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1. Overview of the KeL P classes

The KelL P software isimplemented as a C++ class library. There are seven main classes implemented by
KelLP:

Poi nt, Region, FloorPlan, Gid, XArray, MdtionPlan, Mver A Point is
an integer vector and a Regi on isarectangular index set. A Gri d isan array defined over aRegi on
with a processor assignment. G i d elements may be standard C++ types (double, int, float) or structures.
An XArr ay isaone-dimensional array of & i ds all of the sametype. XAr r ays are parallel arrays over
which KelLP provides a coarse-grained parallel looping construct. A Mot i onPl an isadistributed
representation of a block communication pattern. A Mover carries out the communication pattern stored in
aMti onPl an.

1.1 Dimensions of the Classes

The current implementation of KelL P supports dimensions one through four. All KelL P classes are typed
according to dimension. The following static types are defined for efficiency:

1d: Pointl, Regionl, Gidl, XArrayl, Arrayl, FloorPlani,
Mot i onPl anl, Mbver1l

2d: Poi nt 2, Region2, Gid2, XArray2, Array2, Floor Plan2,
Mot i onPl an2, Mbver 2

3d: Poi nt 3, Region3, Gid3, XArray3, Array3, FloorPlan3,
Mot i onPl an3, Mbver 3

4d: Poi nt4, Regiond4, Gid4, XArray4, Array4, FloorPlan4,
Mot i onPl an4, Mover4

1.2  Error checking

KeLP classes provide error checking, although this feature can be turned off during the compilation of
KeLP. Errors are handled by ssimply printing out an error message and aborting the program (e.g. in the
case of memory exhaustion), or, if possible, throwing an exception. Exceptions thrown by various KeL P
classes are described in the subsequent pages of this document. The application program should try to catch
these exceptions (in case of an uncaught exception, the program will simply abort). Note that all KeLP
exceptions are derived from Kel pEr r . Consequently, the programmer can catch all of them by inserting
the following try and catch phrase in the main program:

main () {
MPI _Init(&argc, &rgv);
I ni t KeLP(argc, argv) ;

try {
/1 application code

catch (Kel pErr & ke) {
/1 print out an error nessage and abort the program
ke. abort();
}

MPl _Finalize();
return(0);



In the above example, Kel pEr r or any other exception derived from Kel pErr will be caught, and the
appropriate abor t () function will be called (Kel pErr: : abort () isavirtual function, redefined for
each exception derived from Kel pErr ).



2. Base classes

21 classPoint
Class Poi nt X implements a simple X-dimensional integer vector.
Creating Poi nt s

Point2 p(2,3); /1 two di nmensional vector (2,3)
Point4 q(1,2,3,4); /1 four dinmensional vector (1,2,3,4)

Operations on Points:

p(i) /] extract the ith integer fromp
P /1 arithmetic operations on two points
*=, 4=, -=, /= [/ arithmetic operations on two points
==, I= /1 conparison of two points
mn, max /1 menber functions for el enmentw se

/1 m n/ max
<<, >> /1 output and input points

Note that the arithmetic operations are also defined for a Poi nt and an integer and return Poi nt -valued
results. For example, g+1 and p*2+1 return[ 2, 3, 4, 5] and[ 5, 7], respectively.

Di nEr r exception can be thrown by Poi nt member functions that take a dimension as a parameter. For
example:

try {
Point2 p(2,3); /1 p is 2 dinensional
int result = p(i); /1 i isvalidif it is either 0 or 1

}
catch (Dinkrr) {

// error: the value of i is invalid!
}

For more information, consult . / array/ Poi nt X. h. m4, ./ array/ Poi nt X. C. m4, and
.larray/ D nError. h intheKeLP source code distribution.

2.2  ClassRegion

ClassRegi onX implements X-dimensional regions of integer index space. Regi ons are defined by lower
and upper bounds. If the upper bound of the region has an element which isless than the corresponding
element in the lower bound, then the region is considered ~“empty" and represents an empty set in index
space.



Creating Regi ons:
Regi on3 enpty;
Point2 pl (1, 2);
Point2 pu(2,3);
Regi on2 r(pl, pu);

Region2 r(1,2,4,5);
Region2 r(6,7);

/1
/1
/1

/1
/1

create an enpty region
create a region with | ower bound pl
and upper bound pu

region [1,2] x [4,5]
region [0,0] x [5,6]

Note in the last case that the Regi on2 declaration is similar to how C/C++ performs array declarations.
The following shows how we can manipulate Regi ons (assume Rand S are Regi ons with the same

number of dimensions):

R | ower ()

R | ower (i)
(i nteger)

R upper ()

R upper (i)
(i nteger)

R extent s()

R extents(i)

R enpty()

R si ze()

R+S R+=S

R* S R*=S
R==S R!=S
<<, >>
S = shift(R p)
Regi ons can be ““grown" asfollows:
R grow(1)
R.grow(p)

S=gromR i)
S = grom(R p)

For example,

Region3 R(1,3,4,5, 6, 8);
Region3 S = grow( R, 2);
Point3 p(2,1,3);

Region3 T = grow(R, p);
Region3 U = grow( R, -1);

Note that negative growth factor is also allowed.

/1
/1

I
/1

/1
/1
11
/1
/1

/1
/1
/1
/1
/1

/1
/1
/1
/1
/1

/1
/1

/1
11

| ower bound of R (Point val ued)
ith elenent of |ower bound

upper bound of R (Point val ued)
ith el ement of upper bound

upper () -1 ower () +1

upper (i) -l ower(i)+1

TRUE if Ris the enpty set

nunber of points in R

boundi ng box of the union of R and

intersection of regions R and S
conparison of regions Rand S
stream |/ O out put and input of

regi ons

return region R shifted by point p

grow R by 1 uniformy in all

di nensi ons

grow R as specified by the point p
return R grown by integer i

return R grown by point p

[1:5, 3:6, 4:8]
[-1:7, 1:8, 2:10]

[-1:7, 2:7, 1:11]
[2:4, 4:5, 5:7]



Di nEr r exception can be thrown by Regi on member functions that take a dimension as a parameter. For
example:

try {

Region2 r(6,7); /1 r is 2 dinensional

int result =r.lower(i); // i is validif it is either 0 or 1
catch (Dinkrr) {

I/ error: the value of i is invalid!
}

For more information, refer to. / arr ay/ Regi onX. h. m4, ./ array/ Regi onX. C. m4, and
.larray/Di nError. h.

