C Interfaces and I mplementations
Quick Reference

Interface summaries are listed below in aphabetical order; the subsections name each interface and its pri-
mary type, if it has one. The notation “T is opaque X_T" indicates that interface X exports an opaque pointer
type X_T, abbreviated as T in the descriptions. The representation for X_T isgiven, if the interface reveasits
primary type.

The summary for each interface lists, in alphabetical order, the exported variables, excluding exceptions,
followed by the exported functions. The prototype for each function is followed by the exceptionsit can raise
and a concise description. The abbreviations “c.r.e.” and “u.r.e.” stand for checked and unchecked runtime

error(s).

The following table summarizes the interfaces by category and gives the pages on which the summaries

begin.
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AP Tisopaque AP_T

Itisac.r.e topassanull T toany AP function.

T AP_add(T x, T vy) Mem Fai |l ed
T AP_addi (T x, long int y) Mem Fai |l ed
returnthesumx +y.
int AP_cnp(T x, Ty)
int AP_cnpi (T x, long int vy)
return an int <0, =0, or >0 if x<y, X=y, or X>y.

T AP div(T x, Ty) Mem Fai |l ed

T AP _divi(T x, long int y) Mem Fai |l ed
return the quotient x/y; see Ari t h_di v. Itisac.r.e. for y=0.

void AP_fnt(int code, va_list *app, Mem Fai |l ed

int put(int ¢, void *cl), void *cl,
unsi gned char flags[], int width, int precision)
aFmt conversion function: consumesaT and formatsit likepri nt f 's%. Itisac.r.e. for app, * app, or
fl ags tobenull.
void AP _free(T *z)
deallocatesand clears* z. Itisac.r.e. for z or * z to be null.
T AP_fromstr(const char *str, int base, Mem Fai |l ed
char **end)
interprets st r as an integer in base and returns the resulting T. Ignores |eading white space and accepts
an optional sign followed by one or more digitsin base. For 10<base<36, lowercase or uppercase letters
are interpreted as digits greater than 9. If end#null, * end points to the character in st r that terminated
thescan. If st r does not specify anintegerinbase, AP_fronstr returnsnull and sets*end tostr, if
end isnonnull. Itisc.r.e for st r =null or for base<2 or base>36.



T AP Ishift(T x, int s) Mem Fai | ed
returns x shifted left by s bits; vacated bits are filled with Os, and the result has the same sign as x. Itisa
c.r.e for s<0.

T AP_mod(T x, Ty) Mem Fai | ed

long AP _nodi (T x, long int y) Mem Fai | ed
returnXx mody; seeAri t h_nod. Itisac.r.e for y=0.

T AP mul (T x, Ty) Mem Fai | ed

T AP _muli (T x, long int y) Mem Fai | ed
return the product x [y1.

T AP_neg(T x) Mem Fai | ed
returns —x.

T AP_new(long int n) Mem Fai | ed
allocates and returnsanew T initialized to n.

T AP poWM(T x, Ty, Tp) Mem Fai | ed
returns x” mod p. If p=null, returns x”. Itisac.r.e for y<0 or for anonnull p<2.

T AP rshift(T x, int s) Mem Fai | ed

returns x shifted right by s hits; vacated bits are filled with 0s, and the result hasthe same sign asx. Itisa
c.r.e for s<0.
T AP_sub(T x, Ty) Mem Fai | ed
T AP_subi (T x, long int y) Mem Fai | ed
return the differencex —-y.
long int AP_toint(T x)
returns along with same sign as x and magnitude | x| mod LONG_MAX+1.



char *AP _tostr(char *str, int size, Mem Fai | ed
int base, T x)
fillsstr[0.si ze-1] with the character representation of x in base and returns str. If st r=null,
AP_t ost r allocatesit. Uppercase letters are used for digits that exceed 9 when base>10. Itisc.r.e. for a
nonnull st r to betoo small or for base<2 or base>36.



Arena TisopaqueAr ena_T

Itisac.r.e topassnbyt es<Ooranull T toany Ar ena function.

void *Arena_al l oc(T arena, int nbytes, Arena_Fail ed
const char *file, int line)

alocates nbyt es bytesin ar ena and returns a pointer to the first byte. The bytes are uninitialized. If
Arena_al | oc raisesArena_Fail ed, fil e and| i ne are reported as the offending source coordi-
nate.

void *Arena_call oc(T arena, int count, Arena_Fail ed

int nbytes, const char *file, int line)

alocates spacein ar ena for an array of count elements, each occupying nbyt es, and returns a pointer
to the first element. It isac.r.e. for count <0. The elements are uninitialized. If Ar ena_cal | oc raises
Arena_Fail ed,fil eandl i ne arereported as the offending source coordinate.

voi d Arena_di spose(T *ap)
deallocates all the space in * ap, dedlocates the arenaiitself, and clears* ap. Itisac.r.e. forap or *ap to
be null.

void Arena_free(T arena)
deallocates all the spacein ar ena — all the space allocated since the last call to Ar ena_f r ee.

T Arena_new(Vvoi d) Arena_NewFai | ed
allocates, initializes, and returns a new arena.



Arith

int Arith_ceiling(int x, int y)
returns the least integer not less than the real quotient of x/y. It isan u.r.e. for y=0.
int Arith_div(int x, int vy)
returns x/y, the maximum integer that does not exceed the real number z such that z[y = x. Truncates
towards —o; e.g., Ari t h_di v(-13,5) returns-3. Itisan u.r.e. for y=0.
int Arith_floor(int x, int y)
returns the greatest integer not exceeding the real quotient of x/y. It isan u.r.e. for y=0.
int Arith_max(int x, int vy)
returns max(x, y).
int Arith_mn(int x, int vy)
returns min(x, y).
int Arith_nmod(int x, int vy)
returnsx —yArith_div(x,y);eg., Arith_nmod(-13,5) returns2. Itisan u.r.e. for y=0.



Array TisopaqueArray T

Array indices run from 0 to N-1, where N is the length of the array. The empty array has no elements. It isa
cre topassanull Ttoany Array function.

