rduttOtml PrrmnLnu JHi bu

2

Itdto7

1toaaatagag8 1gaato9 1AtoaooIoato9

Sxpeon11

2ao11

211 unit tgto12 212 int ttg12 213 float toatgo12 214 char taa13 215 string aattg13 216 bool toaa14 2oo14 2at15 2ooto16

aaeanucon17 3to18

31oatto20 31Rto20 31Hgoto21 3aaa22

Baatteahn25 4Iotat28 4ata29

upeanoyoph31 5o31

51atto32 51oaootagag33 534 5Lt36 non39

6Uaaat40 6Uaaoat41 6aaat42 6ooto44

eon47

codyanSde�ec51 8Ro51

81Iatoat52 81aaa53 8R54

82atto55 8Aatg56 8tatoao57

841 while o57 842 for o58

InpuanOutpu59 9oao59 9taaaoa61 9aaato61 9t62 963 1eoaontanPoga65 10gat66

101aato66 101taato67 10Iato67

102to68 102tto68 10oga69 10otga70

104t\ao71 104oooo71 10Ug open toaa73 105otaot open 74 10Dggoga75

1ThOaduSte79 11gat80 11tt81

112Agga82 11to83

113Uto85 113aotat86 113Atatotao87

1ThOaecSyte89 12aot89

121a89 121ao90 121t91 121aatao92 12oo93 12Ita94

123tta95 123Vta97 12398 123agor typecase 99 12toao103

6 NN

hap Iducn

attotogagot ta( a ogaagagoINRI35a aot( eaagage aoagagom taagaggRo197otL( gc oopabcos to2

aaaatoaLa aatotogottt ttaoaotatoLaaat ta � a unctonal agagatatoaaataatottoaaag ttottoatoaoattt toatattatataotaaas oAgtatttaatagtaof taoattta agagoJa.

� tongyed atatoaaa

oogaaotogaat ata sae t\gogaoan gatoat.

� Rattog ynence tot oogaogtagagtog atatogaataoatogatotat

� t oyophc ataotte ogataooaoaoatago atatttaattaaota toaIagagoJatogao tttaooa(tof gtooatgoa)ooto att � a patteatng ataaaa aattto

� a duytem taaatttto a absac t cos , aatotaato attoaot

� aatoaatatot

an oecytem aotot oaotttatatatoatot ttaa

� aotaots epaatcopaton atoaaooat oogaaata oa bede otaotota atttaa avede ota oaaat

� otaotoatagagta

a oaeatcs ataogaaat atatoatogaaagatta aa uncnanaanu

agaga secoal tatooga totagagagat

oaaatagagagot ooattaatgag /* Determinthgreaescommodivisootwpositive numberanbassuma>b. */ ingcd(inainb) { inr;

while(b{ b;

12ANIZIN 9 r; } returb; } Iagagtagotoataoa ogattaaoaotoga taaoaotogatatgaaaotoa tatataogoattatgoa

Iaagooato tatatat let oa tot rec ottoat gcd b otagts a a b.

leregc=

lemoin

ithen b else gcr ILgaaagotoI/ toaogaoototaata e se (o)ataatttt

aottatoaootoal ogagaataatttataas aagtoa(ta hadg ttat). aatoataotatt taataoaata oag anzan

ogaaa segde togaaI oaataaaoaaa taaaaoaatogag agagootata taaoat

ddnaSucInan

aogaoooot toaatoataaat http://www.cs.caltechedu/courses/cs134/cs134b .

aa3aaotaoage http://www.ocaml.org/ .

atoaaat jyh@cs.caltech.edu .

hap Sppns

atoaogatatoga taaaaagagooaot tootaattatttaa otaooattooa ocaml. tooto( #)aaoaatta ttotootato oon ;; aa kenai .

<kena113>ocaml

ObjectivCamversio2.04 4;; in5 # toott e ot(ta int ata5).

ttoootoaaaotoD Uaoto).

apns

aa sogd agagoa ooooaoaot aoNoaottof o eee 1gotoo

aa unit , int , char , float , bool a string .

hn a unit otaot: () . tatItoaagagton taooataoat ottIoott void h int togg � 2;� 1;0;1;2 on t32aattto3t(o ott)ao64attto 6t ataootg + (ato), - (tato * (tato), / (o)a mod (a)Iatota toataaoatootataoot

� i lsl jogat i �2^j .

� i lsr jogagt i � 2^j (i taaago o). � i asl jatt i �2^j .

� i asr jatgt i � 2^j (tgof i

� i land ja

� i lor jo

� i lxor jo

h an-u

oatgoatoataooatg otaotoao(a10otan goaotHaa

022731415926314159261

tgatoato dook toatoa oooatoato +. tato -. t ato *. ao /. aaoto int of float a float of int .

<kena114>!! ocaml

ObjectivCamversio2.04

21AIXRNS 13

31.415926e-1;; floa3.1415926 float_of_in1;; floa1 int_of_floa1.2;; in1 3.141592*17.2;; floa54.03539272

hhaac

aattaaaotAatt. taoaatotago

’a’’Z’’\120’’\t’’\r’’\n’

aato dcal o ’\120’ tAat ’x’ ot ’P’ .

atootaatatg ton Char.code ttgootaat a Char.chr ttaatttgA Char.lowercase a Char.uppercase togtaor aaat

haacn

aattgatUtgaattga oaoaatto ’\000’ ataoaat

String.length toottgtotgtaor tgooaatttt \ddd ta

"Hello"world\00inoterminator\n"""

^ oatootoatao

"Hell"world\00Noterminator\n";; strin"Hellwold\000Noterminator\n" Printf.print"%s(Hell"world\000Noterminator\n");; HellworldNotermiator uni()

gaaaoa s.[i] oatogtaat i om tg saoa s.[i<c aaat i g s a at c.

haau

aooaa true a false atota oaaLogagaoot not totaa aatotaaoaaoattoal

� x = ya

� : x oato y

� : x tan y

� = y: x otan y

� = y: x tan y

� : x gatan y

atooatoaof aba ota tattoaoaoooaoot tatatot.

ogaoatoaa &&otoa || tootoaoa\ottotoaot aattatoaoa toota3 > oaat(ao atotaat).

|4;; bootrue

aotoaoator if b then e_1 else e_2.

ithen 7 else 4;; in10

pnucde

Iotooooatt .ml ao ocamlc ota ocamlopt otataatogttat oogagato ccooon taoaoatooott otago

23HAYY 15

� og ocaml--c file .ml

file .cmo ocamlopt oga file .cmx -g ooggoatotot

� ogtatga ocamlc t t .cmo Noaooat -o program file oottot(ta a.out )oaou toga x.cmo a y.cmotoao

<kena165>ocaml-prograx.cmy.cmo <kena166>./program ... agg ocamldebug taoatoogaago gdboototoago aa back oagaotto hOa agaga sc Iatooaat oIotaaagagaooa oaotttoaoot. Loaagagto(otat aogatatataottaat oaattaotLaa sae agagot.

a\aoatoaotoatoal atotogagagaaattoat aogaaaoaaaoatoA oaagaatagaata oaaaLgaaoaat t(ooagotaL ao aagaaotaaa

Aoaaotaootgttta taoogaatotaat toooIogo ogaaogIoaagtta atatooogataaa

Itaaoaog.

1oaao

2aoaatoootga

(aaatta vae otaato (aato(toat7),

(otat (t. ototaottata\oa" agta(atogtaattal unit ). gtotoatotoao

<kena229>ca-x.ml

ithen 1 else 1.3 <kena230>ocaml-x.l Fil"x.ml"lin4chracter3-6: Thiexpressiohatypfloabuiherusewittypint

oagattttoon 4aat3(ton 1.3 )otoaoaat tttItt true aattataat toaIgatottgota ottgIataotaot otoata(tatatao attttot)to 1 a 1.3 t tgatao

ott else aootoaI ottotoatata else at () a oao <kena236>ca-y.ml

ithen 1 <kena237>ocaml-y.l Fil"y.ml"lin2chracter3-4: Thiexpressiohatypinbuiherusewittypunit

Itaton 1 aggaoaot aatott else a cn Iaotaoatg (* a *) aot tatotatata

hap aabanuncns

aoooooaa ILaaa aes oaItoattgot otttaaataao

aagattt let otaoa oaatoao

let name = expr

oatoaa x a y aa togttgaor z.

le1;; vain1 le2;; vain2 ley;; vain3

Dtog let aatt in o

let name = expr1 in expr2

on exp2 a dy ot let aa ae ataof exp1 ttItootoor ae taa ae o t exp2 aot exp1 (or a). Lttaotaoa let ota ot lein

lein y;; in3 le= lein lein y;; vain3

sac (aogtotaotoa aataotaatot let toor taaaaootottooto tot lein

lein lein y;; in6 ataof z toto

le1;; vain1 le= lein lein x;; vain8 x;; in1 uncns

toatt fun o fun o oaataatagt -> aatoattof ttoattoaot ad ILtoaa aotottaaagtaato agtLatataa let .

leincfu-1;; vaincin-in<fun>

Nott in-int otto -> oa coe . otatottoagtat atatot incr totaatg agtatatg aotoaato(toaoataot tootagtotoaato gtaooatoataoagttaaot o inc2;; in3 inc3;; in9 inc(3);; in7 toattagoaa toototgaao

lesufu-j;; vasuin-in-in<fun> su4;; in7 Nott e or sum: in-in-int aaattt gttoat int-(in-int) a sum a totatagtgagtattoata aotgagaatgtagato tagagttagtoat as esd tota\g"aaao ogaagaaotgattaooogaagag)toof sumaattog tto lesu(fu-fu-j));; vasuin-in-in<fun>

aatoof sumtooaga\ataaato"

leincsu1;; vaincin-in<fun> inc5;; in6 atoaooaaatattax ooa let tooaaaottoa tattttoaota

lesu= j;; vasuin-in-in<fun>

Scpnannuncns

toataaaaas agtootatgtaoaa tt|ot toaatoaaot sum ao

lesu=

lesum= j in sum2;;

vasuin-in-in<fun> su4;; in7 tattotototo

le5;; vain5 leadd= j;; vaaddin-in<fun> le7;; vain7 add3;; va8 It addi totaof i totoof i a5otoof i ottoor addi a taatoof addi ttagt8.

