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Abstract

The Titanium language is a Java dialect for high-performareparallel scienti c computing.
Titanium's di erences from Java include multi-dimensiond arrays, an explicitly parallel
SPMD model of computation with a global address space, a forof value class, and

zone-based memory management. This reference manual diéss the di erences between
Titanium and Java.
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Chapter 1

Lexical Structure

Titanium adds the following new keywords to Java:

broadcast foreach immutable  inline local
nonshared op overlap partition  polyshared
sglobal single template



Chapter 2

Program Structure

Types introduced by Titanium are contained in the packagé.lang (‘Ti' being the stan-
dard chemical symbol for Titanium). There is an implicit detaration

import ti.lang.*;

at the beginning of each Titanium program.
The main procedure of a Titanium program must have signature

public single static void main(String single [] single args ) {

\

or any variation thereof formed by removing one or morsingle quali ers.



Chapter 3

New Standard Types and
Constructors

3.1 Points

The immutable classPoint< N>, for N a compile-time positive integer constant, is a tuple
of N int's. Point< N>s are used as indices intbl -dimensional arrays.

3.1.1 Operations on Points

In the following de nitions, p and p; are of type Point< N>; x, k, and k; are integers;

1. p[i],1 1 N,iscomponenti of p. That's right: the numbering starts at 1. Itis
an error fori to be out of bounds.

3. Point<N>.all( x) is the Point< N> each of whose components is

4. Point< N>.direction( d;x) forl j dj N, is the Point< N> whose componenid;
is x sign(d), and whose other components are & defaults to 1.

5. The arithmetic operators+, -, *, /, applied to two Point< N >s producePoint< N >s by
componentwise operations. They are also de ned betwe@&woint< N>s and (scalar)
integers: forp a Point< N>, s a scalar, and an arithmetic operator,p s =
p Point< N>.all( s) ands p= Point<N>.all( s) p. The / operator, in
contrast to its meaning on two scalar integer operands, rods toward 1 , rather
than toward 0. It is an error to divide by O.

»

. Unary negation on aPoint< N>, p, produces the componentwise negation pf

4



7. The assignment operators=, -=, *=, /=, applied to a Point< N>s on the left and
another Point< N> or a scalar on the right act like the assignment operators on
scalars in standard Java. That is,

p =E

whereE is aPoint< N > or integer expression assigns the valuepf E to p, evaluating
the location of p exactly once.

8. If Ris any of<, > <= >= or == then pp R py if po[i] R py[i] foralll i N.
The expressionpy!=p; is equivalent to !({,==p;). The member functionequals on
Point< N >s is the same as=

9. The expressiongg.lowerBound ( p;) and po.upperBound (p;) vyield p such that
p[i] is the minimum (respectively, maximum) ofpe[i] and py[i].

10. The expressionpg.permute ( p1), is the Point< N>, p, for which p[pi[i]] = poli],
wherep; is a permutation of 1 :::;N.

11. The expressiomp.replace ( k;v) returns a Point< N> that is identical to p except
that p[k] = v.

12. parity = N, and is a compile-time constant.

13. The expressiorp.toString()  yields a text representation ofp.

3.2 Domains and RectDomains

The type Domaindl >, for N a compile-time positive integer constant, is an arbitrary et
of Point< N>s. The type RectDomaind > is a \rectangular" set of Point< N >s: that is, a
set

fpjpo P p1; and for somex; p = pp + S*xg

where all quantities here arePoint< N>s. S here (aPoint< N>) is called astride, and
is always greater than or equal to theunit stride, Point< N>.all(1) . The point po is
the origin, and p; the maximum of the set. RectDomain® >s are used as the index sets
(bounds) of N -dimensional arrays.

A Domaind\ >is an Object, having a reference type, whereas tiRectDomaindl > types
are immutable classesx). As a result, aDomaind > resides in the demesnex6.1) in which



it was created. Library methods that yield Domaindl>s are not guaranteed to produce
new values (i.e., values that do not compare=to previously createdDomain{l >s). That
is, the implementation is free to take advantage of the factfat there are no methods that
mutate Domaind >s, and to re-use anypomain{l > with the properties otherwise required
of the speci ed result.

3.2.1 Operations on Domains and RectDomains

In the following descriptions,D is a Domaindl >, R is a RectDomaind >, and RD may be
either a Domaind > or a RectDomaind > (N is a positive integer.)

1. There is a standard (implicit) coercion fromRectDomaindl > to Domaindl >.

2. RD.isRectangular() is true for all RectDomairs and for any Domainthat is rect-
angular.

3. A Domaindl > may be explicitly converted to aRectDomaind > using the usual con-
version syntax: (RectDomaindN>) D. It is a run-time error if D is not rectangular.

4. If pop and p; are Point< N>s, then[ po : p1 ] is the RectDomaindl > with stride
Point< N>.all(1) , origin pp, and upper boundp;. If s is also aPoint< N>, s
Point< N>.all(1) ,then[ po:p::s ] isthe RectDomaind > with origin py, upper
bound p;, and stride s. Because of the de nitions of origin and upper bound at the
beginning of this section, it follows that if notpy  p;, then both [ po:p: ] and [

Po:p1:S ] are empty.
So, for example, to get the set of alPoint< 2>s of the form |;j], with O i< M
and 0 j<N , we may use

[ [0, 0] : [M-1, N-1] ]
and to get the subset of this set in which all coordinates areven we may write
[ [0, O] : [M-1, N-1] : [2, 2] ]
5 Ifij; k,ands;, 1 j N, areints, with s; > 0, then
[ ip:Kyisyiiiin Ky @sn]

is the same as

1As a result, applying methods to a DomainN > can carry unexpected performance penalties if the
programmer does not pay attention to locality. Hence, reconmended practice is to make a local copy of a
DomaindN > using its copy constructor before invoking a sequence of opations upon it.



10.

11.

12.

13.

. RD:arity = N, and is a compile-time constant.

. The expressiorRD.min() vyields aPoint< N> such that RD.min()[ k] is the min-

imum over all p in RD of p[k]. Likewise for RD.max(). For empty domains,
RD.min() and RD.max() are not de ned.

. The expressionRD .lwb() is a synonym forRD.min() . RD.upb() is de ned as

RD .max()+ RD.all(1) , so that RD.max()<RD .upb() .

. RD .boundingBox() yields the smallestRectDomaindl > that contains all the points

of RD and is either empty or unit-strided. For RectDomainsR with unit stride,
R.boundingBox()= R.

R:stride() yields the minimal Point<N>, s Point< N>.all(1) such that R =
[pPo : p1:S] for somepy and p;. (This need not be the same as the stride used to
construct R in the rst place: for example,

([ 0:1:2, 0:1:2 ]).stride()
is[1,1] , not [2,2] .) Itis unde ned on an empty RectDomain

RD:size() is the cardinality of RD (the number of Points it contains). The predicate
RD:isEmpty() istruei RD:size() =0.

RD:permute(p;) is the domain consisting of all pointg:permute(p,) for pin RD.
It is a RectDomaindl > if RD is a RectDomaind >. Otherwise it is a Domaind >.

The operationst, -, and * are de ned between any combination oRectDomaindl >s
and Domaind >s. They stand for union, di erence, and intersection of theets of
elements in the operand domains. The intersection of twRectDomaindl >s yields a
RectDomaindl >. All other operations and operands yieldomaind >s.



14. For aPoint< N>, p, the expressiondRD +p, RD-p, RD*p, and RD/ p compute the

15.

16.

17.
18.

domains
fdjd= d® p; for somed°2 RDg

where = +, -, *, or integer division rounded toward 1  (unlike ordinary integer
division, which rounds toward 0). Divisions require that eeh p[i] be non-zero, and,
if RD is a RectDomain that each RD:stride() [i] either be divisible byjp[i]j or less
than jp[i]j; it is an error otherwise. IfRD is a RectDomain so is the result.

The assignment expressions
R; *= Ry; *> RD; D +=RD; D -= RD;
RD +=p;, RD -= p;, RD *= p; RD /= p;

wherep is aPoint< N >-valued expression, act like the assignment operators orakrs
in standard Java. That is,

RD =V

assigns the value oRD V to RD, evaluating the location of RD exactly once.
Only the particular combinations shown are legal, since oéns would involve type
errors.

The operations<, >, <= and >= are de ned betweenRectDomairs and between
Domairs and represent set comparisons (s strict subset, etc.).

The function equals is de ned as set equality on all combinations dbomain® > and
RectDomaindl >. When the arities do not match, the result will always bdalse, even
when the operands denote empty sets.

Between RectDomairs, R;==Ry and R;!=R, are synonyms forR;.equals( R;) and
IR;.equals( R;). The expressionRD .equals( x) is true i x is a Domaindl > that
contains the same set of points aRD; it is false whenx is any other reference value.
As a result, its value isfalse if x is null , or does not denote @omaind > (so that
again, even ifRD and x both denote empty domains, they are not equal if their
arities do not match).

The expressiorRD .contains( p), for Point< N>p, istruei p2 RD.

The expressiorR.accrete( k, dir, s) gives the result of adding elements t&® on
the side indicated by directiondir, expanding it by k O strides of sizes > 0 (all
arguments butR are integers). That is, it computes

R+ (R+ Point< N >.direction (dir;s))+ :::+( R+ Point< N >.direction (dir;s k))

8



19.

20.

21.

22.

and returns the result (always rectangular) as &ectDomain It is an error if R could
not have been constructed with a stride of in direction dir, so that the resulting set
of elements would not be &RectDomain It follows that accrete is the identity on
empty RectDomaind >s. The arguments may be omitted; it defaults to 1. Requires
that1 j dirj N.

The expressiorR.accrete( k, S) gives the result of expandingR on all sides by
k 0, as for the valueV computed by the sequence

\%
\%

R.accrete( k, 1, S[1]); V = V.accrete( k, -1, S[1]);
V.accrete( k, 2, S[2])....

The argument S is a Point with the same arity asR. It may be omitted, in which
case it defaults toall(1)

The expressiorR.shrink( k, dir) gives the result of shrinkingR on the side in-
dicated by direction dir by k 0 strides of sizeR.stride()[ jdirj] That is, it
computes

R*(R+ Point< N >.direction (dir;s))* :::*(R+ Point< N>.direction (dir; k )):
wheres is R.stride()[ jdirj]. Requires that 1 j dirj N.

The expressiorR.shrink( k) gives the result of shrinkingR on all sides byk 0
strides, as for the valuev computed by the sequence

V = R.shrink( Kk, 1).shrink( Kk, -1).shrink( k, 2)....

The expressiorR.border( k, dir, shift) is equivalent to
R.accretek, dir) - R.boundingBox() + Point< N >.direction(dir, shift-k),

where all arguments are of typént with k  R.stride()[] dir|]] and0< jdirj N.
When R has unit stride in direction dir, this consists of thek-thick layer of index
positions on the side oR indicated by dir, shifted by shift positions in directiondir .
Thus,

R.border(1, dir, 0)
is the layer of cells on the face of and interior t& in direction dir, while
R.border(1, dir, 1)

is the layer of cells just over that face (outside the interioof R). As shorthand,

9



23.

24,

25.

26.

27.

28.
29.

30.

R.border( k, dir) = R.border( k, dir, 1)
and

R.border( dir) = R.border(1, dir, 1).

The expressiorR.slice( k), where O<k N, andN > 1is aRectDomaind 1>
consisting of the set

The expressiorD .RectDomainList() returns a one-dimensional array (se4.3) of
type RectDomaind >[1d] containing zero or more disjoint, non-null domains whose
union (treated asDomaind >s) isD.

The expressiobomaindl >.toDomain( X ), whereX is of type RectDomaind >[1d]
and has disjoint members, yields ®omaind > consisting of the union of the elements
of X.

The expressionD .PointList() returns an array of type Point< N>[1d] of distinct
points consisting of all the members ob.

The expressiorDomaindl >.toDomain( X ), where X is of type Point< N>[1d] and
has distinct members, yields @omaindl > whose members are the elements Xf.

The expressiorRD .toString()  yields a text representation ofRD.

The expressiorDomaindl >.setRegion( reg), wherereg is a Region, is described in
x6.3.2

The type Domaindl > has a copy constructor:new Domaind>(D) creates a new
local copy ofD. Likewise, new (W) DomaindN>(D) will create a local copy ofD
in region W.

3.2.2 “Foreach' Statements

The construct

foreach (p in RD) S

or equivalently

10



foreach (Point< n> p in RD) S

for RD any kind of n-dimensional domain, executeS repeatedly, bindingp to the points
in RD in some unspeci ed order. The control variablg is a local variable whose scope
is conned to S, and it is constant (nal ) within its scope. As for other local variables
in Java, you may not use a control variable name that shadowsnather local variable
(including formal parameters and other control variables) The control constructs break
and continue function in foreach loops analogously to other loops.

11



Chapter 4

New Type Constructors

4.1 Syntax

Titanium modi es Java syntax to allow for grid types(x4.3), and the quali ers local (x6.1),
nonshared (x6.2), polyshared (x6.2) and single (x9.4.7).

Type:
Quali edBaseType ArraySpeci ersopt

Quali edBaseType:
BaseType Quali ersypt

ArraySpeci ers:
ArraySpeci ers ArraySpeci er
ArraySpeci er
ArraySpeci er:
[ Quali ers opt
[ IntegerConstantExpressiord ] Quali ers gpt
Quali ers:
Quali er Quali ers
Quali er
Qualier: single j local j nonshared | polyshared

BaseType: PrimitiveType j ClassOrlinterfaceType

12



where PrimitiveType and ClassOrinterfaceTypeare from the standard Java syntax. The
grouping of quali ers with the types they modify is as suggésd by the syntax: In Quali-
edBaseType,the quali ers modify the base type. Array speci ers apply totheir Quali ed-
BaseTypefrom right to left: thatis, " T [1d][2d] 'is \1-D array of (2-D arrays of T)." The
quali ers in the array speci ers apply to the type resulting from the immediately preceding
array speci cation. That is, for quali ers Qq, Qz, Qz,

Object Qs [] Q1 I Q2 V;

de nes Vto be aQ; array of Q, arrays of Q; Objects. We call Q; the top-level quali er,
and Qs the base quali er.

The quali er single is outwardly contagious. That is, the type \array of single T (T
single [...] ) is equivalent to \single array of single T" (T single [...] single ),
and the type \array of single array of array of T" (T [...] [...] single [...] )
is equivalent to \single array of single array of array of T" T [...] single [...]

single [...] ).

4.2 Atomic types

An atomic type is either a primitive type (int, double , etc.), or an immutable class (see
x5) whose non-static elds all have atomic type.

4.3 Arrays

A Java array (object) of length N |hereafter called a standard arraylis an injective
mapping from the interval of non-negative integers [IN) to a set of variables, called
the elementsof the array. Titanium extends this notion to grid arrays or grids; an N -
dimensional grid is an injective mapping from &RectDomaind > to a set of variables. As
in Java, the only way to refer to any kind of array object|stan dard or grid|is through
a pointer to that object. Each element of a standard array reédes in (is mapped to from)
precisely one array. The elements of a grid, by contrast, may be shared among anymber
of distinct grids. That is, even if the array pointersA and B are distinct, A[p] and BJp]
may still be the same object. We say then thaf and B share that element.

It is illegal to cast grid values to the typeObject. However, as for other normal objects,
the value null is a legal value for a grid variable, and it is legal to compargrid quantities
of the same arity using==or !=. If A and B are two grids of the same arity, thenA==B

1This doesnot mean that there is only one name for each element. IKand Y are arrays (of any kind),
then after "X=Y;, X[p] and Y[p] denote the same variable. That is an immediate consequencd the fact
that arrays are always referred to through pointers.

