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1 244%K in C (C/bst/)

WOED K DI 2 PEREBERNLEEL £ 5.

1.1 259KDKRIA

2 PARDHEEDRIE KL, Java  OCaml IZHAND EEMTH L. £, K& UTE, - BimORH (FEME
M) ERTT AL - HiROWERERT T — X 2 MERTHIZT 5.

struct tree {
Tl tag; // for representing the kind of a node
T2 dat; // for representing the node itself

}

BT %% tree, AV /\% tag, dat & U7z, ZHUTEY struct tree BODZEH t [T LT, t.tag A3
OFEfE%, t.dat DI CGENK) DT — X &2 RTRIL 25, FEERTHBAOAH% tag ICLTVDDIE,
TR, TNMAERTNDOT =R (WDIEAXT—R) EMMTEILE2BLT (X TMIF] LS e
ST 7208, MEERPILAERDO A2 RT C SFEMEED (4 7] LHobUhroE LA,

RO ERT T — 21 (BETE VDL FIFER 2 HNE S, MR, EefeRTT—20HLH
HTEHTD.

struct tree {
enum nkind { LEAF, BRANCH } tag;
union 1f_or_br {
T3 1f; // for representing a leaf
T4 br; // for representing a branch
} dat;
}

enum X° union |2 nkind (node @ kind) & 1f_or_br (If £7zik br) L WS HFTZ DT 720, T 5 DR (enum
nkind #%° union 1f_or_br ) ZFF DA A S DL ) RRNDT, TNHIFEIFEMATRETH D (K,
V)V aA— RTIk 1f_or_br IFE W\ 72).

ZZEFTOEDIE OCaml TEL &,



type tree =
Lf of T3
| Br of T4

EWVD LD BERICHIET D, OCaml DEEIL L 13T H#RZEIXLZNDT, of T3 BATIEHIFR, T4 & U
T, La— R {left: tree; value: int; right: tree} Z{fio/z. XTC I—RIZREAS. ZTI T,
1f O T3 ¥E (LD BHEDRNDT) AITE KODEN, NS (?) &kt ANTE I LT 5.
AUNE G ZDMBEIFBVD, AUNERZBROEEERIZFINTHNRODOT GRUZRY T8 Z133%
HLUTIND ED72D), XI—DA Y N\EFEOMEA

struct leaf { int dummy; } 1f;
LU, BDOAHE, 3AUNZREOHERIZZEZDED, OCaml (Zfii> T,

struct branch {
struct tree left;
int value;
struct tree right;
} br;

Egde, AVIANLTT—IZH>TULED. (macOS D clang AXY RTIAVISA WU EGEIFUATFOL S
BAYVXZ—=INKRING. )

bst.c:16:19: error: field has incomplete type 'struct tree'

struct tree left;

TT =AY —=IPRbn)IZ< WA, incomplete type &5 DIk (T DOTDMEMN kD D FEIHD) V1 Xh3sHhn
LRWHEOZETHD. A28 Tk, struct tree DEHZ IR T HIZH/7->T, TORERDY 1 X% &
HEDRBENRDHD. LML, EBEOFIZ, SEILCEBLELIDLULUTVSEAHTETLEY, TOHEDY A
ARONLRD, LVoTWEDTHD.

Io—Avt—ILUT, BOYA ZAWhNERN, E0oTWED, Ei, ZOXDBEBITIHL LD HA0.
struct tree, enum nkind, struct leaf, int DY A A& TNTN s,¢,1,i £TD L, s = et+max(l, (s+i+8s))
Zii72 T BERH D (R URPEIER, max 2PWHLAEROY 1 XGHEICHIGLTWD) A, ZhbDY o Xid4e
TIEBBLRODOT, ZARs 3FELAVDITITHS. ET DI, HIHHEOTIZ, §o01X) LASAE %23/
DEREGLEIBRVAT U RNE2LUARITNUENTRODED, TARILIEIATRERDOTHS.