T Array_copy(T array, int |ength) Mem Fai |l ed
creates and returns a new array that holds the initia | engt h elementsfrom ar r ay. If | engt h exceeds
the length of ar r ay, the excess elements are cleared.

void Array_free(T *array)
deallocates and clears*ar r ay. Itisac.r.e. forarray or *arr ay to be null.

void *Array_get (T array, int i)
returns a pointer to the i th element in array. It isac.r.e for i <0 or i =N, where N is the length of
array.

int Array_length(T array)
returns the number of elementsinar r ay.

T Array_new(int length, int size) Mem Fai |l ed
alocates, initializes, and returns a new array of | engt h elements each of si ze bytes. The elements are
cleared. Itisac.r.e for| engt h<Oor si ze<O.

void *Array_put (T array, int i, void *elem
copiesArray_si ze(array) bytesfrom el emintothei thelementinarray andreturnsel em Itis
ac.r.e forel emenull or fori <0 ori =N, where N isthelength of ar r ay.

void Array_resize(T array, int |ength) Mem Fail ed
changes the number of elementsinarr ay tol engt h. If | engt h exceedsthe original length, the excess
elements are cleared. Itisac.r.e. for | engt h<0.

int Array_size(T array)
returns the size in bytes of the elementsin ar r ay.



ArrayRep TisArray_T

typedef struct T {
int length; int size; char *array; } *T,

Itisan u.r.e tochangethefieldsinaT.

void ArrayRep_init(T array, int |ength,
int size, void *ary)
initializesthefieldsin ar r ay tothevaluesof | engt h, si ze,andary. Itisac.r.e. for | engt h#0 and
ary=null,| engt h=0and ar y#null, or si ze<0. Itisan u.r.e.toinitiadlizeaT by other means.



Assert

assert(e)
raises Assert Fail ed if e is 0. Syntactically, assert (e) is an expression. |f NDEBUG is defined
whenassert . hisincluded, assertions are disabled.



Atom

Itisac.r.e topassanull st r toany At omfunction. It isan u.r.e. to modify an atom.

int Atomlength(const char *str)
returnsthe length of theatom st r. Itisac.r.e. for st r not to be an atom.
char *Atom new(const char *str, int |en)

returnstheatom for st r [ 0..1 en- 1], creating one if necessary. Itisac.r.e. for | en<0.

char *Atom string(const char *str)
returns At om new(str, strlen(str)).

char *Atom.int(long n)
returns the atom for the decimal string representation of n.

Mem Fai |l ed
Mem Fai |l ed
Mem Fai |l ed



Bit TisopaqueBit T

The bitsin a bit vector are numbered 0 to N-1 where N is the length of the vector. Itisac.r.etopassanull T
toany Bi t function, except for Bi t _uni on,Bit _inter,Bit_minus,andBit _diff.

void Bit_clear(T set, int lo, int hi)
clearshits| o..hi inset.Itisac.r.e forl o>hi,orforl o<0or| o=Nwhere Nisthelength of set ; like-
wisefor hi .

int Bit_count(T set)
returns the number of 1sinset .

TBit diff(Ts, Tt) Mem Fai |l ed
returns the symmetric difference s / t : the exclusive OR of s and t . If s=null or t =null, it denotes the
empty set. Itisac.r.e. for s=null andt =null, or for s and t to have different lengths.

int Bit_eq(Ts, Tt)
returns 1if s =t and O otherwise. Itisac.r.e. for s andt to have different lengths.

void Bit_free(T *set)
dedllocatesand clears* set . Itisac.r.e. for set or *set to benull.

int Bit_get(T set, int n)
returnsbit n. Itisac.r.e. for n<0 or n=N where N isthe length of set .

TBit inter(Ts, Tt) Mem Fai |l ed
returnss n t : thelogical AND of s andt . SeeBit _di ff forc.re.

int Bit_length(T set)
returns the length of set .

int Bit_leq(T s, Tt)
returns1if s Ot and O otherwise. SeeBi t _eq for c.r.e

int Bit_It(Ts, Tt)
returns1if s Ot and O otherwise. SeeBi t _eq for c.r.e.



void Bit_map(T set,
void apply(int n, int bit, void *cl), void *cl)
calsappl y(n,bit,cl) for eachbitinset from 0to N-1, where N is the length of set . Changesto
set by appl y affect subsequent values of bi t .

TBit mnus(T s, Tt) Mem Fai | ed
returnss —t : thelogical AND of s and~t . SeeBi t _di ff forcr.e.
T Bit_new(int |ength) Mem Fai | ed

creates and returns anew bit vector of | engt h Os. Itisac.r.e. for| engt h<O.

void Bit_not(T set, int o, int hi)
complements bits| o..hi inset.SeeBit_cl ear forc.r.e

int Bit_put(T set, int n, int bit)
setshit n tobi t and returnsthe previous value of bit n. Itisc.r.e. for bi t <O or bi t >1, or for n<0 or n=N
where N isthelength of set .

void Bit_set(T set, int o, int hi)
setshits| o..hi inset.SeeBit _cl ear forcr.e.

T Bit _union(T s, Tt) Mem Fai | ed
returnss Ot : theinclusve OR of s andt . SeeBit _di ff forc.r.e



Chan Tisopaque Chan_T

It is a cre to pass a null T to any Chan function, or to call any Chan function before calling
Thread_init.

T Chan_new(voi d) Mem Fai |l ed
create, initialize, and return a new channel.
int Chan_receive(T ¢, void *ptr, int size) Thread_Al erted

waits for a corresponding Chan_send, then copiesup to si ze bytesfrom the sender to pt r, and returns
the number copied. Itisac.r.e. for pt r =null or si ze<0.

int Chan_send(T c, const void *ptr, int size Thread_Al erted
waits for a corresponding Chan_r ecei ve, then copiesup to si ze bytes from pt r to the receiver, and
returns the number copied. See Chan_r ecei ve for c.r.e.



Except TisExcept _T
typedef struct T { char *reason; } T;

The syntax of TRY statements is as follows; S and e denote statements and exceptions. The ELSE clause is
optional.

