!7.$!)+($&%&-!%&'$./#1'.$6!056,%1,=!=+@,R@,K:2&@!NP=!
MVO!AORRRT9!
!
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AM>!M9!J.)).12=!hP.!M%&-)+!F(#,+@!X+($&%&-!d(%&,=!M'#/+&'!W''%'#/+,=!(&/!'5+!Z30(1',!
.7! p#)'%0)+! c77+1'%*+! b+7.$3,i! KL!I, K-65""3%*<&, MNNW! AWZJ! J$+,,=! p+)*%))+=! PL=!
ORRVT9!
!
AN>(e9!K(33+$=!M'#/+&'!$+,.#$1+,!7.$!)+($&%&-!%&'$./#1'.$6!056,%1,=!=+@,R@,K:2&@!NP=!
MVO!AORRRT9!
!
AO>! e9! K(33+$=! W9! c)46=! b9! c9! M15+$$! (&/! c9! C9! b+/%,5=! hb+,.#$1+,=! C$(3%&-! (&/!
D$(&,7+$i! %&!>-#*&4"-,64,X"#-*%*<=! +/%'+/!46! r9!p+,'$+! AZ&7.$3('%.&!W-+!J#4)%,5%&-=!
ORRVT!009!ga<NNa9!
!
AP>!W9!d#0'(=!e9!K(33+$!(&/!c9!C9!b+/%,5=!D5+!1(,+!7.$!/6&(3%1!3./+),!.7!)+($&+$,?!
.&'.).-%+,!%&!056,%1,=!R@,X"#-*%*<,P5%"*5"&!AQ=!OgV!AORNRT9!
!
AQ>( e9! K(33+$=! W9! d#0'(! (&/! c9! C9! b+/%,5=! "&! M'('%1! (&/! e6&(3%1! Z&'#%'%*+!
"&'.).-%+,=!R@,X"#-*%*<,P5%"*5"&!)R=!NSG!AORNNT9!
(
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(

*+,-.+/(0-.12321.,.45-(,6("4771-(!+2248+9+/(:(;,24,.45-6(
4-(0-6.2+8.52($2,8.4816(,-7(#66584,.17(<.+71-.(=+.85/16(

(
0>(0-.257+8.45-!

! $%!&'()*+)!,-.+/0*1%!2,),/2+'3!0',!0,24!!"##$%&'())"'(*(+!5,%,2/66(!2,7,2)!01!
/)&,+0)!17!)+*,%+,!/%-!6,/2%*%5!/81.0!9'*+'!)0.-,%0)!-,:,61&!/00*0.-,)!/%-!1&*%*1%)!
1:,2!0',!+1.2),!17!*%)02.+0*1%3!8.0!9'*+'!/2,!&2*4/2*6(!1%6(!*4&6*+*06(!/--2,)),-!8(!
*%)02.+012);!!<#=!>0.-,%0)!4/(!'16-!:/2(*%5!8,6*,7)!2,5/2-*%5!0',!2,6,:/%+,!17!+1.2),!
+1%0,%0!01!2,/6?9126-!&2186,4)3!0',!+1',2,%+,!17!)+*,%0*7*+!@%196,-5,3!12!,:,%!0',!
&.2&1),! 17! )+*,%+,! *0),673! -,&,%-*%5! A*%! &/20B! 1%! 0',! +'1*+,)! /%-! /+0*1%)! 17! 0',*2!
*%)02.+012);!!C-.+/0*1%!2,),/2+'!'/)!-,41%)02/0,-!0'/0!)0.-,%0!/00*0.-,)!2,5/2-*%5!
).+'!4/00,2)! 0,%-! 01! 2,4/*%! 12! 8,+14,! 6,))! ,D&,20?6*@,!9',%! *%)02.+012)! /2,! %10!
,D&6*+*0!*%!/--2,))*%5!0',4;!<#=!$%!0'*)!+'/&0,2!9,!&2,),%0!)*4*6/2!7*%-*%5)E!0',!6,))!
,D&6*+*0!/%!*%)02.+012!*)!*%!/--2,))*%5!)0.-,%0!&,2)&,+0*:,)!9*0'*%!/!5*:,%!01&*+!/2,/3!
0',! 52,/0,2! 0',! 6*@,6*'11-! 712! )0.-,%0)! A9*0'*%! 0'/0! )&,+*7*+! +1%0,D0B! 01! 7/:12! /%!
*%0.*0*:,3! )$,*"-.! &,2)&,+0*:,;! ! $%! 10',2! 912-)3! 0',! 6,))! 0',! *%0,2&2,0*:,! /)&,+0)! 17!
F./%0.4!4,+'/%*+)!/2,!,D&6*+*06(!/--2,)),-!8(!*%)02.+012)3!0',!412,!0',(!8,+14,!
&/20!17!/!'*--,%!+.22*+.6.4;!!G,!,D&612,!',2,!'19!41-,2%!&'()*+)!*%)02.+012)!4/(!
A12!4/(! %10B! /--2,))! 0'*)! '*--,%! +.22*+.6.43! /%-! ,D/4*%,! 0',! *4&/+0! 17! )&,+*7*+!
*%)02.+0*1%/6!/&&21/+',)!1%!)0.-,%0!0'*%@*%5;!!H*5);!I;#!J!I;K!A9',2,!6,00,2)!2,7,2!01!
)&,+*7*+! *%)02.+012)! /%-! 0',*2! &/20*+.6/2! /&&21/+',)3! 01! 8,! -*)+.)),-! 8,619B!
*66.)02/0,! '19! *%)02.+0*1%/6! +'1*+,)! +/%! 6,/-! 01! )*5%*7*+/%06(! -*77,2,%0! )0.-,%0!
1.0+14,)3!/)!9,66!/)!0',!4*D,-!%/0.2,!17!)0.-,%0!2,)&1%),)!/+21))!+1%0,D0);!
!
!
!
!
!
!
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FIG. 3.1. Post-instruction student responses to the double-slit essay question, from seven 
different modern physics offerings of various instructional approaches [R = /$,*"-.;    
MW = 0,..$)12,3$; C/A = 456$%!,7$%897%5-."'].  Error bars represent the standard 
error on the proportion; N ~ 50-100 for each course. 
!
!
!
!

!
FIG. 3.2. Post-instruction student responses to the statement: 9%& $*$'.)5%& "%& ,%& ,.5+&
$:"-.-& ,.& ,& #$;"%".$& <=(.& (%>%5?%@& 65-"."5%& ,.& $,'!& +5+$%.& "%& ."+$, from seven 
different modern physics offerings of various instructional approaches [R = /$,*"-.;   
MW = 0,..$)12,3$; C/A = 456$%!,7$%897%5-."'].  Error bars represent the standard 
error on the proportion; N ~ 50-100 for each course. 
!
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00>(0-6.2+8.526(,3325,8?(@+,-.+/(4-.12321.,.45-(74AA121-.9B!

! X'*)! ),+0*1%! -,)+2*8,)! 71.2! )&,+*7*+! /&&21/+',)! 01! /--2,))*%5! F./%0.4!

*%0,2&2,0/0*1%! *%! 71.2! -*77,2,%0! 41-,2%! &'()*+)! +1.2),)! 2,+,%06(! 0/.5'0! /0! 0',!
^%*:,2)*0(!17!T1612/-13!,/+'!2,).60*%5! *%!)*5%*7*+/%0!-*77,2,%+,)! *%!)0.-,%0!0'*%@*%5!

8(! 0',! ,%-!17! 0',! ),4,)0,2;! !V66! 71.2! +1.2),)!9,2,! 6/25,?6,+0.2,! A[_#LLB3! .0*6*`,-!

*%0,2/+0*:,!,%5/5,4,%0!*%!+6/))3!/%-!-,:10,-!0',!.)./6!&21&120*1%)!17! 6,+0.2,!0*4,!
01!)&,+*/6! 2,6/0*:*0(!/%-!F./%0.4!4,+'/%*+);! !>0.-,%0!2,)&1%),)! 01! 0',!-1.86,?)6*0!

,))/(!F.,)0*1%!/%-!)0/0,4,%0!1%!/014*+!,6,+021%)!-,)+2*8,-!*%!T'/&0,2!K!/2,!)'19%!

*%! H*5);! I;I! J! I;M3! 9',2,! 6,00,2)! 2,7,2! 01! 0',! )&,+*7*+! *%)02.+012)! -*)+.)),-! *%! 0'*)!
),+0*1%!A/%-!0',*2!&/20*+.6/2!/&&21/+',)!01!*%)02.+0*1%B;!!G*0'!2,)&,+0!01!0',!-1.86,?

)6*0! ,D&,2*4,%0! 9*0'! ,6,+021%)3! ,/+'! 17! 0',),! *%)02.+012)! '/-! 8,,%! ,D&6*+*0! *%!
0,/+'*%5! 1%,! &/20*+.6/2! *%0,2&2,0/0*1%! A.!5(7!& %5.& $:6*"'".*A& ,-& ,%& "%.$)6)$.,."5%Ba!
)0.-,%0! 2,)&1%),)! *%! 0'*)! +1%0,D0! 9,2,! 5,%,2/66(! 2,76,+0*:,! 17! 0',! 0,/+'*%5!

/&&21/+',)!712!,/+'!+1.2),;!<H*5;!I;I=!
$%! 091& 17! 0',! 71.2! +1.2),)! Ab#! J! TB! *%)02.+012)! &/*-! +1%)*-,2/86(! 6,))!

/00,%0*1%! 01! *%0,2&2,0*:,! 0',4,)! /0! 6/0,2! )0/5,)! 17! 0',! +1.2),3! /)! 9',%! )0.-,%0)!

6,/2%,-!/81.0! 0',!>+'2c-*%5,2!41-,6!17!'(-215,%;! !>0.-,%0)! 7214!/66! 71.2!+1.2),)!
9,2,!412,!6*@,6(!01!/52,,!0'/%!-*)/52,,!9*0'!0',!)0/0,4,%0E!9%&$*$'.)5%!"%&,%&,.5+&
!,-&,&#$;"%".$&<=(.&(%>%5?%@&65-"."5%&,.&$,'!&+5+$%.&"%&."+$;!<H*5;!I;M=!G'/0!716619)!
*)!/!412,!-,0/*6,-!-*)+.))*1%!17! 0',! )&,+*7*+! *%)02.+0*1%/6!/&&21/+',)!,4&61(,-! *%!

0',!+1.2),)!-,)+2*8,-!/81:,3!9',2,! 6,00,2)!2,7,2!01!)&,+*7*+! *%)02.+012)3!/)!5*:,%!*%!

0',!7*5.2,!+/&0*1%);!
!

!

!
FIG. 3.3. Post-instruction student responses to the double-slit essay question, from four 
different modern physics offerings of various instructional approaches                                
[A = /$,*"-.8B.,."-."',*; B1 & B2 = 0,..$)12,3$; C = 456$%!,7$%897%5-."'].  Error 
bars represent the standard error on the proportion; N ~ 100 for each course. 
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FIG. 3.4. Post-instruction student responses to the statement: 9%& $*$'.)5%& "%& ,%& ,.5+&
$:"-.-&,.&,&#$;"%".$&<=(.&(%>%5?%@&65-"."5%&,.&$,'!&+5+$%.&"%&."+$, from four different 
modern physics offerings of various instructional approaches [A = /$,*"-.8B.,."-."',*;   
B1 & B2 = 0,..$)12,3$; C = 456$%!,7$%897%5-."'].  Error bars represent the standard 
error on the proportion; N ~ 100 for each course. 
!

#>(&C39484.9B(.1,8?(,-(4-.12321.,.45-(.?,.(,94D-6(E4.?(6.+71-.(4-.+4.45-F(E4.?5+.(
7468+664-D( ,9.12-,.4G16H! $%)02.+012! V! 0/.5'0! 0'*)! +1.2),! 712! ,%5*%,,2*%5! 4/d12)!
7214!/!/$,*"-.8B.,."-."',*!&,2)&,+0*:,!A0'1.5'!',!-*-!%10!+/66!*0!).+'B3!/%-!,D&6*+*06(!
2,7,22,-!01!0'*)!*%!+6/))!/)!'*)!19%!*%0,2&2,0/0*1%!17!F./%0.4!&',%14,%/3!1%,!0'/0!

10',2!&'()*+*)0)!91.6-!%10!%,+,))/2*6(!/52,,!9*0';!!b,(1%-!'*)!/$,*"-.!)0/%+,!1%!0',!
-1.86,?)6*0! ,D&,2*4,%03! )0.-,%0)! 9,2,! ,D&6*+*06(! *%)02.+0,-! 01! 0'*%@! 17! /014*+!

,6,+021%)! /)! 61+/6*`,-!&/20*+6,)3! /%-! 0'/0! ,%,25(! F./%0*`/0*1%! *)! 0',! 2,).60! 17! 0',*2!
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&21410,-! *%! +6/));! ! >0.-,%0! 2,)&1%),)! 7214! 0'*)! +1.2),! *%! 810'! +1%0,D0)! 9,2,! *%!

/6*5%4,%0!9*0'! $%)02.+012!Ve)! ,D&6*+*0! 6,/2%*%5! 51/6)E! 0',(!9,2,! 0',!41)0! 6*@,6(! 01!

&2,7,2! /! /$,*"-.! *%0,2&2,0/0*1%! 17! 0',! -1.86,?)6*0! ,D&,2*4,%0! <,/+'! ,6,+021%! 51,)!
0'21.5'!,*0',2!1%,!)6*0!12!0',!10',23!8.0!%10!810'=3!/)!9,66!/)!0',!41)0!6*@,6(!01!/52,,!

0'/0!/014*+!,6,+021%)!,D*)0!/)!61+/6*`,-!&/20*+6,);!!G,!8,6*,:,!)0.-,%0!2,)&1%),)!7214!

0'*)! +1.2),! /2,! 2,76,+0*:,! %10! 1%6(! 17! 0'*)! *%)02.+012e)! ,D&6*+*0! *%)02.+0*1%3! 8.0! /6)1!
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IJ>( %1,8?( 5-1( 4-.12321.,.45-( K.?5+D?( -5.( 1C39484.9B( ,6( ,-( 4-.12321.,.45-L( 4-(
65/1( .5348( ,21,6( K3,2.48+9,29B( ,.( .?1( M1D4--4-D( 5A( .?1( 85+261L( ,-7( 1C318.(
6.+71-.6(.5(D1-12,94N1(.5(5.?12(85-.1C.6(5-(.?142(5E-H!G',%!7*2)0!0,/+'*%5!0'*)!
41-,2%!&'()*+)!+1.2),!712!,%5*%,,2*%5!4/d12)3!$%)02.+012!b!9/)!,D&6*+*0!*%!41-,6*%5!
)*%56,!F./%0/!*%!0',!-1.86,?)6*0!,D&,2*4,%0!/)!-,61+/6*`,-!9/:,)!0'/0!&/))!0'21.5'!
810'!)6*0)!)*4.60/%,1.)6(;!!f,!-*-!%10!72/4,!0'*)!-*)+.))*1%!*%!0,24)!17!41-,6*%5!12!
*%0,2&2,0/0*1%3!8.0!2/0',2!4/-,!9'/0!',!)/9!/)!).77*+*,%0!/25.4,%0)!*%!7/:12!17!0'*)!
&/20*+.6/2!*%0,2&2,0/0*1%3!/)!',!)0/0,-!*%!/%!*%7124/6!&1)0?*%)02.+0*1%!*%0,2:*,9E!
!

gX'*)! *4/5,! 0'/0! <)0.-,%0)=! '/:,! 17! 0'*)! <&218/8*6*0(=! +61.-! 9',2,! 0',!
,6,+021%! *)! 61+/6*`,-3! *0! -1,)%e0! 912@! *%! 0',! -1.86,?)6*0! ,D&,2*4,%0;! h1.!
91.6-%e0! 5,0! -*772/+0*1%;! ! $7! (1.! -1%e0! 0/@,! *%01! /++1.%0! 810'! )6*0)! /%-! 0',!
,6,+021%!/)!/!-,61+/6*`,-!&/20*+6,3! 0',%!(1.!9*66!%10! +14,!.&!9*0'! 0',! 2*5'0!
18),2:/0*1%3!/%-! $! 0'*%@! 0'/0e)!9'/0!+1.%0);!X',! 0',12(!)'1.6-!-,)+2*8,! 0',!
18),2:/0*1%!/&&21&2*/0,6(;!!<i=!$0!2,/66(!)'1.6-%e0!8,!/!&'*61)1&'*+/6!F.,)0*1%!
d.)0!8,+/.),! 0',2,!/2,!-*77,2,%0!9/()!17!-,)+2*8*%5! 0',!)/4,! 0'*%5! <*;,;!/)!/!
9/:,!12!/!&/20*+6,=;!X',(!),,4!01!-*)/52,,3!8.0!*%!0',!,%-!0',(!/+0./66(!+14,!
.&!9*0'!0',!2*5'0!/%)9,2;j!

!
>0.-,%0)! 7214! 0'*)!0,..$)12,3$! +1.2),! 1:,29',64*%56(! &2,7,22,-! /! 9/:,?&/+@,0!
-,)+2*&0*1%! 17! *%-*:*-./6! ,6,+021%)! <,/+'! ,6,+021%! &/)),)! 0'21.5'! 810'! )6*0)!
)*4.60/%,1.)6(!/%-!*%0,27,2,)!9*0'!*0),67=;!!f19,:,23!0',),!)0.-,%0)!-*-!%10!),,4!01!
5,%,2/6*`,! 0'*)! %10*1%! 17! &/20*+6,)! /)! -,61+/6*`,-! 9/:,)! 01! 0',! +1%0,D0! 17! /014)3!
9',2,! $%)02.+012!b!9/)! %10! ,D&6*+*0! 2,5/2-*%5! 0',! 1%01615*+/6! %/0.2,! 17! ,6,+021%)3!
/%-!9',2,!/!4/d12*0(!)0*66!/52,,-!0'/0!/014*+!,6,+021%)!,D*)0!/)! 61+/6*`,-!&/20*+6,);!!
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TABLE 3.II. Categorization of lecture slides relevant to promoting non-classical 
perspectives, with a point total for each category. 

THEME DESCRIPTION OF LECTURE SLIDE B1 C 

G"7!.& Relevant to the dual wave/particle nature of light, 
or emphasizing its particle-like characteristics 

15 9 

0,..$)& Relevant to the dual wave/particle nature of matter, 
or emphasizing its wave-like characteristics 

15 16 

45%.),-."%7&
I$)-6$'."3$-&

Relevant to randomness, indeterminacy, or the 
probabilistic nature of quantum mechanics; explicit 
contrast between quantum & classical descriptions. 

28 22 

!
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FIG. 3.5. The occurrence of lecture slides for both PHYS3 courses by topic (as describe 
in Table 3.I), for each of the themes described in Table 3.II. 
!
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FIG. 3.6. Ratio of point totals from topic area B for each interpretive theme to the total 
number of slides used during these lectures.  Error bars represent the standard error on the 
proportion. 
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FIG. 3.7. A lecture slide used in Course B1 during the discussion of photons. 
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FIG. 3.8. Lecture slide from Course B1 (left, F%;"%".$&BJ(,)$&2$**) and a nearly identical 
one from Course C (right, I,)."'*$&"%&,&K5:). 
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FIG. 3.9. Lecture slide used in both PHYS3 courses describing the double-slit 
experiment in terms of wave interference. 
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FIG. 3.10. Pre/post student responses from both PHYS3 courses to the statement: 9%&
$*$'.)5%&"%&,%&,.5+&!,-&,&#$;"%".$&=(.&(%>%5?%&65-"."5%&,.&$,'!&+5+$%.&5;&."+$E! Error 
bars represent the standard error on the proportion (N~60). 
!
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FIG. 3.11. Combined student responses from both PHYS3 courses to the statement: 9%&
$*$'.)5%& "%& ,%& ,.5+& !,-& ,& #$;"%".$& =(.& (%>%5?%& 65-"."5%& ,.& $,'!& +5+$%.& 5;& ."+$, 
grouped by how those students responded to the double-slit essay question.  Error bars 
represent the standard error on the proportion (N~60). 
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! $%! &'(%! )&*+! ,'-! +%%.! &/0! !"#$%&'! 1%-+1%2)3(%+! '4/.5! 4/6%-.! 1&7+32+!
+)*6%.)+! 4'7! )-'.+8')%! 3.)/! +1%23,32! 9%83%,+! '9/*)! :*'.)*4! 1&%./4%.';! %<5<=!
1'-)328%+!'-%!'80'7+!8/2'83>%6!3.!+1'2%=!/-!)&')!1-/9'9383+)32!6%+2-31)3/.+!/,!:*'.)*4!
4%'+*-%4%.)+! '-%! )&%! -%+*8)! /,! 28'++32'8! 35./-'.2%<! ! $%! %.5'5%! &%-%! 3.! '! 4/-%!
6%)'38%6!%?18/-')3/.!/,!+)*6%.)!1%-+1%2)3(%+!/.!:*'.)*4!1&7+32+!)&-/*5&!'!.*49%-!
/,! /.%@/.@/.%! +)*6%.)! 3.)%-(3%0+<! ! A&%! -%+*8)3.5! 341832')3/.+! ,/-!4/6%-.! 1&7+32+!
3.+)-*2)3/.! '-%! 1'-)32*8'-87! +35.3,32'.)! 3.! )&')! )&%! 8%'-.3.5! 5/'8+! ,/-! +*2&! 2/*-+%+!
)7132'887! 3.28*6%! )-'.+3)3/.3.5! +)*6%.)+! '0'7! ,-/4! 28'++32'8! %13+)%4/8/53%+! '.6!
/.)/8/53%+=!)/!/.%+!)&')!'-%!4/-%!'835.%6!03)&!)&%!9%83%,+!/,!1-'2)323.5!1&7+323+)+<!
! B)388=! 3)! 3+! ./)! '80'7+! 28%'-! %?'2)87!0&')! %?1%-)! 1&7+323+)+! 9%83%(%! -%5'-63.5!
)&%! 1&7+32'8! 3.)%-1-%)')3/.! /,! :*'.)*4! 4%2&'.32+<! C#D! E! -%2%.)! +*-(%7! CFD! /,!
:*'.)*4! 1&7+32+! 3.+)-*2)/-+! ')! )&%! G.3(%-+3)7! /,! H/8/-'6/! '.6! %8+%0&%-%! I'88! /,!
0&/4! *+%! :*'.)*4! 4%2&'.32+! 3.! )&%3-! -%+%'-2&J! ,/*.6! )&')! KLM! /,! )&%4!
3.)%-1-%)%6!)&%!0'(%!,*.2)3/.!'+!9%3.5!1&7+32'887!-%'8=!0&38%!.%'-87!&'8,!2/.+36%-%6!
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2/.)-'632)/-7! 1%-+1%2)3(%+! 9%)0%%.! '.6! 03)&3.! 2/.)%?)+<! ! P.! )&3+! 2&'1)%-=! 0%!
)&%-%,/-%!'66-%++!)&%!,/88/03.5Q!
!

#J R/0! 435&)! /*-! 28'++3,32')3/.! +2&%4%! 9%! -%,3.%6! )/! 9%))%-! 6%+2-39%! )&%!
.*'.2%+!/,!+)*6%.)!1%-+1%2)3(%+!/.!3.)%-1-%)3(%!)&%4%+!3.!:*'.)*4!1&7+32+S!
!

FJ T/-!0&')!-%'+/.+!6/!+)*6%.)+!%?&393)!43?%6!1%-+1%2)3(%+!03)&3.!'.6!'2-/++!
2/.)%?)+S!

!



!
"F!
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A&%+%!1'-'88%8+!'88/0!*+!)/!2&'-'2)%-3>%!+)*6%.)!1%-+1%2)3(%+!/.!:*'.)*4!1&7+32+!3.!
)%-4+! /,! +/4%! /,! )&%! +'4%! )&%4%+! )&')! 63+)3.5*3+&! )&%+%! ,/-4'8! 3.)%-1-%)')3/.+!
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0'(%@1'-)328%! /.)/8/57! I'! 2%$0'*3#,"! 3.)%-1-%)')3/.=! 0&%-%3.! :*'.)'! '-%!
+34*8)'.%/*+87!40'5!1'-)328%!#/6!0'(%J;!'.6!IWJ!+)*6%.)+!'-%!4/+)!83N%87!)/!('2388')%!
3.! )&%3-! -%+1/.+%+!0&%.!0&')!4'N%+! 3.)*3)3(%! +%.+%! )/! )&%4! 3+! ./)! 3.! '5-%%4%.)!
03)&!0&')!)&%7!1%-2%3(%!'+!'!+23%.)3,32'887!'22%1)%6!-%+1/.+%<!
!
>>?(>-3*1:,*@(9013,2,90-36(0-.(25816*(2/01023*1,63,26!

! $%! +/*5&)! )/! -%2-*3)! ,3(%! +)*6%.)+! ,-/4! %'2&! /,! )&%! ,/*-! 4/6%-.! 1&7+32+!
/,,%-3.5+! ')! )&%! G.3(%-+3)7! /,! H/8/-'6/! ,-/4! '! +3.58%! '2'6%432! 7%'-! I344%63')%87!
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+)*6%.)+! 0%-%! ./)! 3.,/-4%6! '&%'6! /,! )34%! '9/*)! )&%! .')*-%! /,! )&%! 3.)%-(3%0!
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TABLE 4.I Summary of four courses from which students were recruited for interviews, 
including a characterization of each instructor’s stance on interpretive themes, as taught 
in that course; instructor labels correspond to those given in Figs. 3.1 & 3.2. 

INSTRUCTOR STUDENT 
POPULATION 

INTERPRETIVE 
APPROACH 

STUDENTS 
INTERVIEWED 

MW-1 )#''"!*+#,"7 3 
C/A-2 Engineering 

802"/5#."/7 5 
C/A-1 6 
C/A-3 Physics 802"/5#."/9-./0&'%17 5 

!

!
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3.)%-,%-%.2%!1'))%-.J!)&'.!4'))%-+!/,!3.)%-1-%)')3/.<!

T/-! )&%! #U! +)*6%.)+! 3.)%-(3%0%6! ,/-! )&%! 1-%+%.)! +)*63%+=! )&%-%! 0%-%! ./!
63+2%-.398%!2/..%2)3/.+!9%)0%%.!'!+1%23,32!3.+)-*2)3/.'8!'11-/'2&!'.6!)&%!1-%,%--%6!
1%-+1%2)3(%+!/,!)&%!+)*6%.)+!3.)%-(3%0%6!,-/4!)&')!2/*-+%=!83N%87!6*%!)/!)&%!8343)%6!
.*49%-! /,! 1'-)3231'.)+<! ! A&%-%,/-%=! 63+2*++3/.! 3.! )&3+! 2&'1)%-! /,! +1%23,32!
3.+)-*2)3/.'8!'11-/'2&%+!0388!9%! 8343)%6!)/!)&%!9-3%,!2&'-'2)%-3>')3/.+!53(%.!'9/(%=!
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4/-%! 2/44/.! I3<%<=! 8%++! %?/)32J( ,/-4'8! 3.)%-1-%)')3/.+! /,! :*'.)*4!4%2&'.32+<! ! P.!
6/3.5! +/=! 0%! 6/! ./)! 4%'.! )/! 34187! )&')! +)*6%.)! 1%-+1%2)3(%+! '-%! '+! 2/&%-%.)! /-!

+/1&3+)32')%6! '+! '.7! ,/-4'8! 3.)%-1-%)')3/.! I'8)&/*5&! /)&%-! -%+%'-2&! CFD! +*55%+)+!
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/*-! -%+*8)+! 2'.! 9%+)! 9%! *.6%-+)//6! 03)&3.! '! )&%/-%)32'8! ,-'4%0/-N! )&')! (3%0+!

+)*6%.)!1%-+1%2)3(%+! I3.28*63.5! )&%!1-/2%++!/,!0/'0$0.%1#$7#''!%4;'%0/J!'+!2/5.3)3(%!
,-'4%0/-N+! )&')! '-%! 67.'432! %4%-5%.)! 1-/2%++%+! I'+! /11/+%6! )/! ,3?%6! /-! +)')32!

2/5.3)3(%! +)-*2)*-%+J=! )&')! '-%! 2/.)%?)*'887! +%.+3)3(%=! '.6! )&')! +/4%)34%+!

+34*8)'.%/*+87! 98%.6! /.)/8/532'8! '))-39*)3/.+! )&')! 9%8/.5! )/! 28'++32'887! 63+)3.2)!

2')%5/-3%+<! CB%%!^%,+<!K@_=!'+!0%88!'+!H&'1)%-!#=!B%2)3/.! PP<D!`/-!6/!0%!'++*4%!)&')!

'.7! /.%! 8'9%8! 3+! .%2%++'-387! +*,,323%.)! ,/-! 6%+2-393.5! )&%! .*'.2%6! '.6! +/4%)34%+!

3.2/.+3+)%.)! 1%-+1%2)3(%+! %?&393)%6! 97! '.7! 1'-)32*8'-! +)*6%.);! /-! %(%.! )&')! )&%!

6%(%8/14%.)!/,!+)*6%.)!1%-+1%2)3(%+!/.!:*'.)*4!1&7+32+!,/88/0+!'8/.5!)&%!83.%+!/,!

&3+)/-32'8!6%(%8/14%.)+<!

$%! 6/=! &/0%(%-=! ,3.6! )&')! +/4%! ,/-4'8! 3.)%-1-%)')3/.+! /,! :*'.)*4!

4%2&'.32+!2'.!9%!63+)3.5*3+&%6!,-/4!%'2&!/)&%-!3.!)%-4+!/,!'!,%0!N%7!)&%4%+=!'.6!

)&')! +)*6%.)+! 6/! &'(%! 9%83%,+! /-! 36%'+! 2/.2%-.3.5! )&%+%! )&%4%+! /,! 3.)%-1-%)')3/.=!

-%5'-68%++! /,! 0&%)&%-! )&%+%! )&%4%+! &'6! 9%%.! %?18323)87! '66-%++%6! 97! )&%3-!

3.+)-*2)/-+<! ! P.! /)&%-! 0/-6+=! 0%! &'(%! /9+%-(%6! )&')! 4'.7! 3.)-/6*2)/-7! 4/6%-.!

1&7+32+!+)*6%.)+=!0&%.!,/-4*8')3.5!'!+)'.2%!/.!)&%+%! 3.)%-1-%)3(%!)&%4%+=!%418/7!

+/4%! /,! )&%! +'4%! %13+)%4/8/532'8! )//8+! *+%6! 97! %?1%-)! 1&7+323+)+=! '.6! 0388!

+/4%)34%+!3.(/N%!+3438'-!%?1%-34%.)'8!-%+*8)+!'.6!3.)*3)3(%!./)3/.+!/,!1'-)328%+!'.6!

0'(%+!'+!4/)3(')3/.!,/-!)&%3-!1-%,%--%6!3.)%-1-%)')3/.+!/,!:*'.)*4!1&%./4%.'<!!E.!

'.'87+3+! /,! '88! #U! 3.)%-(3%0! )-'.+2-31)+! -%(%'8%6! +)*6%.)! 9%83%,+! '.6! '))3)*6%+! I/,!
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!
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('-3'98%+<D!

!

FJ P+! )&%! 0'(%! ,*.2)3/.! '! 4')&%4')32'8! )//8! )&')! %.2/6%+! 1-/9'9383)3%+!
C3.,/-4')3/.@0'(%D=!/-!3+!3)!1&7+32'887!-%'8!C4'))%-@0'(%DS!

!

KJ b/%+!)&%!10$$#2&"70=7'5"73#,"7=;/1'%0/!I/-!!"6;1'%0/70=7'5"7&'#'"J!-%1-%+%.)!'!
1&7+32'8!1-/2%++=!/-!+34187!'!2&'.5%!3.!N./08%65%!/,!)&%!/9+%-(%-S!

!

!

(

(



!

"_!

>>>?#?(A,62866,5-(5+(+51<0B(,-3*191*303,5-6!

! $%! 1-%+%.)! &%-%! '! 9-3%,! +*44'-7! /,! +/4%! N%7! ,%')*-%+! /,! +%(%-'8! ,/-4'8!

3.)%-1-%)')3/.+! /,! :*'.)*4!4%2&'.32+=! 3.! )%-4+! /,! )&%! )&-%%! 3.)%-1-%)3(%! )&%4%+!

53(%.! 3.! B%2)3/.! PP<! CA'98%! X<PPD!\'.7! '+1%2)+! /,! )&%+%! ,/-4'8! 3.)%-1-%)')3/.+! &'(%!

9%%.!1-%(3/*+87!63+2*++%6!3.!5-%')%-!6%)'38=!CH&'1)%-!#D!'.6!3)!+&/*86!9%!%41&'+3>%6!

)&')!3)!0/*86!9%!341/++398%!,/-!)&%+%!+&/-)!+*44'-3%+!)/!9%!2/41-%&%.+3(%=!9*)!'-%!

/,,%-%6!'+!0/-N3.5!6%,3.3)3/.+!,/-!)&%!+'N%!/,!28'-3)7!0&%.!'++/23')3.5!)&%+%! 8'9%8+!

03)&!)&%!%?1-%++%6!9%83%,+!/,!3.63(36*'8!+)*6%.)+<!

!

!"#$%&'C('#'%&'%)#$D! T-/4! %3)&%-! '! ("#$%&'! /-! B'#'%&'%1#$! 1%-+1%2)3(%=! )&%! 1&7+32'8!
1-/1%-)3%+! /,! '! +7+)%4! '-%! /9Y%2)3(%87! -%'8! '.6! 3.6%1%.6%.)! /,! %?1%-34%.)'8!

/9+%-(')3/.! I/9+%-(')3/.+! -%(%'8! -%'83)7=! ./)! 2-%')%! 3)J<! ! A&%! +)')%! (%2)/-! %.2/6%+!

1-/9'9383)3%+! ,/-! )&%! /*)2/4%+! /,! 4%'+*-%4%.)+! 1%-,/-4%6! /.! '.! %.+%498%! /,!

+3438'-87!1-%1'-%6!+7+)%4+=!9*)!2'../)!1-/(36%!'!2/418%)%!6%+2-31)3/.!/,!3.63(36*'8!

+7+)%4+<!!A&%!0'(%!,*.2)3/.!3+!./)!1&7+32'887!-%'8;!)&%!2/88'1+%!/,!)&%!0'(%!,*.2)3/.!

-%1-%+%.)+!'!2&'.5%!3.!)&%!/9+%-(%-[+!N./08%65%!/,!)&%!+7+)%4=!'.6!./)!'!1&7+32'8!

2&'.5%!9-/*5&)!'9/*)!97!)&%!'2)!/,!4%'+*-%4%.)<!

!

*+,"-.#/"-D!A&%!1-/9'9383+)32!.')*-%!/,!:*'.)*4!4%'+*-%4%.)+! 3+!'!-%,8%2)3/.!/,!
)&%!3.&%-%.)87!1-/9'9383+)32!9%&'(3/-!/,!:*'.)*4!%.)3)3%+;!3.!5%.%-'8=!)&%!1-/1%-)3%+!

/,! '! +7+)%4! '-%! 3.6%)%-43.')%! *.)38! 4%'+*-%6<! A&%! 0'(%! ,*.2)3/.! 3+! ./)! '! 83)%-'8!

-%1-%+%.)')3/.! /,! '! 1&7+32'8! +7+)%4=! '.6! )&%! 10$$#2&"7 0=7 '5"7 3#,"7 =;/1'%0/!
2/--%+1/.6+! )/!'!2&'.5%! 3.!N./08%65%!/,! )&%!/9+%-(%-=! )&/*5&! 3)!6/%+!-%1-%+%.)!'!

1&7+32'8! )-'.+3)3/.!,-/4!'.!3.6%)%-43.')%!+)')%!)/!/.%!0&%-%!2%-)'3.!1-/1%-)3%+!/,!

)&%!+)')%!9%2/4%!0%88!6%,3.%6<!

!

0#''"123#4"D! B3438'-! )/! )&%! 802"/5#."/7 ?/'"!2!"'#'%0/! 03)&! -%+1%2)! )/!
3.6%)%-43.'27!'.6!)&%!./.@%?3+)%.2%!/,!&366%.!('-3'98%+=!9*)!'8+/!'+2-39%+!1&7+32'8!

-%'83)7!)/!)&%!0'(%!,*.2)3/.<!!A&/*5&!./)!6%+2-39%6!97!)&%!B2&-c63.5%-!%:*')3/.=!)&%!

10$$#2&"7 0=7 '5"7 3#,"7 =;/1'%0/! -%1-%+%.)+! '! 1&7+32'8! 1-/2%++! 3.6*2%6! 97!
4%'+*-%4%.)<!

!

5%$+'23#4"Q! T-/4! )&3+! 1%-+1%2)3(%=! :*'.)'! '-%! +34*8)'.%/*+87! 9/)&! 1'-)328%! '.6!
0'(%Q! 8/2'83>%6! 1'-)328%+! ,/88/0! )-'Y%2)/-3%+! 6%)%-43.%6! 97! '! 1&7+32'887! -%'8!

:*'.)*4! 0'(%<! ! P.! )&%! 6/*98%@+83)! %?1%-34%.)=! '.! %8%2)-/.! 3+! '88! ')! /.2%! 9/)&! '!

1'-)328%! )&')!5/%+! )&-/*5&!/.87!/.%!+83)=! '.6!'!0'(%! )&')!1'++%+! )&-/*5&!9/)&!+83)+!

'.6! 3.)%-,%-%+!03)&! 3)+%8,<! ! P.! )&3+! 2/.)%?)#=! )&%!1/+3)3/.!/,! '!1'-)328%! 3+! /9Y%2)3(%87!

-%'8! '.6! 1-%6%)%-43.%6! 9'+%6! /.! *.N./0'98%! 3.3)3'8! 2/.63)3/.+=! +/! )&')! )&%!

-%6*2)3/.!/,!)&%!+)')%!-%1-%+%.)+!'!2&'.5%!3.!N./08%65%!/,!)&%!/9+%-(%-<!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

1 Nonlocal features come into play when other quantum effects (e.g., entanglement) are to 
be accounted for, in which case the 10$$#2&"70=7'5"73#,"7=;/1'%0/ must be seen as a (non-
local) physical process. 



!
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TABLE 4.II. Summary of our characterizations of four formal interpretations of 
quantum mechanics, in terms of three interpretive themes (described in Section II).  The 
-./0&'%1 perspective is not a formal interpretation in itself, but is included for 
completeness. 

INTERPRETATION HIDDEN 
VARIABLES? 

INFO- OR 
MATTER-

WAVE? 

COLLAPSING WAVE 
FUNCTION? 

("#$%&'9@'#'%&'%1#$7 YES/AGNOSTIC INFO KNOWLEDGE 
802"/5#."/7 NO INFO PHYSICAL 
)#''"!*+#,"7 NO MATTER PHYSICAL 
A%$0'*+#,"7 YES MATTER KNOWLEDGE 
-./0&'%17 AGNOSTIC AGNOSTIC AGNOSTIC 

!
!
6/-+&'%)7!A&/*5&!./)!'!,/-4'8!3.)%-1-%)')3/.!3.!3)+%8,=!0%!63+)3.5*3+&!9%)0%%.!)&3+!
+)'.2%! '.6! )&%! 1/+3)3(3+)32! '+1%2)+! /,! )&%! 802"/5#."/7 ?/'"!2!"'#'%0/! I6%283.3.5! )/!
+1%2*8')%! /.! )&%! *./9+%-('98%J<! A&%! -./0&'%1! 1%-+1%2)3(%! '22/*.)+! ,/-! 4*8)318%!
3.)%-1-%)')3/.+!/,!:*'.)*4!4%2&'.32+!'.6!)&%3-!/.)/8/532'8!341832')3/.+=!9*)!)'N%+!
./!6%,3.3)%!+)'.2%!/.!0&32&!435&)!2/--%+1/.6!)/!)&%!9%+)!6%+2-31)3/.!/,!-%'83)7<!!A&%!
*)383)7!/,!:*'.)*4!4%2&'.32+!3+!5%.%-'887!,'(/-%6!/(%-!:*%+)3/.+!/,!3.)%-1-%)')3/.<!
(

>>>?E?(738.*-36(*F91*66(G*B,*+6(3/03(9010BB*B(3/56*(5+(*F9*13(91595-*-36!

