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Abstract

Legion is a multi-year ébrt to design andubld scalable meta-computer soétve. Leion pro-
vides the softare “glue” for seamless irgeation of distrilnted, heterogeneous hamaw and
software components. Much of this “glue” is prded in Legion’s run-time libraryIn this docu-
ment we preide a detailed description of the implementation of thgidrerun-time libraryThe
library is designed and implemented as a layered, configurableaseftnotocol stack. This
design, coupled with arvent-based mechanism for iMayer communication, enables a consid-
erable fleibility and extensibility. In this document, we first present the library irsteef and

shav how the library can be used “as is”, without internal modificatioa.tiién sha how to
modify or add functionality to the librar¥inally, we pravide qualitatve descriptions of v the
library could be gtended to encompass programming styles and methods besides the object-ori-
ented, macro data-fiostyle that is Lgion’s initial taget.

1. Intr oduction

The Lagion project at the Umersity of Mrginia (http://legion.virginia.edu) attempts todcilitate

the intgration of disparate, disttiibed, and heterogeneous system components into a single vir-
tual meta-computeiThe Layion project does not specifically prescrib&tsystem components
should be implemented - only the functionality of these components and through this functional-
ity, some of the interactions between themwHe@r, our goals are much er than the simple
specification of component functionality: some issues can onlydreieed with a wrking sys-

tem. From our perspeest, the importance of aokking implementation cannot beerstated. In

this paper we describe the initial implementation of thgidre Run-time Library (hereaftethe
“Library”).

This paper is specific in its thrust in the fellog ways. W focus narnely on the design and
implementation of the LibraryMe do not attempt to describe thegian project in its entirety
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96ER25290, and DOE contract Sandia LD-9391.



(see [4]) nor do we describe a complete implementation of a system that wiieaalief
Legion’s objectves. The purpose of this paper is to describe our initial implementapeni-e
ence with the Library and to document its state as of mikeMber 1996The implementation
will continue to golve

This report tagets those who wish to use the Library tdtheir ovn services/applications or
those who intend to modify or augment the Library in saasibn. Accordinglythis document

is more a manual than a papgfter a short introduction into the gmn project and its goals, we
introduce seeral key concepts of the Library and its implementation in Section 2. These concepts
are necessary to understanavhbe library vorks and thus to unlock thexieility it provides. In
Section 3, we@lain in detail hav to use the Library as is, i.e without internal modification. Sec-
tion 4 describes hoto modify or &tend the Librarys capabilities. @ illustrate the Librang flex-
ibility, we describe he it might be modified to accommodate simple message passinvg, acti
messages, and multiple threads. The Appendixsgh complete translation of a C++ based
Legion object that uses the Library to accept metheddations and to return results. The Appen-
dix also includes detailed intades for seeral of the important C++ classes in our implementa-
tion of the Library

On-line documentation about the implementation (including codepikhble athttp://legion.vir-
ginia.edu/

1.1 The Legion \fsion

Legion is an ambitious project.&hope to reolutionize high-performance disttted computing
by providing unified access to distubed, heterogeneous computational resources where such
access has prmusly been impossible oxgemely dificult. Our overall vision is shaped by the
following ten objecties:

» Scalability

* High Performance

» Ease of use

» Extensibility

» Persistent object space

» Security

* Multi-language support

» Exploitation of resource hetero-geneity
» Site Autonomy

» Fault-tolerance.

The Lagion Library implementation is aek component for achweng extensibility and is vital in
a number of other areas, especialgurity ease of useandfault-tolerance More detail on the
Legion vision and objeates can be found in [4].

2. Basics

This section describes some of the most fundamental aspects of the. dibeanyodules, classes,
and concepts described in this section pgevthe librang implementation, and must therefore be



familiar to you before we describe the rest of the library

2.1 LegionBuffers and packability

A Legion kuffer, represented by the C++ object clasgionBuffer, is the fundamental data
container in the Lgion Library A Legionl buffer exports operations to read and write data from

and to a logical Wifer. Instances of diérent kinds ot.egionBuffers export the same inter-

face and perform the same basic functiandan hae different characteristics from one another

For example, ond_egionBuffer may copy the data it contains into heap-allocated memory
another may simply maintain pointers to the data, and a third may read and write its data from and
to a file. FurtherLegionBuffers may also choose to compress or encrypt data, or both. T
define its characteristics, ealcbgionBuffer contains d_egionStorage , alLegion-

Packer , aLegionEncryptor , aLegionCompressor , andMetaData .