TRY SEXCEPT( e;) S; ... EXCEPT(e,) S, ELSE S END_TRY
TRYSFINALLY S, END_TRY
voi d Except _raise(const T *e, const char *file, int line)

raises exception * e at source coordinatefil e and | i ne. Itisac.r.e. for e=null. Uncaught exceptions
cause program termination.

RAI SE( e)
raisese.
RERAI SE
rerai ses the exception that caused execution of a handler.
RETURN
RETURN expression

return statement used within TRY statements. It isan u.r.e. to use a C return statement in TRY statements.



Fmt TisFnt _T

typedef void (*T)(int code,
va_list *app, int put(int ¢, void *cl), void *cl,
unsi gned char flags[256], int width, int precision)

defines the type of a conversion function, which is called by the Frt  functions when the associated conver-
sion specifier appearsin aformat string. Here and below, put (¢, cl) iscalled to emit each formatted char-
acter ¢. Table 14.1 (page 220) summarizes the initial set of conversion specifiers. It is a c.r.e to pass a null
put, buf, ft, or ap toany Fnmt function, or for a format string to use a conversion specifier that has no
associated conversion function.

char *Fnt _flags = "-+ 0"
points to the flag characters that can appear in conversion specifiers.
void Fnt_fnt(int put(int c, void *cl), void *cl,
const char *fmt, ...)
formats and emitsthe “...” arguments according to the format string f nt .
void Fnt_fprint(FILE *stream const char *fnt, ...)
void Fnt_print(const char *fmt, ...)
format and emit the “...” arguments accordingto f nt ; Fnt _f pri nt writestostream Fnt _pri nt
writesto st dout .



void Fnt_putd(const char *str, int |en,
int put(int ¢, void *cl), void *cl,
unsi gned char flags[256], int width, int precision)
void Fnt_puts(const char *str, int |en,
int put(int ¢, void *cl), void *cl,
unsi gned char flags[256], int width, int precision)
format and emit the converted numeric (Frt _put d) or string (Fmt _put s) instr[ 0..l en- 1] accord-
ing to Fit s defaults (see Table 14.1, page 220) and the values of f | ags, wi dt h, and pr eci si on. Itis
ac.reforstr=null,| en<Q, or f | ags=null.
T Fmt _register(int code, T cvt)
associates cvt with the format character code, and returns the previous conversion function. It isac.r.e.
for code<0 or code>255.

int Fnt_sfmt(char *buf, int size, Fmt _Overfl ow
const char *fm, ...)
formats the “...” arguments into buf [ 1..si ze- 1] according to f it , appends a null character, and

returnsthe length of buf . Itisac.r.e for si ze<0. RaisesFnt _Over f | owif morethansi ze-1 charac-
ters are emitted.
char *Fnt _string(const char *fnt, ...)
formatsthe “...” argumentsinto a null-terminated string according to f mt and returns that string.
void Fnt_vfm (int put(int c, void *cl), void *cl,
const char *fmt, va_ list ap)
See Fmt _f mt ; takes arguments from the list ap.
int Fnt_vsfnt(char *buf, int size, Fmt _Overfl ow
const char *fmt, va_ list ap)
See Fmt _sf nt ; takes arguments from the list ap.



char *Fnt _vstring(const char *fnt, va_list ap)
SeeFnt _st ri ng; takes arguments from the list ap.



List TisList T

typedef struct T *T;
struct T { void *first; T rest; };

All Li st functionsaccept anull T forany | i st argument and interpret it as the empty list.

T List _append(T list, T tail)
appendst ai | tolist andreturnsli st.If list=null,Li st_append returnst ai | .
T List _copy(T list) Mem Fai |l ed
creates and returns atop-level copy of | i st .
void List _free(T *list)
dedllocatesand clears* | i st . Itisac.r.e forl i st =null.
int List _length(T Iist)
returns the number of elementsin| i st .
T List_list(void *x, ...) Mem Fai |l ed
creates and returns alist whose elements arethe “...” arguments up to the first null pointer.
void List_map(T list,
voi d apply(void **x, void *cl), void *cl)
calsappl y(&p->first,cl) foreachelementpinli st.Itisanu.r.e forappl y tochangel i st.
T List_pop(T list, void **x)
assigns | ist->first to *x, if x is nonnull, deallocates |i st, and returns | i st->rest. If
I'i st=null,Li st_pop returns null and does not change * x.
T List_push(T list, void *x) Mem Fai |l ed
adds a new element holding x onto the front of | i st and returns the new list.



T List_reverse(T list)
reversesthe elementsin| i st inplace and returns the reversed list.

void **List _toArray(T list, void *end) Mem Fai | ed
creates an N+1-element array of the N elementsin| i st and returns a pointer to itsfirst element. The Nth
element inthe array isend.



Mem

Itisc.r.e topassnbyt es<0to any Memfunction or macro.

ALLOC( nbyt es) Mem Fail ed
alocatesnbyt es bytes and returns a pointer to the first byte. The bytes are uninitialized.
CALLOC( count, nbytes) Mem Fail ed

allocates space for an array of count elements, each occupying nbyt es bytes and returns a pointer to
thefirst element. It isac.r.e. for count <0. The elements are uninitialized.
FREE( ptr)
SeeMem fr ee.
void *Mem al | oc(i nt nbytes, Mem Fai |l ed
const char *file, int line)
alocatesnbyt es bytes and returns a pointer to the first byte. The bytes are uninitialized. If Mem al | oc
raisesMem Fai |l ed,fil eandl i ne arereported as the offending source coordinate.
void *Mem cal | oc(int count, int nbytes, Mem Fai |l ed
const char *file, int line)
allocates space for an array of count elements, each occupying nbyt es and returns a pointer to the first
element. Itisac.r.e. for count <0. The elements are uninitialized. If Mem cal | oc raisesMem Fai | ed,
fileandl i ne arereported as the offending source coordinate.
void Mem free(void **ptr, const char *file, int line)
dedllocates *pt r, if *pt r isnonnull, and clears*pt r. Itisac.r.e for pt r =null, and it is an u.r.e. for
*pt r to be apointer that was not returned by previous call to a Memallocation function. Implementations
may usefi | e and| i ne to report memory usage errors.



void *Memresize(void **ptr, int nbytes, Mem Fai | ed
const char *file, int |ine)

changesthe size of the block at * pt r to hold nbyt es bytes, clears* pt r, and returns a pointer to the first

byte of the new block. If nbyt es exceeds the size of the original block, the excess byte are uninitialized.