13



i A.domain()== B.domain() and for everyp in their common domain,A[ p] and B[ p]
are the same variable. Similarly foi=.
For a non-grid type T, the type \N -dimensional grid with element typeT" is denoted

T[Nd]

whereN is a positive compile-time integer constant. When that conant is an identi er,

it must be separated from the d' by a spacé. To declare a variable that may reference
two-dimensional grids ofdouble s, and initialize it to a grid indexed by theRectDomain>
D, one might write

double[2d] A = new double[D];

For the type \ No-dimensional grid whose elements afg;-dimensional grids. ..whose ele-
ments are of typeT," we write

T[Nod][ Nad]

There is a reason for this irregularity in the syntax (where we might have expected a
more compositional form, in which the dimensionalities arbsted in the opposite order).
The idea is to make the order of indices consistent betweenpy designations, allocation
expressions, and array indexing. Thus, given

double[1d][2d] A = new double[D1][D2];

we access an element éfwith

Alp1][p2]

where D1is a RectDomain4>, D2a RectDomainZ>, p1 a Point< 1>, and p2 a Point< 2>2,

Two grid types are assignment compatible only if they are iddical, aside from nar-
rowing and widening conversions on top-level quali ers (sex6.1 and x6.2.4). For Java
arrays, assignment conversion of one array-of-referengge to another is also allowed if
the element types are assignment convertible and have thensa local, sharing, and single
quali cation.

Grid types are (at least for now) not quite complete Java Obfgs, in that they may
not be coerced to type Object. This restriction aside, theyra otherwise reference types,
and are subject to reference quali cation (se&4).

2It is true that when N is an integer literal, Nd is syntactically indistinguishable from a oating-point
constant in Java. However, in this context, such a constant vould be illegal.

3Take these examples with a grain of salt. In general, it is préerable to use aRectDomain<3> index set
in preference to the array-of-arrays seen here, if the algithm justi es it, because compilers are apt to do
better with the former.

14



4.3.1 Array Operations

In the following, take p;p;::: to be of type Point< N>, A to be a grid of some typeT
[Nd], and D to be aRectDomaindl >,

1. A.domain() is the domain (index set) ofA. It is a RectDomaind >.

2. A[ p] denotes the element oA indexed by p, assuming thatp is in A.domain(). It
is an Ivaluelan assignable quantity|lunless A is a global array of local references,
in which case it is unassignable.

3. The expressionA.copy( B) copies the contents of the elements & with indices
in A.domain()*B.domain() into the elements ofA that have the same index. It is
illegal if A and B do not have the same grid type. It is also illegal iA is a global
array whose element type has local quali cation (it is easyot construct instances in
which such a copy would be unsound). Finally, it is illegal iB resides in a private
region, A resides in a shared region (se&.3), and the elements ofB have a non-
atomic type (seex4.2). (This last provision is a conservative restriction to pregent
situations where objects allocated in shared regions comaeferences to objects in
private regions.) It is legal for A and B to overlap, in which case the semantics are
as if B were rst copied to a (new) temporary before being copied té. See also
the operations for sparse-array copying described ¥12.15 and the operations for
non-blocking array copying described ix12.16

4. A.arity is the value of Adomain().arity whenAis non-null, and is a compile-time
constant.

tactic note: this makes]...] similar to function parameters; applications of the
comma operator must be parenthesized, unlike C/C++)

6. The following operations provide remappings of arrays.
(@) A.translate( p) produces a gridB, whose domain isA.domain()+ p, such that
B[ p+x] aliasesA[X].

(b) A.restrict( R) produces the restriction ofA to index setR. R must be a
RectDomaind >.

(c) A.inject( p) produces a grid,B, whose domain isA.domain()* p, such that
B[ p*x] aliasesA[X].

(d) A.inject( p).project( p) producesA. For other arguments,project is unde-
ned.
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(e) A.slice( k;j) produces the grid,B, with domain A.domain().slice( k) such
that

It is an error if any of the index points used to indexA are not in its domain,
or if A.arity 1.

(f) A.permute(p), wherep is a permutation of 1 :::; N, produces a gridB, where

7. A.set( v), wherev is an expression of typerl, sets all elements ofA to v. This
operation is illegal if A is global andT has local quali cation. It is also illegal if A
resides in a shared regiory resides in a private region, and is a non-atomic type
(seex4.?).

8. A.exchange(Vv), wherev is an expression of typel, is a barrier operation that lls
in A with the same values on all processes, with each process dbnting its value
of v as the value of one element. Se®.2.1

9. A.isContiguous() is true i all elements of A are adjacent to each other in vir-
tual memory. This property has no semantic signi cance, butan be important for
tuning performance. Arrays are created fully contiguous ahin row-major order.
Operations that produce views of subsets of the data can rdisin non-contiguous
results.

10. Because of the close relationship between grids and th@gdmains, a number of com-
mon idioms involve operations on both. As a convenience, seal methods capture
these idioms:

(@) A.size() is equivalent to A.domain().size()

(b) A.isEmpty() is equivalent to A.domain().isEmpty()

(c) A.shrink( k;dir) is equivalent to A.restrict(A.domain ().shrink( k;dir)) .
(d) A.shrink( k) is equivalent to A.restrict(A.domain ().shrink( K)) .

(e) A.border( k;dir; shift ) is equivalent to
A.restrict(A.domain().border( k; dir; shift )) .

(f) A.border( k;dir) is equivalent to A.restrict(A.domain().border( k;dir)) .
(g) A.border( dir) is equivalent to A.restrict(A.domain().border( dir)) .

4However, A.isContiguous()  does not imply that Ais in row-major order. The permute method, for
example, preserves contiguity but not row-major order.
5As of version 3.110 of the compiler.
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11. The I/O operations described inx12.17.1
12. The sparse-copying operations described x42.15

13. The non-blocking copy operations described x12.16

4.3.2 Overlapping Arrays

As for any reference type in Java, two grid variables can caaih pointers to the same
grid. In addition, several of the operations above producerigs that reference the same
elements. The possibility of suctoverlap does not sit well with certain code-generation
strategies for loops over grids. Using only intraproceduranformation, a compiler can

sometimes, in principle, determine that two grid variableslo not overlap, but the problem

becomes complicated in the presence of arbitrary data stiuces containing grid pointers,

and when one or more grid variable is a formal parameter.

For these reasons, Titanium has a few additional rules comoeng grid parameters:

1. Formal grid parameters to a method or constructor (incluithg the implicit this in the
case of methods de ned on grids) may not overlap unless otese speci ed|that
is, given two formalsF; and F,, none of the variablesF,[p,;] may be the same as
F,[p2]. Itis an error otherwise.

2. The qualier “overlap( Fi, F,)"' immediately following a method header, wherd-;
and F, name formal parameters of that method, means that the resttion does not
apply to F; and F,. (There is no restriction that F; and F, have the same type
or even that they be grids. When they are not grids with the sam element type,
however, the quali er has no e ect.)

4.3.3 Restrictions on Standard Arrays

The possibilities of local quali cation and of residence iprivate regions require additional
restrictions on the standard array methodSystem.arraycopy , analogous to those on the
.copy operation for grids. For standard arraysA and B, the call

System.arraycopy (A, kO, B, ki, len)

is illegal if A is a global array whose element type has local quali cationlt is also illegal
if A resides in a private regionB resides in a shared region (se&.3), and the elements
of A have a non-atomic type (see4.2).
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Chapter 5

Immutable Classes

Immutable classegor immutable type$ extend the notion of Java primitive type to classes.
An immutable class is a nal class that is not a subclass of Obgt and whose non-static
elds are nal. It is declared with the usual class syntax andan extra modi er

immutable class C { ... }

They di er from ordinary classes in the following ways:

1. Non-static elds are implicitly nal, but need not be explicitly declared as nal.
Because all immmutable classes are nal and are not subtype$ ©bject, they may
never have anextends or implements clause.

2. Because immutable classes are not subclasses of any ottlass, their constructors
may not call super() explicitly, and, contrary to the usual rule for Java classesther
than Object, do not do so implicitly either.

3. There are no type coercions to or from any immutable classside from those de ned
on standard types in the Titanium library (seex3.2). The standard classe®oint< N >
and RectDomaindl > are immutable.

4. The valuenull may not be assigned to a variable of an immutable class. Eaclags
variable, instance variable, or array component with immuable type T is initialized
to the default valuefor that type. For each process, this default value initiall consists
of the value in which all the instance elds are set to their rgpective default values.
The language inserts a static initializer at the end of the daition of T whose e ect
is to evaluatenew T() and then set the default value ofT for the process to the
result. Initialization of the elds in objects of these types otherwise follows the rules
of Java 1.4.
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5. Circular chains of immutable types are disallowed. Thatsj no immutable type may

10.

contain a non-static subcomponent of its own type. Here, @on-static subcomponent
is a non-static eld, or a non-static subcomponent of a eldwhere the eld has an
immutable type.

. By default, the operators==and != for a type T are de ned by comparison of the

non-static elds of the operands using==and !=, as if de ned

public boolean single op==(T single x) {
return this.F1 == x.F1 && this.F2 == x.F2 && ...
&& this.Fk == x.Fk;
}
public boolean single op!=(T single x) {
return this.F1 '= x.F1 || this.F2 = x.F2 || ...
[| this.Fk = x.Fk;

}

where the Fk are the non-static elds of T in declaration order. (This implies that if
==or != has been overridden on the type of a eld, it is the new, overting de nition
that is used for the implicit comparison.) These default denitions of == and != are
not accessible via calls tap==or op!=. Any void finalize() method supplied
with an immutable object is ignored.

. As a consequence of these rules, it is impossible, exceptertain pathological pro-

grams, to distinguish two objects of an immutable class thatontain equal elds. The
compiler is free to ignore the possibility of pathology andnbox immutable objects.

Nested immutable classes must be static, and may not be &cThat is, whereas it
is legal to have an immutable class that is nested immediayeinside a class, it is not
legal to nest an immutable class in a block.

. The “+' operator (concatenation) on type String is extended so that if S is a

string-valued expression andX has an immutable type, thenS+X is equivalent to
S+X.toString() and X +S is equivalent to X .toString()+ S. These expressions
are therefore illegal if there is ndoString method de ned for X, or if that method
does not return aString or String local

An immutable class must have a zero-argument constructaith at least as much
access as the class itself. If no such constructor is prouidey the user, the compiler
automatically generates a publically accessible zero-argent constructor with an
empty method body.
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Chapter 6

Pointers and Storage Allocation

6.1 Demesnes: Local vs. Global Pointers

In Titanium, the set of all memory is the union of a set of locatnemories, calledlemesnes
here to give them a veneer of abstraction. Each object resglén one demesne. Each
process(x9) is associated with one demesne|called simply thadlemesne of the proces
local variable resides in the demesne of the process thatoalites that variable. An object
created bynew and the elds within it reside in the demesne of the process #t evaluates
the new expression.

The intent is that on a uniprocessor implementation, there W be a single demesne,
and likewise on a shared-memory multiprocessor. On a puresttibuted-memory multi-
processor, there would be a single demesne correspondingadch processor. Finally, on a
distributed cluster of shared-memory multiprocessors, #re would be one demesne for the
processes on each shared-memory node.

The static types ascribed to variables (locals, elds, andgrameters) containing refer-
ence values and to the return values of functions that returmeference values are either
global or local. A variable having a local type will contain only null or poirters whose
demesnes are the same as that of the variable. A pointer comad in a variable with
global type may have any demesne. We distinguish local andbbhl references to improve
performance. Dereferencing global reference requires a test to see whether the referet
datum is accessible with a native pointer; communication iseeded if it is not. Local ref-
erences are for those data known to be accessible with a natpointer. Global references
can be used anywhere but local references don't travel well.

Standard Java type designators for reference types denotllgal types. The modi er
keyword local indicates a local reference. For examples:

Integer i1; [* i is a global reference */
Integer local i2; [* i is a local reference */
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int local i3; /* illegal: int not a reference type */

For grids, there is an additional degree of freedom:

[* Al is a global pointer to an array of variables that may resi de
* remotely (i.e., in a different demesne from the variable Al ). */
int[1d] AZ1;

[* A2 is a local pointer to an array of variables that reside
* locally (in the same demesne as A2). */
int[1d] local A2;

[* A3 is a local pointer to an array of variables that reside

* locally and contain pointers to objects that may reside

* remotely. */

Integer [1d] local AS;

[* A4 is a local pointer to an array of variables that reside

* locally and contain pointers to objects that reside locall y */
Integer local [1d] local A4;

[* A5 is a global pointer to an array of variables that may

* reside remotely and contain pointers to objects that

* may reside remotely */

Integer [1d] AS5;

[* A6 is a global pointer to an array of variables that may

* reside remotely and contain pointers to objects that resid e
* in the same demesne as that array of variables. */

Integer local [1d] AG6;

We refer to a reference type apart from its local/global attibute as its object type
Several rules prevent programs from treating references tdher demesnes as if they
were local:

1. If a eld selectionr.a orr[a] vyields a reference value and has static global type,
then so does the result of the eld selection.

2. A locally quali ed variable may only be assigned a value vdse type is (statically)
local.

3. If r has a static global type anda is an immutable, non-array eld de ned for that
type that contains embedded local pointers, then the exprsi®nr.a is illegal.

4. If r has a global array type whose element type is a non-array immalle with
embedded local pointers, then the expressiah E] is illegal.
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5. Coercions between reference types are only legal if thebjject types obey the usual
Java restrictions on conversion (plus Titanium's more strigent rules on arrays).

6. A reference value may only be coerced to have a local typey (lmeans of a cast) if
it is null or denotes an object residing in the demesne of theqress performing the
coercion. It is an error to execute such a cast otherwise.

7. Coercions from local to corresponding global types are piitit (they extend assign-
ment and method invocation conversion). Global to local cogions must be expressed
by explicit casts.

The term embedded eldas used above, is de ned as follows:

1. If classC de nes eld C:f, then eld C:f is embedded within clas<.

2. If classC has superclas®, then all elds embedded within clasdD are also embedded
within class C.

3. If classC has embedded eldB:f, and B:f has immutable typel, then elds em-
bedded within immutable class are also embedded within clas€.

All reference classes support the following operations:

r.creator() Returns the identity of the lowest-numbered process whosermhesne contains
the object pointed to byr. NullPointerException if r is null. This number may di er
from the identity of the process that actually allocated theobject when multiple
processes share a demesne.

r.isLocal() Returns true i r may be coerced to a local reference. This returns the same
value asr instanceof T local , assumingr to have object typeT. On some (but
not all) platforms r.isLocal()  is equivalent tor.creator() == Ti.thisProc()

r.regionOf()  Seex6.3.2

r.clone() Is as in Java, but with local references inside the object exenced byr set
to null. The result is a global pointer to the newly created dne, which resides in
the same region (see&6.3.2 as the object referenced by. This operation may be
overridden.

r.localClone() Is the default clone() function of Java (a shallow copy), except that
must be local. The result is local and in the same region (s&6.3.2 as the object
referenced byr.

To indicate that the special variablethis in a method body is to be a local pointer,
label the method local by adding thdocal keyword to the method quali ers:
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public local int length () {...}

Otherwise this is global. If necessary, the value for which a method is invedt is coerced
implicitly to be global. A static method may not be local.

6.2 Data Sharing

In Titanium, the type of any reference includes informationabout how the referent is
shared among multiple processes. Thenshared and polyshared quali ers encode this
information. By default, most data is assumed to be sharedhére is no explicitshared
qgualier. A nonshared qualier declares that the reference addresses data that isot
shared: it is only accessible by processes within the samem#gsne as the data itself. A
polyshared quali er indicates that the reference addresses data that ay be shared or
may be non-shared.

