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Gradual Typing 101

Int ! Int ! ?Int ! ? !? ! ?!

some gradual types convey more information than others

best-effort static checking 
backed by dynamic checking

type safety (+ errors)

conservative extension  
of Òstatic languageÓ

embedding of  
Òdynamic languageÓ

gradual guarantees 
SGG & DGG

Int ! ? " ? ! Bool
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Int ! ? "# Bool ! ?
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precision

consistency
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Challenging Gradual Typing

subtyping
unions

recursive types

effects

reÞnements

ownership

typestates

session types
security typing

parametric  
polymorphism
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Parametric Polymorphism

add type  
binders

infer type  
instantiations

f : ∀X. X ! X  
f = ΛX.λx:X.x
f [Int]  10
f [Bool] true

explicit
System F

f : X ! X  
f = λx.x
f 10
f true

implicit
Haskell

implicit polymorphism induces a notion of subtyping
! X.X " X < : Int " Int
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Int ! Int <: 8X.Int ! Int
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add [Int] add ΛX
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Parametricity 101

¥ Flavors of parametric polymorphism  

¥ Genericity: type safety with generic deÞnitions 

¥ Parametricity: strong reasoning principle (Òtheorems for freeÓ)

f : 8X.X ! X
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f [Int]
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g [Int] [Int]
<latexit sha1_base64="NSA4TTvvZ6i/Px6RJayrjsLFEjs=">AAACDnicbVDLSsNAFJ34rPUV69LNYBFclUQEhW6KbnRXwT6gCWUyuWmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2z0NYDwxzOuYd7OUHKmdKO82WtrK6tb2yWtsrbO7t7+/ZBpa2STFJo0YQnshsQBZwJaGmmOXRTCSQOOHSC0fXU7zyAVCwR93qcgh+TgWARo0QbqW9XBl4d97xboX2vPv/7dtWpOTPgZeIWpIoKNPv2txcmNItBaMqJUj3XSbWfE6kZ5TApe5mClNARGUDPUEFiUH4+u32CT4wS4iiR5gmNZ+rvRE5ipcZxYCZjoodq0ZuK/3m9TEeXfs5EmmkQdL4oyjjWCZ4WgUMmgWo+NoRQycytmA6JJFSbusreLJiHEDHBplWpienFXWxhmbTPaq5Tc+/Oq42roqESOkLH6BS56AI10A1qohai6BE9oxf0aj1Zb9a79TEfXbGKzCH6A+vzB9ARnCQ=</latexit><latexit sha1_base64="NSA4TTvvZ6i/Px6RJayrjsLFEjs=">AAACDnicbVDLSsNAFJ34rPUV69LNYBFclUQEhW6KbnRXwT6gCWUyuWmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2z0NYDwxzOuYd7OUHKmdKO82WtrK6tb2yWtsrbO7t7+/ZBpa2STFJo0YQnshsQBZwJaGmmOXRTCSQOOHSC0fXU7zyAVCwR93qcgh+TgWARo0QbqW9XBl4d97xboX2vPv/7dtWpOTPgZeIWpIoKNPv2txcmNItBaMqJUj3XSbWfE6kZ5TApe5mClNARGUDPUEFiUH4+u32CT4wS4iiR5gmNZ+rvRE5ipcZxYCZjoodq0ZuK/3m9TEeXfs5EmmkQdL4oyjjWCZ4WgUMmgWo+NoRQycytmA6JJFSbusreLJiHEDHBplWpienFXWxhmbTPaq5Tc+/Oq42roqESOkLH6BS56AI10A1qohai6BE9oxf0aj1Zb9a79TEfXbGKzCH6A+vzB9ARnCQ=</latexit><latexit sha1_base64="NSA4TTvvZ6i/Px6RJayrjsLFEjs=">AAACDnicbVDLSsNAFJ34rPUV69LNYBFclUQEhW6KbnRXwT6gCWUyuWmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2z0NYDwxzOuYd7OUHKmdKO82WtrK6tb2yWtsrbO7t7+/ZBpa2STFJo0YQnshsQBZwJaGmmOXRTCSQOOHSC0fXU7zyAVCwR93qcgh+TgWARo0QbqW9XBl4d97xboX2vPv/7dtWpOTPgZeIWpIoKNPv2txcmNItBaMqJUj3XSbWfE6kZ5TApe5mClNARGUDPUEFiUH4+u32CT4wS4iiR5gmNZ+rvRE5ipcZxYCZjoodq0ZuK/3m9TEeXfs5EmmkQdL4oyjjWCZ4WgUMmgWo+NoRQycytmA6JJFSbusreLJiHEDHBplWpienFXWxhmbTPaq5Tc+/Oq42roqESOkLH6BS56AI10A1qohai6BE9oxf0aj1Zb9a79TEfXbGKzCH6A+vzB9ARnCQ=</latexit><latexit sha1_base64="NSA4TTvvZ6i/Px6RJayrjsLFEjs=">AAACDnicbVDLSsNAFJ34rPUV69LNYBFclUQEhW6KbnRXwT6gCWUyuWmHTiZhZiKW0H/wC9zqF7gTt/6CH+B/OG2z0NYDwxzOuYd7OUHKmdKO82WtrK6tb2yWtsrbO7t7+/ZBpa2STFJo0YQnshsQBZwJaGmmOXRTCSQOOHSC0fXU7zyAVCwR93qcgh+TgWARo0QbqW9XBl4d97xboX2vPv/7dtWpOTPgZeIWpIoKNPv2txcmNItBaMqJUj3XSbWfE6kZ5TApe5mClNARGUDPUEFiUH4+u32CT4wS4iiR5gmNZ+rvRE5ipcZxYCZjoodq0ZuK/3m9TEeXfs5EmmkQdL4oyjjWCZ4WgUMmgWo+NoRQycytmA6JJFSbusreLJiHEDHBplWpienFXWxhmbTPaq5Tc+/Oq42roqESOkLH6BS56AI10A1qohai6BE9oxf0aj1Zb9a79TEfXbGKzCH6A+vzB9ARnCQ=</latexit>

g : 8XY.X ! Y ! X
<latexit sha1_base64="jYZED7AeyTAet1DNL6wZUNbalGs=">AAACFnicbVBPS8MwHE39O+e/qje9BIfgxdGKoHiQoRePE9zWsZaRpukWlqYlSYVRBn4MP4FX/QTexKtXP4Dfw7TrQTcfJDze+z3yy/MTRqWyrC9jYXFpeWW1slZd39jc2jZ3dtsyTgUmLRyzWDg+koRRTlqKKkacRBAU+Yx0/NFN7nceiJA05vdqnBAvQgNOQ4qR0lLf3B9cQjeMBWIMOt06dODJFezml9M3a1bdKgDniV2SGijR7JvfbhDjNCJcYYak7NlWorwMCUUxI5Oqm0qSIDxCA9LTlKOISC8r/jCBR1oJoN5EH65gof5OZCiSchz5ejJCaihnvVz8z+ulKrzwMsqTVBGOpw+FKYMqhnkhMKCCYMXGmiAsqN4V4iESCCtdW9UtgllAQsppXpmc6F7s2RbmSfu0blt1++6s1rguG6qAA3AIjoENzkED3IImaAEMHsEzeAGvxpPxZrwbH9PRBaPM7IE/MD5/AJusnVw=</latexit><latexit sha1_base64="jYZED7AeyTAet1DNL6wZUNbalGs=">AAACFnicbVBPS8MwHE39O+e/qje9BIfgxdGKoHiQoRePE9zWsZaRpukWlqYlSYVRBn4MP4FX/QTexKtXP4Dfw7TrQTcfJDze+z3yy/MTRqWyrC9jYXFpeWW1slZd39jc2jZ3dtsyTgUmLRyzWDg+koRRTlqKKkacRBAU+Yx0/NFN7nceiJA05vdqnBAvQgNOQ4qR0lLf3B9cQjeMBWIMOt06dODJFezml9M3a1bdKgDniV2SGijR7JvfbhDjNCJcYYak7NlWorwMCUUxI5Oqm0qSIDxCA9LTlKOISC8r/jCBR1oJoN5EH65gof5OZCiSchz5ejJCaihnvVz8z+ulKrzwMsqTVBGOpw+FKYMqhnkhMKCCYMXGmiAsqN4V4iESCCtdW9UtgllAQsppXpmc6F7s2RbmSfu0blt1++6s1rguG6qAA3AIjoENzkED3IImaAEMHsEzeAGvxpPxZrwbH9PRBaPM7IE/MD5/AJusnVw=</latexit><latexit sha1_base64="jYZED7AeyTAet1DNL6wZUNbalGs=">AAACFnicbVBPS8MwHE39O+e/qje9BIfgxdGKoHiQoRePE9zWsZaRpukWlqYlSYVRBn4MP4FX/QTexKtXP4Dfw7TrQTcfJDze+z3yy/MTRqWyrC9jYXFpeWW1slZd39jc2jZ3dtsyTgUmLRyzWDg+koRRTlqKKkacRBAU+Yx0/NFN7nceiJA05vdqnBAvQgNOQ4qR0lLf3B9cQjeMBWIMOt06dODJFezml9M3a1bdKgDniV2SGijR7JvfbhDjNCJcYYak7NlWorwMCUUxI5Oqm0qSIDxCA9LTlKOISC8r/jCBR1oJoN5EH65gof5OZCiSchz5ejJCaihnvVz8z+ulKrzwMsqTVBGOpw+FKYMqhnkhMKCCYMXGmiAsqN4V4iESCCtdW9UtgllAQsppXpmc6F7s2RbmSfu0blt1++6s1rguG6qAA3AIjoENzkED3IImaAEMHsEzeAGvxpPxZrwbH9PRBaPM7IE/MD5/AJusnVw=</latexit><latexit sha1_base64="jYZED7AeyTAet1DNL6wZUNbalGs=">AAACFnicbVBPS8MwHE39O+e/qje9BIfgxdGKoHiQoRePE9zWsZaRpukWlqYlSYVRBn4MP4FX/QTexKtXP4Dfw7TrQTcfJDze+z3yy/MTRqWyrC9jYXFpeWW1slZd39jc2jZ3dtsyTgUmLRyzWDg+koRRTlqKKkacRBAU+Yx0/NFN7nceiJA05vdqnBAvQgNOQ4qR0lLf3B9cQjeMBWIMOt06dODJFezml9M3a1bdKgDniV2SGijR7JvfbhDjNCJcYYak7NlWorwMCUUxI5Oqm0qSIDxCA9LTlKOISC8r/jCBR1oJoN5EH65gof5OZCiSchz5ejJCaihnvVz8z+ulKrzwMsqTVBGOpw+FKYMqhnkhMKCCYMXGmiAsqN4V4iESCCtdW9UtgllAQsppXpmc6F7s2RbmSfu0blt1++6s1rguG6qAA3AIjoENzkED3IImaAEMHsEzeAGvxpPxZrwbH9PRBaPM7IE/MD5/AJusnVw=</latexit>

