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Effects

2

ContinuationsStateException

How do we abstract over effects in high-level programming languages?



Monads

<latexit sha1_base64="bDHqmAlCr6OK9T5Sf3gheReo+90=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKKFhDsRFauohZYKJhFyIcxtJmZx9+7YnQuGI/4DG/+KjYUitpZ2/hsvMYVGHww83pthZl4QK2nJdT+dsfGJyanpmdnc3PzC4lJ+eaVio8QILItIReYqAItKhlgmSQqvYoOgA4XV4Oak71c7aKyMwkvqxljXcB3KlhRAmdTIb/qnoDVwv9ME2+Y+4S0ZnRqk3h2v8EN+yf1tfpRr5Atu0R2A/yXekBTYEOeN/IffjESiMSShwNqa58ZUT8GQFAp7OT+xGIO4gWusZTQEjbaeDh7q8Y1MafJWZLIKiQ/UnxMpaGu7Osg6NVDbjnp98T+vllDroJ7KME4IQ/G9qJUoThHvp8Ob0qAg1c0ICCOzW7logwFBWYb9ELzRl/+Syk7R2yvuXewWSsfDOGbYGltnW8xj+6zEztg5KzPB7tkje2YvzoPz5Lw6b9+tY85wZpX9gvP+BQFrm0U=</latexit>

! → ret V : T A

<latexit sha1_base64="ZbiAisaMeCDCNeNjAM28FFtxyAE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVHFVdaHLCvYBTSg3k2k7dCYJM5NCDcVfceNCEbf+hzv/xqTNQlsPXDiccy/33uNFnCltWd9GYWl5ZXWtuF7a2Nza3jF395oqjCWhDRLyULY9UJSzgDY005y2I0lBeJy2vOFN5rdGVCoWBg96HFFXQD9gPUZAp1LXPHBuQQjAzsgHNcBNfImvSl2zbFWsKfAisXNSRjnqXfPL8UMSCxpowkGpjm1F2k1AakY4nZScWNEIyBD6tJPSAARVbjK9foKPU8XHvVCmFWg8VX9PJCCUGgsv7RSgB2rey8T/vE6sexduwoIo1jQgs0W9mGMd4iwK7DNJiebjlACRLL0VkwFIIDoNLAvBnn95kTRPK3a1Ur0/K9eu8ziK6BAdoRNko3NUQ3eojhqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPH9cFk4o=</latexit>

! → V : A
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<latexit sha1_base64="nSu7m+ArFkva65UwCW6r/22VXhU="></latexit>

! → do x ↑ M ;N : T A→

<latexit sha1_base64="oFG7V2p/PqE5D5SPzQwwuISec8c=">AAACAXicbVA9SwNBEN3zM8avUxvBZjEIFhLuRKJYRS20ESLkC3JHmNtskiW7d8fuXiCE2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMC2LOlHacb2thcWl5ZTWzll3f2Nzatnd2qypKJKEVEvFI1gNQlLOQVjTTnNZjSUEEnNaC3s3Yr/WpVCwKy3oQU19AJ2RtRkAbqWnve7cgBGCv3wLVxff4Epexd4KvmnbOyTsT4HnipiSHUpSa9pfXikgiaKgJB6UarhNrfwhSM8LpKOslisZAetChDUNDEFT5w8kHI3xklBZuR9JUqPFE/T0xBKHUQASmU4DuqllvLP7nNRLdvvCHLIwTTUMyXdROONYRHseBW0xSovnAECCSmVsx6YIEok1oWROCO/vyPKme5t1CvvBwlitep3Fk0AE6RMfIReeoiO5QCVUQQY/oGb2iN+vJerHerY9p64KVzuyhP7A+fwAXqJS7</latexit>