Rcuuncns

oatotatota ttoIoaagagot toaogoat\totaot x^i oao lerepowe=

ithen 1.0 else

*(powe(1x); vapowein-floa-floa<fun> powe2.0;; floa32

Nottot rec att let oNoat to not totot.

lepower_broke=

(float_of_ini+x; vapower_brokein-floa-floa<fun> lepower_broke=

ithen 1.0 else

*(power_broke(1x);; vapower_brokein-floa-floa<fun> power_broke2.0;; floa12

tato(totaaoaota t and otoal let to

lere=

ithen j else (1) an= imothen j else

(1j;; vain-in-i<fun> vain-in<fn> 5;; in3 hduncns

Ltootoaaagtaa ottotaataton f ota aataatao

led1e-10;; vadfloa1e-10 lederi=

(fu-((+dx-x/dx);; vaderi(floa-loat-floa-floa<fun>

Rtaaattgtaott

(floa-float-(foa-float) ataa toataoaaagtatto

Ltattt power toaaaatt ag3.

lepowe3;; vafloa-floa<fun> 10.0;; floa1000 lefderif;; vaffloa-floa<fun> f10.0;; floa300.00023795 f5.0;; floa75.000059492 f1.0;; floa3.0000002482

Aotatof x^3 aat3 x^2g oata deriv too f’ .

lef’derif’;; vaf’floa-floa<fun> f’0.0;; floa6e-10 f’1.0;; floa0 f’10.0;; floa0

oatot6 xot aoaoDotoaogato aoo le3.**x;; vafloa-floa<fun> legderig;; vagfloa-floa<fun> g1.0;; floa6.0000004964 g10.0;; floa59.999933911

aabna

Aoottotot ’ aata aataaaIgaaaaotat (a)gtat ’ a aatt ut g

32ARIALNA 23

tattooaataott a t Iaoaatotoato +-*/... aaaaoaooa otatoatoo totatottDota

le(+)

an(-(+) an(/) an(/(-);;

vain-in-n<fun> vain-in-n<fun> vain-in-n<fun> vain-in-n<fun> 1;; in15

Nottat * oatoatat aoooooath (* ath *) .

toooatoaootor aogataatto ttattoaoIaa oatooataoatoot power otto

le*powx;; va*floa-infloa<fun> 10.*5;; floa100000

24 HA3ARIALANUNINS

hap aaMahng

ooatota aechg to toaaaattatot match oatogao

match expr with a_1 -> expr_1 j a_2 -> expr_2 . . j a_n -> expr_n

A ae aoaootataaatattattaagtaaaottoog atagt.

oaoaatat atgoaat fib fib 1, aoaotata i, fib i = fib (i � 1 fib (i � 2).

lerefi=

matcwith -0 -1 -fi(2f(1);;

vafiin-in<fun> fi1;; in1 fi2;; in1 fi3;; in2 fi6;; in8 Ittagt i oaagatotaa1If totaattta iaatttaa jataagttata j taot aotagtat fi(2fi(1) ot tta Nottataaata bdg ata otootaaoatoa ogotaaaotg taattooaotoaa

lezer0;; leon1;; lerefi=

matcwith zer-zero on-one -fi(2fi(1);;

Warningthimatccasiunused. Warningthimatccasiunused. vafiin-infun> fi1;; in1 fi10;; in10 fi2002;; in2002

gaooatgtoa match on attoatooogaa aatatotatat function o(taof fun )A function toa fun g agattat fib tog function as o lerefifunction -0 -1 -fi(1fi(2);;

vafiin-infun> fi1;; in1 fi6;; in8 attaatatota aattgaoaaIatotatt h vaabes aogoaotor atattttototo

leis_uppercasfnction

’A’B’C’D’E’F’G’H’ ’I’J’K’L’M’N’O’P’ ’Q’R’S’T’U’V’W’X’ ’Y’Z->

true -> false;;

vais_uppercascha-boo<fun> is_uppercas’M’;; bootrue is_uppercas’m’;; boofalse

Iatot a tttoaaaa at ages c_{1 2} c_1 a c_2 aaaotat

leis_uppercasfnction

’A.’Z-true -false;;

vais_uppercascha-boo<fun> is_uppercas’M’;; bootrue is_uppercas’m’;; boofalse

Nottatataa c ttoata\a" attaaoaaataato false aotoottaa aattoa atgo aataatttaatatIoaao aao is uppercase toooa tt leis_uppercasfnction

’A.’Z-true -false;;

vais_uppercascha-boo<fun> is_uppercas’M’;; bootrue is_uppercas’m’;; boofalse

Incpah

ogoaoaaataaooor aaaotaat is uppercase to leis_uppercasfuction

’A.’Z-true;; Character19-49: Warningthipattern-mtchininoexhaustive. Heriaexamplovaluthainomatched: ’a’ vais_uppercascha-boo<fun>

aoatooaoaoatatt atattatataggaat oatAatoattaao|ao aa is uppercase totoaaat

is_uppercas’M’;; bootrue is_uppercas’m’;; UncaughexceptionMath_failure(""1949)

AgaaattIatattoat aan exepon (oaooat7)It attoataaoaao(att ata).

ott hhopegs! ogat agooogaoAoaoga tagoatogattaoIn oaotttgotooat oototatot is odd toaatogat

leis_od=

matcmowith -false -true;;

Character18-69: Warningthipattern-mtchininoexhaustive. Heriaexamplovaluthainomatched: 2 vais_odin-boo<fun> is_od3;; bootrue is_od12;; boofalse

42RNARVYHRE 29

H dot goagIoootaog tgo a toag|otaaogtao oaooogaoaataor ooataataaaoaa Invalid argument ogotoItatg agtattaotaaou agatatot ase otto

leis_od=

matcmowith

-false -true -rais(Invalid_rgumen"is_odd");;

vais_odin-bo<fun> is_od3;; bootrue is_od(-1);; UncaughexceptionInalid_argument("is_odd")

anah

Ioooatotatta a tg at let a fun ottogaoa ao let patt = expr let nampatt patt = expr fun patt -> expr

atotatatattata at(ot () at)Hta ttaoat

leis_onfu-true;; Character13-26: Warningthipattern-atchininoexhaustive. Heriaexamplovaluthainomatched: 0 vais_onin-bo<fun> leis_ontrue;; Character11-19: Warningthipattern-atchininoexhaustive. Heriaexamplovaluthainomatched: 0 vais_onin-bo<fun> is_on1;;

bootrue is_on2;; UncaughexceptionMath_failure(""1119) leis_uni(true; vais_uniuni-bo<fun> is_uni();; bootrue

hap upLand ph Itaattoo oaattgoaaaagage aaot|aataat atooattoooo aaattaoogaotaaa atttato aggges .

aoagggtot o(aataggooaaooaaIn taoatattat oat6aaoat8 tt ph totaaoattt oophsm a gag aaeoophsm aaat aaoatttoa tgto

leidentitx;; vaidentit’-’<fun> identit1;; in1 identit"Hello";; strin"Hello" vabes aatgot( ’)A aatan aba g identit’-’a tat identity totaaagooata ’a atota ’a It identity toa tan int tan int ata string ta string identity toaattoagt

lesuc1;; vasucin-in<fun> identitsucc;; in-in<fun> (identitsucc2;; in3 Itat (identitsucc) ot succ ton taato 2 tt 3.

aucn

aaat identity ta oophc to

leidentityidenttidentity;; vaidentity’_-_<fun> identity1;; in1 identity’;; in-in<fun> identity"Hello";; Character10-17: Thiexpressiohatypstring buiherusewittpint

toatNottagt identity’_-’_a aa ’_a aan oaatat identity’ totaan agof soe ataotaoof ooat identity’ tot t ’_a agt int t identity’ toaog attg.