2.1.1 LegionStorage

A LegionStorage  determines hwe the data is stored. One typel@&gionStorage  pro-
vided in the Library id egionStorageScat  , which stores its data as a lewklist of pointers
to chunks that contain the datalLAgionStorageScat can be configured to cpphe data
into chunks that it allocates, or to maintain pointers to dataéd” by other parts of the library
Another type olLegionStorage is alLegionStoragePersistent , Which stores data in
a file. DifferentLegionStorages  will have unique characteristics in terms of performance
and @en operation. &1 instance, selectinglagionStorageScat that does not cgpits data
may be dicient, lut extra care must be tak not to delete data “out from under” thefer, leav-
ing dangling pointers.

Although alLegionStorage  exports functions to directly accessu#fler’'s data (Section 8.4.2),
these functions typically should not be called directly by the useLef@nBuffer . Instead,
the user should call the functions in the irded preided by the_egionPacker  portion of a
LegionBuffer

2.1.2LegionPacker

A LegionPacker determines the data format eension operations, if gnthat are performed

on the contained data when it is written to and read fromufierd_egionPacker s the pri-
mary mechanism in the Library for dealing with thetfthat machines with d&rent architec-

tures, which store data in téfent formats (i.e. big vs. little endian, 32-bit vs. 64-lotas, etc.),
need to communicate with one anothiére Library supports three téfent equralence classes

of architectures, which we ca@lpha , Sparc , andx86 . For eficiency reasons, Lgion assumes

a “recever males right” [11] data corersion poligy, where the sender of a message (i.e. the orig-
inal creator of degionBuffer ) packs the message in itsronatve format, and the recar

of the message is responsible forwanting the data to the format appropriate for the architecture
on which it resides. Thus, the Library pides six diferent types of paaks of the form
LegionPackerX2Y , where X and Y are twdifferent members of3parc , Alpha , x86 }.

None of the six paeks does ancorversion when writing to theuffer, but each coverts data in

the appropriate ay when reading from theuffer. LegionPackerX2Y is appropriate to use
when the data is stored in format Xitlbhe machine currently holding theffer uses format.Y
When the data is already stored in the appropriate format for the architecture on which it is being
read, or when data ceersion is done outsidelagionBuffer |, LegionPackerDefault



can be used to ensure that no datavexsion will tale place on reads from thafter.

The interace proided by a LgionPacker consists of functions of the form

put_zzz(zzz *source, int how_many)
and

get_zzz(zzz *source, int how_many)

wherezzz names a basic C++ data type, clear , short , ushort ,int ,long ,ulong ,

float , ordouble . Thus, degionPacker exportsput char() ,get _char()
put_short() , get_short() , etc. ‘Source ” points to an array offow_many” instances
of typezzz . Theput _zzz()  function copies this data into thaffer after first performing the
appropriate data cearsion operation if it is necessary for the typéegionPacker thatis
instantiated. Thget_zzz()  function fills the complementary role, first eenting the data and
then coping it intosource .

The code xample in Figure 1 illustrates the use of LiegionPacker interface of d_egion-
Buffer . Italso uses thgeek() function—which is actually part of tHeegionStorage
interface (Section 8.4.2)—to ‘nend” the logical position within theuffer back to the kgnning.

2.1.3 LegionEncryptor

A LegionEncryptor determines the encryption and decryption algorithms yifthat are
applied to the data. The Library currently yides onlyLegionEncryptorDefault , Which
defines empty encryption and decryption operations.

2.1.4LegionCompressor

A LegionCompressor  determines the compression and decompression algorithmg, if an
that are applied to the data. The Library currentlyioies onlyLegionCompressorDe-
fault , which defines empty compression and decompression operations.

2.1.5 MetaData

Eight bytes of “meta-data”, three of which are currently used, are associated and carried with each
LegionBuffer . The meta-data indicates the format in which the data is stored, and the algo-
rithms, if ary, that were used to encrypt and/or compress the data. The meta-data fieklsesd v

that are supported by the Library are defined in the Appendix.

2.1.6 Rackability

LegionBuffers enable the concept of “packable” classes in the Libragjass is packable if
it is derved from the abstract base claggionPackable (not to be confused withegion-
Packer ), and thereforexports the functions

pack(LegionBuffer &Ib)
and

unpack(LegionBuffer &Ib)

Bothpack() andunpack() take a single reference parameter that naniegjnBuffer
Thepack() function of a packable class writes its state intd_#ggonBuffer  in such a \ay
that theunpack() function of the same class can read it out. The state is typically written to and



read from the bffer using thed_egionPacker part of aLegionBuffer  interface, which
encapsulates the data formatwension operations.