If nbyt es islessthan the size of the original block, only nbyt es of its bytes appear in the new block. If

Mem resi ze raisesMem Fai |l ed,fil e andl i ne are reported as the offending source coordinate. It

isac.r.e for pt r=null or * pt r =null, and it isan u.r.e. for * pt r to be a pointer that was not returned by a
previous call to a Memallocation function.

NEW p) Mem Fai | ed
NEVD( p) Mem Fai | ed
alocate ablock large enough to hold * p and return a pointer to the first byte. NEWD clears the bytes, NEW
leaves them uninitialized.
RESI ZE(ptr, nbytes)

Mem Fai | ed
SeeMem resi ze.



MP TisMP_T
typedef unsigned char *T

VP functions do n-bit signed and unsigned arithmetic, where nisinitially 32 and can be changed by MP_set .
Function names that end in u or ui do unsigned arithmetic; others do signed arithmetic. MP functions com-
pute their results before raising MP_Over f | owor MP_Di vi deByZer o. Itisac.r.e. topassanull T to any
VP function. Itisan u.r.e. topassaT that istoo small to any MP function.

T MP_add(T z, T x, Ty) MP_Overfl ow
T MP_addi (T z, T x, long y) MP_Overfl ow
T MP_addu(T z, T x, Ty MP_Overfl ow
T MP_addui (T z, T x, unsigned |ong y) MP_Over fl ow

setztox +y and return z.
MP_and(T z, T x, Ty)
MP_andi (T z, T x, unsigned |long y)
setz tox ANDy and return z.
T MP_ashift(T z, T x, int s)
sets z tox shifted right by s bitsand returns z. Vacated bits arefilled with x'ssign bit. It isac.r.e. for s<0.
int MP.cmp(T x, Ty)
int MP_cnpi (T x, long vy)
int MP_cmpu(T x, Ty)
int MP_cnpui (T x, unsigned |long y)
return an int <0, =0, or >0 if x<y, X=y, or X>y.

—



T MP cvt(int m Tz, TXx) MP_Overfl ow

T MP_cvtu(int m Tz, T Xx) MP_Overfl ow
narrow or widen x to an mhbit signed or unsigned integer inz and return z. It isac.r.e. for m<2.

T MW div(T z, TXx, Ty) MP_COverfl ow, MP_Di vi deByZer o

T MP divi(T z, T x, longy) MP_COverfl ow, MP_Di vi deByZer o

T MP_divu(T z, T X, Ty) MP_Di vi deByZer o

T MP_divui (T z, T X, MP_COverfl ow, MP_Di vi deByZer o

unsi gned | ong vy)
set z to x/y and return z. The signed functions truncate towards —oo; see Ari t h_di v.
void MP_fmt (int code, va_list *app,
int put(int ¢, void *cl), void *cl,
unsi gned char flags[], int width, int precision)
void MP_fmu(int code, va_ list *app,
int put(int c, void *cl), void *cl,
unsi gned char flags[], int width, int precision)
are Fnt conversion functions. They consume aT and abase b and format it likepri nt f 's%d and %u. It
isc.r.e. for the b<2 or b>36, and for app, *app, or f | ags to be null.

T MP_fronmint(T z, long v) MP_Overfl ow

T MP_fromintu(T z, unsigned | ong u) MP_Overfl ow
setz tov oru andreturn z.

T MP_fronstr(T z, const char *str, int base, MP_Overfl ow

char **end)
interpretsst r asan integer in base, sets z to that integer, and returns z. See AP_f r onst r.
T MP_Ishift(T z, T x, int s)
set z to x shifted left by s bitsand return z. Vacated bits are filled with Os. It isac.r.e. for s<O0.



T MP_mod(T z, Tx, Ty) MP_COverfl ow, MP_Di vi deByZer o
sets z tox mod y and returns z. Truncates towards —oo; see Ar i t h_nod.

long MP_nodi (T x, long vy) MP_COverfl ow, MP_Di vi deByZer o
returns X mod y. Truncates towards —oo; see Ar i t h_nod.

T MP_rmodu(T z, TXx, Ty) MP_Di vi deByZer o
setsz tox mody and returns z.

unsi gned | ong MP_nodui (T X, MP_COverfl ow, MP_Di vi deByZer o

unsi gned | ong vy)
returnsx mody.

T M mul(Tz, Tx, Ty) MP_Overfl ow
setsz tox[y and returns z.

T MW _mul2(T z, TXx, Ty) MP_Overfl ow

T MP_mul2u(T z, TXx, Ty) MP_Overfl ow
set z to the double-length result of x i and return z, which has 2n bits.

TM_muli(T z, Tx, longy) MP_Overfl ow

T MW _mulu(T z, TXx, Ty) MP_Overfl ow

T MP_mului (T z, T x, unsigned |ong vy) MP_Overfl ow
setz tox[y and return z.

T MP_neg(T z, T x) MP_Overfl ow
setsz to —x and returns z.

T MP_new(unsi gned | ong u) Mem Fai | ed, MP_Overfl ow

createsand returns a T initialized to u.
T MP_not(T z, T x)
setsz to ~x and returns z.



T M or(T z, Tx, Ty)
T MP ori(T z, T x, unsigned long vy)
setz tox ORYy andreturn z.
T MP_rshift(T z, T x, int s)
sets z to x shifted right by s bits and returns z. Vacated hits are filled with Os. Itisac.r.e. for s<0.

int MP_set(int n) Mem Fai | ed
resets VP to do n-bit arithmetic. It isac.r.e. for n<2.