ZO&SRMEZERL T, C SETHRNART —AMEEHES 72012, KAV EAE{f5> L1285, UF
WEAEINZR struct tree DEZRTHD. A VN left, right IFKRA YV RXIZEH>TWS,

struct tree {
enum nkind { LEAF, BRANCH } tag;
union {
struct leaf { int dummy; } 1f;
struct branch {
struct tree xleft;

int value;



struct tree *right;
} br;
} dat; // standing for DATum
};

D&, BIFHAARNDRA VA EAVNETHEIITERTD. B U EZTHNWE, TDIRTIDHE
WHEDLLTRS VROV A RE—ETHD7720, BIFEDY A X2#{HETLIAE, p 2Ry 2DY A AL
T, s=e+maz(l,(p+i+p) THEADILNTES.

1.1.1 FY#&

EREEDUMNAZ LD, EERT/ZODT—XIIMTERVDT, struct leaf ... 1f; Z2HHAKIZED D
MENF LSRN, XI5, 20KROGE, ZOAVNZHIRT S &, LHKRDA VNN 1IZR>TLEY,
FRZEM S BRT 528570,

struct tree {
enum nkind { LEAF, BRANCH } tag;
struct branch {
struct tree *left;
int value;
struct tree *right;
} br;
};

EWVWDERBTTOT I LEEDLZLEARETH DM, TITIEH—MME2FEUT, DUBEMRERD L Fih%
H#EDD.

1.1.2 #BIEEE

PR Y OBBUE R ITEDRIZ, branch % leaf Z2/E2 720D EZHEL TH L. INHiE Java T RIXD
VANT I EADREHEIHETEEDEEZXHNSD. branch THIUL, ELADEHAK (NDRA ¥ R) LT
LDEBERBMELT, TNHEZML 72K (NDKRA V&) 28T UTEHTD.

struct tree *newbranch(struct tree *left, int value, struct tree *right) {
// Allocate a new object in the heap
struct tree *n = (struct tree *)malloc(sizeof (struct tree));
// And then initialize the members
n->tag = BRANCH; // could be written (*n).tag = BRANCH
n->dat.br.left = left;
n->dat.br.value = value;
n->dat.br.right = right;

return n;

struct tree *newleaf (void) {



struct tree *n = (struct tree *)malloc(sizeof (struct tree));
n->tag = LEAF;
return n;

}

EHLELDBTE n % malloc THER U ZZMHIBEIADIRA VAL UTE>TWA. struct tree IFHEIZILA
I HIZIIHEEREZBATNDDT, EOWMBPIZEDEDIREXHLTT VL ATINIFEHLUTEHRZHATE
YAV AN

e n->dat (FIHMK
e n->dat.br XK ZFEER struct branch X UTHED 72ODA VU NT 7 ¥ A
o ILHITENIT left BREZEDIFZDILTEI®RL, MAKR(NDRAVE)REIZT IR ATES.

1.2 3%

XT, ZZETEIHLALHBTINE 2 DERAZEETIEARDOEHRIIIIFEHL <IXBWV. AT find
DEHETH .

bool find(struct tree *t, int n) {
if (t->tag == LEAF) {
return false;

} else /* t->tag == BRANCH */ {
struct branch b = t->dat.br;
if (n == b.value) {

return true;
} else if (n < b.value) {
return find(b.left, n);
} else /* n > b.value */ {

return find(b.right, n);

}

}

217 H CHi s OFEIZ & > THAE DT 247\, 547H T branch OFSEKRZID L, TDMHEL /ST A=K n D
KINZE>THER T EITD.

1.2.1 HYE (C LHEE~DE)
547HT,
struct branch b = t->dat.br;

ELTWED, InZe, 28 b OMHEBIEEREERONEN I —INDEDT, AT VFHKREZLKIITIHE
AR VABETHEZEEZ2ONC 5LWIBT 533V I Thb.

struct branch *b = &(t->dat.br); // could be &t->dat.br



g(t->dat.br) (ZODFFIMERELZNDONY X FTIDZOIZDITTND) IZL>T, t OFEEDEF: (FEiEAK
branch PEE BH) 2T HRA Y ABELND.