Suppose clasalpha (Figure 2 - top) is packable ankperts the C++ == operatdf Alpha is
implemented correct)ythen the code in Figure 2 - bottom should print “OK”.

Classes are made packable foo twasons, (1) so thean be passed between heterogeneous
architectures within aegionBuffer , and (2) so thecan be written to hegionBuffer  as
part of a “sae state” operation (Section 3.6). Since thesedperations are so fundamental and
common to the Librarymary parts of the Library only operate on packable classgsnBtance,
mary of the templated data structures are packable, and require the ability to paltkfle
member function of the contained data. Furtbara Lgion object method wrocation, each func-
tion parameter is passed withih@gionBuffer , so the easiest and “bestawto allav an
object to be a parameter of a function is to enék class packable.

Making a class packable, i.e. implementingghek() andunpack() functions for a class, is
generally quite easyhelLegionBuffer  exports storage operations for the prinetiC++
types (Section 2.1.2) of comple types, when a class X contains an instance of another packable

/I Use the default constructor to declare a new empty

/I LegionBuffer, which will be configured to contain the
// default storage, packer, encryptor, and compressor.
LegionBuffer buffer;

/I Declare and initialize data to write into the buffer.
char *in_string = “Hello World”;
intin_int_array[5] = {100, 101, 102, 103, 104};

buffer.put_char(in_string, 11); I Insert the string.
buffer.put_int(in_int_array, 5); Il Insert the integers.
buffer.put_char(&in_string[6], 1); /I Insert a single char.
buffer.put_int(&in_int_array[3], 1); Il Insert a single int.

// “Rewind” the buffer back to the beginning so we can read
// out the data we just wrote in.
buffer.seek(BEGINNING, 0);

/I Declare data structures to read the buffer data into.
char out_string[12];

int out_int_array[5];

char out_char;

int out_int;

// Data must be read out in the same order it was put in,
// but not necessarily the same way.

buffer.get_char(out_string, 6); /l Read 1st 6 chars.

for (j=6;)<11;j++) /I Read the next 5,
buffer.get_char(&out_string[j], 1); // one at a time

out_string[11] = \0’

buffer.get_int(out_int_array, 5); /I Read the integers.

buffer.get_char(&out_char, 1); // Read the single char.

buffer.get_int(&out_int, 1); /l Read the single int.

Figure 1. Using the LgionPacker interfice.




/I A generic, packable class
class Alpha : public LegionPackable {
private:
/I private data
public:
/I constructors and member functions

int operator==(Alpha &other_alpha);
pack(LegionBuffer &Ib);
unpack(LegionBuffer &lb);

I3

Alpha *A, B;
LegionBuffer buffer;

A = new Alpha(/* appropriate initial values */);
A->pack(buffer);

buffer.seek(BEGINNING, 0);
B.unpack(buffer);

/I Make sure we unpacked into B exactly what we packed in A
if (*A==B)

printf("OK\n");
else

printf(“Bad news\n");

Figure 2.  Declaration and use of a packable class.

class Y X'spack() function can simply contain a call tosfiack() function. Thus, if Y is
packable, X does not need to knthe data types that Y contains in order to pack Y as partsof X’
state. Consider the simplgaample of a templated array class depicted in Figure 3. Notice that the
Array class can be made packablerethough it doeshknow the type of the elements it con-
tains.Array only requires that the contained elements are thegsphckable.



template<class T>
class Array : public LegionPackable {
private:
T *array_data;
int num_elements;
public:
I/l “unpack” construct
Array(LegionBuffer &Ib) {
unpack (Ib);
}

/I Other constructors, functions, and destructor go here

/l Pack Array up. Assumes the elements are themselves packable
int pack(LegionBuffer &lb) {
Ib.put_int(&num_elements, 1);
for (int j=0; j<num_elements; j++)
array_datalj].pack(Ib);
}

/I Unpack the array in the same order they were packed.
int unpack(LegionBuffer &lb) {
if (array_data)
delete array_data;

Ib.get_int(&num_elements, 1);
array_data = new T[num_elements];

for (int j=0; j<num_elements; j++)
array_data[j].unpack(lb);
}
h

Figure 3. A packable template class whose data members are thespalekable.