2.3 class FloorPlan

Class Fl oor Pl anX implements a one-dimensional array of X-dimensional Regi ons where each
Regi on has a processor assignment. Thus, aFl oor Pl an represents an irregular block data
decomposition.

Creating FloorPlans:
Fl oor Pl an3 enpty; /] create an enpty Fl oorpl an
Fl oor Pl an2 F(5); /1 create a FloorPlan with 5 entries

The following are some member functions to use to manipulate Fl oor Pl ans.

F. si ze() /1 number of regions in F (integer)
F.resize(i) /1l change the size of F

F(i) /1 the ith elenment of F

F. set owner (i, proc) /1 set processor owner of F(i)

F.setl ower (i, P) /1 set F(i).lower()

F. set upper (i, P) /1 set F(i).upper()

F.setempty(i) /1 set F(i) to enpty Region
F.setregion(i,R /1l set F(i) =R

F.grow(i, P) /1 apply Region grow operation to F(i)

Two types of exceptions can be thrown by Fl oor Pl an : Di nErr and BndEr r . Di nEr r exception can
be thrown by Fl oor Pl an member functionsthat take a dimension as a parameter. BndEr r exception can
be thrown by FI oor Pl an member functions that take an index as a parameter. For example:

try {
Fl oor Pl an2 F(5); /1 Fis 2 dinensional and has 5
/1 elenments
F. set owner (i, proc); /1 i isvalidif it is between 0 and 4
F.setl ower (j, k, val ue); /I kisvalidif it is either 0 or 1

catch (BndErr) {
/1 error: the value of i or j is invalid!

}
catch (Dinkrr) {

[/ error: the value of k is invalid!
}



24 Class Grid

Class & i dX implements an X-dimensional array defined on a region of integer index space (a subset of
Z%). A Gri dX of type T has the class name:

G i dX<T>
where Xis1, 2, 3, or 4, and T issome C++ typesuch asdoubl e, int, float, orauser-defined class
or structure. For example,

Gidil<int> /| one dinensional grid of integer
& i d3<doubl e> /1 three dinmensional grid of double
G i d4<User d ass> /1 four dimensional grid of Userd ass

Currently user-defined classes must be of fixed-size which can be queried by the si zeof () function.
Grid definitions take the following form:

Qi dX<T> nane(R P);
wher e:

X is the dinension of the Gid
Tis the Gid element type
name is the Gid nane

Ris a region specifier

P is a processor assignment

Note that in most cases the programmer will not directly create G- i ds through the Gri d constructor, but
will instread rely on the XAr r ay classto create G i ds as needed. Theindex set of the Gri d isset by the
region specifier R, which may can be either be a Regi onX-valued expression or a comma-delimited list of
Xintegers. If thelatter form is specified, then theindex set defaults to conform to standard C/C++ indexing:

Region2 r(1,1,6,6); /1 region [1:6, 1:6]
Gid2<int> h(r,p); /1 h has index set [1:6, 1:6]
Gid3<int> g(3,4,5,p); /1 g has index set [0:2, 0:3, 0:4]

The processor assignment p specifies which processor will ““own" theGri d. Each Gri d isassignedto a
single processor. In most cases, the user never explicitly creates and maps grids to processors-such details
are hidden in the XArray-level operations described in the next section.

Implementation Note: Only the processor owning a G i d will actually reserve storage for the Gri d
elements; all other processors store only the region and processor assignment.

We can extract information about the index set of aG i d using the functions| ower () , upper () ,
extents(),andregi on() . Thefunctionsl ower (), upper (), andext ent s() aredefined exactly
asin the case of aRegi on. Ther egi on() member function returnsthe Regi on of aG i d. For
example:

G i d2<doubl e> g(Region2(i0,j0,i1,j1));

g. | ower (0) =10

g. |l ower () == Point2(i0,j0)
g.upper(1l) ==j1

g.extents() == Point2(il-i0+1,j1-j0+1)
g.extents(1l) == j1-j0+1

g. region() == Region2(i0,j0,il,j1)



We may also apply any binary Regi on operationsto G i ds. For example, if G; and G, are G i ds, then
Gy * Gy will return Gy.region() * Gy.region(). Wemay alsocast aGx i d toaconst Regi on.

Data elementsof aGr i d may be accessed through the dat a() member function or the indexing operator
() . Function dat a() ismost often used when communicating with external functions, such as Fortran
numerical kernels, from C++. It returns a pointer to the first element of the array data, which is stored in
Fortran standard column-major order:

double *p = g.data(); /1 pointer to first elenment of data
p[O0] = ... /1 first data elenment of g

The subscripting operator () returnsthe specified dement of aGri d:

G i d2<doubl e> g(Region2(i0,j0,i1,j1));
double a = g(i0,j0); /1 first elenent of the grid

Five types of exceptions can bethrown by Gri d : Di nEr r, BndEr r , NonLocEr r , Regi onSubErr ,
and Regi onSi zeEr r . Di mEr r exception can be thrown by G i d member functions that take a
dimension as a parameter. BndEr r exception can be thrown by G- i d member functionsthat take an index
as a parameter. For example:

try {
Gid2<int> g(3,4,p); /1 g is 2 dinentional with index set
/1 [0:2, 0:3]
a(i, j) =1, /1 i isvalidif it is between 0 and 2

/1l j isvaildif it is between 0 and 3
int result = g.lower(k); // kis validif it is either 0 or 1
catch (BndErr) {
/1 error: the value of i or j is invalid or g is non-1local!

}
catch (DinErr) {

[/ error: the value of k is invalid!
}

NonLocEr r, Regi onSubEr r , and Regi onSi zeEr r exceptions can be thrown by the
CopyRegi on() , PackRegi on() , and UnPackRegi on() member functions of G i dFor example:

try {
target. CopyRegi on (to, source, from;

}
catch (NonLocErr) {
[/ error: non-local Gids!

}
catch (Regi onSubErr) {
/1 error: invalid Regions or Gids!

}
catch (Regi onSi zeErr) {

/1 error: invalid Regions!
}

Iftarget orsource i ds arenot local, NonLocEr r will bethrown. If t 0 isnot a subregion of
target.region(),oriffromisnotasubregion of source. regi on() , Regi onSubErr
exception will bethrown. Finally, if t o and f r omRegi ons have different sizes, Regi onSi zeEr r will
be thrown.