EHAAZDHE, b OMPRERTIEIR SHEERANDRA Y 2IZBLDT, UBEOARDEMEIZIE. TEAEL
> 25 EOBEPBETHS.

struct branch *b = &(t->dat.br);
if (n == b->value) {
return true;
} else if (n < b->value) {
return find(b->left, n);
} else /* n > b->value */ {

return find(b->right, n);

1.3 #EA
FRAIZDWTIE, HFEYVIAVRTEZI DR,

struct tree *insert(struct tree *t, int n) {
if (t->tag == LEAF) {
return newbranch(newleaf(), n, newleaf());
} else /* t->tag == BRANCH */ {
struct branch b = t->dat.br;
if (n == b.value) {
return t;
} else if (n < b.value) {
return newbranch(insert(b.left, n), b.value, b.right);
} else /* n > b.value */ {

return newbranch(b.right, b.value, insert(b.right, n));

1.4 HI&R

HIBRIZDOWTEHFEYN AAY T DR, min BT, 7477V D assert ¥ 7 OIDIEENT NS
A3, ZAUE min BEEUS branch OAIZEAINEZRXEEDEDT, FIEHBAYIZ branch BE D D EMEZRL T
W5, (Jini— branch TRMN>725, TORMTEITIERTTD. )

int min(struct tree *t) {
assert(t->tag == BRANCH);

lassert IFBABUIC R 2 20, FIFBIBTIXA<, C FiED 70 (macro) LIFIENSIKEX fio TERIN TS, ¥ 7 0lE\b
FRFETH T, IV T (EHECIET) 70y ) ICE > TESEMVEMINT, 70V 7 A0FHEOBEBSHANKI L. v 7O
DWTE, WIhaEZ BN,



struct branch b = t->dat.br;

if (b.left->tag == LEAF) {
return b.value;

} else {

return min(b.left);

struct tree *delete(struct tree *t, int n) {
if (t->tag == LEAF) {
return t;
} else /* t->tag == BRANCH */ {
struct branch b = t->dat.br;
if (n == b.value) {
if (b.left->tag == LEAF) {
if (b.right->tag == LEAF) {
return newleaf();
} else /* b.right->tag == BRANCH*/ {
return b.right;
}
} else /* b.left->tag == BRANCHx/ {
if (b.right->tag == LEAF) {
return b.left;
} else /* b.right->tag == BRANCHx*/ {
int m = min(b.right);
struct tree *newRight = delete(b.right, m);

return newbranch(b.left, m, newRight);

}
} else if (n < b.value) {
struct tree *newlLeft = delete(b.left, n);
return newbranch(newLeft, b.value, b.right);
} else /* n > b.value */ {
struct tree *newRight = delete(b.right, n);

return newbranch(b.left, b.value, newRight);

1.5 %% null KA 9 TKHET S (C/bstNull/)

Java DIFLFERRIZ, 2 OKRDOERHON) T—2 a3 UT, [MDFEREEIZZ leaf % null pointer THREL
92 HEEMAT 5. null pointer &, AIDFIKE I RVEIERARAT >V Z2THD. malloc THELR L 5SS



ED, WHIERIZERDT RVALE RS, BRICHNA LU ZEY C Z5E Tl null pointer I& NULL & W5 & T
#9.

leaf % NULL TRT Z &IZT2 &, THEZTHHAKREZFEI BENLLRD20DT, MOEHIIIEE ICHEMIZAS.

struct tree {
struct tree xleft;
int value;
struct tree *right;

};

1.5.1 leaf, branch % {F % BRI

struct tree *newbranch(struct tree *left,
int value,
struct tree *right) {
// Allocate a new object in the heap
struct tree *n = (struct tree *)malloc(sizeof (struct tree));
// And then initialize the members
n->left = left;
n->value = value;
n->right = right;

return n;

struct tree *newleaf (void) {
/* Real C programmers would avoid defining such a simple function.
* It causes overhead of function calls.
*/
return NULL;
}

newleaf I IZ NULL 2R FTEBTHS. IAVMIEHB LD, $IXREHDIODI>D C BT IITH
E, ZABBEBIFERL B\ (newleaf ) 25 & T A% NULL TEIMZ D) LD, RMADEEHEL
OXFIEEE) 2T TE5-D12, HDATEHRL TS,