ot vaescon oaott ooaaataotaaa ttoaaaataatoa aatoaato identitidentity a ot a ata( identitidentity oaa to identity ).

oatgaotattot eaexason , ttatoatagtttto tat identity’ toaatagt

51YRHI 33

leidentity(ientitidentityx;; vaidentity’-<fun> identity1;; in1 identity"Hello";; strin"Hello"

oof identity’ otaao ooatttoIoa tattoatao totooatoal agagtat8.

pahanu

ooatoILgttoan taoooooagaga aatttoooa

inint_identity(ini) { returi; } struccomplefloarealfloaimag};

struccomplecomplexidentity(struccomplex) { returx; } Aoooo oveadg (aa adhc oo oaaatotta tatoatottaoa tototagtoaJo aaatooaoo (ottat + oatoaaoa).

clasAdde{

statiinAdd(ininj{

returj; } statifloaAdd(flaxfloay{

retury; } statiStrinAdd(Srins1Strins2{

returs1.concat(s2);

} } on Adder.Add(57) oaatto 12ton Adder.Add("Hell""wold") oaattg "Hellworld" .

a ot oagaoaaao taatot ad oaat atoaot +tooatooton gaoatgoaaototog add too in-in-int or floa-floa-float ?

lead= y;; otoooatto o ta ot add toootgaaotooaoa oattoattt ooa hat oo

oaootootaoaaao ttaogaIooooat ogatt hch oototaaao ootattota\atgs^1. up atagggatoottot oatatotototooaof atataotooaat oaoatotaotaa tg. le1"Hello;; vainstrin1"Hello"

toota * oto ootItatota instring .

a doscd attatgtaotat atot let , match, fun or function oat tatotataa x a yga let o

lexp;; vain1 vastrin"Helo"

1 srsirrrlsrstt risiilisrliirstiilrrstillirittitil + t r!

52UL 35

to fst a snd ttoooa ao lefs(x_x;; vafs’’-’<fun> lesn(_yy;; vasn’’-’<fun> fsp;; in1 snp;; strin"Hello"

atttoagoatNo tattoaoo fst a snd toaa taoa ’’b ; fst tao ’a a snd t ao ’b .

aattoottoa ta le1"Hello".7;; vainstrinfloa1"Hello"2.7 lefst(x__x;; vafst’’’-’<fun> fstt;; in1 Notatatatag saos o oataof x a y.

le1;; vain1 le"Hello";; vastrin"Hell" lexyx;; vastrin"Hell" vain1

toototaataoaoa taoootoat oaaoatoataoat

lemake_coorxy;; vamake_coor’-’-’’<fun> lex_of_coorfst; vax_of_coor’-’<fun> ley_of_coorsnd; vay_of_coor’-’<fun>

Hottoaaat togotaooooaoatRo aat8.

(NameHeightPhonSalar*)

lejaso("Jason".25"626-395-6568"50.0);; vajasostrinflastrinfloa= lename_of_entr(nae___name;; vaname_of_entr’’’’-’<fun>

"Jason"6.25"626-39-6568"50 name_of_entrjason;; strin"Jason"

Ltataogaota oaotaaottot [] o tat e_1 e_2 o os oon e_1 ottt e_2.

le"Hello:"Wrld:[];; vastrinlis[Hello""World"]

ata e_1; ;e_n aatattaototag taot e_{1 n} .

taototto t list list oa aaeezd An inlist otatg a strinlist otatgaan ’list otag too ’a (atttta).

Ltaottattatgoaa toaaatan inlist .

leresufunction [-0 :-sul;;

vasuinlis-i<fun> su[1234];; in10

toaootota x t l oao

lereme=

matcwith [-false :-|mel;;

53LI 37

vame’-’lis-boo<fun> me[173];; boofalse me"do["I’m""afaid""I""can’t"; "do""that""Dave"];;

bootrue

toaaaga ’a att t ’list .

taaao List.map ao

leremafuncion

[-[] :-:al;; vama(’-’b-’lis-’lis<fun> masuc[1234;; inlis[235]

maptota con o ’-’b (tagt taao ’a atao ’b )aotag to ’a Ia ’list at

mapf [v_1; ;v_{n 1}; ;_n ]:

Ltaootoaoaato List aotaao List.assoc tot taot.

leentr=

[("name""Jason"); ("height""63’’"); ("phone""626-395-656"); ("salary""$50")];;

vaentr(strintringlis=

["name""Jason""heght""63’’"; "phone""626-345-9692"salary""$50"] List.asso"phoneetry;; strin"626-395-568"

Nottatoaattotatat ooaatttott.

38 HA5ULLIANYRHI

hap nns Dooaa aggos or vaaos ato aogaootof ases oatar oataatotataat eor or aves otattoao ’a Iatoatot type oaotaaat ’a oo typ’btre=

Nodo’’btre’btree Leaf;;

typ’btreNodo’’btre’btreLeaf

aot btree ataaato oaton ’btree aaaattaa(t | aat). aaaaaaooaoaagth aattItatotto ’btree a tto Node taao ’a o ’btree ago ’btree .

a( Node a Leaf aa oscos o ttoaatotat ct att oot Node ottootoo (’’btre’btee-’btree otaaoa oaottoagtaa

Leaf;; ’btreLeaf Nod(1LeafLeaf); inbtreNod(LeafLeaf) Node;;

ThconstructoNodexectargument(s), buiherapplietargument(s)

aoag oof taaan toattagoatotao totoao ’btree oas o lerecardinalitfunction

Lea-0 Nod(_leftright->

cardinalitlefcarinalitrigh1;; vacardinalit’bte-in<fun> cardinalit(Nod(1Nod(2LeafLeaf)Leaf));; in2 baancbna

totattoaa ttatoao ’a .

a Leaf aat sat Node ta Leaf ata s atg

leemptLeaf;; vaempt’btreeaf leinserNod(xLeafs);; vainser’-’bre-’btre<fun> lereset_of_lisfunction

[-empty :-inser(st_of_lisl);;

vaset_of_lis’li-’btre<fun> leset_of_lis[571113];; vainbtre=

Node (3Leaf, Nod(5Leaf, Nod(7Leaf, Nod(11LeafNod(3LeafLeaf)))))

totoottat x otta Node a x taor x tt ogt leremefuncton

Lea-false Nod(yleftright->

62UNAANDRDRDINAR 41

|melefmeright;; vame’-’btr-boo<fun> me1s;; bootrue me1s;; boofalse

baancdddbna

ottaattatoot oato O(n) n aaottatgt

odeg tttaaatog: oato Nod(xleftright) atat aatan xaatatgaagan xo atataatttoto

lereinserfnction

Lea-Nod(xLeafLeaf) Nod(yleftright-> ithen

Nod(yinserleftright) elsithen

Nod(yleftinserright) else

Nod(yleftright);; vainser’-’tre-’btre<fun> lereset_of_lisfunction

[-empty :-inser(et_of_lisl);;

vaset_of_lis’ls-’btre<fun> leset_of_lis759113];; vainbtre=

Node (3Leaf, Nod(11,

Nod(9,

Nod(5LeafNod(LeafLeaf))Leaf)Leaf))

NottattoooaatI atotaaaatat taotga

ottoataaatagotog ta leremefuncion

Lea-false

Nod(yleftright->

ithen

meleft elsithen meright els(*)

true;; vame’-’btre-boo<fun> mes;; bootrue mes;; bootrue me1s;; boofalse

ooto O(l l taal ottt insert toogaataagt ot O(n)oa

aancd-ba

ooaaaoattatooot tatooaataatto taaaaataaattatg.

toatatooattaa 4Rataat Redor Black taotto aaaaata

1aooa

2Aoaa

3atotoaataoaas oat 4oaa

atgaataagato aaaaatototaataof atogataoaoaotat

toaattaaat ta/aa

typcolo= Red Black

63ALARDLR 43

typ’btre=

Nodocolo’btr’’btree Leaf

toaatot

leremefunctin

Lea-false Nod(_ayb-> ithemea elsithemeb elstrue

insert toatataattoan oatatottt Ioatta Red aato aa3oaaaat Red a Red tItat balance togatt Red aat lebalancfunctin

BlackNod(RedNodRedaxb)yc)z->

Nod(RedNod(Blacaxb)yNod(Blackczd)) BlackNod(RedaxNod(Redbyc))z->

Nod(RedNod(Blacaxb)yNod(Blackczd)) BlackaxNod(RdNod(Redbyc)zd->

Nod(RedNod(Blacaxb)yNod(Blackczd)) BlackaxNod(RdbyNod(Redczd)->

Nod(RedNod(Blacaxb)yNod(Blackczd)) abc->

Nod(abcd)

leinser=

lereinfunction Lea-Nod(RedLefxLeaf) Nod(colorayba-> ithebalanc(colorinayb) elsithebaanc(colorayinb) elss in matcinwit(uaranteetbnon-empt*) Nod(_ayb-od(Blackayb) Lea-rais(Invald_argumen"insert");;

vabalanccolobtre’’btre-’btre<fun> vainser’-’tre-’btre<fun>

Nottoatt balance to balance totatta color o btree aaat aataootaaooatooaat (t Red )ataatatto aag.

ogaotoaoaoatott attot O( ) balance totaotat tatat insert a memtootta O( ).

leemptLeaf;; vaempt’btreeaf lereset_of_lisfunction

[-empty :-inser(st_of_lisl);;

vaset_of_lis’li-’btre<fun> leset_of_lis[95711];; vainbtre=

Node (BlackNod(BlackNo(RedLeaf3Leaf)5Leaf)7, Nod(BlackNod(RdLeaf9Leaf)11Leaf)) mes;; bootrue mes;; boofalse

Scbu-unns

otaaaaot oaao(t true a false oatat aatat).

typboo=

true false typbootrufase

aoagatotatt [] a :: taaat^1.

typ’lis[:o’’list;; typ’lis[:o’’list

Atogaggtotaaa ot NIataaagtaaoaIta tt ’option ta

1 ttiriisi.tiitititrlll .tirtrstrrr.

