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An exercise: map



Simple map

(define (map f |)
( cond

[Cnull? 1) " ()]

[else (cons (f (car 1))
(map f (cdr 1)))]))



Simple map, with tests

(define (map £ 1)
(cond
[ (null? 1) ' ()]
[else (cons (f (car 1))
(map £ (cdr 1)))1]))
(check-equal? (map addl '()) '())
(check-equal? (map addl '(1 2 3)) '(2 3 4))



SchemeOs map

(define (mapl f |)
( cond

[(null?2 1) " ()]

[else (cons (f (car 1))
(mapl f (cdr 1)))]))
(define (mapf 11 . Is)
( cond
[(null?  11) null ]
[ else
(cons (apply f (mapl car (cons I1 Is)))
(apply map f (mapl cdr (cons 11 Is))))]))
( check-equal? (map addl "()) '())
( check-equal? (map addl '(1 2 3)) '(2 3 4))
( check-equal? (map + '(1 2 3) '(456)) "(579))



(map (A (x) x) 1)

car: expects argument of type <pair>; given |









SchemeOs map with meager error checking

(define (map f 11 . 1s)
(unless (procedure? f)
(error 'map "expected a procedure"))
(unless (procedure-arity-includes? f (+ (length Is) 1))
(error 'map "bad arity"))
(do-map f (cons 1 Is)))
(define (do-map f Iss )
( cond
[(andmap null? Iss ) null ]
[ (andmap pair? Iss )
(cons (apply f (mapl car Iss ))
(do-map f (mapl cdr Iss )))]
[else (error ''map "bad lists" )]))
(check-equal? (map addl "()) '())
( check-equal? (map addl '(1 2 3)) '(2 3 4))
( check-equal? (map + '(1 2 3) '"(4586)) '(579)
(check-exn #rx"map" (! () (map 1l 2)))
(check-exn #rx'map” (! () (map (! (x) x) 2)))
(check-exn  #rx"map" (! () (map (! (x y) x) (list 2))))
(check-exn  #rx"map" (! () (map (! (x) x) (cons 1 (cons 2 #f)))))



Bad errors are everywhere

Impls. with
Example program good errors
(list->string (list 1)) 62%
(caddr (cons 1 #£f)) 37%
(map (lambda (x y) x) 12%

(list 1))

8 Implementations triedBigloo 3.4a,Chicken 4.3.0,
Gambit4.6.0, Guile 1.8, Ikarus 0.0.3,Larceny v0.97,
PetiteChez8.0, Scheme 48 1.8
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Lessons:

¥ Writing error checking code by hand is error-prone

¥ Mixing the checks into the code makes them hard to
extract for clients

[MeyerO92]
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Contracts warmup



warmup/ep.rkt warmup/clientl.rkt

#lang racket #lang racket
(define (e2p Xx) Xx) (require  "ep.rkt"

( provide/contract (e2p 2)
[e2p (-> even?
positive? ) ])

Introducing the notation, i:
¥ Each box is a module with a blename,

requires,provides,andabody
¥ Provide/contract dictates the contracts

on exportedvariables
¥ Server color scheme on left; client color

schemeon right

)
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warmup/ep.rkt warmup/clientl.rkt

#lang racket #lang racket
(define (e2p x) x) (require "ep.rkt")

(provide/contract (e2p 2)
[e2p (-> even?
positive?)])

Introducing the notation, ii:
¥ The function-> builds an arrow

contract from domainandrange

contracts
¥ Predicates can be used directly as

contracts
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warmup/ep.rkt warmup/clientl.rkt

#lang racket #lang racket
(define (e2p Xx) X) (require  "ep.rkt"

( provide/contract (e2p 2)
[e2p (-> even?
positive? )])

What is the answer?

)
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warmup/ep.rkt

#lang racket
(define (e2p x) x)

(provide/contract
[e2p (-> even?
positive?)])

warmup/clientl.rkt
#lang racket
(require "ep.rkt'")
(e2p 2)
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warmup/ep.rkt warmup/client2.rkt

#lang racket #lang racket
(define (e2p x) x) (require "ep.rkt")

(provide/contract (e2p 1)
[e2p (-> even?
positive?)])