) OBBOEEREZ —KUIRT. 5 A2 5N2AKRD leaf 7 branch 2HIET 5 7212, null pointer & DILER (t
== NULL) 2172 TC\% Z &, struct tree DEHRNMHIZAR 0725, b EHETILEN R B8R
CILERTIE, BMTIETThd. (IFEAL Java N=Va vV ERIUTHBL, LA, THH6DHMN
T I L UTIEHAYFYLTD LN ->TELNESS. )

bool find(struct tree *t, int n) {
if (t == NULL) {

return false;

DR TH, UL DT —AEDRKFEETHD. £ UE, leaf, branch BIAMIF— & 2K 3 2N H > - S Z > &
LI,



} else /* t is a branch */ {
if (n == t->value) {
return true;
} else if (n < t->value) {
return find(t->left, n);
} else /*x n > t->value */ {
return find(t->right, n);

struct tree *insert(struct tree *t, int n) {
if (t == NULL) {
return newbranch(newleaf(), n, newleaf());
} else /* t is a branch */ {
if (n == t->value) {
return t;
} else if (n < t->value) {
return newbranch(insert(t->left, n), t->value, t->right);
} else /* n > t->value */ {

return newbranch(t->right, t->value, insert(t->right, n));

int min(struct tree *t) {
assert(t !'= NULL);
/* t is a branch */
if (t->left == NULL) A{
return t->value;
} else {

return min(t->left);

struct tree *delete(struct tree *t, int n) {
if (¢t == NULL) {
return t;
} else /* t is a branch */ {
if (n == t->value) {
if (t->left == NULL) {
if (t->right == NULL) {

return newleaf();



} else /* t->right is a branch */ {
return t->right;
}
} else /* t->left is a branch */ {
if (t->right == NULL) {
return t->left;
} else /* t->right is a branch */ {
int m = min(t->right);
struct tree *newRight = delete(t->right, m);

return newbranch(t->left, m, newRight);

}
} else if (n < t->value) {
struct tree *newlLeft = delete(t->left, n);
return newbranch(newLeft, t->value, t->right);
} else /* n > t->value */ {
struct tree *newRight = delete(t->right, n);

return newbranch(t->left, t->value, newRight);

1.6 %278 2 24REAK in C (C/bstMutable/)

RiF, FaRFEETHD. AEED T — 2 EHIX (NULL 2D\ ) LA U THSHDT, newbranch, newleaf
BRELEDTEMT S, F/2 find IARAZHFE IR ZVDT, INEERIFAUTHLDTEKTS.

insert TIHEE TR I AL, - leaf % branch IZZ2{L I W B HFIZIE, leaf DMEEMNATEIZZR D DT free TR
LTW5 (347H) - branch % RIHEERIZFEAREZRIZIE—E 126 TRA V2 EZHBHELTWS (6 17H, k
it TFYE (C EfEADE)] E5K). a€E—LTLES L, HOREEEZHEIMRALZ I LIIRLRVDT,
ZNITHBHETH S.

WO H-Y)THAD.

struct tree *insert(struct tree *t, int n) {

if (t->tag == LEAF) {

free(t);

return newbranch(newleaf(), n, newleaf());
} else /* t->tag == BRANCH */ {

struct branch *b = &(t->dat.br);

if (n == b->value) {

return t;
} else if (n < b->value) {

struct tree *newleft = insert(b->left, n);



b->left = newleft;
return t;
} else /* n > b->value */ {
struct tree *newright = insert(b->right, n);
b->right = newright;

return t;

}

HIBRIZDWTE, AERESOMBRANERNZ A S (19-21 17H, 25-26 47H, 32-3317H). UL»E, fERODIE
FEKRETHD. Kl free(t) ELTULED L, b DFRTHEK (ZNIE t DHEHEDOZEFZIFELTHNEDTH -
72) BRI NTUE S DT, free(b->left); X free(b->right); MREREMEL 5] I Z T A ELEEME
IZZR>TUED. MRS 2RICIE NS ] WREFEHITHS.