! → M : T A
<latexit sha1_base64="AXOkZUs4CDaWhQmsmQ2pDqJpEfE=">AAACCXicbVA9SwNBEN2LXzF+nVraDAbRQsKdiEqqRAutJEISA7kQ5jabZHH37tjdC4aQ1sa/YmOhiK3/wM5/4+Wj0OiDgcd7M8zM8yPBtXGcLys1N7+wuJRezqysrq1v2JtbVR3GirIKDUWoaj5qJnjAKoYbwWqRYih9wW79u4uRf9tjSvMwKJt+xBoSOwFvc4omkZo2eJcoJR7CfR6K4PVaqLtwDXkog3cIxf1M0846OWcM+EvcKcmSKUpN+9NrhTSWLDBUoNZ114lMY4DKcCrYMOPFmkVI77DD6gkNUDLdGIw/GcJeorSgHaqkAgNj9efEAKXWfeknnRJNV896I/E/rx6b9lljwIMoNiygk0XtWIAJYRQLtLhi1Ih+QpAqntwKtIsKqUnCG4Xgzr78l1SPcu5J7uTmOFs4n8aRJjtklxwQl5ySArkiJVIhlDyQJ/JCXq1H69l6s94nrSlrOrNNfsH6+Abb85ac</latexit>

!, x : A → N : T A→

T A types an effectful program that returns value of type A

Moggi, Wadler,...



Monads

<latexit sha1_base64="bDHqmAlCr6OK9T5Sf3gheReo+90=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKKFhDsRFauohZYKJhFyIcxtJmZx9+7YnQuGI/4DG/+KjYUitpZ2/hsvMYVGHww83pthZl4QK2nJdT+dsfGJyanpmdnc3PzC4lJ+eaVio8QILItIReYqAItKhlgmSQqvYoOgA4XV4Oak71c7aKyMwkvqxljXcB3KlhRAmdTIb/qnoDVwv9ME2+Y+4S0ZnRqk3h2v8EN+yf1tfpRr5Atu0R2A/yXekBTYEOeN/IffjESiMSShwNqa58ZUT8GQFAp7OT+xGIO4gWusZTQEjbaeDh7q8Y1MafJWZLIKiQ/UnxMpaGu7Osg6NVDbjnp98T+vllDroJ7KME4IQ/G9qJUoThHvp8Ob0qAg1c0ICCOzW7logwFBWYb9ELzRl/+Syk7R2yvuXewWSsfDOGbYGltnW8xj+6zEztg5KzPB7tkje2YvzoPz5Lw6b9+tY85wZpX9gvP+BQFrm0U=</latexit>

! → ret V : T A

<latexit sha1_base64="ZbiAisaMeCDCNeNjAM28FFtxyAE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVHFVdaHLCvYBTSg3k2k7dCYJM5NCDcVfceNCEbf+hzv/xqTNQlsPXDiccy/33uNFnCltWd9GYWl5ZXWtuF7a2Nza3jF395oqjCWhDRLyULY9UJSzgDY005y2I0lBeJy2vOFN5rdGVCoWBg96HFFXQD9gPUZAp1LXPHBuQQjAzsgHNcBNfImvSl2zbFWsKfAisXNSRjnqXfPL8UMSCxpowkGpjm1F2k1AakY4nZScWNEIyBD6tJPSAARVbjK9foKPU8XHvVCmFWg8VX9PJCCUGgsv7RSgB2rey8T/vE6sexduwoIo1jQgs0W9mGMd4iwK7DNJiebjlACRLL0VkwFIIDoNLAvBnn95kTRPK3a1Ur0/K9eu8ziK6BAdoRNko3NUQ3eojhqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPH9cFk4o=</latexit>

! → V : A

Chain Effectful Programs via monads

Interfaces for Specific Effects

<latexit sha1_base64="zLJfMsfGBTRZBJjKzBZqfGj71BI=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4kDAjEsVTVASPEbJBJoSezkvSpGeh+40ahnyAF3/FiwdFvPoB3vwbO8tBEwsaiqp6vH7lRVJotO1vK7WwuLS8kl7NrK1vbG5lt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vWvRn7tDpQWYVDGQQRNn3UD0RGcoZFa2ZyL8IDKTxQTGob0nF5TV4luD5lS4T0tu0cXJmXn7THoPHGmJEemKLWyX2475LEPAXLJtG44doTNhCkUXMIw48YaIsb7rAsNQwPmg24m42OG9MAobdoJlXkB0rH6eyJhvtYD3zNJn2FPz3oj8T+vEWPnrJmIIIoRAj5Z1IklxZCOmqFtoYCjHBjCuBLmr5T3mGIcTX8ZU4Ize/I8qR7nnUK+cHuSK15O60iTPbJPDolDTkmR3JASqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AOaVmuE=</latexit>