What is the answer?
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warmup/ep.rkt

#lang racket
(define (e2p X) X)

( provide/contract
[e2p (-> even?
positive? ) ])

warmup/ep.rkt:4.2:
(file warmup/client2.rkt)
broke the contract (-> even?

positive?) on e2p; expected
<even?>, given: 1

warmup/client2.rkt
#lang racket

(require  "ep.rkt"
(e2p 1)

)
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warmup/client2.rkt

warmup/ep.rkt
#lang racket

#lang racket

(define (e2p X) X) (require  “"ep.rkt" )

( provide/contract (e2p 1)
[e2p (-> even?
positive? )])

.rkt:4.2:
warmup/ep.r the contract

(file warmup/client2.rkt)
broke the contract (-> even?

positive?) on elp;, expected
<even?>, given: 1

< source loc of
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warmup/client2.rkt
#lang racket

warmup/ep.rkt

#lang racket

(define (e2p X) X) (require  “"ep.rkt" )

(e2p 1)

( provide/contract
[e2p (-> even?
positive? )])

warmup/ep.rkt:4.2: olator of
(file warmup/client2.rkt)  <_ :ﬁ;%g%;;ct
broke the contract (-> even? |

positive?) on elp;, expected
<even?>, given: 1

20



warmup/ep.rkt

#lang racket
(define (e2p Xx) X)

warmup/client2.rkt
#lang racket

(require  "ep.rkt" )
(ez2p 1)

( provide/contract
[e2p (-> even?
positive? )])

warmup/ep.rkt:4.2:

(file warmup/client2.rkt) q ot ¢
broke the contract (-> even? < Sesehiption o

. the violation
positive?) on e2p; expected |
<even?>, given: 1
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warmup/ep.rkt warmup/client3.rkt

#lang racket #lang racket
(define (e2p Xx) X) (require  "ep.rkt"

( provide/contract (e2p -2)
[e2p (-> even?
positive? )])

What is the answer?

)
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warmup/client3.rkt
#lang racket

warmup/ep.rkt
#lang racket

(define (e2p Xx) X) (require  "ep.rkt

( provide/contract (e2p -2)
[e2p (-> even?
positive? )])

warmup/ep.rkt:4.2:
(file warmup/ep.rkt)
broke the contract (-> even?

positive?) on elp;, expected
<positive?>, given: -2
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warmup/ep.rkt warmup/client4.rkt

#lang racket #lang racket
(define (e2p x) x) (require "ep.rkt")

(provide/contract (e2p -1)
[e2p (-> even?
positive?)])

What is the answer?
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warmup/ep.rkt

#lang racket
(define (e2p X) X)

warmup/client4.rkt
#lang racket

( provide/contract
[e2p (-> even?
positive? ) ])

warmup/ep.rkt:4.2:
(file warmup/client4.rkt)

broke the contract (-> even?
positive?) on e2p; expected
<even?>, given. -1

(require  "ep.rkt"
(e2p -1)
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Lessons:

¥ Contracts govern the interaction between
componentsandthus mustcomewith proper blame
assignment

¥ Contracts are optimistic; they insist only that there is
anokayusecontext (comparetypesthat insistevery
context is okay)

[ParnasO72], [MeyerO92]
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Higher-order functions



rout/rout.rkt

#lang racket
( provide/contract

| run-on-user-thread

(= (> ()

#:.pre (eq? (current-thread
user-thread )

any )
void? )])

More notation:
¥ The->* contract packages the arguments between

parensandallowspre- andpost-conditionsplusrest
argumentst other doodads
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rout/rout.rkt

#lang racket

(require  racket/async-channel )

(define ach ( make-async-channel ))
( define  user-thread

(thread (! () (let loop ()
( (async-channel-get

(loop )))))

( define  ( run-on-user-thread thunk )
( async-channel-put ach thunk ))
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rout/rout.rkt

#lang racket

(require  racket/async-channel )

(define ach ( make-async-channel ))
( define  user-thread

(thread (! () (let loop ()
( (async-channel-get ach))

(loop )))))

( define  ( run-on-user-thread thunk )
( async-channel-put ach thunk ))

rout/clientl.rkt

#lang racket _
(require  "rout.rkt" ) What is
( run-on-user-thread the answer?