64UIIUNINS 45

typ’optio=

None Somo’a;;

typ’optioNonSomo’a

None attNIat Some a aoaa

46 HA6UNINS

hap cpns

toaaaotoattgao ototototoaoatt oaotaototttotat oaotattooatogh tttoa

togaogaatattoa otatoaagagIU/oaota t -1 oaa 0 ottttth oataotoatoo Ita Unix ttataatooa atogoaooIot t setjmp/longjmp taatoaa toot List.assoc to ao lereassokeunction

(kv:-> ikethen v else

assokel [-> raisNot_found;;

vaasso’-(’’blis-’<fun> le[1"Hello"2"World"];; va(instringlis[1"Hello"2"World"] assol;; strin"World" assol;;

48 HA7INS

UncaughexceptionNotfound "Helloassol;; strin"HelloWorl" "Helloassol;; UncaughexceptionNotfound

Ita assol totaa tIoa assol t 3 ott, atton Not_found atoa atooaao

toaatt exception oattaas taoaottoatootoa att raise to

exceptioAboroinstring;; exceptioAboroinstring rais(Abor(1"GNinoUnix"));; UncaughexceptionAbot(1"GNinoUnix")

toataoaa match atatt try otaao

try e with p 1 -> e 1 j p 2 -> e 2 . . j p n -> e n

e aatIoaaotat atot try tatttatoag aatoof ettoatagatatt p_1p_n If tattttoat p_iton e_i aat atatattatto oagattttoa

tr"Helloasswith

Abor(is-s Not_foun-"Not_ound";;

strin"HelloWrld" tr"Helloassowith

Abor(is-s Not_foun-"Not_ound";;

strin"Not_fond" tr"Helloassowith

Abor(is-s;; Uncaughexceptionot_found toaaaagotooaot atoat

typ’btre=

Nodo’btre’’btree Leaf;;

typ’btreNodo’btre’’btreLeaf

ota replace totaaat ton replacs oaa x th y t sor aton Not_found taot.

lerereplacfunction

Lea-raisNot_foud Nod(leftzright->

leleftmod_lef= trreplaclefttruwith

Not_foun-leftfase in lerightmod_righ= trreplacrighttruwith

Not_foun-rightflse in ithen

Nod(leftyright) elsimod_lef|md_righthen Nod(leftxright) else

raisNot_found;; vareplac’-’-’btre-’btre<fun>

Ittotagta modleft a modright agatooa tat Not_found oa

50 HA7INS

hap Rcdand Sd-c

Itattaataoa oaattaAaa toottoatatata oatotoooaaott aa Rcds

oaotooaoatata ootooaaaat ooaaas labetype taan tagtattoaooa tooataatoat52.

typdb_entr=

namstring;

heighfloat; phonstring; salarfloat };; typdb_entrnamestringheightfloat; phonestringsalaryloa}

taoaattatota as labeexpr Haaataat

lejaso= nam"Jason";

heigh6.25; phon"626-395-6568; salar50.0 };; vajasodb_entr=

{name="Jason"height=.25; phone="626-395-6568"slary=50}

atatotooaton r.l tta l o r.

jason.height;; floa6.25 jason.phone;; strin"626-395-668"

attataatatoo taoattoatotaaaa at labepatt NoaottNottat otaa n a h t ght ota ot lenamnheighjason;; vastrin"Jason" vafloa6.25

toaatoatotaoooth aottaooaatt with oto

ledavjasowinam"Dave"heigh5.};; vadavdb_entr=

{name="Dave"height=59phone="626-395-6568"salary=50} jason;; db_entr{name="Json"height=6.25; phone="626-395-6568"salary=50}

Iacuda

Roaaagtt ohoes dcaaabe taott mutable o otaoaataaa oatotao

typdb_entr=

namstring;

81RRDS 53

heighfloat; phonstring; mutablsalarflot };; typdb_entr=

namestring;

heightfloat; phonestring; mutablsalaryfloa} lejaso=

nam"Jason";

heigh6.25; phon"626-395-6568"; salar50.0 };; vajasodb_entr=

{name="Jason"height6.25phone="626-395-6568"salary=50}

taoat r.labe<expr aat tg jason aototatt.

jason.salar<150.;; uni() jason;; db_entr{name="ason"height=6.25; phone="626-395-6568"salary=150}

Notatagattttaoaa () atatoaatA toaataotoooagttt ot. ledavjasowtnam"Dave};; vadavdb_entr=

{name="Dave"height=.25phone="626-395-6568"salary=150} dave.salar<180.0; uni() dave;; db_entr{name="ave"height=6.25; phone="626-395-6568"salary=180} jason;; db_entr{name="ason"height=6.25; phone="626-395-6568"salary=150}

Fnpace

otaoaaotooaa otaottaottaaIou oogaaotoaoto

typrecnamtringheighfloa};; typrecnamestrngheightfloa}

lejasonamJason"heigh6.2};; vajasorec{nam="Jason"height=6.25}

typrecnamtringphonstrin};; typrecnamestrngphonestrin}

ledavnam"ave"phon"626-395-6568};; vadavrec{name"Dave"phone="626-395-6568"}

jason.name;; Character0-5: Thiexpressiohatyprecbuiherusewittyprec2

dave.name;; strin"Dave"

lebonam"Bb"heigh5.7};; Character10-41: Thlabeheighbelongtthtyprec1 buihermixewitabelotyprec2

Itat name atottogal rec1.name aotaoataa ao rec1 aototao rec1 I ttaaaaaa a11. Rnc aaa ever taHaooog aogataaoota aattt ref to

lere1;; vainre{contnts=1}

’ref gaotot oaoatoaoto

typ’remutablcontent’}

Dt ! oatoaagt := oao

82RRN 55

!i;; in1;; :17;; uni() !i;; in17

Dogot ! oatooan g. leflaretrue;; vaflaboorecontents=true} i!flatheels2;; in1 otttad i!flathe... attt flag a ot ta ! oatoot * oato

aucn

Atoto511taatat oao\oottotaao aattaaoatatooo ooaotataatatta gaa lereNone;; va’_optiore{contents=None} leone_sho=

matc!with Non-> :Somy; y Som-> z;; vaone_sho’_-_<fun> one_sho1;; in1 one_shot;; vaone_shoin-n<fun> one_sho2;; in1 one_sho"Hello";; Character9-16: Thiexpressiohatystrinbuiherusewittypint

attotaoottta atootatottottaaa aaottaaatoaato ot aaottaoato t x a one shot aaaoooatota ’_a at ann AatooaAoaa aaaaotat Aaattt je_1; ;e_n j taataaof gth n tattaototo e_{1 n} .

le[|1357|;; vainarra[|1357|]

aatt a.(i) ottoAtaom 0Aao

a.(0);; in1 a.(1);; in3 a.(5);; UncaughexceptionInvlid_argument("Array.get")

aattt a.(i<e agtatt.

a.(2<9;; uni() a;; inarra[|1397|]

Array aatoatooaA oaagtaattt Array.create to gtataagt Array.length to totta

leArray.creat1;; vainarra[|1111111111|] Array.lengta;; in10

Array.blit toatotttom oataot blit toagtto atatotattaoatatoto tatoaatotto

84UNIAXUIANLING 57

Array.bli[34|2;; uni() a;; inarra[|1114511111|]

Iatgaoaaoaataa atoatottax s.[i] a s.[i<c .

le"Jason";; vastrin"Jaso" s.[2];; cha’s’ s.[3<’y’;; uni() s;; strin"Jasyn"

String atoatot String.length a String.blit totaaatoo g Array oato String.create tooan taIattataott

String.creat10;; strin"\000\011000\000,\200\027@\000\000" String.creat10;; strin"\196\181027@\001\000\000\000\000\000"

Suacanpng

tatootoaagag|ota aaatIaatagagagag atatotot

tatotoooatoon e_1;e_2 aat e_1at( e_1 oaat)aa at e_2Nottatooa seaor (aaa)oa eaor (a)oaon e_1 o unit Aatag ignor’-unit toan oaataoa

aooaa for oaa while o while tat ps while oattax while e_1 do e_2 doneon e_1 t bool a while oaatton e_1 aat tIat while otatt e_2 aata toaataga