! $%! &'(%! &71/)&%+3>%6! )&')! )&%! 1%-+1%2)3(%+! /,! 4'.7! 4/6%-.! 1&7+32+!
+)*6%.)+!/.!:*'.)*4!1&%./4%.'!'-%!+35.3,32'.)87! 3.,8*%.2%6!97!)&%!2/44/.18'2%!
I'.6! 3.)*3)3(%J! ./)3/.! /,! 1'-)328%+! '+! 8/2'83>%6! 3.! +1'2%<! ! P.! 28'++32'8! 1&7+32+=! '+! 3.!
2/88/:*3'8! *+'5%=! )&%! 0/-6! 1'-)328%! 5%.%-'887! 2/../)%+! +/4%! +4'88! /9Y%2)=! +/! 3)!
+&/*86!./)!9%!+*-1-3+3.5!)&')!+)*6%.)+!0&/!&'(%! 8%'-.%6!'9/*)!1'-)328%+!1-34'-387!
03)&3.! )&%! 2/.)%?)! /,! 28'++32'8! 1&7+32+! +&/*86! 1%-+3+)! 3.! )&3.N3.5! /,! )&%4! '+!
432-/+2/132!'.'8/5+!)/!4'2-/+2/132!/9Y%2)+!0&%.!8%'-.3.5!'9/*)!:*'.)*4!1&7+32+<!!
A&3+! 0/*86! 9%! '.! %?'418%! /,! 1$#&&%1#$7 #''!%4;'"7 %/5"!%'#/1"=! 3.! )&%! +%.+%! )&')!
+)*6%.)+!4'7!%?18323)87!'))-39*)%!)/!:*'.)*4!1'-)328%+!#$$!/,!)&%3-!28'++32'8!'.'8/5+=!
3.28*63.5!'!8/2'83>%6!1/+3)3/.!I+)*6%.)!2/6%+!'-%!'+!53(%.!9%8/0!3.!A'98%!X<PPPJQ!
!

eP! 5*%++! '.! %8%2)-/.! &'+! )/! C'80'7+! 9%! ')D( '! 6%,3.3)%! 1/3.)<! P)! 3+! '! 1'-)328%=!
0%[(%!,/*.6!3)!&'+!4'++!'.6!3)!&'+!)&%+%!3.)-3.+32!:*'83)3%+=!83N%!)&%!2&'-5%!3)!
&'+=! +/! 3)! 0388! &'(%! '! 6%,3.3)%! 1/+3)3/.=! 9*)! 6*%! )/! *.2%-)'3.)7! 3)! 0388! 9%! '!
1/+3)3/.!)&')!3+!*.N./0.<f!CBAGba`A!g^FD!

!
A&3+! +)')%4%.)! -%(%'8+! ./)! /.87! /.%! +)*6%.)[+! 9%83%,! 3.! 8/2'83>%6! 4'++3(%!

1'-)328%+=! 3)! '8+/! +*55%+)+! '! +)'.2%! /.! )&%! *.2%-)'3.)7! '++/23')%6!03)&! '! 1'-)328%[+!
1/+3)3/.Q!3)+!/9Y%2)3(%87!-%'8!('8*%!0388!9%!*.N./0.!*.)38!-%(%'8%6!97!4%'+*-%4%.)<!!



!
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A&3+! +)*6%.)! I'.6! /)&%-+! 03)&! +3438'-! '))3)*6%+J! -%1/-)%6! 3.)%-1-%)3.5! )&%!
1-/9'9383)7!6%.+3)7!,/-!'.!')/432!%8%2)-/.!'+!+)-32)87!'!4')&%4')32'8!)//8!*+%6!/.87!
,/-!6%+2-393.5! )&%!1-/9'98%! 8/2')3/.+! ,/-!0&%-%! )&')!%8%2)-/.!435&)!9%! ,/*.6!/.2%!
4%'+*-%6;!1-/9'9383+)32!6%+2-31)3/.+!/,!+*2&!4%'+*-%4%.)+!0%-%!)&%-%,/-%!+%%.!'+!
'!-%,8%2)3/.!/,!1$#&&%1#$7%./0!#/1"!2/.2%-.3.5!)&%!)-*%!+)')%!/,!)&')!1'-)328%!Y*+)!1-3/-!
)/! 4%'+*-%4%.)<! ! $%! )&*+! +%%! &/0! '.! 3.)*3)3(%! ./)3/.! /,! 1'-)328%+! '+! 8/2'83>%6!
/9Y%2)+! 2'.! 3.,8*%.2%! 0&')! 1&7+32'8! 4%'.3.5! +)*6%.)+! '+2-39%! )/! 9/)&! )&%! 0'(%!
,*.2)3/.!'.6!)&%!1-/9'9383+)32!.')*-%!/,!:*'.)*4!4%2&'.32+<!
! P.!'! +3438'-!(%3.=! './)&%-! +)*6%.)!%?18323)87!/9Y%2)%6! )/! )&%! 36%'! )&')!0'(%@
1'2N%)+! 2/*86! -%1-%+%.)! +3.58%! 1'-)328%+<! ! R%-%=! )&3+! +)*6%.)! 3+! 63+2*++3.5! )&%!
g*'.)*4!$'(%! P.)%-,%-%.2%! CdD! Ig$PJ! +34*8')3/.[+! 6%132)3/.! /,! '! 0'(%@1'2N%)[+!
1-/1'5')3/.!)&-/*5&!9/)&!/,!)0/!+83)+!/.!3)+!0'7!)/!6%)%2)3/.Q!
!

eV.%!%8%2)-/.!2'.[)!5/!)&-/*5&!9/)&!+83)+!')!)&%!+'4%!)34%!9%2'*+%!%8%2)-/.+!
&'(%! 4'++<! $/*86.[)! 3)! (3/8')%! 2/.+%-(')3/.! /,! 4'++! '.6! 2&'-5%! 3,! C)&%!
%8%2)-/.D! 0%-%! +183)! 3.)/! )0/! 83N%! 3)! +&/0+! 3.! )&%! Cg$PD( +34*8')3/.Sf!
CBAGba`A!^#D!

!

B*2&!/9Y%2)3/.+!'-%!-%43.3+2%.)!/,!)&/+%!4'6%!97!h<!W'88%.)3.%!I'!4'Y/-!1-/1/.%.)!
/,! )&%! @'#'%&'%1#$7 ?/'"!2!"'#'%0/! /,! :*'.)*4! 4%2&'.32+! C"=! iDJ! 0&%.! 63+2*++3.5! '!
)&/*5&)!%?1%-34%.)!3.!0&32&!'.!3.236%.)!0'(%!1'2N%)!3+!63(36%6!97!'!+%43@-%,8%2)3.5!
9'--3%-!3.)/!)0/!63+)3.2)!)-'.+43))%6!'.6!-%,8%2)%6!0'(%!1'2N%)+<!!A&%!-%,8%2)%6!'.6!
)-'.+43))%6! 0'(%+! '-%! )&%.! 63-%2)%6! )/0'-6! '! 1'3-! /,! 6%)%2)/-+! 2/..%2)%6! )/! '!
2/3.236%.2%!2/*.)%-<!!W'88%.)3.%!'-5*%+Q!
!

eB*11/+%! )&')! )&%! 0'(%! 1'2N%)! %&! )&%! 1'-)328%<! A&%.! +3.2%! %'2&! 1'2N%)! 3+!
63(36%6!3.!&'8,=!CHD!)&%!)0/!6%)%2)/-+!0388!'80'7+!9%!+34*8)'.%/*+87!)-355%-%6!
97!)&%!)0/!1/-)3/.+!/,!)&%!63(36%6!0'(%!1'2N%)<f!C^%,<!i=!1<!#L#=!%41&'+3+!3.!
/-353.'8D!

!
P.! )&3+! )&/*5&)! %?1%-34%.)! I'.6! 3.! 1-'2)32%! CUDJ=! +3.58%! :*'.)'! )-355%-! %3)&%-! /.%!
6%)%2)/-!/-!)&%!/)&%-!I'.6!./)!9/)&!+34*8)'.%/*+87J;!W'88%.)3.%!)&%-%,/-%!2/.28*6%+!
)&')=! 0&38%! )&%! 0'(%! ,*.2)3/.! 4'7! &'(%! ./.>%-/! '4183)*6%! 3.! )0/! +1')3'887!
+%1'-')%6!-%53/.+=! 3)!2'../)!9%!3.)%-1-%)%6!'+!6%+2-393.5!3.63(36*'8!1'-)328%+=!+3.2%!
3.63(36*'8!1'-)328%+!'-%!.%(%-!,/*.6!3.!)0/!18'2%+!')!/.2%<!!P.!4'N3.5!)&3+!'-5*4%.)=!
W'88%.)3.%!&'+!3418323)87!'++*4%6!)&')!)&%!10$$#2&"70=7'5"73#,"7=;/1'%0/!I/-!!"6;1'%0/7
0=7 '5"7 &'#'"J! -%1-%+%.)+! '! 2&'.5%! 3.! N./08%65%!/,! )&%! /9+%-(%-=! '.6!./)! '.! '2)*'8!
1&7+32'8!1-/2%++!3.6*2%6!97!4%'+*-%4%.)<!

P.!&3+!/0.!9//N!/.!:*'.)*4!4%2&'.32+=!b3-'2!C#LD!2/.+36%-+!)&%!+'4%!)71%!
/,!)&/*5&)!%?1%-34%.)!'+!W'88%.)3.%=!9*)!1-/(36%+!'!-'632'887!63,,%-%.)!%?18'.')3/.Q!

!
eA&%!-%+*8)!/,!C)&%!6%)%2)3/.D!4*+)!9%!%3)&%-!)&%!0&/8%!1&/)/.!/-!./)&3.5!')!
'88<! A&*+! )&%! 1&/)/.!4*+)! 2&'.5%! +*66%.87! ,-/4!9%3.5! 1'-)87! 3.! /.%! 9%'4!
'.6!1'-)87!3.!)&%!/)&%-!)/!9%3.5!%.)3-%87!3.!/.%!/,!)&%!9%'4+<f!C^%,<!#L=!1<!UD!

!

!



!
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E+!2/*.)%-3.)*3)3(%!'+!)&3+!3.)%-1-%)')3/.!4'7!9%=!0%!,3.6!)&')!'!.*49%-!/,!4/6%-.!
1&7+32+! +)*6%.)+! -%1/-)! &'(3.5! '22%1)%6! +*2&! 36%'+=! '.6! &'(%! 3.2/-1/-')%6! )&%4!
3.)/!)&%3-!6%+2-31)3/.+!/,!:*'.)'Q!
!

eCAD&%!%8%2)-/.=!*.)38!3)[+!4%'+*-%6=!*.)38!7/*!)-7!)/!,35*-%!/*)!0&%-%!3)!3+=!)&%!
%8%2)-/.! 3+! 18'73.5! /*)! '88! )&%! 1/++39383)3%+! /,! 0&%-%! 3)! 2/*86! 5/<! V.2%! 7/*!
4%'+*-%! 0&%-%! 3)! 3+=! )&')! 2/88'1+%+! 3)+! 0'(%! ,*.2)3/.! C'.6! 3)D! 8/+%+! 3)+!
1-/1%-)3%+!'+!'!0'(%!'.6!9%2/4%+!1'-)328%!3.!.')*-%<f!CBAGba`A!gKD!

!
B)*6%.)+!03)&3.! )&3+!2')%5/-7!'88!%?18323)87!%?&393)%6! )&3+!N3.6!/,! ,8%?39383)7! 3.! )&%3-!
/.)/8/532'8!6%+2-31)3/.+!/,!)&%!9%&'(3/-!/,!%8%2)-/.+<!!V)&%-!+)*6%.)+=!83N%!W'88%.)3.%=!
,3.6!)&%+%!)71%+!/,!%?18'.')3/.+!*.+')3+,73.5Q!
!

eCED! +3.58%! %8%2)-/.! 3+! 6%)%2)%6! ')! )&%! ,'-! +2-%%.=! '.6! P! ,%%8! 83N%! )&')! -%'887!
2'.[)!9%!%?18'3.%6! ,/-! )&%!0'(%@1'2N%)=!97!/.%!+1%23,32!6%)%2)3/.! 3.!'! +4'88!
18'2%!83N%!)&')=!3,!7/*!+'7!C)&%!0'(%@1'2N%)D!3+!)&%!%8%2)-/.<!!A&')[+!-%'887!)&%!
/.87!63+2-%1'.27! P! &'(%!03)&! )&')Q!$&')!&'11%.+!0&%.! 3)! &3)+! )&%! +2-%%.Sf!
CBAGba`A!g^FD!

!
P.6%%6=! )&%! :*%+)3/.! /,! 0&')! &'11%.+! 0&%.! 3.63(36*'8! :*'.)'! '-%! 6%)%2)%6! 3.! '!
6/*98%@+83)! %?1%-34%.)! &'+! 18'7%6! '! +35.3,32'.)! -/8%! ,/-! +/4%! 1&7+323+)+! 3.!
4/)3(')3.5!)&%3-!1%-+1%2)3(%+!/.!:*'.)*4!1&%./4%.'=!'+!03)&!W'88%.)3.%Q!
!

eCPD)! 3+! 1/++398%! )/! 6%)%2)! )&%! '--3('8! /,! 3.63(36*'8! %8%2)-/.+=! '.6! )/! +%%! )&%!
63,,-'2)3/.! 1'))%-.! %4%-5%! '+! '! +)')3+)32'8! 1'))%-.! 4'6%! *1! /,! 4'.7! +4'88!
+1/)+<! !B,%6"/'$>C7:;#/';<72#!'%1$"&7#!"7 %/6""672#!'%1$"&=!9*)!1'-)328%+!0&/+%!
9%&'(3/-! 3+!(%-7!63,,%-%.)! ,-/4!0&')!28'++32'8!1&7+32+!0/*86!&'(%! 8%6!*+! )/!
%?1%2)<f!C^%,<!i=!1<!X=!%41&'+3+!'66%6D!

!
A&3+! +)')%4%.)! %?%4183,3%+! '! 6%5-%%! /,! /.)/8/532'8! 3.,8%?39383)7! 3.! %?1%-)! )&3.N3.5Q!
W'88%.)3.%!3+!'++*43.5!)&')!)&%!6%)%2)3/.!/,!%8%2)-/.+!'+! 8/2'83>%6!1'-)328%+! 34183%+!
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TABLE 4.III. Summary of individual student interview responses with respect to three 
interpretive themes (as described in Section III), grouped by overall perspective.  The 
label F;#/';< (Q) is used as shorthand for '!)#''"!*+#," perspective. 

STUDENT 
PERSPECTIVE CODE HIDDEN 

VARIABLES? 
INFO OR 

MATTER WAVE? 
COLLAPSING WAVE 

FUNCTION? 
R1 YES INFO KNOWLEDGE 
R2 YES INFO KNOWLEDGE ("#$%&'!
R3 YES INFO KNOWLEDGE 

QR1 NO/YES MATTER/INFO PHYSICAL 
QR2 NO/YES MATTER/INFO KNOWLEDGE 
QR3 NO/YES MATTER/INFO KNOWLEDGE 

@2$%'7
F;#/';<]7
("#$%&'7 QR4 NO/YES MATTER/INFO AGNOSTIC 

P1 YES MATTER KNOWLEDGE 

P2 YES/ 
AGNOSTIC 

MATTER/ 
AGNOSTIC 

KNOWLEDGE/ 
AGNOSTIC A%$0'*+#,"!

P3 YES MATTER KNOWLEDGE 
Q1 NO MATTER KNOWLEDGE 
Q2 NO MATTER PHYSICAL/AGNOSTIC 
Q3 NO MATTER PHYSICAL 
Q4 NO MATTER PHYSICAL 

F;#/';<7
G)#''"!*+#,"H!

Q5 NO MATTER PHYSICAL/AGNOSTIC 
F;#/';<]7
-./0&'%1! QA1 NO/ 

AGNOSTIC 
MATTER/ 

AGNOSTIC 
PHYSICAL/ 
AGNOSTIC 

C1 NO INFO PHYSICAL 
C2 NO INFO/AGNOSTIC PHYSICAL/AGNOSTIC 802"/5#."/7
C3 NO/ 

AGNOSTIC INFO AGNOSTIC 

!

!

!

!

!
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N./0! +/4%)&3.5=! )&%-%[+! ./! 63,,%-%.2%! 9%)0%%.! 3)! ./)! %?3+)3.5! '.6! *+! ./)!
N./03.5!3)<!!B/=!,/-!/*-!1*-1/+%+=!3)[+!4/-%!*+%,*8!)/!+'7=!3,!0%!2'.[)!N./0!3)=!
0&%-%!)&%!%8%2)-/.!3+=!)&%.!3)!6/%+.[)!&'(%!'!6%,3.3)%!1/+3)3/.<!CkD!P!9%83%(%=!+/!
8/.5!'+!0%!6/.[)!4%'+*-%!3)=!)&%.!'.!%8%2)-/.!6/%+.[)!&'(%!'!6%,3.3)%!1/+3)3/.<!
!
>K%&'M>&N&'D!$&')!&'11%.+!0&%.!0%!4%'+*-%!3)S!
!
!QD!$%88=!0%!,3.6!'!1/+3)3/.!)&%.H(!A&%.!3)!6/%+<!
!
>K%D!A&%!1/+3)3/.!0%!,3.6=!3+!)&')!0&%-%!)&%!1'-)328%!0'+!)&%!4/4%.)!9%,/-%!
0%!4%'+*-%6!3)S!
!
!QD!`/<!$%!2'.[)!N./0!)&')<! !B/=!0&%.!0%!4'N%!'!4%'+*-%4%.)=!)&%-%[+!)&%!
1'-)328%<! !$&%.!0%!8//N!'0'7=!)&%!1'-)328%!5/%+!'0'7<! !E.6!P!+/-)!/,!,%8)!)&3+!
0'7!9%,/-%!&'(3.5!8%'-.%6!'9/*)!:*'.)*4!4%2&'.32+<! !E.6!3)! Y*+)!+/8363,3%6!
3.!47!43.6!)&')!)&%-%[+!./!63,,%-%.2%!9%)0%%.!4%!./)!N./03.5!3)=!'.6!3)!./)!
%?3+)3.5<!

!
P.!)&%!28'++@036%!/.83.%!+*-(%7+=!'!4'Y/-3)7!/,!+)*6%.)+!,-/4!'88!/,!)&%!,/*-!2/*-+%+!
63+2*++%6! &%-%! -%1/-)%6! &'(3.5! 1-%(3/*+87! &%'-6! '9/*)! :*'.)*4! 4%2&'.32+! 3.!
1/1*8'-!(%.*%+!I%<5<=!9//N+!97!R'0N3.5!CFLD!/-!n-%%.%!CF#DJ!9%,/-%!%.-/883.5!3.!)&%!
2/*-+%<!
!

!

!

(

(
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>M?(78<<01=(0-.(A,62866,5-!

! V*-! 4/-%! 6%)'38%6! 2&'-'2)%-3>')3/.! /,! )&%! 1%-+1%2)3(%+! /,! 4/6%-.! 1&7+32+!

+)*6%.)+! 341-/(%+! *1/.! /*-! 1-%(3/*+! %,,/-)+! 97! '66-%++3.5! )&%! 2/.)%?)*'8!

+%.+3)3(3)7!/,! )&/+%!1%-+1%2)3(%+=! )&-/*5&!'.!%?18/-')3/.!/,! )&%3-!%?1-%++%6!9%83%,+!

'9/*)! :*'.)*4! 1&7+32+! '2-/++! )&-%%! N%7! 3.)%-1-%)3(%! )&%4%+<! !$%! ,3.6! )&')=! '+! '!

,/-4!/,! +%.+%!4'N3.5=! +)*6%.)+!6%(%8/1!'! ('-3%)7!/,! 36%'+! '.6!/13.3/.+! -%5'-63.5!

)&%!1&7+32'8!3.)%-1-%)')3/.!/,!:*'.)*4!4%2&'.32+=!3.!+13)%!/,!&/0!)&%3-!3.+)-*2)/-+!

%?18323)87!'66-%++%6!4'))%-+!/,!3.)%-1-%)')3/.!3.!28'++<!

E+!03)&!1'+)!+)*63%+=!0%!,3.6!)&')!'!+35.3,32'.)!.*49%-!/,!+)*6%.)+!,-/4!/*-!

3.)%-(3%0+!I#L!/,!#UJ!%?1-%++%6!'!1-%,%-%.2%!,/-!!"#$%&'!3.)%-1-%)')3/.+!/,!:*'.)*4!
1&%./4%.'<! !R/0%(%-=! )&%!.')*-%!/,! )&%+%! +)*6%.)+[!!"#$%&'! 1%-+1%2)3(%+!0%-%!./)!
.%2%++'-387!/,! )&%!2&'-'2)%-!0%!&'6!'.)3231')%6! ,-/4!)&%!-%+*8)+!/,!%'-83%-!+)*63%+<!!

V.87! )&-%%! /,! )&%+%! +)*6%.)+! 2/.+3+)%.)87! 1-%,%--%6! !"#$%&'! 3.)%-1-%)')3/.+! /,!
:*'.)*4! 1&%./4%.'=! 0&38%! +34*8)'.%/*+87! %?1-%++3.5! 2/.,36%.2%! 3.! )&%!

2/--%2).%++!/,!)&%3-!1%-+1%2)3(%+;!0&%-%'+!,/*-!/)&%-+!63,,%-%.)3')%6!9%)0%%.!0&')!

4'6%! 3.)*3)3(%! +%.+%! )/! )&%4=! '.6! 0&')! )&%7! 1%-2%3(%6! )/! 9%! 2/--%2)! -%+1/.+%+<!!

A&%3-! 1'-)32*8'-! N3.6! /,! +03)2&3.5! 9%)0%%.! /.)/8/532'8! ,-'43.5+! 4'7! 9%! 9%+)!

*.6%-+)//6! 3.! )%-4+! /,! )&%3-! 2/41%)3.5! 2"!&0/#$! '.6! 2;4$%1! 1%-+1%2)3(%+! C#_D! /.!
:*'.)*4!1&7+32+! Z!0&%.! -%+1/.63.5!6*-3.5! 3.)%-(3%0+=! )&%+%! +)*6%.)+! ,-%:*%.)87!

('2388')%6!9%)0%%.!0&')!)&%7!1%-+/.'887!9%83%(%6!'.6!)&%!'.+0%-!)&%7!,%8)!'.!%?1%-)!

1&7+323+)! 0/*86! 53(%=! 03)&/*)! '80'7+! '-)32*8')3.5! '! 63,,%-%.2%! 9%)0%%.! )&%! )0/!

03)&/*)! 1-/41)3.5<! ! A&3+! ,3.63.5! &'+! 341832')3/.+! ,/-! ,*)*-%! -%+%'-2&! 3.)/! )&%!

/.)/8/53%+! /,! :*'.)*4! 1&7+32+! +)*6%.)+=! 0&/! 4'7! ./)! '80'7+! -%+1/.6! )/! +*2&!

:*%+)3/.+!'+!)&%7!'2)*'887!9%83%(%=!9*)!-')&%-!1-/(36%!)&%!-%+1/.+%+!)&')!9%+)!43432!

)&%3-!3.+)-*2)/-+<!!B*2&!3++*%+!'-%!/,!1'-)32*8'-!+35.3,32'.2%!03)&!-%5'-6!)/!4'))%-+!/,!

3.)%-1-%)')3/.!3.!:*'.)*4!4%2&'.32+=!0&%-%!)&%!9%83%,+!/,!1-'2)323.5!1&7+323+)+!'-%!

')!+*2&!('-3'.2%!03)&!%'2&!/)&%-=!0&32&!4'7!2/.,*+%!+)*6%.)!1%-2%1)3/.+<!

A&%! ("#$%&'! 9%83%,+! /,! )&-%%! /)&%-! +)*6%.)+! 0%-%! /,! '! 6%236%687! ./.8/2'8!
2&'-'2)%-Q! 8/2'83>%6! :*'.)*4! %.)3)3%+! ,/88/0! )-'Y%2)/-3%+! 6%)%-43.%6! 97! )&%!

3.)%-'2)3/.!/,!./.8/2'8!:*'.)*4!0'(%+!03)&!)&%!%.(3-/.4%.)<!!`/.%!/,!)&%+%!)&-%%!

+)*6%.)+! 28'34%6! )/! 9%! '0'-%! /,! '.7! ,/-4'8! 2%$0'*3#,"! 3.)%-1-%)')3/.=! '.6! )&%3-!
9%83%,+!3.!:*'.)'!'+!+34*8)'.%/*+87!0'(%!'.6!1'-)328%!0%-%!')!/66+!03)&!&/0!0'(%@

1'-)328%! 6*'83)7! 0'+! '66-%++%6! 3.! 28'++! 97! )&%3-! 3.+)-*2)/-+! I3<%<=! :*'.)'! '-%!

+/4%)34%+! 6%+2-39%6! 97! 0'(%+=! '.6! +/4%)34%+! '+! 1'-)328%+=! 9*)! .%(%-! 9/)&!

+34*8)'.%/*+87J<! ! A&%! -%4'3.3.5! .3.%! /,! #U! +)*6%.)+! %?1-%++%6! ,'3-87! 2/.+3+)%.)!

(3%0+!)&')!2/*86!9%!+%%.!'+!3.!'5-%%4%.)!03)&!)&%!I3418323)J!8%'-.3.5!5/'8+!/,!)&%3-!

3.+)-*2)/-+=! 0&%)&%-! g*'.)*4! /-! H/1%.&'5%.<! ! P.! /)&%-! 0/-6+=! )&%+%! +)*6%.)+!

+%%4%6! )/! &'(%! +*22%++,*887! 3.2/-1/-')%6! 1-/9'9383+)32! '.6! ./.8/2'8! (3%0+! /,!

:*'.)'!'.6!:*'.)*4!4%'+*-%4%.)+!3.)/!)&%3-!1%-+/.'8!1%-+1%2)3(%+=!'.6]/-!'5-%%6!

)&')! +23%.)3+)+! +&/*86! -%+)-32)! 63+2*++3/.+! )/! )&')! 0&32&! 2'.! 9%! 4%'+*-%6! '.6!

(%-3,3%6<! !$&38%! )&%+%! ,3.63.5+! '-%! +/4%0&')! ')! /66+!03)&! 1-%(3/*+! -%+%'-2&! 3.)/!

:*'.)*4!/.)/8/53%+=!0&32&!&'(%!2/.28*6%6!)&')!+)*6%.)!1%-+1%2)3(%+!'-%!-'-%87! 3.!

'835.4%.)! 03)&! %?1%-)! /-! 1-/6*2)3(%! )-'.+3)3/.'8! 4/6%8+=! 0%! %41&'+3>%! )&')! )&%!

-%8')3(%87! ,%0! +)*6%.)+!0&/! 1'-)3231')%6! 3.! /*-! 3.)%-(3%0+!0%-%! 5%.%-'887! 9%))%-@

)&'.@'(%-'5%!+)*6%.)+=!'.6!0%-%!./)! -%1-%+%.)')3(%!/,!'.!%.)3-%!28'++<! !G8)34')%87=!
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0%!9%83%(%!)&%!('8*%!/,!)&%+%!,3.63.5+!83%+!3.!)&%!6%4/.+)-')3/.!'.6!6/2*4%.)')3/.!

/,! '! ('-3%)7! /,! +)*6%.)! 9%83%,+! -%5'-63.5! :*'.)*4! 1&%./4%.'=! '.6! ./)! '!

6%)%-43.')3/.!/,!)&%!-%8')3(%!1-%('8%.2%!/,!'.7!+1%23,32!9%83%,+<!

V,! %:*'8! 341/-)'.2%! 3+! )&%! 6%4/.+)-')3/.! /,! +)*6%.)+! %418/73.5! 4*8)318%!

1'-'88%8! /.)/8/53%+=! /-! 67.'432! /.)/8/53%+! )&')! '-%! ,8%?398%! '.6! '6'1)3(%=! %'2&!

'22/-63.5! )/! )&%3-! 344%63')%! 2/5.3)3(%! .%%6+<! ! P.! /.%! +1%23,32! 2'+%=! B)*6%.)! g^#!

3.3)3'887! 6%+2-39%6! '.! %8%2)-/.! '+! '! 1'-)328%! 8/2'83>%6! 3.! +1'2%=! 9*)!0'(%-%6! 3.! &3+!

2/443)4%.)!)/!)&3+!6%+2-31)3/.!0&%.!&%!%.2/*.)%-%6!)&%!./)3/.!)&')!%'2&!%8%2)-/.!

4*+)!&'(%!)-'(%88%6!)&-/*5&!/.87!/.%!+83)!/.!3)+!0'7!)/!)&%!6%)%2)3.5!+2-%%.<!!E,)%-!'!

4/4%.)! /,! 3.)-/+1%2)3/.=! &%! 2/.28*6%6! )&')! '!0'(%! 6%+2-31)3/.!0'+! .%2%++'-7! 3.!

/-6%-!)/!%?18'3.!)&%!/9+%-(%6!3.)%-,%-%.2%!1'))%-.=!,/-!&%!&'6!./!%?18'.')3/.!'+!)/!

0&7! '! 8/2'83>%6! 1'-)328%! 0/*86! 9%! ',,%2)%6! 97! )&%! 1-%+%.2%! /,! '! +83)<! ! R%! )&%.!

%?18323)87! +)')%6! )&')! )&%! e2/--%2)f!0'7!/,! 8//N3.5! ')! )&%! +3)*')3/.! 3+! )/! %:*')%! )&%!

%8%2)-/.! 03)&! )&%! 0'(%! 3)+%8,=! 0&32&! .%2%++3)')%6! '! 2/--%+1/.63.5! 9%83%,! 3.! '!

1&7+32'887! 2/88'1+3.5! 0'(%! ,*.2)3/.<! ! B)*6%.)! g^#! 0'+! '0'-%! /,! )&%! 8/532'8!

3.2/.+3+)%.27! 3.!&3+! )0/!2/41%)3.5!1%-+1%2)3(%+=!9*)!0'+!'98%!)/!'-)32*8')%!'!.%%6!

,/-! 4'3.)'3.3.5! 9/)&=! /.%! 3.! 2/--%+1/.6%.2%! 03)&! &3+! 3.)*3)3/.=! '.6! /.%! 3.!

2/.5-*%.2%!03)&!0&')!&%!1%-2%3(%6!'+!'.!'*)&/-3)')3(%!+)'.2%=!'.6!0&32&!'8+/!8%6!)/!

'.! 3.)%-1-%)')3/.! /,! )&%! 6/*98%@+83)! %?1%-34%.)! )&')! 0'+! 2/.+3+)%.)! 03)&!

/9+%-(')3/.+<! !$%!2'.!%'+387!34'53.%!)&3+!+)*6%.)[+!-%'+/.3.5!6*-3.5!)&%!3.)%-(3%0!

9-3%,87! -%2'13)*8')%6! +/4%! /,! )&%! )&/*5&)! 1-/2%++%+! &%! %.5'5%6! 3.! 0&%.! ,3-+)!

%.2/*.)%-3.5! )&3+! )/132=! '+! &%! 3.3)3'887! +%%4%6! *.'0'-%! /,! '.7! .%%6! )/! )&3.N! /,!

%8%2)-/.+!'+!'.7)&3.5!/)&%-! )&'.! 8/2'83>%6!1'-)328%+=!9*)! 344%63')%87! -%2/.+36%-%6!

&3+!+)'.2%!0&%.!2/.,-/.)%6!03)&!'.!/9+%-(')3/.!)&')!&%!2/*86!/.87!%?18'3.!3.!)%-4+!

/,!0'(%!3.)%-,%-%.2%<!

$%!&'(%!'8+/!+%%.!&/0!1$#&&%1#$7#''!%4;'"7%/5"!%'#/1"!0388!5*36%!)&%!)&3.N3.5!
/,! 9/)&! %?1%-)+! '.6! ./(32%+=! )&-/*5&! )&%! %?18323)! +)')%4%.)+! /,! W'88%.)3.%=! '8/.5!

03)&! )&/+%! ,-/4! B)*6%.)+! ^#! '.6! g^FQ! 8/2'83>%6! 6%)%2)3/.+! 34187! '! 2/.)3.*/*+87!

8/2'83>%6!%?3+)%.2%=!1'-)328%+!'-%!4>76"=%/%'%0/! 8/2'83>%6! 3.! +1'2%;! 8'0+!/,!4'++!'.6!
2&'-5%!2/.+%-(')3/.!1-%28*6%!)&%!1/++39383)7!,/-!1'-)328%+!)/!9%!+1')3'887!6%8/2'83>%6<!!

A&%+%!)71%+!/,!%13+)%4/8/532'8!'.6!/.)/8/532'8!!"&0;!1"&!'-%!./)!.%2%++'-387!0-/.5!
3.! '.6! /,! )&%4+%8(%+=! '.6! 4'7! 9%! /,! 1-/6*2)3(%! *+%! 3.! 28'++32'8! 6%+2-31)3/.+! /,!

4'))%-=!9*)!&'(%!%./-4/*+!341832')3/.+!,/-!0&')!N3.6!/,!1&7+32'8!4%'.3.5!+)*6%.)+!

'))'2&! )/! )&%! /)&%-03+%! 4')&%4')32'887! '85/-3)&432! 1-/2%++! /,! 6%-3(3.5! 0'(%!

,*.2)3/.+!'.6!2'82*8')3.5!%?1%2)')3/.!('8*%+;!'.6! )&%3-!'2)3(')3/.! 3.! )&%!2/.)%?)!/,!

:*'.)*4!1&%./4%.'!4'7!8%'6!+)*6%.)+!)/!3.)%-1-%)')3/.+!)&')!+%%4!1'-'6/?32'8!/-!

'-%!3.2/.+3+)%.)!03)&!/9+%-(')3/.+<!

A&%! 6%4/.+)-')3/.! /,! +)*6%.)! ,8%?39383)7! 3.! '++35.3.5! /.)/8/532'8! '))-39*)%+=!

+03)2&3.5!9'2N!'.6!,/-)&!I'.6!+/4%)34%+!98%.63.5J!)&%4!'+!.%%6%6=!6/%+!4/-%!)&'.!

Y*+)! %?18'3.! )&%! 2/.)%?)*'8! +%.+3)3(3)7! /,! +)*6%.)! -%+1/.+%+;! 3)! 1-/(36%+! +)-/.5!

%(36%.2%! /,! )&%! 67.'432'8! .')*-%! /,! )&%! /.)/8/53%+! %418/7%6! 97! +)*6%.)+! 0&%.!

-%'+/.3.5!'9/*)!:*'.)*4!1&%./4%.'<!!A&%!+)*6%.)+!,'883.5!3.)/!)&%!+)-32)87!("#$%&'!
2')%5/-7!0%-%!)&%!/.%+!+&/03.5!)&%! 8%'+)! ,8%?39383)7! 3.!)&%3-!*+%!/,!/.)/8/53%+!I'.6!

%(%.!)&%+%!+)*6%.)+!0%-%!'0'-%!/,!'8)%-.')3(%!%?18'.')3/.+=!9*)!&'6.[)!7%)!9/*5&)!

3.)/!)&%4J<!!E88!/,!)&%!/)&%-!+)*6%.)+!6%4/.+)-')%6!('-73.5!6%5-%%+!/,!,8%?39383)7!3.!

)&%3-!*+%!/,!1'-'88%8!/.)/8/53%+Q!+/4%!63+)3.5*3+&%6!9%)0%%.!3.)*3)3(%!'.6!./-4')3(%!
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/.)/8/53%+;!+/4%!1%-2%3(%6!+03)2&%+!9%)0%%.!/.)/8/532'8!'))-39*)%+!'+!-%,8%2)3(%!/,!
1&7+32'8!)-'.+3)3/.+;!/)&%-+!98%.6%6!'))-39*)%+!,-/4!28'++32'887!63+)3.2)!2')%5/-3%+=!/-!
'++35.%6!)&%4!+%1'-')%87=!'88!'22/-63.5!)/!)&%3-!2/5.3)3(%!.%%6+!/,!)&%!4/4%.)<!

A&%+%! -%+*8)+! '-%! 4/+)! 2/.+3+)%.)! 03)&! )&%! 67.'432! (3%0! /,! ./(32%! '.6!
%?1%-)!/.)/8/53%+!63+2*++%6!&%-%!'.6!3.!H&'1)%-!#=!'.6!'-%!63,,32*8)!)/!-%2/.238%!03)&!
)&%!+)')32=!1'-'88%8!/.)/8/53%+!1-/4/)%6!97!B8/))'!'.6!H&3<!!T3-+)=!:*'.)*4!4%2&'.32+!
6%+2-39%+!)&%!4"5#,%0!!/,!835&)!'.6!4'))%-!3.!)%-4+!/,!28'++32'887!63+)3.2)!/.)/8/532'8!
2&'-'2)%-3+)32+=! '.6! +/! '! -3536! I-/9*+)J! '++35.4%.)! /,! /.)/8/532'8! '))-39*)%+! 3+! ./)!
1/++398%! ,/-! '! 2/418%)%! 6%+2-31)3/.! /,! %8%2)-/.+! '.6! 1&/)/.+<! ! `/-! 6/! +23%.)3+)+!
'5-%%! /.! '! ./-4')3(%! (3%0! /,! )&%! /.)/8/532'8! .')*-%! /,! :*'.)'=! '.6! 3.+)-*2)/-+!
*.6%-+)'.6'987! ('-7! 3.! )&%3-! 2&/32%+! /,! &/0! )/! 9-/'2&! )&3+! )/132! 3.! )&%3-!
3.)-/6*2)/-7! 2/*-+%+=! +/4%)34%+! ,%'-,*8! /,! /1%.3.5! '! A#/60!#K&7 L0M! /,! +)*6%.)!
:*%+)3/.+!03)&!./!%'+7!'.+0%-+<!

B%2/.6=! 0%! /9+%-(%! )&')! +)*6%.)+! ,-%:*%.)87! 4/63,7! )&%3-! 1'))%-.+! /,!
/.)/8/532'8! '))-39*)3/.! '++35.4%.)! 13%2%03+%=! 9/)&! 03)&3.! '.6! '2-/++! 4*8)318%!
2/.)%?)+<! ! A&3+! )71%! /,! 5-'6*'8! )-'.+3)3/.! 3.! +)*6%.)! )&3.N3.5! 2'../)! 9%! 18'*+3987!
%?18'3.%6!3.!)%-4+!/,!-3536=!1'-'88%8!/.)/8/53%+!)&')!'-%!6%(%8/1%6!/(%-!)&%!2/*-+%!/,!
3.+)-*2)3/.=! '.6! 0&32&! )&%.! -%18'2%! )&%! /-353.'8=! 3.)*3)3(%! /.)/8/53%+=! *.8%++! /.%!
0%-%!)/!9%83%(%!)&')!+)*6%.)+!6%(%8/1!'!0&/8%!4*8)3)*6%!/,!1'-'88%8!/.)/8/53%+=!%'2&!
+1%23,32! )/! )&%! ('-3%)7! /,! +3)*')3/.+! )&%7[(%! %.2/*.)%-%6<! ! P.! )&%! %.6=! B8/))'! &'+!
2/.2%6%6!)&')!)&%!63+'5-%%4%.)!9%)0%%.!)&%+%!)0/!/11/+3.5!(3%0+!4'7!*8)34')%87!
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,'(/-! /,! )&%3-! (3%0+! /.! 8%'-.3.5! '.6! 2/5.3)3/.! 3.! )&%! 2/.)%?)! /,! 28'++32'8! 1&7+32+;!
)&%3-!63+1'-3)3%+!9%2/4%!'88!)&%!4/-%!'11'-%.)=!&/0%(%-=!3.!)&%!2/.)%?)!/,!:*'.)*4!
4%2&'.32+<!
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(
“The tao that can be told is not the eternal Tao.  The name that can be named is not the 
eternal Name.” – Lao-tzu, Tao Te Ching 
(
(
5?(5/368>2,3.8/(

$%! &'()! *+! ,--.%((! +/%! 0'/,1! 23%(*'+/4! 5,/! *)%! '/*%.6.%*'7%! ,(6%8*(! +0!
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?*!93(*!:%!!"#$%&'()*+,-.!/0*1! 0.+9!*)%!+3*(%*!*),*!'*! '(!+3.!,'9!*+! /+,#$2*!
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*.,/(0+.9,*'+/(! &%.%! %M61'8'*! '/! ,--.%(('/;! (8'%/*'0'8! 9%*)+-! ,/-! 1+;'8,1!