(! () (read-case-sensitive #f)))
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rout/rout.rkt

#lang racket

(require racket/async-channel)
(define ach (make-async-channel))
(define user-thread

(thread (A () (let loop ()
( (async-channel-get ach))

(loop)))))
(define (run-on-user-thread thunk)

(async-channel-put ach thunk))

rout/clientl.rkt

#lang racket _
Silence:

(require "rout.rkt")
(run-on-user-thread Nno error
(A () (read-case-sensitive #£f)))
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rout/rout-broken.rkt

#lang racket
(provide/contract
[run-on-user-thread
(=> (=>* ()

#:pre (eq? (current-thread)
user-thread)
any)
void?)])
(define (run-on-user-thread thunk) (thunk))
(define user-thread (thread (! () 1)))

rout/client2.rkt

#lang racket |
(require "rout-broken.rkt") What is
(run-on-user-thread the answer?

(! () (read-case-sensitive #f)))
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rout/rout-broken.rkt:3.2:
(file rout/rout-broken.rkt)
broke the contract
(-> (->* () #:pre ... any) void?)
on run-on-user-thread; #:pre violation

Blame rightly falls on rout-broken.rkt
... but it is the argument contract that fails!

How does that work?
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Blame for functions

f . (A? > B?) -> (C? -> D?

Lets abstract for a momenEor each ofA?,
B?, C?, andD?, who should be blamed: or
f Osaller?
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Blame for functions

f . (A? > B?) -> (C? -> D?
f . (A? > B?) x C? -> D?

These two as types are the same, right? Same
for contracts.So, D? is the Pnal result of

andthusf Osesponsibility
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Blame for functions

+
f . (A? > B?) -> (C? -> D?

Lets markD? with a + to indicate this
positionis f Osesponsibility
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Blame for functions

+ +
f . (A? > B?) -> (C? -> D?

When f Ogsrgument is invoked, is the one
Invokingit, so it mustbethatf is responsible
for thoseinputs
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Blame for functions

+ +
f . (A? > B?) -> (C? -> D?
f . (A? -> B?) | C? > D?

Returning to the uncurried versio@? is like
aninput, andthusf OsallerOs responsibility
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Blame for functions

+ - +
f . (A? > B?) -> (C? -> D?

Lets markC? with a- to indicate this
positionis f OsallerOs responsibility
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Blame for functions

+ - - +
f . (A? > B?) -> (C? -> D?

Finally, althoughOsaller is not in direct control when
the argumentfunctionreturns, f Osaller is the one that

chosewhichfunctionto supplyso hasthe ultimate
responsibilityfor that functionOssults
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Blame for functions

+ - - +
f . (A? > B?) -> (C? -> D?

Recognize this pattern? Standard function-space
contravarianceCount how many times you go left of
the arrow. Odd <z callerOs fault; everfunctionOs fault
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Lesson:

¥ Higher-order values complicate the logical boundary
betweenmodulesandthus blameassignment

[Findler,Felleisen002], [Findler,BlumeO06]
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Performance



bt/bt.rkt

#lang racket
(struct node (num left right
(define (bt? x)
(or (node? x) (null? x)))
(define (find bst m
( match Dbst
[ () #]
[ (node n left right
( cond
[(=n m #]
[(>n m
(find left m]
[(<nm
(find right m])]))

(define (unmarshall  port )
(define (marshall bt port )

)

))
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bt/bt.rkt
#lang racket

ru de (num

(
(

(provide/é8££ract
[bt?

(-> any/c boolean?) ]
[node

(-> real? bt? bt? bt?)]

[find

(-> bt? real? boolean?)]
[unmarshall

(-> input-port? bt?)]
[marshall

(-> bt? output-port? void?)])
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bt/bt.rkt
#lang racket

ru de um lef

(
(

(provide/éggiract
[bt?

(-> any/c boolean?) ]
[node

(-> real? bt? bt? bt?)]