LegionBuffer s itself a packable class. Thus, dregionBuffer  can be contained
(paclked) in anotherThis is shwn at the top of Figure 4. If data is padkas a LgionBuffer, it
should be unpa@d as one. Thus the data thaiswackd in Figure 4 (topgannot be unpac&d
correctly as using the code in Figure 4 (middle). This code will compile andutuihwall not
have the desired &fct of unpacking the 10 charactersHéelloWorld "—that were pac&d into
the uffer. This is becauskegionBuffers prepend “user data” with meta-data. Therefore,
hello_world_buf contains meta-data at thego@ning of the bffer, and betweenHello ”
and ‘World ”. The correct vy to unpack the data isvgn in Figure 4 (bottom).



LegionBuffer hello_buf;
char *hello = “Hello”;
hello_buf.put_char(hello, 5);

LegionBuffer world_buf;
char *world = “World”;
world_buf.put_char(world, 5);

LegionBuffer hello_world_buf;
hello_buf.pack(hello_world_buf);
world_buf.pack(hello_world_buf);

char hello_world[11];
hello_world[10] = \0’;

hello_world_buf.seek(BEGINNING, 0); // “Rewind” the buffer.

/I Try (unsuccessfully) to unpack all 10 characters at once.
hello_world_buf.get_char(hello_world, 10);

/I Declare two separate LegionBuffers for unpacking the two
I/ buffers that were packed into hello_world_buf.
LegionBuffer outl, out2;

hello_world_buf.seek(BEGINNING, 0); /I "Rewind” the buffer.
outl.unpack(hello_world_buf); /' Unpack hello_buf into outl.
out2.unpack(hello_world_buf); /I Unpack world_buf into out2.

char hello_world[11];
hello_world[10] = \0’;

outl.get_char(hello_world, 5); /' Unpack “Hello”.
out2.get_char(&hello_world[5], 5); /I Unpack “World".

/I This line will print “Helloworld”.
printf(hello_world);

Figure 4.  Packing a Lgion Bufer into another Lgion Bufer (top). An incor-
rect (middle) and correct(bottom) method for unpacking arengas well.

LegionBuffers pack and unpack their byteswéwithout data format caersion) so that

each biffer maintains its wn meta-data. This means, foaeple, that & egionBuffer cre-

ated on anx86 architecture can be contained ihegionBuffer ~ whose other data is in

Alpha format. When the containedffer is unpackd, aLegionBuffer  with appropriate data
corversion operations will be instantiated; when the bytes are read out, the data will wind up in
the correct format for the architecture of the machine on which the data resides.

2.2 Refeence Counting and Memory Management

The template claddVvalL_Reference , in concert with the class
UValL_ReferenceCountingObject , Is the Librarys mechanism for automatic reference
counting and safe dynamic memory management. The mechanism is intended for heap allocated



C++ objects. It keps track of references to each object that is “shared”fieyeattit parts of the
library, and automatically deletes the object when all meaningful referencesve ikap-
peared. Each reference counting object—i.e. each instance of a claed ttern
UValL_ReferenceCountingObject —maintains an ingger that indicates the number of
UValL_References that “point to” that object. When aweaeference is made to point to an
object, the reference count within that object is incremented automatitaén a
UValL_Reference gets @erwritten with anotheralue, or when a locakviable
UValL_Reference falls out of scope, the reference count in the object to which the reference
points is automatically decremented. When the reference ailsiof zero, the object is automat-
ically deleted. All of this happens withoutyamtervention by the programmer or user of
UVal_References

The decision to include an automatic reference counting mechanism in the Libsanyoivated

by two obserations: (1) memory copies argpensve and often hinder the performance of mes-
sage passing code, and (2eping track of shared pointers and deciding which parts of the code
are responsible for deleting which chunks of heap-allocated memottyamely error prone and
difficult to document ééctively. Hopefully the automatic mechanism will combine the better
performance that comes fromaeding memory copies with the safety and correctness that comes
from not haing to worry about managing dynamically allocated mem@igiously, the auto-

matic reference counting mechanism introduces somhead wer simple pointer copies. &V
believe the benefits outweigh these costs.

To be a “casual user” &fVaL_References , you need only remember one simple rule of
thumb and tw simple &ceptions:

UValL_Reference Rule of Thumb

Read ‘UVaL_Reference<X>t " as “X*t ” and then teat the variablé exactly as if it
were in fact a C++ pointer to clask.