-%-38*'+/C!%M6%.'9%/*,1!%7'-%/8%!,/-!.%,1A&+.1-!,661'8,*'+/(C!,/-!*)%!3(%(!,/-!

1'9'*,*'+/(!+0!9+-%1(D!NRP!
!

HD ?/*%.,8*'7%! %/;,;%9%/*! -3.'/;! 1%8*3.%! 8,/! 1%,-! *+! )';)%.! 1%,./'/;! ;,'/(! *),/!
*.,-'*'+/,1! 1%8*3.%(=! N[P! ,/-! 8,/! :%! 3(%031! '/! %1'8'*'/;! F/+&/! (*3-%/*!

9'(8+/8%6*'+/(D!N\P!5+/8%6*!*%(*(!@81'8F%.!23%(*'+/(B!6.+7'-%!.%,1A*'9%!0%%-:,8F!

0.+9!(*3-%/*(=! ,11+&'/;! '/(*.38*+.(! *+!;,3;%! (*3-%/*!3/-%.(*,/-'/;=! ,(!&%11! ,(!

*,.;%*! 8+99+/! 9'(8+/8%6*'+/(D! ! X%%.! -'(83(('+/! -3.'/;! 8+/8%6*! *%(*(! ;'7%(!

(*3-%/*(! ,/! +66+.*3/'*<! *+! ,.*'831,*%! *)%'.! F/+&1%-;%! ,/-! %/;,;%! '/! (8'%/*'0'8!

,.;39%/*,*'+/! '/! ,! 1+&A(*,F%(! %/7'.+/9%/*D! !$%%F1<! 8+11,:+.,*'7%! )+9%&+.F!

(%(('+/(!+00%.!('9'1,.!:%/%0'*(!0+.!:+*)!(*3-%/*(!,/-!'/(*.38*+.(D!
!

#D ?/!+.-%.!0+.!(*3-%/*(!*+!:%(*!;,'/!8+/8%6*3,1!3/-%.(*,/-'/;!,/-!.%,(+/'/;!(F'11(=!
,11! ,(6%8*(! +0! *)%! 8+3.(%! @'/813-'/;! 1%8*3.%=! )+9%&+.F=! ,/-! %M,9(B! ()+31-!

%96),('S%!8+/8%6*3,1!3/-%.(*,/-'/;!,1+/;('-%!/39%.'8,1!6.+:1%9!(+17'/;D!NJP!
!

RD ?/*%.,8*'7%! ('931,*'+/(! 3(%-! '/! ,/-! +3*('-%! +0! *)%! 81,((.++9! 8,/! :%! 3(%031! '/!
)%16'/;! (*3-%/*(! *+! :3'1-! 9+-%1(! ,/-! '/*3'*'+/! ,:+3*! 23,/*39! 6)<('8(=! :<!

6.+7'-'/;! 7'(3,1! .%6.%(%/*,*'+/(! +0! ,:(*.,8*! 8+/8%6*(! ,/-! 3/+:(%.7,:1%!

6.+8%((%(D!N]P!
!

$%!),7%!,.;3%-!N5),6*%.!#P!*),*!'/*%.6.%*'7%!*)%9%(!'/!23,/*39!9%8),/'8(!

,.%!,/!+0*%/!-/11*%!,(6%8*!+0!9+-%./!6)<('8(!'/(*.38*'+/=!,88+.-'/;!*+!*).%%!8.'*%.',4!
OB! E)%(%! '((3%(! ,.%! 0.%23%/*1<! (36%.0'8',11<! ,--.%((%-=! ,/-! '/! ,! &,<! *),*! '(! /+*!

9%,/'/;031! 0+.! (*3-%/*(! :%<+/-! *)%! (6%8'0'8! 8+/*%M*(! '/! &)'8)! *)%<! ,.'(%C! UB!

T*3-%/*(!+0*%/!-%7%1+6! *)%'.! +&/! '-%,(! .%;,.-'/;! *)%(%! '/*%.6.%*'7%! *)%9%(=! %7%/!

&)%/!'/(*.38*+.(!-+!/+*!,-%23,*%1<!,**%/-!*+!*)%9C!,/-!5B!E)+(%!:%1'%0(!*%/-!*+!:%!

9+.%! /+7'8%A1'F%! @'/*3'*'7%1<! .%,1'(*B! '/! 8+/*%M*(!&)%.%! '/(*.38*'+/! '(! 1%((! %M61'8'*D!!

$%!*)%.%0+.%!8)+(%!*+!-'.%8*1<!8+/0.+/*!*)%!F'/-(!+0!.%,1'(*!:%1'%0(!,/-!,**'*3-%(!*),*!

,.%! 8+99+/! *+! '/*.+-38*+.<! 9+-%./! 6)<('8(! (*3-%/*(=! ,(! '/0+.9%-! :<! +3.! +&/!

.%(%,.8)! '/*+! 23,/*39! 6%.(6%8*'7%(D! ! ^3.! ,'9! &,(! /+*! +/1<! *+! 9,F%! (*3-%/*(!

8+/(8'+3(1<!,&,.%!+0!*)%'.!+&/!@+0*%/!'/*3'*'7%!,/-!*,8'*B!:%1'%0(=!:3*!,1(+!0+.!*)%9!



!
"[!

*+! ,823'.%! *)%! /%8%((,.<! 1,/;3,;%! ,/-! 8+/8%6*3,1! '/7%/*+.<! *+! '-%/*'0<! ,/-!
,.*'831,*%!*)+(%!:%1'%0(!@&%!,.%!.%9'/-%-!*),*=!%7%/!,*!6+(*A'/(*.38*'+/=!9+(*!+0!*)%!
(*3-%/*(! '/! +3.! '/*%.7'%&(! &%.%! /+*! 0,9'1',.! &'*)! *)%! &+.-! 1*"*#+/%/!+! '/! *)%!
8+/*%M*!+0!6)<('8(=!*)+3;)!*)%<!),-!8%.*,'/1<!-%7%1+6%-!+6'/'+/(!,:+3*!'*BD!

$%!,1(+!8)+(%!*+!9,F%!*)%!'/*%.6.%*,*'+/!+0!23,/*39!6)<('8(!,!8+3.(%!*+6'8!
3/*+! '*(%10=! 6.'9,.'1<! 0.,9'/;! +3.! -'(83(('+/(! '/! *%.9(! +0! *)%! )'(*+.'8,1! :,8FA,/-A
0+.*)!:%*&%%/!O1:%.*!Y'/(*%'/!,/-!_'%1(!U+).D!!O/-!*)+3;)!&%!-%8'-%-!*+!:%!%M61'8'*!
'/!6.+9+*'/;!,!9,**%.A&,7%!'/*%.6.%*,*'+/!+0!23,/*39!9%8),/'8(=!+3.!31*'9,*%!;+,1!
&,(!0+.!(*3-%/*(!*+!:%!,:1%!*+!-'(*'/;3'()!:%*&%%/!8+96%*'/;!6%.(6%8*'7%(=!*+!),7%!
*)%!.%23'('*%!*++1(!0+.!%7,13,*'/;!*)%'.!,-7,/*,;%(!,/-!1'9'*,*'+/(=!,/-!*+!:%!,:1%!*+!
,661<!*)'(!F/+&1%-;%!'/!/+7%1!('*3,*'+/(D!!?/!()+.*=!'/(*%,-!+0!*.<'/;!*+!*%11!(*3-%/*(!
&),*!*)%<!()+31-!,/-!()+31-/Z*!:%1'%7%!,:+3*!23,/*39!6)<('8(=!&%!8)+(%!*+!%/;,;%!
*)%9!'/!,/!%M61'8'*=!%M*%/-%-!,.;39%/*!@&'*)!3(!,/-!,9+/;(*! *)%9(%17%(B!,;,'/(*!
3$4.') 5*.'/!+D! ! E)'(! ,.;39%/*! &,(! *6"*%1*1! '/! *&+! (%/(%(4! JB! $%! &%.%! ,:1%! *+!
,3;9%/*! ,! /39:%.! +0! (*,/-,.-! *+6'8(! @%D;D=! *)%! 3/8%.*,'/*<! 6.'/8'61%=! ,*+9'8!
9+-%1(B! &'*)! -'(83(('+/(! +0! '/*%.6.%*'7%! *)%9%(C! ,/-! HB! $%! '/*.+-38%-! (%7%.,1!
%/*'.%1<! /%&! *+6'8(! @%D;D=! -%1,<%-A8)+'8%! %M6%.'9%/*(B! *),*! 8.%,*%-! ,--'*'+/,1!
+66+.*3/'*'%(! 0+.! (*3-%/*(! *+! %M61+.%! *)%! (+9%*'9%(! 013'-! :+3/-,.'%(! :%*&%%/!
(8'%/*'0'8!'/*%.6.%*,*'+/!,/-!*)%+.<D!

E)%! %/*'.%*<! +0! +3.! .%(%,.8)! ),(! '/-'8,*%-! *),*! &,7%A6,.*'81%! -3,1'*<! '(! ,!
6,.*'831,.1<! 8),11%/;'/;! *+6'8! 0+.! (*3-%/*(=! ,/-! &)+11<! .%1%7,/*! *+! *)%'.! :%1'%0(!
.%;,.-'/;! *)%! 6)<('8,1! 9%,/'/;! +0! 23,/*39!9%8),/'8(D! ! $)%*)%.! %96),('S%-! +.!
/+*=!*2*#(!9+-%./!6)<('8(! '/(*.38*+.!8+/('-%.%-! '/! *)%(%!(*3-'%(!9,-%!9%/*'+/!+0!
*)%!0,8*!*),*!-+3:1%A(1'*!%M6%.'9%/*(!8+31-!:%!6%.0+.9%-!&'*)!('/;1%!23,/*,=!&)'8)!
,.%!-%*%8*%-!,(!1+8,1'S%-!6,.*'81%(=!:3*!&)'8)!*+;%*)%.!0+.9!,/!'/*%.0%.%/8%!6,**%./!
+7%.! *'9%D! !E)'(!6)%/+9%/+/!&,(!+0*%/! @*)+3;)!/+*!3/'7%.(,11<B!-%9+/(*.,*%-! '/!
81,((!3('/;!*)%!`3,/*39!$,7%!?/*%.0%.%/8%!X)YE!('931,*'+/=!NaP!,(!(%%/!'/!*)%!6+(*A
'/(*.38*'+/!,**'*3-%!(3.7%<(D! !Q3%!*+!*)%!-'(*,/8%!(8,1%(!'/7+17%-=!,!*.3%!-+3:1%A(1'*!
%M6%.'9%/*! &,(! 3/*'1! .%8%/*1<! +/1<! ,! *)+3;)*! %M6%.'9%/*=! 8.,0*%-! ,(! ,!
-%9+/(*.,*'+/!+0!6.'/8'61%C!,8*3,1!%M6%.'9%/*(!),-!-%9+/(*.,*%-!*)%!-'00.,8*'+/!+0!
%1%8*.+/(! *).+3;)! 6%.'+-'8! 1,**'8%(! @%((%/*',11<=! ,! 9,/<A(1'*! %M6%.'9%/*BD! N"P! $%!
(+3;)*!'/!*)'(!8+3.(%!*+!%96),('S%!8+//%8*'+/(!:%*&%%/!*)%+.<=!'/*%.6.%*,*'+/=!,/-!
%M6%.'9%/*,1!%7'-%/8%=!,/-!(+!,3;9%/*%-!*)%(%!-'(83(('+/(!&'*)!6.%(%/*,*'+/(!+/!
%M6%.'9%/*,1!.%,1'S,*'+/(!+0!*)%(%!7*1.%8*%!%M6%.'9%/*(D! !?/!HIIa=!G.,::+/'=!%*!,1D!
%961+<%-!/,/+0,:.'8,*'+/! *%8)/'23%(! '/! *)%!8.%,*'+/!+0!,!-+3:1%A(1'*!+6%/'/;!+/!,!
(8,1%! +0! *%/(! +0! /,/+9%*%.(=! &)'8)! *)%<! *)%/! 3(%-! *+! -%9+/(*.,*%! %1%8*.+/!
-'00.,8*'+/=!,(!&%11!,(!*)%!,:(%/8%!+0!'/*%.0%.%/8%!,0*%.!8+7%.'/;!L3(*!+/%!+0!*)%!*&+!
(1'*(!@*)%<!,1(+!6.%(%/*!'/!*)%'.!6,6%.!TEV!'9,;%(!+0!*)%!-+3:1%A(1'*(=!0+.9%-!:<!,/!
'+/! :%,9! '/! ,! ;+1-! 0+'1=! &'*)! :+*)! (1'*(! +6%/! ,/-! &'*)! +/%! (1'*! 8+7%.%-BD! NJIP!
E+/+93.,=!%*!,1D!),7%!6.+-38%-!,!9+7'%!*),*!1'*%.,11<!-%9+/(*.,*%(!('/;1%A%1%8*.+/!
-%*%8*'+/!,/-!*)%!;.,-3,1!:3'1-36!+0!,!0.'/;%!6,**%./D!NJJ=!JHP!T*3-%/*(!0.+9!6.'+.!
8+3.(%(!&%.%!+0*%/!(F%6*'8,1!,(!*+!&)%*)%.!(38)!,/!%M6%.'9%/*!@&)%.%!+/1<!,!('/;1%!
%1%8*.+/!6,((%(!*).+3;)!*)%!,66,.,*3(!,*!,!*'9%B!8+31-!:%!-+/%!'/!6.,8*'8%!b!'/!*)'(!
&,<=!*)%<!8,/!+:(%.7%!*)%!6)%/+9%/+/!&'*)!*)%'.!+&/!%<%(D)

?/!,--.%(('/;!*)%!*%/-%/8<!0+.!(*3-%/*(!*+!'/*%.6.%*!&,7%A6,.*'81%!-3,1'*<!,(!
'961<'/;!*),*!23,/*,!9,<!,8*!('931*,/%+3(1<!,(!:+*)!6,.*'81%!,/-!&,7%=!&%!-%7+*%-!
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,--'*'+/,1!81,((! *'9%!*+!,!6.%(%/*,*'+/!+0! *)%!('/;1%A6)+*+/!%M6%.'9%/*(!-'(83((%-!
'/!*)%!0'.(*!8),6*%.=!&)'8)!,.%!%((%/*',11<!'(+9+.6)'8!*+!*)%!-+3:1%A(1'*!,..,/;%9%/*!
@*)%! -+3:1%A(1'*! ,/-! *)%! :%,9! (61'**%.(! 61,<! ,/,1+;+3(! .+1%(BD! ! ^/%! +0! *)%! ;3'-'/;!
6.'/8'61%(! '/! *)%! -%(';/! +0! *)'(! 83..'83139!&,(! *+! ,7+'-! ,(!938)! ,(! 6+((':1%! *)%!
%M6%8*,*'+/!0+.!(*3-%/*(!*+!,88%6*!+3.!,((%.*'+/(!,(!,!9,**%.!+0! 0,'*)D! !c,*)%.!*),/!
-%(8.':'/;!&),*! *)%! %M6%.'9%/*,1'(*(! ),-!9%,/*! *+! -%9+/(*.,*%=! ,/-! *)%/! ('961<!
,((%.*'/;! *),*! *)%<! ),-! :%%/! (388%((031=! &%! 6.%(%/*%-! (*3-%/*(! &'*)! *)%! ,8*3,1!
.%6+.*%-!-,*,=!&)'8)!.%23'.%-!*)%!3(%!+0!(*,*'(*'8,1!,.;39%/*(=!,/-!*)%.%:<!,00+.-%-!
03.*)%.! +66+.*3/'*<! *+! )';)1';)*! *)%! .+1%! +0! 6.+:,:'1'*<! '/! 23,/*39! 9%8),/'8(D!!
E)%(%! ('/;1%A6)+*+/!%M6%.'9%/*(!-%9+/(*.,*%! 0+.! (*3-%/*(! *)%!-3,1'(*'8!/,*3.%!+0!
6)+*+/(=!,/-!6.+7'-%!(*.+/;!%7'-%/8%!,;,'/(*!.%,1'(*!'/*%.6.%*,*'+/(=!:3*!+/1<!'0!*)%!
-%*,'1(! ,/-! .%(31*(! +0! *)%! %M6%.'9%/*(! ,.%! ,88%((':1%! *+! *)%9=! ,/-! (+!&%! +9'**%-!
0.+9!+3.!6.%(%/*,*'+/!%M*.,/%+3(!*%8)/'8,1!-%*,'1(=!&)'1%!(*'11! 0+83('/;!+/!*)%!7%.<!
6.+8%((! +0! -%(';/'/;! *)%! %M6%.'9%/*! ,/-! 8.%,*'/;! ,/! ,-%23,*%! 6)+*+/! (+3.8%D!!
Q%7+*'/;!,/!%/*'.%!81,((!6%.'+-! *+! *)%(%!%M6%.'9%/*(!,00+.-%-!3(! *)%! *'9%! *+!&,1F!
(*3-%/*(! *).+3;)! %,8)! +0! *)%! *).%%! %M6%.'9%/*(=! ,/-! 0+.! *)%9! *+! -%:,*%! *)%!
'961'8,*'+/(!+0!%,8)=!&)'1%!8.%,*'/;!03.*)%.!+66+.*3/'*'%(!*+!-'(*'/;3'()!:%*&%%/!,!
8+11%8*'+/!+0!-,*,!6+'/*(=!,/-!,/!'/*%.6.%*,*'+/!+0!*)%'.!9%,/'/;D!

d3(*! ,(! '96+.*,/*1<=! *)%(%! %M6%.'9%/*(! 8,11! 0+.! ,/! %M61'8'*! -'(83(('+/! +0! *)%!
/%%-! 0+.! +/*+1+;'8,1! 01%M':'1'*<! @&'*)+3*! /,9'/;! '*! ,(! (38)B! '/! *)%! -%(8.'6*'+/! +0!
23,/*,=! 0.+9! &)'8)! &%! 9,<! %,('1<! (%;3%! '/*+! ,! 8+96,.'(+/! +0! 8+96%*'/;!
'/*%.6.%*,*'+/(D!!U+).!),(!+00%.%-!36!9$+,'*+*%".#/"(!,(!,!;3'-%!*+!9,F'/;!(%/(%!+0!
*)'(! -3,1'(*'8! :%),7'+.! @/+*%! *),*! &%! .%0.,'/! )%.%! 0.+9! -';.%(('/;! '/*+! ,! 0311!
%M61'8,*'+/! +0! *)%! 5+6%/),;%/! ?/*%.6.%*,*'+/! 0+.! +3.! (*3-%/*(B=! :3*! *)'(!
'/*%.6.%*,*'+/! 8,/! 8+9%! ,8.+((! ,(! 9+.%! ,! 6)'1+(+6)'8,1! ('-%(*%66'/;! +0! *)%!
+*.!:#*+*%") ,#$;'*+=! *),/! '*(! (8'%/*'0'8! .%(+13*'+/D! ! Q'.,8Z(! 9,**%.A&,7%!
'/*%.6.%*,*'+/!,11+&(!0+.!,!8+/('(*%/*!-%(8.'6*'+/!+0!*)%!:%),7'+.!+0!6)+*+/(!,*!*)%!
:%,9!(61'**%.(=!:3*!*)%!6)<('8,1!8+11,6(%!+0!*)%!&,7%!03/8*'+/!'(!/+*!-%(8.':%-!:<!,/<!
%23,*'+/=! ,/-! ,88%6*'/;! '*! ,(!6)<('8,11<! .%,1! .%23'.%(! ,! 0,'.1<! 1,.;%! 1%,6!+0! 0,'*)! '/!
'*(%10D! !V+.%+7%.=! *)%(%!-'(83(('+/(!,11+&! 0+.! *)%!%M61'8'*!-%7%1+69%/*!+0!23,/*39!
%6'(*%9+1+;'8,1! *++1(! N*&+! 6,*)(! e! '/*%.0%.%/8%C! +/%! 6,*)! e! /+! '/*%.0%.%/8%P! *),*!
9,<!0,8'1'*,*%!(*3-%/*!3/-%.(*,/-'/;=!,/-!&)'8)!9,<!:%!,661'%-!*+!/+7%1!('*3,*'+/(D!

U%0+.%! 6.%(%/*'/;! ,/-! %7,13,*'/;! ,/<! /%&1<! -%7%1+6%-! 8+3.(%! 9,*%.',1(=!
(+9%!;%/%.,1!8+99%/*(!+/!*)%!(*.38*3.%!+0!*)%!8+3.(%!'/!&)'8)!*)%<!&%.%!3(%-!,.%!
'/!+.-%.D!!O(!&'*)!+*)%.!9+-%./!6)<('8(!8+3.(%(!-%(8.':%-!)%.%=!+3.!8+3.(%!(6,//%-!
,! J[A&%%F! ,8,-%9'8! (%9%(*%.=! ,/-! 8+/('(*%-! +0! 1,.;%! 1%8*3.%(! @_!f!JIIB!9%%*'/;!
*).%%! *'9%(! 6%.! &%%F=! *+;%*)%.! &'*)! &%%F1<! +/1'/%! ,/-! &.'**%/! )+9%&+.F!
,((';/9%/*(=!,/-!*&'8%A&%%F1<!6.+:1%9A(+17'/;!(%(('+/(!(*,00%-!:<!*)%!'/(*.38*+.(D!!
5+3.(%! *.,/(0+.9,*'+/(! 0+.! *)'(! (%9%(*%.! +883..%-! 6.'9,.'1<! -3.'/;! $%%F(! \Aa=!
(6,//'/;!,! *+*,1!+0!/'/%! 1%8*3.%(D! NJ#P! ?/(*.38*'+/!&,(!8+11,:+.,*'7%=!&'*)!*&+! 1%,-!
8+A'/(*.38*+.(!@+/%!+0!*)%9!*)%!,3*)+.=!*)%!+*)%.!,!XYc!0,831*<!9%9:%.!,((+8',*%-!
&'*)! +3.! 6.'+.! '/7%(*';,*'+/(! '/*+! 23,/*39! 6%.(6%8*'7%(B=! ,1+/;! &'*)! *&+!
3/-%.;.,-3,*%! 1%,./'/;! ,(('(*,/*(=! NJRP! &)+! )%16%-! 0,8'1'*,*%! (*3-%/*! -'(83(('+/!
-3.'/;!1%8*3.%D!!O(!&'*)!*)%!+.';'/,1!8+3.(%!*.,/(0+.9,*'+/(=!&%!+9'**%-!*+6'8(!0.+9!
(6%8',1!.%1,*'7'*<!'/!+.-%.!*+!&'/!*'9%!0+.!*)%!'/*.+-38*'+/!+0!/%&!9,*%.',1=!&'*)+3*!
%,*'/;!'/*+!*)%!3(3,1!*'9%!,*!*)%!%/-!+0!*)%!8+3.(%!-%7+*%-!*+!,661'8,*'+/(D!
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$%!(%1%8*%-!W/';)*Z(!<-(!/4!) =$#) >4/*%"/!"!).%1)?%&/%**#!! NJ[P! ,(! ,! *%M*:++F!
@9+(*1<!0+.!'*(!.%,-,:'1'*<B=!:3*!*)%!1%8*3.%(!-'-!/+*!0+11+&!*)%!*%M*:++F!7%.<!81+(%1<!
@'0!,*!,11B=!,/-! '*!&,(!/%8%((,.<!*+!6.+7'-%!(*3-%/*(!&'*)!+3*('-%!.%,-'/;!9,*%.',1(!
0+.!9,/<!+0!*)%!/%&!*+6'8(!@%D;D=!('/;1%A6)+*+/!%M6%.'9%/*(!NJ\P!,/-!g+8,1!c%,1'(9!
NJ]PBC! *)%(%! >4/*%"/=/4) @+*#/4.%! ,.*'81%(! &%.%! 8)+(%/! 0+.! *)%'.! /+/A*%8)/'8,1=! :3*!
(8'%/*'0'8,11<!8+..%8*=!*.%,*9%/*!+0! '/*%.6.%*'7%!'-%,(!,/-!0+3/-,*'+/,1!%M6%.'9%/*(!
'/!23,/*39!9%8),/'8(D!!O/!+/1'/%!-'(83(('+/!:+,.-!&,(!8.%,*%-!*+!6.+7'-%!(*3-%/*(!
&'*)! ,! 0+.39! *+! ,/+/<9+3(1<! ,(F! 23%(*'+/(! ,:+3*! *)%! .%,-'/;(=! ,/-! *+! 6.+7'-%!
,/(&%.(!*+!%,8)!+*)%.C!0+11+&'/;!*)%(%!-'(83(('+/(!;.,/*%-!3(!,961%!+66+.*3/'*<!*+!
,((%((! )+&! (*3-%/*(! &%.%! .%(6+/-'/;! *+! 9,/<! +0! *)%! /%&! '-%,(! &%! &%.%!
'/*.+-38'/;DJ! ! O! *+*,1! +0! J#! &%%F1<! )+9%&+.F! ,((';/9%/*(! 8+/('(*%-! +0! +/1'/%!
(3:9'(('+/(! ,/-! &.'**%/=! 1+/;A,/(&%.! 6.+:1%9(C! *)%.%! &,(! ,! :.+,-! 9'M*3.%! +0!
8+/8%6*3,1! ,/-! 8,1831,*'+/! 6.+:1%9(=! :+*)! .%23'.'/;! ()+.*A%((,<=! 931*'61%A8)+'8%=!
,/-!/39%.'8,1!,/(&%.(D!!E)%.%!&%.%!,!*+*,1!+0!*).%%!9'-*%.9!%M,9(!@)%1-!+3*('-%!+0!
81,((B!,/-!*)%!8+3.(%!%/-%-!&'*)!,!83931,*'7%!0'/,1!%M,9D!!?/!1'%3!+0!,!1+/;!,/(&%.!
(%8*'+/!+/!*)%!0'/,1!%M,9=!(*3-%/*(!&%.%!,(F%-!*+!&.'*%!,!HA#!6,;%!@9'/'939B!0'/,1!
%((,<!+/!,!*+6'8!0.+9!23,/*39!9%8),/'8(!+0!*)%'.!8)++('/;=!+.!*+!&.'*%!,!6%.(+/,1!
.%01%8*'+/!+/!*)%'.!%M6%.'%/8%!+0!1%,./'/;!,:+3*!23,/*39!9%8),/'8(!'/!+3.!81,((!@,/!
+6*'+/! 8)+(%/! :<! fRIh! +0! (*3-%/*(BD! ! O(! +66+(%-! *+! ,! 0+.9,1! *%.9! 6,6%.=! *)'(!
,((';/9%/*! &,(! 9%,/*! *+! ;'7%! (*3-%/*(! *)%! +66+.*3/'*<! *+! %M61+.%! ,/! ,(6%8*! +0!
23,/*39!9%8),/'8(!*),*!&,(!+0!6%.(+/,1! '/*%.%(*!*+!*)%9D! !E)%!,19+(*!3/'7%.(,11<!
6+('*'7%!/,*3.%!+0!*)%!0%%-:,8F!6.+7'-%-!:<!(*3-%/*(!'/!*)%'.!6%.(+/,1!.%01%8*'+/(!'(!
%7'-%/8%!0+.!*)%!6+631,.'*<!,/-!%00%8*'7%/%((!+0!+3.!*.,/(0+.9%-!83..'83139=!,/-!'*(!
6.,8*'8,1!'961%9%/*,*'+/D!

E)%!6.+;.%(('+/!+0!*+6'8(!9,<!:%!:.+F%/!'/*+!*).%%!9,'/!6,.*(4!81,(('8,1!,/-!
(%9'A81,(('8,1! 6)<('8(C! *)%! -%7%1+69%/*! +0! 23,/*39! *)%+.<C! ,/-! '*(! ,661'8,*'+/! *+!
6)<('8,1!(<(*%9(BD! !O!8+961%*%!%M61'8,*'+/!,/-!,/,1<('(!+0! *)%!%/*'.%*<!+0! *)'(!/%&!
83..'83139! ,/-! ,((+8',*%-! 8+3.(%! 9,*%.',1(! &+31-! :%! :%<+/-! *)%! (8+6%! +0! *)'(!
-'((%.*,*'+/=! ,/-! (+! &%! 8+/813-%! *)'(! (%8*'+/! &'*)! ,! (399,.<! +7%.7'%&! +0! *)%!
6.+;.%(('+/!+0! *+6'8(!8+7%.%-! '/!*)'(!81,((D! !E)%!.%9,'/'/;!(%8*'+/(!+0! *)'(!8),6*%.!
&'11! ,--.%((! (6%8'0'8! 1%8*3.%=! )+9%&+.F! ,/-! %M,9!9,*%.',1(=! ,1+/;('-%! ,;;.%;,*%!
,/-!'/-'7'-3,1!(*3-%/*!.%(6+/(%(!0.+9!*)%!G,11!HIJI!(%9%(*%.D!
!

$#'%( 5( :( !;+99.,+;( +/>( @*4.A!;+99.,+;( $-B9.,9( CD**E9( FA)G( H*,326*9( FAFIJK!
?/*.+-38*'+/!*+!*)%!8+3.(%!,/-!*)%!6)'1+(+6)<!:%)'/-!'*(!(*.38*3.%D!!c%7'%&!.%1%7,/*!
9,*)%9,*'8(!@8+961%M!%M6+/%/*',1(=!-'00%.%/*',1!%23,*'+/(=!&,7%!%23,*'+/(BC!.%7'%&!
81,(('8,1! %1%8*.'8'*<! ,/-! 9,;/%*'(9=! V,M&%11Z(! %23,*'+/(! ,/-! )+&! *)%<! 1%,-! *+! ,!
&,7%!-%(8.'6*'+/!+0!1';)*D!Ng%8*3.%(!JA#P!5+7%.!6.+6%.*'%(!+0!&,7%(!@(36%.6+('*'+/=!
'/*%.0%.%/8%BC! ,--.%((! *)%! &,7%! 6.+6%.*'%(! +0! 1';)*! *).+3;)! i+3/;Z(! -+3:1%A(1'*!
%M6%.'9%/*! ,/-!V'8)%1(+/! '/*%.0%.+9%*%.(D! ! ?/*.+-38%!6+1,.'S,*'+/! ,/-!6+1,.'S'/;!
0'1*%.(! '/! ,/*'8'6,*'+/! +0! 03*3.%! *+6'8(! 8+/8%./'/;! 6)+*+/! -%*%8*'+/D! Ng%8*3.%! RP!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Students were asked to make a contribution to the discussion board each week of the 
latter half of the course as part of their homework assignment, but no efforts were made 
to verify their participation, and students were free to put as little or as much effort as 
they liked into their postings. 



!
"a!

Q'(83((! 6)+*+%1%8*.'8! %00%8*! %M6%.'9%/*! '/! *%.9(! +0! 81,(('8,1! &,7%! 6.%-'8*'+/(=!
8+/*.,(*%-!&'*)!,!6,.*'81%!-%(8.'6*'+/!+0!1';)*D!!X)+*+931*'61'%.!*3:%(!,.%!'/*.+-38%-!
,(!,/!,661'8,*'+/!+0! *)%!6)+*+%1%8*.'8! %00%8*=!:3*! ,1(+! (+!,(! *+!/+*!:%!3/0,9'1',.! *+!
(*3-%/*(!&)%/!*)%<!,.'(%!'/!*)%!03*3.%D!!O/!%96),('(!+/!*)%!6)<('8,1!9%,/'/;!+0!*)%!
&+.F!03/8*'+/!0+.%(),-+&(!,661'8,*'+/(!+0!*)%!T8).j-'/;%.!%23,*'+/!*+!(23,.%!&%11!
6+*%/*',1(D!Ng%8*3.%(!RA[P!!c%7'%&!6+*%/*',1!%/%.;<!83.7%(!,/-!%M61'8'*1<!.%1,*%!*)%9!
*+!9+-%1(!+0!6)<('8,1!(<(*%9(D!!Q'(83((!9+-%1'/;!'/!6)<('8(=!,/-!1%,-!-'(83(('+/(!+/!
*)%! -'00%.%/8%(! :%*&%%/! +:(%.7,*'+/=! '/*%.6.%*,*'+/=! ,/-! *)%+.<D! Ng%8*3.%(! \A]P!
c%1,*%! (6%8*.,1! 1'/%(! @U,19%.! (%.'%(B! *+! ,*+9'8! %/%.;<! 1%7%1(! 7',! *)%! %/%.;<A
0.%23%/8<!.%1,*'+/()'6!%(*,:1'()%-!'/!*)%!6)+*+%1%8*.'8!%00%8*=!,/-!3(%!*)%9!*+!9,F%!
'/0%.%/8%(! ,:+3*! 23,/*'S%-! ,*+9'8! %/%.;<! 1%7%1(D! ! Y96),('S%! *)%! -'00%.%/8%(!
:%*&%%/!6)+*+/!,:(+.6*'+/!@,/!,11A+.A/+*)'/;!6.+8%((B!,/-!8+11'('+/,1!%M8'*,*'+/!+0!
,*+9(!@-'(8),.;%!*3:%(BD!Ng%8*3.%(!aA"P!O661<!F/+&1%-;%!+0!6)+*+/!,:(+.6*'+/!,/-!
%9'(('+/!6.+8%((%(! *+! *)%!8+/(*.38*'+/!+0! 1,(%.(D! !5+96,.%!,/-!8+/*.,(*!&,7%!,/-!
6,.*'81%!-%(8.'6*'+/(!+0!1';)*=!,/-!,--.%((!*)%'.!.,/;%(!+0!,661'8,:'1'*<D!!c%1,*%!&,7%!
'/*%/('*<! *+! *)%! 6.+:,:'1'*<! 0+.! 6)+*+/!-%*%8*'+/! '/! *)%! 8+/*%M*! +0! ,! ('/;1%A6)+*+/!
-+3:1%A(1'*! %M6%.'9%/*! @('931,*%-BD! Ng%8*3.%(! JIAJJP! ! c%7'%&! 0+.! *)%! 0'.(*! %M,9D!
Ng%8*3.%!JHP!
!

$#'%( 55( :( <*=*;874*/3( 8L( 12+/324( %-*86B( CD**E9( )AMG( H*,326*9( FNAIOJK!
c%7'%&! 6+*%/*',1! ,/-! F'/%*'8! %/%.;<! +0! %1%8*.+/(! '/! ,! 5+31+9:! 6+*%/*',1=! *)%/!
'/*.+-38%!*)%!(%9'A81,(('8,1!U+).!9+-%1!+0!)<-.+;%/D!!Q'(83((!*)%!,-A)+8!9'M*3.%!+0!
81,(('8,1!,/-!23,/*39!.31%(=!,1+/;!&'*)!*)%!(*.%/;*)(!,/-!&%,F/%((%(!+0!*)%!9+-%1D!!
?/*.+-38%!-%!U.+;1'%!&,7%(!,/-!)'(!,*+9'8!9+-%1!,(!,/!%M61,/,*'+/! 0+.!23,/*'S%-!
%/%.;<! 1%7%1(D! Ng%8*3.%(! J#AJRP! c%7'%&! *)%! :%),7'+.! +0! 9,;/%*(! '/! .%(6+/(%! *+!
)+9+;%/%+3(! ,/-! '/)+9+;%/%+3(!9,;/%*'8! 0'%1-(C! %961+<! ,! U+).A1'F%!9+-%1! 0+.!
,*+9'8! 9,;/%*'8! 9+9%/*(=! ,/-! %M61'8'*1<! ,--.%((! 81,(('8,1! %M6%8*,*'+/(! 0+.! *)%'.!
:%),7'+.! '/! ,! T*%./Ak%.1,8)! *<6%! ,66,.,*3(DH! Ng%8*3.%! J[P! K(%! .%6%,*%-! (6'/A
6.+L%8*'+/!9%,(3.%9%/*(! *+! '/*.+-38%! '-%,(! +04! 23,/*'S,*'+/! +0! ,*+9'8! (6'/! @*&+A
(*,*%!(<(*%9(BC!-%0'/'*%!7%.(3(!'/-%0'/'*%!(*,*%(C!(*,*%!6.%6,.,*'+/C!,/-!6.+:,:'1'(*'8!
-%(8.'6*'+/(! +0! 9%,(3.%9%/*! +3*8+9%(D! ! Q';.%((! :.'%01<! *+! 8+7%.! 81,(('8,1!
6.+:,:'1'*<=! (*,*'(*'8,1! -'(*.':3*'+/(=! ,/-! *)%! 8,1831,*'+/! +0! %M6%8*,*'+/! 7,13%(D!
Ng%8*3.%(!J\AJ]P!!^00%.!931*'61%!'/*%.6.%*,*'+/(!+0!.%6%,*%-!(6'/!9%,(3.%9%/*(!0+.!
03*3.%! %7,13,*'+/=! ,/-! -'(83((! *)%! -'00%.%/8%(! :%*&%%/! 81,(('8,1! ';/+.,/8%! ,/-!
23,/*39!3/8%.*,'/*<D! ! ?/*.+-38%!*%".%&'*+*%"! '/!*)%!8+/*%M*!+0!-'(*,/*=!8+..%1,*%-!
,*+9'8! (6'/!9%,(3.%9%/*(=! ,/-! .%1,*%! *+! *+6'8(! '/! 23,/*39! 8.<6*+;.,6)<D! !V,F%!
%M61'8'*! -%0'/'*'+/(! +0! -/11*%) 2.#/.;'*!=! '$4.'/"(=! 4$+,'*"*%*!!! ,/-! 3$4.') 5*.'/!+=!
0+11+&%-!:<!,!-'(83(('+/!+0!*)%!YXc!,.;39%/*!,/-!'*(!'961'8,*'+/(!0+.!*)%!/,*3.%!+0!
23,/*39! (36%.6+('*'+/(D! ! K(%! *)%! /+*'+/! +0! /%!"#:4"/$%) !*"!! ,(! ,! 0'.(*! 6,((!
-%*%.9'/'(*'8!9+-%1=!,/-!.%7%,1!'*(!1'9'*,*'+/(!'/!*)%!0,8%!+0!+:(%.7,*'+/D#!Ng%8*3.%(!
JaAJ"P!K(%!*)%!('/;1%A6)+*+/!%M6%.'9%/*(!:<!O(6%8*=!%*!,1D!,(!,/!,.;39%/*!,;,'/(*!
('931*,/%+3(!&,7%!,/-!6,.*'81%!-%(8.'6*'+/(!+0!6)+*+/(D! ! ?/7+F%!9$+,'*+*%".#/"(!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Much of the lecture and homework material on magnetic moments and repeated spin 
measurements was inspired by D. F. Styer. [18] 
3 The “Local Reality Machine” argument is due to N. D. Mermin. [17] 
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,/-! +*)%.! '/*%.6.%*'7%! (*,/8%(! '/! *)%! %(*,:1'()9%/*! +0! 23,/*39! %6'(*%9+1+;'8,1!
*++1(D! Ng%8*3.%(!HIAHJP! !c%1,*%!8+/813('+/(!-.,&/!0.+9!('/;1%A6)+*+/!%M6%.'9%/*(!
*+!,/!3/-%.(*,/-'/;!+0!*)%!-+3:1%A(1'*!%M6%.'9%/*!6%.0+.9%-!&'*)!('/;1%!%1%8*.+/(D!!
X1,/%! &,7%! -%(8.'6*'+/(! +0! ('/;1%! 6,.*'81%(! 1%,-! *+! 9+.%! ;%/%.,1'S%-! /+*'+/(! +0!
23,/*39! &,7%! 03/8*'+/(! ,/-! *)%'.! 6.+:,:'1'(*'8! '/*%.6.%*,*'+/D! ! ?/*.+-38%! *)%!
l%'(%/:%.;! 3/8%.*,'/*<! 6.'/8'61%=! '*(! 9,*)%9,*'8,1! %M6.%(('+/=! ,/-! 7,.'+3(!
'/*%.6.%*,*'+/(!+0! '*(!6)<('8,1!9%,/'/;D! Ng%8*3.%(!HHAH#P!c%7'%&! 0+.! (%8+/-!%M,9D!
Ng%8*3.%!HRP!
!