For more information, consult . / kel p/ Gi dX. h. m4, ./ kel p/ Gi dX. C. n4,
./tool s/ RegError.h,./kel p/ NonLocError.h,./array/ D nError. h, and
.larray/BndError. h.

25 ClassXArray

Class XAr r ay X implements an 1-dimensional paralle array of X-dimensional Grids, each of which may
be owned by an arbitrary processor. The shape and processor owners for and XAr r ay may be represented
by aFl oor Pl an. KeL P defines coarse-grained looping constructs over XAr r ays. An XAr r ay of Grids

of dimension X of type T has the class name:
XArrayX<@i dX<T> >
where Xis1, 2, 3, or4 andT issome fixed-length type. For example:

XArray3<QG i d3<doubl e> > /1 XArray of 3d Gids of type double
XArray2<@id2<int> > [l XArray of 2d Gids of type int

An XAr r ay may be declared as follows:
XArray2<@id2<double> > X(n); [// XArray of n Gids
XArray2<@id2<double> > Y(F); // XArray with deconposition stored
/1 by FloorPlan F

If an XArray isnot declared with a FloorPlan, then at some future point the FloorPlan must be specified
and Grid storage allocated. Thisis accomplished with thei nst ant i at e member function:

X.instantiate(F); /1 install deconposition of FloorPlan F

An XArray provides a variety of member functions to access and manipulate its structure and data.
Examplesinclude:

X. floorplan(i) /1 the ith menber of X' s FloorPlan
/1 (a Region with an owner())

X.size() /1 nunmber of Gids

X. owner (i) /1 processor owner of ith Gid

X(1) /Il ith Gidin X

X.resize(i) /1 resize the whole XArray

Xoptr(i) // pointer toith Gid

KeLP providesnodel t er at or toiterate over XAr r ay dementsin parald. The following code will
execute the loop body once for each Gri d in the XAr r ay X. The body is executed on the processor that
ownsG&id X(i).

for (nodelterator iter(X); iter; ++iter) {
int i =iter(); /1 query the iterator for current index
do somet hi ng

}

nodel t er at or supersedesthef or _al | loop provided in the previous versions of KeL P for the same
purpose:

10



for_all (i, X
do sonet hi ng
end for_all

Two types of exceptions can be thrown by XAr ray : Di nErr and BndEr r . Di mEr r exception can be
thrown by XAr r ay member functions that take a dimension as a parameter. BndEr r exception can be
thrown by XAr r ay member functions that take an index as a parameter. For example:

try {

XArray2<Gi d2<doubl e> > X(F);

int owner = X owner (i); [l 1 is validif it is between

0
/1 and F.size()

int lower = X lower(j); [l ] isvalidif it is O
catch (BndErr) {

I/ error: the value of i is invalid!

}
catch (Dinkrr) {

/1 error: the value of j is invalid!
}

2.6 Class M otionPlan

A Mot i onPl anX describes a data motion pattern for X-dimensional objects. KeL P supports
communication between G- i ds over arbitrary Regi ons. A Mot i onPl an encodes a set of Regi on
copy operations to be performed atomically. The set of data motion operations specified in a

Mot i onPl an can then be carried out by a Mover object.

When created, aMbt i onPl an contains no Regi on copy operations.

Mot i onPl an3 M /1 declare enpty MbtionPlan for 3-dinensional
Il Gids

A Mot i onPl an isbuilt incrementally, one operation at atime, using the Copy () member function. For
example, supposeF and G are Fl oorPl ans, F,Y areXArrays, and Q RareRegi ons. Then

M Copy(F,i,QGj,R;

represents the block copy operation "copy from any Xar ray F(i) distributed according to Fl oor Pl an
F over Regi on Qintosome XArray  j) distributed according to Fl oor pl an G over Regi on R™
Mot i onPl an Mwill be modified to store this operation. Thus, by having the processors issue a sequence
of Copy operationsto a Mot i onPl an a communication pattern may be built, one block copy operation at
atime.

There are two forms of the CopyOnl nt er sect i on function provided for syntactic convenience.
M CopyOni ntersection(F,i,Gj); // copy fromF(i) into j) where
/1 their domains intersect
M CopyOni ntersection(F,i,Gj,R;// copy fromF(i) into 4j) where
/1 their domains intersect Region R

It isimportant to note that the family of Copy () functions do not actually copy anything. Rather, asthe
class name implies they encode a plan of block copy operations for the Mover to execute.

11



KelLP also provides several operationsto directly modify existing Mot i onPl ans. These operations are
intended for the advanced KeL P user will be described in more detail in a future version of this document.

Exceptionsraised. BndEr r exception can be thrown by Mot i onPl an Copy and
CopyOnl nt er sect i on functions. If i isnot avalidindex of F, orjisnot avalidindex of G BndErr
exception will be thrown. For example:

try {

M Copy (F,i,Q Gj,R;
catch (BndErr) {

/1 error: the value of i or j is inval id!
}

For more information, refer to . / kel p/ Mot i onPl anX. h. nd, ./ kel p/ Moti onPl anX. C. m4, and
.larray/BndError. h.

2.7 Class Mover

A Mover isan object that will execute the set of block copy operations specified in a Mot i onPl an.
Although a great deal of work is doneinternally by the Mover, from the simplest user's viewpoint (s)he has
done all the work by the time the Mover isinvoked. The next subsection will describethe Mover in
enough detail to allow utilization of its built in capahilities. Later subsectionswill probe deeper for those
users who may wish to go beyond this and custom build their own Mover object.

2.9.1 Mover Basics

A Mover X isbuilt to perform communication over Xar r ays of Gri ds of dimension X and type T and
has the class name

Mover X<@& i dX<T>, T>
where X is1, 2, 3, or 4and T isabasic datatype, e.g. float, double, etc.

When aMover isdeclared it isbound to apair of Xar r ays, the sender and receiver, and to a
Moti onPl an S. Generically aMover declaration looks like

Mover X<@& i dX<T>, T> Mov( Sender, Recei ver, S);
For example, a Mover to communicate data between 3D Grids of doubles would be declared
Mover 3<@& i d3<doubl e>, doubl e> Mov( Sender, Recei ver, S);
A cal totheexecut e() member function,
Mover . execut e() ;

will then perform all communications specified in the Mot i onPl an to which the Mover isbound. The
call toexecut e() returnswhen all communication is complete.