n
<latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit>

n1
<latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit>

n2
<latexit sha1_base64="9jsuRBfu5vLdRE8BFJJ2e084CM0=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIi6LLoxmVF+4A2lMn0ph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+zJnSjvNlldbWNza3ytuVnd29/YPq4VFHRYmk2KYRj2TPJwo5E9jWTHPsxRJJ6HPs+tObzO8+olQsEg96FqMXkrFgAaNEG+leDBvDas2pOznsVeIWpAYFWsPq92AU0SREoSknSvVdJ9ZeSqRmlOO8MkgUxoROyRj7hgoSovLS/NS5fWaUkR1E0jyh7Vz9nUhJqNQs9M1kSPRELXuZ+J/XT3Rw5aVMxIlGQReLgoTbOrKzf9sjJpFqPjOEUMnMrTadEEmoNu1UBnkwHWHABMuaUXPTi7vcwirpNOquU3fvLmrN66KhMpzAKZyDC5fQhFtoQRsojOEZXuDVerLerHfrYzFasorMMfyB9fkDsqeWKQ==</latexit><latexit sha1_base64="9jsuRBfu5vLdRE8BFJJ2e084CM0=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIi6LLoxmVF+4A2lMn0ph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+zJnSjvNlldbWNza3ytuVnd29/YPq4VFHRYmk2KYRj2TPJwo5E9jWTHPsxRJJ6HPs+tObzO8+olQsEg96FqMXkrFgAaNEG+leDBvDas2pOznsVeIWpAYFWsPq92AU0SREoSknSvVdJ9ZeSqRmlOO8MkgUxoROyRj7hgoSovLS/NS5fWaUkR1E0jyh7Vz9nUhJqNQs9M1kSPRELXuZ+J/XT3Rw5aVMxIlGQReLgoTbOrKzf9sjJpFqPjOEUMnMrTadEEmoNu1UBnkwHWHABMuaUXPTi7vcwirpNOquU3fvLmrN66KhMpzAKZyDC5fQhFtoQRsojOEZXuDVerLerHfrYzFasorMMfyB9fkDsqeWKQ==</latexit><latexit sha1_base64="9jsuRBfu5vLdRE8BFJJ2e084CM0=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIi6LLoxmVF+4A2lMn0ph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+zJnSjvNlldbWNza3ytuVnd29/YPq4VFHRYmk2KYRj2TPJwo5E9jWTHPsxRJJ6HPs+tObzO8+olQsEg96FqMXkrFgAaNEG+leDBvDas2pOznsVeIWpAYFWsPq92AU0SREoSknSvVdJ9ZeSqRmlOO8MkgUxoROyRj7hgoSovLS/NS5fWaUkR1E0jyh7Vz9nUhJqNQs9M1kSPRELXuZ+J/XT3Rw5aVMxIlGQReLgoTbOrKzf9sjJpFqPjOEUMnMrTadEEmoNu1UBnkwHWHABMuaUXPTi7vcwirpNOquU3fvLmrN66KhMpzAKZyDC5fQhFtoQRsojOEZXuDVerLerHfrYzFasorMMfyB9fkDsqeWKQ==</latexit><latexit sha1_base64="9jsuRBfu5vLdRE8BFJJ2e084CM0=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIi6LLoxmVF+4A2lMn0ph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+zJnSjvNlldbWNza3ytuVnd29/YPq4VFHRYmk2KYRj2TPJwo5E9jWTHPsxRJJ6HPs+tObzO8+olQsEg96FqMXkrFgAaNEG+leDBvDas2pOznsVeIWpAYFWsPq92AU0SREoSknSvVdJ9ZeSqRmlOO8MkgUxoROyRj7hgoSovLS/NS5fWaUkR1E0jyh7Vz9nUhJqNQs9M1kSPRELXuZ+J/XT3Rw5aVMxIlGQReLgoTbOrKzf9sjJpFqPjOEUMnMrTadEEmoNu1UBnkwHWHABMuaUXPTi7vcwirpNOquU3fvLmrN66KhMpzAKZyDC5fQhFtoQRsojOEZXuDVerLerHfrYzFasorMMfyB9fkDsqeWKQ==</latexit>

n0
<latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit>

n
<latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit><latexit sha1_base64="6pcmX44zr9PqG/KViOjPilr4D0E=">AAAB+3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047IF+4A2lMnkph06mYSZiVBCv8CtfoE7cevH+AH+h5M0C209MHA45x7uneMnnCntOF9WZWNza3unulvb2z84PKofn/RUnEqKXRrzWA58opAzgV3NNMdBIpFEPse+P7vP/f4TSsVi8ajnCXoRmQgWMkq0kTpiXG84TaeAvU7ckjSgRHtc/x4FMU0jFJpyotTQdRLtZURqRjkuaqNUYULojExwaKggESovKw5d2BdGCewwluYJbRfq70RGIqXmkW8mI6KnatXLxf+8YarDWy9jIkk1CrpcFKbc1rGd/9oOmESq+dwQQiUzt9p0SiSh2nRTGxXBLMCQCZb3ohamF3e1hXXSu2q6TtPtXDdad2VDVTiDc7gEF26gBQ/Qhi5QQHiGF3i1Ftab9W59LEcrVpk5hT+wPn8AgOaVhA==</latexit>

n0
<latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit><latexit sha1_base64="/YTVEQE+G2LILrwwqXwvVaN32I8=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkV0VRIRdFl047KKfUAbymR60w6dTMLMRCihfoFb/QJ34tZ/8QP8DydpFtp6YOBwzj3cO8ePOVPacb6s0srq2vpGebOytb2zu1fdP2irKJEUWzTikez6RCFnAluaaY7dWCIJfY4df3KT+Z1HlIpF4kFPY/RCMhIsYJRoI92L00G15tSdHPYycQtSgwLNQfW7P4xoEqLQlBOleq4Tay8lUjPKcVbpJwpjQidkhD1DBQlReWl+6cw+McrQDiJpntB2rv5OpCRUahr6ZjIkeqwWvUz8z+slOrjyUibiRKOg80VBwm0d2dm37SGTSDWfGkKoZOZWm46JJFSbcir9PJgOMWCCZcWomenFXWxhmbTP665Td+8uao3roqEyHMExnIELl9CAW2hCCygE8Awv8Go9WW/Wu/UxHy1ZReYQ/sD6/AHkTJW1</latexit>

n1
<latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit><latexit sha1_base64="YL7A9Ak8Rb16JmtQxaiyWwgrG9w=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KirYU2lMnkph06mYSZiVBC8Qvc6he4E7d+ix/gfzhJs9DWAwOHc+7h3jl+wpnSjvNlVVZW19Y3qpu1re2d3b36/kFXxamk2KExj2XPJwo5E9jRTHPsJRJJ5HN88CfXuf/wiFKxWNzraYJeREaChYwSbaQ7MXSH9YbTdArYy8QtSQNKtIf170EQ0zRCoSknSvVdJ9FeRqRmlOOsNkgVJoROyAj7hgoSofKy4tSZfWKUwA5jaZ7QdqH+TmQkUmoa+WYyInqsFr1c/M/rpzq89DImklSjoPNFYcptHdv5v+2ASaSaTw0hVDJzq03HRBKqTTu1QRHMAgyZYHkzamZ6cRdbWCbds6brNN3b80brqmyoCkdwDKfgwgW04Aba0AEKI3iGF3i1nqw36936mI9WrDJzCH9gff4AsRCWKA==</latexit>

G P
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Gradual Parametricity

¥ Gradual parametricity is challenging 

¥ early work on PBC [POPLÕ11] without proof of parametricity 

¥ several recent developments:  
!B  [ICFPÕ17], System FG [ICFPÕ17], Xie et al [ESOPÕ18] 

¥ arguable decisions, problems, conjectures (dynamic GG?) 

¥ free theorems not fully understood

design space is subtle and complex

g : (∀X.X!X) ! Int
g = λh:(∀X.X!X).h [Int] 10

f : ?  
g f

f = ΛX.λx:?.x+1

f = ΛX.λx:X.x
f = ΛX.λx:?.x

6

Gradual Parametricity
!B and F G use ad hoc static relations 

¥ ÒexplicitÓ polymorphism with (different) ßavors of implicitness

8X.X ! X
<latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit>

Int ! Int
<latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit> ✓ X

λB System FG

! X.X " Int
<latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit>

✓
Int ! Bool

<latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit> ✓ X
? ! ?

<latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit> ✓

8X.X ! ?
<latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit>

✓
X

✓
✓! X. ? " Int

<latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit>

7

Gradual Implicit Polymorphism

¥ same observations wrt statics of !B and F G 

¥ separate consistency from subtyping  

¥ clean deÞnition of consistent subtyping 

¥ focus on the statics, uses ! B for runtime

[Xie et al. ESOPÕ18]
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Gradual Parametricity @ Runtime
¥ !B as the target of choice for runtime semantics 

¥ violates scoping & type instantiation
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Gradual Parametricity @ Runtime
¥ !B as the target of choice for runtime semantics 

¥ violates scoping  & type instantiation

System F
G

pending cast with out-of-scope variable
    (1 : Int => 𝛂 : 𝛂 => ?)
    (1 : X => ?)

let f : ? = ΛX.λx:X.x

f [Int] 1

(f [Int] 1) + 1

1 1

error error

λB

* *

10

Gradual Parametricity @ Runtime
¥ !B as the target of choice for runtime semantics 

¥ violates scoping & type instantiation

instantiations on ? are lost!

System F
Glet f : ? = ΛX.λx:X.x

f [Bool] true

f [Int] true

true true

true true

λB

11

Instantiations matter!
gradual types soundly augment expressiveness

t = ! x.x

? ! ?GTLC

∀X.X ! XF

t = ! x.(x [Int])

F" ∀P, (∀X.P X) ! P Int

GF (∀X.?) ! ?

lack of precision backed by runtime enforcement

(t 3) 1 <z error (t id) true <z error

Int ! Int
Bool ! Bool

STLC

…

F (∀X.X!X) ! Int!Int
(∀XY.X!Y!X) ! ∀Y.Int!Y!Int

…

(t 3) + 1 <z 4 (t id) 1 <z 1id:∀X.X!X

12



Gradual Free Theorems

¥ !B [ICFPÕ17] includes some free theorems 

¥ about fully-static signatures 

¥ What about imprecise type signatures?  

¥ claims only 

¥ ∀X.X→? 
constant or fail [POPLÕ11], or unusable result [STOPÕ09,ICFPÕ17] 

¥ ∀X.?→X 
always fail [ICFPÕ17] id?

13

Open Challenges

¥ Proper semantics for gradual explicit polymorphism? 

¥ !B (/ F C) adequate as an internal cast language? 

¥ Parametricity &/vs dynamic gradual guarantee? 

¥ Gradual free theorems?

14

This Work

¥ Proper semantics for gradual explicit polymorphism? 

¥ !B (/ F C) adequate as an internal cast language? 

¥ Parametricity &/vs dynamic gradual guarantee? 

¥ Gradual free theorems?

GSF: derived from F using AGT (++)

no: type instantiations matter (GSFε)

incompatible! (weaker property holds)

disprove claims, prove “cheap” theorems

15

GSF: Gradual System F

16



Gradual Parametricity, Revisited

¥ Exploit methodology to gradualize languages: AGT 

¥ effective: reÞnements, effects, unions, security typing, etc. 

¥ Natural deÞnition of gradual types 

¥ static semantics follow via Galois connection (no tweaking!) 