$#'%(555(:(#77;.,+3.8/9(8L(12+/324(P*,-+/.,9(CD**E9(QAF)G(H*,326*9(I)AOOJK!
V+*'7,*%! *)%! T8).j-'/;%.! %23,*'+/! *).+3;)! ,/,1+;'%(!&'*)! %1%8*.+9,;/%*'8!&,7%(!
,/-! (+17%! 0+.! 0.%%! 6,.*'81%(! '/! *%.9(! +0! 61,/%! &,7%(D! Ng%8*3.%(! H[AH\P! ?/*.+-38%!
(23,.%!&%11!6+*%/*',1(!@'/0'/'*%!,/-!0'/'*%B!,/-!3(%!*)%9!*+!9+-%1!%1%8*.+/(!'/!&'.%(D!
Ng%8*3.%(!H]AHaP!G.,9%!-'(83(('+/(!+0!23,/*39!*3//%1'/;!,(!,!8+/(%23%/8%!+0!*)%!
&,7%!:%),7'+.!+0!9,**%.=! *)%/!,661<! *3//%1'/;! *+!(8,//'/;! *3//%1'/;!9'8.+(8+6%(=!
,/-!,!-%(8.'6*'+/!+0!,16),A-%8,<D!Ng%8*3.%(!H"A#JP!!O661<!*)%!T8).j-'/;%.!%23,*'+/!
*+! ,/! %1%8*.+/! '/! ,! #AQ! 5+31+9:! 6+*%/*',1! ,/-! -%7%1+6! *)%! T8).j-'/;%.!9+-%1! +0!
)<-.+;%/D! ! k%/%.,1'S%! *+! 931*'A%1%8*.+/! ,*+9(! ,/-! ,88+3/*! 0+.! *)%! 6%.'+-'8'*<! +0!
%1%9%/*(D! Ng%8*3.%(! #HA#[P! ! c%7'%&! 0+.! *)%! *)'.-! %M,9D! Ng%8*3.%! #\P! YM61,'/!
9+1%831,.!:+/-'/;!,/-!8+/-38*'+/!:,/-'/;!'/!*%.9(!+0!*)%!(36%.6+('*'+/!+0!,*+9'8!
6+*%/*',1(! ,/-! %1%8*.+/!&,7%! 03/8*'+/(D! Ng%8*3.%(! #]A#"P! O661<! *)%(%! 8+/8%6*(! *+!
*)%! *)%+.<! +0! *.,/('(*+.(! ,/-! -'+-%(D! Ng%8*3.%! RIP! ! G'/'()! &'*)! ,! 0+.,<! '/*+!
.,-'+,8*'7'*<=! /381%,.! %/%.;<=! ,/-!/381%,.!&%,6+/(! @,*! (*3-%/*! .%23%(*B! Ng%8*3.%(!
RJARHP!c%7'%&!0+.!*)%!0'/,1!%M,9D!Ng%8*3.%(!R#ARRP!
!
55?#?(#99*99./0(5/,84./0(@32>*/3($*697*,3.=*9(+/>(!8/,*732+;(R/>*693+/>./0(

! Q%7%1+6'/;! 6.%A'/(*.38*'+/! 8+/*%/*! (3.7%<(! 0+.!9+-%./! 6)<('8(! (*3-%/*(! '(!
9+.%! -'00'831*! *),/! ,((%(('/;! '/8+9'/;! (*3-%/*! :%1'%0(! ,:+3*! 81,(('8,1! 6)<('8(=! 0+.!
(%7%.,1! .%,(+/(D! ! G'.(*=! '*! '(! %M6%8*%-! *),*! '/*.+-38*+.<! (*3-%/*(! &'*)! 1'**1%!
F/+&1%-;%!+0!_%&*+/',/!9%8),/'8(!&'11!),7%!,1.%,-<!-%7%1+6%-!'/*3'*'+/(!@.';)*!+.!
&.+/;B! *).+3;)! *)%'.! %7%.<-,<! %M6%.'%/8%(! ,:+3*! *)%! 9+*'+/! +0! 9,8.+(8+6'8!
+:L%8*(C! '/! 8+/*.,(*=! +3.! %7%.<-,<! %M6%.'%/8%(!&'*)! ,661'%-! 23,/*39!6)<('8(! @%D;D!
8+963*%.(B!6.+7'-%!1'**1%!'/(';)*!'/*+!*)%!.31%(!;+7%./'/;!*)%!:%),7'+.!+0!23,/*39!
%/*'*'%(D! ! T%8+/-=!9,/<! +0! *)%! 1%,./'/;! ;+,1(! 0+.!9+-%./! 6)<('8(! 8+3.(%(! 8+/8%./!
*+6'8(=! (38)! ,(! 23,/*39! *3//%1'/;=! *),*! ,.%! %/*'.%1<! 0+.%';/! *+! '/*.+-38*+.<!
(*3-%/*(C! ,/-! (+=! 0+.! %M,961%=! '*! '(! 6.,8*'8,11<! 9%,/'/;1%((! *+! -'(83((! '/8+9'/;!
(*3-%/*!.%(6+/(%(!*+!23%(*'+/(!.%;,.-'/;!-%U.+;1'%!&,7%1%/;*)(!,/-!*.,/(9'(('+/!
6.+:,:'1'*'%(=! ('/8%! *)%! -'(*.':3*'+/(! +0! .%(6+/(%(! ,.%! +0*%/! (*,*'(*'8,11<!
'/-'(*'/;3'(),:1%! 0.+9! ;3%(('/;DR! ! E)'.-=! *)%! :.+,-! 7,.',*'+/! '/! 1%,./'/;! ;+,1(!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 For example, an (unpublished) analysis by this author of pre-instruction QMCS scores 
from several modern physics courses showed them to be normally distributed about an 
average consistent with random guessing. 
!



!
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,9+/;! 9+-%./! 6)<('8(! '/(*.38*+.(! '/-'8,*%(! ,! 1,8F! +0! 8+/(%/(3(! '/! *)%! 6)<('8(!
8+993/'*<! .%;,.-'/;! 8,/+/'8,1! 8+3.(%! 8+/*%/*=! 9,F'/;! '*! -'00'831*! *+! -%7%1+6!
;%/%.,1! ,((%((9%/*! '/(*.39%/*(! *),*! &+31-! :%! ,66.+6.',*%! 0+.! ,! .,/;%! +0! 8+3.(%!
+00%.'/;(!,/-!(*3-%/*!6+631,*'+/(D!
! $%!*)%.%0+.%!8+/(*.38*%-!,!8+/*%/*!(3.7%<!@,-9'/'(*%.%-!'/!*)%!0'.(*!&%%F!+0!
*)%! (%9%(*%.B! *),*! &+31-! :%! ,66.+6.',*%! 0+.! *)%! (6%8'0'8! 1%,./'/;! ;+,1(! +0! *)'(!
8+3.(%=! :<! 8311'/;! 23%(*'+/(! 0.+9! ,! 7,.'%*<! +0! 6.%7'+3(1<! 7,1'-,*%-! ,((%((9%/*!
'/(*.39%/*(=!NJ"AHJP!,/-!*)%/!1'9'*'/;!6.%A'/(*.38*'+/!'*%9(!*+!+/%(!&)%.%!'*!8+31-!
:%!.%,(+/,:1<!%M6%8*%-!*),*!(*3-%/*(!&+31-!),7%!(6%8'0'8!.%,(+/(!0+.!.%(6+/-'/;!,(!
*)%<! -+! :%<+/-! .,/-+9! ;3%(('/;! @'D%D=! 6.'+.! 8+/*%/*! F/+&1%-;%! +.! '/*3'*'7%!
%M6%8*,*'+/(BD! ! T+=! 0+.! %M,961%=! %7%/! '0! (*3-%/*(!),7%!/%7%.!)%,.-!+0! ,!-+3:1%A(1'*!
%M6%.'9%/*!6%.0+.9%-!&'*)!%1%8*.+/(=!*)%'.!'/*3'*'7%!/+*'+/(!+0!6,.*'81%(!9';)*!(*'11!
1%,-! *)%9! %M6%8*! ,! 6,**%./! *),*! &+31-! :%! 8+/('(*%/*! &'*)! *)%'.! %M6%8*,*'+/(! 0+.!
9,8.+(8+6'8! 6,.*'81%(! '/! ,/! ,/,1+;+3(! ('*3,*'+/! @*)%(%! 23%(*'+/(! *,F%/! 0.+9! *)%!
`X5TC!NHJP!(*3-%/*!.%(6+/(%(!,.%!;'7%/!'/!E,:1%![D?B4!
(

%-*( L8;;8S./0( T2*93.8/9( .%0%.! *+! *)%!
0+11+&'/;!*).%%!%M6%.'9%/*(4!
!
?/! +/%! %M6%.'9%/*! %1%8*.+/(! 6,((! *).+3;)! ,!
-+3:1%A(1'*!,(! *)%<! *.,7%1! 0.+9!,!(+3.8%! *+!,!
-%*%8*'/;! (8.%%/D! ! ?/! ,! (%8+/-! %M6%.'9%/*!
1';)*!6,((%(!*).+3;)!,!-+3:1%A(1'*!,(!'*!*.,7%1(!
0.+9!,! (+3.8%! *+! ,!6)+*+;.,6)'8!61,*%D! ! ?/! ,!
*)'.-! %M6%.'9%/*!9,.:1%(! 6,((! *).+3;)! *&+!
(1'*A1'F%! +6%/'/;(! ,(! *)%<! *.,7%1! 0.+9! ,!
(+3.8%!*+!,/!,..,<!+0!8+11%8*'/;!:'/(=!('-%A:<A
('-%D!
!
E)%! .';)*A),/-! 0';3.%! -',;.,9(! *)%!
%M6%.'9%/*,1! (%*36=! ,/-! *)%! 0';3.%(! :%1+&!
()+&! .+3;)1<! *)%! 6+((':1%! 6,**%./(! *),*!
8+31-!:%!-%*%8*%-!+/!*)%!7,.'+3(!(8.%%/(D!
!

 
!
O!*).+3;)!5!.%6.%(%/*!(+9%!6,**%./(!&)'8)!9';)*!:%!+:(%.7%-D!?0!<+3!*)'/F!/+/%!'(!
,66.+6.',*%=!,/(&%.!QD!!$)'8)!6,**%./!&+31-!<+3!%M6%8*!*+!+:(%.7%!&)%/m!
!
U?(V+.#;'*!)6,((!*).+3;)!*)%!-+3:1%!+6%/'/;>!
!
W?(V*'*4"#$%!)6,((!*).+3;)!*)%!-+3:1%!(1'*>!
!



!
JIJ!

TABLE 5.I. Pre- and post-instruction student responses (in percent) to items 6 & 7 from 
the content survey used in the modern physics course from Fall 2010.  The standard error 
on the proportion for all cases was ~5% (Pre: N=110; Post: N=88). Students shift from 
expecting !/+/'.# behavior for marbles and electrons, to expecting 1/==*#*%"!behavior.  

PRE (N=110) A B C D 
Marbles 15% 60% 21% 5% 

Electrons 14% 51% 35% 1% 

POST (N=88) A B C D 
Marbles 9% 86% 2% 2% 

Electrons 0% 12% 88% 0% 
!

!

$%! /+*%! 0'.(*! *),*=! 6.'+.! *+! '/(*.38*'+/=! *)%!9+(*! 6+631,.! .%(6+/(%! *+! :+*)!
'*%9(!&,(!*)%!(,9%!@UB=!'/-'8,*'/;!*),*!9+(*!(*3-%/*(!%M6%8*%-!!/+/'.#!:%),7'+.!0+.!
:+*)! %1%8*.+/(! ,/-!9,.:1%(! '/! ('9'1,.! ('*3,*'+/(D! ! E)%(%! .%(6+/(%(! ,.%! 8+/('(*%/*!
&'*)!+3.!)<6+*)%('(! *),*! '/8+9'/;!(*3-%/*(!),7%!6,.*'81%A1'F%!%M6%8*,*'+/(! 0+.! *)%!
:%),7'+.!+0!,11!9,**%.D!!E)%(%!'*%9(!(,&!-.,9,*'8!()'0*(!'/!6+(*A'/(*.38*'+/!(*3-%/*!
.%(6+/(%(=! '/-'8,*'/;! *),*! 9+(*! (*3-%/*(! %M6%8*%-! 1/==*#*%"! :%),7'+.! 0+.!
9,8.+(8+6'8!9,.:1%(!,/-!9'8.+(8+6'8!%1%8*.+/(!:<!*)%!%/-!+0!*)%!8+3.(%D!!E)%!81,((!
,7%.,;%!+/!*)%!6.%A'/(*.38*'+/!8+/*%/*!(3.7%<!&,(!R\h!@noA!HhB=!,/-!*)%!,7%.,;%!
0+.! 6+(*A'/(*.38*'+/! '*%9(! 8+99+/! *+! :+*)! (3.7%<(! &,(! aIh! @noA! #hB=! 0+.! ,!
/+.9,1'S%-! ;,'/! +0! ID\#D! ! NT%%! O66%/-'M! 5! 0+.! ,! 8+961%*%! 1'(*! +0! 6.%A! ,/-! 6+(*A
'/(*.38*'+/! '*%9(! 0.+9! *)%! 8+/*%/*! (3.7%<=! &'*)! ,/! '*%9A:<A'*%9! (399,.<! +0!
(*3-%/*!.%(6+/(%(DP!
! O(! 6,.*! +0! *)%'.! 0'.(*! )+9%&+.F! ,((';/9%/*=! (*3-%/*(! &%.%! ,1(+! ,(F%-! *+!
8+961%*%! *)%! (,9%! +/1'/%! ,**'*3-%(! (3.7%<! ,-9'/'(*%.%-! '/! +*)%.! 8+3.(%(D! ! $%!
(399,.'S%!:%1+&!*)%!-'(*.':3*'+/!+0!6.%A'/(*.38*'+/!(*3-%/*!.%(6+/(%(!@'/!*%.9(!+0!
,;.%%o/%3*.,1o-'(,;.%%B! 0+.! *)%! %/*'.%! 81,((=! ,1+/;!&'*)! *)%! 0311! .%(6+/(%(! +0! 0+3.!
(%1%8*!(*3-%/*(D! !E)%(%!0+3.!(*3-%/*(!@-%/+*%-!,(!O=!U=!5!p!QB!&%.%!/+*!(%1%8*%-!'/!
+.-%.! *+! :%! .%6.%(%/*,*'7%! +0! ,/<! +/%! ;.+36! +0! (*3-%/*(C! *)%'.! .%(6+/(%(! '/(*%,-!
(%.7%!*+!-%9+/(*.,*%!*<6'8,1!6.%o6+(*!-'00%.%/8%(!'/!(*3-%/*!.%,(+/'/;=!%7%/!&)%/!
+7%.,11! .%(6+/(%(! *+! (3.7%<! '*%9(! @,;.%%9%/*! +.! -'(,;.%%9%/*B! ),-! /+*! 8),/;%-D!!
E)%'.! (6%8'0'8! )+9%&+.F! (3:9'(('+/(! ,/-! %M,9! .%(6+/(%(! &'11! 1,*%.! (%.7%! *+!
,--.%((!*)%!23%(*'+/!+0!&)%*)%.!*+6'8(!*),*!,.%!/%&!*+!*)%!83..'83139!,.%!,88%((':1%!
*+! (*3-%/*(D! !51+(%1<! 0+11+&'/;! *)%(%! 0+3.! (*3-%/*(!,1(+!,11+&(! 0+.!,!9+.%!-%*,'1%-!
%M61+.,*'+/!+0!*)%!83..'83139Z(!'/013%/8%!+/!(+9%!+0!*)%!,(6%8*(!+0!(*3-%/*!*)'/F'/;!
*),*! ),-! :%%/! *,.;%*%-=! &'*)+3*!9,F'/;! 3//%8%((,.<! %M*.,6+1,*'+/(! *+! *)%! %/*'.%!
81,((!6+631,*'+/D!!E+;%*)%.=!*)%(%!*&+!*<6%(!+0!6.%A'/(*.38*'+/!-,*,!&'11!,11+&!3(!*+!
%(*,:1'()!,!:,(%1'/%!+/!'/8+9'/;!(*3-%/*!6%.(6%8*'7%(D!
!

(
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F?! ?*! '(!6+((':1%! 0+.!6)<('8'(*(! *+!8,.%0311<!6%.0+.9!*)%!(,9%!9%,(3.%9%/*!,/-!;%*!
*&+!7%.<!-'00%.%/*!.%(31*(!*),*!,.%!:+*)!8+..%8*D!

!
PRE Agree Neutral Disagree 
Class (N=94) 0.65 0.13 0.22 
 
Student A: 

 
(Agree) I feel that no matter how much technology advances or how 
much we learn, we can never fully understand how the world works and 
in many cases, we use outcomes of experiments to look at phenomena 
in different ways that may or may not be entirely correct in the real 
world. For instance, looking at the behavior of light as both a particle 
and wave. So, yes, I believe that an experiment came be conducted 
twice with different outcomes. 

 
Student B: 

 
(Agree) I don't know of any examples, but the fact that quantum 
physics has some things that seem counter-intuitive and contradict 
classical physics, it seems that this could be a possibility. 

 
Student C: 
 

 
(Strongly Agree) What the two physicists are measuring could be 
highly unstable and sensitive to multiple external stimulus. 

Student D: (Strongly Agree) It is possible for identical measurements to produce 
different results if that which is being measured can exist in more than 
one state at the same time. Thus, one would not know whether the 
subject of the measurement is the object in one state or the other. 
Interpreting this question differently, one could comment on the fact 
that the very act of measuring itself introduces new elements into a 
system, and thus actually changes the outcome of the measurement. 

!

^7%.,11! 81,((! .%(6+/(%(! ,.%! 8+/('(*%/*! &'*)! 6.'+.! .%(31*(=! &'*)! ,! (*.+/;!

9,L+.'*<! +0! (*3-%/*(! ,;.%%'/;! &'*)! *)'(! (*,*%9%/*=! *)+3;)! '*! ()+31-! :%! 8,3*'+/%-!

*),*! (*3-%/*(! 7,.<! ;.%,*1<! '/! *)%! .%,(+/'/;! :%)'/-! *)%'.! .%(6+/(%(=! ,(! (%%/! '/!

5),6*%.! HD! ! T*3-%/*(! O=! U! p! Q! ),7%! ,11! '/7+F%-! 23,/*39! 6)%/+9%/,! '/! *)%'.!

,;.%%9%/*!&'*)! *)'(! (*,*%9%/*=!&'*)!7,.<'/;!-%;.%%(!+0! (+6)'(*'8,*'+/D! ! T*3-%/*!Q!

(6%,F(!+0!23,/*39!(36%.6+('*'+/!,/-!*)%!6)<('8,1!'/013%/8%!+0!+:(%.7,*'+/C!T*3-%/*!

O! /+*%(! *),*! 1';)*!9,<! :%! -%(8.':%-! ,(! :+*)! 6,.*'81%! ,/-!&,7%C! T*3-%/*! U! ('961<!

(*,*%(! )'(! '96.%(('+/! *),*! 23,/*39! 9%8),/'8(! &'11! 8),11%/;%! )'(! '/*3'*'+/=! (+!

6%.),6(!*)'(!(*,*%9%/*!9';)*!:%!*.3%D!!T*3-%/*!5Z(!.%,(+/'/;!'(!9+.%!8+/('(*%/*!&'*)!

*)%! '-%,! *),*! 8),+*'8=! )'--%/! 7,.',:1%(! 9,<! .,/-+91<! '/013%/8%! *)%! +3*8+9%(! +0!

('9'1,.!9%,(3.%9%/*(!b!,/!,**'*3-%!8+99+/1<!(%%/!'/!6.%A'/(*.38*'+/!.%(6+/(%(D!

!

!

!

!

!

!

!

!
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I?! E)%! 6.+:,:'1'(*'8! /,*3.%! +0! 23,/*39! 9%8),/'8(! '(! 9+(*1<! -3%! *+! 6)<('8,1!
1'9'*,*'+/(!+0!+3.!9%,(3.%9%/*!'/(*.39%/*(D!
!
PRE Agree Neutral Disagree 
Class (N=94) 0.46 0.32 0.22 
 
Student A: 

 
(Neutral) I really don't know enough about quantum theory to make a 
guess on that. However, even our most basic assumptions about the 
world have sometimes proven to be incorrect and quantum seems to 
involve so much theory that we can never really be sure if it actually 
functions the way physicists think it does or if we are coming up with 
theories that just fit what we find without even seeing the entire 
picture. 

 
Student B: 

 
(Strongly Agree) I believe that in the future, we would be able to 
make more accurate and exact assertions due to technological 
advances and would not need to rely on probability.  

 
Student C: 

 
(Neutral) I don't know what quantum mechanics is yet. 

 
Student D: 

 
(Strongly Disagree) The probabilistic nature of quantum mechanics is 
a fundamental property of the system. For example: it is impossible to 
define (not just measure) the position and momentum of an electron at 
the same instant in time (Heisenberg's uncertainty principle). Thus, the 
uncertainty exists outside of the instruments used to try to measure 
those properties. (I would really, really like to learn the math behind 
these statements!) 

!

c%(6+/(%(! )%.%! &%.%! 9+.%! 7,.'%-! *),/! &'*)! *)%! 0'.(*! (*,*%9%/*=! *)+3;)!
,;.%%9%/*!,9+/;(*!*)%!81,((!'(!9+-%.,*%1<!0,7+.%-C!*)%!'/-'7'-3,1!.%(6+/(%(!.,/;%!
0.+9! (*.+/;! ,;.%%9%/*! *+! (*.+/;! -'(,;.%%9%/*D! ! E)%! *&+! /%3*.,1! .%(6+/(%(! 0.+9!
T*3-%/*(! O!p! 5! '/-'8,*%! ,! ('9'1,.! *%/*,*'7%/%((! -3%! *+! ,! 1,8F! +0! F/+&1%-;%! ,:+3*!
23,/*39! 9%8),/'8(C! T*3-%/*(! O! p! U! :+*)! %8)+! ,! 8+99+/! 6%.8%6*'+/! *),*!
F/+&1%-;%!'/!(8'%/8%!'(!'*(%10!*%/*,*'7%=!,/-!*),*!6.+0+3/-!6.+;.%((!@*%8)/+1+;'8,1!+.!
*)%+.%*'8,1B!+0*%/!36%/-(!6.%7'+3(1<!)%1-!:%1'%0(D! ! ?/!8+/*.,(*=!T*3-%/*!Q! '-%/*'0'%(!
23,/*39! 3/8%.*,'/*<! ,(! 03/-,9%/*,11<! -'00%.%/*! 0.+9! %M6%.'9%/*,1! 3/8%.*,'/*<=!
%M61'8'*1<! (*,*'/;! *)%.%! ,.%! 1'9'*(! /+*! +/1<! +/! *)%! 6.%8'('+/! +0! ('931*,/%+3(!
9%,(3.%9%/*(=! :3*! ,1(+! +/! ('931*,/%+3(! 23,/*39! -%(8.'6*'+/(! +0! '/8+96,*':1%!
+:(%.7,:1%(!@6+('*'+/!,/-!9+9%/*39=!(6%8'0'8,11<BD!
!
(
(
(
(
(
(
(
(
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N?!$)%/! /+*! :%'/;! +:(%.7%-=! ,/! %1%8*.+/! '/! ,/! ,*+9! (*'11! %M'(*(! ,*! ,! -%0'/'*%! @:3*!
3/F/+&/B!6+('*'+/!,*!%,8)!9+9%/*!'/!*'9%D!
!
PRE Agree Neutral Disagree 
Class (N=94) 0.72 0.09 0.19 
 
Student A: 

 
(Strongly Agree) An electron is a fundamental piece of an atom, 
though it moves extremely fast, so at any point in time, yes it does 
occupy a position being that it is matter. 

 
Student B: 

 
(Strongly Agree) An electron is a particle, and every particle has a 
definite position at each moment in time.  

 
Student C: 

 
(Agree) Because I have been told this since 9th grade. 

 
Student D: 

 
(Agree) An electron occupies a single definite position at any given 
point in time. It is only our measurement (and thus knowledge) of that 
position at any given point in time that is subject to the Heisenberg 
uncertainty principle, where either the position or the momentum of 
the electron may be measured to a high level of precision, but not 
both. 

!

O(! %M6%8*%-=! ,! (*.+/;!9,L+.'*<! +0! '/8+9'/;! (*3-%/*(! 8)+(%! *+! .%(6+/-! '/! ,!
9,//%.!*),*!&+31-!:%!8+/('(*%/*!&'*)!.%,1'(*!%M6%8*,*'+/(C!,11!0+3.!+0!+3.!'/-'7'-3,1!
(*3-%/*(!&%.%!'/!,;.%%9%/*!*),*!,*+9'8!%1%8*.+/(!()+31-!%M'(*!,(!1+8,1'S%-!6,.*'81%(D!!
E)%! .%,(+/'/;! '/7+F%-! :<! T*3-%/*(! O! p! U! '(! 8+/('(*%/*! &'*)! +3.! )<6+*)%('(! +0!
4'.!!/4.') .""#/;:"*) /%-*#/".%4*! b! %1%8*.+/(=! ,(! ,! 0+.9! +0! 9,**%.=! ),7%! *)%! (,9%!
6.+6%.*'%(! ,(! 9,8.+(8+6'8! 6,.*'81%(=! '/813-'/;! ,! 1+8,1'S%-! 6+('*'+/! ,*! ,11! *'9%(C!
T*3-%/*! O! 03.*)%.! '961'%(! *),*! *)%! 3/8%.*,'/*<! '/! ,/! %1%8*.+/Z(! 6+('*'+/! 8,/! :%!
,**.':3*%-! *+! '*(! (&'0*=! 8),+*'8! 9+*'+/! ,:+3*! *)%! /381%3(! b! ('9'1,.! *+! *)%! )'--%/A
7,.',:1%! (*<1%! .%,(+/'/;! +0! T*3-%/*! 5! '/! .%(6+/(%! *+! *)%! 0'.(*! (3.7%<! '*%9D! ! l%.%=!
T*3-%/*!5!9,F%(!,/!,66%,1!*+!,3*)+.'*<4!*)%!'-%,!+0!1+8,1'S%-!%1%8*.+/(!8+/0+.9(!*+!
&),*! )%! ),(! :%%/! *+1-! '/! (8)++1! ('/8%! @6.%(39,:1<B! 0'.(*! 1%,./'/;! ,:+3*! *)%!
(*.38*3.%!+0!,*+9(D! !V+(*!'/*%.%(*'/;1<=!T*3-%/*!Q!'(!%M61'8'*! '/!,((%.*'/;!*)%!.%,1'(*!
:%1'%0! *),*! %1%8*.+/(! ,1&,<(! %M'(*! ,(! 1+8,1'S%-! 6,.*'81%(C! )%! 81,'9(! '*! '(! +3.!
('931*,/%+3(! 8%$A'*1&*! +0! '/8+96,*':1%! +:(%.7,:1%(! *),*! '(! 8+/(*.,'/%-! :<! *)%!
3/8%.*,'/*<!6.'/8'61%D!
!
!
!
!
!
!
!
!
!
(
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O?!?!*)'/F!23,/*39!9%8),/'8(!'(!,/!'/*%.%(*'/;!(3:L%8*D!
 
PRE Agree Neutral Disagree 
Class (N=94) 0.85 0.13 0.02 
 
Student A: 

 
(Strongly Agree) From the examples I have heard and some of the 
theory, I think quantum mechanic is very interesting. 

 
Student B: 

 
(Strongly Agree) I think that I'm going to learn that what I would 
think is correct is actually completely incorrect. Plus, it just sounds 
cool. 

 
Student C: 

 
(Neutral) I don't know yet. 

 
Student D: 

 
(Strongly Agree) Quantum mechanics fascinates me precisely 
because it is so counterintuitive. I want to challenge my perception of 
the world, and there are few better ways to do that than QM. It is also 
interesting to me because I am much more used to physics on very 
large, indeed cosmic scales. It is especially interesting to see how the 
world of the unimaginably tiny and the world of the unimaginably large 
interact... 

!
(
(
)?! ?! ),7%! )%,.-! ,:+3*! 23,/*39!9%8),/'8(! *).+3;)! 6+631,.! 7%/3%(! @:++F(=! 0'19(=!
&%:('*%(=!%*8DDDB!
!
PRE Agree Neutral Disagree 
Class (N=94) 0.61 0.19 0.20 
 
Student A: 

 
(Strongly Agree) [BLANK] 

 
Student B: 

 
(Strongly Disagree) I'm completely out of the "physics loop" and 
hope to get more into it in this class! 

 
Student C: 
 

 
(Agree) I read part of the book In Search Of Schrodinger's Cat by 
John Gribbin 

 
Student D: 

 
(Agree) In high school, I got a taster of quantum mechanics through 
generalized physics books, but nothing more in depth. Beyond that, my 
knowledge of quantum mechanics is limited, and comes primarily from 
several online lectures by MIT (through itunes U) and several from the 
University of Madras (posted on youtube). 

!
!
!
!
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E)%!.%6+.*%-!'/8+9'/;!'/*%.%(*! '/!23,/*39!9%8),/'8(!0+.!*)%(%!(*3-%/*(! '(!

(+9%&),*! )';)%.! @a[hB! *),/! '(! 3(3,11<! (%%/! '/! ,! 8+3.(%! 0+.! %/;'/%%.'/;! 9,L+.(!!!!!!

@f][hC!,/-!8+96,.,:1%!&'*)!*<6'8,1!'/8+9'/;!,**'*3-%(!,9+/;!6)<('8(!9,L+.(C!(%%!

5),6*%.! \BD! ! U%8,3(%!&%! ),7%! /+! +*)%.! .%,(+/! *+! :%1'%7%! *),*! (*3-%/*(! 0.+9! *)'(!

(%9%(*%.!&+31-!:%!,/<!-'00%.%/*!0.+9!6.%7'+3(!6+631,*'+/(!0+.!*)'(!8+3.(%=!&%!8,/!

+/1<! (6%831,*%! *),*! *)'(! '(!&),*! .%(31*%-! 0.+9!,11! 0+3.!9%9:%.(!+0! *)%! '/(*.38*'+/!

*%,9!)<6'/;!*)%!%M8'*%9%/*!+0!23,/*39!6)<('8(!+/!*)%!0'.(*!-,<!+0!1%8*3.%D! !O/-!,(!

&'*)!6.%7'+3(!'/*.+-38*+.<!9+-%./!6)<('8(!8+3.(%(=!,!9,L+.'*<!+0!(*3-%/*(!.%6+.*%-!

),7'/;!)%,.-! !$+*"-/%&! ,:+3*! 23,/*39!9%8),/'8(! :%0+.%! %/.+11'/;! '/! *)%! 8+3.(%=!
&)'8)! 3/-%.(8+.%(! *)%! 0,8*! *),*! '/8+9'/;! (*3-%/*(! ,.%! /+*! %/*'.%1<! :1,/F! (1,*%(!

&)%/! '*! 8+9%(! *+! 23,/*39! 6)<('8(=! ,/-! &'11! 8%.*,'/1<! :.'/;! !$+*) 6.%8+/8%'7%-!
/+*'+/(!'/*+!*)%!8+3.(%!b!'/8+9'/;!(*3-%/*(!&'11!),7%!'96.%(('+/(!,:+3*!*)%!/,*3.%!

+0!23,/*39!9%8),/'8(=!6+('*'7%!+.!/%;,*'7%D!

! $'*)!*)%(%!8+/('-%.,*'+/(!'/!9'/-=!'*!(%%9(!.%,(+/,:1%!*+!8+/813-%!*),*!*)'(!

6,.*'831,.!;.+36!+0!(*3-%/*(!)%1-!'/8+9'/;!,**'*3-%(!,/-!:%1'%0(!*),*!&%.%!*<6'8,1!+0!

('9'1,.! (*3-%/*! 6+631,*'+/(! @,(! 9%,(3.%-! :<! *)%(%! (6%8'0'8! ,((%((9%/*(B=! ,/-! *+!

,((%.*!*),*!,/<!,;;.%;,*%!(*3-%/*!+3*8+9%(!,((+8',*%-!&'*)!*)%!'961%9%/*,*'+/!+0!

*)'(!83..'83139!()+31-!/+*!:%!,**.':3*%-!*+!*)%.%!:%'/;!,/<*)'/;!3/'23%!,:+3*!*)'(!

6,.*'831,.!81,((D!!$%!),7%!/+!9%,/(!+0!+:L%8*'7%1<!,((%(('/;!L3(*!)+&!.%6.%(%/*,*'7%!

T*3-%/*(!O!b!Q!,.%!+0!*)%!+7%.,11!(*3-%/*!6+631,*'+/=!:3*!'*!'(!+3.!(3:L%8*'7%!+6'/'+/!

@:,(%-! +/! *)%! %M6%.'%/8%! +0! (*3-<'/;! ,! &'-%! 7,.'%*<! +0!9+-%./! 6)<('8(! +00%.'/;(!

+7%.! *)%!(6,/!+0!(%7%.,1!,8,-%9'8!<%,.(B! *),*!T*3-%/*(!O=!U!p!5!.%6.%(%/*!(%7%.,1!

6+'/*(!+0!7'%&!*),*!,.%!8+99+/!,9+/;!'/8+9'/;!%/;'/%%.'/;!(*3-%/*(D!!?*!'(!,1(+!+3.!

(3:L%8*'7%! ,((%((9%/*! *),*! T*3-%/*! Q! )+1-(! ,! .%1,*'7%1<! (+6)'(*'8,*%-! 7'%&! +/!

23,/*39!9%8),/'8(! 0+.!,/! '/8+9'/;!(*3-%/*=!:3*!+/%! *),*!8+31-!:%!8,*%;+.'S%-!,(!

5*.'/!"B>"."/!"/4.'! '/! 1';)*! +0! )'(! %M61'8'*! :%1'%0! '/! *)%! 1+8,1'S%-! /,*3.%! +0! %1%8*.+/(=!
,/-!)'(!,((%.*'+/!*),*!*)%!3/8%.*,'/*<!6.'/8'61%!8+/(*.,'/(!('931*,/%+3(!8%$A'*1&*!
+0!'/8+96,*':1%!+:(%.7,:1%(D!

(

55?X?(H*,326*(P+3*6.+;9!

! ?/! *)%'.! %/-A+0A*%.9! .%01%8*'7%! %((,<(=! *)%! *+6'8(! 9+(*! 0.%23%/*1<! 8'*%-! :<!

(*3-%/*(! ,(! ),7'/;! '/013%/8%-! *)%'.! 6%.(6%8*'7%(! +/! 23,/*39! 6)<('8(! &%.%! *)%!

('/;1%A23,/*,!%M6%.'9%/*(!&'*)!1';)*!,/-o+.!9,**%.=!,/-!(+!&%!0+83(!+3.!,**%/*'+/!

)%.%! +/! +/%! 1%8*3.%! @qHIB! 6.'9,.'1<! -%7+*%-! *+! *)%! %M6%.'9%/*(! 6%.0+.9%-! :<!
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L20.S01. Students are reminded that the double-slit experiment can be performed with 
single photons, which are detected individually.  Wave intensity is associated with the 
probability for detection, which is greater in locations where there is constructive 
interference. 
 
 
 

 
 

L20.S02. Dirac offered his interpretation of these kinds of experiments long before they 
could be realized: each photon must pass through both slits as a delocalized wave and 
interfere with itself; interference with other photons does not occur. 
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L20.S03. A “single-photon source” was employed by Aspect in 1986 to explore the 
wave-particle duality of photons. The two-step excitation process greatly reduces the 
intensity of the source, where the goal is to detect only specific photons: ones emitted in a 
two-step, back-to-back de-excitation process. 
 
 
 

 
 

L20.S04. Detection of the first photon (!1) in PM1 signals the counters to await the 
detection of the second photon (!2).  The gate is open for a time equal to twice the 
lifetime of the intermediate state, making it highly probable that a second photon was 
emitted during that time period. 
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L20.S06. With a little discussion, students quickly converged on (A).  The greatest 
student confusion arose from the schematic nature of the diagram, which implies there is 
open space between BS1 and the two photomultipliers, which might allow for a photon 
reflected at BS1 to reach PMB.  This question helps check that students understand the 
purpose of each element of the experimental setup (beamsplitter, mirror, detector, 
counter). 
 

 
 

L20.S08. Following the previous concept test and subsequent discussion, it should now 
be clear there is only one path by which a photon might reach PMA: it must have traveled 
along Path A, by reflection at BS1, and reflection again at MA. 
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L20.S09. The same is true for a detection in PMB: the photon can only have traveled via 
Path B, by transmission at BS1, and reflection at MB. 
 
 
 

 
 

L20.S10. It is still possible to record a detection in both photomultipliers during the short 
time the gate is open – when this happens, the coincidence counter (NC) is triggered.  
How often this happens has implications for how we interpret the behavior of photons. 
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L20.S11. We first require some kind of statistical measure of how often the two 
photomultipliers are firing together versus firing separately.  This can be defined in terms 
of a ratio of the counting rates per unit time for each of the three counters, or 
equivalently, in terms of the probability for each of the counters to be triggered during the 
short time the gate is open. 
 

 
 

L20.S12. If the detectors were to fire together more often than not (implying that the 
photon energy is coherently split at BS1 and deposited equally in both detectors – wave 
behavior), then " should be # 1.  It will be less than one if the detectors tend to fire 
independently (implying each detection corresponds to a single photon following a single 
path – particle behavior). 
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L20.S13. At all intensities (but particularly at low counting rates), the two 
photomultipliers fire independently more often than not.  Since only a single path leads to 
either of the two detectors, we interpret these results as indicating that each photon is 
either reflected or transmitted at BS1, but not both. 
 
 
 

 
 

L20.S14. The experiment is run again as before, except that now a second beam splitter 
(BS2) is inserted into the path.  It is impossible to determine which-path information 
through a detection in either one of the photomultipliers. 
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L20.S15. With the second beam splitter in place, there are now multiple paths a photon 
could take to be detected in a given photomultiplier.  Students were quick to converge on 
(C) as the correct answer, with less discussion than was required for the first concept test. 
 
 
 

 
 

L20.S16. Detection in either of the photomultipliers yields no information about which 
path a photon must have taken to get there.  With multiple possible paths, interference 
effects are expected, though not of a kind previously encountered by students.  In this 
case, interference is observed by comparing the counting rates in the two detectors. 
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L20.S17. According to quantum mechanics, the counting rates in the two detectors are 
oppositely modulated according to the difference in path lengths between A & B.  
Photons that had only taken Path A should not be affected by any changes made to Path 
B, yet their behavior at BS2 is determined entirely by the relative lengths of both paths. 
 

 
 

L20.S18. An explicit connection is made between the interpretation of a photon’s 
behavior at BS1 and the which-path information available to the experimenter.  There 
was no favored response to this moderately rhetorical clicker question, which was meant 
more to get students thinking and talking about the validity of our interpretations, and to 
prime them for the delayed-choice experiment. 
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L20.S19. The question is now whether we can make a change in the experimental 
apparatus after the photon has encountered the first beam splitter; in such a way that we 
go from conducting Exp. 1 to Exp. 2 (or vice-versa) after the photon has already 
“decided” how to behave when it encounters BS1. 
 
 

 
 

L20.S20. While structurally similar to the first experiment, this one utilizes a laser tuned 
to such low intensity that there is, on average, only one photon per pulse. 
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L20.S21. When a voltage is applied to the Pockels cell it rotates the plane of polarization 
of a photon such that it is always reflected by the Glans prism into PMA.  This voltage 
can be turned on and off with a frequency that is sufficient for the time resolution of this 
experiment. 
 
 

 
 

L20.S22. Two 10-meter lengths of fiber optic cable introduce a transit delay time of 
about 30 nanoseconds after the photon has encountered the first beam splitter. 
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L20.S22. With a voltage applied to the Pockels cell (PC-A), any photon reflected at BS1 
will be detected in PMA with 100% probability. 
 
 

 
 

L20.S24. With a voltage applied to the Pockels cell, any photon transmitted at BS1 will 
have an equal likelihood of being detected in either PM1 or PM2. 
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L20.S25. With no voltage applied to the Pockels cell, both Path A and Path B are open to 
the photon.  Since self-interference is possible in this case, we may fix the mirrors so that 
every photon is detected only in PM1 when no voltage is applied. 
 