/****************************************************************

* Mover X<t GRI D, t TYPE>: : execut e()

*

12



* Execute a schedul e
*

*****************************************************************/

templ ate <class tGRID, class tTYPE>
voi d Mover X<t GRI D, t TYPE>: : execut e()

{
#i f def ERR_CHECK

try {
start();

finish();

}

catch (BndErr & be) {
be.setal | ("Mver X :execute()", FILE , LINE );
t hr ow;

}

catch (Regi onSi zeErr & se) {
se.setal | ("Mover X : execute()", _FILE , LINE );
t hr ow;

}

catch (Regi onSubErr & sue) {
sue. setal | ("Mover X: : execute()", _FILE , LINE );
t hr ow;

}

#el se

start();

finish();
#endi f
}
Note that modulo error checking (to be described shortly) execut e() consists entirely of two function
cals. The start () function begins asynchronous execution of the communication pattern, i.e. it begins
anon blocking Send and posts a nonblocking Receive. Thefi ni sh() function waitsfor communication
to complete. If the programmer wishesto try to overlap computation with communication these functions
can be called directly. Since KeLPis currently built on top of MPI and most existing MPI
impel ementations do not provide support for such overlap thereislittle advantage to this at present.

At thistimethe Mover does not provide afacility for global reduction operations. See section 8, M P++
for information on how to accomplish these operations.

Exceptionsraised: Three types of exceptions can bethrown by Mover: BndErr ,

Regi onSubErr, and Regi onSi zeErr. BndErr isthrown when aninvalidindex of Xar r ay
isinvolved in data motion. This might happen, for instance, if the Mover isinstantiated with the wrong
Xarray or MotionPl an. RegSubErr isthrown when the source(dest) Regi on isnot a subregion
of the source(dest) Grid'sRegi on.  Regi onSi zeEr r isthrown when the source and destination
Regi ons have different sizes. Sincethisinvolves a certain amount of overhead the programmer has the
option of activating or deactivating exception handling at compile time.

Examples are shown in the sample code above. For further information please refer to
Jkelp/MoverX.h.m4, Jkelp/MoverX.C.m4, Jarray/BndError.h, and ./tools/RegError.h.

2.9.2 Implementation Details

When aMover iscreated, its constructor retrieves the information stored in the Mot i onPl an. For each
& i d thisincludes three lists, one each for incoming (from off processor) messages, outgoing (to off
processor) messages, and local (on processor) data movement. We now examine the functions st ar t ()
andfi ni sh() insome detail.

13



{
(1) ProcessQut ();

(2) Processin();
(3) i f (Kel pConfigStatus(CONTI G M5G | N PLACE))

(4) Mar kCont i g();
(5) Al |l ocateBuffers();
(6)  Post();

(7)  Send();

(8) Local ();

}

Figure 2.9.2a: start function of class MoverX.

(1) Deliver();
(2) FreeQutBufs();
}

Figure 2.9.2b: finish function of class MoverX

Bothstart andfi ni sh conist entirely of function calls. Inst art , thecallstoProcessQut (1) and
Pr ocessl n (2) set up arrays of message descriptors. By default, line (3) evaluatesto true and KeL P
checksif the data elements in a message are contiguous in memory line (4). If they are contiguous they are
flagged in the member variable cont i g to avoid the overhead of allocating message buffers and packing
and unpacking. Line(5), Al | ocat eBuf f er s allocates message buffers for non-contiguous messages
and returns a pointer to existing memory for contiguous messages, both outgoing and incoming. These
buffers will be deallocated when wai t () iscalled.

Note that lines (1-5) are executed every time the Mover executes. Thisavoids tying up memory for any
longer that necessary at the cost of imposing a fixed start-up overhead for messages. This overhead can be
significant for small (relative to number of processors) problems but is amortized away for reasonable large
problem sizes. Asan alternative one could create an additional constructor which preallocated the message
buffers.

The Post function, line (6), posts a non-blocking receive for each expected incoming message. Line (7),
Send, loops over outgoing messages, packing the non-contiguous messages into the buffers created in

Al | ocat eBuf f er s and posting non-blocking sends. Finally Local , line (8), performsthe local
memory to memory copies for e ements assigned to the same processor.

Infini sh,thecall toDel i ver loopsover the array of incoming messages, detectsif they have arrived,
unpacks those that were non-contiguous, assigns them to the appropriate elements of the local Grid, and
deall ocates the incoming message buffer. Fr eeQut Buf s loops over outgoing messages, waiting until the
send is completed and deallocating the outgoing message buffer.

Thepack, unpack, and copy functionsssmply call the G'i d member functions of the same name.
The reader isreminded that the Fast | ndex macros utilized there are just optimizations of loops over
G i d dements. If oneisdeveloping a customized Mover (see Sec. 9.4 of the User Guide) any effective
loop over elements will work.

14



2.8 class Vector M over

A Vect or Mover presentsthe exact same interface asa Mover . However, aVect or Mover performs
message aggregation where possible. Message aggregation will provide superior performance for
applications with many fairly small messages on architectures with a high message start cost. A

Vect or Mover throws the exact same exceptions as aMover .

15



3. L ooping iterators and macros

KeLP provides a number of iterators and macros for controlling loop iterations. They may prove useful in
writing dimension independent code.

3.1 indexlteratorX and for_X

i ndexI t erator 1 helpssmpleiteration over thedomain of G'i d1, Array1, Fl oor Pl anX, or
XAr r ay X. For example:

for (indexlteratorl iter(D); iter; ++iter) {

Pointl p =iter(); /1 current point
int i =iter(0); /1 Oth element of the current point
Do sonething to D(p);

}
where D one of the classes listed above, islogically equivalent to

for (int i=D.lower(); i<= D upper(); i++) {
S,
}

Similarly, if EisaGi d2 or Array?2

for (indexlterator2 iter(E); iter; ++iter) {

/1 According to taste either do this...
Point2 p =iter(); /1 current point
Do sonething to E(p);

/] .or do this.

int i =iter(0); /1 Oth element of the current point
int j =iter(1); /1 1st element of the current point
Do sonmething to E(I,j);

}

isegivalent to

for (int j=E.lower(1l); j <= E upper(1); j++)
for (int i=E.lower(0); i <= E upper(0); i++) {
S1;
}

The constructs for three and four-dimensional objects follow naturally.

