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Web Servlet with Continuations

(define (paper-search-servlet)
(let ([terms (get-search-terms)])
(find-paper terms)))



Web Servlet with Continuations

send back HTML form, then
wait for answer as new request

(define (paper-search-servlet)
(let ([terms (get-search-terms)])
(find-paper terms)))



Implementing a Web Server

(serve out; in;)




Implementing a Web Server

(reply out;

(generate-html in;))
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Implementing a Web Server

(generate-html in;)
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Implementing a Web Server

(call/cc
(A (esc)

(dispatch in;)))
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Implementing a Web Server

(call/cc
(A (esc)

(dispatch in;)))

48



Implementing a Web Server

(dispatch in;)
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Implementing a Web Server

(let ([terms (get-search-terms)])
(find-paper terms))
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Implementing a Web Server

(let ([terms 1)
(find-paper terms))

v

(get-search-terms)
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Implementing a Web Server

(let ([terms 1)
(find-paper terms))

v

(call/cc
(A (web-k)
(esc (build-form (cont->url web-k)))))
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Implementing a Web Server

(let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

v

(call/cc
(A (web-k)
(esc (build-form (cont->url web-k)))))
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Implementing a Web Server

(let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

v

(esc (build-form (cont->url web-k)))
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Implementing a Web Server

(let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

v

(esc <html/>)

125



Implementing a Web Server

(reply out; <html/>) et ((terms (1)
(find-paper terms))

136



Implementing a Web Server

(let ([terms 1)
(find-paper terms))

(dispatch in,)

147



Implementing a Web Server

(let ([terms 1)
(find-paper terms))

(web-k form-answers)
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Implementing a Web Server

(let ([terms 1)
(f:|.nd paper terms))

form—answers)

(let ([terms
(find-paper terms))
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Implementing a Web Server

(let ([terms 1)
(f:|.nd paper terms))

form—answers)

(let ([terms
(find-paper terms))
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Web Server with Prompt
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Web Server with Prompt

(dispatch in;)
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Web Server with Prompt

(let ([terms 1)
(find-paper terms))

(call/cc
(A (web-k)
(abort ...)))
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Web Server with Prompt

web-k = / (let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

(call/cc
(A (web-k)
(abort ...)))

214



Web Server with Prompt

web-k = / (let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

(abort <html/>)
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Web Server with Prompt

@outl <html/>)

(let ([terms 1)
(find-paper terms))
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Web Server with Prompt

n web-k =

(dispatch in,)

(let ([terms 1)
(find-paper terms))

247



Web Server with Prompt

n web-k =

(web-k form-answers)

(let ([terms 1)
(find-paper terms))

258



Web Server with Prompt

n web-k = / (let ([terms 1)
(find-paper terms))

(/ (let ([terms 1)
(find-paper terms)) /form-answers)

269



Web Server with Prompt

web-k = / (let ([terms 1)
(find-paper terms))

(let ([terms 1)
(find-paper terms))

( form-answers)

280



Web Server with Prompt

n web-k = / (let ([terms 1)
(find-paper terms))

(let ([terms form-answers])
(find-paper terms))
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Rolling Your Own vs. Language Extension

Delimited control via call/cc doesn’t work right with
* exceptions
* dynamic binding

* dynamic-wind

Our goal: delimited control integrated with existing
Scheme & Racket constructs
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Papers on Implementation
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Implementations (circa 2006)
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Implementations (Now)
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Balance
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Contributions

* Comprehensive design

* Formal model

* Implementation
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Contributions

* Comprehensive design

*
graphical intuition

\ 4

* Formal model

* Implementation
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Contributions

* Comprehensive design

*
graphical intuition

\ 4

* Formal model

*

random testing

\ 4

* Implementation
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Notation

(vi (((A (x) x) v3) Vv2))
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Notation

((A (x) x) v3)

314



Notation

((A (x) x) v3)

((A (x) x) wvs3)
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Notation

((A (x) x) wvs3)

336



Notation

((A (x) x) wvs3)

347



Notation

((A (x) x) wvs3)

358



Notation

o)
(0

((A (x) x) wvs3)

369



Notation

(vi (((A (x) %) v3) v2)) = 0

((A (x) x) Wvs3)