 

 
 

L20.S26. This may form the basis of a quantum epistemological tool for students.  With 
only one path possible, no interference effects should be seen (photons behave like 
particles); two (or more) paths means interference should be visible (photons behave like 
waves). 
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L20.S27. When the experiment is run, interference is seen whenever two paths were open 
to the photon, and absent when only one path was open, regardless of which was the case 
at the time the photon encountered the first beam splitter. 
 
 

 
 

L20.S28. Dirac’s interpretation suggests the photon is coherently split into a 
superposition state at the first beam splitter in all three experiments, and then collapses to 
a point when (randomly) interacting with a detector. 
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L20.S29. It is hoped that, by this point, students will not just accept, but conclude for 
themselves that photons never exhibit both types of behaviors simultaneously. 
 
(
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Student A: 

 
To me, realism can be described as the idea that things happen 
whether someone is there to witness it. For example, if a tree falls in 
the middle of the woods and there is nothing around to hear it, does it 
still make a sound?  Locality represents an intuition that objects around 
us can only be directly influenced by other objects in its immediate 
surrounding.  Completeness is a description of the world that is 
represented by the smallest physical attributes such as particles, 
electrons, waves, atoms, etc. Completeness describes the complete 
world as one.  A great example of hidden variables is the example 
referred to in class about 2 socks being put into different boxes, mixed 
up and sent to opposite sides of the universe.  Once you discover the 
color of one sock, you know the color of the other one... entanglement.  
These socks are hidden variables until one sock’s color is discovered. 

 
Student B: 

 
Realism is a property in which every measurable quantity exists. In 
other words, everything is definite, and there is no superposition. The 
only thing that keeps us from knowing what all the quantities are is our 
ignorance.  Completeness refers to a theory that can describe 
everything without leaving anything unknown. By this definition, 
quantum physics is not complete because when we measure a certain 
quantity such as the projection of the atom in the Z direction, then we 
can’t know its projection in the X direction. 
 
Locality is the concept of being able to relate all actions to actions that 
occurred before them. For example, locality can describe a car accident 
– all the events that lead up to the car accident are clear and relate to 
one another. Bohr’s interpretation of entanglement is not local, because 
we have no way of explaining how the observation of one atom 
collapses the wave such that the other atom (which would be miles 
apart) instantaneously is affected. 

 
Student C: 
 

 
Locality: Locality of the two particles that are being separated and 
measured means that in some way the particles are linked to each 
other. These two linked particles are then able to influence each other 
with out traveling faster than the speed of light. 
 
Realism: Realism suggests that no quantum superposition exists. If I 
see a red sock in the classic two socks in box experiment, the sock was 
red all along and the other sock was blue all along. 
 
Completeness: If the sum total parts of any experiment is known, the 
outcome can be predicted. There is completeness to an experiment that 
can always be predicted. Quantum mechanics suggests otherwise. 

 
Hidden Variables: A hidden variable could influence the outcome of an 
experiment and explain the non-locality of entangled particles. A 
tachyon is an example of a hidden variable, it is something that can 
travel faster than the speed of light. 
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Student D: Realism states that a quantity in a measured system has an objectively 
real value, even if it isn’t known. For example, under a realist 
interpretation, an atom always has a particular spin, we are simply 
unable to know that spin before we measure it (it is “hidden”). Locality 
is the concept that there must always be a causative chain in the real 
world linking two events, in other words, that one object may only 
effect another by causing a change in its local surroundings that may 
eventually propagate to cause a change in the second object through 
its local surroundings. Entanglement appears to violate this principle by 
allowing two particles to influence the state of each other regardless of 
their physical separation or the material in-between them. For a 
physical theory to be “Complete” according to the guidelines set by 
EPR, it must be able to explain the nature and behavior of everything in 
physical reality. In this sense, quantum mechanics is not complete; if 
locality is not to be violated quantum mechanics cannot explain all of 
the physical properties of a system at the most basic level. 
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FIG. 5.1. Total number of postings made by students by the end of the Fall 2010 
semester.  Well over 3/4 of the enrolled students made at least four contributions to the 
discussion board over the course of the semester. 
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Subject: Delayed-Choice Experiments   
Date: October 12, 2010 10:53 PM 
 

[…] It seems that what's important for the argument is what's going on at the first beamsplitter.  I think 
Dirac is saying that we can think of each photon always taking both paths and then the collapse of the 
wavefunction forces the photon to suddenly go from being in both paths to being in just one? 

Date: October 17, 2010 7:46 PM 
 

I got the same message from Dirac's statement that "each photon interferes only with itself" and that the 
photon is wavelike until observed as a particle. Or innocent until proven guilty if you will ;) 
 

Still, riddle me this, how can a propagating wave suddenly switch to particle like behavior? 
 

And the weirdness of quantum mechanics persists. 
Date: October 19, 2010 3:34 AM 
 

That has been tough to grasp for me as well, how do we understand that there is some mechanism for 
the wave to switch to particle behavior? 
 

We have only the wave equation collapse and probability which seem like the algorithms we 
discarded earlier in the semester for the "farmer and the seed". I know there isn't an answer yet of the 
process its what me have to accept for now since the math coincides with experimentation so 
perfectly. (My observations thus far) 
Date: October 19, 2010 9:56 AM 
 

I've been thinking about the nature of photons and the like, and I've decided that "behaving like a 
particle/wave" doesn't say anything about what the photon actually is. These comparisons just give us 
something to relate them to, at certain times. Photons are in a category all their own, and behave like 
nothing we know classically. 

Date: November 3, 2010 12:39 AM 
 

Like so much in our world: words can never suffice. 
 

It's just so very perturbing to me: the idea a wave acts like a wave when we want it to and vice 
versa with the particle. Why is the measurement so important? Have particles such as photons 
always acted this way even when we were ignorant of things not just at the quantum level, but at 
simply the cellular level? I sometimes wonder if the world behaves in a quantum manner just 
because we are observing it behave in a quantum manner, like the whole of existence is just a 
hypothetical wave in someone's photon experiment and there's a whole other particle-side out 
there which we don't know about. Is it just a question of making an effort to find it? 
Date: November 9, 2010 7:14 PM 
 

I wholeheartedly agree. Light quanta is a concept used to explain certain phenomena we perceive 
in certain experiments, not the absolute truth. What the photon actually is can only be described in 
partially complete terms "wave or particle" that end up confusing the people. 
 

But light behaves in a so called "classical" manner, does it not? You perceive light all the time. As 
you are reading this light is stimulating nerves in your eyes. You know the effects of light well. 
So, do photons truly behave like nothing we know classically? 

 

 

 

 Date: November 15, 2010 9:49 PM 
 

We've discussed plenty of times that objects that were previously believed to have only 
"classical" properties behave in a quantum manner. Bucky balls for instance are quite "large" 
especially compared to an electron or photon and in general I would say that we would think of 
the Bucky ball behaving "classically." That said, we've seen interference patterns from them 
which is strictly a quantum behavior. What is your justification for light behaving 
"classically"? Remember that your retina is a measurement device and will destructively alter 
the quantum state of a photon. 

(
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Student A: Student One interprets this sequence of screen shots classically, he 

obviously is thinking of this problem not quantum mechanically because 
if he did he would think the electron is going through both slits at the 
same time although he is thinking of this in terms of the Bohr model a 
bit.  I think this is because he knows that we don’t know the true 
position of the electron which means he is also thinking of it in terms of 
the uncertainty principle too.  He thinks classically because he thinks it 
can’t go through 2 slits at the same time. 

 
Student B: 

 
Student One believes that the electron is indeed just a particle the 
whole time, but is moving around so fast in a random way that we can’t 
detect it.  He does not believe in wave-particle duality of electrons.  He 
does believe that there are hidden variables (i.e., position).  He also 
does not believe that there is a superposition.  Overall, he has a realist 
point of view that the electron has a specific path but we just don’t 
know it. 

 
Student C: 
 

 
Student 1 is taking a somewhat realist perspective.  They are assuming 
the electron traveled through one slit or the other.  They claim the 
reality of the situation is the particle-like electron existed in a cloud of 
probability, and passes through one slit or the other as the cloud 
moved through the double slits.  This explanation does not mention the 
probability density predicted by the wave equation. 

 
Student D: 

 
Student 1’s statement is consistent with that of someone who holds 
realism to be true.  He/she assumes that: 1) The electron was always a 
particle with a fixed position in space and time; and 2) The only reason 
that the probability field is so large is because we are unable to 
determine its position (a “hidden variable”) prior to it striking the 
screen.  Thus, he believes that the properties of the electron are always 
the same, but we (the observer) are only able to observe those 
properties under a given set of circumstances (when the particle hits 
the screen). 

!
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Student A: For Student 1, I agree that the prob. density is large because we don’t 

know position of the electron – we never do.  I disagree that this can’t 
be represented quantum mechanically.  From experiments in the past it 
is proven that we get fringes (pattern). 
 
For Student 2, I disagree that the electron is the blob because in the 
brighter part of the blob there is a higher probability that an electron 
will be detected than in the dimmer part.  Although I agree the electron 
acts as a wave, I disagree that a single electron can be described as a 
wave packet. 
 
The third student isn’t saying the first 2 are wrong.  All he is saying is 
that the interference patterns are a result of probability not classical 
physics and that both are right.  We don’t know how we get the results 
we do so we work with probabilities. 

 
Student B: 

 
Since Student One believes that the electron was traveling within the 
blob and went through only one slit, he believes that electrons act as 
particles.  This would mean that he would never observe interference.  
This is not true though because the experiment shows that over a long 
time, interference is observed. (Even the nickel atoms in a crystal 
lattice experiment shows this too.)  Since Student 2 believes that the 
electron acts as a wave packet, he suggests that we have a small 
uncertainty in its position (and large uncertainty in its momentum).  
However, if we had a small uncertainty in its position, then we could 
later predict where it would show up on the screen.  The double-slit 
experiment shows this.  In other words, the blob doesn’t represent the 
electron, but rather the probability density of the electron to be 
detected.  Experiments show that we don’t really know what the 
electron is doing before we detect it.  Student 3 is indeed disagreeing 
with Students 1 & 2 by saying that Students 1 & 2 can’t make some of 
their claims, as we really just can’t tell what the electron is doing 
between being emitted from the gun and being detected on the screen.  
He might not be stating that Students 1 & 2 are necessarily wrong, but 
he says that quantum mechanics can’t conclude their conclusions.  A 
practicing physicist would most likely agree with Student 3 because it is 
consistent with the Aspect experiment for photons. 

 
Student C: 
 

 
Student 2 describes the electron as a wave packet.  When a double slit 
experiment is performed, the interference pattern that is observed 
corresponds to a probability density that can be described by a wave-
packet equation.  A packet of waves would interfere with itself, creating 
a probability of the electron to pass through both slits.  Also, which slit 
the electron went through cannot be measured without altering the 
uncertainty in the momentum. 



!
JH]!

Student D: Rationale/Evidence for Student 1 (aka EPR): 
Realism argument: all objects must have definite properties within the 
system regardless of observation.  Location is real but hidden variable.  
Makes intuitive sense. 
 
Against Student 1: 
Idea of definite quantities for all states (Local Realism) does not hold to 
experiment.  Probabilistic provides correct explanation, deterministic 
does not.  Single-photon interference experiments. 
 
Rationale/Evidence for Student 2 (aka Bohr): 
Electron is a wave function that collapses to a determinate state at 
plate.  Consistent with matter waves argument put forward by 
deBroglie.  Allows for interference with only one electron. 
 
Against Student 2: 
Fails when applied quantitatively; no mechanism for wave collapse yet 
developed. 
 
No, Student Three is simply stating the theory behind the 
interpretations put forth by the first two students.  In other words, he 
is limiting his assessment of the experiment to what can be predicted 
and explained through existing QM theory.  A practicing physicist would 
tend to agree with Student 3 because his description requires the least 
assumptions and adheres to what we know as opposed to what we 
postulate. 
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Student A: 

 
I think from what I have learned in this class that Student 3 is correct.  
Probability can show us patterns but we really don’t know what’s going 
on before.  It is reasonable to agree with both Student One who thinks 
classically and Student 2 who thinks quantum mechanically because 
that allows you to form your own ideas about what is going on but the 
truth is that we don’t know what’s going on between emission and the 
screen. 

 
Student B: 

 
I personally believe that the electron acts like a wave until we observe 
it.  This is Dirac’s interpretation.  Student 1 & Student 2 can’t both be 
right because that would suggest that the electron acts like a wave and 
particle at the same time, and there is experimental evidence that 
refutes this. 

 
Student C: 
 

 
Since electrons show both wave and particle like behavior, it would be 
reasonable to side with either Student 1 or 2.  Student 2 used a more 
wave-like interpretation, Student 1 used a more particle like 
interpretation. 
 
I personally visualize the situation as a flow of some fluid that travels 
through the two slits in waves.  It appears through all space as soon as 
the electron is fired.  The electron then rides this chaotic fluid toward 
the screen and strikes in a location that is somewhat determined by the 
interference patterns of the fluid.  Trying to measure this fluid flow 
collapses the waves created. 

 
Student D: 

 
I personally agree with Student 3.  I see no reason to jump to a 
conclusion regarding the electron’s behavior without a quantitative 
mechanism to explain its behavior between source and the plate.  We 
know from this experiment that an electron exhibits behavior consistent 
with that of a wave, but we do not know exactly why or how that is so.  
That being said, I find Student 2’s statement a more convenient way to 
think about the electron’s behavior. 
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,;.%%'/;!&'*)!,11!*).%%D!!R\h!+0!(*3-%/*(!(,'-!*)%<!,;.%%!&'*)!T*3-%/*!E&+=!+.!&'*)!
:+*)! +0! *)%! 1,(*! *&+! (*,*%9%/*(=! &)'1%! #\h! 6.%0%..%-! T*3-%/*! E).%%Z(! (*,*%9%/*!
%M813('7%1<D!
!
55?&?(#99*99./0(Z2308./0($*697*,3.=*9!

! O(!6,.*!+0!*)%'.!0'/,1!)+9%&+.F!,((';/9%/*=!(*3-%/*(!&%.%!,(F%-!*+!.%(6+/-!
*+! *)%!(,9%!6+(*A'/(*.38*'+/!,**'*3-%(!(3.7%<! *),*!),-!:%%/!,-9'/'(*%.%-! '/!+*)%.!
8+3.(%(D! ! $%! .%6+.*! )%.%! *)%! 0'/,1! 81,((! &'-%! .%(6+/(%(! *+! %,8)! (3.7%<! '*%9=!
L3M*,6+(%-!&'*)!)+&!*)%<!.%(6+/-%-!,*!*)%!:%;'//'/;!+0!*)%!(%9%(*%.D!!$%!('9'1,.1<!
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+00%.!8+961%*%!.%(6+/(%(!0.+9!T*3-%/*(!O=!U!p!5D!!T*3-%/*!Q!-'-!/+*!.%(6+/-!*+!*)'(!
0'/,1! (3.7%<=!:3*!&%!(),11!)%,.! 0.+9!)'9!,;,'/! '/!+3.!-'(83(('+/!+0! *)%! 0'/,1!%((,<!
,((';/9%/*!:%1+&D!NT%8*'+/!??DGP!
!

F?! ?*! '(!6+((':1%! 0+.!6)<('8'(*(! *+!8,.%0311<!6%.0+.9!*)%!(,9%!9%,(3.%9%/*!,/-!;%*!
*&+!7%.<!-'00%.%/*!.%(31*(!*),*!,.%!:+*)!8+..%8*D!
!
 Agree Neutral Disagree 
POST (N=90) 0.78 0.06 0.17 
PRE (N=94) 0.65 0.13 0.22 
 
Student A: 

 
(Disagree) Take the example of hidden variables.  If you put one red 
sock and one blue sock into identical boxes and both socks are identical 
beside their color, and you send them across the universe, then your 
technically performing the same measurement.  When you open one 
box you find out what color the sock is in that box and it can be either 
red or blue, two different results.  At the same time you also know 
what is in the other box every time you perform the experiment, in that 
respect, you are kinda getting the same result. 
(PRE: Agree) 

 
Student B: 

 
(Strongly Agree) This is possible especially when it comes to 
measuring the position of an electron. This is because there is no 
definite position to begin with. All we can know is the probability of 
finding the electron in a particular position, but probability does not 
determine where the electron will be when we measure it. 
(PRE: Agree) 

 
Student C: 
 

 
(Strongly Agree) Two very different results could confirm the same 
fact. Being correct is nothing more than confirming a fact. 
(PRE: Strongly Agree) 

! !

T*3-%/*(! ()'0*%-! *+&,.-(! 9+.%! ,;.%%9%/*! &'*)! *)'(! 23%(*'+/! @,/-! 1%((!
/%3*.,1'*<B=! :3*! -.,&'/;! 8+/813('+/(! 0.+9! +7%.,11! ,;.%%9%/*! +.! -'(,;.%%9%/*!
()+31-! :%! -+/%! &'*)! 8,3*'+/=! 0+.! *)%.%! ,.%! 23,/*39! 9%8),/'8,1! .%,(+/(! 0+.!
-'(,;.%%'/;!&'*)!*)'(!(*,*%9%/*D! !G+.!%M,961%=!'*!),(!:%%/!,.;3%-!:<!(*3-%/*(!*),*=!
'/!6.,8*'8%=!(8'%/*'(*(!6%.0+.9!,!/39:%.!+0!9%,(3.%9%/*(!'/!,/<!;'7%/!%M6%.'9%/*=!
,/-! '*! '(! *)%!(*,*'(*'8,1!-'(*.':3*'+/!+0!-,*,! *),*! '(! *)%! 0'/,1!.%(31*=!&)'8)!()+31-!:%!
,1&,<(!:%!*)%!(,9%!0+.!('9'1,.!%M6%.'9%/*(4!!
!

sm'0! &%! ,.%! 9%,(3.'/;! *)%! 6+('*'+/! +0! ,/! %1%8*.+/=! &%! &'11! 9%,(3.%! ,!
-'00%.%/*! 6+('*'+/! %,8)! *'9%D! U3*! '0! &%! 8+96'1%! ,11! +3.! .%(31*(!&%!&'11! 0'/-!
6+('*'+/(!*),*!8+..%(6+/-!*+!*)%!&,7%!03/8*'+/D!?!(*.+/;1<!-'(,;.%%!&'*)!*)%!
,:+7%! (*,*%9%/*! :%8,3(%! '0! ,/! %M6%.'9%/*! '(! 6%.0+.9%-! 8+..%8*1<! '*! ()+31-!
6.+-38%!*)%!(,9%!.%(31*(ut!

!

E)%!-'(*.':3*'+/!'/!E,:1%![D??!+0!*)%!F'/-(!+0!.%,(+/'/;!'/7+F%-!:<!(*3-%/*(!,*!6.%A!
,/-! 6+(*A'/(*.38*'+/! @:<! *)%! (,9%! 8,*%;+.'S,*'+/! (8)%9%! %961+<%-! '/! 5),6*%.! HB!



!
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()+&(!*),*!(*3-%/*(!()'0*%-!-.,9,*'8,11<!'/!*)%'.!6.%0%.%/8%(!0+.!-%*%.9'/'(*'8!,/-!

)'--%/A7,.',:1%! (*<1%! *)'/F'/;! @5,*%;+.'%(! Q! p! YBD! ! T*3-%/*(! ()'0*%-! 0.+9! R]h! *+!

J]h! '/! 6.+7'-'/;! 5,*%;+.<! Q! p! Y! .%(6+/(%(! @&)%*)%.! '/! ,;.%%9%/*! +.!

-'(,;.%%9%/*BD! ! O/-! &)'1%! +/1<! J]h! +0! (*3-%/*(! '/7+F%-! 23,/*39! 6)%/+9%/,!

@5,*%;+.<!OB! ,*! *)%! +3*(%*! +0! *)%! 8+3.(%=! \[h!+0! 6+(*A'/(*.38*'+/! .%(6+/(%(!9,-%!

.%0%.%/8%! *+! 23,/*39! (<(*%9(D! !V+(*! (*3-%/*(! ,;.%%-!&'*)! *)'(! (*,*%9%/*! :%0+.%!

,/-!,0*%.! '/(*.38*'+/=!:3*! 1%,./'/;!,:+3*!23,/*39!9%8),/'8(!8,3(%-!9+(*!+0! *)%9!

*+! 8+/('-%.! '*! '/! ,! /%&! 1';)*D! ! G+.! %M,961%=! T*3-%/*! U! ),(! 8+/0'.9%-! )'(! 6.%A

'/(*.38*'+/!(3(6'8'+/!*),*!23,/*39!9%8),/'8(!9';)*!,11+&!0+.!*)'(!(*,*%9%/*!*+!:%!

*.3%D! ! T*3-%/*! O! +.';'/,11<! ,;.%%-! :%8,3(%! +0! &,7%A6,.*'81%! -3,1'*<=! :3*! /+&!

-'(,;.%%(!*).+3;)!,/!%M,961%!+0!)'--%/!7,.',:1%(!,/-!81,(('8,1!';/+.,/8%D!!T*3-%/*!

5!(*.+/;1<!,;.%%-!'/!:+*)!8,(%(=!0'.(*!6.+7'-'/;!,!5,*%;+.<!Q!.%(6+/(%=!,/-!*)%/!+/%!

9+.%!8+/('(*%/*!&'*)!5,*%;+.<!5D!

!

 
TABLE 5.II. Categorization (as in Chapter 2) and distribution of reasoning provided at 
pre- and post-instruction, in agreement or disagreement with the statement: G")/!),$!!/;'*)
=$#),-(!/4/!"!) "$)4.#*=:''(),*#=$#+)"-*)!.+*)+*.!:#*+*%").%1)&*") "A$)2*#()1/==*#*%")
#*!:'"!)"-.").#*);$"-)4$##*4"; standard error on the proportion $ 5% in each case. 

CATEGORY DESCRIPTION 

A Quantum theory/phenomena 

B Relativity/different frames of reference 

C There can be more than one correct answer to a physics problem. 
Experimental results are open to interpretation. 

D Experimental/random/human error 
Hidden variables, chaotic systems 

E There can be only one correct answer to a physics problem. 
Experimental results should be repeatable. 

PRE-INSTRUCTION (N=94) POST-INSTRUCTION (N=90) 
CATEGORY AGREE DISAGREE AGREE DISAGREE 

A 15% 2% 58% 7% 

B 4% 0 0 0 

C 13% 0 10% 0 

D 29% 3% 9% 4% 

E 1% 14% 0 4% 

TOTAL 62% 19% 77% 15% 

!

!

!
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I?! E)%! 6.+:,:'1'(*'8! /,*3.%! +0! 23,/*39! 9%8),/'8(! '(! 9+(*1<! -3%! *+! 6)<('8,1!
1'9'*,*'+/(!+0!+3.!9%,(3.%9%/*!'/(*.39%/*(D!
!

 Agree Neutral Disagree 
POST (N=90) 0.18 0.21 0.61 
PRE (N=94) 0.46 0.32 0.22 
 
Student A: 

 
(Strongly Agree) The probabilistic nature of quantum mechanics 
comes from the fact that there are aspects of quantum mechanics that 
can’t be measured due to physical limitations of our measurement 
instruments.  For instance how the uncertainty principle interacts with 
electrons orbiting a nucleus.  Electrons are too small and move too fast 
for humans to know exactly where an electron is at a certain moment, 
so we can only perform one measurement at a time.  Position and 
momentum of a particle can’t be known at the same time, we can only 
calculate the probability of finding them there. 
(PRE: Neutral) 

 
Student B: 

 
(Strongly Disagree) It seems that the probabilistic nature of 
quantum mechanics is mostly due to the nature of sub-atomic particles 
rather than the limitations of our measurement instruments. If the 
particles were in definite states and definite positions to begin with, or 
even if there were a wave function that could define the exact state of 
the particles at any time, then one could argue that the problem is our 
measurement instruments. Perhaps such a formula will exist in the 
future, but that would mean that the limitation is our knowledge, not 
our instruments.  
(PRE: Strongly Agree) 

 
Student C: 

 
(Neutral) I have no idea. 
(PRE: Neutral) 

!
! E)%.%!&,(!,!(*.+/;!()'0*!,&,<!0.+9!,;.%%9%/*!,/-!'/!0,7+.!+0!-'(,;.%%9%/*!
:<! *)%! %/-! +0! *)%! 81,((C!&'*)+3*! 6,(('/;! L3-;9%/*! +/! (*3-%/*(!&)+! 0%%1! /%3*.,11<!
*+&,.-(! *)'(! (*,*%9%/*! @,0*%.! ,11=! &%! -+! /+*! 8+/('-%.! ,;/+(*'8'(9! *+! :%!
3/(+6)'(*'8,*%-B=!&%!&+31-!,*!1%,(*!1'F%!0+.!+3.!(*3-%/*!*+!%$").&#**!&'*)!*)%!/+*'+/!
*),*! *%8)/+1+;<! 9';)*! +/%! -,<! .%-38%! *)%! /%%-! 0+.! 6.+:,:'1'(*'8! -%(8.'6*'+/(! +0!
23,/*39! 6)%/+9%/,D! ! T*3-%/*! UZ(! .%(6+/(%! '(! -%('.,:1%=! '/! *),*! )%! '-%/*'0'%(!
3/8%.*,'/*<! '/! 23,/*39! 9%8),/'8(! ,(! 03/-,9%/*,1=! ,/-! /+*! ,! 8+/(%23%/8%! +0!
%M6%.'9%/*,1!3/8%.*,'/*<D!!T*3-%/*!OZ(!.%(6+/(%!'(!8+/('(*%/*!&'*)!)'(!.%,(+/'/;!+/!
,*+9'8! %1%8*.+/(! ,*! *)%! :%;'//'/;! +0! *)%! 8+3.(%4! *)%'.! 8),+*'8=! .,6'-! 9+*'+/!
6.%813-%(!F/+&1%-;%!+0! *)%'.! *.3%!6+('*'+/(D! !$%!61,8%-!T*3-%/*!O! '/! *)%!@&%$!"/4!
8,*%;+.<!,*!*)%!*'9%!+0!*)%!(%8+/-!%M,9=!:3*!&%!(),11!/+&!(%%!)'(!%M61'8'*!6.%0%.%/8%!
0+.!.%,1'(94!
!
!
!
!
!
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N?!$)%/! /+*! :%'/;! +:(%.7%-=! ,/! %1%8*.+/! '/! ,/! ,*+9! (*'11! %M'(*(! ,*! ,! -%0'/'*%! @:3*!
3/F/+&/B!6+('*'+/!,*!%,8)!9+9%/*!'/!*'9%D!
!
 Agree Neutral Disagree 
POST (N=90) 0.26 0.18 0.57 
PRE (N=94) 0.72 0.09 0.19 
 
Student A: 

 
(Strongly Agree) Every physical thing exists whether it is being 
observed or not.  This is the idea of realism, and I completely agree 
with it.  An electron is a particle therefore I believe that it has a 
physical manifestation.  An electron will definitely still exist at a definite 
position at every moment in time.  This correlates with my answer 
above.  
(PRE: Strongly Agree) 
 
 

Student B: (Disagree) This thought process only makes sense if one were to view 
electrons as particles (like billiard balls). However, we know from 
experimentation that the electron has wave-like properties and can be 
described in the form of an electron cloud (Schrodinger’s model). Thus, 
we can have an idea of where we are likely to find the electron if we 
make a measurement, but when we don't make a measurement, the 
electron should not be acting like a particle. But then again, we can't be 
100% sure of what's happening when we aren't measuring... 
(PRE: Strongly Agree) 

 
Student C: 

 
(Neutral) If an electron orbits a nucleus in a forest and no physicist is 
there to observe it, does it obey the uncertainty principle? 
(PRE: Agree) 

!
! O(!&'*)!*)%!(%8+/-!(3.7%<!'*%9=!&%!&+31-!),7%!1'F%-!0+.!+3.!(*3-%/*(!*+!%$"!
8)++(%! *+! ,;.%%!&'*)! *)'(! (*,*%9%/*=! ,/-!+/1<!H\h!+0! *)%9!-'-!:<! *)%! %/-!+0! *)%!
(%9%(*%.D! !$%!9,<!/+*! '/0%.!*++!938)!0.+9!T*3-%/*!5Z(!*+/;3%A'/A8)%%F!.%(6+/(%=!
%M8%6*! *+!(3;;%(*!)'(!/%3*.,1!,**'*3-%! '961'%(! *)'(!23%(*'+/!9,<!/+&!),7%!,(! 1'**1%!
@+.!,(!938)B!9%,/'/;!*+!)'9!,(!8+/('-%.'/;!*)%!(+3/-!+0!+/%!),/-!81,66'/;!b!,*!,!
9'/'939=! )'(! .%(6+/(%! ),(! ()'0*%-! ,&,<! 0.+9! ,;.%%9%/*D! ! ?/! )'(! -'(,;.%%9%/*=!
T*3-%/*!U!%M61'8'*1<!,--.%((%(!*)%!&,7%A1'F%!6.+6%.*'%(!+0!,*+9'8!%1%8*.+/(=!*)+3;)!
)%!,1(+!%M6.%((%(!,!9+-'839!+0!*%/*,*'7%/%((!'/!)'(!:%1'%0(D!
! Y7%/! *)+3;)!T*3-%/*!O!),(! 8+9%! *).+3;)! *)'(! 8+3.(%!&'*)!%M61'8'*1<! .%,1'(*!
/+*'+/(!'/*,8*!@6%.),6(!%7%/!.%'/0+.8%-B=!&%!&+31-!(*'11!8+/('-%.!)'(!.%(6+/(%!*+!:%!
'/! F%%6'/;! &'*)! ,*! 1%,(*! (+9%! +0! +3.! 1%,./'/;! ;+,1(4! )%! ),(! ;'7%/! 8+/(8'+3(!
8+/('-%.,*'+/!*+!)'(!'/*3'*'7%!:%1'%0(!,/-!8+/0'.9%-!*)%9!*+!)'9(%10=!,/-!)%!8,/!/+&!
,.*'831,*%!*)+(%!:%1'%0(!'/!*%.9(!+0!1,/;3,;%!*),*!:%%/!6.%7'+3(1<!3/,7,'1,:1%!*+!)'9D!!
O*! *)%! 7%.<! 1%,(*=! )%! -'-! /+*! 3(%! (38)! 1,/;3,;%! '/! )'(! 6.%A'/(*.38*'+/! .%(6+/(%(=!
&)'8)! 0+83(%-!9+.%!+/! *)%! *%/*,*'7%/%((!+0! (8'%/*'0'8!F/+&1%-;%D! !g%*!3(! 8+/('-%.!
*)%(%!(*3-%/*(Z!1,(*!*)+3;)*(!+/!*)%!-+3:1%A(1'*!%M6%.'9%/*!:%0+.%!-.,&'/;!,/<!0'/,1!
8+/813('+/(!+/!*)%'.!+7%.,11!+3*;+'/;!6%.(6%8*'7%(4!
!
!
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Student A: I agree with Student 1 mostly except for the fact that the electron 
could be going through both slits at the same time for all we know.  I 
also agree with student 2 because I think that the electron is acting as 
a wave and again possibly go through both slits at the same time.  
Therefore I agree more with student 3 because we really don’t know 
what is happening between the moment the electron is shot from the 
gun and it hits the detection screen. 
 

Student B: I agree with student three because it seems that the electron can act 
as a wave until we observe it. Even if this isn't the reality, there's 
nothing we can know about it from when the electron is emitted to 
when it is detected. However, student one and student two cannot be 
both correct because the electron cannot act like a wave (student 2) 
and a particle (student 1) at the same time, because there is 
experimental evidence that refutes this. 
 

Student C: 
 

Student One is assuming the electron is always a particle. Student Two 
is assuming that the electron is pretty much a wave until it gets 
smooshed by the screen. Student three is sticking to the fact that the 
electron has a probability of going in certain places on the screen. I 
think there will always be a more accurate description of observations 
and quantum mechanics is, for now, an accurate description of reality. 
 

!

!

! O/-! (+! '*! &+31-! ),7%! :%%/! 6.%9,*3.%! *+! 8+/('-%.! T*3-%/*! O! *+! :%! ,!

8+/0'.9%-!5*.'/!"=!(%%'/;!)+&!)%!9,'/*,'/(!,/!%M61'8'*!*%/*,*'7%/%((!.%;,.-'/;!&),*!
8,/! ,8*3,11<! :%! F/+&/! '/! *)'(! %M6%.'9%/*=! ,/-! (+!&%!9';)*! :%(*! 8),.,8*%.'S%! )'(!

+7%.,11! 0'/,1! .%(6+/(%(! ,(! 5*.'/!"o@&%$!"/4H! ! T*3-%/*! UZ(! %,.1'%.! %M,9! .%(6+/(%(!
61,8%-!)'9! (+9%&)%.%! :%*&%%/! *)%!E:.%":+! ,/-!9$,*%-.&*%! 8,*%;+.'%(=! :3*! )'(!
+7%.,11! 1,/;3,;%! ),(! 8+/('(*%/*1<! .%0%..%-! *+! *)%! ;*-.2/$#! +0! 23,/*,=! ,/-! )%! ),(!
%M61'8'*1<!.%03(%-!*+!%23,*%!*)%!&,7%!&'*)!*)%!6,.*'81%!'*!-%(8.':%(D!!5+/('-%.'/;!)'(!

0'/,1!,;.%%9%/*!&'*)!T*3-%/*!E).%%=!,/-!)'(!8+/8%(('+/!*),*!,!&,7%!-%(8.'6*'+/!+0!

23,/*,!9,<!31*'9,*%1<!/+*!8+/0+.9!*+!.%,1'*<=!T*3-%/*!UZ(!+3*;+'/;!6%.(6%8*'7%!+/!

23,/*39!9%8),/'8(! '(!9+(*!8+/('(*%/*!&'*)!*)%!9$,*%-.&*%!8,*%;+.<D! !T*3-%/*!5Z(!
0'/,1!.%(6+/(%!.%23'.%(!(+9%!*)+3;)*4!&%!:%1'%7%!)%!'(!(3;;%(*'/;!*)%.%!&'11!+/%!-,<!

:%!,!+$#*).44:#."*!-%(8.'6*'+/!+0!.%,1'*<=!:3*!*),*!23,/*39!9%8),/'8(!'(!83..%/*1<!,!
!:==/4/*%"'() .44:#."*! -%(8.'6*'+/! +0! *),*! .%,1'*<=! ,/-! (+! &%! -+/Z*! '/*%.6.%*! )'(!
.%(6+/(%!,(!'961<'/;!*),*!23,/*39!9%8),/'8(!'(!/%8%((,.'1<!'/8+961%*%D!!T*3-%/*!5!

%M6.%((%-!:%1'%0(!'/!/+/A1+8,1!.%,1'(9!,*!9'-A(%9%(*%.=!,/-!&%!-'-!/+*!,(F!)'9!0+.!

)'(!+&/!'/*%.6.%*,*'+/!+0!*)%!-+3:1%A(1'*!%M6%.'9%/*!'/!*)%!6+(*A'/(*.38*'+/!(3.7%<=!

:3*!)'(! +7%.,11! 0'/,1! .%(6+/(%! '/-'8,*%!)%!&+31-!:%!:%(*!-%(8.':%-!,(!:%'/;! '/! *)%!

@&%$!"/4!8,*%;+.<D!
! O! 0'/,1! 1++F! ,*! *)%! +7%.,11! 81,((! .%(6+/(%(! *+! *)'(! 6+(*A'/(*.38*'+/! %((,<!

23%(*'+/=! '/! 8+/L3/8*'+/!&'*)! *)%'.! .%(6+/(%(! +/! ,*+9'8! %1%8*.+/(=! 6.+7'-%(! (+9%!

'/(';)*!'/*+!*)%!8+/('(*%/8<!+0!(*3-%/*!6%.(6%8*'7%(=!&)'8)!&,(!6,.*!+0!+3.!+.';'/,1!

9+*'7,*'+/(! 0+.! +3.! '/7%(*';,*'+/(D! N5),6*%.! HP! ^/1<! 0'7%! +0! *)%! a]! (*3-%/*(! &)+!

6.+7'-%-!81%,.!.%(6+/(%(!*+!*)'(!(3.7%<!'*%9!%M61'8'*1<!,;.%%-!&'*)!T*3-%/*!^/%=!,/-!
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*).%%!+0!*)%9!-'-!(+!'/!*)%'.!%M6.%(('+/!+0!,;.%%9%/*!&'*)!,11!*).%%!(*,*%9%/*(D!!^0!
*)%(%! 0'7%! (*3-%/*(=! *).%%!+0! *)%9!,;.%%-!&'*)! *)%! (*,*%9%/*! +/! ,*+9'8! %1%8*.+/(=!
+/%!&,(!/%3*.,1=! ,/-! *)%! +*)%.! .%61'%-! '/! -'(,;.%%9%/*D! ! E)'(!9%,/(! *),*! H#h!+0!
(*3-%/*(! &)+! 8)+(%! *+! %$") .&#**! &'*)! T*3-%/*! ^/%! '/! *)%! -+3:1%A(1'*! %M6%.'9%/*!
%((,<!23%(*'+/!+00%.%-!,!.%(6+/(%!*+!*)%!(*,*%9%/*!+/!,*+9'8!%1%8*.+/(!*),*!&+31-!
:%!8+/('(*%/*!&'*)! .%,1'(*! %M6%8*,*'+/(D! !Y7%/! *)+3;)!&%!,.%!+/1<! 8+/('-%.'/;! 0'7%!
(*3-%/*(! )%.%! @9%,/'/;! *)%.%! '(! (';/'0'8,/*! (*,*'(*'8,1! %..+.B=! &%! /+*%! *),*! *)'(!
-'(*.':3*'+/! +0! .%(6+/(%(! +/! ,*+9'8! %1%8*.+/(! 0+.! (*3-%/*(! &)+! ),-! %M6.%((%-!
.%,1'(*!6.%0%.%/8%(!'/!*)%!-+3:1%A(1'*!%M6%.'9%/*!9,*8)%(!+3.!0'/-'/;(!'/!5),6*%.!H!
%M,8*1<D! ! $%! ,1(+! /+*%! *),*! *)'(! H#h! @vRhB! +0! (*3-%/*(! %7'-%/8'/;! '/8+/('(*%/*!
*)'/F'/;!,8.+((!*)%(%!*&+!8+/*%M*(!'(!(';/'0'8,/*1<!1%((!*),/!*)%!##h!@v\hB!0+3/-!'/!
+3.!'/'*',1!(*3-'%(!@6wIDIIJ=!:<!,!+/%A*,'1%-!*A*%(*BD!!$%!:%1'%7%!*)%(%!.%(31*(!,11+&!3(!
*+!8+/813-%!*),*!,/+*)%.!+0!+3.! 1%,./'/;!;+,1(!),-!:%%/!,8)'%7%-!0+.!,!9,L+.'*<!+0!
+3.!(*3-%/*(!b!*)%!8+/('(*%/8<!+0!(*3-%/*!6%.(6%8*'7%(!:%*&%%/!*)%(%!*&+!8+/*%M*(!
),(!:%%/!(';/'0'8,/*1<!'/8.%,(%-!+7%.!6.'+.!'/8,./,*'+/(!+0!9+-%./!6)<('8(!8+3.(%(D!

$%! 8+/813-%! *)'(! (%8*'+/! :<! 8+/('-%.'/;! *)%! 1%7%1! +0! 6%.(+/,1! '/*%.%(*! '/!
23,/*39!9%8),/'8(!%M6.%((%-!:<!(*3-%/*(!,*!*)%!%/-!+0!*)%!(%9%(*%.4!
!
!
!
!
!

O?!?!*)'/F!23,/*39!9%8),/'8(!'(!,/!'/*%.%(*'/;!(3:L%8*D!
 