¥ Dynamic semantics  

¥ evidence-based reduction semantics  

¥ strengthened for parametricity enforcement

17

Concretization for GSF

�(X) = {X }
<latexit sha1_base64="ScR8tfdNxCkFzKkg2U2LKsiPUDE=">AAACIHicbZDLSgMxGIUzXmu9VV24cBMsSt2UGRF0IxTcuKxgL9ApJZP5pw0mmSHJFMowL6NbfQ934lIfwycwvQjaeiBwOOf/SfIFCWfauO6Hs7S8srq2Xtgobm5t7+yW9vabOk4VhQaNeazaAdHAmYSGYYZDO1FARMChFTzcjPvWEJRmsbw3owS6gvQlixglxka90iHGfp8IQSrtM3x6jX0NJmvnuFcqu1V3IrxovJkpo5nqvdKXH8Y0FSAN5UTrjucmppsRZRjlkBf9VENC6APpQ8daSQTobjb5QI5PbBLiKFb2SIMn6e+NjAitRyKwk4KYgZ7vxuF/XSc10VU3YzJJDUg6vShKOTYxHtPAIVNADR9ZQ6hi9q2YDogi1FhmRX+ymIUQMcnGvHT+kw1DlhctJG8eyaJpnlc9t+rdXZRrtRmuAjpCx6iCPHSJaugW1VEDUZSjJ/SMXpxH59V5c96no0vObOcA/ZHz+Q2ZoqJN</latexit><latexit sha1_base64="ScR8tfdNxCkFzKkg2U2LKsiPUDE=">AAACIHicbZDLSgMxGIUzXmu9VV24cBMsSt2UGRF0IxTcuKxgL9ApJZP5pw0mmSHJFMowL6NbfQ934lIfwycwvQjaeiBwOOf/SfIFCWfauO6Hs7S8srq2Xtgobm5t7+yW9vabOk4VhQaNeazaAdHAmYSGYYZDO1FARMChFTzcjPvWEJRmsbw3owS6gvQlixglxka90iHGfp8IQSrtM3x6jX0NJmvnuFcqu1V3IrxovJkpo5nqvdKXH8Y0FSAN5UTrjucmppsRZRjlkBf9VENC6APpQ8daSQTobjb5QI5PbBLiKFb2SIMn6e+NjAitRyKwk4KYgZ7vxuF/XSc10VU3YzJJDUg6vShKOTYxHtPAIVNADR9ZQ6hi9q2YDogi1FhmRX+ymIUQMcnGvHT+kw1DlhctJG8eyaJpnlc9t+rdXZRrtRmuAjpCx6iCPHSJaugW1VEDUZSjJ/SMXpxH59V5c96no0vObOcA/ZHz+Q2ZoqJN</latexit><latexit sha1_base64="ScR8tfdNxCkFzKkg2U2LKsiPUDE=">AAACIHicbZDLSgMxGIUzXmu9VV24cBMsSt2UGRF0IxTcuKxgL9ApJZP5pw0mmSHJFMowL6NbfQ934lIfwycwvQjaeiBwOOf/SfIFCWfauO6Hs7S8srq2Xtgobm5t7+yW9vabOk4VhQaNeazaAdHAmYSGYYZDO1FARMChFTzcjPvWEJRmsbw3owS6gvQlixglxka90iHGfp8IQSrtM3x6jX0NJmvnuFcqu1V3IrxovJkpo5nqvdKXH8Y0FSAN5UTrjucmppsRZRjlkBf9VENC6APpQ8daSQTobjb5QI5PbBLiKFb2SIMn6e+NjAitRyKwk4KYgZ7vxuF/XSc10VU3YzJJDUg6vShKOTYxHtPAIVNADR9ZQ6hi9q2YDogi1FhmRX+ymIUQMcnGvHT+kw1DlhctJG8eyaJpnlc9t+rdXZRrtRmuAjpCx6iCPHSJaugW1VEDUZSjJ/SMXpxH59V5c96no0vObOcA/ZHz+Q2ZoqJN</latexit><latexit sha1_base64="ScR8tfdNxCkFzKkg2U2LKsiPUDE=">AAACIHicbZDLSgMxGIUzXmu9VV24cBMsSt2UGRF0IxTcuKxgL9ApJZP5pw0mmSHJFMowL6NbfQ934lIfwycwvQjaeiBwOOf/SfIFCWfauO6Hs7S8srq2Xtgobm5t7+yW9vabOk4VhQaNeazaAdHAmYSGYYZDO1FARMChFTzcjPvWEJRmsbw3owS6gvQlixglxka90iHGfp8IQSrtM3x6jX0NJmvnuFcqu1V3IrxovJkpo5nqvdKXH8Y0FSAN5UTrjucmppsRZRjlkBf9VENC6APpQ8daSQTobjb5QI5PbBLiKFb2SIMn6e+NjAitRyKwk4KYgZ7vxuF/XSc10VU3YzJJDUg6vShKOTYxHtPAIVNADR9ZQ6hi9q2YDogi1FhmRX+ymIUQMcnGvHT+kw1DlhctJG8eyaJpnlc9t+rdXZRrtRmuAjpCx6iCPHSJaugW1VEDUZSjJ/SMXpxH59V5c96no0vObOcA/ZHz+Q2ZoqJN</latexit>

! (! X.G ) = { ! X.T | T " ! (G) }
<latexit sha1_base64="dbaUeGA4/3L8qEp3sF2vVITsTho="></latexit><latexit sha1_base64="dbaUeGA4/3L8qEp3sF2vVITsTho="></latexit><latexit sha1_base64="dbaUeGA4/3L8qEp3sF2vVITsTho="></latexit><latexit sha1_base64="dbaUeGA4/3L8qEp3sF2vVITsTho="></latexit>

�(Int) = { Int }
�(G1 ! G2) = {T1 ! T2 | T1 2 �(G1), T2 2 �(G2) }

�(?) = {T | T 2 Type }
<latexit sha1_base64="OjtWJzE3agwFemgY0RiUk8knUAE="></latexit><latexit sha1_base64="OjtWJzE3agwFemgY0RiUk8knUAE="></latexit><latexit sha1_base64="OjtWJzE3agwFemgY0RiUk8knUAE="></latexit><latexit sha1_base64="OjtWJzE3agwFemgY0RiUk8knUAE="></latexit>

!G1
<latexit sha1_base64="ZVhpQNGXDZRmWli3lVifrelzsSA=">AAACCnicbVDLSsNAFL2prxpf1S7dBIvgqiRudFlwocuK9gFtKJPJpB06mYSZSaGEgB+gW/0Pd+LWbxD8DZeunKQVtPXAwOGce7h3jhczKpVtfxilldW19Y3yprm1vbO7V9k/aMsoEZi0cMQi0fWQJIxy0lJUMdKNBUGhx0jHG1/kfmdChKQRv1XTmLghGnIaUIyUlm4uB86gUrPrdgFrmThzUmtU37/uAKA5qHz2/QgnIeEKMyRlz7Fj5aZIKIoZycx+IkmM8BgNSU9TjkIi3bQ4NbOOteJbQST048oq1N+JFIVSTkNPT4ZIjeSil4v/eb1EBeduSnmcKMLxbFGQMEtFVv5vy6eCYMWmmiAsqL7VwiMkEFa6HbNfBFOfBJTTvBmZ/WgTn2amLslZrGSZtE/rjl13rnVbDZihDIdwBCfgwBk04Aqa0AIMQ3iAR3gy7o1n48V4nY2WjHmmCn9gvH0DsDKdxw==</latexit><latexit sha1_base64="yWkZxXDKmYcMqy0CJlXm0IcjFXo=">AAACCnicbVDLSsNAFJ3UV42vapdugkVwISVxo8uCC11WtA9oS5lMbtqhk0mYmRRKyMa1bvU/3Ilbv0HwD1y7dOUkraCtBwYO59zDvXPciFGpbPvdKCwtr6yuFdfNjc2t7Z3S7l5ThrEg0CAhC0XbxRIY5dBQVDFoRwJw4DJouaPzzG+NQUga8hs1iaAX4AGnPiVYaen6ou/0SxW7auewFokzI5Va+e3r9iM9rvdLn10vJHEAXBGGpew4dqR6CRaKEgap2Y0lRJiM8AA6mnIcgOwl+ampdagVz/JDoR9XVq7+TiQ4kHISuHoywGoo571M/M/rxMo/6yWUR7ECTqaL/JhZKrSyf1seFUAUm2iCiaD6VosMscBE6XbMbh5MPPApp1kzMv3Rxh5NTV2SM1/JImmeVB276lzptmpoiiLaRwfoCDnoFNXQJaqjBiJogO7RA3o07own49l4mY4WjFmmjP7AeP0G/dKfWg==</latexit><latexit sha1_base64="yWkZxXDKmYcMqy0CJlXm0IcjFXo=">AAACCnicbVDLSsNAFJ3UV42vapdugkVwISVxo8uCC11WtA9oS5lMbtqhk0mYmRRKyMa1bvU/3Ilbv0HwD1y7dOUkraCtBwYO59zDvXPciFGpbPvdKCwtr6yuFdfNjc2t7Z3S7l5ThrEg0CAhC0XbxRIY5dBQVDFoRwJw4DJouaPzzG+NQUga8hs1iaAX4AGnPiVYaen6ou/0SxW7auewFokzI5Va+e3r9iM9rvdLn10vJHEAXBGGpew4dqR6CRaKEgap2Y0lRJiM8AA6mnIcgOwl+ampdagVz/JDoR9XVq7+TiQ4kHISuHoywGoo571M/M/rxMo/6yWUR7ECTqaL/JhZKrSyf1seFUAUm2iCiaD6VosMscBE6XbMbh5MPPApp1kzMv3Rxh5NTV2SM1/JImmeVB276lzptmpoiiLaRwfoCDnoFNXQJaqjBiJogO7RA3o07own49l4mY4WjFmmjP7AeP0G/dKfWg==</latexit><latexit sha1_base64="a4KUng5lMvJ/TqDxC3hFl9+z7R0=">AAACCnicbVDLSsNAFJ3UV62vqks3g0VwVRI3uiy40GVF+4A2lMnkph06mYSZSaGE/IFu9T/ciVt/wt/wC5ykEbT1wMDhnHu4d44Xc6a0bX9albX1jc2t6nZtZ3dv/6B+eNRVUSIpdGjEI9n3iALOBHQ00xz6sQQSehx63vQ693szkIpF4kHPY3BDMhYsYJRoI93fjJxRvWE37QJ4lTglaaAS7VH9a+hHNAlBaMqJUgPHjrWbEqkZ5ZDVhomCmNApGcPAUEFCUG5anJrhM6P4OIikeULjQv2dSEmo1Dz0zGRI9EQte7n4nzdIdHDlpkzEiQZBF4uChGMd4fzf2GcSqOZzQwiVzNyK6YRIQrVppzYsgqkPARMsb0ZlP9rMZ1nNlOQsV7JKuhdNx246d3aj1SrrqqITdIrOkYMuUQvdojbqIIrG6Ak9oxfr0Xq13qz3xWjFKjPH6A+sj2/Mr5sk</latexit>