[find

(-> bt? real? boolean?)]
[unmarshall

(-> input-port? bt?)]
[marshall

(-> bt? output-port? void?)])

bt/bt-client.rkt

#lang racket
(require "bt.rkt")
(find (node
3
null
(node
-5
(node
4
null
null)
null))
4)




bt/bt.rkt
(struct node (num left right )) (define (find bst m
(define  (bt? x) (match bst
? 2 () #

( provide/co(ntgré’{gt
[ bt?

(-> anyl/c
| node

(-> real?
| find

(-> bt?
[ unmarshall

(-> Input-port?
[ marshall

(-> Dbt? output-port?

boolean? ) |
bt? bt? Dbt? )]
real? boolean? )]

bt? )]

void? )1)

bt/bt-client.rkt

#lang racket
(require  "bt.rkt"
( find

( node
3
null
( node

-5
( node
4
null
null )
null ))
4)

What is
the answer?
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bt/bt.rkt
#lang racket

bt/bt-client.rkt

#lang racket
(require "bt.rkt")
(find

lef

(provide/éggiract
[bt?

(-> any/c boolean?) ]
[node

(-> real? bt? bt? bt?)]

[find
(-> bt? real? boolean?)]
[unmarshall
(-> input-port? bt?)]
[marshall
(-> bt? output-port? void?)])
What is
the answer?
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bt/bt.rkt
(struct node (num left right )) (define (find bst m
(define  (bt? x) (match bst
? 2 () #

( provide/co(ntgrggt

[ bt?

(-> any/c boolean? )]

| node

(> real? Dbt? Dbt? Dbt?)]
| find

(-> Dbt? real? boolean? )]
[ unmarshall

(-> Input-port? bt? ) |

[ marshall

(-> Dbt? output-port? void? )])

bt/bt-client.rkt
#lang racket

( require
( find

"bt.rkt"




The contract violation has gone undected!

... but it isnOt hard to implemenbst? predicate
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bt/bst.rkt

#lang racket
(define (bst/bet? x lo hi)
( match X
[* () #t]
[ (node n left right )
(and
(<= 1lo n hi)
( bst/bet? left lo n)
( bst/bet? rnght n hi))]
[else #f]))
(define (bst? x)
( bst/bet?  x -inf.0 +Iinf.0 ))
( provide/contract
 bt? (-> any/c boolean? )]
'node (-> real? bt? bt? bt?)]
 find (-> bst? real? boolean? )])

bt/bst-client.rkt

#lang racket

( require
"bst.rkt"

(find

What is
the answer?
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bt/bst.rkt:27.2:
(file bt/bst-client.rkt)
broke the contract (-> bst?

real? boolean?) on find,
expected <bst?>, qgiven:
#<node>

... but this contract changes
find Osomplexity from

O(log(n))to O(n)!
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ldea: check lazily, as the program explores the tree

S\,
/N
N\
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Box the portion remaining to check, put bounds on the box
(L)

S\,
/N
N\
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Move the boxes as the data structure is explored

(_! ’3)

A

o

3

(3, +!)

/N

/\
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Discover violations while moving boxes

- ,.3/>/ 3\‘ ,
"/,55\
/N




Implementation:  use wrapper structs and intercept
Peldselectionoperationsto adjustthe wrappers
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1:An unadorned binary search tree

node

Stage ! ,/—J

node | 3

null

null

node

null

null
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2:To add a contract, create a wrapper that records the
boundsandthe partiesto be blamed

node | 5
Stage ! ,/—J
node | 3 | null | null node | 7 | null | null
node-wrap pos | neg

bst(-inf.0,+inf.0)

node | 3 | null | null node | 7 | null | null

Stage ° | node |5




3:When selecting a beld, mutate the wrapper into the
originalstruct andcreatenew wrappersinside

node-wrap pos | neg

bst(-inf.0,+inf.0)

Stage : [node |5

node | 3 | null | null node | 7 | null | null
node-wrap | # | 3
node-wrap pos neg\( node-wrap pos | neg

Stage «
node | 3 | null | null node | 7 | null | null
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4:\When fully explored, all that is left is morphed wrappers

Stage «

Stage ¢

node- wr*lp # |3
node wrap node-wrap

node | 3 | null | null node null | null
node-wrap | # | 5

node-wrap

S

null

null

node-wrap

null

null
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bt/bst-lazy.rkt

#lang racket
(contract-struct node (num left right))
(define (bst/c low high)
(or/c null?
(node/dc
[num (between/c low high) ]