 Agree Neutral Disagree 
POST (N=90) 0.98 0.02 0.0 
PRE (N=94) 0.85 0.13 0.02 
 
Student A: 

 
(Strongly Agree) I found quantum mechanics to be an interesting 
subject because the concepts around it are not proven.  A lot of what is 
behind quantum mechanics is qualitative which is very different than 
most physics classes which are quantitative.  It is nice to look at a 
complex subject such as physics from a qualitative manner because for 
the past two years I’ve been taking all engineering classes which are all 
involving math significantly. 
(PRE: Strongly Agree) 

 
Student B: 

 
(Strongly Agree) The fact that there are truths associated with 
quantum mechanics that still can't be explained is a very interesting 
concept. I have never been taught something in school that is proven 
in experiments but still lacks a proper reasoning (such as 
entanglement). I also think it's very interesting to learn how sub-
atomic particles behave so differently than macroscopic particles. 
(PRE: Strongly Agree) 

 
Student C: 

 
(Strongly Agree) Quantum mechanics is strange and interesting and 
mind stretching. This has been a great course. 
(PRE: Neutral) 

!
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! $%! 0'/-! '*! .%9,.F,:1%! *),*! 7'.*3,11<! %7%.<! (*3-%/*! %M6.%((%-!,/! '/*%.%(*! '/!
23,/*39!9%8),/'8(!:<!*)%!%/-!+0!*)%!8+3.(%=!,/-!*),*!+/1<!*&+!(*3-%/*(!.%(6+/-%-!
/%3*.,11<!b!*)%(%!0'/,1!/39:%.(!,.%!8+/*.,.<!*+!*)%!3(3,1!-%8.%,(%!'/!'/*%.%(*!,9+/;!
%/;'/%%.'/;! (*3-%/*(=! ,/-! ,.%! +/! 6,.! &'*)! &),*! '(! *<6'8,11<! (%%/! '/! ,! 8+3.(%!
6+631,*%-!&'*)!6)<('8(!9,L+.(=!&)%.%! '*! '(! 0,'.1<! (,0%! *+!,((39%! *),*!/%,.1<!%7%.<!
(*3-%/*!'(!,1.%,-<!'/*%.%(*%-!'/!1%,./'/;!,:+3*!23,/*39!9%8),/'8(!8+9'/;!'/*+!*)%!
8+3.(%D!N5),6*%.!\DP!!T*'11=!8+/('-%.'/;!*)%!.%1,*'7%1<!)';)!.,*%!+0!'/8+9'/;!'/*%.%(*!'/!
23,/*39! 9%8),/'8(! 0+.! (*3-%/*(! 0.+9! +3.! 8+3.(%=! '*! '(! /+*! %/*'.%1<! 81%,.! )+&!
%00%8*'7%! &%! &%.%! '/! '/013%/8'/;! (*3-%/*! ,**'*3-%(! &'*)+3*! 8+/('-%.'/;! ,! 9+.%!
-%*,'1%-! :.%,F-+&/! +0! *)%'.! .%(6+/(%(D! ! ?/! ,11! +*)%.! 8,(%(=! .&#**+*%"! ,/-! !"#$%&)
.&#**+*%"!),-!:%%/!8+11,6(%-!'/*+!,!('/;1%!8,*%;+.<=!,/-!('9'1,.1<!0+.!1/!.&#**+*%"!
,/-! !"#$%&) 1/!.&#**+*%"C! &%! *)%.%0+.%! 8+/('-%.! *)%! /39:%.! +0! (*3-%/*(! &)+!
:%8,9%!+$#*)*+,-."/4!'/!*)%'.!,;.%%9%/*D!!?/'*',11<=!#Hh!+0!(*3-%/*(!9%.%1<!,;.%%-!
*),*! 23,/*39! 9%8),/'8(! '(! ,/! '/*%.%(*'/;! (3:L%8*=! ,/-! [#h! &%.%! '/! (*.+/;!
,;.%%9%/*! b! *)%(%! /39:%.(! ()'0*%-! :<! *)%! %/-! +0! *)%! 8+3.(%! *+! HIh! ,/-! ]ah=!
.%(6%8*'7%1<D!!$%!9,<!*)%.%0+.%!8+/813-%!*),*!*)'(!83..'83139=!,(!'961%9%/*%-=!&,(!
(388%((031!'/!/+*!+/1<!9,'/*,'/'/;!(*3-%/*!'/*%.%(*!'/!6)<('8(=!:3*!'/!6.+9+*'/;!'*!,(!
&%11D!!O(!,!0'/,1!8+99%/*=!&%!/+*%!*),*!T*3-%/*(!O=!U!p!5!,11!%M6.%((!,!(*.+/;!'/*%.%(*!
'/! *)%! (3:L%8*=! ,/-! *)%'.! .%(6+/(%(! (3;;%(*! *),*! '*! '(! 6.%8'(%1<! *)%! (*'11A+6%/!
23%(*'+/(!'/!23,/*39!9%8),/'8(!*),*!'/(6'.%!*)%'.!0,(8'/,*'+/!b!X,/-+.,Z(!U+M!),(!
:%%/!+6%/%-=!,/-!&%!-+/Z*!),7%!*+!:%!,0.,'-u!
!
(
55?&?([./+;(&99+B(

?/! 1'%3! +0! ,! 1+/;! ,/(&%.! (%8*'+/! +/! *)%! 0'/,1! %M,9=! (*3-%/*(!&%.%! ,(F%-! *+!
&.'*%!,!HA#!6,;%!@9'/'939B!0'/,1!%((,<!+/!,!*+6'8!0.+9!23,/*39!9%8),/'8(!+0!*)%'.!
8)++('/;=! +.! *+! &.'*%! ,! 6%.(+/,1! .%01%8*'+/! +/! *)%'.! %M6%.'%/8%! +0! 1%,./'/;! ,:+3*!
23,/*39! 9%8),/'8(! '/! +3.! 81,((! @,/! +6*'+/! 8)+(%/! :<! fRIh! +0! (*3-%/*(BD! ! O(!
+66+(%-! *+! ,! 0+.9,1! *%.9! 6,6%.=! *)'(! ,((';/9%/*!&,(!9%,/*! *+! ;'7%! (*3-%/*(! *)%!
+66+.*3/'*<! *+! %M61+.%! ,/! ,(6%8*! +0! 23,/*39! 9%8),/'8(! *),*! &,(! +0! 6%.(+/,1!
'/*%.%(*!*+!*)%9D!!E+6'8(!(%1%8*%-!:<!(*3-%/*(!0+.!*)%'.!0'/,1!%((,<(!@+/%(!*),*!&%.%!
/+*! 6%.(+/,1! .%01%8*'+/(B! '/813-%-4! 23,/*39! 8.<6*+;.,6)<C! 23,/*39! 8+963*'/;C!
%/S<9,*'8! 23,/*39! *3//%1'/;C! :+(+/(! ,/-! 0%.9'+/(C! *)%! `3,/*39! x%/+! Y00%8*C!
(*.'/;!*)%+.<C!,*+9'8!*.,/('(*+.(C!23,/*39!9%8),/'8(!'/!(8'%/8%!0'8*'+/C!,/-!9+.%m!!
E)%!/%,.1<!3/'7%.(,11<!6+('*'7%!/,*3.%!+0!*)%!0%%-:,8F!6.+7'-%-!:<!(*3-%/*(!'/!*)%'.!
6%.(+/,1! .%01%8*'+/(! '(! %7'-%/8%! 0+.! *)%! 6+631,.'*<! ,/-! %00%8*'7%/%((! +0! +3.!
*.,/(0+.9%-! 83..'83139=! ,/-! '*(! 6.,8*'8,1! '961%9%/*,*'+/D! NYM8%.6*(! 0.+9! *.4-! +0!
*)%! (3:9'**%-! 6%.(+/,1! .%01%8*'+/(! 0.+9! *)%! G,11! HIJI! (%9%(*%.! ,.%! 8+11%8*%-! '/!
O66%/-'M!YDP!

$%!.%8,11!0.+9!%,.1'%.!'/!*)'(!8),6*%.!*),*!T*3-%/*!Q!),-!%/*%.%-!*)'(!8+3.(%!
&'*)! ,! .%1,*'7%1<! (+6)'(*'8,*%-! 7'%&! +/! 23,/*39! 9%8),/'8(=! :3*! +/%! *),*! &,(!
%M61'8'*1<!.%,1'(*o(*,*'(*'8,1D!!$%!,.%!'/*%.%(*%-=!+0!8+3.(%=!'/!&)%*)%.!*)'(!83..'83139!
),(!(+9%*)'/;!/%&!*+!+00%.!(*3-%/*(!&'*)!,!)';)!-%;.%%!+0!:,8F;.+3/-!F/+&1%-;%!
8+9'/;! '/*+! *)%! (%9%(*%.D! E)+3;)! )%! -'-! /+*! 8+961%*%! *)%! %/-A+0A*%.9! ,**'*3-%(!



!
J#]!

(3.7%<=! &%! 9,<! (*'11! -.,&! (+9%! 8+/813('+/(! .%;,.-'/;! *)%! %00%8*'7%/%((! +0! *)'(!
83..'83139!,*!'/013%/8'/;!T*3-%/*!QZ(!'/*%.6.%*'7%!(*,/8%(4!
!

sK6+/! %/*%.'/;! *)%! 81,((=! ?! &,(! 9+(*! %M8'*%-! *+! 1%,./! ,:+3*! *)%! 7,.'+3(!
'/*%.6.%*,*'+/(! 63*! 0+.*)! *+! %M61,'/! 23,/*39! 9%8),/'8,1! 6)%/+9%/,D! ! ?!
,1.%,-<!),-!,!0,'.1<!(*.+/;!0++*'/;!'/!*)%!,8*3,1!9,*)%9,*'8(!+0!*)%!9,*%.',1=!
:+*)!0.+9!9<!+&/!'/-%6%/-%/*!(*3-'%(!,/-!0.+9!,/!%M8%6*'+/,1!OX!X)<('8(!
8+3.(%! ?! ),-! *,F%/! '/!9<! (%/'+.! <%,.! '/! )';)! (8)++1D! ! l+&%7%.=! /%'*)%.! +0!
*)+(%! 63.(3'*(! ),-! ;'7%/! 9%! ,! (*.+/;! ;.+3/-'/;! '/! *)%! +7%.,.8)'/;!
*)%+.%*'8,1! 6.'/8'61%(! :%)'/-! *)%! 9,*%.',1=! %(6%8',11<! &)%/! '*! 8,9%! *+!
'/*%.6.%*'/;!*)%!%M6%.'9%/*,1!-,*,!'/!*)%!9+.%!.%8%/*!&+.F!(38)!,(!O(6%8*Z(!
('/;1%!6)+*+/!%M6%.'9%/*(!,/-!%1%8*.+/!-'00.,8*'+/D!!?!8,9%!'/!3/-%.(*,/-'/;!
*)%!.%(31*(!+0!*)+(%!%M6%.'9%/*(=!:3*!/+*!*)%'.!'961'8,*'+/(!0+.!*)%!/,*3.%!+0!
1';)*!,/-!9,**%.D!!E)'(!81,((!-'-!,!0,/*,(*'8!L+:!+0!6,*8)'/;!*)+(%!)+1%(!'/!9<!
3/-%.(*,/-'/;D!NmP!O1*)+3;)!*)'(!81,((!),(!/+*!(';/'0'8,/*1<!8),/;%-!9<!'-%,(!
,:+3*!6)<('8(!,/-!*)%!6.,8*'8%!+0!(8'%/8%=!'*!),(!:%%/!+/%!+0!*)%!0%&!8+3.(%(!?!
),7%! *,F%/! *),*! ,883.,*%1<! 6+.*.,<(! *)%! (8'%/*'0'8! 9%*)+-! +0! 8,.%031!
+:(%.7,*'+/D! ! E)%! 8+3.(%! &,(! %M8%6*'+/,1! '/! )+&! '*! ),/-1%-! 8+/813('+/(!
-.,&/! 0.+9! %M6%.'9%/*,1! .%(31*(=! *)%! 9+(*! 9%9+.,:1%! %M,961%! :%'/;! *)%!
.%03*,*'+/!+0! *)%! s)'--%/!7,.',:1%t! '/*%.6.%*,*'+/D! !E)%!81,((!&,(!,*! '*(!:%(*!
&)%/!-'(83(('/;! *)%! '/*%.6.%*,*'+/(!+0!%M6%.'9%/*(!,/-! *)%! '961'8,*'+/(!+0!
*)%'.! .%(31*(C! O(6%8*Z(! ('/;1%! 6)+*+/! %M6%.'9%/*(! &%.%! %M61,'/%-! &'*)!
6,.*'831,.!81,.'*<!,/-!8,.%Dt!

!
$%! 9,<! /+*! F/+&! 6.%8'(%1<! )+&! T*3-%/*! Q! &+31-! ),7%! .%(6+/-%-! *+! *)%! 6+(*A
'/(*.38*'+/! (3.7%<=! :3*! &%! 9,<! '/0%.! 0.+9! )'(! (*,*%9%/*(! *),*! )%! /+! 1+/;%.!
6%.(+/,11<! (3:(8.':%(! *+! *)%!/+*'+/!+0!-/11*%) 2.#/.;'*!D! !$%!,((%.*! *),*! T*3-%/*!Q!
(388%((0311<! *.,/('*'+/%-! 0.+9! ,! 5*.'/!"o>"."/!"/4.'! 6%.(6%8*'7%! +/! 23,/*39!
9%8),/'8(=! *+! +/%! *),*! '(! 9+.%! ,1';/%-! &'*)! *)%! :%1'%0(! +0! 6.,8*'8'/;! 6)<('8'(*(!
@9$,*%-.&*%BD!
(

(

(

(

(

(

(

(

(

(

(
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'*L*6*/,*9(C!-+73*6()JK!
!
F?!TD!UD!V8W,;,/=!WD!WD!X%.F'/(!,/-!5D!YD!$'%9,/=!c%0+.9'/;!,!1,.;%!1%8*3.%!9+-%./!
6)<('8(!8+3.(%!0+.!%/;'/%%.'/;!9,L+.(!3('/;!,!XYcA:,(%-!-%(';/=!<?59)<#$4**1/%&!)
IJJK!@O?X!X.%((=!V%17'11%=!_i=!HII\BD!
!
I?!$D!WD!O-,9(=!WD!WD!X%.F'/(=!_D!X+-+1%0(F<=!VD!Q3:(+/=!_D!QD!G'/F%1(*%'/!,/-!5D!YD!
$'%9,/=! O! /%&! '/(*.39%/*! 0+.! 9%,(3.'/;! (*3-%/*! :%1'%0(! ,:+3*! 6)<('8(! ,/-!
1%,./'/;!6)<('8(4! *)%!5+1+.,-+!g%,./'/;!O**'*3-%(!,:+3*!T8'%/8%!T3.7%<=!<-(!H)5*2H)
>LM)<-(!/4!)?1:4."/$%)5*!*.#4-!I=!J=!IJIJIJ!@HII\BD!
!
N?!YD!c%-'()=! dD!T,31!,/-!cD!T*%'/:%.;=!T*3-%/*!%M6%8*,*'+/(! '/! '/*.+-38*+.<!6)<('8(=!
@+H)NH)<-(!H!UU=!HJH!@J""aBD!
!
O?! TD! UD!V8W,;,/=! WD! WD! X%.F'/(! ,/-! 5D! YD!$'%9,/=!$)<!&%! ()+31-! *%,8)! *)%!U+).!
9+-%1! ,/-!)+&! *+! *%,8)! '*! %00%8*'7%1<=!<-(!H)5*2H) >LM)<-(!/4!)?1:4."/$%)5*!*.#4-!O=!
IJIJI#!@HIIaBD!
!
)?! cD! l,F%=! ?/*%.,8*'7%AY/;,;%9%/*! y%.(3(! E.,-'*'+/,1! V%*)+-(4! O! T'MAE)+3(,/-A
T*3-%/*!T3.7%<!+0!V%8),/'8(!E%(*!Q,*,!0+.!?/*.+-38*+.<!X)<('8(!5+3.(%(=!@+H)NH)<-(!H!
UU!@JB=!\R!@J""aBD!
!
U?!gD!5D!V8Q%.9+**=!^%.(*%-!V%-,1!g%8*3.%!HIIJ4!sX)<('8(!Y-38,*'+/!c%(%,.8)!b!E)%!
W%<!*+!T*3-%/*!g%,./'/;=t!@+H)NH)<-(!H!UQ=!JJH]!@HIIJBD!
!
W?!TD!UD!V8W,;,/=!WD!WD!X%.F'/(=!VD!Q3:(+/=!5D!V,11%<=!TD!c%'-=!cD!g%V,(*%.!,/-!5D!YD!
$'%9,/=! Q%7%1+6'/;! ,/-! c%(%,.8)'/;! X)YE! ('931,*'+/(! 0+.! E%,8)'/;! `3,/*39!
V%8),/'8(=!@+H)NH)<-(!H!WU=!RI\!@HIIaBD!
(
M?!)**64oo6)%*D8+1+.,-+D%-3o('931,*'+/(o('9(D6)6>('9e`$?!
(
Q?!5D!Q,7'((+/!,/-!gD!lD!k%.9%.=!Q'00.,8*'+/!+0!%1%8*.+/(!:<!,!8.<(*,1!+0!/'8F%1=!<-(!H)
5*2H!N\=!]I[!@J"H]BD!
!
F\?! TD! G.,::+/'=!kD!5D!k,SS,-'=! ,/-!kD!X+SS'=!_,/+0,:.'8,*'+/!,/-! *)%! .%,1'S,*'+/!+0!
G%</9,/Z(!*&+A(1'*!%M6%.'9%/*=!@,,H)<-(!H)3*""*#!!QN=!I]#JIa!@HIIaBD(
!
FF?!OD!E+/+93.,=!dD!Y/-+=!ED!V,*(3-,=!ED!W,&,(,F'!,/-!lD!YM,&,=!Q%9+/(*.,*'+/!+0!
('/;1%A%1%8*.+/!:3'1-36!+0!,/!'/*%.0%.%/8%!6,**%./=!@+H)NH)<-(!H!)W=!JJ]!@J"a"BD!
!
FI?!)**64oo.-;D%M*D)'*,8)'D8+DL6o.-o9+7'%%o-+3:1%(1'*%D&97!
(
FN?!_%&!1%8*3.%!9,*%.',1(!,/-!(399,.'%(!,.%!,7,'1,:1%!+/1'/%!,*4!
)**64oo&&&D8+1+.,-+D%-3o6)<('8(oY-38,*'+/?((3%(o:,'1<o-'((%.*,*'+/o!
!



!
J#"!

FO?!yD!^*%.+=!TD!X+11+8F!,/-!_D!G'/F%1(*%'/=!O!X)<('8(!Q%6,.*9%/*Z(!c+1%!'/!X.%6,.'/;!
X)<('8(!E%,8)%.(4!E)%!5+1+.,-+!g%,./'/;!O(('(*,/*!V+-%1=!@+*#H) NH) <-(!H!WM=! JHJa!
@HIJIBD!
!
F)?(cD!QD!W/';)*=!<-(!/4!) =$#)>4/*%"/!"!).%1)?%&/%**#!M)@) !"#."*&/4).,,#$.4-=!H/-!Y-D!
@O--'(+/!$%(1%<=!T,/!G.,/8'(8+=!5O=!HIIRBD!
(
FU?! OD! T)'9+/<=! E)%! c%,1'*<! +0! *)%! `3,/*39!$+.1-=! >4/*%"/=/4) @+*#/4.%! @d,/3,.<!
J"aa=!66D!R\A[#BD!
!
FW?(_D!QD!V%.9'/=!?(!*)%!9++/!*)%.%!&)%/!/+:+-<!1++F(>!c%,1'*<!,/-!*)%!23,/*39!
*)%+.<=!<-(!H)L$1.(!NM!@RB=!#a!@J"a[BD!
(
FM?! QD! GD! T*<%.=! L-*) >"#.%&*) F$#'1) $=) E:.%":+) O*4-.%/4!! @5,9:.'-;%! K/'7%.('*<!
X.%((=!5,9:.'-;%=!HIIIBD!
!
FQ?(YD!5,*,1+;13!,/-!cD!c+:'/%**=!E%(*'/;!*)%!-%7%1+69%/*!+0!(*3-%/*!8+/8%6*3,1!,/-!
7'(3,1'S,*'+/! 3/-%.(*,/-'/;! '/! 23,/*39! 9%8),/'8(! *).+3;)! *)%! 3/-%.;.,-3,*%!
8,.%%.=!@+H)NH)<-(!H!W\=!H#a!@HIIHBD!
!
!I\?(TD! UD!V8W,;,/! ,/-!5D! YD!$'%9,/=! YM61+.'/;! T*3-%/*!K/-%.(*,/-'/;! +0! Y/%.;<!
E).+3;)! *)%!`3,/*39!V%8),/'8(! 5+/8%6*3,1! T3.7%<=!<?59)<#$4**1/%&!) IJJP! @O?X!
X.%((=!V%17'11%=!_i=!HII\BD!
!
IF?! TD! $3**'6.+9=! VD! QD! T),.9,=! ?D! QD! d+)/(*+/=! cD! 5)'*,.%%! ,/-! 5D! 5)%./8)+F=!
Q%7%1+69%/*!,/-!K(%!+0!,!5+/8%6*3,1!T3.7%<!'/!?/*.+-38*+.<!`3,/*39!X)<('8(=!G%"H)
NH)>4/H)?1:4H!NF(C)J=!\#J!@HII"BD!
!
(
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!"#$%&'()(
(

%*+,-./0(12+/324(5/3*676*3+3.8/9(:(
!847+6+3.;*(<23,84*9(+/=(!266.,2>24('*?./*4*/3(

(
(
5@(5/368=2,3.8/(

! $%! &'(!)*(+,-./!0'1)&(*2!3(!0-%/,4(*(4!&'(!4(/,5%!1%4! ,6)7(6(%&1&,-%!-8!1!
&*1%/8-*6(4!6-4(*%!)'9/,0/! 0.**,0.7.6! 8-*! (%5,%((*/2! &1.5'&! 1&! &'(!:%,+(*/,&9!-8!
;-7-*14-!,%!&'(!<177!=>">!/(6(/&(*?!!@'(!100(//,A,7,&9!1%4!(88(0&,+(%(//!-8!&',/!%(3!
0.**,0.7.6!31/!4,/0.//(4! ,%! &(*6/!-8! /-6(!6(1/.*(/! &'1&!3(*(! (%&,*(79!%(3!1%4!
/)(0,8,0! &-! &'1&! 0-.*/(! B! /&.4(%&! *(/)-%/(/! &-! '-6(3-*C! 1%4! (D16! E.(/&,-%/!
*(7(+1%&! &-! &'(! )'9/,017! ,%&(*)*(&1&,-%! -8! E.1%&.6!6(0'1%,0/?! ! F.&! 3(! '1+(! 17/-!
51.5(4!7(1*%,%5!-.&0-6(/!100-*4,%5!&-!6(1/.*(/!&'1&!'14!A((%!(6)7-9(4!,%!)*,-*!
/&.4,(/2! G;'1)&(*! HI! 1%4! /-! 3(! /'177! 144*(//! ,%! &',/! 0'1)&(*! '-3! /-6(! -8! &'(!
-.&0-6(/!8-*!&',/!&*1%/8-*6(4!0-.*/(!0-6)1*(!3,&'!&'*((!)*(+,-./!6-4(*%!)'9/,0/!
-88(*,%5/?!

J1&.*17792! &'(! -.&0-6(/! 8*-6! &',/! 0-.*/(! 3-.74! A(! 7(//! /,5%,8,01%&! ,8! -.*!
7(1*%,%5!5-17/!'14!%-&!*()*(/(%&(4!1!0'177(%5(!8-*!-.*!/&.4(%&/2!-*!8-*!-.*/(7+(/!1/!
,%/&*.0&-*/! 1%4! 0.**,0.7.6! 4(/,5%(*/?! ! K%9! %(379! ,6)7(6(%&(4! 0.**,0.7.6! 3,77!
0(*&1,%79! '1+(! %((4! 8-*! *(8,%(6(%&2! *(E.,*,%5! 8,*/&! &'(! ,4(%&,8,01&,-%! -8! /)(0,8,0!
/&.4(%&!4,88,0.7&,(/!3,&'!&'(!%(3!61&(*,172!3',0'!619!&'(%! ,%8-*6!-.*!/.55(/&,-%/!
8-*! ,6)*-+(6(%&?! ! $%! 7,5'&!-8!-.*! 8-0./!&'*-.5'-.&!&',/!4,//(*&1&,-%2! ,&!/((6/!6-/&!
1))*-)*,1&(! &-!4,/0.//!)*-A7(6/! /&.4(%&/!'14! ,%!.%4(*/&1%4,%5! &'(! /,%57(L)'-&-%!
(D)(*,6(%&/2! 1/! *(+(17(4! &'*-.5'! &'(,*! *(/)-%/(/! &-! 1%-&'(*! 7-%5L1%/3(*! (D16!
E.(/&,-%!8*-6!&'(!/(0-%4!6,4&(*6?!!K&!&'(!/16(!&,6(2!3(!619!17/-!1//(//!&'(,*!./(!
-8!/-6(!-8!&'(!(),/&(6-7-5,017!&--7/!3(!'14!3-*C(4!&-!(/&1A7,/'!,%!7(0&.*(?!!M(!3,77!
17/-!0-%/,4(*!155*(51&(!1%4!,%4,+,4.17!/&.4(%&!*(/)-%/(/!&-!/(+(*17!-8!&'(!6.7&,)7(!
0'-,0(! E.(/&,-%/! 8*-6! -.*! (D16/! 1%4! &'(! )-/&L,%/&*.0&,-%! 0-%&(%&! /.*+(92! 3',0'!
619!,%4,01&(!-&'(*!/&.4(%&!4,88,0.7&,(/!*(E.,*,%5!8.&.*(!/&.49?!
!

55@(!847+6+3.;*(<23,84*9!

! M(!'1+(!17*(149!/((%!'-3!0(*&1,%! ,%/&*.0&,-%17!1))*-10'(/!3,&'!*(/)(0&!&-!
,%&(*)*(&1&,-%! 01%! A(! 1//-0,1&(4! 3,&'! /)(0,8,0! /&.4(%&! -.&0-6(/! G(?5?2! &'(*(! ,/! 1!
5*(1&(*! )*(+17(%0(! -8! *(17,/&! A(7,(8/! ,%! 0-%&(D&/! 3'(*(! ,%/&*.0&,-%! '1/! A((%! 7(//!
(D)7,0,&! ,%! )*-6-&,%5! 1%! 17&(*%1&,+(! )(*/)(0&,+(2! -*! ,%! &-),0! 1*(1/! 3'(*(!
*(17,/&N/&1&,/&,017! ,%&(*)*(&1&,-%/! 3(*(! 4(7,A(*1&(79! )*-6-&(4I?! ! @'(*(! 1*(! 61%9!
/,6,71*,&,(/! A(&3((%!-.*! 0-.*/(! 8*-6!<177! =>">! 1%4! &'(! 8-.*! 0-.*/(/! 4,/0.//(4! ,%!
4(&1,7!,%!;'1)&(*!H2!O(0&,-%!H?$$!L!&'(9!3(*(!177!71*5(L7(0&.*(!0-.*/(/!GJ!P!Q>I!3'(*(!
,%&(*10&,+(!(%515(6(%&!31/!(6)7-9(4!4.*,%5!071//2!1%4!0-+(*(4!*-.5'79!&'(!/16(!
)*-5*(//,-%!-8!&-),0/!8*-6!E.1%&.6!6(0'1%,0/!1%4!,&/!1))7,01&,-%/?!!K%4!177!A.&!&'(!



!
"#=!

0-.*/(!&1.5'&!8*-6!1!*(17,/&N/&1&,/&,017!)(*/)(0&,+(!.&,7,R(4!61%9!-8!&'(!/16(!7(0&.*(!
61&(*,17/!&'1&!'14!A((%!4(+(7-)(4!4.*,%5!&'(!8,*/&!*-.%4!-8!0-.*/(!&*1%/8-*61&,-%/!
,%! =>>SL=>>T?! ! U(&! &'(9! 177! 4,88(*(4! ,%! &'(,*! ,%/&*.0&,-%17! 1))*-10'(/! &-!
,%&(*)*(&1&,-%2!&'-.5'!3(!3-.74!/19!&'1&!;-.*/(!F=!G1/!4(%-&(4!,%!O(0&,-%!H?$$I!31/!
6-/&!/,6,71*!&-!-.*!-3%2! ,%!&'1&!&'(!,%/&*.0&-*!31/!(D)7,0,&! ,%!)*-6-&,%5!1!61&&(*L
31+(!,%&(*)*(&1&,-%!-8!&'(!4-.A7(L/7,&!(D)(*,6(%&2!1%4!/,5%,8,01%&!7(0&.*(!&,6(!31/!
5,+(%! &-31*4! &'(! +(*9! (%4! -8! &'(! /(6(/&(*! &-! 4,/0.//,-%/! -8! 6(1/.*(6(%&! 1%4!
,%&(*)*(&1&,-%! ,%! E.1%&.6! 6(0'1%,0/! GA.&! 3,&'-.&! /)(0,8,0! *(8(*(%0(! &-! 1&-6,0!
/9/&(6/I?! !@'(*(!3(*(!%-!/,5%,8,01%&!4,88(*(%0(/! ,%! &'(!3-*4,%5!-*!)*(/(%&1&,-%!-8!
&'(! -%7,%(! 1&&,&.4(/! /.*+(9! 146,%,/&(*(4! ,%! (10'! 0-.*/(?! ! F(8-*(! 61C,%5! 4,*(0&!
0-6)1*,/-%/! -8! /&.4(%&! -.&0-6(/2! 3(! 8,*/&! GA*,(879I! *(6,%4! -.*/(7+(/! -8! -.*!
0'1*10&(*,R1&,-%/!-8! &'(!0-.*/(/!3,&'!3',0'!3(V77!A(!61C,%5!-.*!0-6)1*,/-%/2!1%4!
(/&1A7,/'!'-3!&'(9!3,77!A(!4(%-&(4!,%!&',/!0'1)&(*?!W@1A7(!Q?$X!
!
TABLE 6.I Summary of the four courses to be compared in this section, including a 
characterization of each instructor’s approach to interpretive themes. For reference, how 
each course was denoted in Chapter 3 is also included [n/a = not applicable]. 

STUDENT 
POPULATION COURSE INSTRUCTIONAL 

APPROACH 
CH. 3 

DENOTION 
     ENG-FA10 !"##$%&'"($) n/a 
     ENG-R/S *$"+,-#N.#"#,-#,/"+) A Engineering 
     ENG-MW !"##$%&'"($) B2 

Physics      PHYS-C/A 012$34"5$3N6531-#,/) C 
!

YJZL[NO! ,/! &'(! -%79! (%5,%((*,%5! 071//! 0-%/,4(*(4! ,%! -.*! /&.4,(/! &'1&! 31/!
&1.5'&! 8*-6! 1! *(17,/&N/&1&,/&,017! )(*/)(0&,+(?! ! YJZL\M! ,/! &'(! (%5,%((*,%5! 0-.*/(!
6-/&! /,6,71*! &-! -.*/! GYJZL<K">I2! ,%! &'1&! /,6,71*! 7(0&.*(! 61&(*,17/! 3(*(! ./(42! 1!
61&&(*L31+(! )(*/)(0&,+(! 31/! )*-6-&(42! 1%4! ,%&(*)*(&,+(! &'(6(/! 3(*(! 4,/0.//(4!
%(1*! &'(! (%4?! ! ]^UOL;NK! ,/! 1! 071//! 8-*! )'9/,0/!61_-*/! &'1&! 17/-! ./(4!61%9! -8! &'(!
/16(!7(0&.*(!61&(*,17/2!A.&!3,&'!7(//!(6)'1/,/!-%!,%&(*)*(&1&,-%?!
!
!
55@#@(A32=*/3(5/3*6*93(./(12+/324(B*,-+/.,9!

! $&! ,/! %-3!3(77! C%-3%! ,%! )'9/,0/! (4.01&,-%! *(/(1*0'! &'1&! /&.4(%&! 1&&,&.4(/!
&-31*4! )'9/,0/! '1+(! 1! &(%4(%09! &-! A(0-6(! 7(//! )-/,&,+(! 18&(*! ,%/&*.0&,-%! ,%!
,%&*-4.0&-*9!0-.*/(/!-8!177!C,%4/2!,%07.4,%5!-%(/!3'(*(!/)(0,8,0!1&&(%&,-%!'14!A((%!
)1,4!&-!/&.4(%&!1&&,&.4(/!1%4!A(7,(8/?!WH2!#X!!O,6,71*!(88(0&/!'1+(!A((%!/((%!,%!6-4(*%!
)'9/,0/! 0-.*/(/`! -%(! /&.49! /'-3(4! &'1&! &*14,&,-%17! 6-4(*%! )'9/,0/! ,%/&*.0&,-%!
&9),01779! 7(4! &-!/,5%,8,01%&!%(51&,+(!/',8&/! ,%!/&.4(%&!1&&,&.4(/!G1/!6(1/.*(4!A9!&'(!
;aKOO! W#XI2! 3',7(! 1! 0.**,0.7.6! &*1%/8-*6(4! ./,%5! )*,%0,)7(/! 8*-6! ]Y[! /13! %-!
/,5%,8,01%&!)*(N)-/&L,%/&*.0&,-%!/',8&/2!6(1%,%5!-+(*177!/&.4(%&!1&&,&.4(/!1&!7(1/&!4,4!
%-&!5(&!3-*/(?!W"X!F9!0-6A,%,%5!)*(L,%/&*.0&,-%!/.*+(9!*(/)-%/(/!-%!&'(,*!*()-*&(4!



!
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,%&(*(/&!,%!E.1%&.6!6(0'1%,0/!8*-6!/,D!/(6(/&(*/!-8!(%5,%((*,%5!0-.*/(/!G,%07.4,%5!
&'(!<177!=>">!/(6(/&(*I2!3(!/((!&'1&! ,%0-6,%5!,%&(*(/&! 8-*!(%5,%((*/! ,/!-%!1+(*15(!
A(&3((%!TSLb>c!81+-*1A7(?!W<,5?!Q?"X!!@'(!1+(*15(!)-/&L,%/&*.0&,-%!,%&(*(/&!16-%5!
(%5,%((*,%5! /&.4(%&/! 8*-6! 8,+(! -8! &'(/(! 0-.*/(! -88(*,%5/! 4*-))(4! &-! A(7-3! T>c2!
3',7(!%(51&,+(!*(/)-%/(/! ,%0*(1/(4!/,5%,8,01%&79!G)d>?>>"I!B!1))*-D,61&(79!"NH!-8!
(%5,%((*,%5! /&.4(%&/! 3-.74! %-&! 15*((! &'1&! E.1%&.6! 6(0'1%,0/! ,/! 1%! ,%&(*(/&,%5!
/.A_(0&!18&(*!'1+,%5!7(1*%(4!1A-.&!,&!,%!-.*!6-4(*%!)'9/,0/!0-.*/(/e!!O&.4(%&/!8*-6!
&'(!<177!=>">!/(6(/&(*!3(*(!%(1*79!.%1%,6-./!GfbcI!,%!&'(,*!*()-*&(4!,%&(*(/&!,%!
E.1%&.6!)'9/,0/2!1%4!%-&!-%(!/&.4(%&!*(/)-%4(4!3,&'!1!%(51&,+(!-),%,-%?!W[(71&,+(!
&-!&'(!%.6A(*!-8!/&.4(%&/!3'-!0-6)7(&(4!&'(!8,%17!(D162!&'(!*(/)-%/(!*1&(!8-*!-.*!
)-/&L/.*+(9!31/!gf>c?X!
!

(
FIG. 6.1. Average pre- and post-instruction student responses to the statement: 7) #4,38)
9:"3#:;) ;$/4"3,/-) ,-) "3) ,3#$%$-#,35) -:<=$/#, from five modern physics courses for 
engineers, plus the FA10 semester. [Error bars represent the standard error on the 
proportion; N ~ 50-100 for each course]. 
(
(
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(
FIG. 6.2. Post-instruction student responses to the statement: 7) #4,38) 9:"3#:;)
;$/4"3,/-),-)"3),3#$%$-#,35)-:<=$/#, from four modern physics offerings, as denoted in 
Table 6.I. [Error bars represent the standard error on the proportion; N ~ 50-100 for each 
course] 
! !

$&! 3-.74! A(! &--! 5*(1&! 1%! 1//.6)&,-%! &-! 0-%07.4(! &'1&! /',8&/! ,%! /&.4(%&!
,%&(*(/&! 1*(! %(0(//1*,79! 4,*(0&79! 0-**(71&(4! 3,&'! &'(! ,%&(*)*(&,+(! 1))*-10'! -8! &'(!
,%/&*.0&-*2!-*!3,&'!&'(!/&.4(%&!)-).71&,-%?!!@'(*(!1*(!/.*(79!69*,14!-&'(*!188(0&,+(!
0-%/,4(*1&,-%/2! /.0'! 1/! ,%/&*.0&-*! )-).71*,&9! -*! 0'-,0(! -8! &(D&A--C2! 1%4! 3(! '1+(!
/((%! 0-.*/(/! 8-*! )'9/,0/! 61_-*/! 3'(*(! -+(*177! ,%&(*(/&! ,%! E.1%&.6! 6(0'1%,0/!
4(07,%(4?! ! J-%(&'(7(//2! 3(! %-&(! &'1&! &'(! <177! =>">! 0-.*/(! '14! &'(! 5*(1&(/&!
)*-)-*&,-%! -8! /&.4(%&/! *()-*&,%5! )-/,&,+(! )-/&L,%/&*.0&,-%! 1&&,&.4(/! &-31*4/!
E.1%&.6!6(0'1%,0/2!,%07.4,%5!&'(!0-.*/(!8-*!)'9/,0/!61_-*/`!W<,5?!H?=X!1%4!&'1&!(%4L
-8L&(*6!/&.4(%&!(+17.1&,-%/!8*-6!YJZL\M2!]^UOL;NK!1%4!YJZL<K">!*1%C(4!177!-8!
&'-/(!,%/&*.0&-*/!,%!&'(!&-)!=Sc2!*(71&,+(!&-!4()1*&6(%&17!1+(*15(/!G&'(!,%/&*.0&-*!
8-*! YJZL[NO! 31/! *1%C(4! 7-3(*2! 1&! H=cI?! ! h,88(*(%&! *(/.7&/! 3(*(! 10',(+(4! A9!
,%/&*.0&-*/!-8!0-6)1*1A7(!)-).71*,&92!1%4!&'(!*(/)-%/(/!8*-6!/&.4(%&/!&-!&'(!%(379!
,%&*-4.0(4! &-),0/!3(*(! -+(*3'(76,%579! )-/,&,+(2!3',0'! 7(14/! ./! &-! 0-%07.4(! &'1&!
&'(!%(3!0.**,0.7.6!31/!1&! 7(1/&!)1*&79!*(/)-%/,A7(! 8-*! &'(! ,%0*(1/(4!)-).71*,&9!-8!
&'(!0-.*/(?!
!

55@C@(5/3*676*3.;*(#33.32=*9!

M(!619!1//(//!&'(!*(71&,+(!,6)10&!-8!-.*!&*1%/8-*6(4!0.**,0.7.6!-%!/&.4(%&!
)(*/)(0&,+(/! A9! 8.*&'(*! 0-%/,4(*,%5! &'(,*! )-/&L,%/&*.0&,-%! /.*+(9! *(/)-%/(/! ,%!
*(71&,-%! &-! -.&0-6(/! 8*-6! )*(+,-./! 6-4(*%! )'9/,0/! -88(*,%5/?! ! @'(! -+(*177!



!
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4,/&*,A.&,-%!-8!/&.4(%&!*(/)-%/(/!8*-6!-.*!0-.*/(!&-!&'(!4-.A7(L/7,&!(//19!E.(/&,-%!
,/!0-%/,/&(%&!3,&'!)*,-*!*(/.7&/2!3',0'!'14!/'-3%!&'(6!&-!A(!5(%(*1779!*(87(0&,+(!-8!
(10'! ,%/&*.0&-*V/! /)(0,8,0! 1))*-10'! &-! &'1&! )1*&,0.71*! &-),02! 3'(&'(*! *$"+,-#2!
>:"3#:;!-*!6531-#,/?!W<,5?!Q?HX!;-%/,4(*,%5!&',/!E.(/&,-%!'14!A((%!141)&(4!8-*!./(!
-%!&'(!/(0-%4!(D162!1%4!&'1&!(D16!/-7.&,-%/!4(&1,7,%5!i100()&1A7(j!*(/)-%/(/!3(*(!
71&(*! 1+1,71A7(! -%7,%(2! ,&! 6,5'&! A(! *(1/-%1A79! 1*5.(4! &'1&! &'(! %(1*! 1A/(%0(! -8!
/&.4(%&! )*(8(*(%0(! 8-*! 1! *(17,/&! ,%&(*)*(&1&,-%! -8! &',/! (D)(*,6(%&! ,/! 6(*(!
0-%8,*61&,-%!-8!&'(!(88(0&!-8!(D)7,0,&!,%/&*.0&,-%!,%!&'1&!0-%&(D&?!
!
!