380



Reductions

((A (x) x) wv;3)

391



Reductions

((A (x) x) wvs3)

> V3

402



Reductions

v

(vs v2)
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Reductions

((A (x) x) v3)

424



Continuations

(call/cc (A (k) (k v3)))
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Continuations

(call/cc (A (k) (k v3)))
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Continuations

457



Continuations

468



Continuations

479



Continuations

(vz v2)
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Continuations

501



Composable Continuations
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Composable Continuations
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Composable Continuations

(vsz v2)
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Composable Continuations

(vs v2)
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Composable Continuations

(vs v2)

556



Delimited Capture

(call/comp (A (k)

(k v3)))

567



Delimited Capture

(call/comp (A (k)

(k v3)))

@
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Delimited Capture
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Delimited Abort

(abort wv;3)
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Delimited Abort

()

611



Delimited Abort

(vi v3)

622



Splitting Capture and Abort

* call/comp :capture current continuation

« abort :abort current continuation

* F :capture and abort current continuation

623



Splitting Capture and Abort

* call/comp :capture current continuation

« abort :abort current continuation

* F :capture and abort current continuation

F = (A (f) (call/comp
(A (k) (abort (A () (£ k))))))

624



Splitting Capture and Abort

* call/comp :capture current continuation

« abort :abort current continuation

* F :capture and abort current continuation

F = (A (f) (call/comp
(A (k) (abort (A () (f k))))))

delay (£ k) until
after abort

625



Prompt with Handler

@ (A (x) er))

(abort wv3)
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Prompt with Handler

o
ST

637



Prompt with Handler

w5

((A (x) e1) wvs3)

648



Prompt with Handler

w5

((A (x) e1) wvs3)

(prompt e;) = (prompt e; (A (t) (%)))

F = (A (£) (call/comp
(A (k) (abort (A () (£ k))))))

659



Prompt with Handler

@ (A (x) er))

(abort wv3)

670



Catch and Throw

@ (A (x) e))

(throw wv3)

681



Catch and Throw

@ A (%) en)

(throw wv3)
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Catch and Throw

@ (A (x) e))

(abort wv3)
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Catch and Throw

@m (A (x) e))

(prompt Vo V12)

(abort v, v3)

714



Tagged Prompts

@m (A (x) )

(prompt Vo V12)

(abort v, Vv3)
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Tagged Prompts

(prompt v, V1o0)
(prompt vs Vi)

(call/comp (A (k) (abort v, k))
Vs)

736



Tagged Prompts

(prompt v, V1o0)
(prompt wvs Vi)

(call/comp (A (k) (abort v, k))
Vs)
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Tagged Prompts

(prompt v, Vi)

(call/comp (A (k) (abort v, k))
Vs)
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Tagged Prompts

(prompt v, Vio)
(prompt v;s Vi)

(abort vy
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Tagged Prompts

(prompt v, Vio)
(prompt v;s Vi)

(abort vy

780



Tagged Prompts

@

791



Tagged Prompts

802



Continuations Summary

prompt with handler and tag
abort with tag
call/comp with tag

continuation composition

plain call/cc uses default tag

[Sitaram PLDI'93]
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Dynamic Binding

(let ([user (get-login)])
(search user (find-user-files user)))
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Dynamic Binding

(let ([user (get-login)])
(call-with-user
user
(A () (search (find-user-files)))))
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Dynamic Binding

(let ([user (get-login)])
(call/cm
'user user
(A () (search (find-user-files)))))
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Dynamic Binding

(let ([user (get-login)])
(call/cm
'user user
(A () (search (find-user-files)))))

(define (find-user-files)

(current-mark 'user))
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Dynamic Binding

(let ([user (get-login)])
(call/cm
'user user
(A () (search (find-user-files)))))

(define (find-user-files)

(first (current-marks 'user))
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Stack Inspection

(define (search files)
(call/cm
'context 'search
(lambda ()
(make-database files) ....)))

(define (make-database files)
(call/cm
'context 'make-database

(lambda ()
(map open-input-file files) ....)))