Haata x aa a.

learray_me=

leleArray.lengtin leflarefalsin lerein

whil!flafals&!ledo ia.(!ithen fla:true; :!1 done; !flag;;

vaarray_me’-’arra-boo<fun> array_me[356|];; bootrue array_me[356|];; boofalse p for tattagotgaoo toaottaotoatoas o for v = e_1 to e_2 do e_3 done for v = e_1 downto e_2 do e_3 done for oaate e_1 a e_2 int to oaatt e_3 oaof v otom e_1 to e_2at downto oaattoaoom e_1 to e_2Note tataa e_2 cdd taato

oootan a(togoat).

learray_me=

leflarefalsin

fotArray.lentdo ia.(ithen fla:true done; !flag;;

vaarray_me’-’arra-boo<fun> array_me[356|];; bootrue array_me[356|];; boofalse

hap InpuanOuput

/aaaa Unix atat toootaUtaItat aotaat/to

I/aatt in_channel to aoaataaat out_channel aI/O aaatattI/a oaoaooottaoatoon tott.

ogatattataoot taatoU

vastdiin_channel vastdouout_channl vastderout_channl

Fnnancng

aotoaot open_out too ottataat open_out_bin oot aatatoataoUa oott open_out tootaton taato(atttato)t open_out_bin totatatatttoa t Sys_error otaoottan out_channel .

aooattto open_in a open_in_bin .

vaopen_oustrinout_channel vaopen_out_bistri-out_channel vaopen_istrin-in_channel vaopen_in_bistrin-in_channel

open_out_gen a open_in_gen toatoo otatogtoaago open_flag taattot typopen_fla=

Open_rdonlOpen_wonlOpen_append Open_creaOpen_trnOpen_excl Open_binarOpen_txOpen_nonblock oottato Oen ony ooag Oen ony ootg Oen apend ooag Oen ceat attot Oen tunc taats Oen excl taats Oen bnay oa(oo) Oen text ot(ooo) Oen nobk oo

open in gen a open out gen to vaopen_in_geopn_flalis-in-strin-in_channel. vaopen_out_geoen_flalis-in-strin-out_channl.

open_flalist tott int ag tUtatttatt string agt taot

ooato close_out a close_in otaIou ogtotgaagotoaoooH gattotaaaoaoth t. vaclose_ouout_hanne-unit vaclose_iin_chnne-unit

92RIANRADINALUHANNL 61

nanadnauhann

aatooatan out_channel output_char gaattaat output_string tataatttta output toa ttotttat int agtatot ttgatgottg.

vaoutput_chaout_hanne-cha-unit vaoutput_strinou_channe-strin-unit vaoutpuout_chann-strin-in-in-unit

toagtt input_char toaa gaatat input_line toaatag ttao input toatton End_of_file totaottaoa

vainput_chain_chnne-char vainput_linin_chnne-string vainpuin_channe-strin-in-in-int

aaatooaataaaoa aoaoaotataton otaaoataataooa output_byte a input_byte tot/ata output_binary_int a input binary int tot/agt ga output_value a input_value tot/aataa aoaaNoa input_value tot aoata ’a aaottot aath input_value agatotataat th output_value Ittooao oogagatgtatoat.

vaoutput_bytout_hanne-in-unit vaoutput_binary_inout_channe-in-unit vaoutput_valuoutchanne-’-unit vainput_bytin_chnne-int vainput_binary_inin_channe-int vainput_valuin_canne-’a

hannanpuan

Itaoaaatotaa toot seek_out a seek_in toagt oo pos_out a pos_in totot t out_channel_length a in_channel_length ttotal oaatt vaseek_ouout_chane-in-unit vapos_ouout_chann-int vaout_channel_lengtout_channe-int vaseek_iin_channe-in-unit vapos_iin_channe-int vain_channel_lengtin_channe-int

Iotaottaaaotof ttoot set_binary_mode_out a set_binary_mode_in toaat

vaset_binary_mode_ouout_channe-boo-unit vaset_binary_mode_iin_channe-boo-unit

ao bed I/aaatoan out_channel aoattttoottg ott flush to

vaflusout_channe-unit

gatooI/aoaaaa a printf toatt printf U/toa ta Printf gaog fprintf .

vafprintfout_channe-(’aout_channelunitforma-’a

Dooootato format tttaoatgoaage oatgoatota otaatg i atg s.

fprintstdou"Numbe%dStrin%s\ns

tagottoaatof toatatagtoaaatoat ttttatog fprintf tootaa float , int a string agt.

lefprintstdou"Floa%gIn%dStrin%s\n";; Floavafloa-in-strin-uni<fun>

oaatoooogttatoa oaagtatagtaoot ato o oatgagtgal

95RINRS 63

u oatgagtgal x oatgagtgaaatt X oatgagtgaaatt s tat c aaagt f ooatgoagtaotatot ddddddd o ooagoagtaotatot dddd edd (ataot) oG ooatgoagtaotao f or e, E (ooat) b ooaagtttg true or false a tIaagtatott

otaattoagtagt to out_channe-’-uit ato oa ’b otttotot totof fprintf atot.

t aaataooag(t out_channe-unit ) aattt out_channel .

% taaaoto %aat

Printf aaatoatoog ottaaa printf tota stdout , a eprintf ton stderr . leprintfprintsdout leeprintfprinttderr

sprintf toaaoaatoas printf t ttotttattt. vasprintf(’aunitstringforma-’a

Snbu

Buffer att gatotatattoaot

Buffer.t absact atattaton otoaatt Buffer.create to typ(Abstractypostrinbuffer*) vacreatuni-t

aatotatatot contents tottototatg length totttotaoaattot clear a reset tototttat reset ao aatttatoagto

vacontent-strng valengt-int vaclea-unit varese-unit

aaatotaatt add_char toaaatttott add_string ton atttotttaan add_substring toto aaotg add_buffer toaottof aoat add_channel aoaaat tt vaadd_cha-cha-unit vaadd_strin-srin-unit vaadd_substrin-strin-in-in-unit vaadd_buffe--unit vaadd_channe-n_channe-in-unit

output_buffer toatttottot tan out_channel .

vaoutput_buffeoutchanne--unit

Printf aoatott bprintf toaa printf oatgaoatotta

vabprintfBuffer.-(’aBuffer.tunitforma-’a

hap Fpan ana

otooga dahdg g eaps aon An absacdae (ADogataat ato(aa ehds taoatotaaAADas ata sgae (or eae taataattt ataan peeaon taottatoof toatgattatoaa ttADtogtttgat

aaaatADtaatg ogattogat(a des )toga attaIaaaatgo taoaa

ottatoooga ogaotgtotoaatot togttatooa agtoattototoga(aoat oott).

aa dssem taaattotof aatoaatgIataogaatas aataaa opao atoogA gatotaa .mli ttaat o .mli tgataato t .ml

Snau

Iagatotatotoaaoor tatttott tatat6attt otaaaaatoaato

gataotatat

1Dat

2tot

3taatooattat t otattgatoat aaatoottooatottt toaotoatotaot con otattttooot atattotoaaan aoataotato fset.mli .

atttotatan empty ta memtoaan insert ttoo tgataotattog to (Thabstractyposet*) typ’t

(Emptse*) vaempt’t

(Membershifunctio) vame’-’-bool

(Insertioifunctioa*) vainser’-’-’t

dcaans

aatogatat asae or absact An ataaatoatogttoa taaaatotto

otattaaon typ’t ataat toIattoo totogattottttto oatotatNotttatatooo aattaa ’a .

102ILNINS 67

Atatootaaotao toogaoattt aattatogtoaaton tga typ’=

Nodo’’’t Leaf

ooatattttot ogaootattotata ttoaoaaotat tagttatoat(atoa)I ootaatotaat aatttoatatao aatoatattoaag tattataoItto ooootoatottaoa taatatota

Mhdcaans

aaoatoaataa toogaot Fset ttat empty, mema insert tgatgotato ot Ioottat o tttotogam Itottatotto atttatoaatotoga

Ipans

tatoa .ml ttaaaas tgatatootaattaoota otattgat

1Dat

2tot

3tto

tottaaaot gattootgt

d�nns

Ittatotogoaott gattatoaot attttatotoot tato

ot Fset ttatatooaa atottoot Red a Black aatttot

typcolo= Red Black

typ’=

Nodocolo’’t Leaf

color att ’t gtoor tataaaton typ’t tga

Mhd�nns

Ittatotaotta tgat empty tat Leaf tt t leemptLeaf

memtoat taoaaaa

leremefunction

Lea-false Nod(_ayb>

ithemea elsithemeb elstrue

t insert ttotatal insert toaaotton balance tat aaaottotato balance toatoatgat

lebalancfunction

BlackNod(RedNodRedaxb)yc)z-> Nod(RedNod(Blackaxb)yNod(Blackczd)) BlackNod(RedxNod(Redbyc))z->

103UILNRAM 69

Nod(RedNod(Blackaxb)yNod(Blackczd)) BlackaxNod(RedNod(Redbyc)zd-> Nod(RedNod(Blackaxb)yNod(Blackczd)) BlackaxNod(RedbyNod(Redczd)-> Nod(RedNod(Blackaxb)yNod(Blackczd)) abc->

Nod(abcd)

leinser=

lereinfunction

Lea-Nod(RedLeaxLeaf) Nod(colorayba->

ithebalanc(olorinayb) elsithebalac(colorayinb) elss in matcinwit(garanteetbnon-empt*)

Nod(_ayb-No(Blackayb) Lea-rais(Invlid_argumen"insert")

udnpam

oaotataot taotttt apazd aor at empty aaotta Fset.empty .