6.2.1 Basic Syntax

The nonshared and polyshared qualiers can modify any reference type, including
named reference classes, named interfaces, Java arrays] ditanium arrays. Sharing
guali ers on arrays may be set independently for elements drfor the array as a whole.
Thus:

[* a shared object */
Object x;

[* a non-shared object */
Object nonshared v;

[* either a shared or a non-shared array of non-shared object s */ \
Object nonshared [] polyshared z;

Sharing quali ers may modify types in any context where typs are expected, includ-
ing eld declarations, variable declarations, formal parmeter declarations, method return
type declarations, catch clauses, cast expressiongstanceof expressions, and template
parameters. Thenonshared qualier can be used in allocation expressions to allocate
non-shared data rather than the default shared data. Howewethe polyshared quali er
may not be used to directly allocate data with unknown sharig; this is a compile-time
error: allocated data must be either shared or non-shared #ie topmost level. Thus:

/* ok: a shared object */
Object a = new Integer(6);

23



/* ok: a non-shared object */
Object nonshared b = new Integer nonshared (6);

/* error: cannot allocate polyshared data */
Object polyshared z = new Integer polyshared (6);

/* ok: a shared array of polyshared objects */
Object polyshared [] ¢ = new Object polyshared [10];

/* ok: a non-shared array of polyshared objects */
Object polyshared [] nonshared d = new Object polyshared [10 ] nonshared;

/* error: cannot allocate polyshared data */
Object polyshared [] polyshared e = new Object polyshared [1 0] polyshared;

Reference types can have zero or one sharing quali er: it i &rror to qualify any
type as both nonshared and polyshared . Primitive and immutable types may not be
quali ed as either nonshared or polyshared .

6.2.2 Methods

Within a reference class, a sharing quali er may also appeamong the quali ers for a
non-static method or constructor, in which case it appliesa the implicit this parameter
within the method or constructor body. It is an error to add aly sharing quali er to a
static method, immutable method, or immutable constructor It is an error to add more
than one sharing quali er to a reference class method.

Two methods that vary in the sharing quali ers on their formd parameters or on
the implicit this parameter are always considered distinct types for purpas®f method
overloading and overriding. A method with return typeR; may override one with return
type R, only if:

If Ry is void then R, is void.

If Ry is a primitive or immutable type, then R; is identical either to R, or to R,
single .

Otherwise, R; is assignment compatible withR .

6.2.3 Implicit Sharing Quali ers

In several instances, the sharing status of entities is impit:
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1. Within eld initialization expressions of reference clases,this is assumed to be
polyshared.

2. If the compiler provides a default constructor (Java spex8.8.7), then this constructor
is assumed to be polyshared.

3. String literals are assumed to be shared.

4. The null type can be converted to any shared, non-sharedr polyshared reference
type, so the sharing quali cation of thenull literal is unspeci ed and irrelevant.

In all other contexts, unquali ed types are assumed to be shed.

6.2.4 Conversion

Standard Java conversion rules are modi ed as follows.
All widening reference conversions (Java speb.1.4) are restricted to apply only when
at least one of the following conditions hold:

1. the source type and destination type have identical topelel sharing quali ers (that
is, the sharing quali ers that apply to the types as a whole|as opposed to the types
of components|are identical).

2. the source type is the null type

3. the destination type's top-level sharing quali er ispolyshared

Widening reference conversion of array types is further cstmained to apply only when
the top-level sharing quali ers of the element types are idical. For example:

[* ok: (top-level) destination type is polyshared */
Object polyshared ol = new Integer nonshared (7);

[* ok: top-level destination type is polyshared, element ty pes
* match. */
Object nonshared [] polyshared 02 =

new Object nonshared [10] nonshared;

Object nonshared [] polyshared [] nonshared 03 =
new Object nonshared [10] nonshared [10] nonshared;

[* error: top-level qualifiers on elements do not match:

25



* (polyshared vs. non-shared) */
Object polyshared [] 04 = new Integer nonshared [];

Object nonshared [] nonshared [] polyshared 03 =

new Object nonshared [10] nonshared [10] nonshared;

All narrowing reference conversions (Java sp&b.1.5) are restricted to apply only when
the source type and destination type have identical top-l&f sharing quali ers. Narrowing
reference conversion of array types is further constraingd apply only when the top-
level sharing quali ers of the element types are identicallnformally, one cannot convert
polyshared data back to shared or non-shared data, even ugia run time test.

6.2.5 Restricted Operations

Non-shared data must only be used by processes in the same dene. Local references
carry no special restrictions, as the data to which they refes already known to reside in the
appropriate demesne. Any reference to shared data is simmijaunconstrained. However,
a global reference to non-shared or polyshared data is rested. If p is a global reference
to non-shared or polyshared data, then the following operiains are forbidden:

1.

2
3
4
5.
6
7
8
9

reading the value of any eld ofp;

. reading the value of any element gb, if p is an array;
. assigning into any eld ofp;

. assigning into any element op, if p is an array;

calling any non-static method ofp;

. evaluatingp instanceof T for any type T;
. performing a narrowing reference conversion pfto a global type;
. using asynchronized statement to acquire the mutual exclusion lock op;

. usingp within a string concatenation expression.

The restriction on narrowing reference conversion doesail casting to a local type. It
merely forbids checked casts that daot simultaneously recover localness.
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6.2.6 Early Enforcement

Titanium contains two alternative de nitions of sharing. Late enforcement is the more re-
laxed of the two, and entails only those restrictions alreadisted above. Early enforcement
entails the following additional restrictions:

1. Any type that is non-shared or polyshared must also be lolcaglobal pointers may
only address shared data.

2. If any use of a named class is (implicitly) quali ed as shad, then all elds embedded
within that class must be quali ed as shared.

3. If any use of an array type is (implicitly) quali ed as shaed, then the elements of
the array must be shared as well.

As a result of these additional restrictions, nonshared datis only accessible within the
process that creates it, whereas under late enforcement,nstared data is available to any
process in its demesne.

The relative merits of early and late enforcement were not gyinally clear. Late enforce-
ment was originally the implemented policy, but the preferd policy is early enforcement.
At some point this will become the default and the compiler Mli provide late enforcement
as an option.

6.3 Region-Based Memory Allocation

Java uses garbage collection to reclaim unreachable stogaglitanium retains this mech-
anism but also includes a more explicit (but still safe) formof memory management:
region-basedmemory allocation.

In a region-based memory allocation scheme, each allocatedject is placed in a
program-speci ed region. Memory is reclaimed by destroying a region, freeing all the
objects allocated therein. A simple example is shown in Figei6.3. Each iteration of the
loop allocates a small array. The calf.delete() frees all arrays.

A region r can be deleted only if there are n@xternal references to objects i (a
reference external tor is any pointer not stored withinr). A call to r.delete()  throws
an exception when this condition is violated.

6.3.1 Shared and Private Regions

There are two kinds of regions:shared regions andprivate regions. Objects created in a
shared region are calleghared-region objectsall other objects are calledorivate objects
Garbage-collectible objects are taken to reside in an ananpus shared region. It is an
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class A {
void f()

{

PrivateRegion r = new PrivateRegion();

for (int i = 0; i < 10; i++) {
int[] x = new (r) int[i + 1];
work(i, X);

}

try {
r.delete();
}

catch (RegioninUse oops) {
System.out.printin("oops - failed to delete region");
}
}

void work(int i, int[] x) { }
}

Figure 6.1: An example of region-based allocation in Titanim.

error to store a reference to a private object in a shared-reg object. It is also an error
to broadcast or exchange a private object. As a consequenitas impossible to obtain a
private pointer created by another process.

All processes must cooperate to create and delete a sharegioa, each getting a copy
of the region that represents the same, shared, pool of spadde copy of the shared region
object created by a procesgp is called therepresentativeof that region in processp (see
the Object.regionOf method below). Creating and deleting shared regions thus lheves
like a barrier synchronization and is an operation with gloal e ects (seex9.4.1).

A region is said to beexternally referencedif there is a reference to an object allocated
in it that resides in

1. Alive local variable;
2. A static eld;
3. A eld of an object in another region.

The process of attempting to delete a region proceeds as follows:

28



If r is externally referenced, throw di.lang.RegioninUse  exception.
Run thefinalize  methods of all objects inr for which it has not been run.

If r is now externally referenced, throw di.lang.RegioninUse  exception.

I

Free all the objects inr and deleter.

Garbage-collected objects behave as in Java. In particujateleting such objects di ers
from the description above in that nalization does not waitfor an explicit region deletion.

6.3.2 Details of Region-Based Allocation Constructs

Shared regions are represented as objects of ttidgang.SharedRegion type, private
regions as objects of théi.lang.PrivateRegion type. The signature of the types is as
shown in Figure6.2

The Java syntax fornewis rede ned as follows, wherd is a type that is distinct from
ti.lang.PrivateRegion and ti.lang.SharedRegion

1. new ti.lang.PrivateRegion() or new ti.lang.SharedRegion() creates a region
containing only the object representing the region itself.

2. new T... allocates a garbage-collected object, as in Java.

3. new (expression) T... creates an object in the region speci ed bgxpression .
The static type of expression must be assignable tdi.lang.Region . At runtime
the value v of expression is evaluated. Ifv is:

(@) null : allocates a garbage-collected object, as in Java.

(b) an object of type ti.lang.PrivateRegion or ti.lang.SharedRegion : allo-
cates an object in regionv.

(c) In all other cases a runtime error occurs.
The classjava.lang.Object is extended with the following method:
public final ti.lang.Region local regionOf();

This returns the region of the object, ornull for garbage-collected objects. For shared-
region objects, the local representative of the shared regiis returned.

The expressiorDomaind >.setRegion( reg), wherereg is aRegion, dynamically makes
reg the Region used for allocating all internal pointer structures used imepresenting do-
mains (until the next call of setRegion). A null value for reg causes subsequent allocations
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package ti.lang;

final public class PrivateRegion extends Region
{
public PrivateRegion() { }
/** Run finalization on all unfinalized objects in THIS.
*  Frees all resources used to represent objects in THIS.
* Throws RegioninUse if THIS is externally referenced
* before or after finalization. */
public void delete() throws RegioninUse;

5

final public class SharedRegion extends Region

{
public single SharedRegion() { }

[** See PrivateRegion.delete, above. */
public single void delete() throws RegioninUse single;

I

abstract public class Region

{
5

Figure 6.2: Library de nitions related to regions.
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to come from garbage-collected storage. Returns the preugvalue passed tsetRegion
(initially null ). The value ofNis irrelevant; all general domains are allocated in the same
region.
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Chapter 7

Templates

Titanium uses a \Templates Light" semantics, in which tempéte instantiation is a some-
what augmented macro expansion, with name capture and acsesiles modi ed as de-
scribed below.

7.1 Instantiation Denotations

De ne

Templatelnstantiation:

Name"<" TemplateActualf "," TemplateActual g* ">"
TemplateActual:

Type j AdditiveExpression

where the AdditiveExpression is a ConstantExpression. Rasition of Name is as for
type names. [Note: We use AdditiveExpression to prevent ndpALRness with < and >
operators.]

7.2 Template De nition

Template de nitions occur at the outermost level; they are mver nested inside other class,
interface, or template de nitions.

CompilationUnit:
PackageDecIaratioaptf ImportDeclaration g* f OuterDeclaration g*
OuterDeclaration:
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TypeDeclaration

TemplateDeclaration
TemplateDeclaration:

TemplateHeader ClassDeclaration

TemplateHeader InterfaceDeclaration
TemplateHeader:

template "<" TemplateFormalf "," TemplateFormalg* ">"
TemplateFormal:

class ldenti er

PrimitiveType Identi er

The rst form of TemplateFormal allows any type as argument;the second allows Con-
stantExpressions of the indicated type.

Templates introduce new opportunities for creating illegecircular dependencies among
types. In Java, it is a compile-time error if a class dependsatself. In Titanium, the
de nition of directly dependsis extended as follows:

A classC directly depends on a typeT if T is mentioned in theextends or
implements clause ofC either as a superclass or superinterface, as a quali er
within a superclass or superinterface name, or as a quali @ a parameter of
a template superclass or superinterface.

Otherwise, the de nition of dependsis as in Java: A clasC depends on a reference type
T if any of the following conditions hold:

1. C directly depends onT.
2. C directly depends on an interface that depends onT.

3. C directly depends on a clasB that depends onT (using this de nition recursively).

7.3 Names in Templates

A template belongs to a particular package, as for classesdaimterfaces. Access rules for
templates themselves are as for similarly modi ed classesdinterfaces.

Template instantiations belong to the same package as thenbplate from which they
are instantiated. As a result, it is essentially useless tomstantiate a template from a
di erent package except with public classes and interfacks

1An alternative rule (not currently implemented) states tha t template instantiations have package-level
access to all classes and interfaces mentioned in the tempéaactuals, so that the expansion of a template
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Names other than template parameters in a template are capted at the point of the
template de nition. Names in a TemplateActual (and at the pant it is substituted for in
a template instantiation) are resolved at the point of instatiation.

7.4 Template Instantiation

References to Templatelnstantiation are allowed as Typednstantiations that cause an
in nite expansion or a loop are compile-time errors. Insid@ template, one may refer to
the \current instantiation” by its full name with template p arameters; or by the template's
simple name. The constructor is called by the simple name.

template<class T> class List {
List (T head, List tail) {...}

List tail) { ... }

or

template<class T> class List {
List (T head, List<T> tail) {...}

List<T> tail() { ... }

7.5 Name Equivalence

For purposes of type comparison, all simple type names andhiplate names that appear
as TemplateActuals are replaced by their fully-quali ed vesions. With this substitution,
two type names are equivalent if their Quali edName parts a identical and their Tem-
plateActuals are identical (identical types or equal valug of the same type).

might be illegal according to the usual rules (e.g., the temgate expansion could reside in packag® and
yet contain elds whose types were non-public members of pd@ge Q. The rationale for this alternative
is that otherwise, a package of utility templates would be uless unless one was willing to make public all
classes used as template parameters.
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Chapter 8

Operator Overloading

Titanium allows overloading of the following Java operat® as instance methods of classes
and interfaces.

Unary prex -! -~
Binary < > <= >=
+-F& | N % << >> >>>
Match x 0=
Assignment += -= *= [= &= |= M= %= <<= >>= >>>=

On immutable types, furthermore, one may also overload theirary operators==and !=.
They must have exactly the following signatures:

public boolean single op==(T single I);
public boolean single op!=(T single I);

whereT is the enclosing class.

If is one of these operators, then declaringp produces a new overloading of that
operator, replacing the corresponding default de nition bthe operator in the case of=
and != on immutable types (so whenop==is overloaded, the default de nition of==is
unavailable). No space is allowed between the keywoop and the operator name. These
new methods can be called like normal methods, e.g.op+(3) . There are no restrictions
on the number of parameters, parameter types or result typd operator methods.

Suppose thatE, Eq, E; are expressions]y is the static type of Eg, and is a unary
pre x or binary operator. Then the following re-writings apply to syntactically valid ex-
pressions when the re-written expression is also legal actog to other language rules:
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1. Eo E =) (Eo):op (Ei)

2. Eh E; =) (Ey):op (Eo;Ey), if Tpis primitive.

3. Eg =) Eoiop ()

4. Eo[EyiiiiEn]l = E =) (Eo).opll= (Ey;::iEnjE)

5. Eo[E1;:::;En] =) Ep.0p[] (E1;:::;En), in other contexts

When =is an assignment operator:

6. Eo =E1 =)  Eo = (To)(Eo):op =(E1)

7. Eo =E; =) Eo = (To) (Ep)iop =(Eo; Ey), if Tp is primitive.

In all cases, however, the expressiols, E1, and E are evaluated in the order they appear
in the original expression, and each is evaluated only onc#.is not possible to rede ne
plain assignment €). As a consequence of the legality requirementg, must be an Ivalue
in cases (6) and (7), andly may be a primitive type only in cases (2) and (7).