raise : E → T A

Exception E
<latexit sha1_base64="lfgutFbXu/BjO2Xi3pNLtENNQ8k=">AAACMXicbVDLSgNBEJz1bXxFPXoZDIoHCbsiKp5ELx4jSUwgu4TZSW8yOPtgplcNS37Ji38iXnJQxKs/4SSuoNGCgaKqmp4uP5FCo20Pranpmdm5+YXFwtLyyupacX3jWsep4lDnsYxV02capIigjgIlNBMFLPQlNPybi5HfuAWlRRzVsJ+AF7JuJALBGRqpXbx0Ee5RhVkXcEB3T6lDXSW6PWRKxXe05u5XqesWvlM6T1UnU067WLLL9hj0L3FyUiI5Ku3ik9uJeRpChFwyrVuOnaCXMYWCSxgU3FRDwvgN60LL0IiFoL1sfPGA7hilQ4NYmRchHas/JzIWat0PfZMMGfb0pDcS//NaKQYnXiaiJEWI+NeiIJUUYzqqj3aEAo6ybwjjSpi/Ut5jinE0JRdMCc7kyX/J9UHZOSofXR2Wzs7zOhbIFtkme8Qhx+SMXJIKqRNOHsgzeSGv1qM1tN6s96/olJXPbJJfsD4+AbUXqK4=</latexit>

get : 1 → T S

set : S → T 1

State S
<latexit sha1_base64="NooiF5hVR+m138lxS9BuD1f64Rw=">AAACNXicbZC7SgNBFIZnvcZ4i1raDAY1goRdkShWiTYWFhFyg+wSZieTZMjshZmzaljyUja+h5UWForY+gpOki008YeBn++cw5nzu6HgCkzz1ZibX1hcWk6tpFfX1jc2M1vbNRVEkrIqDUQgGy5RTHCfVYGDYI1QMuK5gtXd/tWoXr9jUvHAr8AgZI5Huj7vcEpAo1bmxgb2ANKLKRGC0iE+uMC5XAnbknd7QKQM7nHFPi4dHs2gWdLKZM28ORaeNVZisihRuZV5ttsBjTzmAxVEqaZlhuDERAKngg3TdqRYSGifdFlTW594TDnx+Ooh3tekjTuB1M8HPKa/J2LiKTXwXN3pEeip6doI/ldrRtA5d2LuhxEwn04WdSKBIcCjCHGbS0ZBDLQhVHL9V0x7RBIKOui0DsGaPnnW1E7yViFfuD3NFi+TOFJoF+2hHLLQGSqia1RGVUTRI3pB7+jDeDLejE/ja9I6ZyQzO+iPjO8f9A2puA==</latexit>

callcc : ((A → T A→) → T A) → T A

Continuation R
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<latexit sha1_base64="nSu7m+ArFkva65UwCW6r/22VXhU="></latexit>

! → do x ↑ M ;N : T A→

<latexit sha1_base64="oFG7V2p/PqE5D5SPzQwwuISec8c=">AAACAXicbVA9SwNBEN3zM8avUxvBZjEIFhLuRKJYRS20ESLkC3JHmNtskiW7d8fuXiCE2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMC2LOlHacb2thcWl5ZTWzll3f2Nzatnd2qypKJKEVEvFI1gNQlLOQVjTTnNZjSUEEnNaC3s3Yr/WpVCwKy3oQU19AJ2RtRkAbqWnve7cgBGCv3wLVxff4Epexd4KvmnbOyTsT4HnipiSHUpSa9pfXikgiaKgJB6UarhNrfwhSM8LpKOslisZAetChDUNDEFT5w8kHI3xklBZuR9JUqPFE/T0xBKHUQASmU4DuqllvLP7nNRLdvvCHLIwTTUMyXdROONYRHseBW0xSovnAECCSmVsx6YIEok1oWROCO/vyPKme5t1CvvBwlitep3Fk0AE6RMfIReeoiO5QCVUQQY/oGb2iN+vJerHerY9p64KVzuyhP7A+fwAXqJS7</latexit>