(define (open-input-file file)
(1f (file-exists? file)

(raise .... (current-marks 'context))))
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Continuation Marks
(call/cm

VvV, Vg

(A () (call/em vy vs (A () e1))))
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Continuation Marks

V>V
(call/cm V98 ve (A () e:))
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Continuation Marks

V» Vg
Vo» Vg e;
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Continuation Marks

V>V
(call/cm V98 ve (A () e:))

893



Continuation Marks

(V7>V8J
(call/cm v; vs (A () e;))
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Continuation Marks
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Continuation Marks
(call/cm

V7 Vg

(A () (vyp (call/cm v; vo (A () e1)))))
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Continuation Marks

A

V>V,
(vo (call/cm v, vs (A () e1)))
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Continuation Marks

(call/cm v; vo (A () e:))
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Continuation Marks

959



Continuation Marks

(current-marks v,)
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Continuation Marks

V>» Vg
(first (list vy wvy))

(current-marks v,)
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Continuation Marks

(first

V»Vy

list v, Vo Vg))

(current-marks v,)

992



Capturing Marks

(call/comp (A (k) (vis k)))
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Capturing Marks

(call/comp (A (k) (vis k)))
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Capturing Marks

V7 »Vio
(call/comp (k) (vis k)))
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Capturing Marks

(call/comp (A (k) (vis k)))
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Capturing Marks

(call/comp (A (k) (vis k)))
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Getting Delimited Marks

(current-marks v,)
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Getting Delimited Marks

(fFirst (list wvy))

(current-marks v,)
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Restoring Marks

Vi)

1080



Restoring Marks

1091



Restoring Marks

1102



Restoring Marks
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Dynamic Binding Summary

call/cm to add marks

current-marks to get marks, up to a tag

capture marks in call/comp

splice marks in continuation composition

see also [Kiselyov et al. ICFP'06]
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Side Effects and Control

(define (with-resource work-thunk)
(begin
(grab-resource)
(work-thunk)
(release-with-resource)))
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Dynamic Wind

(define (with-resource work-thunk)
(dynamic-wind
(A () (grab-resource))
(A () (work-thunk))
(A () (release-with-resource))))
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Dynamic Wind

(dynamic-wind
(A () epre)
(A () ebody)
(A () €post))
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Dynamic Wind

v

(dynamic-wind
A () epre)
(A () epoay)
(A () €post))
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Dynamic Wind

(dW epre ebody epost)
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Dynamic Wind

€body
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Dynamic Wind

(e )
ool

ebody




Dynamic Wind Evaluation

(dW epre ebody epost)
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Dynamic Wind Evaluation

ep.w:'e

1203



Dynamic Wind Evaluation

v

epre
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Dynamic Wind Evaluation

v

epre e Vi
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Dynamic Wind Evaluation

(dW epre ebody epost)
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Dynamic Wind Evaluation

€body

1247



Dynamic Wind and Jumps

(e )
ool

ebody
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Dynamic Wind and Jumps

(o )
oo

(abort wvy)
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Dynamic Wind and Jumps

(@ o)

(abort v;)
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Dynamic Wind and Jumps

(02
o

(abort vj)
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Dynamic Wind and Jumps

@ o)

(abort vj)
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Dynamic Wind and Abort Evaluation

(o)

(abort v;)
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Dynamic Wind and Abort Evaluation

‘ epost

(abort wv;)
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Dynamic Wind and Abort Evaluation

@ ( ab@ epos t

v
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Dynamic Wind and Abort Evaluation

\’

epos t
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Dynamic Wind and Call/cc

(o )
ol
(0w
ol
(s 1)

(call/cc (A (k) k))
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Dynamic Wind and Call/cc

o el
(0 - (0 =
e ey
(s 1) (s 1)

(call/cc (A (k) k))




Dynamic Wind and Call/cc

e S
(@ ) ()
e B
(vis k) O




Dynamic Wind and Call/cc

o el
(...k... v) 0
el
(s 1)




Dynamic Wind and Call/cc

o el
(0 - (0 =
o ey
(o ) (s 1)

(k vs)




Dynamic Wind and Call/cc

Bedgs el




Dynamic Wind and Call/cc

o ) O “ T O
® (0 - (0w
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Dynamic Wind and Call/cc




Dynamic Wind and Call/cc

—




Dynamic Wind and Call/cc




Dynamlc Wind and Call/cc




Dynamlc Wind and Call/cc

(k vs)