There is a conict between the description above and the stalard Java description
of how the + operator works when the right argument is of type String, with arises
whenever the programmer de nesp+with an argument of type String. We resolve this by
analogy with ordinary Java overloading of static functions If classAde nes op+on String,
then anA + aString resolves to the user-de ned "+, as if resolving a match beten an
overloaded two-argument function whose rst argument is ofype Object and one whose
rst argument is of type A
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Chapter 9

Processes

A processis essentially a thread of contrdl. Processes may either correspond to virtual
or physical processorsjthis is implementation dependent. Each process has a demesne
(an area of memory heap; sext) that may be accessed by other processes through point-
ers. Each process has a distinct non-negative integedex returned by the function call
Ti.thisProc() . The indices of all processes form a contiguous interval aotegers begin-
ning at O.

9.1 Process teams

At any given time, each process belongs to process team The function Ti.myTeam()
returns anint[1d] containing the indices of all members of the team in ascendjrorder.
Teams are the sets of processes to which broadcasts, exclesngnd barriers apply. Initially,
all processes are on the same team, and all execute the maingram from the beginning.
This team has the index se{0:Ti.numProcs()-1]

In the current version of Titanium, there is only one procesteam|the initial one. The
process-team machinery in accordingly a bit heavier than eded. It will become useful
should we decide to introduce the partition construct (se&l1.]).

9.2 Interprocess Communication

Titanium processes may communicate with each other througvariables and data struc-
tures they share. However, the programmer must be careful ah appropriate barriers
occur before attempts by one process to access variablesisetnother, and (usually) that

1We have chosen to use the term \process" here, but acknowledgthat this choice is a potential source of
confusion. Processes in Titanium di er in some crucial detdls from Java's threads. At the same time, they
do not necessarily have any one-to-one relationship with watever the operating system calls a \process."
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multiple processes avoid attempting to modify the same vaable without an intervening
barrier. Titanium also provides specialized constructs ttacilitate communication for some
common cases, as detailed in the following sections.

9.2.1 Exchange

The member functionexchange de ned on Titanium array types, allows all processes in
a team to exchange data values with each other. Givda is of some typeT and A is a
grid of T with an index set that is a superset of Ti.myTeam(domain(), the call

A.exchange(E)

acts as a barrier (seex9.3) among the processes with indices ifi.myTeam(). It is an
error if the processes reach di erent textual instances @xchange The collective e ect of
exchangeis as if it collected all the values oE and then copied them into all the arrays
A, so that after proceeding from the barrier, the value oA[i] for the A supplied by each
process will be the value ot supplied by the process indexed byfi.myTeam()[i], for
eachi in Ti.myTeam()'s domain. It is illegal to exchange arrays of local pointer@hat is
arrays of a type quali ed local") or non-array immutables with embedded local pointers.
If T is non-atomic andA resides in a shared region on any processor, then it is aldedhl
to pass an argument that resides in a private region.
Thus, the code

double [1d] single [2d] x = new double[Ti.myTeam().domain( )][2d];
x.exchange(new double [D]);

creates a vector of pointers to arrays, each on a separate pessor, and distributes this
vector to all processors.

Access to the arraysA is restricted in order to give implementations some leewayt
implement exchange e ciently. If the notation Ay denotes the array reference calculated
by a processk in an exchange operation, the value of a read or e ect of a watto AyJj ]
by processi 6 k is unde ned between the last dynamically encountered baet before
the call to exchange and the next dynamically encountered barrier after returmg from
the call. As for other method calls, the actual \call toexchangé€' is an event that occurs
after evaluation of A and v. As a result of these restrictions, the implementation needot
actually complete the copy of data to all the arraysA before any given process continues
from its call to exchange nor need it wait for all processes to reach the barrier beit
begins setting elements o for the processes that have reached the barrier.

9.2.2 Broadcast

The broadcast expression allows one process in a team to broadcast a valoeatl others.
Speci cally, in
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broadcast E from p

[where E is an arbitrary value and p (a UnaryExpression) evaluates to the index of a
process on the current process team|procesp (only) evaluatesE to yield a valueV, and
all other processes in the team wait at théroadcast (if necessary) untilp performs the
evaluation and then all return the valueV. Processes may proceed even if some processes
have not yet reached the broadcast and received the broadtaslue. It is an error if
the processes reach a di erent sequence of textual instascef the call. It is an error if
the processes do not agree on the valygin fact, p must be a single-valued expression
(seex9.4.1), whose value is non-negative and less than.numProcs() . It is an error for
the evaluation of E on processoip to throw an exception (which, informally, would keep
one process from reaching the barrier). It is illegal to brakrast a value of a non-array
immutable type that contains embedded local pointers.

9.3 Barriers

The call
Ti.barrier();

causes the process executing it to wait until all processes its team have executed the
same textual instance of the barrier call. It is an error for grocess to attempt to execute
a di erent sequence of textual instances of barrier calls #n another in its team. Each
textually distinct occurrence of partition  and each textually distinct call on exchange
waits on a distinct anonymous batrrier.

9.4 Checking Global Synchronization

In SPMD programs, some portions of the data and control ow a identical across all
processes. In particular, the sequences of global synchimations (barriers, broadcasts,
etc.) in each process must be identical for the program to bermect.

With the aid of programmer declarations, the Titanium compler performs a (conserva-
tive) check for a stronger correctness condition staticgll This stronger condition requires
that a supersequence of the global synchronizations|the sttements with global e ectgis
identical across all processes. To be able to perform thisectk, the compiler must know
that the evaluations of certain expressions in a program|those whose values control which
synchronization operations are performed|producecoherent sequencesf values across all
processes in the current process team. We call the sequenaksalues produced by eval-
uations of one expression by two di erent processes \cohetg if corresponding pairs of
values are identical in the case of primitive types, or, in th case of reference types, point to
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replicated objects that are of the same dynamic type and thain the case of arrays, have
identical bounds. To ensure the coherence of such expressiothe compiler must ensure
that the sequences of values assigned to certain storagealib@ns by the processes in a
given team are themselves coherent. The programmer must rkasuch storage locations
with the type quali er single.

The following properties are important in checking these ¢®rence constraints:

1. An expressioreis single-valuedf it is known statically to produce coherent sequences
of values in all processes that start evaluating. Variables (storage locations) may
also be single-valued, meaning that they are single-valug&henever used as expres-
sions (such variables must be marked by being given singleadj ed types, and there
are restrictions on assigning to them, described below ¥9.4.2.

2. Ifatermination T (throw statement, a break, continue, or return) of a statemens is
universal then either all processes that stars terminate abruptly with termination T
or no process that startsS terminates abruptly with termination T, and (in the case
of athrow ), the sequence of exception values thrown is coherent acg@dl processes
in P. Titanium has rules and syntax, specied below, for statichy determining
universal termination (conservatively) and requiring it n certain contexts. To throw
a universal exception explicitly, one uses a quali ethrow statement:

ThrowStatement:
single throw Expression;

where theExpressionmust be single-valued. Normalhrow statements are statically
taken to throw non-universal exceptions. Acatch clause in atry statement and the
throws list of a method or constructor declaration indicate that anexception is
universal by qualifying the exception type withsingle (we use the termsuniversal
catch clauseand universal throws clausefor these cases). A universal catch clause
catches only (statically) universal exceptions; a non-umersal catch clause will catch
both universal and non-universal exceptions.

3. A statement hasglobal e ectsif it or any of its substatements either assigns to any
storage (variable, eld or array element) whose type it single, may call a method or
constructor that has global e ects, is abroadcast expression, or is aingle throw
statement.

4. A method or constructorhas global e ectsif it is quali ed with single (which is a
new MethodModi er that can modify a method or constructor declaration). No otler
method or constructor has global e ects, except as requirdaly the following rules:
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(@) A method has global e ects if any statement of its body haglobal e ects;
however, assignments t@ingle local variables do not count as global e ects.

(b) A constructor has global e ects if any statement of its baly has global e ects.
However, an assignment to &ingle local variable does not count for this pur-
pose, nor does an assignment to a non-statsingle eld of the object being
constructed if it occurs within the constructor body and thedestination eld is
speci ed as a simple identi er, possibly quali ed bythis .

5. A method call e;:m(:::) may call a method m, if m, is my, or if m, overrides
(possibly indirectly) m;.

9.4.1 Single-valued Expressions

In the following, the g are expressionsy is a non-static member,vs a static member,
T is a type, and X is a type or expression. All instances of operators refer taift-in
de nitions; user-de ned operators are governed by the sammiles as function calls. The
following expressions are single-valued:

compile-time constant expressions;

this and (when selected frompuper;

variables whose type is$ single;

e..v if e, is single-valued andv is declared single;
e;.length , if e; has typeT [] single .

X:vs if vsis declaredsingle.

N o o A 0w DN PE

e/[e] if e and e, are single-valuedg; is an array (standard or grid), and the type
of the elements ofe, is single;

@

e/[e] if e, and e, are single-valued anck; is a Point.

9. e e, for e and e, single-valued and a built-in binary operator (likewise for
unary pre X and post x operators);

10. (T)e, if T is single;
11. e, instanceof T if e, is single-valued;

12. e; = & if & is single-valued,
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13.
14.
15.

16.

17.

18.

19.

20.
21.

22.

e; = & if e and & are single-valued and = a built-in assignment operator;

e.7e, : & if ;e and e; are single-valued;

(a) & is single-valued
(b) € is single-valued if thei'th argument of v is declared single;
(c) the result of v is declared single;

(a) e is single-valued wherever thé'th argument of vs is declared single;
(b) the result of vsis declared single;

constructor for T is declared single;

new T[el]:::[en][]_:{:zz_[}], if e; is single-valued,n 1, and k 0. In this case,

k
the type is T [I4] single [I2]:::[l+n], where thel; are the appropriate index-type
denotationg. (If T refers to an array typeTJ:::], then new T[e] is taken to be
equivalent to new TYe][::].)

Array initializers in declarations and array creation gpressions produce single-valued
expressions. Thuspnew T[ ]fey;:::;e,g produces a result of typel[ ] single .

ler : & &3] if e;&; 63 are single-valued (and similarly for the other domain liteal
syntaxes);

broadcast e; from e, if e has atomic type.

The rule for broadcast excludes reference values from single expressions, whiciym
seem odd since the recipients of the broadcast will manifgsiget the same value. This
merely illustrates, however, the subtle point that \singlé and \equal" are not synonyms.
Consider a loop such as

2As of version 3.86 of the compiler, however, all of thes, must be single-valued before the allocator's
result is single-valued. This is recti ed in later versions
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X = broadcast E from O;
while (x.N > 0) {

}

Ti.barrier ();
X.N -= 1;

(where X' and the ‘N eld of its type are declared single). If we were to allow this, it is
clearly easy to get di erent processes to hit the barrier dierent numbers of times, which
is what the rules concerningsingle are supposed to prevent.

9.4.2 Restrictions on Statements with Global E ects

The following restrictions on individual statements and epressions are enforced by the

compiler:

1. Any assignment to a local variable, method or constructoargument, eld or array
element whose type is single must be from a single-valued segsion.

2. If a method calley:v(ey;:::;e,) may call a methodm; that has global e ects then:
(a) e must be single-valued;
(b) e must single-valued if thei'th argument of v is declared single.

3. Ina method callX:vs(ey;:::; &) if vs has global e ects theng must be single-valued
if the i'th argument of vs is declared single.

4. In an object allocationnew T(ey;:::;&,), if the constructor has global e ects then
e must be single-valued if tha'th argument of the constructor is declared single.

5. An initializer expression for an instance (non-static) ariable may not have global
e ects. (For simplicity, this rule is stronger than it needsto be.)

6. In broadcast e;from e,, & must be single-valued.

9.4.3 Restrictions on Control Flow

The following restriction is imposed on the program's contl ow: the execution of all
statements and expressions with global e ects must be cowlted exclusively by single-
valued expressions. The following rules ensure this:
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1. An if (or ? operator) whose condition is not single-valued cannot havaatements
(expressions) with global e ects as its "then' or “else' brgh.

2. A switch statement whose expression is not single-valued cannot tain statements
with global e ects.

3. A while, do/while or for loop whose exit condition is not single-valued, and a
foreach loop whose iteration domain is not single-valued cannot ctain statements
or expressions with global e ects.

4. If the main statement of a try has global e ects, then non-niversal unchecked excep-
tions may not be speci ed in its catch clauses. It is an errof bne of its non-universal
catch clauses catches an unchecked exception at runtime.

If the main statement of atry has non-universal terminations then itsatch clauses
cannot specify any universal exceptions.

5. Associated with every statement or expression that causa terminationt is a set of
statementsS from the current method or constructor that will be skipped f termina-
tion t occurs. If the termination is not universal and the construcbeing terminated
is not a static initializer, then S must not contain any statements or expressions with
global e ects. (When a static initializer is terminated by an exception, the program
as a whole terminates, making restrictions on control ow unecessary).

The rules for determining whether a termination is univerdaare essentially identical
to the restrictions on statements with global e ects: any temination raised in a statement
that cannot have global e ects is not universal. In addition

6. In throw e, the exception thrown is not universal ife is not single-valued.

argument of the appropriate constructor forT is declared single.
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9.4.4 Restrictions on Methods and Constructors

The following additional restrictions are imposed on methis and constructors:

1. If a method is declared to return a single result, then thexpression in all its return
statements must be single-valued. The return terminationmust all be universal.

2. A method that overrides a corresponding method in a supgre must preserve the
singleness of the method argument types.

3. A method may not have global e ects if it overrides or implments a method that
does not have global e ects. The reverse is not true|an ovending method need not
have global e ects if the method it overrides or implements akes.

9.5 Consistency of Shared Data

The consistency model de nes the order in which memory opdians issued by one pro-
cessor are observed by other processors to take e ect. Altgh memory in Titanium is
partitioned into demesnes, the union of those demesnes desithe same notion of shared
memory that exists in Java. Titanium semantics are consist¢é with Java semantics in
the following sense: the operational semantics given in thlava Language Speci cation
(Chapter 17) correctly implements the behavioral speci d@gon given below. We use the
behavioral speci cation here for conciseness and to avoidrsstraints (or the appearance
of constraints) on implementations.

As Titanium processes execute, they perform a sequence df@ts on memory. In Java
terminology, they mayusethe value of a variable orassigna new value to a variable. Given
a variableV, we write use(V; A) for a use ofV that produces valueA and assignV; A) for
an assignment toV with value A. A Titanium program speci es a sequence of memory
events, as described in the Java speci cation:

[An implementation may perform] auseor assignby [thread] T of [variable]
V ...only when dictated by execution byT of the Java program according to
the standard Java execution model. For example, an occurmem of V as an
operand of the + operator requires that a singlause operation occur onV;
an occurrence ofv as the left-hand operand of the assignment operator (=)
requires that a singleassignoperation occur.

Thus, a Titanium program de nes a total order on memory evert for each process.
This corresponds to the order that a naive compiler and prossor would exhibit, i.e.,
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without reorderings. The union of these process orders fosma partial order called the
program order. We write P (a;b) if event a happens before evenb in the program order.

During an actual execution, some of the events visible in thEtanium source may be
reordered, modi ed, or eliminated by the compiler or hardwee. However, the processes
see the events in some total order that is related to the progm order. For each execution
there exists a total order,E, of memory events fromP such that::

1. P(a;b) E(a;b if a and baccess the same variable, and at least one of them is an
assign.

2. P(l;a)) E(l;a),if | is alock or barrier statement.

3. P(a;u)) E(a;u), if uis an unlock or barrier statement.

4. P(I;15) ) E(g; 1), if Iy and |, are locks, unlocks, or barriers.
5. E is a correct serial execution, i.e.,

(a) If E(assign(V;A);use(V;B)) and there is no interveningwrite to V, then A =
B.

(b) If there were n processes irP, then there aren consecutive barrier statements
in E for each instance of a barrier.

(c) A processT may contain anunlock operation|, only if the number of preceding
locksby T (according to E) on the object locked byl is is strictly greater than
the number ofunlocksby T.