T MP_sub(T z, Tx, Ty) MP_Overfl ow

T MP_subi (T z, T x, longy) MP_Overfl ow

T MP_subu(T z, TXx, Ty) MP_Overfl ow

T MP_subui (T z, T x, unsigned |ong vy) MP_Overfl ow
setztox —y andreturn z.

long int MP_toint(T x) MP_Overfl ow

unsi gned long MP_tointu(T x) MP_Overfl ow
return X asalong int or unsigned long.

char *MP_tostr(char *str, int size, Mem Fai | ed

int base, T Xx)
fills st r[ 0..si ze- 1] with a null-terminated string representing x in base, and returns str. If
st r=null, MP_t ostr ignoressi ze and alocatesthe string. See AP_t ostr.
T MP.xor(T z, Tx, Ty)
T MP_xori(T z, T X, unsigned |ong vy)
set z tox XORYy and return z.



Ring TisopaqueRi ng_T

Ring indices run from 0 to N-1, where N is the length of the ring. The empty ring has no elements. Pointers
can be added or removed anywhere; rings expand automatically. Rotating aring changesitsorigin. Itisac.r.e.
to passed anull T to any Ri ng function.

void *Ring add(T ring, int pos, void *x) Mem Fai |l ed
insertsx at position pos inr i ng and returns x. Positions identify points between elements; see St r. Itis
acr.e for pos <-Norpos > N+1, where Nisthelength of ri ng.

void *Ring _addhi (T ring, void *x) Mem Fai |l ed

void *Ring _addlo(T ring, void *x) Mem Fai |l ed
adds x to the high (index N-1) or low (index 0) end of r i ng and returns x.

void Ring_free(T *ring)
dedllocatesand clears*r i ng. Itisac.r.e. forri ng or *ri ng to be null.

int Ring_length(T ring)
returns the number of elementsinri ng.

void *Ring_get(T ring, int i)
returnsthei thelementinring. Itisac.r.e. fori <0 ori =N, where Nisthelength of ri ng.

T Ri ng_new(voi d) Mem Fai |l ed
creates and returns an empty ring.
void *Ring_put(T ring, int i, void *x) Mem Fail ed

changesthei thelementinri ng to x and returns the previous value. See Ri ng_get forcr.e

void *Ring_remhi (T ring)

void *Ring_rem o(T ring)
removes and returns the element at the high end (index N-1) or low end (index 0) of ri ng. Itisac.r.e. for
ri ng to be empty.



void *Ring_remove(T ring, int i)
removes and returnselement i fromri ng. Itisac.r.e fori <Oori =N, where Nisthelengthof ri ng.
T Ring_ring(void *x, ...) Mem Fai | ed
creates and returns aring whose elements are the “...” arguments up to the first null pointer.
void Ring rotate(T ring, int n)
rotates the origin of r i ng n elements left (n<0) or right (n=0). Itisac.r.e. for |n| <0 or |n| >N, where N
isthelength of ri ng.



Sem TisopaqueSem T

typedef struct T { int count; void *queue; } T,

Itisan u.r.e. error to read or writethe fieldsin a T directly, or to pass an uninitialized T to any Semfunction.

Itisac.r.e topassanull T toany Semfunction, or to call any Semfunction before calling Thread i nit.
The syntax of the LOCK statement is as follows; Sand m denote statementsand a T.

LOCK(m) S END_LOCK

mislocked, statements Sare executed and mis unlocked. LOCK canraise Thr ead_Al ert ed.

void Seminit(T *s, int count)
setss- >count tocount . Itisanu.r.e tocal Sem i ni t morethan once on the sameT.

Sem T *Sem new(int count) Mem Fai |l ed
createsand returnsa T with itscount field initialized to count .

void Semwait(T *s) Thread_Al erted
wait until s- >count >0, then decrementss- >count .

void Semsignal (T *s) Thread_Al erted

increments s- >count .



Seq TisopaqueSeq_T

Sequence indices run from 0 to N-1, where N is the length of the sequence. The empty sequence has no ele-
ments. Pointers can be added or removed from the low end (index 0) or the high end (index N-1); sequences
expand automatically. It isac.r.e. to passed anull T to any Seq function.

voi d *Seq_addhi (T seq, void *x) Mem Fai |l ed

voi d *Seq_addl o(T seq, void *x) Mem Fai |l ed
adds x to the high or low end of seq and returns x.

void Seq_free(T *seq)
dedllocates and clears* seq. Itisac.r.e. for seq or * seq to be null.

int Seq_length(T seq)
returns the number of elementsin seq.

void *Seq_get(T seq, int i)
returnsthei th elementinseq. Itisac.r.e fori <0ori =N, where N isthe length of seq.

T Seq_new(i nt hint) Mem Fai |l ed
creates and returns an empty sequence. hi nt is an estimate of the maximum size of the sequence. It is
c.r.efor hi nt <0.

void *Seq_put(T seq, int i, void *x)
changesthei th element in seq to x and returns the previous value. See Seq_get for c.r.e

void *Seq_remhi (T seq)

void *Seq_rem o(T seq)
remove and return the element at the high or low end of seq. Itisac.r.e. for seq to be empty.

T Seq_seq(void *x, ...) Mem Fai |l ed
creates and returns a sequence whose elements are the “..."” arguments up to the first null pointer.



Set TisopaqueSet T

It is a cre to pass a null menber or T to any Set function, except for Set _di ff, Set _inter,
Set _m nus, and Set _uni on, which interpret anull T as the empty set.

T Set diff(T s, Tt) Mem Fai | ed
returns the symmetric difference s / t : a set whose members appear in only oneof s ort . Itisac.r.e. for
both s=null and t =null, or for nonnull s andt have different cnp and hash functions.

void Set free(T *set)
dedllocates and clears* set . Itisac.r.e. for set or *set to benull.

T Set_inter(Ts, Tt) Mem Fai |l ed
returnss n t : aset whose members appearsins andt . SeeSet _di f f forc.re.

int Set_length(T set)
returns the number of elementsinset .

void Set_map(T set,

voi d appl y(const void *nmenber, void *cl), void *cl)
calsappl y(nenmber, cl) for eachmenber Oset.Itisac.re forappl y tochangeset .

int Set_menber (T set, const void *nenber)

returns 1 if menber O set and 0 otherwise.