Dynamlc Wind and Call/cc




Dynamlc Wind and Call/cc




Dynamlc Wind and Call/cc




Dynamlc Wind and Call/cc




Dynamic Wind Summary

dynamic-wind generates dw

call/cc detects sharing in continuation jumps

capture dw thunks in call/comp and call/cc
run post thunks in abort

run pre thunks in continuation composition
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Model

* Paper:

ICFP’07 Flatt, Yu, Findler, and Felleisen

 Redex model:

http://www.cs.utah.edu/plt/delim-cont/
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Model

c=ml(wemw m)

e
m:=xlvl(ee..)l(beginee)l (S eece)l(dwxeee)
vi=(listv.)I(A(x..)e)l(cont vE)I(comp E)

| dynamic-windlabort | current-marks

NOSHARED : E x E — bool

NOSHARED(W,[(dw x; e, E; e,)], = false
Wil(dw x; e, E; e)])
NOSHARED(any;, any;) = true

[[e I]] wem

where e; # (wecm w e)

= ¢

[wem O e)Jluen = €

[[(wem ((v; v2) (Vs va) ...) €) Jlwem

| cons lu
u:=call/cclcall/complcall/cm
wa=((vv)...)
E:=WIW[(dwx e E e)]
Wi=MI(wemw M)
M:=[11v..We.)l(beginWe)l (S Wee)l (5veW)I(5vWv)
D:=[]1E[(dwxe [] e)]

| SAMEDWSs : E x E — bool
SAMEDWs(W;, W>) = true
SAMEDWs(W,[(dw x, ¢, E; e;)], = SAMEDWS(E,, E,)
Wol(aw x; e; E; e,)])

SAMEDWSs(any;, any;) = false

[*lvem:e —e

= (call/cmv; v (A Q) [[(wem (v vy) ...) €)]|wem))

| [[.7'»']]murks3EXV><€*)(3

[[[]s v, ez]]marke =e

[wemw, ED, vi, e]lmas = [Er vi, (CONS V3 €2) ks
where w; = ((v4 vs) ... (v; v3) (Vs v7) ...)
II(Wcm wi E)), v, eZ]]murks = [[El, Vi, eZ]]murks
where v, ¢ Dom(w,)

[ ..Ere.)vi,e:llmas = [[Eivi, €]|mas
H(begin E e), v, eZ]]murks = [[El, Vi, eZ]]murks
[ v2Ervs),vis elmans = [[Eis i, €2]]maks
[(5v.e ED,viselmans = [[Eis Vi, €2]]mas
[(5 Ereres),vi,e]lmns = [[Eisvi, €]]mas
[[(dw x e, E; €5), vy, €2]|mais = [[Ers i, €2 ]|marks

(B vivavy) ~> 1,

(dynamic-wind (A () e)) (A () e) (A () e3)
—~> (begin e, (dw x; e; e; €3))
where x; fresh

(dw xe; v, e5) ~> (begine;v))

(5 v, Wol(abort v, vy)] vs) ~> (vsv2)
where W, # E[(% v; E V)]

(dw x; e; Wa[(abort v, v))] e;)
~> (begin e, (abort v, v,))
where W, # E[(% v, E V)]

(% vy E[(wecmw, (call/comp v, v2))] vs)
(5 v Ey[(wemw, (v, (comp E)))] vs)
where E; # E[(% v; Ev)]

((comp W,[(dw x; e, E; €5)]) v1)
~> [[Wil(begin e, (dw x; e; ((comp E;) v;) €2))]]]wem

((comp W) vi) ~o> [[Wilvil]lwem

[prompt-v]

[dw]

[dw-v]

[abort]

[abort-post]

[call/comp]

[comp-pre]

[comp]

(% v, Ex[(wemw, (call/cc v, vy))] vs)
> (%5 v, Ej[(wemw, (v, (cont v, Ey)))] vs)
where E, # E[(% v, E V)]

(%5 vy D5[E5[(Aw x; e, Wi[((cont v, Do[EJ]) vi)] e:)]] vs)
> (5 v, Doy[Es[(begin e, ((cont v, Dg[EL) vi))]] vs)
where D,[E;]| # E[(% v, E v)], SAMEDWs(D,, Dy),
Ws# E[(% v, EV)],
NOSHARED(E;[(dw x, e, Ws e,)], E,)