(d) A processT may contain alock operation |, only if the number of preceding
locks by other processes (according t&) is equal to the number of preceding
unlocks

6. P(a;b) E(a;b if a and b both operate on volatile variables.

Less formally, rule 1 says that dependences in the programliie observed. Rules 2 and
3 say that reads and writes performed in a critical demesne tuappear to execute in-
side that demesne. Rule 4 says that synchronization operatis must not be reordered.
(Titanium extends the Java rules for synchronization, whie include only lock and unlock
statements to explicitly include barrier.) Rule 5 says thatthe usual semantics of mem-
ory and synchronization constructs are observed. Rule 6 sathat operations on volatile
variables must execute in order.

As in Java, the indivisible unit for assignment and use is a 3@it value. In other
words, theassignand use operations in the program order are on at most 32-bit quaniies;

3See author's notes 1 and 2.
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assignment to double or long variables in Titanium source de corresponds to two separate
operations in this semantics. Thus, a program with unsyncbnized reads and writes of
double or long values may observe unde ned values from theads'. It is a weakness
of current implementation, unfortunately, that global pointers are not indivisible in this
sense.

9.6 Static Storage

In standard Java, a static eld refers to the same (one) variale at all points in the program.
Unless it is a nal, compile-time constant, a static elds iscreated and initialized at the
time its containing class is initialized. Titanium, by contast, replicates static elds, so that
each declaration of such a eld denotes one variable for eagtocess. Constant expressions
of type String are interned separately in each process, regardless of wiegtthey are nal
(seex3.10.5 ofThe Java Language Speci cation, Third Editior). String literals themselves
have type String local.

The static initializers of each class execute once for eactopess. More speci cally, the
static initializers of a class|including implicit initial izers of elds that are not compile-
time constant and the computation of the default value for ifmutable types (x5)|are
concatenated into a single block forming the body of a methodThis method then is
called for each class on each process to perform the statitializations for that class. Itis
subject to the usual rules concerning global e ects, excefiat it is legal for any unchecked
exception to terminate static initialization; in such cass, the exception also terminates the
program as a whole. All static initializers in the program ag called in the same order in
every process.

4See authors' note 3.

a7



Chapter 10
Odds and Ends

10.1 Inlining

The inline quali er on a method declaration acts as in C++. The semantis of calls to
such methods is identical to that for ordinary methods. The wgli er is simply advice to
the compiler. In particular, you should probably expect it b be ignored when the dynamic
type of the target object in a method call cannot be uniquely etermined at compilation
time.

The quali er may also be applied to loops:

foreach (p in Directions) inline {

}

This is intended to mean that the loop is to be unrolled comptely. It is ignored if
Directions is not a compile-time constant.

10.2 Macro Preprocessing

Titanium supports the C preprocessor language, as describén International Standard
ISO/IEC 9899: Programming Languages|C. That is, all Titanium sources are rst inde-
pendently subjected to macro preprocessing, which recoges the set of directives described
in that Standard:

# Does nothing.
#define De nes a textual macro, possibly with parameters.

#error Prints a selected error message and cause an error.
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#if.. #elif.. #else...#endif For conditional compilation.
#ifdef NAME Short for #if defined( NAME).

#ifndef NAME Short for #if !defined( NAME).

#include Inserts text les verbatim.

#line Species a source le and line number to ascribe to the currérsource text for
purposes of generating messages.

#pragma Modi es the behavior of the program in various implementatbn-dependent ways.

#undef Unde nes names introduced by previougtdefine directives.
This syntax includes a small set of macro operators for useside de nitions

#P The textual macro parameterP in string quotes.

P ## Q The tokensP and Q (after textual parameter substitution) concatenated intoa
single token.

Since each Titanium source is preprocessed independentdyly #define s that appear
in a given le or those les it explicitly #include s will be available. One consequence of
these semantics is that class declarations should not appa@aa le that is #include d by
more than one loaded le, because that would lead to a multiptde ned class.

The preprocessor prede nes certain names. Due to its legatlyese include the standard
names de ned in the C language speci cation, in addition to lhose that are specic to
Titanium. The names of likely interest to Titanium programmers are as follows:

__FILE__ Name of the current source le (a string literal).

__LINE___Line number on which the directive appears within the currensource le (an
integer).

__ DATE__Current date in \MMM DD YYYY" form (a string literal).
__TIME__ Current local time in \HH:MM:SS" format on a 24-hour clock (astring literal).

__TITANIUMC_The major version number for the compiler translating thissurce le (an
integer).

__TITANIUMC_MINORThe minor version number for compiler translating this sowe le
(an integer).

For full details of all these features, see any current refamce work on the C programming
language.
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Chapter 11

Features Under Consideration

This section discusses features of Titanium whose implentation we have deferred indef-
initely until we can evaluate the need for them.

11.1 Partition

The constructs

partition { Cy =>Sy; C; =>S;; ...; Cn 1 =>S, 1}
and

partiion V { Cp =>S;; C, =>S;; ...; Ch1=>S, 1}

divide a team into one or more teams without changing the totanumber of processes.

The construct begins and ends with implicit calls tdli.barrier() . When all processes
in a team reach the initial barrier, the system divides the tam into n teams (some possibly
empty). All those for which Cy is true executeSy. Of the remaining, all for which C, is
true executeS;, and so forth. All processes (including those satisfying ne of theC;) wait
at the barrier at the end of the construct until all have reackd the barrier.

Since the construct partitions the team, it also changes thealue of Ti.myTeam(), (but
not Ti.thisProc() ) for all processes for the duration of the construct. If sugid, the
variable nameV is bound to an integer value such thafi.thisProc () = Ti.myTeanf)[V].
Its scope is the text of all theS;.
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Chapter 12

Additions and Changes to the
Standard Library

12.1 Grids

The syntax below is not, of course, legal (and grid types areoticlasses); we use it simply
as a convenient notation. For each typd and positive integern:

final class T [n d] {
public static final int single arity = n;
public static int single arity () { return n; }
public RectDomain<n> single domain();

public T [n d] single translate(Point<n> single p);
public local T [n d] local single translate(Point<n> single p);

public T [n d] single restrict(RectDomain<n> single d);
public local T [n d] local single restrict(RectDomain<n> si ngle d);

public T [n d] single inject(Point<n> single p);
public local T [n d] local single inject(Point<n> single p);

public T [n d] single project(Point<n> single p);
public local T [n d] local single project(Point<n> single p)

public T [n d] single permute(Point<n> single p);
public local T [n d] local single permute(Point<n> single p)

public T [(n - 1)d] single slice(int single k, int single j);
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[*only if n > 1 *

public

public
public

public
public
public
public
public
public
public
public

public
public

public

local T[(n - 1)d] local single slice(int single k, int

int single size();
boolean single isEmpty();

T[n d] single shrink(int single k, int single dir);
local T[n d] local single shrink(int single k, int sin
T[n d] single shrink(int single k);

local T[n d] local single shrink(int single k);

T[n d] single border(int single k, int single dir,
int single shift);
local T[n d] local single border(int single k, int sin
int single shift);

T[n d] single border(int single k, int single dir);
local T[n d] local single border(int single k, int sin

T[n d] single border(int single dir);
local T[n d] local single border(int single dir);

void set(T value);

final public boolean isLocal ();

public

boolean isContiguous ();

final public int creator ();

public
public

public
public

public
public

public
public

public

ti.lang.Region local regionOf ();
void copy(T [n d] x) overlap(this, X);

void copyNBI(T [n d] x) overlap(this, x);
ti.lang.Handle copyNB(T [n d] x) overlap(this, x);

void copy(T [n d] x, Domain<n> d) overlap(this, Xx);
void copy(T [n d] x, Point<n> [1d] p) overlap(this, x)

void gather(T [1 d] x, Point<n> [1d] p);
void scatter(T [1 d] x, Point<n> [1d] p);

single void exchange(T myValue);
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public void readFrom(java.io.RandomAccessFile file)
throws java.io.lOException;

public void readFrom(java.io.DatalnputStream str)
throws java.io.lOException;

public void writeTo(java.io.RandomAccessFile file)
throws java.io.lOException;

public void writeTo(java.io.DataOutputStream str)
throws java.io.lOException;

12.2 Points

template<int n> public immutable class Point {
public static Point<n> single all(int single x);
public static Point<n> single direction(int single k, int s ingle x);
public static Point<n> single direction(int single k);
public Point<n> single op+(Point<n> single p);
public Point<n> single op+=(Point<n> single p);
public Point<n> single op-();
public Point<n> single op-(Point<n> single p);
public Point<n> single op-=(Point<n> single p);
public Point<n> single op*(Point<n> single p);
public Point<n> single op*=(Point<n> single p);
public Point<n> single op/(Point<n> single p);
public Point<n> single op/=(Point<n> single p);
public Point<n> single op*(int single n);
public Point<n> single op*(int single n, Point<n> single p) ;
public Point<n> single op*=(int single n);
public Point<n> single op/(int single n);
public Point<n> single op/(int single n, Point<n> single p) ;
public Point<n> single op/=(int single n);
public boolean single equals(Point<n> single p);
public boolean single op==(Point<n> single p);
public boolean single op!=(Point<n> single p);
public boolean single op<(Point<n> single p);
public boolean single op<=(Point<n> single p);
public boolean single op>(Point<n> single p);
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public boolean single op>=(Point<n> single p);
public int single op[] (int single Xx);

public Point<n> single lowerBound (Point<n> single p);
public Point<n> single upperBound (Point<n> single p);
public Point<n> single replace (int single k, int single v);
public static final int single arity = n;

public static int single arity () { return n; }

public Point<n> single permute (Point<n> single p);

public String single local toString ();

12.3 Domains

A Domainq> is an Object, and therefore di ers in subtle ways from &RectDomains>.
Speci cally, ==and !'= on Domains denote pointer (in)equality, as for other referee types.

template<int n> public final class Domain {
public Domain<n> (Domain<n> single d);

public static Domain<n> single toDomain(Point<n> single | 1d] p);
public static Domain<n> single toDomain(RectDomain<n> si  ngle [1d] rd);
public static Domain<n> toDomain(Point<n> [1d] p);

public static Domain<n> toDomain(RectDomain<n> [1d] rd);

public Domain<n> single op+(RectDomain<n> single d);
public Domain<n> single op+(Domain<n> single d);
public Domain<n> single op+=(Domain<n> single d);
public Domain<n> single op+=(RectDomain<n> single d);
public Domain<n> single op-(Domain<n> single d);
public Domain<n> single op-(RectDomain<n> single d);
public Domain<n> single op-=(Domain<n> single d);
public Domain<n> single op-=(RectDomain<n> single d);
public Domain<n> single op*(RectDomain<n> single d);
public Domain<n> single op*(Domain<n> single d);
public Domain<n> single op*=(RectDomain<n> single d);
public Domain<n> single op*=(Domain<n> single d);
public Domain<n> single permute(Point<n> single p);
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public RectDomain<n> [1d] single RectDomainList();

public boolean equals(Object d);

public boolean single equals(Domain<n> single d);
public boolean single equals(RectDomain<n> single d);
public boolean single op<(RectDomain<n> single d);
public boolean single op<(Domain<n> single d);
public boolean single op<=(Domain<n> single d);
public boolean single op<=(RectDomain<n> single d);
public boolean single op>(RectDomain<n> single d);
public boolean single op>(Domain<n> single d);
public boolean single op>=(Domain<n> single d);
public boolean single op>=(RectDomain<n> single d);

public Domain<n> single op+(Point<n> single p);
public Domain<n> single op+=(Point<n> single p);
public Domain<n> single op-(Point<n> single p);
public Domain<n> single op-=(Point<n> single p);
public Domain<n> single op*(Point<n> single p);
public Domain<n> single op*=(Point<n> single p);
public Domain<n> single op/(Point<n> single p);
public Domain<n> single op/=(Point<n> single p);
public Point<n> [1d] single PointList();

public static final int single arity = n;

public static int single arity() { return n; }
public Point<n> single Iwb();

public Point<n> single upb();

public Point<n> single min();

public Point<n> single max();

public int single size();

public boolean single contains(Point<n> single p);
public RectDomain<n> single boundingBox();
public boolean single isEmpty();

public boolean single isRectangular();

public String toString();

public int hashCode ();
public static Region setRegion(Region r);
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12.4 RectDomains

template<int n> public immutable class RectDomain {
boolean isRectangular();

public

public
public
public
public
public

public
public
public
public
public
public
public
public

public
public
public
public
public
public
public

public
public
public
public
public
public
public
public

public
public
public
public

Domain<n> single op+(RectDomain<n> single d);
Domain<n> single op-(RectDomain<n> single d);

RectDomain<n>
RectDomain<n>
RectDomain<n>

RectDomain<n>
RectDomain<n>
RectDomain<n>
RectDomain<n>
RectDomain<n>
RectDomain<n>
RectDomain<n>
RectDomain<n>

boolean
boolean
boolean
boolean
boolean
boolean
boolean

boolean
boolean

single
single
single
single
single
single
single

single op*(RectDomain<n> single d);
single op*(Domain<n> single d);
single op*=(RectDomain<n> single d)

single op+(Point<n> single p);
single op+=(Point<n> single p);
single op-(Point<n> single p);
single op-=(Point<n> single p);
single op*(Point<n> single p);
single op*=(Point<n> single p);
single op/(Point<n> single p);
single op/=(Point<n> single p);

equals(RectDomain<n> single d);
op==(RectDomain<n> single d);
op!=(RectDomain<n> single d);
op<(RectDomain<n> single d);
op<=(RectDomain<n> single d);
op>(RectDomain<n> single d);
op>=(RectDomain<n> single d);

equals(Object d);

single

equals(Domain<n> single d);

Domain<n> single op+(Domain<n> single d);
Domain<n> single op-(Domain<n> single d);
boolean single op<(Domain<n> single d);
boolean single op<=(Domain<n> single d);
boolean single op>(Domain<n> single d);
boolean single op>=(Domain<n> single d);

final static int single arity = n;
static int single arity () { return n; }
Point<n> single Iwb();

Point<n> single upb();
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public Point<n> single min();
public Point<n> single max();
public Point<n> single stride();
public int single size();

public boolean single isEmpty();

public RectDomain<n> single accrete(int single k, int sing le dir,

int single s);
public RectDomain<n> single accrete(int single k, int sing le dir);
public RectDomain<n> single accrete(int single k, Point<n > single S);
public RectDomain<n> single accrete(int single k); /* S = al (1) */
public RectDomain<n> single shrink(int single k, int singl e dir);

public RectDomain<n> single shrink(int single k);
public RectDomain<n> single permute(Point<n> single p);

public RectDomain<n> single border(int single k, int singl e dir,
int single shift);
public RectDomain<n> single border(int single k, int singl e dir);

public RectDomain<n> single border(int single dir);

public boolean single contains(Point<n> single p);

public RectDomain<n> single boundingBox();
[*only if n > 1%

public RectDomain<n - 1> single slice(int single k);

public String single local toString();

12.5 Reduction operators

Each process in a team must execute the same sequence of talximstances of executions
of reduction operations, barriers, exchanges, and broadts.

package ti.lang;
public final class Reduce
{
/* The result of Reduce.F (E) is the result of applying the bin ary
* operator F to all processes' values of E in some unspecified
* grouping. The result of Reduce.F (E, k) is 0 or false for all
* processes other than K, and the result of applying F to all th e
* values of E for processor K.
*