G2
<latexit sha1_base64="4Sokh/h/lqwIrlKb2ejdYb37dNI=">AAACCnicbVDLSsNAFL3xWeOr2qWbYBFclaQbXRZc6LKifUAbymQyaYdOJmFmUigh4AfoVv/Dnbj1GwR/w6UrJ2kFbT0wcDjnHu6d48WMSmXbH8bK6tr6xmZpy9ze2d3bLx8ctmWUCExaOGKR6HpIEkY5aSmqGOnGgqDQY6TjjS9yvzMhQtKI36ppTNwQDTkNKEZKSzeXg/qgXLVrdgFrmThzUm1U3r/uAKA5KH/2/QgnIeEKMyRlz7Fj5aZIKIoZycx+IkmM8BgNSU9TjkIi3bQ4NbNOtOJbQST048oq1N+JFIVSTkNPT4ZIjeSil4v/eb1EBeduSnmcKMLxbFGQMEtFVv5vy6eCYMWmmiAsqL7VwiMkEFa6HbNfBFOfBJTTvBmZ/WgTn2amLslZrGSZtOs1x64517qtBsxQgiM4hlNw4AwacAVNaAGGITzAIzwZ98az8WK8zkZXjHmmAn9gvH0DsdadyA==</latexit><latexit sha1_base64="iQ1U/WVwBGI5CLUGgyReu66LSA0=">AAACCnicbVDLSsNAFL3xWeOr2qWbYBFcSEm60WXBhS4r2ge0oUwmk3boZBJmJoUSsnGtW/0Pd+LWbxD8A9cuXTlNK2jrgYHDOfdw7xwvZlQq2343lpZXVtfWCxvm5tb2zm5xb78po0Rg0sARi0TbQ5IwyklDUcVIOxYEhR4jLW94PvFbIyIkjfiNGsfEDVGf04BipLR0fdGr9oplu2LnsBaJMyPlWunt6/YjO6n3ip9dP8JJSLjCDEnZcexYuSkSimJGMrObSBIjPER90tGUo5BIN81PzawjrfhWEAn9uLJy9XciRaGU49DTkyFSAznvTcT/vE6igjM3pTxOFOF4uihImKUia/Jvy6eCYMXGmiAsqL7VwgMkEFa6HbObB1OfBJTTSTMy+9FGPs1MXZIzX8kiaVYrjl1xrnRbNZiiAAdwCMfgwCnU4BLq0AAMfbiHB3g07own49l4mY4uGbNMCf7AeP0G/3afWw==</latexit><latexit sha1_base64="iQ1U/WVwBGI5CLUGgyReu66LSA0=">AAACCnicbVDLSsNAFL3xWeOr2qWbYBFcSEm60WXBhS4r2ge0oUwmk3boZBJmJoUSsnGtW/0Pd+LWbxD8A9cuXTlNK2jrgYHDOfdw7xwvZlQq2343lpZXVtfWCxvm5tb2zm5xb78po0Rg0sARi0TbQ5IwyklDUcVIOxYEhR4jLW94PvFbIyIkjfiNGsfEDVGf04BipLR0fdGr9oplu2LnsBaJMyPlWunt6/YjO6n3ip9dP8JJSLjCDEnZcexYuSkSimJGMrObSBIjPER90tGUo5BIN81PzawjrfhWEAn9uLJy9XciRaGU49DTkyFSAznvTcT/vE6igjM3pTxOFOF4uihImKUia/Jvy6eCYMXGmiAsqL7VwgMkEFa6HbObB1OfBJTTSTMy+9FGPs1MXZIzX8kiaVYrjl1xrnRbNZiiAAdwCMfgwCnU4BLq0AAMfbiHB3g07own49l4mY4uGbNMCf7AeP0G/3afWw==</latexit><latexit sha1_base64="FtrI2Ie71emoTJ162fsLla+W4a0=">AAACCnicbVDLSsNAFL3xWeur6tLNYBFclaQbXRZc6LKifUAbymQyaYdOJmFmUighf6Bb/Q934taf8Df8AidpBG09MHA45x7unePFnClt25/W2vrG5tZ2Zae6u7d/cFg7Ou6qKJGEdkjEI9n3sKKcCdrRTHPajyXFocdpz5te535vRqVikXjQ85i6IR4LFjCCtZHub0bNUa1uN+wCaJU4JalDifao9jX0I5KEVGjCsVIDx461m2KpGeE0qw4TRWNMpnhMB4YKHFLlpsWpGTo3io+CSJonNCrU34kUh0rNQ89MhlhP1LKXi/95g0QHV27KRJxoKshiUZBwpCOU/xv5TFKi+dwQTCQztyIywRITbdqpDotg6tOACZY3o7IfbeazrGpKcpYrWSXdZsOxG86dXW+1yroqcApncAEOXEILbqENHSAwhid4hhfr0Xq13qz3xeiaVWZO4A+sj2/OU5sl</latexit>

!�(G1)
<latexit sha1_base64="EAb4Xi925x6V1bev5aF9aTXiG3c=">AAACEnicbVDLSgMxFL1TX7W+qi7dBItQN2XGjS4LLnTZgn1AW0omk2lDk8yQZAplmL/Qrf6HO3HrD7hz6dovMH0I2nogcDjnHu7N8WPOtHHddye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItX2sKWeSNgwznLZjRbHwOW35o+up3xpTpVkk78wkpj2BB5KFjGBjpU53gIXA5Zu+d94vltyKOwNaJd6ClKqo/vkBALV+8asbRCQRVBrCsdYdz41NL8XKMMJpVugmmsaYjPCAdiyVWFDdS2cnZ+jMKgEKI2WfNGim/k6kWGg9Eb6dFNgM9bI3Ff/zOokJr3opk3FiqCTzRWHCkYnQ9P8oYIoSwyeWYKKYvRWRIVaYGNtSoTsLpgENmWTThnT2o40DlhVsSd5yJaukeVHx3IpXt21VYY48nMAplMGDS6jCLdSgAQQieIBHeHLunWfnxXmdj+acReYY/sB5+wYWQ6Cd</latexit><latexit sha1_base64="qJf2z2Fsx7DtivSnyne+OSLLzcg=">AAACEnicbVDLSgMxFM3UR+v4qrp0EyxC3ZQZQXRZcKHLFuwD2qFkMpk2NI8hyRTK0L/Qrf6HO3HrD/gD4tovMH0I2nogcDjnHu7NCRNGtfG8dye3tr6xmS9suds7u3v7xYPDppapwqSBJZOqHSJNGBWkYahhpJ0ognjISCscXk/91ogoTaW4M+OEBBz1BY0pRsZKnW4fcY7KNz3/rFcseRVvBrhK/AUpVWH986OQv6j1il/dSOKUE2EwQ1p3fC8xQYaUoZiRidtNNUkQHqI+6VgqECc6yGYnT+CpVSIYS2WfMHCm/k5kiGs95qGd5MgM9LI3Ff/zOqmJr4KMiiQ1ROD5ojhl0Eg4/T+MqCLYsLElCCtqb4V4gBTCxrbkdmfBLCIxFXTakJ78aKOITlxbkr9cySppnld8r+LXbVtVMEcBHIMTUAY+uARVcAtqoAEwkOABPIIn5955dl6c1/lozllkjsAfOG/fgj6g5w==</latexit><latexit sha1_base64="qJf2z2Fsx7DtivSnyne+OSLLzcg=">AAACEnicbVDLSgMxFM3UR+v4qrp0EyxC3ZQZQXRZcKHLFuwD2qFkMpk2NI8hyRTK0L/Qrf6HO3HrD/gD4tovMH0I2nogcDjnHu7NCRNGtfG8dye3tr6xmS9suds7u3v7xYPDppapwqSBJZOqHSJNGBWkYahhpJ0ognjISCscXk/91ogoTaW4M+OEBBz1BY0pRsZKnW4fcY7KNz3/rFcseRVvBrhK/AUpVWH986OQv6j1il/dSOKUE2EwQ1p3fC8xQYaUoZiRidtNNUkQHqI+6VgqECc6yGYnT+CpVSIYS2WfMHCm/k5kiGs95qGd5MgM9LI3Ff/zOqmJr4KMiiQ1ROD5ojhl0Eg4/T+MqCLYsLElCCtqb4V4gBTCxrbkdmfBLCIxFXTakJ78aKOITlxbkr9cySppnld8r+LXbVtVMEcBHIMTUAY+uARVcAtqoAEwkOABPIIn5955dl6c1/lozllkjsAfOG/fgj6g5w==</latexit><latexit sha1_base64="KdoEN/m9m1VFjTlK5M8pJiDeN9E=">AAACEnicbVDLSsNAFJ34rPFVdelmsAh1UxI3uiy40GUF+4AklMlk0g6dmYSZSaGE/IVu9T/ciVt/wN/wC5ykFbT1wMDhnHu4d06YMqq043xaa+sbm1vbtR17d2//4LB+dNxTSSYx6eKEJXIQIkUYFaSrqWZkkEqCeMhIP5zclH5/SqSiiXjQs5QEHI0EjSlG2kieP0Kco+bt0L0Y1htOy6kAV4m7IA2wQGdY//KjBGecCI0ZUspznVQHOZKaYkYK288USRGeoBHxDBWIExXk1ckFPDdKBONEmic0rNTfiRxxpWY8NJMc6bFa9krxP8/LdHwd5FSkmSYCzxfFGYM6geX/YUQlwZrNDEFYUnMrxGMkEdamJduvgnlEYipo2ZAqfrRpRAvblOQuV7JKepct12m5906j3V7UVQOn4Aw0gQuuQBvcgQ7oAgwS8ASewYv1aL1ab9b7fHTNWmROwB9YH99xZZ4k</latexit>