I ndexl t er at or X supersedesthef or _Xand f or _poi nt _X macros provided in the previous versions
of KeLP for the same purpose.

3.3 nodelterator and for_all

nodel t er at or isused for parallel iteration over elements of an XAr r ay or Fl oor Pl an. Thisiterator
issimilar toi ndexl t er at or 1, but each processor only executesiterationsthat it ““owns":

for (nodelterator iter(X); iter; ++iter) {

int i =iter(); /1 current index
do something with X(i) ...
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In other words, each processor loops over the G'i ds or Regi ons which it owns. Notethat the
“something” will often involve iterating over the local index space of X(i) asin the next example.

int i;
Poi nt 2 p;
for (nodelterator ni(grid); ni; ++ni) {
i =ni();
for (indexlterator2 ii(grid(i)); ii; ++ii) {
p=1ii();

grid(i)(p) = 1.0;
}

nodel t er at or supersedesthef or _al | loop used for the same purposein the previous versions of
KelLP.

Any synchronization not enforced by data dependencies must be explicitly programmed, with mechanisms
suchasnpBarri er.
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4. Fortran Interface

KeL P provides several macros to ease the process of calling Fortran numeric code on Kel P data structures.
All KeLP arrays arelaid out in Fortran-style column-major order. Seethetutorial for an example of how to
use the following constructs.

The FORTRAN_NANME macro helps with Fortran name-mangling and external "C" linkage. To link with a
Fortran subroutine f 0o, use the following:

#defi ne foo_l| i nk FORTRAN NAME(foo_, FOO, foo0)
extern "C' {
void foo_link( args );

}

TheFort r anRegi onX classisatemporary class that serves as an intermediary for passing a Regi onX
to Fortran. Given aRegi onX,

FortranRegi onX FR(R);
createsaFort r anRegi onX from aRegi onX.

The FORTRAN_REGQ ONX macro will pass the integer values of the For t r anRegi onX to Fortran, by
reference. So, the following code passes the Regi on2 R to four integer arguments of a Fortran routine.

Regi on2 R

FortranRegi on2 FR(R);
fortran_routi ne( FORTRAN REG ON2( FR) ) ;

The Fortran routine should accept the arguments as follows.

subroutine fortran_routine(R Iower0O, R lowerl, R upperO, R upperl)
int RIlower0O, R Ilowerl, R upper0O, R upperl

The FORTRAN_ARGSX macro provides shorthand for describing integer reference arguments. The
following:

extern "C' {
voi d fortran_routi ne( FORTRAN_ARGS?) ;

}
is expanded to:

extern "C' {

void fortran_routine(const int *, const int *, const int *,
const int *);

}

These constructs extend naturally to other dimensionalities.
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5. Fast indexing routines

The current generation of C++ compilers can have difficulty performing common loop optimizations, such
as strength reduction, on simple C++ loops over G i d elements. For example, most C++ compilers cannot
optimize the following loop:

Region2 region(i0,j0,il,j1);

Gi d2(doubl e) grid(region);

for_2(i, j, region)
grid(i,j) = 0.0;

end_for

To improve performance, KeL P header files define C++ macros which aid the compiler in optimizing C++
loops. These Fast | ndex macros can improve loop performance by a factor of two or three.

Theindexing of aGri d must be bracketed by the macros Begi nFast | ndexX and EndFast | ndexX,
where X represents the dimension of the G i d. Begi nFast | ndex takesthe name of the G i d asthe
first argument and the type (e.g. doubl e or const i nt ) asthe second argument. The only argument to
EndFast | ndex isthe nameof theGri d.

Indexing is performed via Fast | ndexX. Thefirst argument to Fast | ndex isthenameof theG i d and
the next X arguments are the loop indices. Note that Fast | ndex may be used on both the left hand side
and on the right hand side of an assignment.

A ““fagt" version of the sample loop given above would be:

Region2 region(i0,j0,il,j1);
Gid2(doubl e) grid(region);
Begi nFast | ndex2(grid, double);
for_2(i, j, region)

Fast | ndex2(grid, i, j) = 0.0;
end_for
EndFast | ndex2(gri d);

Note that when fast indexing is used, no error checking is performed!
For more information, refer to filekel pl. 3/ kel p/ array/ | ndexArrayX. h. n4.
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6. Dock

Dock (DecOmposition Classes for KeLP) isa small class library that provides HPF-style BLOCK
decompositions for regular Grid structures. A Ghost Pl an isaFl oor Pl an which also keepstrack of the
number of ghost cellsin each dimension. A Ghost | t er at or isasimpleclassthat helpsiterate over the
ghost regions of a partition. TheGhost | t er at or often proves helpful in setting up boundary conditions.
A Processor s object isafirst-class representation of alogical processor array. A Deconposi ti on is
aFl oor Pl an which will automatically conform to various regular block decompositions.

6.1 class GhostPlanX

Class Ghost Pl anXisaFl oor Pl anX, along with aPoi nt that represents the number of ghost cellsin
each dimension for the Regi ons in the Ghost Pl anX.

A Ghost Pl an ispublicly derived from Fl oor Pl anX, so all public Fl oor Pl an operations are valid for
Ghost Pl ans. Other useful operations are:

GP. ghost () /1 returns the ghost Point for GhostPlan GP
GP. AddGhost (P); // add ghost cells to a GhostPl an
GP. setghost (P); // set the ghost cell vector

For more information, consult kel p1. 3/ apps/ dock/ Ghost Pl anX. h. 4 and
kel p1. 3/ apps/ dock/ Ghost Pl anX. C. m4

6.2 class Ghostlterator X

ClassGhost | t er at or X providesiteration over the ghost regions of a partition with ghost cells. A
Ghost I t er at or X will return, one at atime, the Regi ons representing ghost cells for a partition.
Suppose Gisan &'i d, and the programmer requires the outermost 2 cells of Gin each dimension to be
ghost cells. The following code fragment will zero out all ghost cells of G:

for (GhostlteratorX iter(G 2);iter;++iter) {
const RegionX R =iter(); // R = next ghost region of G
Gfill(0.0,R;

}

For more information, consult kel p1. 3/ apps/ dock/ Ghost It erat or X. h and
kel p1. 3/ apps/ dock/ Ghost I t er at or X. C in the KeLP sample application code distribution.