T Set_nmnus(T s, Tt) Mem Fai |l ed
returns the difference s —t : aset whose membersappear ins but notint . SeeSet _di f f forc.r.e
T Set_new(int hint, Mem Fai |l ed

int cnp(const void *x, const void *y),

unsi gned hash(const void *x))
creates, initializes, and returns an empty set. See Tabl e_new for an explanation of hi nt, cnp, and
hash.



void Set_put(T set, const void *nmenber) Mem Fai | ed
addsnenber toset , if necessary.

void *Set _renove(T set, const void *menber)
removes menber from set, if menber Oset, and returns the removed member; otherwise,
Set _renove returnsnull.

void **Set_toArray(T set, void *end) Mem Fai | ed
creates a N+1-element array that holdsthe N membersinset inan unspecified order and returns a pointer
to the first element. Element Nisend.

T Set_union(T s, Tt) Mem Fai | ed
returnss [t : aset whose membersappearins ort . SeeSet _di ff forc.r.e



Sack TisopaqueStack T

Itisac.r.e topassnull Ttoany St ack function.

int Stack empty(T stk)
returns 1 if st k isempty and O otherwise.

void Stack free(T *stk)
deallocates and clears* st k. Itisac.r.e. for st k or * st k to benull.

T Stack_new(voi d) Mem Fai |l ed
returns anew, empty T.

void *Stack_pop(T stk)
pops and returns the top element on st k. Itisac.r.e. for st k to be empty.

void Stack push(T stk, void *x) Mem Fai |l ed
pushes x onto st K.



Sr

The St r functions manipulated null-terminated strings. Positions identify points between characters; e.g., the
positionsin STRING are

1n 2~ 34 4, 5., 6.7
—GS—ST—4R—3I —ZN —lGO

Two positions can be given in either order. St r functions that create strings allocate space for their results. In
the descriptions below, s[ i : j] denotesthe substring of s between positionsi andj . Itisac.r.e topassa
nonexistent position or a null character pointer to any St r function, except as specified for St r _cat v and
Str_map.

int Str_any(const char *s, int i, const char *set)
returns the positive position in s after s[ i : i +1] if that character appearsin set , or O otherwise. Itisa
c.r.e forset =null.
char *Str_cat(const char *sl1, int i1, int j1, Mem Fai |l ed
const char *s2, int i2, int j2)
returnss1[i 1:j 1] concatenated withs2[i 2:j 2] .

char *Str_catv(const char *s, ...) Mem Fai |l ed
returns a string consisted of the triplesin “...” up to anull pointer. Each triple specifiesans[i:j].
int Str_chr(const char *s, int i, int j, int c)

returns the position in s before the leftmost occurrenceof ¢ ins[i :j ], or O otherwise.
int Str_cnp(const char *sl1, int il, int j1,
const char *s2, int i2, int j2)
returns an integer <0, =0, or >0 if s1[i 1l:j1]<s2[i2:)j2], s1[il:j1]=s2[i2:]j2], or
s1[il:j1]>s2[i2:j2].



char *Str_dup(const char *s, int i, int j, Mem Fai | ed

int n)
returnsn copiesof s[i:j] .Itisac.r.e for n<0.
int Str_find(const char *s, int i, int j, const char *str)

returns the position in s before the leftmost occurrence of str ins[i :j ], or O otherwise. Itisac.r.e for
st r=null.
void Str_fnt(int code, va_ list *app,
int put(int ¢, void *cl), void *cl,
unsi gned char flags[], int width, int precision)
isaFnt conversion function. It consumes 3 arguments. a string and two positions and formats the sub-
stringinthe styleof pri nt f 's%s. Itisac.r.e. for app, *app, or f | ags to benull.

int Str_len(const char *s, int i, int j)
returnsthelengthof s[i:j].
int Str_many(const char *s, int i, int j, const char *set)

returns the positive position in s after a nonempty run of characters from set at the beginning of
s[i:]j],or0otherwise. Itisc.r.e for set =null.

char *Str_map(const char *s, int i, int j, Mem Fai | ed

const char *from const char *to)

returns the string obtained from mapping the charactersins[i : j ] accordingtof r omandt o. Each char-
acter froms[i:j ] that appearsinf r omis mapped to the corresponding character int 0. Characters that
do not appear in f r ommap to themselves. If f r omenull and t o=null, their previous values are used. If
s=null, f romand t o establish a default mapping. It isac.r.e. for only one of f r omort o to be null, for
strlien(from#strlen(to),fors,fromandtotoalbenull, orforfromenul | andt o=null on
thefirst call.

int Str_match(const char *s, int i, int j, const char *str)
returns the positive positionins if s[i : j] startswith st r, or O otherwise. Itisac.r.e. for st r =null.



int Str_pos(const char *s, int i)
returns the positive position correspondingtos[ i : i ] ; subtracting 1 yieldstheindex of s[i : i +1] .

int Str_rchr(const char *s, int i, int j, int c)
istherightmost variant of St r _chr.

char *Str_reverse(const char *s, int i, int j) Mem Fai | ed
returnsacopy of s[ i : j ] with the charactersin the opposite order.

int Str_rfind(const char *s, int i, int j, const char *str)
istherightmost variant of St r _f i nd.

int Str_rmany(const char *s, int i, int j, const char *set)

returns the positive position in s before a nonempty run of charactersfromset attheendof s[i:j],or
0 otherwise. Itisc.r.e. for set =null.
int Str_rmatch(const char *s, int i, int j,
const char *str)
returns the positive position in s before st r if s[i:j] endswith str, or O otherwise. It isac.r.e. for
st r=null.

int Str_rupto(const char *s, int i, int j, const char *set)
isthe rightmost variant of St r _upt o.

char *Str_sub(const char *s, int i, int j) Mem Fai | ed
returnssfi:j].

int Str_upto(const char *s, int i, int j, const char *set)

returns the position in s before the leftmost occurrence in s[i : j] of any character in set, or O other-
wise. Itisc.r.e for set =null.