Ltaotttt Fset tatoa ogataoatgItt ottaottooagtat taaatogataaot at test.ml .

Test oatoatao att test.mli o Test tatoo otatoa

1tot

2aom stdin

3taatt

4age 5at taa loop t leloo(=

lesereFset.emptin try whiltrudo

output_strinstdou"set"; flusstdout; lelininput_listdiin

iFset.melin!sethen Printf.print"%ialreadithset\nline else

Printf.print"%adetthset\nline; se:Fset.inserln!set done with End_of_fil-> () leloo()

atgtotttatt End_of_file oaatotaIta tootto leloo() .

le... tagttaatata tooAotaotat ;; taoattat () ot loop to

pnhpam

otogaatttotg ocamlc agof ocamlc ccNoatao aatattagatot, ttato

ot fset tgataotog oa ocaml-fset.mli

Itaotgata fset.cmi .

taoaottooa

ocaml-fset.ml ocaml-test.ml

104ILNHRAM 71

Itttot fset.cmo a test.cmo .

atotogat ocamlc oaao

ocaml-tesfset.mtest.cmo

aot .cmo ttoga ototatataoto tt eoe tItootot gao ocaml-testest.mfset.cmo Errowhillinkintet.cmoReferenctundefinegloba‘Fset’ Exi2

togaat.

./test sethello helladdetthset setworld worladdetthset sethello hellialreadithset setx addetthset setworld worlialreadithset

Whh\anuncn?

Uogaaogao\ maintoan aogaaaattattogaa aattootogaotaa ttoaaotaataotaat

let loo() tatt test.ml aaaat t loop tooataotaoo ttoga Sc a .ml otooattato tgat .cmi Itooattga oaotot yeo oaoatooagtt Fset.insert totatagt.

leinser= ... ogaoottof tataattao

ocaml-fset.ml Thimplementatiofsetmdoenomatcthinterfacfset.cmi: Valuednomatch:

vainser’-’-’t inoincludein

vainser’-’-’t Exi2

nde�ntoeo

Aooootatgatot tatooaoaan add tattaan insert tItaott aottattao

ocaml-fset.ml Thimplementatiofsetmdoenomatcthinterfacfset.cmi: Thfiel‘insertirquirebunoprovided Exi2

yde�ntoateo

sae totgataaaaot tottaooatotot toor typ’t tatatot tatoot fset.mli ootatoto

typcolor

typ’=

Nodocolo’’t Leaf

Nottatoor color t toot ’t toor color taat oatat.

Nootottottatoor ’t at Leaf ottot.

105UING OPENXNA 73

typcolor

typ’=

Leaf Nodocolo’’’t

otoaott at ocaml-fset.mli ocaml-fset.ml Thimplementatiofse.mdoenomatcthinterfacfset.cmi: Typdeclarationdnmatch:

typ’Nodocolo’’’Leaf inoincludein

typ’Leaodocolo’’’t Exi2

opdeenceo

oaototatotta tataoattatatao oaoatt fset.mli aoa t test.ml (ogtot fset.ml )o too ocaml-fset.mli ocaml-test.ml ocaml-tesfset.mtest.cmo Filetest.cmanfse.cmmakinconsistent assumptionoveinteracFset Exi2

Itatotttaotoo tataotatoota Fset ta t fset.cmi atoatattaaat oof fset.ml or test.cmo togao ooatatototoa

ng napace

Uta Module name. method name tttta agto open Module name tatato \otaatoaaor toatoat test.ml a oat open tattot Printf a Fset

opePrintf opeFset

leloo(=

lesereemptin try whiltrudo

output_strinstdou"st"; flusstdout; lelininput_linsdiin imelin!sethn print"%ialreaithset\nline else

print"%addetthset\nline; se:inserlinset done with End_of_fil-> () leloo()

ott opentaaIta t a tan open tatttaoao aa(oto Module name. name taoaaata ataan open tatt.

naut

attof openIgaaao oatoooaoataot taoat Fset a List ota memtoIt Test o atooogatat memoto Fset.mem , ot List.mem .

Igaoo open tatagAoaattof ttoto open oota Array , List , a String aot( create oon aAooo ever open t Unix, Obja Marshal totaootoaata atataotao(ota tU grep oaatata Unix to a).

oot open tatoan #include tat Aato mod.ml ooan opeMod tatt oooooa .mli atatttg t open t\ttot .ml tatoot o|ttatoatatot aaatoaatt tatoooaaatotga

bunp

ocamldebug ogaatogaoth ocamlc ocamldebug ogatttU gdb ogat aaottaoaott ttggaogaaaaa

ocamldebug togaott -g ag.

ocaml--fset.mli ocaml--fset.ml ocaml--test.ml ocaml-tes-fst.cmtest.cmo

ggotogatggon t ocamldebug oa

ocamldebu./test ObjectivCamDebuggeversio2.04

(ocdhelp Lisocommand: ccompletpwdirectrkilhelquirureversstep backstegotfinisnxstarpreviouprindisplasource breadeletseshonfframbacktracbudowlast lisload_printeinstll_printeremove_printer

(ocd)

aaoaaaaoaa run , step , next , break , list , print a goto .

n aoottootoga

badneum aoo e d- e . t taottoot.

pexpr taoaooaa

gote tootogaatttatom

0ataoatggtt t goto oatottot tota pevos tt

tep oaot

next Itatttoaattoa

totottggttoott toaott

oggt test ogattt aot loop totat2t Test attoatotto

(ocdbreaTes28 Loadinprogram..done. Breakpoina2447filTestlin2colum4 (ocdrun Timp2447modulTest Breakpoin1 2<|b|>lesereFset.emptin (ocdn Timp2448modulTest 2<|b|>try (ocdset sestrinFset.re{contents=Fset.Leaf}

Nttaoattaao ottaot.

(ocdlist 2leloo(= 2lesereFse.emptin 2<|b|>try 3whiltruo 3output_srinstdou"set"; 3flusstout; 3lelininput_linstdiin 3iFst.melin!sethen 3Prntf.print"%ialreadithset\nlie 3else 3Prntf.print"%addetthset\nline; 3se:Fset.inserlin!set 3done (ocdbrea34

Breakpoina2460filTestlin3colum40 (ocdrun sethello Tim2p2460modulTest Breakpoin2 3<|b|iFset.melin!sethen (ocdline linstrin"hello"

togataatootoaa ataot line aaLota tatta

(ocdn Tim2p2462modulTest 3iFet.melin!set<|a|then (ocdn Tim2p2467modulTest 3<b|>Printf.print"%addetthset\nlie; (ocdn Tim13p2470modulTest 3Pintf.print"%addetthset\nline<|a>; (ocdn Tim14p2472modulTest 3seFset.inserlin!set<|a|> (ocdn Tim14p2450modulTest 3<|b|>ouput_strinstdou"set"; (ocdset sestrinFset.re=

{contents=Fset.Nod(abstr>Fset.Leaf"hello"Fset.Leaf)} (ocd)

atoNtoatga t Fset.mem toagatt 22 (tto t Fset.mem toa)a step oatto tto (ocdgot22 sethello Tim2p2460modulTest Breakpoin7 3<|b|iFset.melin!sethen (ocds Tim2p2286modulFset 3Lea-<|b|>fale (ocds

Tim2p2462modulTest 3iFst.melin!set<|a|then (ocd)

Nottagattogaotagaoan ttt ocamldebug atggtaoooga(tU fork() ta)tttggatt ogaotoootttItat oataooto input_line atogam toaota

ttt Fset.mem totat a(t Leaf aaotoag tatoaaaototot atotggttatoaota aa

hap hOaMduS

oaotta1aototo aagatan attt module oaat tt sgaes , sces a cos .

gatootgta .mli a ttootatoa .ml ooaoatoaaoo a .mli togag gatattttata tgat

atagaataotaton oaat6tttatoof tt(aaoaaat)Atof ttatoaattt sae gat Aottatoaottaan tatoott

ataggatttto agogaoootootaat tttogaooat tatotoaot\aatoaoa protected aatooJtttogaoot, gatagtttatotaag tat).

atatoor aaeezsces tototaottgt agtotgattatoof tt Itototatot tottatoott

Mdunu

gatata modultype aato

modultype ae sig sgae end

aotgatgtaattgaaotaaotttaaata .mli aotog.