Here, F can be ‘'add' (+), 'mult' (*), ‘max’ (maximum),
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* 'min' (minimum), ‘and' (&), 'or' ([), or 'xor' ().
*/

public static single int add(int n, int single to);

public static single long add(long n, int single to);
public static single double add(double n, int single to);
public static single int single add(int n);

public static single long single add(long n);

public static single double single add(double n);

public static single int mult(int n, int single to);

public static single long mult(long n, int single to);
public static single double mult(double n, int single to);
public static single int single mult(int n);

public static single long single mult(long n);

public static single double single mult(double n);

public static single int max(int n, int single to);

public static single long max(long n, int single to);
public static single double max(double n, int single to);
public static single int single max(int n);

public static single long single max(long n);

public static single double single max(double n);

public static single int min(int n, int single to);

public static single long min(long n, int single to);
public static single double min(double n, int single to);
public static single int single min(int n);

public static single long single min(long n);

public static single double single min(double n);

public static single int or(int n, int single to);

public static single long or(long n, int single to);

public static single boolean or(boolean n, int single to);
public static single int single or(int n);

public static single long single or(long n);

public static single boolean single or(boolean n);

public static single int xor(int n, int single to);

public static single long xor(long n, int single to);

public static single boolean xor(boolean n, int single to);
public static single int single xor(int n);
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public
public

public
public
public
public
public
public

/* These reductions use OPER.eval as the binary operator, an

static
static

static
static
static
static
static
static

single
single

single
single
single
single
single
single

long single xor(long n);
boolean single xor(boolean n);

int and(int n, int single to);

long and(long n, int single to);
boolean and(boolean n, int single to);
int single and(int n);

long single and(long n);

boolean single and(boolean n);

* otherwise like the reductions above. */

public
public

public
public

public
public

public
public

static
static

static
static

static
static

static
static

single
single

single
single

single
single

single
single

Object gen(ObjectOp oper, Object o, in
Object gen(ObjectOp oper, Object 0);

int gen(IntOp oper, int n, int single to
int single gen(IntOp oper, int n);

long gen(LongOp op, long n, int single t
long single gen(LongOp oper, long n);

double gen(DoubleOp oper, double n, in
double single gen(DoubleOp oper, doub
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package ti.lang;
public final class Scan

{

/* Scan.F (E) produces the result of applying the operation F
* values of E for this and lower-numbered processes, accordi
* some unspecified grouping. */

public
public
public

public
public
public

public
public
public

public
public
public

public
public
public

public
public
public

public
public
public

static
static
static

static
static
static

static
static
static

static
static
static

static
static
static

static
static
static

static
static
static

single
single
single

single
single
single

single
single
single

single
single
single

single
single
single

single
single
single

single
single
single

int add(int n);
long add(long n);
double add(double n);

int mult(int n);
long mult(long n);
double mult(double n);

int max(int n);
long max(long n);
double max(double n);

int min(int n);
long min(long n);
double min(double n);

int or(int n);
long or(long n);
boolean or(boolean n);

int xor(int n);
long xor(long n);
boolean xor(boolean n);

int and(int n);
long and(long n);
boolean and(boolean n);

/* As for the preceding scans, but with F being oper.eval. */
public static single Object gen(ObjectOp oper, Object 0);
public static single int gen(IntOp oper, int n);

public static single long gen(LongOp oper, long n);

public static single double gen(DoubleOp oper, double n);
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interface IntOp {
int eval(int x, int y);

}

interface LongOp {
long eval(long x, long v);

}

interface DoubleOp {
double eval(double x, double y);

}

interface ObjectOp {
Object eval(Object arg0, Object argl);
}

12.6 Complex Numbers

The immutable classti.lang.Complex provides the standard basic operations on complex
numbers familiar to users of Fortran and C. The real and imagary parts of these numbers
come from the set<[f  Og, where O is the IEEE negative 0.

package ti.lang;

/** IEEE-extended complex numbers, rectangular represent ation */
public immutable class Complex {
public double re, im;

[** Zero */
public Complex();
public Complex(double re, double im);

[* A string in the form <num>, <num>i, <nuM>+<num:>i,
or <num>-<num>i */
public String toString();

/** The Complex value denoted by S. S must have the form <num>,
*  <num><i>, <num><op><num><i>, or (<num>,<num>),

* where each <num> is parsable as a double, <i> is i or I,

* and <op> is + or -. The parenthesized form is Fortran format:

61



* (real part, imag part). The <nums> may contain
* no embedded whitespace; otherwise whitespace is ignored. *
public static Complex parseComplex(String s) throws Numbe rFormatException;

/* Arithmetic and Comparison */

public Complex op-();

public Complex op+(double d1l);
public Complex op+(Complex cl);
public Complex op-(double d1);
public Complex op-(Complex cl);
public Complex op*(double d1);
public Complex op*(Complex cl);
public Complex op/(double dl);
public Complex op/(Complex cl);
public boolean op==(double d1l);
public boolean op==(Complex cl);
public boolean op!=(double dl);
public boolean op!=(Complex cl);

public Complex op+(double d1, Complex cl);
public Complex op-(double d1, Complex cl);
public Complex op*(double d1, Complex cl);
public Complex op/(double d1, Complex c1);
public Complex op”~(double d1, Complex cl);
public Complex op==(double d1, Complex cl);
public Complex op!=(double d1, Complex cl);

[** The complex conjugate of THIS. */
public Complex op~();
public Complex conj();

/** The value THIS raised to the D1 power. */
public Complex op”~(double dl);

/** The value THIS raised to the C1 power. */
public Complex op”(Complex cl);

/* Assignment operations */
public Complex op+=(Complex cl);

public Complex op-=(Complex cl);
public Complex op*=(Complex cl);
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public Complex op/=(Complex cl);
public Complex op”=(Complex cl);
public Complex op+=(double di);
public Complex op-=(double dl);
public Complex op*=(double d1);
public Complex op/=(double d1);
public Complex op”=(double d1l);

public Complex exp();
public Complex log();
public Complex sqrt();
public Complex sin();
public Complex cos();
public Complex tan();
public Complex asin();
public Complex acos();
public Complex atan();
public Complex sinh();
public Complex cosh();
public Complex tanh();
public Complex asinh();
public Complex acosh();
public Complex atanh();

/** Absolute value (magnitude) */
public double abs();

[** The square of the magnitude. */
public double absSquare();

/** The argument (phase angle) in radians. The result will be

*  between -pi and pi. It is 0.0 when abs() is 0.0. */
public double arg();

12.7 Timer class

A Timer (type ti.lang.Timer  provides a microsecond-granularity \stopwatch" that
keeps track of the total time elapsed between start() and spg) method calls.

package ti.lang;
public class Timer {
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/**  The maximum possible value of secs (). Roughly 1.84e13. * /
public final double MAX_SECS;

/** Creates a new Timer object for which secs () is initially O ¥
public Timer ();

[** Cause THIS to begin counting. */
public void start();

/** Add the time elapsed from the last call to start() to the va lue
* of secs (). */
public void stop();

[** Set secs () to 0. */
public void reset();

/** The count of THIS in units of seconds, with a maximum

* granularity of one microsecond. */

public double secs();

/** The count of THIS in units of milliseconds, with a maximum
* granularity of one microsecond. */

public double millis();

/** The count of THIS in units of microseconds, with a maximum

* granularity of one microsecond. */
public double micros();

12.8 PAPI Counters

This class provides access to the Performance Applicationdgramming Interface (PAPI)
on platforms that support it. Creating and starting a PAPICounter provides an object
that counts the events indicated by its constructor paramer.

package ti.lang;

/** PAPI counter library. The available counters are platfo rm dependent. */
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public class PAPICounter {

[** Constants denoting possible tracked events. */

public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public

static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static

final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final

int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int

L1 DataCache_Misses;

L1 ICache_Misses;
L2_DataCache_Misses;

L2 ICache_Misses;
L3_DataCache_Misses;
L3_ICache_Misses;

L1 TotalCache_ Misses;

L2 TotalCache Misses;
L3_TotalCache_Misses;
Branch_Unit_ldle;
Integer_Unit_Idle;
Float_Unit_Idle;
LoadStore_Unit_Idle;
DataTLB_Misses;
ITLB_Misses;
Total_TLB_Misses;

L1 Load_ Misses;

L1 Store_Misses;

L2 Load_Misses;
L2_Store_Misses;
Data_Prefetch_Cache_Misses;
L3_DataCache_Hits;
Memory_Access_Stall;
Memory_Read_Stall;
Memory_Write_Stall;
No_Instruction_Issued,;
No_Instruction_Completed;
Conditional_Branch_Instruction;
Mispredicted_Conditional,
Correctly Predicted_Conditional
FMA_Instruction_Completed;
Instruction_Issued;
Instruction_Completed,;
Integer_Instruction;
Floating_Point_Instruction;
Load_Instruction;
Store_Instruction;
Branch_Instruction;
Total_Cycles;
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public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public
public

static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static
static

final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final
final

int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int
int

Load_Store_Instruction;
Synchronization_Instruction;
L1 DataCache_Hits;

L2 DataCache_Hits;

L1 DataCache_Accesses;
L2_DataCache_Accesses;
L3_DataCache_Accesses;
L1 DataCache_Reads;

L2 DataCache_Reads;
L3_DataCache_Reads;

L1 DataCache_Writes;
L2_DataCache_Writes;
L3_DataCache_Writes;

L1 ICache_Hits;

L2 ICache_Hits;
L3_ICache_Hits;

L1 ICache_Accesses;

L2 ICache_Accesses;
L3_ICache_Accesses;

L1 ICache_Reads;
L2_ICache_Reads;
L3_ICache_Reads;

L1 ICache_Writes;

L2 ICache_Writes;
L3_ICache_Writes;

L1 Cache_Hits;

L2 Cache_Hits;
L3_Cache_Hits;

L1 Cache_Accesses;
L2_Cache_Accesses;
L3_Cache_Accesses;

L1 Cache_Reads;

L2 Cache_Reads;
L3_Cache_Reads;

L1 Cache_Writes;
L2_Cache_Writes;
L3_Cache_Writes;
Float_Multiply _Instruction;
Float_Add_Instruction;
Float_Divide_Instruction;
Float_SquareRoot_Instruction;
Float_Inverse_Instruction;
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public static final int Float_Operations;

/** A counter for the indicated EVENT. */
public PAPICounter(int event);

/** True iff EVENT can be monitored. */
public static boolean checkEvent(int event);

/** True iff the current counter is running (not idle). Initi ally
* false. */
public boolean single running();

[** Starts the counter. Requires that the counter be idle. */
public void start();

/** Stops (idles) the counter. Requires that the counter be r unning. */
public void stop();

/** Resets the counter value to 0. Requires that the counter b e

* idle. */

public void clear();

/** Returns the current counter value. Requires that the cou nter be
* idle. */

public long getCounterValue();

/** Returns the current counter value as a string. */
public String toString();

12.9 tilang.Ti

This class provides miscellaneous static methods suppoadi SPMD programming and
memory management in Titanium.

package ti.lang;

public class Ti {
public static int thisProc();
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public static int single numProcs();

public static single void barrier();

public static int single [1d] single local myTeam();
public static void poll();

public static void suspend_autogc();

public static void resume_autogc();

12.10 Additional properties

The values of the following properties are available, as irrdinary Java, through calls to
java.lang.System.getProperty

runtime.distributed Has the value"true" if and only if the Titanium program reading
it has been compiled for a platform with a distributed memoryarchitecture, and
otherwise"false" .

runtime.shared Has the value"true” | some processes may share a memory space.
(The CLUMP backends make \shared" and \distributed" orthogonal, rather than
mutually exclusive.)

runtime.model Indicates the speci ¢ platform that the Titanium program reading it has
been compiled for.

java.version, java.vm.version The tc (Titanium compiler) version.
runtime.boundschecking  Has the value"true" if bounds checking is on.
runtime.gc Has the value"true" if garbage collection is on.

compiler. ags Flags passed tdc to compile the application.

12.11 java.lang.Object

Titanium adds or modi es several methods in clasgava.lang.Object , as indicated in
X6.1

final public int creator();
final public boolean isLocal();
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protected Object clone() throws CloneNotSupportedExcept ion;
protected local Object local localClone()

throws CloneNotSupportedException;
public final ti.lang.Region local regionOf();

. r.creator()  returns the identity of the lowest-numbered process whoseshesne
contains the object pointed to byr. NullPointerException if r is null. This number
may di er from the identity of the process that actually allocated the object when
multiple processes share a demesne.

. risLocal() returns true i r may be coerced to a local reference. This returns the
same value ag instanceof T local , assumingr to have object typeT. On some
(but not all) platforms r.isLocal() is equivalent tor.creator() == thisProc()

. r.clone() is as in Java, but with local references inside the object erenced byr
set to null. The result is a global pointer to the newly creaté clone, which resides
in the same region (se&6.3.2 as the object referenced by. This operation may be
overridden.

. r.localClone() is the default clone() function of Java (a shallow copy), except
that r must be local. The result is local and in the same region (s&6.3.2 as the
object referenced byr. See also6.1

. r.regionOf () Seex6.3.2

12.12 java.lang.Math

The static methods injava.lang.Math , with the exception of java.lang.Math.random ,
take single arguments and producesingle results.

12.13 java.lang.Boolean, java.lang.Number and Sub-

classes

The signatures of certain constructors and methods in the amdard wrapper classes of
java.lang | Boolean, Byte, Double, Float , Integer , Long and Short |have added single
guali cation. We list below only the methods modi ed from Java.

public class Integer {
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public

static int single parselnt(String single s, int sing

throws NumberFormatExceptiort

public

static int single parselnt(String single s)

throws NumberFormatExceptior

public

static Integer single valueOf(String single s, int s

throws NumberFormatExceptiort

public

static Integer single valueOf(String single s)

throws NumberFormatExceptiort

public

public

public

public

public

public
}

Integer(int single value);

Integer(String single s) throws NumberFormatExcep

int single intValue();

long single longValue();
float single floatValue();
double single doubleValue();

public class Short {

public
public
public
public
public
public
public
public
public
public
public
}

Short(short single value);

static Short single valueOf(String single s);
static Short single valueOf(String single s, int sin
static short single parseShort(String single s);
static short single parseShort(String single s, int
byte single byteValue();

short single shortValue();

int single intValue();

long single longValue();

float single floatValue();

double single doubleValue();

public class Byte {

public
public
public
public
public
public
public
public
public

Byte(byte single value);

static Byte single valueOf(String single s);

static Byte single valueOf(String single s, int sing
static byte single parseByte(String single s);
static byte single parseByte(String single s, int si
byte single byteValue();

short single shortValue();

int single intValue();

long single longValue();
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public float single floatValue();
public double single doubleValue();

}

public class Long {

public static long single parseLong(String single s, int si ngle radix)

public static long single parseLong(String single s)
throws NumberFormatExceptiort

public static Long single valueOf(String single s, int sing le radix)
throws NumberFormatExceptior

public static Long single valueOf(String single s)
throws NumberFormatExceptiort

public Long(long single value)

public Long(String single s) throws NumberFormatExceptio n;

public int single intValue()

public long single longValue()

public float single floatValue()

public double single doubleValue()

}

public class Double {
public static Double single valueOf(String single s)
throws NumberFormatExceptiorn
public boolean single isNaN(double single v)
public boolean single isInfinite(double single v)
public Double(double single value)
public Double(String single s) throws NumberFormatExcept ion;
public boolean single isNaN()
public boolean single isInfinite()
public int single intValue()
public long single longValue()
public float single floatValue()
public double single doubleValue()
public static long single doubleToLongBits(double single value);
public static double single longBitsToDouble(long single bits);

}
public class Boolean {

public Boolean(boolean single value);
public Boolean(String single s);
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public boolean single booleanValue();
public static Boolean single valueOf(String single s);

12.14 Polling

The operation Ti.poll()  services any outstanding network messages. This is needed i
programs that have long, purely-local computations that aa starve the NIC (e.g. a self-
scheduled computation). It has no semantic content, and aas only performance (on
some systems).

12.15 Sparse Titanium Array Copying

The copy method described irk4.3.1applies to dense (rectangular) regions of grids speci ed
by RectDomains Here, we describe more general copying methods that takeethindex
sets from general domains or from arrays of points.