(%5 v Do[Ws[((cont v, k) vy)]] vs)

> (5 v, D[Wl(begin e, (dw x; e, ((cont v; k) v2) €2))]] vs)

where D,[W;] # E[(% v, E v)], SAMEDWS(D,, D),
NOSHARED(W;, W,[(dw x; e, Es e,)]),
k = Dg[W,[(Aw x, e, E; e;)]]

% v, Do[Ws[((cont v, D W,]) v)1] vs)
s (5 V) Do [W,[v2]] vs)
where D;[W;] # E[(5 v, E v)], SsMEDWs(D,, Dy),
NOSHARED(W;, W,)

[call/cc]

[cont-post]

[cont-pre]

[cont]

(% v; Ex[(current-marks v, v,)] vs)
~> (5 v, Ez[[[Ez, Vi, (liSt)]]murk\] )
where E, # E[(5 v; E v)]

[marks]

(wemw vy) ~> vy [wem-v]

(wem ((v; v2) o (Vs va) (Vs vs) ..0)
(call/cmvs v, (A () en)

> (wem (v v) . (V3 vy) (Vs ve) -.0) €))

[wem-set]

(wem ((v; v,) ..) (call/cmvs vy (A () e)))) [wem-add]
~> (wem (v, vy) ... (vsvy) e))

where v; & (v, ...)

E/[(u;v,...)] —> E;[(wem () (u; v, ..))] [wem-intro]
where E, # E[(wcmw [1)]
(beginve) ~» ¢ [begin-v]
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Implementation for Racket

Thousands of lines of C
Four stacks: control, value, mark, dynamic-wind

Stacks grouped into meta-continuations

I”

... with a trampoline to handle “tail” jumps
Coarse-grained sharing among continuations

Caches to make current-marks amortized constant time
Shortcuts for continuation jumps that act as aborts

Shortcuts for continuations used to implement threads

Special lightweight continuations for futures

Thousands of lines of hand-crafted Racket code in the test suite

Every bit as fragile as it sounds!

1516-1521



Random Testing

e =ml(wcmwm)
=xlvi(ee..)l(beginee)l (3 eee)l (dwxeee)
s=(1istv.)l(A(x..)e)l(cont vE)|(comp E)

| dynamic-wind | abort | current-marks

| cons lu

m
v

P;grq%:

w=call/cclcall/complcall/cm
=(vv)..)

s=WIW[(dwx e E e)]

u=M| (wemw M)

[11v..We.)l(beginWe)l (S Wee)l (SveW)I(5vWv)
[11E[(dwxe [] e)]
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e =ml(wcmwm)
s=xlvi(ee..)l(beginee)l (3 eee)l (dwxeee)
s=(1istv.)l(A(x..)e)l(cont vE)|(comp E)

| dynamic-wind | abort | current-marks

| cons lu

m
v

p;%mgx

w=call/cclcall/complcall/cm
=(vv)..)
s=WIW[(dwx e E e)]
u=M| (wemw M)

Random Testing

[11v..We.)l(beginWe)l (S Wee)l (SveW)I(5vWv)
[11E[(dwxe [] e)]

\ 4

(% 5

(cons

(call/comp 5 (A (x) 8))
(call/cc 5 (A (x) (x x))))

(A (y) (v)))
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Random Testing

e =ml(wcmwm)
m:i=xlvi(ee.)l(beginee)l (% ece)l(dwxeee)
vi=(listv.)l(A(x..)e)l(cont vE) | (comp E)
| dynamic-wind | abort | current-marks
| cons lu
u:=call/cclcall/complcall/cm
wi=((vv)..)
E:=WIW[(dwxeE e)]
W:i=M|(wcmw M)
M [11v..We.)l(beginWe)l(5Wee)l (BveW)I(5vWv)
D [11E[(dwxe [] e)]