Table TisopaqueTabl e T

Itisac.r.e topassanull Toranull key to any Tabl e function.

void Table free(T *table)
dedllocatesand clears*t abl e. Itisac.r.e. fort abl e or *t abl e to benull.
void *Table get (T table, const void *key)
returns the value associated with key int abl e, or null if t abl e does not hold key.
int Table length(T table)
returns the number of key-value pairsint abl e.
void Tabl e _map(T table,
voi d appl y(const void *key, void **value, void *cl),
void *cl)
cdlsappl y(key, &val ue, cl) for each key-value in t abl e in an unspecified order. It isac.r.e. for
appl y tochanget abl e.
T Tabl e_new(int hint, Mem Fail ed
int cnp(const void *x, const void *y),
unsi gned hash(const void *key))
creates, initializes, and returns a new, empty table that can hold an arbitrary number of key-value pairs.
hi nt isan estimate of the number such pairs expected. It isac.r.e. for hi nt <0. cnp and hash are func-
tions for comparing and hashing keys. For keys x and y, cnp( X, y) must return an int <0, =0, or >0 if
X<y, x=y, or x>y. If cnp(x,y) returns O, then hash(x) must equal hash(y). If cnp=null or
hash=null, Tabl e_new uses afunction suitable for At om T keys.
void *Tabl e _put (T table, Mem Fai |l ed
const void *key, void *val ue)
changes the value associated with key int abl e to val ue and returns the previous value, or adds key
and val ue if t abl e doesnot hold key, and returns null.



voi d *Tabl e_renove(T table, const void *key)
removes the key-value pair from t abl e and returns the removed value. If t abl e does not hold key,
Tabl e_r enpve has no effect and returns null.

void **Table_toArray(T table, void *end) Mem Fai | ed
creates a 2N+1-element array that holds the N key-value pairs in t abl e in an unspecified order and
returns a pointer to the first element. The keys appear in the even-numbered array elements and the corre-
sponding values appear in the following odd-numbered elements, and element 2N isend.



Text

typedef struct T {
typedef struct Text_save T *Text save T;

i nt

| en;

TisText T

const char *str; } T,

A T isadescriptor; clients can read the fields of adescriptor, but it is an u.r.e. to write them. Text functions
accept and return descriptors by value; it isac.r.e. to pass adescriptor with st r =null or | en<0 to any Text

function.

Text managesthe memory for itsimmutable strings; it isan u.r.e. to write this string space or deal locate it
by external means. Strings in string space are not terminated by null characters, because they can contain null

characters.

Some Text functions accept positions, which identify points between characters; see St r . In the descrip-
tionsbelow, s[ i :j] denotesthe substring in's between positionsi andj .

const
const
const
const
const
const

-
-
-
-
-

T

Text _cset
Text _asci i
Text _ucase
Text _| case
Text _digits
Text _nul |

{ 256,
{ 128,
{ 26,
{ 26,
{ 10,
{ 0o,

"\ 000\ 001...\ 376\ 377" }

"\ 000\ 001..\176\ 177" }

" ABCDEFGHI JKLMNOPQRSTUVWKYZ" }
"abcdef hi j kI mopgrt uvwxyz" }
"0123456789" }

"l

are static descriptors initialized as shown.

T set)
returns the positive positionin s after s[ i : i +1] if that character appearsin set , or 0 otherwise.

T Text _box(const char *str,
builds and returns a descriptor for the client-allocated string st r of length | en. Itisac.r.e. for st r =null
or | en<0.

int Text_any(T s,

i nt

int len)



T Text _cat(T sl, T s2) Mem Fai | ed
returns s1 concatenated with s2.

int Text _chr(T s, int i, int j, int c)
SeeStr_chr.

int Text_cnp(T s1, T s2)
returnsanint <0, =0, or >0 if s1<s2,s1=s2,0r s1>s2.

T Text _dup(T s, int n) Mem Fai | ed
returnsn copies of s. Itisac.r.e. for n<0.

int Text find(T s, int i, int j, T str)
SeeStr_find.

void Text fmt(int code, va_list *app,
int put(int ¢, void *cl), void *cl,
unsi gned char flags[], int width, int precision)
isaFm conversion function. It consumes a pointer to a descriptor and formats the string in the style of
printf’'s%. Itisac..e. for the descriptor pointer, app, * app, or f | ags to be null.
char *Text _get(char *str, int size, T s)
copiess. str[0.str.len-1] tostr[O0..size-1], appends a null, and returns st r. If st r=null,
Text _get alocatesthe space. Itisac.r.e for st r#null andsi ze<s. | en+1.

int Text_many(T s, int i, int j, T set)
See St r _many.
T Text_map(T s, const T *from const T *to) Mem Fai | ed

returns the string obtained from mapping the charactersin s accordingtof romandt o; seeStr _nap. If
f r omenull and t o=null, their previous values are used. It isac.r.e for only one of f r omor t o to be null,
or for f rom >l en#t o- > en.

int Text_ match(T s, int i, int j, T str)
SeeStr_nat ch.



int Text_pos(T s, int i)

SeeStr_pos.

T Text _put (const char *str) Mem Fai | ed
copies the null-terminated st r into string space and returns its descriptor. Itisac.r.e. for st r =null.

int Text rchr(T s, int i, int j, int c)
SeeStr _rchr.

voi d Text _restore(Text_save T *save)
pops the string space to the point denoted by save. Itisac.r.e. for save=null. It is an u.r.e. to use other
Text _save_T vauesthat denote locations higher than save after calling Text _restore.

T Text _reverse(T s) Mem Fai | ed
returns a copy of s with the charactersin the opposite order.
int Text _rfind(T s, int i, int j, T str)
SeeStr_rfind.
int Text _rmany(T s, int i, int j, T set)
See Str_r many.
int Text _rmatch(T s, int i, int j, T str)
SeeStr_rmatch.
int Text _rupto(T s, int i, int j, T set)
SeeStr_rupto.
Text _save_ T Text _save(void) Mem Fai | ed
returns an opague pointer that encodes the current top of the string space.
T Text _sub(T s, int i, int j)
returnssfi:j].
int Text _upto(T s, int i, int j, T set)

SeeStr_upto.