The Titanium array operation .copy() takes an optional second parameter that can
be aDomaindl > or a Point< N> [1d] , specifying the set of points to be copied (the types
Domaindl > and RectDomaindl > have methods that make it easy to convert back and forth
from Point< N> [1d] ). For the purposes of modularity and performance, other spse-
array copying operations are divided into two lower-level@mponents: agather operation,
which copies selected elements to contiguous points in array, and its inverse, ascatter
operation, which scatters values from a dense array using armdex vector of points.

12.15.1 Copy

Assuming

T [N d] dest, src;
Domain<N> dom;
Point<N> [1d] pts;

the calls

dest.copy(src, dom)
dest.copy(src, pts);

copy the speci ed points fromsrc to dest.
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Restrictions
1. pts must not overlap dest or src.

2. Each point element ofpts or dommust be contained within the intersection of
.domain() dest and.domain() src (it is a fatal error otherwise).

3. If T is a non-atomic type, then it may not be the case thasrc resides in a private
region anddest resides in a shared region.

4. If T contains embedded local pointers thearc and dest must both be local.

5. The contents ofsrc (at the selected points) andpts may not be modied (i.e., by
other processes) during the operation.

E ects

After the operation completes, the following conditions Ml hold:

1. For everyPoint< N> pin dom(or in pts), dest[ p] == src’[ p] (wheresrc' denotes
the contents ofsrc prior to the operation).

2. All other values are unchanged.

3. pts is permitted to contain duplicate points, but by de nition t hese will not a ect
the result.

4. src and dest are permitted to overlap, and if they do it will be as if the reévant
values were rst copied fromsrc to an intermediate temporary array and then to
dest.

5. During the operation, the contents ofdest at a ected points is unde ned.

12.15.2 Gather

Assuming

T [N d] src;
Point<N> [1d] pts;
T [1d] dest;

the call

src.gather(dest, pts);
packs the values fromsrc selected bypts into dest, maintaining ordering of the points
and data, and preserving any duplicated points in the packedrray.
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Restrictions

1. dest.domain().size() >= pts.domain().size() (i.e. there is enough space to
gather into). It is a fatal error otherwise.

2. Each point value inpts must be in src.domain(). It is a fatal error otherwise.
3. None of the arrays may overlap.

4. If Tis a non-atomic type, then it may not be the case thasrc resides in a private
region anddest resides in a shared region.

5. If T contains embedded local pointers thearc and dest must both be local.

6. The contents ofsrc (at the selected points) andpts may not be modied (i.e., by
other processes) during the operation.

E ects
After the operation completes, the following conditions Ml hold:
1. src and pts will be unchanged

2. Foralli suchthat 0 i< pts.size() |,
dest[[ i] + dest.min()] == src[pts|[ i] + pts.min()]]

3. The contents ofdest are unde ned while operation is in progress.

4. pts is permitted to contain duplicate points. If it does, the corespondingdest
elements will contain the relevant data values once for eacluplicate (as implied by
the description of the e ects).

12.15.3 Scatter

Assuming

T [1d] src;
Point<N> [1d] pts;
T [N d] dest;

the call
dest.scatter(src, pts);

unpacks the values fromsrc into dest at the positions selected bypts .

74



Restrictions

1. pts.domain().size() <= src.domain().size() (i.e. there are enough values to
be scattered insrc). It is a fatal error otherwise.

2. Each point value inpts must be indest.domain(). It is a fatal error otherwise.
3. None of the arrays may overlap.

4. If Tis a non-atomic type, then it may not be the case thasrc resides in a private
region anddest resides in a shared region.

5. If T contains embedded local pointers thearc and dest must both be local.

6. The contents ofsrc and pts may not be modied (i.e., by other processes) during
the operation.

E ects

After the operation completes, the following conditions Ml hold:
1. src and pts will be unchanged.

2. Foralli suchthat 0 i< pts.size() ,
dest[pts[[ i] + pts.min()]] == src[[ i] + src.min()]

3. pts is permitted to contain duplicate points. If it does, the rebvant destArray
element will contain the data value corresponding to the higest-indexed duplicate
in pts.

4. The contents ofdestArray at the a ected points are unde ned while operation is in
progress.

12.16 Non-blocking Array Copying

Non-blocking array copying exposes the initiation and syhconization of array copying to
the user, allowing overlap of copying with other communic&n and computation without
performing data-dependency and alias analyses to see thiisi safe to do so. The motiva-
tion is that the programmer's application-level knowledgehould enable signi cantly more
aggressive overlapping than a general optimizer could evaope to accomplish.

All non-blocking operations require an initiation (the copy call) and a subsequent syn-
chronization on the completion of that operation before theesult at the destination is
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de ned. Between the initiation of the copy operation and thecompletion of the correspond-
ing sync, any use of one of the target elements (by any procegsoduces an unde ned
value and any assignment to one of the target or source elertgefby any process) has an
unde ned e ect on the targets' nal values.

There are two basic categories of non-blocking operatiordg ned by the synchroniza-
tion mechanism used:

An explicit handle (NB) operation returns a speci ¢ handle from the initiation (of
type ti.lang.Handle ), which the calling process must later use to synchronize d@h
particular copy (through its syncNB() instance method).

An implicit handle (NBI) operation does not return a handle from the initiation
Instead, the static routine Handle.syncNBI() must later be used to synchronize all
outstanding NBI operations issued by the calling process.

Non-blocking operations proceed independently of interrpcess synchronization opera-
tions (barriers, broadcasts, synchronized regions, etcgnd the "sync' operations irHandle
provide no inter-process synchronization. NB and NBI opetians proceed independently
of each other;syncNBI does not a ect on-going NB operations.

Speci cations  In packageti.lang

public immutable class Handle {

[** Wait until the arraycopyNB or copyNB operation that crea ted
* this Handle completes, and invalidate this Handle.

* Must be called by the same process that initiated the copy

* operation that returned this Handle.

*/

public void syncNB();

[** Wait until all arraycopyNBI and copyNBI operations
* issued by the calling process have completed.

*/

public static void syncNBI();

}

The following methods injava.lang.System have the same parameter signatures as
arraycopy :
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public static native Handle arraycopyNB(Object src, int sr C_position,
Object dst, int dst_position,

int length);

public static native void arraycopyNBI(Object src, int src _position,
Object dst, int dst_position,
int length);

}

All Titanium array types de ne the following two methods:

public void copyNBI(T [n d] x) overlap(this, Xx);
public Handle copyNB(T [n d] x) overlap(this, X);

Examples of using explicit handles.

int [1d] x,y;
int [] ja,jb;

Handle h = x.copyNB(y); // initiate a non-blocking copy from y > X
/I as for TiArray.copy()

Handle h2 = System.arraycopyNB(ja,0,jb,0,jb.length);
/I initiate a non-blocking copy from ja -> jb
/I as for System.arraycopy

h.syncNB(); /I block until the first operation completes
h2.syncNB();  // block until the second operation completes

Examples of using implicit handles.

x.copyNBI(y); // initiate a non-blocking copy from y -> X

System.arraycopyNBI(ja,0,jb,0,jb.length);
/I initiate a non-blocking copy from ja -> jb

Handle.syncNBI(); // block until both operations complete
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12.17 Bulk 1/O

This library supports fast 1/0O operations on both Titanium arrays and Java arrays. These
operations are synchronous (that is, they block the callerntil the operation completes).

12.17.1 Bulk I/O for Titanium Arrays

Bulk 1/0 works through two methods on Titanium arrays: .readFrom() and .writeTo()

The arguments to the methods are various kinds of le|currently: RandomAccessFile

DatalnputStream, DataOutputStream, in java.io and their corresponding subclasses,

BulkRandomAccessFile BulkDatalnputStream , and BulkDataOutputStream from ti.io.
Consider a Titanium array type whose elements are of an atomtype (x4.2. The

following methods are de ned for this type:

/** Perform a bulk read of data into the elements of this
* array from INFILE. The number of elements read will be
* equal to domain().size(). They are read sequentially in
* row-major order. Throws java.io.lOException in the
* case end-of-file or an 1/0O error occurs before all
* data are read. */
void readFrom (java.io.RandomAccessFile infile)
throws java.io.lOException;
void readFrom (java.io.DatalnputStream infile)
throws java.io.lOException;

/** Perform a bulk write of data from the elements of this arra y

* to OUTFILE. The number of elements written will be equal

* to domain().size(). They are written sequentially in row- major
* order. Throws java.io.lOException in the case of disk full or

* other 1/O errors. */

void writeTo (java.io.RandomAccessFile outfile)
throws java.io.lOException;

void writeTo(java.io.DataOutputStream outfile)
throws java.io.lOException;

I/O on Partial Arrays

To read or write a proper subset of the elements in a Ti array,rst use the regular array-
selection methods such aslice() and .restrict() to select the desired elements, then
make 1/O calls on the resultant arrays (these operations argnplemented very e ciently
without performing a copy).
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12.17.2 Bulk I/O for Java Arrays in Titanium

The BulkDatalnputStream , BulkDataOutputStream, and BulkRandomAccessFileclasses
in the ti.io  package implement bulk, synchronous I/O. They subclass thifiree classes
in java.io that can be used for I/O on binary data (so you can still use althe familiar
methods), but they add a few new methods that allow 1/0O to be pdormed on entire ar-
rays in a single call, leading to signi cantly less overheain practice speedups of over 60x
have been observed for Titanium code that performs a singlar¢ie 1/0O using the readAr-
ray() and writeArray() methods, rather than many calls to a sngle-value-at-a-time method
like DatalnputStream.readDouble() ). These classes only handle single-dimensional Java
arrays whose elements have atomic types (se?2).

package ti.io;

public interface BulkDatalnput extends java.io.Datalnpu t{
[** Perform bulk input into A[OFFSET] .. A[OFFSET+COUNT-1] from this
* stream. A must be a Java array with atomic element type.
Requires that all k, OFFSET <= k < OFFSET+COUNT be valid indies
of A, and COUNT>=0 (or throws ArraylndexOutOfBoundsExcejmon).
Throws lllegalArgumentException if A is not an array of app ropriate
type. Throws java.io.lOException if end-of-file or input error
occurs before all data are read. */
void readArray(Object A, int offset, int count)
throws java.io.lOException;
[** Equivalent to readArray (A, 0, N), where N is the length of
* A
void readArray(Object primjavaarray)
throws java.io.lOException;

b B

public interface BulkDataOutput extends java.io.DataOut put {

[** Perform bulk output from A[OFFSET] .. A[OFFSET+COUNT-L to this

* stream. A must be a Java array with atomic element type.
Requires that all k, OFFSET <= k < OFFSET+COUNT be valid indies
of A, and COUNT>=0 (or throws ArraylndexOutOfBoundsExcejon).
Throws lllegalArgumentException if A is not an array of app ropriate
type. Throws java.io.lOException if disk full or other out put
error occurs before all data are read. */
void writeArray(Object primjavaarray, int arrayoffset, i nt count)

throws java.io.lOException;

b .
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[** Equivalent to writeArray (A, 0, N), where N is the length o f
* array A. */
void writeArray(Object primjavaarray)

throws java.io.lOException;

public class BulkDatalnputStream
extends java.io.DatalnputStream
implements BulkDatalnput

/** A new stream reading from IN. See documentation of superc lass. */
public BulkDatalnputStream(java.io.InputStream in);

public void readArray(Object A, int offset, int count)
throws java.io.lOException;

public void readArray(Object A)
throws java.io.lOException;

public class BulkDataOutputStream
extends java.io.DataOutputStream
implements BulkDataOutput

[** An output stream writing to OUT. See superclass document ation. */
public BulkDataOutputStream(java.io.OutputStream out) ;

public void writeArray(Object A, int offset, int count)
throws java.io.lOException;

public void writeArray(Object A)
throws java.io.lOException;

public class BulkRandomAccessFile
extends java.io.RandomAccessFile
implements BulkDatalnput, BulkDataOutput
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[** A file providing access to the external file NAME in mode
* MODE, as described in the documentation of the superclass. */
public BulkRandomAccessFile(String name, String mode)
throws java.io.lOException;
/** A file providing access to the external file FILE in mode
* MODE, as described in the documentation of the superclass. */
public BulkRandomAccessFile(java.io.File file, String m ode)
throws java.io.lOException;

public void readArray(Object A, int offset, int count)
throws java.io.lOException;

public void readArray(Object A)
throws java.io.lOException;

public void writeArray(Object A, int offset, int count)
throws java.io.lOException;

public void writeArray(Object primjavaarray)
throws java.io.lOException;

12.18 Controlling Garbage Collection

Two functions inti.lang.Ti  provide additional control over when garbage-collectionaay
happen.

suspend.autogc() Temporarily suspends the use of automatic garbage collemti on the
calling process. While suspended, garbage collection wiit run on the current pro-
cess during allocation operations, except in response tgpégit calls to System.gc().
In some con gurations, suspending collection on one prosesay also prevent auto-
matic collections from running on one or more other processeSuspending collection
for too long can lead to memory exhaustion.

resumeautogc() Resumes the use of automatic garbage collection on a parieuprocess.
Must be matched by a previous call tassuspend.autogc() on this process. Pairs of
calls tosuspend.autogc() andresumeautogc() nest; automatic collection will only
be enabled outside all such pairs of calls.
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Chapter 13

Various Known Departures from Java

1. Blank nals: Currently the compiler does not prevent one from assigningta blank
nal eld multiple times. This minor pathology is su cientl y unimportant that is
unlikely to be xed, but it is best for programmers to adhere b Java's rules.

2. Dynamic class loading: Titanium does not implement java.lang.ClassLoader
or the java.lang.Class.forName method.

3. Thread creation: SPMD processes are the only thread-like entities that may be
created. Java classes that depend on thread creation, suchthose injava.awt and
java.net , are consequently not implemented.

4. Strictfp:  The strictfp  keyword is accepted, but has no e ect.

5. Covariant return types: As in Java 1.5, but not 1.4, Titanium allows the return
type of an overriding method to be a subtype of that of the oveidden method.

6. Static elds: The compiler replicates static storage so that a single texal de nition
of a static eld actually represents a distinct variable in @ch process. Sex9.6.
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Chapter 14

Handling of Errors

Technically, in those places that the language speci callgays that \it is an error” for the
program to perform some action, the result of further execigan of the program is unde ned.
However, as a practical matter, compilers should comply witthe following constraints,
absent a compelling (and documented) implementation cowmlgration. In general, a situ-
ation that \is an error" should halt the program (preferably with a helpful traceback or
other message that locates the error). It is not required thdahe program halt immediately,
as long as it does so eventually, and before any change to st#tat persists after execution
of the program (speci cally, to external les). Therefore,it is entirely possible that several
erroneous situations might be simultaneously pending, anslich considerations as which
of them to report to the user are entirely implementation depndent.

14.1 Erroneous Exceptions

In addition to the erroneous conditions described in otherestions of this manual, it is an
error to perform any action that, according to the rules of sindard Java, would cause the
implementation to throw one of the following exceptions imiicitly (that is, in the absence

of an explicit "throw' statement):

ArithmeticException ArrayStoreException,
ClassCastException,

IndexOutOfBoundsException, NegativeArraySizeExceptio n,
NullPointerException,

ThreadDeath,

VirtualMachineError (and subclasses)
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Appendix A

Notes

These are collected discussion notes on various topics. Jlgection is not part of the
reference manual.

A.1 On Consistency

Note 1. We debated whether there should be a single total ordé&r for a given execution
or one for every process in the execution. The latter seems a@mit implementations
that are not strictly cache-coherent, since processes mageswrites happening in di erent
orders. Our interpretation of the Java semantics is the strmyer single serial order, so we
have decided to use that in Titanium. This is subject to chang if we nd a signi cant
performance advantage on some platform to the weaker semiast Even with the single
serial order, the semantics are quite weak, so it is unlikethat any program would rely on
the di erence. The following example is an execution that wad be correct in the weaker
semantics, but not in the stronger one { we are currently undb to nd a motivating
problem in which this execution would arise.