! (G2)
<latexit sha1_base64="GAK/znmT92FPr62yibA9yt8bnrc=">AAACEnicbVDLSgMxFL3js9ZX1aWbYBHqpsx0o8uCC122YB/QlpLJZNrQJDMkmUIZ+he61f9wJ279AXcuXfsFZtoK2nogcDjnHu7N8WPOtHHdd2dtfWNzazu3k9/d2z84LBwdN3WUKEIbJOKRavtYU84kbRhmOG3HimLhc9ryR9eZ3xpTpVkk78wkpj2BB5KFjGBjpU53gIXApZt+5aJfKLpldwa0SrwFKVZR/fMDAGr9wlc3iEgiqDSEY607nhubXoqVYYTTab6baBpjMsID2rFUYkF1L52dPEXnVglQGCn7pEEz9XcixULrifDtpMBmqJe9TPzP6yQmvOqlTMaJoZLMF4UJRyZC2f9RwBQlhk8swUQxeysiQ6wwMbalfHcWTAMaMsmyhvT0RxsHbJq3JXnLlaySZqXsuWWvbtuqwhw5OIUzKIEHl1CFW6hBAwhE8ACP8OTcO8/Oi/M6H11zFpkT+APn7RsX6KCe</latexit><latexit sha1_base64="m8nlusKBa0f1gQOdlz2A3Q63488=">AAACEnicbVDLSgMxFM34ah1fVZdugkWomzJTEF0WXOiyBfuAzlAymUwbmmSGJFMoQ/9Ct/of7sStP+APiGu/wHRaQVsPBA7n3MO9OUHCqNKO826trW9sbhWK2/bO7t7+QenwqK3iVGLSwjGLZTdAijAqSEtTzUg3kQTxgJFOMLqe+Z0xkYrG4k5PEuJzNBA0ohhpI/W8AeIcVW76tfN+qexUnRxwlbgLUq7D5udHsXDR6Je+vDDGKSdCY4aU6rlOov0MSU0xI1PbSxVJEB6hAekZKhAnys/yk6fwzCghjGJpntAwV38nMsSVmvDATHKkh2rZm4n/eb1UR1d+RkWSaiLwfFGUMqhjOPs/DKkkWLOJIQhLam6FeIgkwtq0ZHt5MAtJRAWdNaSmP9o4pFPblOQuV7JK2rWq61TdpmmrDuYoghNwCirABZegDm5BA7QABjF4AI/gybq3nq0X63U+umYtMsfgD6y3b4PjoOg=</latexit><latexit sha1_base64="m8nlusKBa0f1gQOdlz2A3Q63488=">AAACEnicbVDLSgMxFM34ah1fVZdugkWomzJTEF0WXOiyBfuAzlAymUwbmmSGJFMoQ/9Ct/of7sStP+APiGu/wHRaQVsPBA7n3MO9OUHCqNKO826trW9sbhWK2/bO7t7+QenwqK3iVGLSwjGLZTdAijAqSEtTzUg3kQTxgJFOMLqe+Z0xkYrG4k5PEuJzNBA0ohhpI/W8AeIcVW76tfN+qexUnRxwlbgLUq7D5udHsXDR6Je+vDDGKSdCY4aU6rlOov0MSU0xI1PbSxVJEB6hAekZKhAnys/yk6fwzCghjGJpntAwV38nMsSVmvDATHKkh2rZm4n/eb1UR1d+RkWSaiLwfFGUMqhjOPs/DKkkWLOJIQhLam6FeIgkwtq0ZHt5MAtJRAWdNaSmP9o4pFPblOQuV7JK2rWq61TdpmmrDuYoghNwCirABZegDm5BA7QABjF4AI/gybq3nq0X63U+umYtMsfgD6y3b4PjoOg=</latexit><latexit sha1_base64="YrPDo69l7g1fdPnB1kQ3gFa17Dg=">AAACEnicbVDLSsNAFJ3UV42vqks3wSLUTUm60WXBhS4r2AckoUwmk3bozCTMTAol5C90q//hTtz6A/6GX+AkjaCtBwYO59zDvXOChBKpbPvTqG1sbm3v1HfNvf2Dw6PG8clAxqlAuI9iGotRACWmhOO+IoriUSIwZAHFw2B2U/jDORaSxPxBLRLsMzjhJCIIKi253gQyBlu3487luNG023YJa504FWmCCr1x48sLY5QyzBWiUErXsRPlZ1AogijOTS+VOIFoBifY1ZRDhqWflSfn1oVWQiuKhX5cWaX6O5FBJuWCBXqSQTWVq14h/ue5qYqu/YzwJFWYo+WiKKWWiq3i/1ZIBEaKLjSBSBB9q4WmUECkdEumVwazEEeEk6Ihmf9o85Dkpi7JWa1knQw6bcduO/d2s9ut6qqDM3AOWsABV6AL7kAP9AECMXgCz+DFeDRejTfjfTlaM6rMKfgD4+MbcwqeJQ==</latexit>!<latexit sha1_base64="YBTi1WklI1O6E9669ZvZANb6TAc=">AAACEXicbVDLSsNAFL2pr1pfVZdugkVwVRI3urOgC5cV7APbUiaTm3boZBJnJoUS+hW66ULxN9yJO/EL/A2/wOlD0NYDA4dz7uHeOV7MmdKO82lllpZXVtey67mNza3tnfzuXlVFiaRYoRGPZN0jCjkTWNFMc6zHEknocax5vYuxX+ujVCwSN3oQYyskHcECRok20m1TS0ZEh+NdO19wis4E9iJxZ6Rw/j4aPQNAuZ3/avoRTUIUmnKiVMN1Yt1KidSMchzmmonCmNAe6WDDUEFCVK10cvHQPjKKbweRNE9oe6L+TqQkVGoQemYyJLqr5r2x+J/XSHRw1kqZiBONgk4XBQm3dWSPv2/7TCLVfGAIoZKZW23aJZJQbUrKNSfB1MeACTYuSA1/tL7PhjlTkjtfySKpnhRdp+heO4XSJUyRhQM4hGNw4RRKcAVlqAAFAQ/wCE/WvfVivVpv09GMNcvswx9YH9+BfqGU</latexit><latexit sha1_base64="4Cd9aJnfVNLHHiIaKtr3XPcqXk8=">AAACEXicbVDLSsNAFJ34rPFVdekmWARXJXGjOwu6cFnBPrApZTK5aYdOJnFmUighX6EbBf0Pd+JO/AJ/wy9wklbQ1gMDh3Pu4d45XsyoVLb9aSwsLi2vrJbWzPWNza3t8s5uU0aJINAgEYtE28MSGOXQUFQxaMcCcOgxaHnD89xvjUBIGvFrNY6hG+I+pwElWGnpxlWCYt5ncNsrV+yqXcCaJ86UVM7eH3I81nvlL9ePSBICV4RhKTuOHatuioWihEFmuomEGJMh7kNHU45DkN20uDizDrXiW0Ek9OPKKtTfiRSHUo5DT0+GWA3krJeL/3mdRAWn3ZTyOFHAyWRRkDBLRVb+fcunAohiY00wEVTfapEBFpgoXZLpFsHUh4Bymhcksx9t5NPM1CU5s5XMk+Zx1bGrzpVdqV2gCUpoHx2gI+SgE1RDl6iOGoggju7RE3o27owX49V4m4wuGNPMHvoD4+MbF2qjWQ==</latexit><latexit sha1_base64="4Cd9aJnfVNLHHiIaKtr3XPcqXk8=">AAACEXicbVDLSsNAFJ34rPFVdekmWARXJXGjOwu6cFnBPrApZTK5aYdOJnFmUighX6EbBf0Pd+JO/AJ/wy9wklbQ1gMDh3Pu4d45XsyoVLb9aSwsLi2vrJbWzPWNza3t8s5uU0aJINAgEYtE28MSGOXQUFQxaMcCcOgxaHnD89xvjUBIGvFrNY6hG+I+pwElWGnpxlWCYt5ncNsrV+yqXcCaJ86UVM7eH3I81nvlL9ePSBICV4RhKTuOHatuioWihEFmuomEGJMh7kNHU45DkN20uDizDrXiW0Ek9OPKKtTfiRSHUo5DT0+GWA3krJeL/3mdRAWn3ZTyOFHAyWRRkDBLRVb+fcunAohiY00wEVTfapEBFpgoXZLpFsHUh4Bymhcksx9t5NPM1CU5s5XMk+Zx1bGrzpVdqV2gCUpoHx2gI+SgE1RDl6iOGoggju7RE3o27owX49V4m4wuGNPMHvoD4+MbF2qjWQ==</latexit><latexit sha1_base64="gKKxA9PYdgYAWdlzqqVnhC+UkbE=">AAACEXicbVDLSsNAFJ34rPFVdekmWARXJXGjy4IuXFawD2xCmUxu2qGTSZyZFErIV+hW/8OduPUL/A2/wEkaQVsPDBzOuYd75/gJo1LZ9qexsrq2vrFZ2zK3d3b39usHh10Zp4JAh8QsFn0fS2CUQ0dRxaCfCMCRz6DnT64KvzcFIWnM79QsAS/CI05DSrDS0r2rBMV8xOBhWG/YTbuEtUycijRQhfaw/uUGMUkj4IowLOXAsRPlZVgoShjkpptKSDCZ4BEMNOU4Aull5cW5daqVwApjoR9XVqn+TmQ4knIW+XoywmosF71C/M8bpCq89DLKk1QBJ/NFYcosFVvF962ACiCKzTTBRFB9q0XGWGCidEmmWwazAELKaVGQzH+0aUBzU5fkLFayTLrnTcduOrd2o3Vd1VVDx+gEnSEHXaAWukFt1EEEcfSEntGL8Wi8Gm/G+3x0xagyR+gPjI9vS/Ceug==</latexit>

G1 ⇠ G2
<latexit sha1_base64="SHuoMoDxgKktuurx5jiL+tbCHW0=">AAACE3icbZBLS8NAFIVvfNb4qnbpZrAIrkrSjS4LLuqygn1AU8pkMmmHTiZhZlIooeCf0K3+D3fi1q3g33DpymlaQVsPDBzOuZe5fH7CmdKO82GtrW9sbm0Xduzdvf2Dw+LRcUvFqSS0SWIey46PFeVM0KZmmtNOIimOfE7b/uhq1rfHVCoWi1s9SWgvwgPBQkawNpFX77vIUyxC9X61Xyw7FScXWjXuwpRrpfevOwBo9IufXhCTNKJCE46V6rpOonsZlpoRTqe2lyqaYDLCA9o1VuCIql6W3zxFZyYJUBhL84RGefp7I8ORUpPIN5MR1kO13M3C/7puqsPLXsZEkmoqyPyjMOVIx2gGAAVMUqL5xBhMJDO3IjLEEhNtMNlevpgFNGSCzRCp6U82DtjUNpDcZSSrplWtuE7FvTG0ajBXAU7gFM7BhQuowTU0oAkEEniAR3iy7q1n68V6nY+uWYudEvyR9fYNjwOg3g==</latexit><latexit sha1_base64="Vv5aZmbdUFBsLD/PdA5dS3P+LCk=">AAACE3icbZC9S8NAGMYvftb4Ve3oclgEBylJFx0LDnWsYD+gCeVyubRHL5dwdymUkMX/QVf9P9zE1VXwP3B2dPKSVtDWBw4enud9uZefFzMqlWW9Gyura+sbm6Utc3tnd2+/fHDYkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsz77oQISSN+o6YxcUM05DSgGCkdOc2BDR1JQ9gc1AflqlWzCsFlY89NtVF5+7r9yM5ag/Kn40c4CQlXmCEp+7YVKzdFQlHMSGY6iSQxwmM0JH1tOQqJdNPi5gye6MSHQST04woW6e+NFIVSTkNPT4ZIjeRil4f/df1EBRduSnmcKMLx7KMgYVBFMAcAfSoIVmyqDcKC6lshHiGBsNKYTKdYTH0SUE5zRDL7ySY+zUwNyV5Esmw69Zpt1exrTasBZiqBI3AMToENzkEDXIEWaAMMYnAPHsCjcWc8Gc/Gy2x0xZjvVMAfGa/f3KOicQ==</latexit><latexit sha1_base64="Vv5aZmbdUFBsLD/PdA5dS3P+LCk=">AAACE3icbZC9S8NAGMYvftb4Ve3oclgEBylJFx0LDnWsYD+gCeVyubRHL5dwdymUkMX/QVf9P9zE1VXwP3B2dPKSVtDWBw4enud9uZefFzMqlWW9Gyura+sbm6Utc3tnd2+/fHDYkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vsz77oQISSN+o6YxcUM05DSgGCkdOc2BDR1JQ9gc1AflqlWzCsFlY89NtVF5+7r9yM5ag/Kn40c4CQlXmCEp+7YVKzdFQlHMSGY6iSQxwmM0JH1tOQqJdNPi5gye6MSHQST04woW6e+NFIVSTkNPT4ZIjeRil4f/df1EBRduSnmcKMLx7KMgYVBFMAcAfSoIVmyqDcKC6lshHiGBsNKYTKdYTH0SUE5zRDL7ySY+zUwNyV5Esmw69Zpt1exrTasBZiqBI3AMToENzkEDXIEWaAMMYnAPHsCjcWc8Gc/Gy2x0xZjvVMAfGa/f3KOicQ==</latexit><latexit sha1_base64="DFdZCJZEVMJ7ocn4eb5WTu8TMSU=">AAACE3icbZDLSsNAGIUnXmu8VV26GSyCq5J0o8uCi7qsYC/QhDCZTNqhM5MwMymUkMfQrb6HO3HrA/gaPoHTNIK2Hhg4nPP/zM8Xpowq7Tif1sbm1vbObm3P3j84PDqun5z2VZJJTHo4YYkchkgRRgXpaaoZGaaSIB4yMgint4t+MCNS0UQ86HlKfI7GgsYUI20irxO40FOUw07QCuoNp+mUguvGrUwDVOoG9S8vSnDGidCYIaVGrpNqP0dSU8xIYXuZIinCUzQmI2MF4kT5eXlzAS9NEsE4keYJDcv090aOuFJzHppJjvRErXaL8L9ulOn4xs+pSDNNBF5+FGcM6gQuAMCISoI1mxuDsKTmVognSCKsDSbbKxfziMRU0AUiVfxks4gWtoHkriJZN/1W03Wa7r3TaLcrXDVwDi7AFXDBNWiDO9AFPYBBCp7AM3ixHq1X6816X45uWNXOGfgj6+Mbq4CeOw==</latexit>