\ 4

(% 5
(cons
(call/comp 5 (A (x) 8))
(call/cc 5 (A (x) (x x)))) ’
A (v) (¥)))
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Random Testing

e =ml(wcmwm)

ma=xlvi(ee..)l(beginee)l (5 eee)l(dwxeee) B vivzvy) A vz [prompt-v]
vi=(listv.)I(A(x..)e) |l (cont vE)I|(comp E) (dynamic-wind (A ) e) (A ) e) (A () es) [dw]
| dynamic-wind | abort | current-marks —~> (begine, (Aw x; e; e; €3))
|cons lu where x; fresh
u=call/cclcall/complcall/cm (AW x e, v, €) ~> (begin e;v) [dw-v]
wi=((vv)..)
E:=WI W[(dW xeE 6)] (5 v, Wil(abort v, vy))] vi) ~> (vsv2) [abort]
Wi=M| (wecmw M) where W, # E[(5 v, E V)]
M:=[]11@v..We.)l(beginWe)l(EWee)l (5veW)l(3vWvy) (dw x, e, Wa(abort v, v)] e) [abort-post]
D:=[]11E[(dwxe []e)] ~> (begin e, (abort v, v))
where W, # E[(% v, E V)]
(% v, Ej[(wemw, (call/comp v, v,))] vs) [call/comp]
‘ ~> (5 v, E[(wem w; (v, (comp E)))] vs)
where E, # E[(5 v, E V)]
((comp W,[(dw x; e, E; e,)]) v)) [comp-pre]
’ ~> [[Wil(begin e, (dw x; ¢ (comp Ex) v)) e)]Jlen
(% 5 (comp W) v)) ~> [[Wilvil Juen [comp]
(cons
(call/comp 5 (A (x) 8))
(call/cec 5 (A (x) (x x)))) ’

(A (y) (v)))
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Random Testing

e =ml(wcmwm)

ma=xlvi(ee..)l(beginee)l (5 eee)l(dwxeee) B vivzvy) A vz [prompt-v]
vi=(listv.)I(A(x..)e) |l (cont vE)I|(comp E) (dynamic-wind (A ) e) (A ) e) (A () es) [dw]
| dynamic-wind | abort | current-marks —~> (begine, (Aw x; e; e; €3))
| conslu where x; fresh
u=call/cclcall/complcall/cm (AW x e, v, €) ~> (begin e;v) [dw-v]
wi=((vv)..)
E:=WIW[(dwxeE e)] (% v; W[(abort v; v,)] vs) ~> (v312) [abort]
Wi=MI|(wcmw M) where W, # E[(% v, E V)]
M:=[11Ww..We.)l(eginWe)l(5 Wee)l (SveW)I(5vWv) (dw x, e, Wa(abort v, v)] e) [abort-post]
D:=[]11E[(dwxe []e)] ~> (begin e, (abort v, v))
where W, # E[(% v, E V)]
(% v, Ej[(wemw, (call/comp v, v,))] vs) [call/comp]
‘ ~> (5 v, E[(wem w; (v, (comp E)))] vs)
where E, # E[(5 v, E V)]
((comp W,[(dw x; e, E; e,)]) v)) [comp-pre]
’ ~> [[Wil(begin e, (dw x; ¢ (comp Ex) v)) e)]Jlen
(% 5 (comp W) v)) ~ [[WilviIJluen [comp]
(cons
(call/comp 5 (A (x) 8)) ‘
(call/cc 5 (A (x) (x x)))) ’ :
A (v) (¥)))

Il
<
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Bugs Found

Inspecting continuation marks from a

dynamic-wind pre-thunk, where the mark is in a
different meta-continuation...
Ob19c6e798b03 1bc191a372135[cd4cb4a43acO

Meta-continuation frame offsets tracked incorrectly in

dynamic-wind stack
e/77917db8c401a7d2154df8fe61058188e27d967

Prompt test for non-composable continuations

incorrectly used for composable continuations
0d3fbbl Ifaal 16c21af8b0400d9963d7ela4b7ef

Ditto, but in dynamic-wind post-thunks
705b1 1f2b8e755065c536fc553d045f25fe679d9

Model: broken substitution and a few missing-case bugs
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Practical Delimited and Composable Continuations

http://www.cs.utah.edu/plt/delim-cont/

delimited continuations dynamic-wind guards
prompt call/cc call/comp dynamic-wind
exceptions

prompt abort call/cm

dynamic binding stack inspection
call/cm current-marks current-marks

0 www.racket-lang.org
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