(
FIG. 6.3. Post-instruction student responses to the double-slit essay question, from four 
different modern physics courses, as denoted in Table 3.I. [Error bars represent the 
standard error on the proportion; N ~ 50-100 for each course.] 

!

!

^-3(+(*2! 3(! 614(! %-! 6(%&,-%! 4.*,%5! &'(! (%&,*(! /(6(/&(*! -8! /&.4(%&!
*(/)-%/(/! &-! &'(! )*(L,%/&*.0&,-%! 1&&,&.4(/! /.*+(92! 1%4! 4,4! %-&! 5,+(! /&.4(%&/! 1%9!
,%4,01&,-%! &'(9!3-.74! A(! *(+,/,&,%5! &'(/(! E.(/&,-%/! 1&! &'(! (%4! -8! &'(! 0-.*/(?! !M(!
-88(*(4!%-!(D)7,0,&! ,%/&*.0&,-%!1/! &-!3'1&!C,%4/!-8! *(/)-%/(/!3-.74!A(! 0-%/,4(*(4!
i100()&1A7(j2! 1%4! *()(1&(479! (6)'1/,R(4! ,%! &'(! /.*+(9! 1%4! ,%! &'(! '-6(3-*C!
1//,5%6(%&/!&'1&!3(!3(*(!6-/&!,%&(*(/&(4!,%!3'1&!/&.4(%&/!10&.1779!A(7,(+(4?!!@'(!
7(0&.*(!61&(*,17/!./(4!4.*,%5!-.*!&*(1&6(%&!-8!&'(!O0'*k4,%5(*!6-4(7!-8!'94*-5(%!
3(*(! (//(%&,1779! &'(! /16(! 1/! &'-/(! ./(4! ,%! YJZL\M! 1%4! ]^UOL;NK2! 3,&'! 1! 8(3!
%-&1A7(!(D0()&,-%/?!!a,C(!&'(!,%/&*.0&-*/!8-*!&'-/(!&3-!0-.*/(/2!3(!/'-3(4!/&.4(%&/!
'-3!&'(!O0'*k4,%5(*!6-4(7!)*(4,0&/!R(*-!-*A,&17!1%5.71*!6-6(%&.6!8-*!1%!(7(0&*-%!
,%!&'(!5*-.%4!/&1&(2!1%4!0-%&*1/&(4!&',/!*(/.7&!3,&'!&'(!)*(4,0&,-%/!-8!F-'*!1%4!4(!
F*-57,(?!!F.&!3(!0-%&,%.(4!A9!(D)7,0,&79!1*5.,%5!'-3!&',/!*(/.7&!'1/!,6)7,01&,-%/!8-*!



!
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&'(! )'9/,017! ,%&(*)*(&1&,-%! -8! &'(! 31+(! 8.%0&,-%! B! 8-*! '-3! 0-.74! 0-%/(*+1&,-%! -8!
1%5.71*!6-6(%&.6!177-3!8-*!1! 7-017,R(4!)1*&,07(!&-!(D,/&! ,%!1!/&1&(!-8!R(*-!1%5.71*!
6-6(%&.6! ,%! ,&/! -*A,&! 1A-.&! &'(! %.07(./l! ! @',/! 4,88,0.7&9! ,/! *(6-+(4! 3'(%! 3(!
0'--/(!&-!+,(3!1&-6,0!(7(0&*-%/!1/!4(7-017,R(4!/&1%4,%5!31+(/!,%!E.1%&,R(4!6-4(/!
-8!+,A*1&,-%?! !\-*(! ,6)-*&1%&792!'1+,%5!17*(149!(/&1A7,/'(4! 71%5.15(!1%4!0-%0()&/!
/)(0,8,0!&-!,%&(*)*(&,+(!&'(6(/2!3(!3(*(!1A7(!&-!(D)7,0,&79!,4(%&,89!&'(!)-/,&,-%!-8!1%!
1&-6,0!(7(0&*-%!1/!9(&!1%-&'(*!(D16)7(!-8!1!',44(%!+1*,1A7(2!3',0'!3(!'14!1*5.(4!
0-.74%V&! (D,/&! 1/! 1!61&&(*! -8! )*,%0,)7(?! ! m.*/! ,/! &'(! -%79! 0-.*/(! 16-%5! &'(/(! 8-.*!
3'(*(!1!/,5%,8,01%&!61_-*,&9!-8!/&.4(%&/!0'-/(!&-!4,/15*((!3,&'!&'(!,4(1!-8!7-017,R(4!
1&-6,0!(7(0&*-%/!1&!&'(!(%4!-8!&'(!/(6(/&(*?!W<,5?!Q?#X!

@'(! ,%/&*.0&-*! 8-*! YJZL[NO! &-74! /&.4(%&/! 4.*,%5! 7(0&.*(! &'1&! &'(9! -41:+?!
&',%C!-8!1&-6,0!(7(0&*-%/!1/!7-017,R(42!1%4!-+(*177!*(/)-%/(/!8*-6!',/!0-.*/(!*(87(0&!
&',/! ,%/&*.0&,-%?! ! \-*(! /)(0,8,017792! '(! (D)71,%(4! &'1&! E.1%&,R(4! (%(*59! 7(+(7/!
*()*(/(%&!&'(!1+(*15(!A('1+,-*!-8!(7(0&*-%/!-+(*!1!&,6(!/017(!&'1&!,/!7-%5!*(71&,+(!&-!
&'(,*!-*A,&17!8*(E.(%092!1%4!&'1&!1&-6,0!(7(0&*-%/!619!A(!8-.%4!&-!'1+(!1!0-%&,%.-./!
*1%5(! -8! (%(*5,(/! 3'(%! &'(! &,6(! /017(! -8! &'(! (%(*59! 6(1/.*(6(%&! ,/! /'-*&! G1/!
(%8-*0(4!A9!&'(!&,6(L(%(*59!.%0(*&1,%&9!*(71&,-%I`!'(%0(!&'(!A*-14(%,%5!-8!/)(0&*17!
7,%(/?! !@',/!C,%4!-8!*(1/-%,%5!,/!%-&!.%,E.(!16-%5!)'9/,0,/&/2!WSX!1%4!'1/!&'(*(8-*(!
7,C(79!A((%!.&,7,R(4!A9!6-4(*%!)'9/,0/!,%/&*.0&-*/!(7/(3'(*(?!
!

!

 
FIG. 6.4. Post-instruction student responses to the statement: '4$3)31#)<$,35)1<-$%($?@)
"3)$+$/#%13),3)"3)"#1;)-#,++)$A,-#-)"#)")?$B,3,#$)C<:#):3831D3E)21-,#,13)"#)$"/4);1;$3#)
,3)#,;$, from four different modern physics courses, as denoted in Table 3.I. [Error bars 
represent the standard error on the proportion; N ~ 50-100 for each course.] 
!
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M(! '1+(! )*(+,-./79! 0'1*10&(*,R(4! &'(! -&'(*! &3-! 0-.*/(/! 1/! '1+,%5! 4(L
(6)'1/,R(4!61&&(*/!-8! ,%&(*)*(&1&,-%! ,%! &'(! 71&&(*!)1*&/!-8! &'(!0-.*/(2! W;'1)&(*!HX!
1%4! '(1*4! 8*-6!-%(! ,%/&*.0&-*! W]^UOL;NK`! $%/&*.0&-*! ;! ,%! ;'1)&(*! HX! 1A-.&!3'1&!
'14!,%87.(%0(4!',/!,%/&*.0&,-%17!0'-,0(/!B!'(!8(7&!&'1&!5,+,%5!/&.4(%&/!1!810,7,&9!3,&'!
&'(! 61&'(61&,017! &--7/! -8! E.1%&.6! 6(0'1%,0/! /'-.74! &1C(! )*(0(4(%0(! -+(*! 1!
4(&1,7(4!(D)7-*1&,-%!-8!,&/!)'9/,017!,%&(*)*(&1&,-%2!3',0'!6,5'&!1%9319/!A(!A(9-%4!
&'(! /-)',/&,01&,-%! -8! ,%&*-4.0&-*9! /&.4(%&/?! ! @'-.5'! 4,88(*(%&! ,%! ',/! -+(*177!
,%&(*)*(&,+(!1))*-10'2! ,&! &.*%/!-.&!&'(!-&'(*!,%/&*.0&-*!WYJZL\M`!$%/&*.0&-*!F=!,%!
;'1)&(*!HX!-88(*(4!/,6,71*!*(1/-%,%5! 8-*!'1+,%5!614(!1!/,6,71*!0'-,0(2!1%4!/-! ,&! ,/!
3-*&'3',7(! &-! 0-%/,4(*! -%(! 71/&! &,6(! ,%! 4(&1,7!3'1&!3(! 0-%/,4(*! &-! A(! 1! 0-66-%!
6-&,+1&,-%! 8-*! &'(! 4(L(6)'1/,/! -8! ,%&(*)*(&,+(! &'(6(/! ,%! ,%&*-4.0&-*9! 6-4(*%!
)'9/,0/!0-.*/(/2!100-*4,%5!&-!&'(!,%/&*.0&-*!8-*!YJZL\Mn!
!

i@',/! W)*-A1A,7,/&,0X! 1/)(0&! -8! E.1%&.6!6(0'1%,0/! $! 8((7! ,/! +(*9! ,6)-*&1%&2!
A.&! $!4-%V&!(D)(0&!.%4(*5*14.1&(!/&.4(%&/!&-!5*1/)! ,&!18&(*! &3-!6-%&'/?! !O-!
&'1&V/!3'9!$!01%!.%4(*/&1%4!3'9!W&'(!/&1&(6(%&!-%!1&-6,0!(7(0&*-%/X!31/!%-&!
1%/3(*(4!&-!69!/1&,/810&,-%2!A.&!&'1&!31/!%-&!69!)*,61*9!5-17!-8!&',/!0-.*/(!
B! %-&! 1&! &',/! 7(+(7?! ! M(! 4-%V&! /)(%4! 6.0'! &,6(! -%! &',/! ,%&*-4.0&,-%! &-!
E.1%&.6! 6(0'1%,0/2! 1%4! &'(*(! 1*(! 61%9! 1/)(0&/! -8! ,&! &'1&! 1*(! /,5%,8,01%&!
(%-.5'!1&!&',/!7(+(7!B!,&!,/!*(1779!5*(1&!8-*!/&.4(%&/!&-!.%4(*/&1%4!'-3!/-7,4/!
3-*C2! '-3! 4-(/! 0-%4.0&,+,&9! 3-*C2! '-3! 4-(/! 1! /(6,0-%4.0&-*! 3-*C2! 1%4!
&'(/(!&',%5/!9-.!01%!.%4(*/&1%4!18&(*!&',/!071//?!!$8!177!-8!&'(!/&.4(%&/!3-.74!
.%4(*/&1%4!'-3!1! /(6,0-%4.0&-*!3-*C/2! &'1&!3-.74!A(!1!5*(1&!-.&0-6(?! ! $!
8((7!&'1&!)*-A1A79!1&!&',/!7(+(7!B!(/)(0,1779!3,&'!61%9!%-%L)'9/,0/!61_-*/!B!$!
&',%C!&'1&V/!6-*(!,6)-*&1%&!1&!&',/!)-,%&?! !F.&!/&,772!&'(9!'1+(!&-!.%4(*/&1%4!
&'(!)*-A1A,7,/&,0!%1&.*(!-8!E.1%&.6!6(0'1%,0/2!1%4!$!'-)(2!8-*!,%/&1%0(2!&'1&!
&',/! ,/! 4-%(! 3,&'! &'(! '94*-5(%! 1&-6! -*A,&17/2! %-&! &'1&! (+(*9-%(! 3-.74!
.%4(*/&1%4!&'1&2!A.&!,8!&'(!61_-*,&9!5(&/!,&!&'1&!3-.74!A(!%,0(?!!@'(/(!1*(!+(*9!
'1*4!0-%0()&/?!!K&!&',/!7(+(72!$!8((7!,&!/'-.74!/&,77!'1+(!(%-.5'!0-%%(0&,-%/!&-!
3'1&! &'(9!17*(149!.%4(*/&1%42!1%4!3'1&! &'(9!31%&! &-!C%-3?! !@'(9!31%&! &-!
C%-3! '-3! 1! /(6,0-%4.0&-*! 3-*C/! )*-A1A79!6.0'!6-*(! &'1%!3'(*(! ,/! 1%!
(7(0&*-%!,%!1!'94*-5(%!1&-6?!WoX!$!4-%V&!&',%C!&'(!W(%5,%((*,%5X!/&.4(%&/!3,77!
A(! 6-*(! /.00(//8.7! ,%! &'(,*! /0,(%&,8,0! (%4(1+-*/2! 3'(&'(*! ,&V/! 1! )(*/-%17!
,%&(*(/&!-*!01*((*2!A9!5,+,%5!&'(6!7-&/!1%4!7-&/!-8! ,%8-*61&,-%!1A-.&!'-3!&-!
&',%C!-8!&'(!31+(!8.%0&,-%?!!@'(!*(1779!,6)-*&1%&!0-%0()&!$!8((7!,/!&-!/((!&'1&!
&'(*(! ,/! /-6(!/-*&!-8!.%0(*&1,%&9! ,%+-7+(42!3',0'! ,/!%(32!3',0'! ,/!4,88(*(%&!
8*-6!071//,017!6(0'1%,0/?!WoX!K&!&'(!.%4(*5*14.1&(!7(+(72!$!8((7!,&!,/!,6)-*&1%&!
&-!61C(! &'(! /&.4(%&/! 0.*,-./! &-! 7(1*%!6-*(! 1A-.&! ,&! B! 1%4! /-! (+(%! ,8! &'(9!
4-%V&! .%4(*/&1%4! (+(*9&',%5! 8*-6! &',/! 0-.*/(2! ,8! &'(9! 1*(! 0.*,-./! 1A-.&! ,&2!
&'1&V/!6-*(!,6)-*&1%&!&'1%!&-!C%-3!3'(*(!&'(!(7(0&*-%!*(1779!,/2!$!&',%C?j!
!

M(!/((!&'(!,%/&*.0&-*!8-*!YJZL\M!D1:+?)4"($)+,8$?!8-*!',/!/&.4(%&/!&-!4,/15*((!3,&'!
&',/! /&1&(6(%&2! 1%4! 9(&! TSc! -8! &'(6! 0'-/(! &-! 31#) ?,-"5%$$?! ! [(0177! &'1&! &',/!
,%/&*.0&-*!614(! ',/! -3%!6-4,8,01&,-%/! &-! &'(! 8,*/&!6-4(*%! )'9/,0/! 0.**,0.7.62! &-!



!
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,%07.4(!1%!(%&,*(!7(0&.*(!-%!E.1%&.6!6(1/.*(6(%&!1%4!,%&(*)*(&1&,-%!&-31*4/!&'(!
(%4!-8!&'(!0-.*/(!GA.&!3,&'-.&!/)(0,8,0!*(8(*(%0(!&-!1&-6,0!/9/&(6/I?!

K&!&'(!(%4!-8!&'(!,%&*-4.0&,-%!&-!61&&(*!31+(/2!-.*!&*1%/8-*6(4!0-.*/(!1%4!
YJZL\M!A-&'!.&,7,R(4!1!7(0&.*(!/7,4(!/,6,71*!&-!&'(!-%(!/'-3%!,%!<,5?!Q?S!B!%-&(!&'1&!
A-&'! 0-.*/(/! -88(*(4! /,6,71*! (D)7,0,&! 5.,41%0(2! 17A(,&! 4(0-%&(D&.17,R(42! -%! '-3! &-!
&',%C!-8!(7(0&*-%/!3'(%!%-&!A(,%5!-A/(*+(4n!1/!4(7-017,R(4!31+(/?! !M(!A(7,(+(!&',/!
C,%4! -8! 5(%(*17! 5.,41%0(! ,/! %-&! A9! ,&/(78! /.88,0,(%&! &-! 01./(! 6-/&! /&.4(%&/! &-!
*(0-%/,4(*!&'(,*!0-%0()&,-%/!-8!1&-6,0!(7(0&*-%/2!1/!(+,4(%0(4!A9!&'(!4,/&*,A.&,-%!-8!
*(/)-%/(/!8*-6!1!0-.*/(!&'1&!4,4!%-&!1))79!6-*(!/)(0,8,0!5.,41%0(!,%!&'(!0-%&(D&!-8!
1&-6/?! W<,5?! Q?#X! F.&! /)(0,8,01779! &(77,%5! /&.4(%&/! &-! &',%C! -8! 1&-6,0! (7(0&*-%/! 1/!
4(7-017,R(4! 3-.74! 17/-! %-&! A9! ,&/(78! A(! /.88,0,(%&! 8-*! /,5%,8,01%&79! ,%87.(%0,%5!
/&.4(%&/V!-+(*177!)(*0()&,-%/!-8!.%0(*&1,%&9!,%!E.1%&.6!6(0'1%,0/?!
!
!

!
D5E@( )@F@! K! 7(0&.*(! /7,4(! (E.,+17(%&! &-! -%(! ./(4! ,%! (10'! -8! &3-! 6-4(*%! )'9/,0/!
0-.*/(/! 8-*! (%5,%((*/2! YJZL\M! p! YJZL<K">?! ! @',/! /7,4(! -88(*/! (D)7,0,&2! A.&!
4(0-%&(D&.17,R(42!5.,41%0(!-%!'-3!&-!&',%C!-8!61&&(*!3'(%!%-&!A(,%5!-A/(*+(4?!

!!!!!!

!M(!619!0-%07.4(!&',/! 8*-6!-.*!-A/(*+1&,-%!&'1&!(D)7,0,&! ,%/&*.0&,-%!,%!-%(!
0-%&(D&! 4-(/! %-&! %(0(//1*,79! ,%87.(%0(! /&.4(%&! )(*/)(0&,+(/! ,%! -&'(*! 0-%&(D&/2! A.&!
17/-! A9! -&'(*! 0-%/,4(*1&,-%/?! ! Y+(%! ,8! &'(! )'9/,017! ,%&(*)*(&1&,-%! -8! 1&-6,0! 31+(!
8.%0&,-%/!,/!%-&!1!)*,61*9!7(1*%,%5!5-17!8-*!(+(*9!,%/&*.0&-*2!3(!619!/18(79!/19!&'1&!
-.*!0-.*/(!/'1*(4!3,&'!YJZL\M!1%4!]^UOL;NK!1!0-66-%! 7(1*%,%5!5-17! &'1&!D"-!
)*,61*9n!*(0-5%,R,%5!1!4,88(*(%0(!A(&3((%!&'(!(D)(*,6(%&17!.%0(*&1,%&9!-8!071//,017!
6(0'1%,0/!1%4!&'(!8.%416(%&17!.%0(*&1,%&9!-8!E.1%&.6!)'9/,0/?!!^-3!4-!&'(/(!8-.*!
0-.*/(/!0-6)1*(!3,&'!*(/)(0&!&-!/&.4(%&!*(/)-%/(/!&-!-.*!71/&!1&&,&.4(/!/&1&(6(%&!
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-%!&'(!)*-A1A,7,/&,0!%1&.*(!-8!E.1%&.6!6(0'1%,0/l!![(17,/&!(D)(0&1&,-%/!6,5'&!7(14!
,%0-6,%5!/&.4(%&/!&-! 81+-*!15*((6(%&!3,&'!&'(!/&1&(6(%&n!F4$)2%1<"<,+,-#,/)3"#:%$)
1B) 9:"3#:;) ;$/4"3,/-) ,-) ;1-#+G) ?:$) #1) #4$) +,;,#"#,13-) 1B) 1:%) ;$"-:%$;$3#)
,3-#%:;$3#-H!!M(!8,%4!&'1&!&'(!,%0-6,%5!)(*0(%&15(!-8!/&.4(%&/!8*-6!177!&'*((!-8!&'(!
(%5,%((*,%5! 0-.*/(/! 15*((,%5! 3,&'! &',/! /&1&(6(%&! ,/! %(1*79! ,4(%&,0172!!!!!!!!!!!!!!!!!!!!!
WYJZL[NOn! #Sc`! YJZL\Mn! #bc`! YJZL<K">n! #QcX! A.&! &'1&! ,%0-6,%5! 1&&,&.4(/! 8-*!
)'9/,0/! 61_-*/! 3(*(! /,5%,8,01%&79! 6-*(! 81+-*1A7(! G3,&'! -%79! 1! E.1*&(*! -8! &'(6!
15*((,%52!1%4!-+(*!'178!4,/15*((,%5!A(8-*(!,%/&*.0&,-%I?!
! $&!3-.74! /((6! 8*-6!',/! (D)71%1&,-%!-8! 1&-6,0! (%(*59!E.1%&,R1&,-%! &'1&! &'(!
*$"+,-#N.#"#,-#,/"+!,%/&*.0&-*!3-.74!0-%/,4(*!&'(!.%0(*&1,%&9!,%!E.1%&.6!6(0'1%,0/!
1/!A(,%5!,%&*-4.0(4!A9!&'(!;$"-:%$;$3#)2%1/$--2!3',0'!,/!%-&!&'(!/16(!1/!1//(*&,%5!
&'1&! E.1%&.6!.%0(*&1,%&9! ,/! (D)(*,6(%&17! ,%! -*,5,%2! -*! &'1&! &(0'%-7-59!6,5'&! -%(!
419!8,%4!1!319!1*-.%4!&'(/(!8.%416(%&17! 7,6,&/!-%!-A/(*+1&,-%?! ![(51*47(//2!&'(*(!
31/!1!6,74!.)&,0C!,%!/&.4(%&/!8*-6!',/!0-.*/(!15*((,%5!3,&'!&',/!/.*+(9!/&1&(6(%&!1&!
&'(! (%4! -8! &'(! /(6(/&(*?! W<,5?! Q?QX! @'(! ,%/&*.0&-*! 8-*! ]^UOL;NK! '14! &'(! 5*(1&(/&!
)*-)-*&,-%! -8! 81+-*1A7(! *(/)-%/(/! 1&! )-/&L,%/&*.0&,-%! B! 4(/),&(! 1! 4(L(6)'1/,/! -%!
,%&(*)*(&,+(!&'(6(/2!'(!31/!/.00(//8.7!,%!)-/,&,+(79!,%87.(%0,%5!/&.4(%&!)(*/)(0&,+(/!
-%! .%0(*&1,%&9! ,%! E.1%&.6!6(0'1%,0/2! &'-.5'!3(!6./&! C(()! ,%!6,%4! &'(! /&.4(%&!
)-).71&,-%!-8!',/!0-.*/(2!1%4!&'(!17*(149!*(71&,+(79!81+-*1A7(!,%0-6,%5!1&&,&.4(/!-8!
',/!/&.4(%&/?!

$%!810&2!&'(!4,88(*(%&,17!,6)10&!-%!/&.4(%&!*(/)-%/(/!8*-6!&'(/(!8-.*!6-4(*%!
)'9/,0/!0-.*/(/!,/!6-/&!4*161&,01779!,77./&*1&(4!A9!%-*617,R,%5!G)-/&!B!)*(I!/',8&/!,%!
/&.4(%&!15*((6(%&!3,&'!&',/!/.*+(9!/&1&(6(%&2!100-*4,%5!&-!&'(,*!*1&(!-8!15*((6(%&!
1&! &'(! /&1*&! -8! &'(! 0-.*/(?"! W<,5?! Q?TX!F9! &',/!6(1/.*(2! -.*! 0-.*/(!'14! &'(! 5*(1&(/&!
)-/,&,+(! ,6)10&! -%! /&.4(%&! 1&&,&.4(/! *(51*4,%5! &'(! *(71&,-%/',)! A(&3((%!
8.%416(%&17! .%0(*&1,%&9! ,%! E.1%&.6! 6(0'1%,0/! 1%4! 071//,017! (D)(*,6(%&17!
.%0(*&1,%&9?!

M(! 0-%07.4(! &',/! /(0&,-%! 3,&'! /-6(! 0-66(%&/! -%! &'(! /&1&(6(%&/! -8! &'(!
,%/&*.0&-*! 8-*! YJZL\M2! *(51*4,%5! 3'1&! 3(!6,5'&! 7,C(! 8-*! /&.4(%&/! &-! &1C(! 1319!
8*-6!-.*! ,%&*-4.0&-*9! 0-.*/(/?! ! <,*/&2! ,8! &'(!1,6!-8! ,%/&*.0&,-%! ,/!%-&!%(0(//1*,79! 1!
.%,+(*/17! .%4(*/&1%4,%5! -8! 0-%0()&/2! A.&! 8-*! /&.4(%&/! &-! 0-6(! 1319! 3,&'! 1!
0-%&,%.(4!,%&(*(/&!,%!6-4(*%!)'9/,0/2!&'(%!3(!3-.74!071,6!&'1&!-.*!0-.*/(!31/!&'(!
6-*(!/.00(//8.7!-8!&'(!&3-n!/&.4(%&!,%&(*(/&!,%!E.1%&.6!6(0'1%,0/!,%0*(1/(4!8*-6!
T>c! &-!TSc! 8-*!',/! 0-.*/(! G3,&'!">c! *(/)-%4,%5!%(51&,+(79! 1&! )-/&L,%/&*.0&,-%I2!
A.&! &'(!*()-*&(4! ,%&(*(/&!16-%5!/&.4(%&/! 8*-6!-.*!0-.*/(! ,%0*(1/(4! 8*-6!bSc!&-!
fbc2! 3',0'! 3(! '1+(! 1*5.(4! 6./&! A(! ,%! )1*&! 1&&*,A.&1A7(! &-! &'(! &*1%/8-*6(4!
0.**,0.7.6! ,&/(78?! ! O(0-%42! 3(! /'-.74%V&! )*(/.6(! &-! C%-3! (D10&79! 3'(*(! &'(!
,%&(*(/&/! -8! -.*! (%5,%((*,%5! /&.4(%&/! 7,(?! ! @'(! *(/.7&/! 8*-6! -.*! 0.**,0.7.6!
,6)7(6(%&1&,-%!3-.74!/.55(/&!&'1&!/&.4(%&/!1*(!,%!810&!=:-#)"-),3#$%$-#$?2!,8!%-&!6-*(!
/-2!,%!E.(/&,-%/!1A-.&!&'(!%1&.*(!-8!*(17,&92!1/!&'(9!1*(!,%!7(1*%,%5!1A-.&!&'(!&'(-*9!
-8!/(6,0-%4.0&-*/?!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 We define B"(1%"<+$) 5",3 as the negative of this, since we consider a ?$/%$"-$ in 
agreement with this statement as favorable.  This definition is equivalent to the definition 
of 31%;"+,I$?)5",3 = (post – pre)/(1 – pre), except that the target response rate is zero, 
and not 100%. 
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FIG. 6.6. Post-instruction student responses to the statement: F4$)2%1<"<,+,-#,/)3"#:%$)1B)
9:"3#:;);$/4"3,/-),-);1-#+G)?:$)#1)#4$)+,;,#"#,13-)1B)1:%);$"-:%$;$3#),3-#%:;$3#-, 
from four different modern physics courses, as denoted in Table 3.I. [Error bars represent 
the standard error on the proportion; N ~ 50-100 for each course.] 
 

!
FIG. 6.7. Normalized favorable gain in the (post – pre) rate of student agreement with the 
statement: F4$) 2%1<"<,+,-#,/) 3"#:%$) 1B) 9:"3#:;) ;$/4"3,/-) ,-) ;1-#+G) ?:$) #1) #4$)
+,;,#"#,13-) 1B) 1:%) ;$"-:%$;$3#) ,3-#%:;$3#-, from four different modern physics 
courses, as denoted in Table 3.I.  A positive favorable gain is defined as a decrease in 
agreement with this statement. [N ~ 50-100 for each course.] 
! !
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K%4!8,%17792!3(!4,4%V&!_./&!5,+(!-.*!/&.4(%&/!7-&/!1%4!7-&/!-8!,%8-*61&,-%!1A-.&!
'-3!&-!&',%C!-8!&'(!31+(!8.%0&,-%!B!3(!17/-!51+(!&'(6!7-&/!1%4!7-&/!-8!,%8-*61&,-%!
1A-.&! 6-7(0.71*! A-%4,%52! 0-%4.0&,-%! A1%4,%52! /(6,0-%4.0&-*/2! &*1%/,/&-*/! 1%4!
4,-4(/`!1/!3(77!1/!71/(*/2!/01%%,%5!&.%%(7,%5!6,0*-/0-)(/2!1%4!%.07(1*!(%(*59`!%-&!&-!
6(%&,-%!1))7,01&,-%/!-8!%-%7-017,&9! &-!E.1%&.6!0*9)&-5*1)'9!1%4!0-6).&,%5?! !M(!
'14! &,6(! 8-*! &',/!A(01./(!-.*! 0-.*/(!-6,&&(4! &-),0/! 8*-6!/)(0,17! *(71&,+,&92!3',0'!
'1+(!5(%(*1779!0-/&!-&'(*!6-4(*%!)'9/,0/!0-.*/(/!1!6,%,6.6!-8!&'*((!3((C/!-.&!-8!
1!"SL3((C!/(6(/&(*?!!M(!3-.74%V&!071,6!&'1&!/)(0,17!*(71&,+,&9!,/!%-&!1!*(7(+1%&!1%4!
3-*&'9! &-),0! 8-*! (%5,%((*,%5! /&.4(%&/2! A.&! &'(! -*,5,%17! 4(0,/,-%! &-! -6,&! /)(0,17!
*(71&,+,&9!31/!,%!)1*&!1!*(/)-%/(!&-!1%!-+(*177!0-%/(%/./!16-%5!(%5,%((*,%5!810.7&9!
1&! &'(! :%,+(*/,&9! -8! ;-7-*14-2! &'1&! &'(,*! /&.4(%&/! 3-.74! A(! A(&&(*! /(*+(4! A9! 1!
0.**,0.7.6!&'1&!(6)'1/,R(4!&'(!E.1%&.6!-*,5,%/!-8!61&(*,17!/&*.0&.*(/2!1%4!-&'(*!
*(17L3-*74! 1))7,01&,-%/?! W"X! Y+(*9! 6-4(*%! )'9/,0/! ,%/&*.0&-*! 1&! ;:! '1/! '14! &'(!
-)&,-%! -8! *(6-+,%5! /)(0,17! *(71&,+,&9! 8*-6! &'(! (%5,%((*,%5! 0.**,0.7.62! 1%4! ,&/! *(L
(6(*5(%0(!8-77-3,%5!&'(!8,*/&!*-.%4!-8!0-.*/(!&*1%/8-*61&,-%/!,/!/96A-7,0!-8!1!4(()!
/(%/(!-8!&*14,&,-%!/.**-.%4,%5!&'(!&-),02!1%4!/&1%4/!,%!*(0-5%,&,-%!-8!&'(!)*-8-.%4!
,%87.(%0(!,&/!4(+(7-)6(%&!'1/!'14!-%!6-4(*%!/0,(%&,8,0!&',%C,%5?!

m.*! /&.4(%&/! '14! 16)7(! -))-*&.%,&9! &-! 0-%&(6)71&(! &'(! 69*,14!
0-%&*,A.&,-%/!-8!Y,%/&(,%V/!5(%,./!&-!&'(!&3(%&,(&'L0(%&.*92!A.&!61%9!-8!&'(6!3(*(!
(+(%! 6-*(! 81/0,%1&(4! A9! &'(! ,4(1! &'1&! Y,%/&(,%! 0-.74! '1+(! A((%! 3*-%5! 1A-.&!
"3G#4,35e!!K%4!',/!57-*9!31/!,%!%-!319!4,6,%,/'(4!A9!&(77,%5!-.*!/&.4(%&/!&',/!/&-*9!
-8!',/!0-%8./,-%`!8-*!1/!3(!3-+(!&',/!&17(!-8!071//,017!1%4!E.1%&.6!*(17,&92!'(!A(016(!
1!0'16),-%!8-*!&'-/(!3'-!(D)*(//(4!1!4(()!0-66,&6(%&!&-!&'(,*!,%&.,&,-%/2!3',0'!
'14!A(0-6(!177! &'(!6-*(!1))1*(%&! &-! &'(6!3'(%!3(!614(! &'(,*!-3%!A(7,(8/! G1%4!
%-&!_./&!-.*!-3%I!1!&-),0!-8!4,/0.//,-%?!!$%!&'(!(%42!,&!,/!1!E.(/&,-%!8-*!(10'!,%/&*.0&-*!
-8!&'(!)(415-5,017!0-/&/!1%4!A(%(8,&/!3'(%!4(0,4,%5!3',0'!/&-*9!8*-6!&'(!',/&-*9!-8!
)'9/,0/!&-!&(77!-.*!/&.4(%&/2!A.&!3(!'1+(!614(!-.*!A(/&!1*5.6(%&!&'1&!&'(!A(%(8,&/!
619!81*!-.&3(,5'!1%9!0-/&/!3'(%!3(!61C(!&'(!)'9/,017!,%&(*)*(&1&,-%!-8!E.1%&.6!
6(0'1%,0/!1!0(%&*17!&'(6(!-8!-.*!6-4(*%!)'9/,0/!0-.*/(/?!
!
!
555@(!266.,2>24('*?./*4*/3(+/=(<3-*6(D2326*(G.6*,3.8/9!

<-*!&'(!/1C(!-8!8.&.*(!,6)7(6(%&1&,-%/!-8!&',/!0.**,0.7.62!(88-*&/!/'-.74!A(!
614(! &-! 1//(//! 3'(*(! /&.4(%&/! '14! &'(! 6-/&! 4,88,0.7&92! /-! &'1&! /.55(/&,-%/! 8-*!
,6)*-+(6(%&!01%!A(!614(?!!Z,+(%!&'(!+-7.6(/!-8!41&1!0-77(0&(4!,%!&',/!4,//(*&1&,-%!
)*-_(0&2! 3(! 6./&! 0-%8,%(! -.*! 4,/0.//,-%! '(*(! &-! /)(0,8,0! (D16)7(/! -8! )-&(%&,1779!
8*.,&8.7!0'1%5(/2!1%4!/.55(/&,-%/!8-*!8.&.*(!/&.4,(/?!
!

(

(

(
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M(! A(5,%! A9! (D16,%,%5! /&.4(%&! *(/)-%/(/! &-! 1%-&'(*! (//19! E.(/&,-%! 8*-6!
&'(! /(0-%4! 6,4&(*6! (D162! 4(/,5%(4! &-! &(/&! /&.4(%&! .%4(*/&1%4,%5! -8! &'(! /,%57(L
)'-&-%!(D)(*,6(%&/`!3(!8-0./!-%!&',/!/)(0,8,0!&-),0!1*(1!8-*!/(+(*17!*(1/-%/?!!<,*/&2!
/,%57(LE.1%&1! (D)(*,6(%&/! 3,&'! (7(0&*-%/! 1%4! )'-&-%/! 3(*(! &'(! &-),0/! 6-/&!
0-66-%79!0,&(4!A9!/&.4(%&/!,%!&'(,*!)(*/-%17!*(87(0&,-%/!1/!'1+,%5!,%87.(%0(4!&'(,*!
)(*/)(0&,+(/! -%! E.1%&.6! )'9/,0/2! ,%4,01&,%5! &',/! &-! A(! 1! C(9! 0-6)-%(%&! -8! &',/!
0.**,0.7.6V/!/.00(//8.7!,6)7(6(%&1&,-%?!!O(0-%42!&'(!0-%&(%&!-8!&',/!7(0&.*(!,/!81,*79!
/(78L0-%&1,%(42! 1%4!6,5'&! (1/,79! A(! 141)&(4! A9! ,%/&*.0&-*/! 3'-! 3,/'! &-! 1.56(%&!
&'(,*!-3%!0-.*/(/!3,&'-.&!14-)&,%5!&'(!(%&,*(!0.**,0.7.62!1%4!,/!&'(*(8-*(!3-*&'9!
-8!(D&*1!1&&(%&,-%?!!@',*42!3(!1*(!.%131*(!-8!1%9!,%/&*.0&,-%17!61&(*,17/!'1+,%5!9(&!
A((%! 4(+(7-)(4! 8-*! ,%&*-4.0&-*9! 6-4(*%! )'9/,0/! /&.4(%&/! 0-%0(*%,%5! /.0'!
(D)(*,6(%&/2! 1%4! /-! '1+(! '14! %-! A1/,/! 8-*! _.45,%5! 1'(14! -8! &,6(! 3'(&'(*! &'(,*!
,6)7,01&,-%/!8-*!&'(!6(1%,%5!-8!31+(L)1*&,07(!4.17,&9!3-.74!A(!8.779!1))*(0,1&(4!A9!
-.*!/&.4(%&/?!
! <-*!&',/!6,4&(*62!/&.4(%&/!3(*(!*(E.,*(4!&-!1%/3(*!&'(!8,*/&!(//19!E.(/&,-%!
-%! ,%&(*)*(&1&,-%/! -8! &'(! 4-.A7(L/7,&! (D)(*,6(%&2! A.&! 3(*(! 5,+(%! &'(! -)&,-%! -8!
1%/3(*,%5! _./&! -%(! -8! &'(! *(61,%,%5! &3-! (//19! E.(/&,-%/`! ,8! /&.4(%&/! 0'-/(! &-!
1%/3(*!A-&'!-8!&'(!*(61,%,%5!&3-!)*-A7(6/2!&'(9!*(0(,+(4!0*(4,&! 8-*!&'(!',5'(*!-8!
&'(! &3-! /0-*(/?! ! J1&.*17792! 3(! 3,77! '1+(! %-! ,%/,5'&! ,%&-! &'(! 4,88,0.7&,(/! 810(4! A9!
/&.4(%&/!3'-! -)&(4! -.&! -8! 1%/3(*,%5! &',/! E.(/&,-%2! A.&! TSc!-8! &'(! ">H! /&.4(%&/!
3'-!&--C!&'(!(D16!4,4!*(/)-%42!3',0'!/'-.74!*()*(/(%&!1! 81,*!/16)7,%5!-8!-+(*177!
/&.4(%&!.%4(*/&1%4,%5!-8! &',/! &-),0?! ! Z(%(*1779! /)(1C,%52! /&.4(%&/!)(*8-*6(4!3(77!
-%! &',/! E.(/&,-%n! &'(! 1+(*15(! &-&17! /0-*(! 31/! Q?TS! -.&! -8! b! )-,%&/2! 1%4! bSc! -8!
*(/)-%/(/! *(0(,+(4! 1! &-&17! /0-*(! -8! Q! -*! A(&&(*?! ! M(! /'177! 8,*/&! 5,+(! &'(! )*-A7(6!
/&1&(6(%&!A(7-32!1%4!&'(%!0-%/,4(*!,%4,+,4.17!*(/)-%/(/!-8!-.*!8-.*!/&.4(%&/!GKBhI!
8*-6!;'1)&(*!S?! !@'(,*!,%4,+,4.17!1%/3(*/!3,77!'(7)!&-!,77./&*1&(!&'(!0-4,%5!/0'(6(!
&'1&!(6(*5(4!,%!-.*!1%179/,/!-8!155*(51&(!/&.4(%&!*(/)-%/(/2!A.&!17/-!&'(!E.17,&9!-8!
*(/)-%/(/!8*-6!/&.4(%&/!3,&'!3'-6!3(!1*(!17*(149!/-6(3'1&!816,7,1*?!