! → M : T A
<latexit sha1_base64="AXOkZUs4CDaWhQmsmQ2pDqJpEfE=">AAACCXicbVA9SwNBEN2LXzF+nVraDAbRQsKdiEqqRAutJEISA7kQ5jabZHH37tjdC4aQ1sa/YmOhiK3/wM5/4+Wj0OiDgcd7M8zM8yPBtXGcLys1N7+wuJRezqysrq1v2JtbVR3GirIKDUWoaj5qJnjAKoYbwWqRYih9wW79u4uRf9tjSvMwKJt+xBoSOwFvc4omkZo2eJcoJR7CfR6K4PVaqLtwDXkog3cIxf1M0846OWcM+EvcKcmSKUpN+9NrhTSWLDBUoNZ114lMY4DKcCrYMOPFmkVI77DD6gkNUDLdGIw/GcJeorSgHaqkAgNj9efEAKXWfeknnRJNV896I/E/rx6b9lljwIMoNiygk0XtWIAJYRQLtLhi1Ih+QpAqntwKtIsKqUnCG4Xgzr78l1SPcu5J7uTmOFs4n8aRJjtklxwQl5ySArkiJVIhlDyQJ/JCXq1H69l6s94nrSlrOrNNfsH6+Abb85ac</latexit>

!, x : A → N : T A→

Moggi, Wadler,...

<latexit sha1_base64="/Ht7INtxuHJ/pftIa8WRqsabY3E="></latexit>

ExnA = A+ E



Effects
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ContinuationStateException

How do we implement effects in programming language implementation?



3 Implementations of Exceptions
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Caller

Return Addr. Exn Handler 1Return Addr(A + E)

Caller

One continuation Two continuations stack walking + 
exception handlers

Frame

Return Addr.

Frame

...

Exn Handler

Exn Handler

Exn Handler 1



Monads in My Compiler?
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Monads Effects in High-level Languages

Low-level Effect implementations

via Stack-Manipulation

compile to

???

abstracts

abstracts
Relative 
Monads



Contribution

• Adapt relative monads to CBPV to abstract over low-level 
effects


• Introduce monadic blocks, an extension of do-notation for 
CBPV


• Automatic derivation of relative monad transformers to 
compose effects

8



Call-by-push-value
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ValueType
classifies data

ComputationType
classifies stacks

  data List (A : VType) 
    | +Nil : Unit 
    | +Cons : A * List A

<latexit sha1_base64="DIerb6p15sGRJI9ck4geTIfSmXg="></latexit>

Basic Data Int
Tagged Unions A+A→

Tuples A→A→

Closures ClosureB
Existential ↑X.A

codata VarArg (A : VType) (C : CType) 
| .more : A -> VarArg A B 
| .done : B 

<latexit sha1_base64="24/FNzjyeqYHWrIcsPw/tivYh/4="></latexit>

Stack-passed Argument A → B
Destructor Tag B & B→

Continuation ReturnA
Polymorphism ↑X.B



• The natural notion of monad for CBPV isn't quite a monad

- Similar to monads but change the kinds of types

Monad T : ValueType → ValueType

Relative Monad T : ValueType → ComputationType

Monads for CBPV
Monads Need Not Be Endofunctors

Altenkirch, Chapman and Uustalu

T A types the stack for a computation performing effects and returning  A

10



CBPV Relative Monad Interface
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<latexit sha1_base64="bDHqmAlCr6OK9T5Sf3gheReo+90=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKKFhDsRFauohZYKJhFyIcxtJmZx9+7YnQuGI/4DG/+KjYUitpZ2/hsvMYVGHww83pthZl4QK2nJdT+dsfGJyanpmdnc3PzC4lJ+eaVio8QILItIReYqAItKhlgmSQqvYoOgA4XV4Oak71c7aKyMwkvqxljXcB3KlhRAmdTIb/qnoDVwv9ME2+Y+4S0ZnRqk3h2v8EN+yf1tfpRr5Atu0R2A/yXekBTYEOeN/IffjESiMSShwNqa58ZUT8GQFAp7OT+xGIO4gWusZTQEjbaeDh7q8Y1MafJWZLIKiQ/UnxMpaGu7Osg6NVDbjnp98T+vllDroJ7KME4IQ/G9qJUoThHvp8Ob0qAg1c0ICCOzW7logwFBWYb9ELzRl/+Syk7R2yvuXewWSsfDOGbYGltnW8xj+6zEztg5KzPB7tkje2YvzoPz5Lw6b9+tY85wZpX9gvP+BQFrm0U=</latexit>