Just about\eery operator that is ¢l on a pointer to a C++ object has beeearlmaded to wrk
correctly forUVaL_References . The &ample in Figure 5 shes thatUVal _References

can be used just as C++ object pointessid be. The implementation of tMyRCClass in Fig-
ure 5 is unimportant lyend the &ct that it is devied from

UValL_ReferenceCountingObject and implements the functions that are used to illustrate
the point.

Exceptions to the Rule of Thumb

1. Never delete the memory thatB/aL._Reference “points to” The memory will be
deleted when all references to the memomehaeen verwritten or go out of scope.

2. Do not use &JValL_Reference alone as a booleanf {t)... " will not compile,
but “if (t I= NULL)... " and “if (1t)... " will w ork as &pected.

UValL_References can also refer to non-heap-allocated memiogy global and localari-
ables. © insure that these objects are not automaticapjiatly deleted by the mechanism, the



/I Definition and implementation of class MyRCO, which is
/I a reference counting object by virtue of
// being derived from class UValL_ReferenceCountingObject.
class MyRCO : public UValL_ReferenceCountingObject {
private:
int contained_val;
public:
MyRCO() {contained_val = 0;}
MyRCO(int val) {contained_val = val;}
int set_value(int val) { return (contained_val = val);}
int get_value() {return (contained_val);}
int operator==(MyRCO &other_rco) {
return (contained_val == other_rco.contained_val);}
int operator!=(MyRCO &other_rco) {
return (contained_val != other_rco.contained_val);}
~MyRCO() {printf(“Destructor called\n”);}
2

/I Create three new reference counting objects, pointed to by

/I variables a, b, and c. Notice that type (MyRCO *) is

/I automatically cast correctly to type UValL_Reference<MyRCO>.
UValL_Reference<MyRCO> a = new MyRCO(1);
UVal_Reference<MyRCO> b = new MyRCO(2);
UValL_Reference<MyRCO> ¢ = new MyRCO(3);

/I Show that * and -> work just like pointers.
a->set_value((*a).get_value()); /I no change to the object

c=a;

/I The object to which c originally pointed now has no more
Il references to it. Therefore, that object’s destructor will

/l be called automatically. The object to which a points,

/I now has two references to it, a and c.

a=bhb;
/I The object to which a pointed is not automatically deleted
/I because c still points to it.

/I All of the print statements below will be executed.

/I Comparing objects is still different from comparing pointers.

if (*a == *b) printf(*a and b refer to objects whose values are ==.\n");
if (*a I=*c) printf(“a and c refer to objects whose values are !=.\n");
if (a == b) printf(*a and b point to the same object.\n");

if (a != c) printf(“a and ¢ do not point to the same object.\n");

/I Make a and c point to objects that contain the same value.
c->set_value(a->get_value());

if (*a == *c) printf(“Now a and c point to objects whose values are ==\n");
if (a != c) printf(“a and c still do not point to the same object.\n");

Figure 5. Example declaration of a reference counting object and its use with BRéferences.
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programmer should call the functiommkeNonHeapReference()  on the reference.

2.3 Legion Object Identifiers (LOIDS)

Naming in Lgion occurs at te levels. All objects are named byLagion Object Identifier
(LOID), but Legion will use standard protocols and the communicatoitiies of host operating
systems to support communication betweegidwe objects. Since LOIB’hare meaning only at
the Lagion level, Legion prorides a mechanism by which LOKD¢an be bound to ‘Yeo-level”
names—object addresses—thatédneneaning to the underlying protocols and communication
facilities. ABindingis an <LOID, object address> pd&inding <X, Y> indicates that the object
named by LOID X currently resides at theypital address indicated by object addresghé
Library provides classes for LOIDB; object addresses, and bindings. A majority of library users
will deal with naming only at the el of LOID’s, leaing object addresses and bindings to the
low-level library code. Therefore, we describe onlyltlegionLOID class in detail in this sec-
tion.

2.3.1 LegionLOID

In the Library a LOID is represented by the cldaggionLOID . A LOID contains dypefield,
followed by a ariable number ofariable size fields. The first field indicates thgibe domain

in which the LOID vas created, the second field is theess identifierthe third field is the

instance numbethe forth is gublic key. The type, domain, and class identifier fields must be
present. An empty instance number indicates that the LOID namegaa lodass object, and

empty public keys are allaved for less security conscious objects. A LOID may be appended with
ary number of other fields, each of whose size and meaning are dependent on the LOID type.