T1 = T2
<latexit sha1_base64="28/v271yh1hAd18CAF27k5uwamc=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6EYounFZoS9pQ5hMb9qhk0mYmQgldOkXuNUvcCdu/RA/wP9wkmahrQcGDufcw71z/JgzpW37yyqtrW9sbpW3Kzu7e/sH1cOjrooSSaFDIx7Jvk8UcCago5nm0I8lkNDn0POnt5nfewSpWCTaehaDG5KxYAGjRBvpoe05+Bq3vYZXrdl1OwdeJU5BaqhAy6t+D0cRTUIQmnKi1MCxY+2mRGpGOcwrw0RBTOiUjGFgqCAhKDfND57jM6OMcBBJ84TGufo7kZJQqVnom8mQ6Ila9jLxP2+Q6ODKTZmIEw2CLhYFCcc6wtnv8YhJoJrPDCFUMnMrphMiCdWmo8owD6YjCJhgWT9qbnpxlltYJd1G3bHrzv1FrXlTNFRGJ+gUnSMHXaImukMt1EEUhegZvaBX68l6s96tj8VoySoyx+gPrM8foNSXrA==</latexit><latexit sha1_base64="28/v271yh1hAd18CAF27k5uwamc=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6EYounFZoS9pQ5hMb9qhk0mYmQgldOkXuNUvcCdu/RA/wP9wkmahrQcGDufcw71z/JgzpW37yyqtrW9sbpW3Kzu7e/sH1cOjrooSSaFDIx7Jvk8UcCago5nm0I8lkNDn0POnt5nfewSpWCTaehaDG5KxYAGjRBvpoe05+Bq3vYZXrdl1OwdeJU5BaqhAy6t+D0cRTUIQmnKi1MCxY+2mRGpGOcwrw0RBTOiUjGFgqCAhKDfND57jM6OMcBBJ84TGufo7kZJQqVnom8mQ6Ila9jLxP2+Q6ODKTZmIEw2CLhYFCcc6wtnv8YhJoJrPDCFUMnMrphMiCdWmo8owD6YjCJhgWT9qbnpxlltYJd1G3bHrzv1FrXlTNFRGJ+gUnSMHXaImukMt1EEUhegZvaBX68l6s96tj8VoySoyx+gPrM8foNSXrA==</latexit><latexit sha1_base64="28/v271yh1hAd18CAF27k5uwamc=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6EYounFZoS9pQ5hMb9qhk0mYmQgldOkXuNUvcCdu/RA/wP9wkmahrQcGDufcw71z/JgzpW37yyqtrW9sbpW3Kzu7e/sH1cOjrooSSaFDIx7Jvk8UcCago5nm0I8lkNDn0POnt5nfewSpWCTaehaDG5KxYAGjRBvpoe05+Bq3vYZXrdl1OwdeJU5BaqhAy6t+D0cRTUIQmnKi1MCxY+2mRGpGOcwrw0RBTOiUjGFgqCAhKDfND57jM6OMcBBJ84TGufo7kZJQqVnom8mQ6Ila9jLxP2+Q6ODKTZmIEw2CLhYFCcc6wtnv8YhJoJrPDCFUMnMrphMiCdWmo8owD6YjCJhgWT9qbnpxlltYJd1G3bHrzv1FrXlTNFRGJ+gUnSMHXaImukMt1EEUhegZvaBX68l6s96tj8VoySoyx+gPrM8foNSXrA==</latexit><latexit sha1_base64="28/v271yh1hAd18CAF27k5uwamc=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIi6EYounFZoS9pQ5hMb9qhk0mYmQgldOkXuNUvcCdu/RA/wP9wkmahrQcGDufcw71z/JgzpW37yyqtrW9sbpW3Kzu7e/sH1cOjrooSSaFDIx7Jvk8UcCago5nm0I8lkNDn0POnt5nfewSpWCTaehaDG5KxYAGjRBvpoe05+Bq3vYZXrdl1OwdeJU5BaqhAy6t+D0cRTUIQmnKi1MCxY+2mRGpGOcwrw0RBTOiUjGFgqCAhKDfND57jM6OMcBBJ84TGufo7kZJQqVnom8mQ6Ila9jLxP2+Q6ODKTZmIEw2CLhYFCcc6wtnv8YhJoJrPDCFUMnMrphMiCdWmo8owD6YjCJhgWT9qbnpxlltYJd1G3bHrzv1FrXlTNFRGJ+gUnSMHXaImukMt1EEUhegZvaBX68l6s96tj8VoySoyx+gPrM8foNSXrA==</latexit>

! !

! X.X " X # ! X.X " ? # ! X. ? " ? # ?
<latexit sha1_base64="zz0jmSChgUuTWmqhb6tbBcCBlSY="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="J5Nof9uR4DGLnjCWf/8JtLHWGHc=">AAAB+XicbZDNSsNAFIVv6l+NVevazWARXJXEjS4FNy4r2B9oS5lMbtqhk0mYmRRKyF7c+h7uxGfxNXwCJ2kFbT0wcDhnLnPnC1LBtfG8T6e2s7u3f1A/dI8a7vHJabPR00mmGHZZIhI1CKhGwSV2DTcCB6lCGgcC+8H8vuz7C1SaJ/LJLFMcx3QqecQZNTbqTJotr+1VItvGX5sWrDVpfo3ChGUxSsME1Xroe6kZ51QZzgQW7ijTmFI2p1McWitpjHqcV2sW5NImIYkSZY80pEp/T+Q01noZB/ZmTM1Mb3Zl+F83zEx0O865TDODkq0eijJBTELKP5OQK2RGLK2hTHG7K2Ezqigzlow7qgbzECMueUlFFz/ZIuSFaxn5m0S2Te+67Xtt/9GDOpzDBVyBDzdwBw/QgS4wCOEFXp1n5815X7GsOWuoZ/BHzsc3cCSX0w==</latexit><latexit sha1_base64="xC6TWTZktyYcjgmtWH3JAyvfYxE=">AAACWnicdZDfSsMwFMbP6r85N50i3ngTHII3jtYbhYETvPFygtsKyxhpmm5haVqadDDKXs638An01j2BWTdBNz2Q8PF9OcnJz4sFV9q23wrW1vbO7l5xv3RQrhweVY/LHRWlCWVtGokocT2imOCStTXXgrlxwkjoCdb1xo+LvDthieKRfNHTmPVDMpQ84JRoYw2qGAdRQoRAbh256PrebLiBh+YOihtoPcTNf1ITbMbNQbVm1+280KZwVqIGq2oNqnPsRzQNmdRUEKV6jh3rfkYSzalgsxJOFYsJHZMh6xkpSchUP8spzNClcXxkZjJLapS7PzsyEio1DT1zMiR6pNazhflX1kt1cNfPuIxTzSRdPhSkAukILZAin5sPazE1gtCEm1kRHZGEUG3Al3DemPks4JIvoKvZtzfx+axkIDnrSDZF56bu2HXn2YYinMMFXIEDt/AAT9CCNlB4hQ/4hHnh3apYp0ucVmHF9QR+lXX2BZEZtR0=</latexit><latexit sha1_base64="xC6TWTZktyYcjgmtWH3JAyvfYxE=">AAACWnicdZDfSsMwFMbP6r85N50i3ngTHII3jtYbhYETvPFygtsKyxhpmm5haVqadDDKXs638An01j2BWTdBNz2Q8PF9OcnJz4sFV9q23wrW1vbO7l5xv3RQrhweVY/LHRWlCWVtGokocT2imOCStTXXgrlxwkjoCdb1xo+LvDthieKRfNHTmPVDMpQ84JRoYw2qGAdRQoRAbh256PrebLiBh+YOihtoPcTNf1ITbMbNQbVm1+280KZwVqIGq2oNqnPsRzQNmdRUEKV6jh3rfkYSzalgsxJOFYsJHZMh6xkpSchUP8spzNClcXxkZjJLapS7PzsyEio1DT1zMiR6pNazhflX1kt1cNfPuIxTzSRdPhSkAukILZAin5sPazE1gtCEm1kRHZGEUG3Al3DemPks4JIvoKvZtzfx+axkIDnrSDZF56bu2HXn2YYinMMFXIEDt/AAT9CCNlB4hQ/4hHnh3apYp0ucVmHF9QR+lXX2BZEZtR0=</latexit><latexit sha1_base64="aqum2PVAD0Po439vnPaX2U7VUQc="></latexit><latexit sha1_base64="aqum2PVAD0Po439vnPaX2U7VUQc="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="9wOObVGNUiUArY88Slfy2HHGqNM="></latexit><latexit sha1_base64="aqum2PVAD0Po439vnPaX2U7VUQc="></latexit>