! → ret V : T A

<latexit sha1_base64="ZbiAisaMeCDCNeNjAM28FFtxyAE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVHFVdaHLCvYBTSg3k2k7dCYJM5NCDcVfceNCEbf+hzv/xqTNQlsPXDiccy/33uNFnCltWd9GYWl5ZXWtuF7a2Nza3jF395oqjCWhDRLyULY9UJSzgDY005y2I0lBeJy2vOFN5rdGVCoWBg96HFFXQD9gPUZAp1LXPHBuQQjAzsgHNcBNfImvSl2zbFWsKfAisXNSRjnqXfPL8UMSCxpowkGpjm1F2k1AakY4nZScWNEIyBD6tJPSAARVbjK9foKPU8XHvVCmFWg8VX9PJCCUGgsv7RSgB2rey8T/vE6sexduwoIo1jQgs0W9mGMd4iwK7DNJiebjlACRLL0VkwFIIDoNLAvBnn95kTRPK3a1Ur0/K9eu8ziK6BAdoRNko3NUQ3eojhqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPH9cFk4o=</latexit>

! → V : A
<latexit sha1_base64="nSu7m+ArFkva65UwCW6r/22VXhU="></latexit>

! → do x ↑ M ;N : T A→

<latexit sha1_base64="oFG7V2p/PqE5D5SPzQwwuISec8c=">AAACAXicbVA9SwNBEN3zM8avUxvBZjEIFhLuRKJYRS20ESLkC3JHmNtskiW7d8fuXiCE2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMC2LOlHacb2thcWl5ZTWzll3f2Nzatnd2qypKJKEVEvFI1gNQlLOQVjTTnNZjSUEEnNaC3s3Yr/WpVCwKy3oQU19AJ2RtRkAbqWnve7cgBGCv3wLVxff4Epexd4KvmnbOyTsT4HnipiSHUpSa9pfXikgiaKgJB6UarhNrfwhSM8LpKOslisZAetChDUNDEFT5w8kHI3xklBZuR9JUqPFE/T0xBKHUQASmU4DuqllvLP7nNRLdvvCHLIwTTUMyXdROONYRHseBW0xSovnAECCSmVsx6YIEok1oWROCO/vyPKme5t1CvvBwlitep3Fk0AE6RMfIReeoiO5QCVUQQY/oGb2iN+vJerHerY9p64KVzuyhP7A+fwAXqJS7</latexit>

! → M : T A
<latexit sha1_base64="AXOkZUs4CDaWhQmsmQ2pDqJpEfE=">AAACCXicbVA9SwNBEN2LXzF+nVraDAbRQsKdiEqqRAutJEISA7kQ5jabZHH37tjdC4aQ1sa/YmOhiK3/wM5/4+Wj0OiDgcd7M8zM8yPBtXGcLys1N7+wuJRezqysrq1v2JtbVR3GirIKDUWoaj5qJnjAKoYbwWqRYih9wW79u4uRf9tjSvMwKJt+xBoSOwFvc4omkZo2eJcoJR7CfR6K4PVaqLtwDXkog3cIxf1M0846OWcM+EvcKcmSKUpN+9NrhTSWLDBUoNZ114lMY4DKcCrYMOPFmkVI77DD6gkNUDLdGIw/GcJeorSgHaqkAgNj9efEAKXWfeknnRJNV896I/E/rx6b9lljwIMoNiygk0XtWIAJYRQLtLhi1Ih+QpAqntwKtIsKqUnCG4Xgzr78l1SPcu5J7uTmOFs4n8aRJjtklxwQl5ySArkiJVIhlDyQJ/JCXq1H69l6s94nrSlrOrNNfsH6+Abb85ac</latexit>

!, x : A → N : T A→

Kinds change, but the monad interface is otherwise unchanged!

state, reader, writer, error, continuation, free monads, etc



3 Implementations of Exceptions
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Caller

Return Addr.