� type aato

� exception to

� tatot val o

� open tatttoaaoaotgat

� include tatttatottoaotga

� tgataato

gataatatatoota toogataato|a .mli gat t sae gatat .ml

ottagatoaatoor tataatoot empty, mema insert t otatttatoot ot modultypFsetSi= sig typ’t vaempt’t vame’-’bool vainser’-’-’t end;;

modultypFsetSi= sig typ’t vaempt’t vame’-’-bool vainser’-’-’t end include tatatatgattat exeds atgaoaootgat otttaa delete totaot ttttgatottot delete aato include tatotoatoata

112DLUUR 81

modultypFsetDSi= sig includFset vadelet’-’-’t end;;

modultypFsetDSi= sig typ’t vaempt’t vame’-’-bool vainser’-’-’t vadelet’-’-’t end Mduucu

ttatt module o

module ae struct eeaon end

agat ae gtaat eeaon attaatottoa .ml Ia aotog.

� type to

� exception to

� tot let o

� open tatttoaaoaot

� include tatttatottoaot

� gataato

� tttto

Ltttttaaata(totto o balance a insert toagto1022).

modulFse=

struct typcolo= Red Black

typ’=

Nodocolo’’’t Leaf

leemptLeaf

leremefunctin

Lea-false Nod(_ayb-> ithemea elsithemeb elstrue

lebalanc...

leinser... end;;

modulFse: sig typcoloRelack an’Nodoolo’’’Leaf vaempt’t vame’-’bool vabalanccolo’’’-’t vainser’-’-’t end Fset.empty;; ’Fset.Fset.Lef Fset.balance;; Fset.colo’Fse.’’Fset.-’Fset.<fun>

nnnau

Notatagatagtttto a ot atottttoo color a ’t aat balance toooa aggattttotaa : otoo

module ae : gae struct peeaon end

Ittaatag FsetSig gattt

modulFseFsetSi=

struct

typcolo= Red

Black

typ’=

Nodocolo’’’t Leaf

leemptLeaf lereme... lebalanc... leinser...

end;; modulFseFsetSig Fset.empty;; ’Fset.<abstr> Fset.balance;; Character0-12: UnbounvaluFset.balnce

agtgatttoor ’t o absact , at balance toogottto un ottatootta tot < oaooatotoaatt toot < oatotatoaoa taotaa

toaooaoto taattatooat otoa cos toa con o ttoagtato att functor oooooatate ta module ae functor (gae : gg) -> struct peeaon end module a(g : gg) = struct peeaon end

otataagttat elt otaoaoton compare t compare totootoa

� a gave tagatao

� zeo agtaa

� a osve tagagtao

modultypEltSi= sig typelt vacomparel-el-int end tgat FsetSig at elt Notatogoo oot modultypFsetSi= sig typelt typt

vaemptt vameel--bol vainserel--t end Nttatoatotaton ttoot elt at mem a insert totaotoaoon om Elt .

modulMakeFse(ElEltSig=

struct

typelElt.elt typcolo... typ=

Nodocoloet Leaf

leemptLeaf

leremefuncton Lea-false Nod(_ayb-> leElt.comparin ithemea elsithemeb elstrue

lebalanc...

leinser=

lereinfunction Lea-Nod(RedLefxLeaf) Nod(colorayba-> leElt.comparin

ithebalanc(colorinayb) elsithebaanc(colorayinb) elss in matcinwit(uaranteetbnon-empt*) Nod(_ayb-od(Blackayb) Lea-rais(Invali_argumen"insert") end;;

modulMakeFse:

functor(ElEltSig-> sig typelElt.elt ancoloReBlak anNodocoloelLeaf vaemptt vameElt.el-bool vabalanccoloel-t vainserel--t end Nottaggtttoaan ag Elt tgat EltSig tta ttatotoa otat :

modulMakeFse(ElEltSigFsetSi=

struct

typelElt.elt typcolo... typ... leempt... lereme... lebalanc... leinser...

end;; modulMakeFsefuncor(ElEltSig-FsetSig

nunc

o se tttoto app t tatt EltSig gatLtoao toototgoaototagtoa modulIn=

struct

typelint lecompar=

ithen -1 elsithen 1 els(*) 0 end;;

modulInsitypeinvacomparin-in-inend Int.compar5;; in-1

sot gt Int tgat EltSig It EltSig gatt elt absact tataof tata elt ooott compare to atoo

modulInt(InltSig);; modulIntEltSig Int’.compar5;; Character13-14: ThiexpressiohatypinbuiherusewittypInt’.elt

toataagtttax Functor name (Arg name)totgat MakeFset tott Int

modulIntSeMkeFse(Int);; modulIntSe: sig typelMakeFset(It).elt anMakeFset(Int)t vaemptt vameel--bool vainserel--t end IntSet.empty;; IntSet.<absr>

Nottoor elt a t oaatt.

Shancna

Ittatt IntSet ataagat otatatot elt aan absact t FsetSig gataotatof ts elt aaaootto tatagt Int as int .

IntSet.inserIntSt.empty;; Character14-15: Thiexpressiohatyinbuiherusewittype

IntSet.elMakeFsetInt).elt

toaatot FsetSig aatottttt ototaotaottor tatat elt tot sae as t elt agt. ph ootataa shaoas aga aot MakeFset to\ata elt otats aaa wittype otatgato toot MakeFset toao

modulMakeFse(ElEltSig)

FsetSiwittyplElt.el= struct

typelElt.elt typcolo... typ... leempt... lereme... lebalanc... leinser...

end;; modulMakeFse:

functor(ElEltSig-> sig typelElt.elt ant vaemptt vameel--bol vainserel--t end tootoato t IntSet gooottotg

modulIntSeMakeFe(Int);;

modulIntSe: sig typelInt.elt anMakeFset(Int)t vaemptt vameel--bool vainserel--t end IntSet.empty;; IntSet.<abstr> opeIntSet;; leinser(insr(inserempty));; vaIntSet.<absr> mes;; bootrue mes;; boofalse

hap hOaOcS

aottaata aotataatotaaaga aoataaotagagoJa, attaatoH aaotaotaoatogat a hbac

aotooota aotagagtotota es aas a expesos aaataataaate ottatottaot aagatoaaataaooot aottoaattt new o a aa clastype totaoa aatoao

clastype ae object dcaaos end

ae oaogtattoa oaatoaaotog.

� Itattt inherit o

� aatt val o

� tatt method o

� otatatt constraint o

tattotttaoaoaa ooaaooottta totootot.

aoototo get toton ototaaotto set totootota areset tottottog

clastyppoint_typ=

object

methogeint methosein-unt methoreseunit end;;

clastyppoint_typobject

methogeint methosein-nit methoreseunit end apns

aogttooataoaa ot class o

object eeaon end

tatoaaotog.

� att val o

� tt method o

� otattt constraint o

� Itatt initializer o

aaot point type ataof ttatotta pos tatotootot get tot t pos aat move toaaototo

claspoin=

object

vamutablpo0 methogepos

121HAIJY 91

methosepospo<pos’ methoresepo<0 end;;

claspoinobject

vamutablpoint methogeint methoreseunit methosein-unt end po<pooff a sdeect taof pos at atoagt.

Nottat pos vsbe tagtoa taotat.

claspoinpoint_yp=

object vamutablpo0 methogepos methosepospo<pos’ methoresepo<0 end;;

claspoinpoint_tye

aoatattooa aoaoaatataaat tatatataaot. Oc tataatoat newot toaat # oato

lenepoint;; vapoin<obj> p#get;; in0 p#se7;; uni() p#get;; in7 lepnepoint;; vappoin<obj> p2#get;; in0

aazcapns

aoaaataa fun oor aoattaotootoaan agttao

clasmake_point_clas(initial_point=

object

vamutablpoinital_pos methogepos methosepospopos’ methoresepo<0 end;;

clasmake_point_clasin->

object

vamutablpoint methogeint methoreseunit methosein-unit end ttatagt initial pos tan int ot tooooaaaato

claspointmake_pint_clas7;; claspointmake_poit_class lenepoint7;; vapoint<obj> p#get;; in7 p#reset;; uni() p#get;; in0 aataaa let toto oaat pos oota ta clasmake_point_clas(initial_point=

leporeinitial_oin object

methoge!pos methosepospopos’ methoresepo:0 end;;

clasmake_point_clasin->

122YRHI 93

object

methogeint methoreseunit methosein-unit end ot class tooaatta|aa aoatatotA point oaatoo

lepnepoint7;; vappoint<obj> lepnepoint7;; vappoint<obj> p1#se5;; uni() p2#get;; in7 ph aaoataaooo aotaata make_point_class If ootatoagtgo taoooataataa at class o

clas[’amake_ref_el(’a=

object vamutablcontentx methogecontents methoseconten<x end;;

clas[’amake_ref_ce: ’-> object vamutablcontent’a methoge’a methose’-nit end clasint_re[intmake_ref_cel0;; clasint_re[intake_ref_cell leneint_ref;; vaint_re<obj> p#se7;; uni() p#get;;

in7 classtring_re[sringmake_ref_cel"";; classtring_re[strngmake_ref_cell lenestring_re;; vastring_re<oj> s#se"Hello";; uni() s#get;; strin"Hello"