! X. ? " X
<latexit sha1_base64="kDqwZaxuuF2FWfAT9u4dwJ98vWU=">AAACHHicbVBLSwMxGPy2aq31tdqjl2ARvFh2vehJC148VrAP6JaSzWbb0Gx2SbKFshT8IaJX/R/exKvg3xC8mz4EbR0IDDPfkGH8hDOlHefDyq2sruXXCxvFza3tnV17b7+h4lQSWicxj2XLx4pyJmhdM81pK5EURz6nTX9wNfGbQyoVi8WtHiW0E+GeYCEjWBupa5e8MJaYc9SqIO8SnVygFuraZafiTIGWiTsn5Wr+/usOAGpd+9MLYpJGVGjCsVJt10l0J8NSM8LpuOiliiaYDHCPtg0VOKKqk03Lj9GRUQJkWpgnNJqqvxMZjpQaRb65jLDuq0VvIv7ntVMdnncyJpJUU0FmH4UpRzpGkyVQwCQlmo8MwUQy0xWRPpaYaLNX0ZsGs4CGTLDJVmr8ow0DNi6akdzFSZZJ47TiOhX3xqxVhRkKcACHcAwunEEVrqEGdSAwgkd4gmfrwXqxXq232WnOmmdK8AfW+ze2qKLV</latexit><latexit sha1_base64="rMaHB51bel/ZkvrPbZFfgu+kKvY=">AAACHHicbVBPS8MwHE2nm3P+q+7oJTgEL47Wi5504MXjBLcV1jHSNN3C0rQk6aCUXv0UolcFP4Y38Sr4NQTvZn8E3XwQeLz3e+TxvJhRqSzrwyisrBZLa+X1ysbm1vaOubvXllEiMGnhiEXC8ZAkjHLSUlQx4sSCoNBjpOONLid+Z0yEpBG/UWlMeiEacBpQjJSW+mbVDSKBGINOHboX8PgcOrBv1qy6NQVcJvac1Bqluy/+fFts9s1P149wEhKuMENSdm0rVr0MCUUxI3nFTSSJER6hAelqylFIZC+bls/hoVZ8qFvoxxWcqr8TGQqlTENPX4ZIDeWiNxH/87qJCs56GeVxogjHs4+ChEEVwckS0KeCYMVSTRAWVHeFeIgEwkrvVXGnwcwnAeV0spXMf7SxT/OKHslenGSZtE/qtlW3r/VaDTBDGeyDA3AEbHAKGuAKNEELYJCCB/AInox748V4Nd5mpwVjnqmCPzDevwFjV6P6</latexit><latexit sha1_base64="rMaHB51bel/ZkvrPbZFfgu+kKvY=">AAACHHicbVBPS8MwHE2nm3P+q+7oJTgEL47Wi5504MXjBLcV1jHSNN3C0rQk6aCUXv0UolcFP4Y38Sr4NQTvZn8E3XwQeLz3e+TxvJhRqSzrwyisrBZLa+X1ysbm1vaOubvXllEiMGnhiEXC8ZAkjHLSUlQx4sSCoNBjpOONLid+Z0yEpBG/UWlMeiEacBpQjJSW+mbVDSKBGINOHboX8PgcOrBv1qy6NQVcJvac1Bqluy/+fFts9s1P149wEhKuMENSdm0rVr0MCUUxI3nFTSSJER6hAelqylFIZC+bls/hoVZ8qFvoxxWcqr8TGQqlTENPX4ZIDeWiNxH/87qJCs56GeVxogjHs4+ChEEVwckS0KeCYMVSTRAWVHeFeIgEwkrvVXGnwcwnAeV0spXMf7SxT/OKHslenGSZtE/qtlW3r/VaDTBDGeyDA3AEbHAKGuAKNEELYJCCB/AInox748V4Nd5mpwVjnqmCPzDevwFjV6P6</latexit><latexit sha1_base64="r4UaPSV0Nm/nyj8sKic74vbahTc=">AAACHHicbVDNSsNAGNzUvxr/oj16WSyCF0viRU9a8OKxgv2BJpTNZtMu3WzC7qYQQl9Fr/oe3sSr4Gv4BG7SCNo6sDDMfMMO4yeMSmXbn0ZtbX1jc6u+be7s7u0fWIdHPRmnApMujlksBj6ShFFOuooqRgaJICjyGen709vC78+IkDTmDypLiBehMachxUhpaWQ13DAWiDE4aEH3Bp5fwwEcWU27ZZeAq8SpSBNU6IysLzeIcRoRrjBDUg4dO1FejoSimJG56aaSJAhP0ZgMNeUoItLLy/JzeKqVAOoW+nEFS/V3IkeRlFnk68sIqYlc9grxP2+YqvDKyylPUkU4XnwUpgyqGBZLwIAKghXLNEFYUN0V4gkSCCu9l+mWwTwgIeW02ErOf7RZQOemHslZnmSV9C5ajt1y7u1mu13NVQfH4AScAQdcgja4Ax3QBRhk4Ak8gxfj0Xg13oz3xWnNqDIN8AfGxzdDdKB+</latexit>

(syntactic) 
meaning of gradual types

induces precision… … and consistency
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GSF Statics

8X.X ! X
<latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit><latexit sha1_base64="HVs+aUE5spPrB5br4cVAhWivZQ8=">AAACDXicbVDNSsNAGNzUv1r/Uj16WSyCF0Migp6k6MVjBdsGmlA2m027dLMJuxulhD6DT+BVn8CbePUZfADfw02ag7YOLAwz37DDBCmjUtn2l1FbWV1b36hvNra2d3b3zOZ+TyaZwKSLE5YIN0CSMMpJV1HFiJsKguKAkX4wuSn8/gMRkib8Xk1T4sdoxGlEMVJaGppNL0oEYgy6FnTh6RV0h2bLtuwScJk4FWmBCp2h+e2FCc5iwhVmSMqBY6fKz5FQFDMya3iZJCnCEzQiA005ion087L6DB5rJYS6g35cwVL9nchRLOU0DvRljNRYLnqF+J83yFR06eeUp5kiHM8/ijIGVQKLHWBIBcGKTTVBWFDdFeIxEggrvVbDK4N5SCLKabGUnOldnMUVlknvzHJsy7k7b7Wvq4Xq4BAcgRPggAvQBregA7oAg0fwDF7Aq/FkvBnvxsf8tGZUmQPwB8bnD7mwmuQ=</latexit>

Int ! Int
<latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit><latexit sha1_base64="StRX8cy+tqnQF4bCFMebv1xgl+U=">AAACBnicbVDLSsNAFJ34rPVVdelmsAhuLIkIupKiG91VsA9oQplMbtqhk0mYmQgldO8XuNUvcCdu/Q0/wP9wkmahrReGOZxzD/dw/IQzpW37y1paXlldW69sVDe3tnd2a3v7HRWnkkKbxjyWPZ8o4ExAWzPNoZdIIJHPoeuPb3K9+whSsVg86EkCXkSGgoWMEm0o170TGp9e4fwf1Op2wy4GLwKnBHVUTmtQ+3aDmKYRCE05Uarv2In2MiI1oxymVTdVkBA6JkPoGyhIBMrLisxTfGyYAIexNM9kKNjfjoxESk0i32xGRI/UvJaT/2n9VIeXXsZEkmoQdHYoTDnWMc4LwAGTQDWfGECoZCYrpiMiCdWmpqpbGLMAQiZYXpGaml6c+RYWQees4dgN5/683rwuG6qgQ3SETpCDLlAT3aIWaiOKEvSMXtCr9WS9We/Wx2x1ySo9B+jPWJ8/aJuZPQ==</latexit> ✓ X

System FG

! X.X " Int
<latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit><latexit sha1_base64="6UqcW1aZmfmC7KwWADhkCnFHLa8=">AAACEHicbVDNSsNAGNz4W+tf/Ll5WSyCF0Migp6k6EVvFWwbaELZbDbt0s0m7G6EGvoSPoFXfQJv4tU38AF8DzdpDto6sDDMfMMOE6SMSmXbX8bC4tLyymptrb6+sbm1be7sdmSSCUzaOGGJcAMkCaOctBVVjLipICgOGOkGo+vC7z4QIWnC79U4JX6MBpxGFCOlpb6570WJQIxB14IuPLmE3i1XfbNhW3YJOE+cijRAhVbf/PbCBGcx4QozJGXPsVPl50goihmZ1L1MkhThERqQnqYcxUT6edl+Ao+0EkJdQz+uYKn+TuQolnIcB/oyRmooZ71C/M/rZSq68HPK00wRjqcfRRmDKoHFFDCkgmDFxpogLKjuCvEQCYSVHqzulcE8JBHltBhLTvQuzuwK86Rzajm25dydNZpX1UI1cAAOwTFwwDloghvQAm2AwSN4Bi/g1Xgy3ox342N6umBUmT3wB8bnDxtBnDE=</latexit>

✓
Int ! Bool

<latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit><latexit sha1_base64="EvNhX0F2RSf65SCcgR7zzTuhObA=">AAACB3icbVDNSgMxGPzW31r/qh69BIvgxbIrgp6k1IveKtgf6C4lm2bb0GyyJlmhLH0An8CrPoE38epj+AC+h9m2B20dCAwz35BhwoQzbVz3y1laXlldWy9sFDe3tnd2S3v7TS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61weJ37rUeqNJPi3owSGsS4L1jECDZWCvxbYdDpFfJrUvJuqexW3AnQIvFmpAwz1Lulb78nSRpTYQjHWnc8NzFBhpVhhNNx0U81TTAZ4j7tWCpwTHWQTUqP0bFVeiiSyj5bYqL+TmQ41noUh/Yyxmag571c/M/rpCa6DDImktRQQaYfRSlHRqJ8AdRjihLDR5ZgopjtisgAK0yM3anoT4JZj0ZMsHwjPba7ePMrLJLmWcVzK97deblamy1UgEM4ghPw4AKqcAN1aACBB3iGF3h1npw35935mJ4uObPMAfyB8/kDK4+ZqA==</latexit> ✓ X
? ! ?

<latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit><latexit sha1_base64="I0XWgL9otvTt+T/V+Sl8CkIMqPw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIoCtbdOOygn1AE8pkMmmHTiZhZiKU0J1f4Fa/wJ249Uf8AP/DaZqFth4YOJxzD/fO8RPOlLbtL6u0srq2vlHerGxt7+zuVfcPOipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1x7czv/tIpWKxeNCThHoRHgoWMoK1kXpuA51dI7cxqNbsup0DLROnIDUo0BpUv90gJmlEhSYcK9V37ER7GZaaEU6nFTdVNMFkjIe0b6jAEVVelt87RSdGCVAYS/OERrn6O5HhSKlJ5JvJCOuRWvRm4n9eP9XhlZcxkaSaCjJfFKYc6RjNPo8CJinRfGIIJpKZWxEZYYmJNhVV3DyYBTRkgs3qUVPTi7PYwjLpnNcdu+7cX9SaN0VDZTiCYzgFBy6hCXfQgjYQ4PAML/BqPVlv1rv1MR8tWUXmEP7A+vwB2HuXPQ==</latexit> ✓

8X.X ! ?
<latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit><latexit sha1_base64="nJlW7isZZxbLWeKVo9mpwdak0xA=">AAACDnicbVDNSsNAGNz4W+tfrEcvi0XwYkhE0JMWvXisYNtAE8pms2mXbjZhdyOW0HfwCbzqE3gTr76CD+B7uElz0NaBhWHmG3aYIGVUKtv+MpaWV1bX1msb9c2t7Z1dc6/RlUkmMOnghCXCDZAkjHLSUVQx4qaCoDhgpBeMbwq/90CEpAm/V5OU+DEachpRjJSWBmbDixKBGIOuBV14cgm9q4HZtC27BFwkTkWaoEJ7YH57YYKzmHCFGZKy79ip8nMkFMWMTOteJkmK8BgNSV9TjmIi/bzsPoVHWgmhLqEfV7BUfydyFEs5iQN9GSM1kvNeIf7n9TMVXfg55WmmCMezj6KMQZXAYggYUkGwYhNNEBZUd4V4hATCSs9V98pgHpKIclpMJad6F2d+hUXSPbUc23Luzpqt62qhGjgAh+AYOOActMAtaIMOwOARPIMX8Go8GW/Gu/ExO10yqsw++APj8wdOe5sx</latexit>

✓
X

✓
✓! X. ? " Int

<latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit><latexit sha1_base64="KQKd7b+Lv7PHevOtPge2V2qjeik=">AAACEXicbVDNSsNAGNz4W+tfVDx5WSyCF0sigp606EVvFewPNKFstl/apZtN2N0IJfQpfAKv+gTexKtP4AP4Hm7THLR1YGGY+YYdJkg4U9pxvqyFxaXlldXSWnl9Y3Nr297Zbao4lRQaNOaxbAdEAWcCGpppDu1EAokCDq1geDPxW48gFYvFgx4l4EekL1jIKNFG6tr7XhhLwjluV7F3hU8usXcndNeuOFUnB54nbkEqqEC9a397vZimEQhNOVGq4zqJ9jMiNaMcxmUvVZAQOiR96BgqSATKz/L6Y3xklB42PcwTGufq70RGIqVGUWAuI6IHatabiP95nVSHF37GRJJqEHT6UZhyrGM82QL3mASq+cgQQiUzXTEdEEmoNouVvTyY9SBkgk3WUmOzizu7wjxpnlZdp+ren1Vq18VCJXSADtExctE5qqFbVEcNRFGGntELerWerDfr3fqYni5YRWYP/YH1+QOxGJx+</latexit>