Exn Handler

Return Addr(A + E)

Caller

One continuation Two continuations
Stack Walking + 
Exception Handlers

Frame

Return Addr.

Frame

...

Exn Handler

Exn Handler

Exn Handler

codata Exn3 E A where 
  | .try : forall E'.  
     Closure (E -> Exn3 E' A) -> Exn3 E' A 
  | .kont : forall A'. 
     Closure (A -> Exn3 E A') -> Exn3 E A' 
  | .done : Ret (Either E A) 
end

Ret (A + E)
forall R. 
  Closure (E -> R) ->  
  Closure (A -> R) ->  
  R



Contribution
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• Adapt relative monads to CBPV to abstract over low-level 
effects


• Introduce monadic blocks, an extension of do-notation for 
CBPV


• Automatic derivation of relative monad transformers to 
compose effects



Embedded Effectful Programming

Moggi: 

Given a monad on a model of pure lambda calculus, we can construct a 
model of call-by-vaue lambda calculus

CBV program

do-notation

desugaring

14

Pure program 



Embedded Effectful Programming in CBPV

Fundamental Theorem of CBPV Relative Monads 

Given a CBPV relative monad T, we construct a new CBPV model s.t. 
all closed CBPV program can be reinterpreted w.r.t. relative monad T.

CBPV program

monadic block

translation

15

CBPV program 
w/ exception

CBPV program 
w/ exception & state

monadic block

translation



Monadic Blocks
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Algebra Translation

fn mo -> fn raise -> 
  ! mo.bind { 1 - 1 } 
    { fn a -> 
      ! mo.bind 
        { if a = 0 
            then ! raise "..." 
            else 42 / a } 
        { fn b -> ! mo.return b }}

monadic fn raise -> 
  do a <- 1 - 1; 
  do b <- if a = 0 
    then ! raise "..." 
    else 42 / a; 
  ret b 
end



Contribution
Embedded Effectful Programing in CBPV

17

• Adapt relative monads to CBPV to abstract over low-level 
effects


• Introduce monadic blocks, an extension of do-notation for 
CBPV


• Automatic derivation of relative monad transformers to 
compose effects



Monad Transformers for Effect Composition

18

<latexit sha1_base64="bDHqmAlCr6OK9T5Sf3gheReo+90=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKKFhDsRFauohZYKJhFyIcxtJmZx9+7YnQuGI/4DG/+KjYUitpZ2/hsvMYVGHww83pthZl4QK2nJdT+dsfGJyanpmdnc3PzC4lJ+eaVio8QILItIReYqAItKhlgmSQqvYoOgA4XV4Oak71c7aKyMwkvqxljXcB3KlhRAmdTIb/qnoDVwv9ME2+Y+4S0ZnRqk3h2v8EN+yf1tfpRr5Atu0R2A/yXekBTYEOeN/IffjESiMSShwNqa58ZUT8GQFAp7OT+xGIO4gWusZTQEjbaeDh7q8Y1MafJWZLIKiQ/UnxMpaGu7Osg6NVDbjnp98T+vllDroJ7KME4IQ/G9qJUoThHvp8Ob0qAg1c0ICCOzW7logwFBWYb9ELzRl/+Syk7R2yvuXewWSsfDOGbYGltnW8xj+6zEztg5KzPB7tkje2YvzoPz5Lw6b9+tY85wZpX9gvP+BQFrm0U=</latexit>

! → ret V : T A

<latexit sha1_base64="ZbiAisaMeCDCNeNjAM28FFtxyAE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVHFVdaHLCvYBTSg3k2k7dCYJM5NCDcVfceNCEbf+hzv/xqTNQlsPXDiccy/33uNFnCltWd9GYWl5ZXWtuF7a2Nza3jF395oqjCWhDRLyULY9UJSzgDY005y2I0lBeJy2vOFN5rdGVCoWBg96HFFXQD9gPUZAp1LXPHBuQQjAzsgHNcBNfImvSl2zbFWsKfAisXNSRjnqXfPL8UMSCxpowkGpjm1F2k1AakY4nZScWNEIyBD6tJPSAARVbjK9foKPU8XHvVCmFWg8VX9PJCCUGgsv7RSgB2rey8T/vE6sexduwoIo1jQgs0W9mGMd4iwK7DNJiebjlACRLL0VkwFIIDoNLAvBnn95kTRPK3a1Ur0/K9eu8ziK6BAdoRNko3NUQ3eojhqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPH9cFk4o=</latexit>