6.3 class Processor sX

A Processor sX object represents an array of virtual processors. A Pr ocessor sX object may be
declared as follows:

ProcessorsX P(Region2(1,1,3,4)) [// declare a 3x4 virtual processor

array
ProcessorsX P; /1 use the system default virtual
processor array
ProcessorsX P(STRI P); /1 declare the processor array

with a linear topol ogy
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The system default processor array tries to make the processor array as square as possible. The last two
forms listed above are defined such that the number of virtual processors equals the number of physical
processors. This rule may be violated using the first form, in which case virtual processors are mapped to
physical processors round robin.

For more information, consult kel pl.3/apps/dock/ProcessorsX.h and kel pl.3/apps/dock/ProcessorsX.Cin
the KeLL P sample application code distribution.

6.4  class DecompositionX

A Deconposi ti onXisaGhost Pl an that will automatically adjust its shape to conform to several
HPF-style BLOCK decompositions.

A Deconposi ti onX will partition a single n-dimensional index space:

Deconposition2 D(M N); /1 decl are Deconposition Dto partition
the Region [(1,1),(MN]

The space is then partitioned onto a virtual processor array viathedi st ri but e member function. Each
dimension of the index space may be partitioned according to one of two rules. Suppose that the global
index space has N elements along some dimension and the virtual processors array has P processors along
the corresponding dimension. Therulesare:

BLOCK1 : each virtual processor gets exactly ceil(N/P) elements, until there are no more
elements.
BLOCK?2 : thefirst N mod P processors get ceil (N/P) elements, and the rest get floor(N/P)
elements.

Some examples of the di st ri but e member function are:

D. di stri but e( BLOCK2, BLOCK2, P); // distribute both axes using the
BLOCK2 rul e over the virtual
processor array P

D. di stri but e( BLOCK1, BLOCK1, BLOCK1); // distribute all three axes
using the BLOCKL rul e and the system
default Processors object

In addition to the methods of class FI oor Pl an , which providelocal Regi on and ownership
information, Deconposi t i onX objects have additional functions to query or modify the global
computational domain and the mapping of that domain onto the virtual processor array. For more
information, consult /dock/DecompositionX.h.m4 and /dock/DecompasitionX.C.m4 in the KeLP sample
application code distribution.
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7. DGrid

ThedG i d library providesthreeclasses, dG i dX, replicatedGi dX, andCol | ectiveG oup,
each of which isimplemented in two and three dimensions.

7.1 classdGridX:

ThedG i d class, derived from XAr r ay, represents a distributed array of G i ds that has aregular
BLOCK decomposition, represented by the Deconposi ti on classof thedock library. SoadGi d is
built from aDeconposi ti on in exactly the ssmewasasa XAr r ay isbuilt from aFl oor Pl an.

Deconposi ti onX D
d&@idX< type > DA D);*

ClassdG i d isalso provided with methods which give it accessto all the domain and processor array
inquiry functions of the Deconposi ti on class. A typical examplewould be

i nt domai nExt ents(const int din) const
{ return _deconp. domai nExtents(dim;}

The primary utility of d& i d isthat it provides a number of built in communications operations to support
global matrix operations and linear algebra.

DG copyOnl ntersection(argtype X /I copy val ues from argtype X where
//the domains intersect.

Thisfunction is overloaded so that ar gt ype may beany oneof XArray, dGid, or
replicated@id. Theremaining specialized copy functionstakeonlydG i d arguments

DG al i asPSection(D&,R) // return an alias to a set of blocks from D&
/1 that fall in Region R of DG s virtual
/] processor array

DG copy(D&, Rsrc, Rdest) /1 copy values fromRegion Rsrc of DG to
/1 Region Rdest of D&2.

An important distinction between these copy functions and the copy functions of theMbt i onPl an classis
that these perform the actual data motion. For more information see /dgrid/dGridX.h.m4 and
/dgrid/dGridX.C.m4

7.2 classreplicatedGridX:

Thereplicated&i d classisaspecialized XAr r ay whose members (each an individual Grid) are
replicated over a collection of nodes, i.e. each node contains an identical copy of thesame Gri d. The key
member function, r epl i cat e, broadcasts the values of the Gr i d from a source to all instances of the
replicated Gri d. For moreinformation see/dgrid/replicatedGridX.h.m4 and /dgrid/replicatedGridX.C.m4

7.3 class CollectiveGroup

! On some platforms use of this constructor leads to a run-time error for as yet undetermined causes. The
workaround isto declare an empty dG i d and then usethei nst ant i at e member function to give it
the desired properties.

dGidX< type > DG

DG instantiate(D);
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TheCol | ecti veG oup class provides a Kel P analog of a MPI Communicator; a subset of the global

nodeset. TheCol | ecti veG oup isuseful for operations that need be performed on only a subset of the
nodes, including reductions and broadcasts. For more information see /dgrid/CollectiveGrid.h.

In order to implement thedGr i d library efficiently, in afew cases the code drops below the KeL P
abstractions and directly manipulates MPI Communicator objects.
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8. API-FD

API-FD isasmall set of classes which provides a very ssimple Application Programmer Interface for finite
difference calculations. It is hoped that this API illustrates the proper use of Kel P mechanisms and can
serve as a starting point for your own application-specific facilities.

The API providesthefollowing classes m& i d, I rregul arGi d,and Adder . Annxri disaGi d of
doubl e, with some simple numerical operators built in. Anlrregul arGi d isan XAr ray<n(xi d>,
with additional member functions that carry out certain numerical and communication operations. An
Adder isaMover that automatically adds the source to the destination without intermediate buffer-
packing.

8.1 class mGrid

ClassnmaidisaGid of doubl e, with some specia functions built in that are useful for finite-
difference methods.

Anntxi d ispublicly derived from G i dX<doubl e>, soall public G i d operations are valid for
N i ds. Other useful operations are:

mfill(d,R); /1 over Region R fill m&id mwth value d

mfill(d); /1 fill all cells of mwith value d

mmaxDelta(GR) // returns max(|mp)-G&p)|) over all points p in
/1l Region R

For more information, consult . / APl / n(3 i d. h and./ APl / m& i d. Cin the KeLP sample application
code distribution.

8.2 classlrregularGrid
Classl rregul ar Gi d implements asimple single-level block-irregular grid structure.