[left (num) (bst/c low num) ]
[right (num) (bst/c num high)])))
(provide/contract
[bt? (-> any/c boolean?)]
[node (-> real? bt? bt? bt?)]
[find (-> (bst/c -inf.0 +inf.0)
real?
(or/c any/c #£))1])
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bt/bst-lazy.rkt:23.2:
(file bt/bst-lazy-client.rkt)
broke the contract
(->
(or/c
(node/dc
(num (between/c -inf.0 +inf.0))
(left ...)
(right ...))
null?)
real?
(or/c any/c #£))
on find; expected <(>=/c 3)>, given: -5
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Lesson:

¥ Some contracts should be checked lazily to avoid
changinghe programQssymptoticcompexity

[Chitil, McNeil, RuncimanO03], [Hinze,Jeuring,L3h,006],
[Guo,Findler,RogersO07]
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Dependent contracts



Reminder: the evolution of contract arrow syntax

First just arguments and results:

(-> ctc-expr
ctc-expr )
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Reminder: the evolution of contract arrow syntax

then pre- and post-conditions (plus other dodads we don't need):

(->* (ctc-expr ...)
#:pre bool-expr
ctc-expr

# :post bool-expr)
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Reminder: the evolution of contract arrow syntax

Pnally, dependent contracts:

(->1 (Jarg-id (id ...) ctc-expr ...
#:pre (id ...) bool-expr
[res-id (id ...) ctc-expr |

#:post (id ...) bool-expr )
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iIndy/ctc.rkt

#lang racket
(require  ( planet cce/fasttest:3/random ))
(provide derivic )
(define  deriv/c
(-=>1 ([f () (> real? real? )]
[T () real? ])
[(fp () (-> real? real? )]
#:post (f ! fp)
(forfand  ([1 (in-range 0 100)])
(define x (random-number ))
(define slope (/ (- (f (+ x 0.01))
(f (- x 0.01)))
(* 2 0.01)))

(<= (abs (- slope (fp x))) 1))))
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indy/deriv.rkt

#lang racket
(require  "ctc.rkt”
( provide/contract

[ deriv  derivic ])

(define (deriv f I)
(" (x)
(/ (- (f (+x1))
(t (- x1)))
(*21))))

,,,,,,,,,

‘‘‘‘‘‘‘‘‘‘‘‘‘

indy/client.rkt

#lang racket
( require "deriv.rkt"

(define  2x

(deriv. sqr 0.01))
(2x 20)

What Is
the answer?
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indy/deriv.rkt:4.2:
(file indy/ctc.rkt)
broke the contract

(->i
((£ () ...) ¢ () ...))
(fp () ...)
#:post
(f! £p)
.)

on deriv, expected <real?>, given:
-0.9015191986644407+13.5641025641025641

wwwww
he answer?




iIndy/ctc.rkt

#lang racket
(require  ( planet cce/fasttest:3/random ))
(provide derivic )
(define  deriv/c
(-=>1 ([f () (> real? real? )]
[T () real? ])
[(fp () (-> real? real? )]
#:post (f ! fp)
(forfand  ([1 (in-range 0 100)])
(define x (random-number ))
(define slope (/ (- (f (+ x 0.01))
(f (- x 0.01)))
(* 2 0.01)))

(<= (abs (- slope (fp x))) 1))))




Lesson:

¥ Contracts are code too, and thus can crash

[Findler,Felleisen002], [Ou, Tan,Mandelbaum,WalkerO04],
[Blume,McAllesterO04Greenberg,Pierce, Weirich,010]
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Overall lessons

Thinking hard about blame claribPes contract checking

Each new aspect of a programming language demands its
own form of contract checking
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Thank you

Thanks also tiAmal AhmedMatthias BlumeChristos
Dimoulas Matthias FelleiseMatthew Flatt,Shu-yu Guo,
Mario LatendresseJacob Matthew#nne Rogers,

JeremySiek,Stevie Stricklandsam Tobin-Hochstadand
PhilWadler.
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