! → V : A

Chain Effectful Programs via monads

Interfaces for Specific Effects

<latexit sha1_base64="zLJfMsfGBTRZBJjKzBZqfGj71BI=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4kDAjEsVTVASPEbJBJoSezkvSpGeh+40ahnyAF3/FiwdFvPoB3vwbO8tBEwsaiqp6vH7lRVJotO1vK7WwuLS8kl7NrK1vbG5lt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vWvRn7tDpQWYVDGQQRNn3UD0RGcoZFa2ZyL8IDKTxQTGob0nF5TV4luD5lS4T0tu0cXJmXn7THoPHGmJEemKLWyX2475LEPAXLJtG44doTNhCkUXMIw48YaIsb7rAsNQwPmg24m42OG9MAobdoJlXkB0rH6eyJhvtYD3zNJn2FPz3oj8T+vEWPnrJmIIIoRAj5Z1IklxZCOmqFtoYCjHBjCuBLmr5T3mGIcTX8ZU4Ize/I8qR7nnUK+cHuSK15O60iTPbJPDolDTkmR3JASqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AOaVmuE=</latexit>

raise : E → T A

Exception E
<latexit sha1_base64="lfgutFbXu/BjO2Xi3pNLtENNQ8k=">AAACMXicbVDLSgNBEJz1bXxFPXoZDIoHCbsiKp5ELx4jSUwgu4TZSW8yOPtgplcNS37Ji38iXnJQxKs/4SSuoNGCgaKqmp4uP5FCo20Pranpmdm5+YXFwtLyyupacX3jWsep4lDnsYxV02capIigjgIlNBMFLPQlNPybi5HfuAWlRRzVsJ+AF7JuJALBGRqpXbx0Ee5RhVkXcEB3T6lDXSW6PWRKxXe05u5XqesWvlM6T1UnU067WLLL9hj0L3FyUiI5Ku3ik9uJeRpChFwyrVuOnaCXMYWCSxgU3FRDwvgN60LL0IiFoL1sfPGA7hilQ4NYmRchHas/JzIWat0PfZMMGfb0pDcS//NaKQYnXiaiJEWI+NeiIJUUYzqqj3aEAo6ybwjjSpi/Ut5jinE0JRdMCc7kyX/J9UHZOSofXR2Wzs7zOhbIFtkme8Qhx+SMXJIKqRNOHsgzeSGv1qM1tN6s96/olJXPbJJfsD4+AbUXqK4=</latexit>

get : 1 → T S

set : S → T 1

State S
<latexit sha1_base64="NooiF5hVR+m138lxS9BuD1f64Rw=">AAACNXicbZC7SgNBFIZnvcZ4i1raDAY1goRdkShWiTYWFhFyg+wSZieTZMjshZmzaljyUja+h5UWForY+gpOki008YeBn++cw5nzu6HgCkzz1ZibX1hcWk6tpFfX1jc2M1vbNRVEkrIqDUQgGy5RTHCfVYGDYI1QMuK5gtXd/tWoXr9jUvHAr8AgZI5Huj7vcEpAo1bmxgb2ANKLKRGC0iE+uMC5XAnbknd7QKQM7nHFPi4dHs2gWdLKZM28ORaeNVZisihRuZV5ttsBjTzmAxVEqaZlhuDERAKngg3TdqRYSGifdFlTW594TDnx+Ooh3tekjTuB1M8HPKa/J2LiKTXwXN3pEeip6doI/ldrRtA5d2LuhxEwn04WdSKBIcCjCHGbS0ZBDLQhVHL9V0x7RBIKOui0DsGaPnnW1E7yViFfuD3NFi+TOFJoF+2hHLLQGSqia1RGVUTRI3pB7+jDeDLejE/ja9I6ZyQzO+iPjO8f9A2puA==</latexit>