CregtinganlrregularGid:

IrregularGid I; [l empty IrregularGid

IrregularGid I (F); /1 instantiate with shape of FloorPlan F

IrreqularGid | (F, FALSE); // as above, but do not build FillPatch
Mot i onPl an

IrregularGid I (Q; /1 as above, but Gis a CGhostPlan and

/1 holds ghost cell wdth

Anlrregul ar G i d isderived publicly from XAr ray of G i d, and all XAr r ay operations are valid
for I rregul ar G i ds. Some other operationson | rregul ar Gi ds are:
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IGinstantiate(Q; /1 instantiate with shape and ghost
/'l regions of GhostPlan G

| G Bui | dFGSched() ; /1 Build the fillpatch MtionPlan

| G ghost () ; /1 returns ghost region vector (a Point)
IGinterior(i); /1 interior (non-ghost) Region of 1)
IGTfill(d); /1 fill all cells with value d

| G assi gnGhost (d) ; /1 assign all ghost cells to value d
IGTfill Ghost(); /1 execute fillpatch operation

| G random ze(); {1 fill all cells with random val ues

| G CopyOnintersection(l1&)// Copy all values fromlrregularGid

/1 where the donains intersect

| G AddOnl ntersection(l &) // Add all values fromI& to |G where
/'l where the donains intersect

| G maxDel ta(l &); [l returns max(| 1 p) -1&(p)|) over all
/1 points p where the domains intersect

For more information, consult . / APl /I rregul arGid. hand./API/lrregul arGid. Cinthe
KelL P sample application code distribution.

8.3 class Adder

An Adder isaspecialized Mover . Instead of copying values from a source Region to a destination
Region, and Adder adds values from a source Region to a destination Region.

An Adder isdeclared and used just like an Mover :
Adder A(Send, Recv, S); /1 declare an Adder bound to two XArrays
and a MbtionPl an
A. execute(); /1 performdata nmotion and addition

For more information, consult . / APl / Adder . h in the KeL P sample application code distribution.
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0. M P++

MP++ is a portable message passing library which provides facilities for asynchronous and synchronous
message passing, barrier synchronization, and global reductions.

The MP++ header file" np++. h" must beincluded in every source file which calls an MP++ function, and
the executable must be linked with the library - | np++.

When building the library, define the target architecture in the makef i | e asfollows:

SP2 - DSP2

T3E - DT3E

Sun4 - DSUN - P4
x86 - DLI NUX - DP4
Oi gi n2000 - bDSA

A program that uses MP++ must explicitly initialize the MP++ library with acall tonpl ni ti al i ze() .
After this call, the program will be running on multiple threadsin SPMD mode.

You may exit a MP++ program by calling npExi t () and returning from mai n() . Under abnormal

circumstances, MP++ function Abor t () should be called to abort the program, print out an error message,
and dump core (if supported).

9.1 Miscellaneous Functions

9.1.1 mpAbort

Force termination and dump core, if supported.
Synopsis:

voi d npAbort ()

9.1.2 Abort

Exit with an error message and dump core.

Synopsis:
voi d Abort (char *who, char *why)

Description:

Exits the program with an error message formed by the string in who, which typically contains the name of
the function calling it, and in why, which usually contains the reason. It also prints out the name of thefile
and line number from where Abor t () wascalled. Abort () isactually amacro.
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9.1.3 mpkExit

Clean up and exit the message-passing system.
Synopsis:
void npExit()

Description:

This function may be called more than once.
9.1.4 mplnitialize

Initialize the message passing library

Synopsis:
void nplnitialize(int argc, char **argv)

Description:

This function must be called to initialize the message-passing library before any MP++ function may be
called. The arguments to mplnitialize should be the command-line arguments passed to main.

9.1.5 mpNodes

Return the number of nodes available.
Synopsis:

i nt npNodes()

9.16 mpMylD

Return the local processor identifier number, an integer between zero and the number of nodes minus one.
Synopsis:

int mpMW/I1IX)

9.1.7 mpWallClockSeconds

Return the elapsed wall clock timein seconds for a processor

Synopsis:
doubl e nmpWal | d ockSeconds()

Description:

Returns the elapsed wall clock timein seconds for a processor. Time is referenced to the beginning of the
program, i.e. it returns O at the beginning of the program.
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9.2 Communication Routines

9.21 mpBarrier

Perform a barrier synchronization
Synopsis:

void npBarrier ()

9.2.2 mpBroadcastOK

Verify if send supports broadcast on this hardware architecture
Synopsis:

i nt npBroadcast OK()

9.2.3 mpLastBytes

Return the number of bytes received by the last message
Synopsis:

i nt nplLast Byt es()

9.24 mpLastType

Return the type of the last message received

Synopsis:

i nt npLast Type()

9.25 mpLastProcessor

Return the source processor of the last message received
Synopsis:

i nt nplLast Processor ()

9.26 mpSend

Send a message (possibly blocking).

Synopsis:
void nmpSend(int type, void *data, int nbytes,

i nt dest)
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Description:

Synchronous (blocking) send, where: t ype isthe type of the message, and can be any val ue between
MP_FI RST_AVAI LABLE_TYPE and MP_LAST_AVAI LABLE _TYPE (definedin ar ch. h); dataisa
pointer to the data to be sent; nbyt es isthe number of bytesto be sent; dest istheidentification number
of the target node, or the constant npAl | Nodes (also defined in ar ch. h) if npBr oadcast OK() is
TRUE, meaning that the message must be broadcasted to all nodes. npSend() returnswhen either the
message has been sent, or when the message has been buffered in the OS. Thereis no guarantee that the
message has arrived at the receiving processor. In case of an error, an exception will be thrown:

try {
mpSend(type, data, count, dest);
}

catch (npMsgSi zeErr) {
/] error: negati ve nmessage size!
}

catch (npRangeErr) {
/1 error: destination processor out of range!

catch (npBcastErr) {
// error: cannot broadcast on this architecture!

}
catch (npBcastPtPErr) {

/1 error: cannot broadcast with MPI point -to-point!
}

catch (npSendErr) {
[l error: problemin MPl_Send()!
}

9.2.7 mpRecv
Receive a message (blocking).

Synopsis:
void npRecv(int type, void *data, int nbyt es)

Description:

Synchronous (blocking) receive, where: t ype isthe type of the message to be received, and can be any
value between MP_FI RST_AVAI LABLE_TYPE and MP_LAST_AVAI LABLE_TYPE, or the constant
npAnyType (defined in ar ch. h); dat a isapointer to the area where the received data should be placed;
nbyt es isthe size of the area pointed to by dat a. npRecv() returnswhen the messageis received.
Note that the received message can be less than the buffer size. In case of an error, an exception will be
thrown:

try {
mpRecv(type, data, nbytes);

catch (npMsgSi zeErr) {
/1 error: negative nmessage size!