int min(struct tree *t) {
assert(t->tag == BRANCH);
struct branch *b = &(t->dat.br);
if (b->left->tag == LEAF) {
return b->value;
} else {
return min(b->left);

struct tree *delete(struct tree *t, int n) {
if (t->tag == LEAF) {
return t;
} else /* t->tag == BRANCH */ {
struct branch *b = &(t->dat.br);
if (n == b->value) {
if (b->left->tag == LEAF) {

if (b->right->tag == LEAF) {
free(b->left);
free(b->right);
free(t);
return newleaf();

} else /* b->right->tag == BRANCH*/ {
struct tree *right = b->right;
free(b->left);
free(t);
return right;

¥

} else /* b->left->tag == BRANCH*/ {

10



if (b->right->tag == LEAF) {
struct tree xleft = b->left;
free(b->right) ;
free(t);
return left;
} else /* b->right->tag == BRANCH*/ {
int m = min(b->right);
struct tree *newRight = delete(b->right, m);
b->value = m;

b->right = newRight;

return t;

}

} else if (n < b->value) {
struct tree *newLeft = delete(b->left, n);
b->left = newLeft;
return t;

} else /* n > b->value */ {
struct tree *newRight = delete(b->right, n);
b->left = newRight;

return t;

}

AT DR EALIIKIZT LSR5, nain BIEZK T3 H00IC, MRLU ZHEERZ 2 TRIET 2 DMBFED L0
TOT I LTHD. UFIE, GRAONZRKOHEE 2 THRINYT D free_tree THD. main (I T I,
ULTWARWY) OFRETIFATNS.

void free_tree(struct tree *t) {

if (t->tag == LEAF) {
free(t);

} else /* t->tag == BRANCH */ {
struct branch *b = &(t->dat.br);
free_tree(b->left);
free_tree(b->right);
free(t);

}

return;

11



1.6.1 #F¥% null KA > ¥ TKIHET % (C/bstMutableNull/)

BBIZ, HHThDEEL NULL CTEEULAN—YVa v Thd. BTHL, INNCEET2HOEERARE2ERLT
556 DN R FEED VL D7ZAD. (BT HL —HMOBBITHEREZHELTIRDELAH>TERT D L,
U CHLWY. ZHIDONTIX 08 Hlme#t)iRL 22D L. )

FEAEDESIL, INEFTONENEMTITOAIUIZUIEHL IRV, FHACHIBREED XA £ E
BIzOWTaXY T 5,

struct tree *insert(struct tree *t, int n) {
if (t == NULL) {
return newbranch(newleaf(), n, newleaf());
} else /* t is a branch */ {
if (n == t->value) {
return t;
} else if (n < t->value) {
t->left = insert(t->left, n);
return t;
} else /* n > t->value */ {
t->right = insert(t->right, n);

return t;

// The definition of
// int min(struct tree *);

// omitted

struct tree *delete(struct tree *t, int n) {
if (¢t == NULL) {
return t;
} else /* t is a branch */ {
if (n == t->value) {
if (t->left == NULL) {

if (t->right == NULL) {
free(t);
return newleaf();

} else /* t->right is a branch */ {
struct tree *right = t->right;
free(t);
return right;

}

} else /* t->left is a branch */ {

12



if (t->right == NULL) {
struct tree xleft = t->left;
free(t);
return left;

} else /* t->right is a branch */ {
int m = min(t->right);
t->value = m;
t->right = delete(t->right, m);

return t;

}

} else if (n < t->value) {
t->left = delete(t->left, n);
return t;

} else /*x n > t->value */ {
t->right = delete(t->right, n);

return t;

}

9, leaf IZDWTIIIDMHIKE HEEINTOARVDT, free T DHEIFIHR 317H). F£72, HIREMET,
HAREZRLUZEE, THESIS FIF TS branch 2T 255121, £, MAKRANDKRAS V& E24F
LTEWTHS, SO, REFELTEWZRS V2 E2KLTW5 (31-3317H, 37-3917H). Zh%

free(t);
return t->right;

BYETHE, MIRLABRADT 7% A (REEHIE) 125>TLESDTETL.
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