callcc : ((A → T A→) → T A) → T A

Continuation R

<latexit sha1_base64="nSu7m+ArFkva65UwCW6r/22VXhU="></latexit>

! → do x ↑ M ;N : T A→

<latexit sha1_base64="oFG7V2p/PqE5D5SPzQwwuISec8c=">AAACAXicbVA9SwNBEN3zM8avUxvBZjEIFhLuRKJYRS20ESLkC3JHmNtskiW7d8fuXiCE2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMC2LOlHacb2thcWl5ZTWzll3f2Nzatnd2qypKJKEVEvFI1gNQlLOQVjTTnNZjSUEEnNaC3s3Yr/WpVCwKy3oQU19AJ2RtRkAbqWnve7cgBGCv3wLVxff4Epexd4KvmnbOyTsT4HnipiSHUpSa9pfXikgiaKgJB6UarhNrfwhSM8LpKOslisZAetChDUNDEFT5w8kHI3xklBZuR9JUqPFE/T0xBKHUQASmU4DuqllvLP7nNRLdvvCHLIwTTUMyXdROONYRHseBW0xSovnAECCSmVsx6YIEok1oWROCO/vyPKme5t1CvvBwlitep3Fk0AE6RMfIReeoiO5QCVUQQY/oGb2iN+vJerHerY9p64KVzuyhP7A+fwAXqJS7</latexit>

! → M : T A
<latexit sha1_base64="AXOkZUs4CDaWhQmsmQ2pDqJpEfE=">AAACCXicbVA9SwNBEN2LXzF+nVraDAbRQsKdiEqqRAutJEISA7kQ5jabZHH37tjdC4aQ1sa/YmOhiK3/wM5/4+Wj0OiDgcd7M8zM8yPBtXGcLys1N7+wuJRezqysrq1v2JtbVR3GirIKDUWoaj5qJnjAKoYbwWqRYih9wW79u4uRf9tjSvMwKJt+xBoSOwFvc4omkZo2eJcoJR7CfR6K4PVaqLtwDXkog3cIxf1M0846OWcM+EvcKcmSKUpN+9NrhTSWLDBUoNZ114lMY4DKcCrYMOPFmkVI77DD6gkNUDLdGIw/GcJeorSgHaqkAgNj9efEAKXWfeknnRJNV896I/E/rx6b9lljwIMoNiygk0XtWIAJYRQLtLhi1Ih+QpAqntwKtIsKqUnCG4Xgzr78l1SPcu5J7uTmOFs4n8aRJjtklxwQl5ySArkiJVIhlDyQJ/JCXq1H69l6s94nrSlrOrNNfsH6+Abb85ac</latexit>

!, x : A → N : T A→

Monad T : * → *

Monad Transformer F : (* → *) → (* → *)

Compose Effects via monad transformers

: ) : (



Relative Monads Compose for Free!
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Runtime StackState

Caller

State Value
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Runtime Stack

Caller

Return Addr.
Error Addr.

Exception & State

State Value

Relative Monads are always polymorphic over tail of the stack

Relative Monads Compose for Free!



(   )

Every Relative Monad comes from a Monad Transformer
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Relative monad transformers can be automatically derived via monadic blocks

monadic 

   

end 

Monadic Block in CBPV Runtime Stack

Caller

Return Addr.
Error Addr.

Exception & State

State Value



Discussion

• More in paper

- Common Relative Monad Instances and Stack-Walking Exceptions


- Relative Monad, Algebras and their Laws


- Algebra Translation implementing Monadic Blocks, correctness proofs


• Implementation in our research language, Zydeco 


• Future work

- CBPV as a stack-based IR in compilers


- Relative Comonads?
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Conclusion
Relative Monads for Stack-based Effect Implementations

• Adapt relative monads to CBPV to program with low-level effects


• Introduce monadic blocks to parameterize CBPV program w/ effects


• Automatically derive relative monad transformers to compose effects
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( )monadic 

   
end 

Caller

Return Addr.
Error Addr.