Thread TisopaqueThread_ T

Itisac.r.e tocal any Thr ead function before calling Thread_i ni t .

void Thread alert(T t)
setst 'salert-pending flag and makest runnable. The next timet runs, or calsablocking Thr ead, Sem
or Chan primitive, it clearsits flag and raises Thr ead_Al ert ed. It isac.r.e. for t =null or to name a
nonexistent thread.

void Thread_exit(int code)
terminates the calling thread and passes code to any threads waiting for the calling thread to terminate.
When the last thread calls Thr ead_exi t , the program terminates with exi t ( code) .

int Thread_init(int preenpt, ...)
initializes the Thr ead for nonpreemptive (pr eenpt =0) or preemptive (pr eenpt =1) scheduling and
returns 1 or O if pr eenpt =1 and preemptive scheduling is not supported. Thr ead_i ni t may accept
additional implementation-defined parameters; the argument list must be terminated with anull. Itisc.r.e.
tocall Thread_i ni t morethan once.

int Thread_join(T t) Thread_Al erted
suspends the calling thread until thread t terminates. Whent terminates, Thr ead_j oi n returnst 's exit
code. If t =null, the calling thread waits for all other threads to terminate, and then returns 0. Itisac.r.e. for
t to name the calling thread or for more than one thread to passanull t .

T Thread_new(int apply(void *), Thread_Fai |l ed

void *args, int nbytes, ...)

creates, initializes, and starts a new thread, and returns its handle. If nbyt es=0, the new thread executes
Thread_exit (appl y(args)), otherwise, it executes Thread_exit (appl y(p)), where p
points to a copy of the nbyt es block starting at ar gs. The new thread starts with its own, empty excep-
tion stack. Thr ead_new may accept additional implementation-defined parameters; the argument list
must be terminated with anull. Itisac.r.e. for appl y=null, or for ar gs=null and nbyt es<0.



voi d Thread_pause(voi d)

relinquishes the processor another thread, perhaps the calling thread.
T Thread_sel f (voi d)

returns the calling thread's handle.



XP TisXP_T
typedef unsigned char *T;

An extended-precision unsigned integer is represented in base 28 by an array of n digits, least significant
digit first. Most XP functions take n as an argument along with source and destination Ts; it isan u.r.e. for n<1
or for n not to be the length of the corresponding Ts. It isan u.r.e.topassanull T or aT that istoo small to
any XP function.

int XP_add(int n, Tz, Tx, Ty, int carry)
setsz[ 0..n- 1] tox +y +carry and returnsthe carry out of z[ n- 1] . carry mustbeOor 1.

int XP_cnp(int n, T x, Ty)
returns an int <0, =0, or >0 if x<y, Xx=y, or x>y.

int XP_diff(int n, Tz, Tx, inty)
setsz[ 0..n- 1] tox -y, wherey isasingle digit, and returns the borrow into z[ n- 1] . Itisan u.r.e. for
y>2".

int XP_div(int n, Tq, Tx, int m Ty, Tr, Ttnmp)
satsq[ 0..n- 1] tox[0..n-1] /y[ O.m 1] ,r[ O0.m 1] tox[ 0..n-1] mody[ 0. . m 1], and returns 1,
if y20. If y=0, XP_di v returns 0 and leaves q and r unchanged. t mp must hold at least n+mt2 digits. It
isanu.re forgorr tobeoneof x ory, forqandr tobethesameT, or for t np to be too small.

unsi gned | ong XP_ from nt(| nt n, T z unsi gned | ong u)
setsz[ 0..n- 1] tou mod 2°" and returns u/2°"



int XP_fromstr(int n, T z, const char *str,
i nt base, char **end)
interpretsst r asan unsigned integer in base using z[ 0..n- 1] astheinitial valuein the conversion, and
returns the first nonzero carry out of the conversion step. If end#null, *end points to the character in
str that terminated the scan or produced a nonzero carry. See AP_f r onstr.
int XP_length(int n, T x)
returns the length of x; that is, the index plus one of the most significant nonzero digitin x[ 0..n- 1] .
void XP_Ishift(int n, Tz, int m Tx, int s, int fill)
setsz[ 0..n- 1] tox[ 0..m 1] shifted left by s bits, and fills the vacated bitswith f i | | , which must be 0
or 1. Itisanu.r.e for s<O.
int XP.nmul(T z, int n, Tx, int m Ty)
addsx[ 0..n-1] [ 0..m 1] to z[ O0..n+m 1] and returns the carry out of z[ n+m 1] . If z=0, XP_nul
computes x[y. Itisan u.r.e. for z tobethesame T asx ory.
int XP_neg(int n, Tz, Tx, int carry)
setsz[ 0..n- 1] to~x +carry,wherecarry isOor 1, and returnsthe carry out of z[ n- 1] .
int XP_product(int n, Tz, Tx, intvy)
setsg[ 0..n-1] to xly, wherey isasingle digit, and returns the carry out of z[ n- 1] . It isan u.r.e. for
y=2".
int XP_quotient(int n, Tz, T x, int y)
setsz[ 0..n- 1] tox/y, wherey isasingledigit, and returnsx mody. Itisan u.r.e. fory-Oory>2
void XP_rshift(int n, Tz, int m Tx, int s, int fill)
right shift; see XP_I shi f t . If n>m the excess bits are treated asif they wereequal tofil | .
int XP_sub(int n, Tz, Tx, Ty, int borrow)
setsz[ 0..n- 1] tox —y —borr owand returns the borrow into z[ n- 1] . bor r owmust be 0 or 1.



int XP_sun(int n, Tz, Tx, inty)
setsg[ 0..n- 1] tox +y, wherey isasingle digit, and returns the carry out of z[ n- 1] . Itisan u.r.e. for
y>2".

unsigned long XP_toint(int n, T x)
returns X mod (ULONG_MAX+1).

char *XP_tostr(char *str, int size, int base, int n, T x)
fillsst r[ 0..si ze- 1] with the character representation of x inbase, setsx to 0, andreturnsst r. Itisa
c.r.e for st r=null, si ze to betoo small, or for base<2 or base>36.
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