/l initially X =Y =0

P1 P2 P3
X =2 X=Y Y =X
Y =1

/I Separating and labeling the accesses:
P1 P2 P3
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(A) Write X Read Y (C) Read X (E)
(B) Write 'Y Write X (D) Write Y (F)

/I The following execution constitutes an incorrect behavi or:

Read Y (C) returns 1, Read X (E) returns 2,
X =2,Y =1 at the end of execution.

We observe that:

1. Access (C) consumes the value produced by (B) since it retis 1. The only other
candidate is (F). Let us assume that (F) indeed wrote the vaki1l. That would imply:

(@) (D) hasn't taken place yet
(b) (E) read 1
(c) (A) must have written 1, which is false.

2. Similarly (E) consumes the value produced by (A).

3. According to P2, since the nal value of X is 2:
B<C<D<A

4. According to P3, since the nal value of Y is 1:

A<E<F<B

Note 2. The Titanium semantics as speci ed are weaker than Split-8'in that the default
is weak consistency; sequential consistency (the default$plit-C) can be achieved through
the use of volatile variables. However, this semantics isrghger than Split-C's put and
getsemantics, since Split-C does not require that dependendas observed. For example,
a put followed by aread to the same variable is unde ned in Split-C, unless there isma
intervening synch This stronger Titanium semantics is much nicer for the pragammer, but
may create a performance problem on some distributed memaplatforms. In particular,
if the network reorders messages between a single sender egxkiver, which is likely if
there are multiple paths through the networks, then two wries to the same variable can
be reordered. On shared memory machines this will not be arsie. We felt that it was
worth trying to satisfy dependences at some risk of performae degradation.
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Note 3. The Java speci cation makes this quali cation about divisbility only on non-
volatile double and long values. It gives the (unstated) imssion that accesses to 64-bit
volatile values are indivisible. This seems to confuse twatbogonal issues: the size of an
indivisible value and the relative order in which operatioa occur.

A.2 Advantages of Regions [David Gay]

1. The memory management costs are more explicit than with dzage collection: there
is a predictable cost at region creation and deletion and omeh eld write. The costs
of the reference counting for local variables should be niggble (at least according
to the study we did for our PLDI paper, but | am planning a someWwat di erent
implementation). With garbage collection, pauses occur innpredictable places and
for unpredictable durations.

2. Region-based memory management is safe.

3. | believe that this style of region-based memory managentes more e cient than
parallel garbage collection. Obviously this claim requigevalidation.

4. When reference-counting regions instead of individuabgects two common problems
with reference counting are ameliorated: minimal space igdoted to storing reference
counts, and cyclic structures can be collected so long as yhare allocated within a
single region.

A.3 Disadvantages of Regions [David Gay]

1. Regions are obviously harder to use than garbage-coliect

2. As formulated above, regions will not mesh well with Javahteads (which are cur-
rently not part of Titanium). You must stop everything to delete a shared region.
Currently this is enforced by including a barrier in the shaed region deletion oper-
ation, but with threads that is no longer su cient. There are a number of possible
solutions, but none of them seem very good:

(@) Requirer.delete() to be called from all threads. This would be painful for
the programmers.

(b) The implementation ofr.delete() can just stop the other threads on the same
process. However, to e ciently handle local variables coaining references one
needs to know all points where a process may be stopped (andiolisly if these
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points are \all points in the program" then e ciency is lost). So this solution
doesn't seem very good either.
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on Point s, 5, 54
on RectDomairs, 8, 57
#dene , 48
#elif , 48
#endif , 48
#error , 48
#if , 48
#ifdef , 48
#ifndef , 48
#include , 48
#line , 48
#pragma , 48
#undef , 48

Complex.abs method, 63

Complex.absSquaremethod, 63
RectDomain.accrete method, 9, 57

Complex.acos method, 63
Complex.acosh method, 63
Reduce.add method, 59
Scan.add method, 61
Point.all method, 4, 54
RectDomain.all method, 57
allocating from regions,29
allocating grids, 14
Reduce.and method, 59
Scan.and method, 61
Complex.arg method, 63
Domain.arity eld, 7, 55
Domain.arity method, 7, 55
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Point.arity  eld, 5, 54

Point.arity = method, 5, 54

RectDomain.arity eld, 7, 57

RectDomain.arity method, 7, 57

arity eld (of grid), 15

arity method (on grid), 15

array copying, non-blocking,75{ 77

array, standard, 13

java.lang.System.arraycopyNB method,
77

java.lang.System.arraycopyNBI  method,
77

arrays, overlapping,17

ArraySpeci er, 13

Complex.asin method, 63

Complex.asinh method, 63

assignment compatibility of grids,14

Complex.atan method, 63

Complex.atanh method, 63

atomic type, 13

Ti.barrier  method, 39

ti.lang.Ti.barrier method, 68

BaseType 13

blank nals, 82

Boolean class, modi cations, 69

RectDomain.border method, 10, 57

border method (on grid), 16

Domain.boundingBoxmethod, 7, 55

RectDomain.boundingBoxmethod, 7, 57

broadcast , 2

broadcast expression,39

bulk /0, 78§81

BulkDatalnput methods
readArray , 79

BulkDatalnputStream , 78, 79

BulkDatalnputStream methods
readArray , 80

BulkDataOutput methods
writeArray , 80



BulkDataOutputStream, 78, 79
BulkDataOutputStream methods
writeArray , 80
BulkRandomAccessFile 78, 79
BulkRandomAccessFile methods
readArray , 81
writeArray , 81
Byte class, modi cations, 69

circular dependence33
Object.clone method, 69
clone method (on reference)22
coercion

Domainto RectDomain 6

RectDomainto Domain 6
coercions, reference type)?2
compiler. ags property, 68
Complex 61{ 63
Complexmethods

absSquare 63

abs, 63

acosh, 63

acos, 63

arg, 63

asinh, 63

asin, 63

atanh, 63

atan, 63

conj, 63

cosh, 63

cos, 63

exp, 63

im, 63

parseComplex 63

re, 63

sinh, 63

sin, 63

sgrt , 63

tanh, 63

tan, 63
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Complex.conj method, 63
consistency model45 47
constructor

for domains, 6
Domain.contains method, 8, 55
RectDomain.contains method, 8, 57
control ow and global synchronization,

4344

conversions, reference typ&2
copy method (on grid), 15, 53, 72
copy constructor for Domain,10, 55
copying sparse grids7 75
copyNBmethod (on grid), 53, 77
copyNBI method (on grid), 53, 77
Complex.cos method, 63
Complex.cosh method, 63
Object.creator method, 69
creator method (on grid), 53
creator method (on reference)22

default constructor, sharing quali cation,
25
default value of immutable type,18
demesne2({ 23, 37
depends,33
Point.direction ~ method, 4, 54
directly depends,33
Domain 5{11
Domain elds
arity , 7, 55
Domainmethods
PointList , 10, 55
RectDomainList, 10, 55
arity , 7, 55
boundingBox 7, 55
contains , 8, 55
equals, 8, 55
iISEmpty, 55
isRectangular , 6, 55
Iwb, 7, 55



max 7, 55 copy, 15, 53 72

min, 7, 55 creator , 53
permute, 55 domain 15, 53
setRegion, 10, 31, 55 exchange 16, 38 53
size, 7, 55 gather, 53 73
toDomain, 10, 55 inject , 15, 53
toString , 10, 55 isContiguous , 16, 53
upb, 7, 55 iISEmpty, 16
domain method (on grid), 15, 53 isLocal , 53
Domain copy constructor,10, 55 overlap , 53
Double class, modi cations, 69 permute, 16, 53
DoubleOp 61 project , 15, 53
dynamic class loading, absence @2 readFrom 53, 78
regionOf , 53
embedded elds,22 restrict | 15, 53
Domain.equals method, 8, 55 scatter , 53 74
Point.equals method, 5 set. 16, 53
RectDomain.equals method, 8, 57 shrink | 16
errors, 83 size 16
exchange method (on grid), 16, 38, 53 slice . 16, 53
Complex.exp method, 63 translate , 15, 53
externally referenced region28 writeTo , 53, 78

finalize  on immutable types,19 grid types, andObject, 13, 14

nalize methods in regions,29 grid, allocation, 14 .
Float class, modi cations, 69 grids, assignment compatibility, 14

foreach, 2, 11 grids, indexing, 15
from , 2 grids, overlapping,17
gather method (on grid), 53, 73 Handle, 76
Reduce.genmethod, 59
Scan.gen method, 61

global e ects, 40, 43, 45
global pointer, 20{ 23

global synchronization,39{ 45

Complex.im method, 63
immutable , 2

immutable classes]18{19
immutable type, default value, 18
indexing, onPoint s, 4

gr?d (Titanium array), 1317 inject method (on grid), 15, 53
grid rr_lethods inline . 2
arity , 15

inline qualier, 48

border, 16 Integer class, modi cations, 69
copyNB|, 53, 77 IntOp, 61
copyNB 53, 77
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isContiguous method (on grid), 16, 53
Domain.isEmpty method, 55
RectDomain.isEmpty method, 57
iISEmpty method (on grid), 16
Object.isLocal method, 69

isLocal method (on grid), 53

isLocal method (on reference)22
Domain.isRectangular method, 6, 55

RectDomain.isRectangular method, 6, 57

java.lang.System methods
arraycopyNBlI, 77
arraycopyNB, 77

java.version property, 68

local, 2, 13 22

local pointer, 20{23
Object.localClone  method, 69
localClone method (on reference)22
Long class, modi cations, 69

LongOp 61

Point.lowerBound method, 5

Ivalue, 15

Domain.lwb method, 7, 55
RectDomain.lwb method, 7, 57

macro pre-processing48

main procedure, signature of3
Math package, modi cations,69
Domain.maxmethod, 7, 55
RectDomain.maxmethod, 7, 57
Reduce.maxmethod, 59
Scan.maxmethod, 61

memory consistency45{47
Timer.micros method, 64
Timer.millis  method, 64
Domain.min method, 7, 55
RectDomain.min method, 7, 57
Reduce.min method, 59
Scan.min method, 61
Reduce.mult method, 59
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Scan.mult method, 61
ti.lang.TimyTeam method, 68

new, 29

non-blocking array copying, 7577
nonshared , 2, 13, 23{27

null , sharing quali cation, 25
Numberclass, modi cations, 69
ti.lang.Ti.numProcs  method, 68

Object methods
clone, 69
creator , 69
isLocal , 69
localClone , 69
regionOf , 29
ObjectOp, 61
op, 2
operator overloading,35{ 36
Reduce.or method, 59
Scan.or method, 61
origin, 5
overlap , 2
overlap method qualier, 17
overlap method (on grid), 53
overlapping arrays and grids17

PAPICounter, 64 67
Complex.parseComplexmethod, 63
partition , 2
partition statement, 50
Domain.permute method, 55
Point.permute method, 5, 54
RectDomain.permute method, 7, 57
permute method (on grid), 16, 53
Point , 45
Point elds

arity , 5,54
Point methods

all , 4,54

arity , 5,54



direction , 4, 54 equals, 8, 57

equals, 5 iISEmpty, 57
lowerBound, 5 isRectangular , 6, 57
permute, 5, 54 lwb, 7, 57
replace , 5 max 7, 57
toString , 5 min, 7, 57
upperBound 5 permute, 7, 57
Domain.PointList method, 10, 55 shrink , 9, 57
Ti.poll method, 72 size , 7, 57
ti.lang.Ti.poll method, 68 slice , 10, 57
polyshared , 2, 13 2327 stride , 7, 57
pre-processing48 toString , 10
private regions,27 29 upb, 7, 57
PrivateRegion , 29 Domain.RectDomainList method, 10, 55
process,37 Reducemethods
process team37 add, 59
project method (on grid), 15, 53 and, 59
_ gen, 59
Qual! edBaseType 13 max 59
Qua!l er, 13 min, 59
qual! er, base, 13 mult, 59
quali er, top-level, 13 or, 59
Complex.re method, 63 xor, 59
BulkDatalnput.readArray method, 79 reference methods
BulkDatalnputStream.readArray method, clone, 22
80 creator , 22
BulkRandomAccessFile.readArray method, isLocal , 22
81 localClone , 22
readFrom method (on grid), 53, 78 _reglonOf, 22 _
RectDomain 5{11 reglqn-based allocation274 31
RectDomain elds Re.glonInU.se, 29
arity , 7, 57 Object.regionOf method, 29

regionOf method (on grid), 53
regionOf method (on reference)22

RectDomainmethods
accrete , 9, 57

all , 57 regions, allocating from,29

arity , 7, 57 Point.replace method, 5

border, 10, 57 Timer.reset method, 64

boundingBox 7, 57 restrict  method (on grid), 15, 53
contains , 8, 57 ti.lang.Ti.resume _autogc method, 68,

81
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runtime.boundschecking  property, 68

runtime.distributed  property, 68
runtime.gc property, 68
runtime.model property, 68
runtime.shared property, 68

Scanmethods
add, 61
and, 61
gen, 61
max 61
min, 61
mult, 61
or, 61
xor, 61
scatter method (on grid), 53, 74
Timer.secs method, 64
set method (on grid), 16, 53

Domain.setRegion method, 10, 31, 55

sglobal, 2

shared regions2% 29
SharedRegion 29

sharing quali cation, 23{27

Shrt class, modi cations, 69
RectDomain.shrink method, 9, 57
shrink method (on grid), 16
Complex.sin method, 63
single, 2, 13 40

single analysis,3% 45

single throw statement,40
single-valued expressior4({43
Complex.sinh method, 63
Domain.size method, 7, 55
RectDomain.size method, 7, 57
size method (on grid), 16
RectDomain.slice method, 10, 57
slice method (on grid), 16, 53
sparse grids, copying7 75
Complex.sgrt method, 63
standard arrays, restrictions,17
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Timer.start method, 64
static elds, per-processA7

static initializers,

47

Timer.stop method, 64

stride, 5

RectDomain.stride method, 7, 57

String constants,

interning, 47

String literals, sharing quali cation, 25
ti.lang.Ti.suspend _autogc method, 68,

81

ti.lang.Handle.syncNB  method, 76
ti.lang.Handle.syncNBI  method, 76

Complex.tan method, 63
Complex.tanh method, 63

template , 2

TemplateActual 32
TemplateDeclaration 33
TemplateFormal 33
TemplateHeadey 33
Templatelnstantiation, 32, 34

templates, 32
de ning, 32

denoting instantiations, 32

instantiation,

34

name equivalence34

names in,33

this , sharing quali cation, 25
Ti.thisProc  method, 37
ti.lang.Ti.thisProc method, 68
threads, absence 0182

ThrowStatement

Ti, 6768

Ti methods
barrier , 39
poll , 72
thisProc , 37

ti.lang , 3

ti.lang.Handle
syncNBI, 76

40

methods



syncNB 76
ti.lang.Ti  methods

barrier , 68

myTeanb8

numProcs 68

poll , 68

resumeautogc, 68, 81

suspend.autogc, 68, 81

thisProc , 68
Timer, 6364
Timer methods

micros, 64

millis , 64

reset , 64

secs, 64

start , 64

stop, 64
Titanium array, seegrid
Domain.toDomainmethod, 10, 55
Domain.toString method, 10, 55
Point.toString  method, 5
RectDomain.toString method, 10
translate method (on grid), 15, 53
Type, 13

unit stride, 5

universal catch clause40
universal termination, 40
universal throws clause40
Domain.upbmethod, 7, 55
RectDomain.upbmethod, 7, 57
Point.upperBound method, 5

BulkDataOutput.writeArray  method, 80

BulkDataOutputStream.writeArray  method,
80

BulkRandomAccessFile.writeArray method,
81

writeTo method (on grid), 53, 78

Reduce.xor method, 59
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Scan.xor method, 61
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