GSF

X
X
X

✓
✓

conservative extension of System F
explicit polymorphism

“natural” precision & consistency

λB
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Evidence-based Dynamics

¥ keep track of witnesses of consistent judgments 

¥ consistent transitivity: combine evidence or fail

evidence-augmented term

justifies Bool ~ ?justifies ? ~ Int
consistent transitivity

20



GSF Dynamics

¥ ReÞnements for GSF 

¥ type names in evidence: path of bindings 

¥ strengthen CT to enforce parametricity

unseal on the outside

seal
hInt,↵Inti

<latexit sha1_base64="Yf0P8qMgjo0izEQre2xNeFi/6dw=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRpPPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvNuuT71EBMj9FBe8nxg152GUwIuEndG6mCG1sD+9sIEpzHhGjOkVN91hPYzJDXFjOQ1L1VEIDxGQ9I3lKOYKD8rP5DDY6OEMEqkOVzDUv2dyFCs1CQOzGSM9EjNe4X4n9dPdXTpZ5SLVBOOp4uilEGdwKINGFJJsGYTQxCW1LwV4hGSCGvTWc0rg1lIIspp0ZcqenHnW1gknbOG6zTcu/N682rWUBUcgiNwAlxwAZrgBrRAG2CQg2fwAl6tJ+vNerc+pqMVa5bZB39gff4AbjGfSw==</latexit><latexit sha1_base64="Yf0P8qMgjo0izEQre2xNeFi/6dw=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRpPPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvNuuT71EBMj9FBe8nxg152GUwIuEndG6mCG1sD+9sIEpzHhGjOkVN91hPYzJDXFjOQ1L1VEIDxGQ9I3lKOYKD8rP5DDY6OEMEqkOVzDUv2dyFCs1CQOzGSM9EjNe4X4n9dPdXTpZ5SLVBOOp4uilEGdwKINGFJJsGYTQxCW1LwV4hGSCGvTWc0rg1lIIspp0ZcqenHnW1gknbOG6zTcu/N682rWUBUcgiNwAlxwAZrgBrRAG2CQg2fwAl6tJ+vNerc+pqMVa5bZB39gff4AbjGfSw==</latexit><latexit sha1_base64="Yf0P8qMgjo0izEQre2xNeFi/6dw=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRpPPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvNuuT71EBMj9FBe8nxg152GUwIuEndG6mCG1sD+9sIEpzHhGjOkVN91hPYzJDXFjOQ1L1VEIDxGQ9I3lKOYKD8rP5DDY6OEMEqkOVzDUv2dyFCs1CQOzGSM9EjNe4X4n9dPdXTpZ5SLVBOOp4uilEGdwKINGFJJsGYTQxCW1LwV4hGSCGvTWc0rg1lIIspp0ZcqenHnW1gknbOG6zTcu/N682rWUBUcgiNwAlxwAZrgBrRAG2CQg2fwAl6tJ+vNerc+pqMVa5bZB39gff4AbjGfSw==</latexit><latexit sha1_base64="Yf0P8qMgjo0izEQre2xNeFi/6dw=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRpPPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvNuuT71EBMj9FBe8nxg152GUwIuEndG6mCG1sD+9sIEpzHhGjOkVN91hPYzJDXFjOQ1L1VEIDxGQ9I3lKOYKD8rP5DDY6OEMEqkOVzDUv2dyFCs1CQOzGSM9EjNe4X4n9dPdXTpZ5SLVBOOp4uilEGdwKINGFJJsGYTQxCW1LwV4hGSCGvTWc0rg1lIIspp0ZcqenHnW1gknbOG6zTcu/N682rWUBUcgiNwAlxwAZrgBrRAG2CQg2fwAl6tJ+vNerc+pqMVa5bZB39gff4AbjGfSw==</latexit>

h↵Int, Inti
<latexit sha1_base64="MGJM/8NykwAdLCZmh11fyn96bNE=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRrNPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvMQEyP0kHm3XOen5T2w607DKQEXiTsjdTBDa2B/e2GC05hwjRlSqu86QvsZkppiRvKalyoiEB6jIekbylFMlJ+VH8jhsVFCGCXSHK5hqf5OZChWahIHZjJGeqTmvUL8z+unOrr0M8pFqgnH00VRyqBOYNEGDKkkWLOJIQhLat4K8QhJhLXprOaVwSwkEeW06EsVvbjzLSySzlnDdRru3Xm9eTVrqAoOwRE4AS64AE1wA1qgDTDIwTN4Aa/Wk/VmvVsf09GKNcvsgz+wPn8AcX6fSw==</latexit><latexit sha1_base64="MGJM/8NykwAdLCZmh11fyn96bNE=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRrNPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvMQEyP0kHm3XOen5T2w607DKQEXiTsjdTBDa2B/e2GC05hwjRlSqu86QvsZkppiRvKalyoiEB6jIekbylFMlJ+VH8jhsVFCGCXSHK5hqf5OZChWahIHZjJGeqTmvUL8z+unOrr0M8pFqgnH00VRyqBOYNEGDKkkWLOJIQhLat4K8QhJhLXprOaVwSwkEeW06EsVvbjzLSySzlnDdRru3Xm9eTVrqAoOwRE4AS64AE1wA1qgDTDIwTN4Aa/Wk/VmvVsf09GKNcvsgz+wPn8AcX6fSw==</latexit><latexit sha1_base64="MGJM/8NykwAdLCZmh11fyn96bNE=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRrNPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvMQEyP0kHm3XOen5T2w607DKQEXiTsjdTBDa2B/e2GC05hwjRlSqu86QvsZkppiRvKalyoiEB6jIekbylFMlJ+VH8jhsVFCGCXSHK5hqf5OZChWahIHZjJGeqTmvUL8z+unOrr0M8pFqgnH00VRyqBOYNEGDKkkWLOJIQhLat4K8QhJhLXprOaVwSwkEeW06EsVvbjzLSySzlnDdRru3Xm9eTVrqAoOwRE4AS64AE1wA1qgDTDIwTN4Aa/Wk/VmvVsf09GKNcvsgz+wPn8AcX6fSw==</latexit><latexit sha1_base64="MGJM/8NykwAdLCZmh11fyn96bNE=">AAACE3icbVBLTsMwFHTKr5RfgAULNhYVEgtUJQgJlhVsYFck+pGaUDmO01p1HMt2kKoox+AEbOEE7BBbDsABuAdO2gW0jGRrNPNGz55AMKq043xZlaXlldW16nptY3Nre8fe3euoJJWYtHHCEtkLkCKMctLWVDPSE5KgOGCkG4yvC7/7SKSiCb/XE0H8GA05jShG2kgD+8ATMvMQEyP0kHm3XOen5T2w607DKQEXiTsjdTBDa2B/e2GC05hwjRlSqu86QvsZkppiRvKalyoiEB6jIekbylFMlJ+VH8jhsVFCGCXSHK5hqf5OZChWahIHZjJGeqTmvUL8z+unOrr0M8pFqgnH00VRyqBOYNEGDKkkWLOJIQhLat4K8QhJhLXprOaVwSwkEeW06EsVvbjzLSySzlnDdRru3Xm9eTVrqAoOwRE4AS64AE1wA1qgDTDIwTN4Aa/Wk/VmvVsf09GKNcvsgz+wPn8AcX6fSw==</latexit>

unseal

21

GSF Dynamics

System F
Glet f : ? = ΛX.λx:X.x

f [Int] 1

(f [Int] 1) + 1

1 1

error error

f [Bool] true

f [Int] true

true true

true true

GSF

1

2

true

error

proper handling of type instantiations wrt ? 

λB
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GSF Properties

¥ Type safe, conservative extension of System F 

¥ Well-typed terms are relationally-parametric [Ahmed+17]  

¥ Dynamic gradual guarantee cannot be satisÞed 
together with parametricity (pick one)

23

Parametricityª is incompatible with DGGª

f : ∀X.X!X =  
  ΛX.λx:X.x::X

f’ : ∀X.?!X =  
  ΛX.λx:?.x::X!

proof independent of representation of evidence 
and of the interpretation of unknown type

must necessarily 
fail when applied

24



GSF: System F imprecise embedding

A System F term ascribed to an imprecise GSF type 
hereditarily terminates

new property, weaker than DGG
“the gradual medium is harmless”

25

Gradual Free Claims Disproved

¥ ∀X.X→? 
constant or fail [POPLÕ11], or unusable result [STOPÕ09,ICFPÕ17] 

¥ ∀X.?→X 
always fail [ICFPÕ17]

id :: ∀X.X→?
id :: ∀X.?→X

are both well-behaved identity functions!

imprecise termination has interesting consequences

26

ÒCheap TheoremsÓ

(v: ∀X.?→X) ∧ (v = #X.!x:?.t) <z always fails

independent of body

when looking at the types is not interesting enough…

27

Conclusions

28



State-of-the-art

language polym.
static 

relations
parametricity static GG dynamic GG

faithful!
instantiation

s
PBC

Ahmed et al.!
POPLÕ11

cast 
calculus

explicit *
Òad-hocÓ 

compatibility
conjecture -

- X

"B !
Ahmed et al.!

ICFPÕ17

cast 
calculus

explicit *
Òad-hocÓ 

compatibility
proven (future) (future) X

FG / FC

Igarashi et al.!
ICFPÕ17

source 
language

explicit *
Òad-hocÓ 

precision & 
consistency  

conjecture  
(FC) proven* conjecture X

Xie et al.!
ESOPÕ18 

source 
language

implicit
consistent 
subtyping

inherited 
(! B)

proven - X

GSF source 
language explicit precision & 

consistency proven proven proven!
impossible ✓
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Contribution

language polym.
static 

relations
parametricity static GG dynamic GG

faithful!
instantiation

s
PBC

Ahmed et al.!
POPLÕ11

cast 
calculus

explicit *
Òad-hocÓ 

compatibility
conjecture -

- X

"B !
Ahmed et al.!

ICFPÕ17

cast 
calculus

explicit *
Òad-hocÓ 

compatibility
proven (future) (future) X

FG / FC

Igarashi et al.!
ICFPÕ17

source 
language

explicit *
Òad-hocÓ 

precision & 
consistency  

conjecture  
(FC) proven* conjecture X

Xie et al.!
ESOPÕ18 

source 
language

implicit
consistent 
subtyping

inherited 
(! B)

proven - X

GSF source 
language explicit precision & 

consistency proven proven proven!
impossible ✓

new criteria violated  
by all existing work

sensible, systematic design 
(derived with AGT) can swap
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Contributions beyond GSF

2. parametricityª is incompatible  with DGGª

1. !B (and System F C) are not  appropriate 
internal languages of gradual parametricity

so is noninterference! 
 (language with references)

[TOPLAS]

3. novel: imprecise embedding of F, disprove claims 
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Perspectives

¥ Cast calculus for GSF 

¥ prove equivalence with evidence-based semantics 

¥ Add implicit polymorphism  

¥ combine with [Xie et al.] 

¥ Novel form of parametricity to reconcile with DGG?
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