@'(! A(5,%%,%5! -8! (10'! -8! &'(! 8,*/&! &3-! )1*&/! 1/C/! /&.4(%&/! &-! ,4(%&,89! 8-*!
3',0'!(D)(*,6(%&17!/(&.)2!q!-*!U2!G/((!A(7-3I!&'(9!3-.74!(D)(0&!)'-&-%/!&-!(D',A,&!
)1*&,07(L7,C(! A('1+,-*2! 1%4! 3',0'! 8-*! 31+(L7,C(! A('1+,-*?! ! ;177,%5! &'(/(! &3-!
(D)(*,6(%&/!q!1%4!U!G,%/&(14!-8!"!1%4!=2!1/!,%!&'(!7(0&.*(!/7,4(/`!/((!;'1)&(*!SI2!1%4!
*(+(*/,%5! &'(,*! -*4(*! -8! )*(/(%&1&,-%! /((6(4! &-! '1+(! %-! ,6)10&! -%! /&.4(%&!
*(/)-%/(/2! /,%0(! 177! /&.4(%&/! A.&! -%(!3(*(! 0-**(0&! ,%! &'(,*! ,4(%&,8,01&,-%! 8-*! (10'!
01/(?! !M(! 8(7&!1!C(9!/&()! ,%!1//(//,%5!/&.4(%&!.%4(*/&1%4,%5!-8! &'(! ,6)7,01&,-%/!-8!
&'(/(! (D)(*,6(%&/! 3-.74! A(! &-! 4(&(*6,%(! 3'(&'(*! &'(9! 0-.74! 4(/0*,A(! ,%! 3'1&!
/(%/(! &'(!)'-&-%! ,/!A('1+,%5! 7,C(!1!)1*&,07(!-*!31+(! ,%!(10'!/(&.)?! !M(!3(*(!17/-!
,%&(*(/&(4!,%!8,%4,%5!-.&!3',0'!C,%4/!-8!(),/&(6-7-5,017!&--7/!3-.74!A(!81+-*(4!A9!
/&.4(%&/! ,%! _./&,89,%5! 3'9! (10'! &9)(! -8! A('1+,-*! 0-.74! A(! (D)(0&(4! ,%! 1! 5,+(%!
/,&.1&,-%?! ! @'(! 8,%17! )1*&! -8! &'(! &',/! (//19! E.(/&,-%! 0-%0(*%/! 1! 4(719(4L0'-,0(!
(D)(*,6(%&! &'1&! ,/! &'(! *(+(*/(! -8! &'(! /,&.1&,-%!4(/0*,A(4!4.*,%5! 7(0&.*(n! '(*(2! &'(!
/(0-%4! A(16! /)7,&&(*! ,/! ,%! )710(! 1&! &'(! &,6(! 1! )'-&-%! (%0-.%&(*/! &'(! 8,*/&! A(16!
/)7,&&(*?!!$8!&'(!/(0-%4!A(16!/)7,&&(*!3(*(!&-!A(!E.,0C79!*(6-+(4!A(8-*(!&'(!)'-&-%!
'14!)1//(4!&'*-.5'!&'(!1))1*1&./2!&'(*(!3-.74!A(!%-!-))-*&.%,&9!8-*!&'(!)'-&-%!&-!
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,%&(*8(*(!3,&'! ,&/(782!6(1%,%5! &'(*(! ,/! 1%! (E.17! 7,C(7,'--4! 8-*! ,&! &-! A(! 4(&(0&(4! ,%!
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4(),0&,%5!YD)(*,6(%&/!q!p!U2!\!r!\,**-*2!FOrF(16!O)7,&&(*2!]\!r!]'-&-6.7&,)7,(*2!!
J!r!;-.%&(*?!!$%!(10'!(D)(*,6(%&!1!/,%57(L)'-&-%!/-.*0(!/(%4/!)'-&-%/!&-!&'(!*,5'&!
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&J@#(KJ($8./39Q!<-*!3',0'!(D)(*,6(%&17!/(&.)!Gq!-*!UI!3-.74!9-.!(D)(0&!)'-&-%/!&-!
(D',A,&!)1*&,07(L7,C(!A('1+,-*l!!h(/0*,A(!,%!3'1&!/(%/(!&'(!)'-&-%!,/!A('1+,%5!7,C(!1!

)1*&,07(!4.*,%5!&',/!(D)(*,6(%&?!!M'1&!8(1&.*(/!-8!&'(!(D)(*,6(%&17!/(&.)!177-3!9-.!

&-!4*13!&',/!0-%07./,-%!3,&'-.&!10&.1779!0-%4.0&,%5!&'(!(D)(*,6(%&l!
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In setup Y, the photons exhibit particle like behavior because the 
photon can only have one path to get to a particular photomultiplier.  I 
know this because beamsplitter one will either allow the photon 
through or reflect it.  If it reflects it it will go to PMA, if it is let through 
it will go to PMB.  It can’t take Path A to get to PMB thus there is one 
path to take, it acts as a particle. 

(
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Particle-like behavior expected in setup Y.  Photon’s path is predictable 
depending on the detector in which it was detected.  It either gets 
reflected or transmitted at BS1, thus if detected at PMA, it must have 
been reflected and if detected at PMB, it must have been transmitted.  
We also know that ! = PC/(PAPB) = 0 if there is only one photon in the 
apparatus during the time constant.  This implies that PC = 0 and no 
wave like behavior, acts like a particle.  There is only one BS, so it will 
act like a particle (we know this even before conducting exp.) 
 

(
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Experiment Y should show photons acting like a particle.  This is due to 
the fact that which path the photon takes can be determined by which 
photomultiplier is triggered.  If the photon struck mirror B, PMB will 
fire, if the photon struck mirror A, PMA will fire.  If there was truly only 
a single photon in the source only one of the photomultipliers will fire, 
and each would fire with a 50/50 chance. 

(
A32=*/3(GT(

 
Experiment Y (Aspect’s 1st Experiment) 
The photon may take one of 2 paths, but not both, and thus travels 
along a defined path consistent with the behavior of a particle.  The 
way the experiment is set up, a photon may only take one of: 
     source – beamsplitter – mirror A – photomultiplier A 
     source – beamsplitter – mirror B – photomultiplier B 
If a photon is to be detected in PM1, its pair must have exited the 
source in exactly the opposite direction, and by geometry can only take 
one of the two paths listed above. 

(
! m8! &'(! &'*((! )1*&/! &-! &',/! (//19! E.(/&,-%2! &',/! -%(! )*(/(%&(4! &'(! 7(1/&!

)*-A7(6/! 8-*! /&.4(%&/2! 1%4! fSc! -8! &'(6! *(0(,+(4! 8.77! 0*(4,&! 8-*! &'(,*! *(/)-%/(/?!!

O&.4(%&/! 3(*(! 81,*79! .%,8-*6! ,%! &'(! &9)(/! -8! 1*5.6(%&1&,-%! 1%4! *(1/-%,%5! &'(9!

(6)7-9(42! 1%4! 1! /,6)7(! 0-4,%5! /0'(6(!31/! 176-/&! ,66(4,1&(79! 1))1*(%&?! !\1%9!

/&.4(%&/! -88(*(4!6.7&,)7(! _./&,8,01&,-%/! 8-*! &'(,*! 1%/3(*/2! 1%4! /-!3(! *1%C(4! (10'!

&9)(!-8!1*5.6(%&!100-*4,%5!&-!,&/!)*-6,%(%0(!,%!&'(!/&.4(%&V/!*(/)-%/(2!-*!A9!3',0'!

1))(1*(4!8,*/&!,8!&'(9!/((6(4!&-!01**9!(E.17!3(,5'&`!3(!*()-*&!'(*(!/&1&,/&,0/!-%79!-%!

/&.4(%&/V!)*,61*9!*(/)-%/(/?!

$%!4(/0*,A,%5!&'(!A('1+,-*!-8!1!)'-&-%!,%!YD)(*,6(%&!U2!Sbc!-8!/&.4(%&/!/1,4!

&'1&2! 1/! 1! )1*&,07(2! ,&! ,/! -%79! &1C,%5! -%(! )1&'! -*! -&'(*! -%! ,&/! 319! 8*-6! /-.*0(! &-!

4(&(0&-*! GO&.4(%&/! K! p! hI`! 1%4! #>c! /1,4! ,&/! )1*&,07(! %1&.*(! ,/! 4(6-%/&*1&(4! A9!
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A(,%5! 4(&(0&(4! ,%! (,&'(*! -%(!]\@!-*! &'(! -&'(*2! A.&! %-&! A-&'! GO&.4(%&/!F!p!;I?! ! $&!
/((6/! /,5%,8,01%&! &'1&! &'(! 61_-*,&9! -8! /&.4(%&/! 1//-0,1&(4! )1*&,07(! A('1+,-*! 3,&'!
4(8,%,&(!&*1_(0&-*,(/!G&1C,%5!1!/,%57(!)1&'I2!3',7(!8(3(*!/&.4(%&/!1//-0,1&(4!)1*&,07(/!
3,&'!7-017,R(4!4(&(0&,-%/?!!@',/!8-0./!,/!17/-!*(87(0&(4!,%!&'(,*!,4(%&,8,01&,-%!-8!3',0'!
8(1&.*(/!-8!&'(!/(&.)!3-.74!177-3!&'(6!&-!)*(4,0&!)1*&,07(L7,C(!A('1+,-*n!QQc!0,&(4!
&'(! 810&! &'1&! -%79! 1! /,%57(! )1&'! (D,/&(4! A(&3((%! /-.*0(! 1%4! (10'! 4(&(0&-*`! "#c!
071,6(4!&'(!1A,7,&9!&-!4(&(*6,%(!3',0'!)1&'!1!5,+(%!)'-&-%!'14!&1C(%!31/!/.88,0,(%&!
8-*!)*(4,0&,%5!&',/!/)(0,8,0!A('1+,-*?!W"Qc!8-0./(4!-%!&'(!7,&(*17!4,88(*(%0(!A(&3((%!
&'(!&3-!(D)(*,6(%&/!B!&'(!1A/(%0(!-8!1!/(0-%4!A(16!/)7,&&(*?X!O-2!1!*(71&,+(79!/6177!
%.6A(*! -8! /&.4(%&/! *(7,(4! -%! &'(! %(3! 1%4! 6-*(! 1A/&*10&! (),/&(6-7-5,017! &--7!
4(+(7-)(4! ,%! 7(0&.*(2! &'(! 1+1,71A,7,&9! 3',0'L)1&') ,3B1%;"#,13! 1/! 1! 4(&(*6,%(*! -8!
A('1+,-*!G1/!-))-/(4!&-!&'(!(D,/&(%0(!-8!1!/,%57(!)1&'I?!!J-&!-%79!4,4!8(3(*!/&.4(%&/!
1//-0,1&(!)1*&,07(/!3,&'!7-017,R(4!4(&(0&,-%/2!-%79!">c!-8!177!/&.4(%&/!614(!6(%&,-%!
-8! 6(1/.*,%5! &'(! 1%&,0-**(71&,-%! )1*16(&(*2! -*! *(8(**(4! &-! 0-.%&,%5! *1&(/! 1%4!
0-,%0,4(%0(! 4(&(0&,-%/2! (+(%! &'-.5'! &'(/(! '14! A((%! /,5%,8,01%&! 1/)(0&/! -8! -.*!
)*(/(%&1&,-%?! ! @',/! /.55(/&/! &'1&! /&.4(%&/! 1*(! %-&! (%&,*(79! 0-68-*&1A7(! 3,&'! &'(!
/&1&,/&,017! %1&.*(! -8! &'(! 1*5.6(%&! 8-*! ,%&(*)*(&,%5! )1*&,07(L7,C(! A('1+,-*! ,%! &',/!
(D)(*,6(%&2!3',0'! 7,C(79!'1/! ,6)7,01&,-%/! 8-*!3'9!/&.4(%&/!'14!5*(1&(*!4,88,0.7&,(/!
3,&'!&'(!87,)!/,4(!&-!&',/!E.(/&,-%n!
!
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&J@C(KJ($8./39Q!<-*!3',0'!(D)(*,6(%&17!/(&.)!Gq!-*!UI!3-.74!9-.!(D)(0&!)'-&-%/!&-!
(D',A,&!31+(L7,C(!A('1+,-*l! !h(/0*,A(! ,%!3'1&! /(%/(! &'(!)'-&-%! ,/!A('1+,%5! 7,C(!1!
31+(!4.*,%5!&',/!(D)(*,6(%&?!!M'1&!8(1&.*(/!-8!&'(!(D)(*,6(%&17!/(&.)!177-3!9-.!&-!
4*13!&',/!0-%07./,-%!3,&'-.&!10&.1779!0-%4.0&,%5!&'(!(D)(*,6(%&l!
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In setup X, the photons exhibit wave like behavior because the photon 
can take either Path A or Path B and still get to PMA or PMB, we don’t 
know which path it took, thus since it is unpredictable, it acts like a 
wave.  Since it can take either path and still get to either 
photomultiplier, I know it can be represented as a wave. 
 

A32=*/3(CT( Wave-like behavior expected in Setup X.  Photon behaves like a wave 
because there is interference if we change the path length (move BS2).  
Thus it seems to interfere with itself.  In this experiment, we can’t 
know which path the photon takes due to the existence of BS2 (it could 
be detected by either PM, and have taken either path).  We can also 
change BS2’s location such that all the photons are detected in PMA or 
PMB.  Throughout the experiment, it seems that the photon somehow 
“knows” that there are both paths.  The BS2 lets us conclude this 
before starting the experiment (that it can behave like a wave). 
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Experiment X should show photons acting like waves.  The path the 
photon took is undeterminable.  Mirror B could have been hit with a 
photon and either PMB or PMA could fire.  This implies a wave is being 
propagated through both possible paths.  The wave then describes an 
equal probability of triggering each photomultiplier provided each path 
is the same length.  Interference can happen if the paths are different 
length and cause only one photomultiplier to trigger. 
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A32=*/3(GT( Experiment X (Aspect’s 2nd Experiment) 
The exact path taken by the photon is rendered indeterminate by the 
second beamsplitter; we can’t know which path the photon actually 
took to PMA or PMB.  If we vary the path length of A or B, and observe 
interference as a result in the detectors, a logical explanation is that 
the wave that represents the photon split at beamsplitter 1, and then 
(due to the difference in phase created by the changed path length) 
interfered with itself to produce the observed results.  The presence of 
the 2nd beamsplitter essentially randomizes whether a photon 
travelling along path A or B ends up in PMA or PMB (50% chance of 
either for fixed path length), thus rendering the path of the photon 
indeterminate, which allows for the above conclusions to be drawn. 
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FIG. 6.8. Slide 12 from Lecture 20 (Single-Photon Experiments, see Chapter 5).  In the 
first experiment, wave behavior is associated with coincidental detection; it is associated 
with indefinite trajectories and self-interference in the second. 
!
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No, we could not because we don’t know which path the photon took, it 
could have taken path A in which it which it would be detected by 
photomultiplier A or it could have taken path B and not been detected 
by PMA.  Since it has not been detected yet we can’t determine the 
probability it’s already on a definite path. 

(
A32=*/3(CT(

 
This is the delayed-choice experiment.  We can indeed predict the path 
that the photon took if BS2 is not present depending on the detector in 
which it was detected.  Thus, the probability of being detected in PMA 
would be 50/50 (0.5).  It would act just as if we ran experiment Y and 
behave like a particle.  Put the beam splitter back and it acts like a 
wave again.  There is no “tricking” the photon! 

(
A32=*/3(!T(
(

 
First assume that experiment X is set up so that interference occurs 
and only PMA is firing.  If the photon is still traveling through the 
apparatus, and BS2 is then suddenly removed, the photon will switch to 
acting like a particle.  The photon will no longer only fire in PMA due to 
interference, but will instead show particle-like behavior and trigger 
either PMB or PMA with a 50/50 probability.  BS1 results in either path 
from BS1 being 50/50 probable.  Because when BS2 is removed, the 
path the photon took is now better known and particle like behavior is 
observed.  In other words, once BS2 is removed PMB firing means MB 
was hit by a photon, and PMA firing means MA was hit by a photon. 

(
A32=*/3(GT(

 
Yes, the probability will be 0.5 – same result as Experiment X with 
equal path lengths, but with a definite path for any given photon.  A 
photon may exhibit either wave-like or particle-like properties, but not 
both in the same instant.  Removing the 2nd beamsplitter “forces” the 
photon to exhibit particle-like behavior by making its path definite 
retroactively – example of a “delayed choice” experiment. 
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TABLE 6.II Distribution of student responses to multiple-choice question #6 from the 
second midterm exam – correct response highlighted in bold.  

A) 0 B) 1/4 C) 1/2 D) 3/4 E) 1 RIGHT WRONG 
14% 34% 12% 42% 0 42% 58% 
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A(!*(E.,*(4!&-!)*-+,4(!&'(,*!*(1/-%,%52!3-.74!A(!1!8,*/&!/&()!&-31*4!.%4(*/&1%4,%5!

/-6(! -8! &'(! 4,88,0.7&,(/! /&.4(%&/! '1+(! 3,&'! (%&1%57(6(%&! 1%4! 4,/&1%&! 0-**(71&(4!

6(1/.*(6(%&/?!

!

!

!

55@!@(#384.,(B8=*>9(+/=($68V+V.>.3W!

! m%(! -8! &'(! E.(/&,-%/! 14-)&(4! 8*-6! &'(! s\;O! W"X! 8-*! -.*! )-/&L,%/&*.0&,-%!

0-%&(%&! /.*+(9!31/! 4(/,5%(4! &-! (7,0,&! 0-66-%! /&.4(%&!6,/0-%0()&,-%/! *(51*4,%5!

&'(!-.&0-6(!-8!1!)-/,&,-%!6(1/.*(6(%&!8-*!1%!1&-6,0!(7(0&*-%!,%!&'(!5*-.%4!/&1&(!-8!

'94*-5(%n!

!

!

!



!
"Q"!

JX@!@'(!(7(0&*-%!,%!1!'94*-5(%!1&-6!,/!,%!,&/!5*-.%4!/&1&(?!!U-.!6(1/.*(!&'(!4,/&1%0(!
-8!&'(!(7(0&*-%!8*-6!&'(!%.07(./?!!M'1&!3,77!A(!&'(!*(/.7&!-8!&',/!6(1/.*(6(%&l!
!

K? U-.!3,77!6(1/.*(!&'(!4,/&1%0(!&-!A(!&'(!F-'*!*14,./?!
F? U-.! 0-.74! 6(1/.*(! 1%9! 4,/&1%0(! A(&3((%! R(*-! 1%4! ,%8,%,&9! 3,&'! (E.17!

)*-A1A,7,&9?!
;? U-.!1*(!6-/&!7,C(79!&-!6(1/.*(!&'(!4,/&1%0(!&-!A(!&'(!F-'*!*14,./2!A.&!&'(*(!

,/!1!*1%5(!-8!-&'(*!4,/&1%0(/!&'1&!9-.!0-.74!)-//,A79!6(1/.*(?!
h? @'(*(! ,/! 1!6-/&79! (E.17! )*-A1A,7,&9! -8! 8,%4,%5! &'(! (7(0&*-%! 1&! 1%9! 4,/&1%0(!

3,&',%!1!*1%5(!8*-6!1! 7,&&7(!A,&! 7(//!&'1%!&'(!F-'*!*14,./!&-!1! 7,&&7(!A,&!6-*(!
&'1%!&'(!F-'*!*14,./?!

!
!
TABLE 6.III Distribution of student responses to multiple-choice question #30 from the 
post-instruction content survey – correct response highlighted in bold.  

A B C D E %Correct %Incorrect 
30% 2% 49% 18% 0 49% 51% 

!

!

K%! 1%179/,/! -8! /&.4(%&! *(/)-%/(/! &-! 1! 6,4&(*6! (D16! E.(/&,-%! -%! 1&-6,0!
6-4(7/!/'-3(4!&'1&!-%79!g">c!-8!/&.4(%&/!(D07./,+(79!(6)7-9(4!1!)71%(&1*9!6-4(7!
,%!&'(,*!4(/0*,)&,-%/!-8!'94*-5(%2!9(&!H>c!-8!/&.4(%&/!,%0-**(0&79!1%/3(*(4!-%!&'(!
)-/&L,%/&*.0&,-%! /.*+(9! &'1&! &'(! (7(0&*-%! 3-.74! 4(8,%,&(79! A(! 8-.%4! 1&! &'(! F-'*!
*14,./2!1%4!"bc!&'-.5'&!,&!31/!(E.1779!7,C(79!A(!8-.%4!/-6(3'(*(!,%!&'1&!+,0,%,&9?!!
@',/!1))1*(%&!4,/0-%%(0&!619!A(!(D)71,%(4!A9!8.*&'(*!4,88,0.7&,(/!/&.4(%&/!'1+(!,%!
./,%5!)*-A1A,7,&,(/! &-!4(/0*,A(!&'(!-.&0-6(!-8!E.1%&.6!6(1/.*(6(%&/2!A.&! ,&!619!
17/-! ,%4,01&(! *(17,/&! 0-66,&6(%&/! &'1&!3(*(! %-&! *(+(17(4! A9! &'(! 1&&,&.4(/! /.*+(9!
/&1&(6(%&!-%!1&-6,0!(7(0&*-%/?! WO((!1A-+(2!O(0&,-%! $$?F?X! !m)&,-%!h!619!'1+(!A((%!
)-).71*! 16-%5! /&.4(%&/! &'1&! 81+-*! &'(! 4(! F*-57,(! 1&-6,0!6-4(7! -+(*! 1! )71%(&1*9!
4(/0*,)&,-%2!A.&!3(!6./&!-%79!/)(0.71&(!3,&'-.&!&'(!-))-*&.%,&9!&-!8.*&'(*!E.(/&,-%!
/&.4(%&/!-%!&'(!*(1/-%/!8-*!&'(,*!*(/)-%/(/2!3',0'!,/!,6)-//,A7(!,%!1%!(%4L-8L&(*62!
6.7&,)7(L0'-,0(!8-*61&?!

!

(

(

(

(

(

(
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5Y@(!8/,>2=./0('*4+6Z9(

](*'1)/! &'(!6-/&! ,6)-*&1%&! &1C(L'-6(!6(//15(! 8*-6! &'(/(! /&.4,(/! ,/! &'1&!
/&.4(%&/! 3,77! 4(+(7-)! &'(,*! -3%! 1&&,&.4(/! G*,5'&! -*! 3*-%52! /-)',/&,01&(4! -*! %-&I!
*(51*4,%5! &'(! )'9/,017! ,%&(*)*(&1&,-%! -8! E.1%&.6! 6(0'1%,0/! 3'(%! 3(2! 1/!
,%/&*.0&-*/2!4-!%-&!(D)7,0,&79!1&&(%4!&-!&'(!*(17,/&!A(7,(8/!&'1&!1*(!/-!0-66-%!16-%5!
-.*! ,%&*-4.0&-*9! 6-4(*%! )'9/,0/! /&.4(%&/?! ! M(! '1+(! 8*(E.(%&79! '(1*4! &'1&! 1!
)*,61*9! 5-17! 3'(%! ,%&*-4.0,%5! /&.4(%&/! &-! E.1%&.6! 6(0'1%,0/! ,/! 8-*! &'(6! &-!
*(0-5%,R(! 1! 8.%416(%&17! 4,88(*(%0(! A(&3((%! 071//,017! 1%4! E.1%&.6! .%0(*&1,%&9?!!
@'(!%-&-*,-./!4,88,0.7&9!-8!&',/!'1/!7(14!61%9!,%/&*.0&-*/!&-!+,(3!&',/!7(1*%,%5!5-17!
1/! /.)(*8,0,1779! )-//,A7(2! A.&! 71*5(79! .%10',(+1A7(! ,%! 1! 6(1%,%58.7! 319! 8-*! 6-/&!
,%&*-4.0&-*9! /&.4(%&/?! ! M(! A(7,(+(! -.*! /&.4,(/! 4(6-%/&*1&(! -&'(*3,/(?! ! F9!
144*(//,%5! &'(!)'9/,017! ,%&(*)*(&1&,-%!-8! E.1%&.6!)'(%-6(%1! 10*-//! 1! +1*,(&9! -8!
0-%&(D&/2! A.&! 17/-! A9!61C,%5! E.(/&,-%/! -8! 071//,017! 1%4! E.1%&.6! *(17,&9! 1! 0(%&*17!
&'(6(!-8!-.*!0-.*/(2!3(!3(*(!1A7(!&-!)-/,&,+(79!,%87.(%0(!/&.4(%&!&',%C,%5!10*-//!1!
+1*,(&9!-8!6(1/.*(/2!A-&'!1&&,&.4,%17!1%4!,%!0-%&(%&L/)(0,8,0!&-),0!1*(1/?!

M(!'1+(!4(+(7-)(4!1! 8*16(3-*C! 8-*!.%4(*/&1%4,%5!/&.4(%&! ,%&(*)*(&1&,-%/!
-8! E.1%&.6! 6(0'1%,0/2! 3',0'! /'-3! '-3! &'(,*! -+(*177! )(*/)(0&,+(/! 619! A(!
,%87.(%0(4!A9!&'(,*!/)(0,8,0!1&&,&.4(/!&-31*4!/(+(*17!,%4,+,4.17!&'(6(/!0(%&*17!&-!&'(!
E.(/&,-%! -8! )*-A1A,7,/&,0!6(1/.*(6(%&! -.&0-6(/?! ! $/! &'(!31+(! 8.%0&,-%!)'9/,01779!
*(172!-*!1!61&'(61&,017!&--7l!!$/!&'(!*(4.0&,-%!-8!E.1%&.6!/.)(*)-/,&,-%/!&-!4(8,%,&(!
/&1&(/!1%!14!'-0!*.7(!(/&1A7,/'(4!&-!61C(!&'(-*9!15*((!3,&'!-A/(*+1&,-%2!-*!4-(/!,&!
*()*(/(%&! /-6(! C,%4! -8! )'9/,017! &*1%/,&,-%! %-&! 4(/0*,A(4! A9! 1%9! (E.1&,-%l! ! $/! 1%!
(7(0&*-%2!A(,%5!1! 8-*6!-8!61&&(*2!/&*,0&79! 7-017,R(4!1&!177! &,6(/l! !M(!'1+(!,4(%&,8,(4!
/&.4(%&!1&&,&.4(/!*(51*4,%5!&'(/(!E.(/&,-%/!1/!)719,%5!1!C(9!*-7(!3'(%!8-*6.71&,%5!
&'(,*! &'-.5'&/! -%! E.1%&.6! )'(%-6(%12! 1%4! '1+(! /((%! '-3! &'(! 69*,14! 319/! ,%!
3',0'! &'(/(! 1&&,&.4(/! 619! 0-6A,%(! 01%! 7(14! &-! 1! +1*,(&9! -8! -+(*177! ,%&(*)*(&,+(!
/&1%0(/?!!$8!3(!3,/'!&-!'1+(!/,5%,8,01%&!,%87.(%0(!-%!/&.4(%&!)(*/)(0&,+(/2!1%4!,8!3(!
1*(!&-!&1C(!/(*,-./79!&'(!7(//-%/!7(1*%(4!8*-6!(4.01&,-%!*(/(1*0'!-%!&'(!,6)10&!-8!
4,??$3) /:%%,/:+"2! &'(%! 3(! 6./&! 0'--/(! &-! (D)7,0,&79! 144*(//! &'(/(! A(7,(8/! ,%! -.*!
,%&*-4.0&-*9!0-.*/(/?!

M(!17/-!A(7,(+(!&'1&!1!-#"#,/!+,(3!-8!/&.4(%&!1%4!(D)(*&!-%&-7-5,(/2!'-3(+(*!
./(8.7!,%!144*(//,%5!/&.4(%&!4,88,0.7&,(/!,%!071//,017!)'9/,0/2!,/!&--!7,6,&(4!&-!100-.%&!
8-*!&'(!0-%&(D&.1779!/(%/,&,+(!1%4!',5'79!49%16,0!&'-.5'&!)*-0(//(/!-8!-.*!/&.4(%&/!
3'(%!,&!0-6(/!&-!-%&-7-5,017!1&&*,A.&,-%/?! !M(!'1+(!/((%!/&.4(%&/!A7(%4!1&&*,A.&(/!
8*-6! &'(! 071//,01779! 4,/&,%0&! 01&(5-*,(/! -8! )1*&,07(/! 1%4! 31+(/`! &'(9! 619! /3,&0'!
A(&3((%! +,(3/! 100-*4,%5! &-! &'(,*! 0-5%,&,+(! %((4/! -8! &'(!6-6(%&`! 1%4! &'(9! -8&(%!
4,/&,%5.,/'!A(&3((%!&'(,*! ,%&.,&,+(!)(*/)(0&,+(/2!1%4!3'1&! &'(9!'1+(! 7(1*%(4! 8*-6!
1.&'-*,&9?! !K&! &'(!+(*9! 7(1/&2!3(!619! 0-%07.4(! &'1&!-%&-7-5,017! 87(D,A,7,&9!4-(/!%-&!
0-6(!(1/,79!&-!6-/&!/&.4(%&/2!1%4!&'1&!&'(!0-%&(D&.17!/(%/,&,+,&9!-8!&'(,*!*(/)-%/(/!
,/! 6-/&! 0-%/,/&(%&! 3,&'! /&.4(%&/! (%515,%5! ,%! 1! ),(0(3,/(! 17&(*,%5! -8! &'(,*!
)(*/)(0&,+(/2!*1&'(*!&'1%!/-6(!3'-7(/17(!/',8&!G-*!*()710(6(%&I!,%!-%&-7-5,(/?!!\-/&!
,6)-*&1%&792! 61%9! -8! -.*! /&.4(%&/! 4(6-%/&*1&(4! (D10&79! &'(! C,%4! -8! -%&-7-5,017!
87(D,A,7,&9! &'1&! ,/! *(E.,*(4! 8-*!1!)*-)(*!.%4(*/&1%4,%5!-8!E.1%&.6!6(0'1%,0/?! !M(!
A(7,(+(!&',/!7(1*%,%5!5-17!,/!6-*(!(1/,79!10',(+(4!A9!)710,%5!5*(1&(*!(6)'1/,/!-%!&'(!
6(1%,%5! -8! 31+(L)1*&,07(! 4.17,&92! 1%4! A9! )*-+,4,%5! (D)(*,6(%&17! (+,4(%0(! &'1&!



!
"QH!

81+-*/!4.17,/&,0!4(/0*,)&,-%/2!A.&!17/-!A9!(D)7,0,&79!144*(//,%5!,%!071//!&'(!0-66-%79!
'(74!A(7,(8/!-8!/&.4(%&/!*(+(17(4!A9!-.*!/&.4,(/?!!K6-%5!&'(!61%9!7(1*%,%5!5-17/!8-*!
-.*!&*1%/8-*6(4!0.**,0.7.6!31/!8-*!/&.4(%&/!&-!A(!0-%/0,-./79!131*(!-8!&'(,*!-3%!
G-8&(%! ,%&.,&,+(! 1%4! &10,&I! A(7,(8/2! A.&! 17/-! 8-*! &'(6! &-! 10E.,*(! &'(! %(0(//1*9!
71%5.15(!1%4!0-%0()&.17!,%+(%&-*9!&-!,4(%&,89!1%4!1*&,0.71&(!&'-/(!A(7,(8/?!!@',/!31/!
100-6)7,/'(4! ,%! )1*&! A9! )*(/(%&,%5! &'(6! 3,&'! /)(0,8,0! &(*6,%-7-59! *(7(+1%&! &-!
)(*0()&,-%/!-8! *(17,&9!1%4! 7-017,&92!A.&!17/-!A9!61C,%5! &'(!A(7,(8/!-8! /&.4(%&/! G1%4!
%-&!_./&!&'(!A(7,(8/!-8!/0,(%&,/&/I!1!&-),0!-8!4,/0.//,-%!,%!-.*!0-.*/(?!

$&!3-.74!A(!&--!/,6)7,/&,0!&-!/19!&'1&!-.*!1,6!31/!8-*!/&.4(%&/!&-!0-%/,/&(%&79!
31#)"5%$$!3,&'!*(17,/&!,%&(*)*(&1&,-%/!-8!E.1%&.6!)'(%-6(%1?!!K8&(*!1772!&'(*(!1*(!1!
+1*,(&9!-8!/,&.1&,-%/!,%!E.1%&.6!6(0'1%,0/!3'(*(!&'(!)'9/,017!,%&(*)*(&1&,-%!-8!&'(!
31+(!8.%0&,-%!'1/!%-!*(7(+1%0(!-*!A(1*,%5!-%!&'(!-.&0-6(!-8!1!0170.71&,-%?!!$&!,/!%-&!
&'1&! 1! )1*&,07(! +,(3! -8!61&&(*! ,/! (%&,*(79! ,77(5,&,61&(! ,%! E.1%&.6!6(0'1%,0/`! ,&! ,/!
/,6)79!&'1&!,&/!0-%/,/&(%&!1))7,01&,-%!,%!177!0-%&(D&/!,/!%-&!14(E.1&(!,%!100-.%&,%5!8-*!
177! -8! 3'1&! 3(! -A/(*+(! ,%! %1&.*(?! ! M(! /.55(/&! &'1&! 1! /,5%,8,01%&! 16-.%&! -8! &'(!
0-%8./,-%! ,%&*-4.0&-*9! /&.4(%&/! 8((7! 3'(%! 7(1*%,%5! 1A-.&! E.1%&.6! 6(0'1%,0/!
*(/.7&/! 8*-6! &'(! )1*14-D,017! 0-%07./,-%/! &'1&! 0-6(! 1/! 1! 0-%/(E.(%0(! -8! *(17,/&!
(D)(0&1&,-%/!1%4!-%&-7-5,017!,%87(D,A,7,&9?!

J-*! 3-.74! 3(! 3,/'! &-! 0-%%-&(! &--! 6.0'! %(51&,+,&9! 3,&'! &'(! 810&! &'1&!
/&.4(%&/!1*(!*(79,%5!-%!&'(,*!,%&.,&,-%!1/!1!8-*6!-8!/(%/(!61C,%5?! !$&! ,/!&*.(!3(!1*(!
&(77,%5!&'(6!&'1&!&'(,*!(+(*9419!&',%C,%5!01%!A(!6,/7(14,%5!,%!E.1%&.6!)'9/,0/2!A.&!
&'1&! ,/! %-&! 1! /.88,0,(%&! 1*5.6(%&! 8-*! &'(! 3'-7(/17(! 1A1%4-%6(%&! -8! )*-4.0&,+(!
(),/&(6-7-5,017! &--7/?! ! $%4((42! -.*! 1))*-10'! &-! &(10',%5! E.1%&.6! ,%&(*)*(&1&,-%/!
8*(E.(%&79!*(E.,*(4!1%!1))(17! &-!/&.4(%&! ,%&.,&,-%/!1A-.&! &'(!071//,017!A('1+,-*!-8!
)1*&,07(/!G&'(9!1*(!&*1%/6,&&(4!-*!*(87(0&(4`!&'(9!1*(!7-017,R(4!.)-%!4(&(0&,-%I2!1%4!
/,6,71*79! 3,&'! 31+(/?! ! K! 6-*(! ,6)-*&1%&! 5-17! ,/! 8-*! /&.4(%&/! &-! 10',(+(! 6-*(!
,%&(*%17! 0-%/,/&(%09! ,%! &'(,*! &',%C,%52! 3',0'! 619! A(! 0.7&,+1&(4! A9! 4(+(7-),%5!
(),/&(6-7-5,017!&--7/!&'1&!1,4!,%!4(0,4,%5!3',0'!&9)(!-8!A('1+,-*!/'-.74!A(!(D)(0&(4!
,%!3',0'! &9)(!-8! /,&.1&,-%?! !;-%/,4(*,%5! &'(!-A/(*+(4!/&*-%5!1//-0,1&,-%/! /&.4(%&/!
61C(!A(&3((%!)1*&,07(/!1%4!4(8,%,&(!)1&'/2!,&!/((6/!&'1&!8*16,%5!/.0'!&--7/!,%!&(*6/!
-8!D4,/4&2"#4) ,3B1%;"#,13! W&3-! )1&'/! r! ,%&(*8(*(%0(`! -%(! )1&'! r! %-! ,%&(*8(*(%0(X!
619!A(!)1*&,0.71*79!./(8.7!8-*!/&.4(%&/?!

m8!&'(!61%9!)-&(%&,17!/&.4,(/!&'1&!6,5'&!A(!0-%4.0&(4!1/!1%!,6)*-+(6(%&!-%!
&'-/(! )*(/(%&(4! '(*(2! 3(! A(7,(+(! &'1&! 8-0./,%5! -%! &'(! &',%C,%5! 1//-0,1&(4! 3,&'!
6531-#,/! /&.4(%&/!3-.74! A(! )1*&,0.71*79! A(%(8,0,17?! !M(! '1+(! %(+(*! 0-%/,4(*(4! 1%!
15%-/&,0!)(*/)(0&,+(!&-!A(!.%/-)',/&,01&(4`!,%!810&2!-.*!6531-#,/!01&(5-*9!W1/!4(8,%(4!
,%!;'1)&(*!#X!31/!6(1%&!&-!,%07.4(!A-&'!/&.4(%&/!"3?!(D)(*&/!3'-!10C%-37(45(!&'(!
)-&(%&,17! 7(5,&,6109! -8! 0-6)(&,%5! )(*/)(0&,+(/2!3,&'-.&! &1C,%5! 1! 4(8,%,&,+(! /&1%0(?!!
K5%-/&,0,/62! A9! &',/! 4(8,%,&,-%2! 3-.74! &'(*(8-*(! ,%+-7+(! 1%! 10C%-37(45(6(%&! -8!
(+,4(%0(!&'1&!81+-*/!6-*(!&'1%!_./&!1!/,%57(!,%&(*)*(&1&,-%2!3',0'!,/!07(1*79!4,88(*(%&!
8*-6!/&.4(%&/!3'-!(D07./,+(79!1//(*&!&'(!7(5,&,6109!-8!&'(,*!*(17,/&!,%&.,&,-%/!,3)-2,#$)
1B!(+,4(%0(!&-!&'(!0-%&*1*9?!!K&!&'(!/16(!&,6(2!1%!15%-/&,0!/&1%0(!619!A(!,%4,01&,+(!
-8! &'(!)(*0()&,-%! &'1&!%-&',%5!01%! &*.79!A(!C%-3%!-*!.%4(*/&--4! ,%!/0,(%0(2! /,%0(!
61%9! -8! &'(! 1//.6)&,-%/!3(!61C(! 1A-.&! &'(!3-*74! &.*%! -.&! &-! A(! 4(6-%/&*1A79!
817/(2!1%4!/-!6.0'!,%!E.1%&.6!)'9/,0/!01%%-&!A(!4,*(0&79!-A/(*+(4?!!Y,&'(*!3192!1%!
15%-/&,0!/&1%0(!16-%5!/&.4(%&/!619!A(!,%&(*)*(&(4!1/!1%!,%&(*6(4,1*9!/&15(!,%!&'(!
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&*1%/,&,-%!1319!8*-6!*(17,/62!A.&!6,5'&!17/-!/,5%17!.%81+-*1A7(!)(*0()&,-%/!-%!&'(!
3"#:%$) 1B) -/,$3/$?! ! J(51&,+(! )(*0()&,-%/! 1A-.&! 3'1&! 01%! 1%4! 01%V&! A(! C%-3%! ,%!
/0,(%0(! 6,5'&! A(! 1%! .%,%&(%4(4! 0-%/(E.(%0(! -8! -.*! 0.**,0.7.6! &*1%/8-*61&,-%/2!
1%4!*(E.,*(!8.*&'(*!4(&1,7(4!0-%/,4(*1&,-%?!
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'*?*6*/,*9(K!-+73*6()Q!
!
[@!O?!F?!\0t151%2!t?!t?!](*C,%/!1%4!;?!Y?!M,(61%2![(8-*6,%5!1!71*5(!7(0&.*(!6-4(*%!
)'9/,0/!0-.*/(!8-*!(%5,%((*,%5!61_-*/!./,%5!1!]Y[LA1/(4!4(/,5%2!JK*0)J%1/$$?,35-)
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!
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!
R&!b/66+;>D-!b&!%*6>D/0-!(&!N*i53E!*3)!%&!HED6/2ED-!:/6*8/)UED52E/!/VC/02+/3>,! 23!
[;*3>;+!23>/07/0/3E/-!!"#$%&'()%&8!4/-!L^TL!!K"SZ$M&!
!
:&!b/,>/3/,-!9&!%266,!*3)!P&!HA*E1D*+/0-!!"#$-.$&+(2."(6!42-!"Y"!K"SSLM&!
!
O&! :&! '32BD>-! !"#$-.$& 746& *.-(53-$3$& 250& /5D-5((6$,& 8& $3623(D-.& 2==642."-! L3)! @)&!
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