Inhance

Itaaattooao t point ataa move ttat oatot move ta get a set tatatta se at (t this ooJa

aatatt object oa movable point t inherit ott point ato

clasmovable_poin=

objec(self)

inheripoint methomovof= self#se(self#geof) end;;

clasmovable_poin:

object

methogeint methomovin-nit methoreseunit methosein-uit end lenemovable_pint;; vamovable_poin<obj> p#se7;; uni() p#get;; in7 p#mov5;; uni() p#get;; in12

Mupnhance

aaatoaoa toataaaoo color aa toa typcoloBlacReGreeBlue;; typcoloBlacReGreeBlue clascolo=

object

vamutablcoloBack methoget_colocoor methoset_colocolocolo<color’ methoresecoloBlack end;;

clascolo:

object

vamutablcoloolor methoget_coloclor methoreseunit methoset_coloclo-unit end lenecolor;; vacolo<obj> c#set_coloGreen;; uni() c#get_color;; coloGreen

ooo inherit otatta ttaaota

clascolored_poin=

object

inheripoint inhericolor end;;

Character63-74: Warningthfollowinethodaroverriden

bthinheriteclasreset clascolored_poin:

object

vamutablcoloolor methogeint methoget_coloclor methoreseunit methosein-nit methoset_colocoo-unit end lecnecolored_oint;; vaccolored_poin<obj> cp#get;; in0 cp#get_color;;

Nottatoaagtoot at point a color oh ta reset ttooo

cp#se7;; uni() cp#set_coloRed;; uni() cp#reset;; uni() cp#get;; in7 cp#get_color;; coloBlack

Aatoot ast toott oootooooa oh t point a color reset to colored_point ttto ttaotoaot inherit aato

clascolored_poin=

object

inheripoinap inhericoloac methorese= p#reset; c#reset end;;

Character64-69: Warningthfollowinethodaroverridebthinheriteclas:

reset clascolored_poin:

object

vamutablcoloolor vamutablpoint methogeint methoget_coloclor methoreseunit methosein-nit methoset_coloclo-unit end lecnecoloredpoint;; vaccolored_poin<obj> cp#se5;; uni() cp#set_coloRed;; uni() cp#reset;; uni() cp#get;; in0 cp#get_color;; coloBlack

otaagtt reset toot

uahds

Vtatatotottatootor toaoaoaoat t movettoatoto ttata movable_point ao point aAotogataate movable ataan otataatatt get a set taaas virtual aa tatat(t get a set tao).

clasvirtuamovabl=

objec(self) methovirtuagent methovirtuasen-unit methomovof=

self#se(self#geff) end;;

clasvirtuamovabl:

object

methovirtuageint methomovin-unit methovirtuasein-unit end lenemovable;; Character8-19: Oncannocreatinstnceothvirtuaclasmovable

Ntatta movable_point oa ta clasmovable_poin=

object

inheripoint inherimovable end;;

clasmovable_poin:

object

vamutablpoint methogeint methomovin-unit methoreseunit methosein-nit end lenemovable_pint;; vamovable_poin<obj> p#se7;; uni() p#mov5;; uni() p#get;; in12

Nottaa virtual taoatatas a virtual aatoIt virtual aatoatat taaIaatatal ta virtual aatoatatt toott

Sucang

inherit aatoatoataaIn aaoataoaotatoo aatt :> oatoo atootatotoatto

le(ccoloredpoin:point);; vapoin<obj> p#get;; in0 p#get_color;; Character0-1: Thiexpressiohatyppoint Ihanmethoget_coor

Itaataot

le(c:point;; vapoin<obj>

Iaotataataa taoa\aooootot t set a set color t

clastypread_onlypoin=

object methogeint methoget_colocoor end;;

clastypread_only_pin=

object

methogeint methoget_colocolr end lero_(ccolred_poin:read_only_point);; varo_funny_poin<obj> ro_p#get;; in0 ro_p#get_color;; coloRed ro_p#se5;; Character0-4: Thiexpressiohatyread_only_point Ihanmethoset

Sucan

Iatoaoaota(to \aoatoor instanceof atJa)ota oa colored_point ta point toooaor ot colored_point .

ooaatootta

ba toaotoao taaatooot point_equal tootaoIotot point aot taotot point_equal toot true Iota colored_points ataotoaoooa true to false .

Hattotat point_equal to poin-poin-bol atoo ooaIago point att ataa colored_point ?

atoo\toaa attaan exepon tttataa att typecase a unit (ttt to) point att typecase tao

clastyppoint_typ=

object

methogeint methosein-unt methoreseunit methotypecasunit end;;

clastyppoint_typ=

object

methogeint methoreseunit methosein-nit methotypecasunt end exceptioPoinopont_type;; exceptioPoinopoin_type claspoin=

objec(self)

vamutablpo0 methogepos methosepospopos’ methoresepo<0 methotypecasrais(Poin(sel:point_type)) end;; claspoin:

object

vamutablpoint methogeint methoreseunit methosein-nit methotypecasunt end typecase tat Point oNotat self aatto point_type .

o colored_point oaoatot tooootatto

clastypcolored_pont_typ=

object

inheripoint inhericolor end;;

clastypcolored_poit_typ=

object

vamutablcoloolor vamutablpoint methogeint methoget_coloclor methoreseunit methosein-nit methoset_coloclo-unit methotypecasunt end exceptioColoredPoiocolored_point_type;; exceptioColoredPoinocolored_point_type

Nttaat typecase t

clascolored_poin=

objec(self) inheripoinap inhericoloac methorese=

p#reset; c#reset methotypecas= rais(ColoredPoin(sl:colored_point_type)) end;;

Character77-82: Warningthfollowinmethodaroverridebthinheriteclas:

reset clascolored_poin:

object

vamutablcolocolor vamutablpoit methogeint methoget_coloolor methoreseunit methosein-unit methoset_coloolo-unit methotypecasuit end Nt typecase tattaoa ot. lepnepoint;; vappoin<obj> lepnecolored_oint;; vapcolored_poin<obj> lep(p:point;; vappoin<obj> p1#typecase;; UncaughexceptionPoit(_) p2#typecase;; UncaughexceptionColredPoint(_) p3#typecase;; UncaughexceptionColredPoint(_)

totat point_print tto

lepoint_prin=

trp#typecaswith Poin-> print"Pointpositio%d\np#get ColoredPoin-> lecolo=

matcp#get_colowith

Blac-"black" Re-"red" Gree-"green" Blu-"blue" in print"ColoredPointpositio%dcolo%s\np#gecolor -> rais(Invalid_argume"point_print");;

vapoint_printypcasunit.-uni<fun> p1#se7;; uni() p2#set_coloGreen;; uni() List.itepoint_prin[p1(p:point)p3];; Pointpositio7 ColoredPointpositio0cologreen ColoredPointpositio0cologreen uni()

atgottt point_print toa a oa typecase t|ooat toa typecase ttoottota ga

unna

Iaotagatot. aaatt coal ottat aotottaotoal att {..>}

oatotooto hsae as tottatotaoato otat|totto

Lttoaooott pos t set ta

claspoin=

object

vapo0 methogepos methosepos{opos>} end;;

claspoin:

objec(’a) vapoint methogeint methosein-’a end lepnepoint;; vappoin<obj> p1#get;; in0 lepp1#se5;; vappoin<obj> p2#get;; in5 Nottot set toaoo ’a taatg agtatoo ’a .

color aaatatoa

clascolo=

object

vacoloBlack methoget_colocoor methoset_colocolo{colocolor>} methorese{colBlac>} end;;

clascolo:

objec(’a)

vacolocolor methoget_colocoor methorese’a methoset_colocoo-’a end aaot colored_point aot reset to tot reset toot point a color a tatttotoaof private ttaaat reset to

clascolored_poi=

objec(self)

inheripoinap inhericoloac methoprivatp_resep#reset methoprivatc_resec#reset methoreseself#p_eset#c_reset end;;

Character75-80: Warningthfollowinethodaroverridebthinheriteclass:

reset clascolored_poin:

objec(’a)

vacolocolor vapoint methoc_rese’a methogeint methoget_colocoor methoprivatp_rese’a methorese’a methosein-’a methoset_colocoo-’a end toatt

lepnecolored_oint;; vapcolored_poin<obj> lepp1#se7;; vapcolored_poin<obj> lepp2#set_coloBlue;; vapcolored_poin<obj> p3#get;; in7 p3#get_color;; coloBlue p2#get_color;; coloBlack lepp3#reset;; vapcolored_poin<obj> p4#get;; in0 p4#get_color;; coloBlack

106 HA12AJY

bap 1LDaaaRoaotoaogaIn osocpeogagages , g207{2121982.

2aoooatoaot dbgh chazgoopaon o7of coeo peee gagNY1979.

3XL bcvaseDceaoasea

al 2002tDaDogJaaga oooAaaom http://www.ocaml.org/ .

4aaRattoattg. Joaocoal gag 9(4)471{471999.

5aoootLo{ot

tooLIn osocpeogaa gages ag40{531997.