}
catch (npRecvErr) {
[l error: problemin MPI_Recv()!

}
catch (nmpCountErr) {
/1 error: received nessage doesn't fit in the nessage buffer!

}
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9.28 mpTest

Wait for a message (blocking).

Synopsis:
voi d npTest (int type)

Description:

A synchronous routine that blocks until a message of typet ype isreceived. If t ype isequal to the
constant npAny Type, npTest () will return after any messageisreceived. npTest () returns
immediately if, when it is called, thereis already a message of typet ype (or any message, if typeis equal
to mpAny Type) being held by the OS. If any error occurs an exception will be thrown:

try {
mpTest (type);

}
catch (npTestErr) {

[l error: sonething is wong in MI!
}

9.29 mpASend

Asynchronous (nonblocking) send of a message.

Synopsis:
npMessagel D *npASend(int type, void *data, int nbytes, int dest)

Description:

Asynchronous (nonblocking) send, where: t ype isthe type of the message, and can be any value between
MP_FI RST_AVAI LABLE_TYPE and MP_LAST_AVAI LABLE_TYPE (definedin ar ch. h); dat aisa
pointer to the data to be sent; nbyt es isthe number of bytesto be sent; dest istheidentification number
of the target node, or the constant npAl | Nodes (also defined in ar ch. h) if npBr oadcast OK() is
TRUE, meaning that the message must be broadcasted to all nodes. npASend() immediately returns a
pointer to anpMessagel D identifying the buffer pointed to by dat a. The data may not be sent
immediately, though. The data stays in the user's buffer until it is sent, and the user should not modify the
data until heissurethat the message send has completed. This can be checked by the routinesnmpADone( )
and npAWai t () . If any error occurs, the program will be aborted (e.g. if there is memory exhaustion), or
an exception will be thrown:

try {
mpSend(type, data, count, dest);

}
catch (npMsgSi zeErr) {
/1 error: negative nmessage size!

}
catch (npRangeErr) {

/1 error: destination processor out of range!
}

(cont.)
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catch (npBcastErr) {
// error: cannot broadcast on this architecture!

}
catch (npBcastPtPErr) {
/1 error: cannot broadcast with MPI point -to-point!

}
catch (npSendErr) {

[l error: problemin MPI _Isend()!
}

9.2.10 mpARecv

Asynchronous (nonblocking) receive of a message.

Synopsis:
npMessagel D *npARecv(int type, void *data, int nbytes)

Description:

Asynchronous (nonblocking) receive, where: t ype isthe type of the message to be received, and can be
any value between MP_FI RST_AVAI LABLE_TYPE and MP_LAST_AVAI LABLE_TYPE, or the constant
npAnyType (defined in ar ch. h); dat a isapointer to the area where the received data should be placed;
nbyt es isthe size of the area pointed to by dat a. npRecv() returns, immediately, a pointer to a
npMessagel D (defined in np++. h) that identifies the buffer pointed to by dat a. When the data arrives,
it is placed in this buffer, and made available for the user, who can check this using npAWai t () or
npADone( ) . If any error occurs, the program will be aborted (e.g. if there is memory exhaustion), or an
exception will be thrown:

try {
mpRecv(type, data, nbytes);

}
catch (npMsgSi zeErr) {
/1 error: negative nessage size!l

}
catch (npRecvErr) {

[l error: problemin MPl _Irecv()!
}

9.211 mpATest

Check if a message of a certain type has arrived.

Synopsis:
i nt npATest (int type)

Description:

npTest () isasynchronous, and returns 1 if a message of typet ype has been received (and is still being
held by the OS), and O otherwise. If t ype isequal to the constant npAny Type (defined in ar ch. h),
npATest () will return TRUE if any message has been received, and FALSE if no message has been
received.
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9.2.12 mpADone

Check if an asynchronous message is done.

Synopsis:
i nt npADone( npMessagel D *i d)

Description:

npADone( ) isasynchronous, and returns TRUE if the message corresponding to the buffer identified by
i d has already been sent or received, and FALSE otherwise. If the message is done, then the
npMessagel D will beinvalid. If any error occurs an exception will be thrown:

try {
nmpADone(i d) ;

}
catch (npTestErr) {

[l error: problemin MPI!
}

9.2.13 mpAWait

Wait until an asynchronous message has finished.

Synopsis:
voi d npAWAI t (npMessagel D *i d)

Description:
NpAVAI t issynchronous, and will block until the message corresponding to the buffer identified by i d is
actually sent or received. If any error occurs an exception will be thrown:

try {
NPAWAI t (i d);

catch (npWaitErr) {
/1 error: problemin MI!
}

9.3 Reduction Functions

931 mpReduceF

Perform areduction, across the nodes, executing the operation indicated by F . For Add, Max, and M n,
<T>canbeanyof char, i nt,unsigned int, long int, float, double, orlong
doubl e. For thelogical operations O, And, and Xor , <T> can be either char ori nt.

Synopsis:

voi d npReduceAdd(<T> *data, int length
voi d npReduceOr (<T> *data, int length
voi d npReduceAnd(<T> *data, int length

i n
A
N N N
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voi d npReduceXor (<T> *data, int length
voi d npReduceMax(<T> *data, int length
voi d npReduceM n(<T> *data, int length

o
PR
N e

Description:

The mpReduceF routine performs a reduction across all nodes, executing the operation indicated by F as
shown in the prototypes. It returns only after all the active nodes have called it. dat a isa pointer to the
buffer that contains the data to be reduced, and | engt h isthe number of elements. mpReduceF will
execute | engt h reductions, one for each element of data, and place each result in its corresponding
position in the buffer pointed to by dat a. If any error occurs the program will be aborted.

94 Broadcast Functions

9.4.1 mpBroadcast
Perform a broadcast from the root to all processors. <T> can be either char , i nt, doubl e, or f | oat .
Synopsis:

voi d npBroadcast (<T> *data, const int |length, const int root)
Description:

ThempBr oadcast routine performs a broadcast from r oot to all nodes. dat a is a pointer to the buffer
that contains the data to be broadcast, and | engt h isthe number of elements.
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