LegionLOID is intended to be the base class fonaatiLOID classes that implementfdifent
types of LOIDs. W& imagine that the classes that implement each LOID type will enfofee dif
ent properties hang to do with the structure, content, and meaning of énews fields of the
LOID. ThereforeLegionLOID is not intended to be instantiated directly when the internal
fields of the LOID are being used and interpreted; instead the appropristsldgaiss should be
instantiated. Saaf, we hae not implemented grderved classes that enforce special properties
about the fields of the LOID. Until we do, thegionGeneralPurposeLOID class can
manipulate all the fields of the LOID without enforcing atructure or special meaning to the
fields.

To shav how to kuild a general purpose LOID, wevgithe code for a function called

make_loid() (Figure 6). As parameters the functiondala string that represents the class
identifier of the object, and an igkr that represents the instance number of the object. The func-
tion huilds a LOID that names an object in the domaWal_LegionDomain_Virginia (a
library-defined constant), with class identifier and instance number assignedatitsepassed

as parameters, and with an empty pubdi¢ Khe function returns dvVal_Reference to a
LegionLOID .

Assuming that functiomake _loid()  exists, the gample in Figure 7 slwes some of the func-
tionality of LOID'’s.
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LegionLOID *
make_loid(char *classname, int instance_number) {

inti;
short *fld_sz; /' Will carry the field sizes
char **fld_val; /I Will carry the field values

/I Create new structures to fill in an pass to the constructor.
fld_val = new (char *)[4];
fld_sz = new short[4];

/I Field O : Domain
fld_sz[LEGION_DOMAIN_FIELD] = strlen(UVaL_LegionDomain_Virginia) + 1;
fld_val[LEGION_DOMAIN_FIELD] = UVaL_LegionDomain_Virginia;

/I Field 1 : Class ID
if (classname != NULL)

fld_sz[CLASS_ID_FIELD] = strlen(classname) + 1,
else

fld_sz[CLASS_ID_FIELD] = 0;
fld_val[CLASS_ID_FIELD] = (char *) classname;

// Field 2 : Instance Number

if (instance_number == 0) {
fld_val[INSTANCE_NUM_FIELD] = NULL;
fld_sz[INSTANCE_NUM_FIELD] = 0;

}

else {
char temp_inum[20];
sprintf(temp_inum,”%d”,instance_number);
fld_val[INSTANCE_NUM_FIELD] = temp_inum;
fld_sz[INSTANCE_NUM_FIELD] = strlen(temp_inum);

}

I/l Create a new LOID by passing the fld_sz and fld_val
/l arrays to the constructor. This illustrates the use
/I of the most general constructor---but others do exist.
LegionLOID *rval = (LegionLOID *)

new LegionGeneralPurposeLOID(1,4,fld_sz,fld_val);

/l FId_val and fld_sz can be deleted since the
/I constructor copies the data in.

delete [] fld_val;

delete [] fld_sz;

/I Return the new LegionLOID.
return(rval);

Figure 6. Creating a LgionLOID.

2.4 Events

The Library is implemented as a configurable protocol stack. A layer of the stack communicates
with other layers through awvent mechanism. The basic idea is straightéody|If layer A
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LegionLOID *a, *b, *c, d;

/I Use the function defined above to create two new LOID’s
a = make_loid(“Class Name”, 0);

b = make_loid(“Class Name”, 1);

/I The copy constructor is overloaded.
¢ = new LegionLOID(*a);

/I == and != operators are overloaded.
if (*a == *c) && (*a |=*b))
printf(“== and != are overloaded\n”);

/I A special EmptyLOID type is defined. This is useful for sending
/l empty LOID’s as parameters and return values.
if (d.is_empty())

printf(“LOID’s are empty if they have not been initialized\n”);

// LegionLOID’s are packable.
LegionBuffer buffer;
b->pack(buffer);
buffer.seek(BEGINNING, 0);
d.unpack(buffer);
f(*b ==d)

printf(“‘LOID’s are packable.\n");

/l'is_class() indicates whether or not an LOID refers to a
/I Legion class object.
if (a->is_class())

printf(“If the class identifier of an LOID is empty\n”,

* then the LOID refers to a Legion class.\n");

if (Ib->is_class())

printf(“If not, then the LOID doesn'’t refer to a Legion
class.\n");

/I Finally, LOID’s can be printed neatly, showing only
/ the class id and instance number fields.
fprintf(stderr,”LOID b: “);

b->show();

fprintf(stderr,”\n");

Figure 7.  The functionality of Lgion LOIDs.

wishes to communicate with layer B, then A announdesyoonEvent . EachLegionEvent

has a tag that denotetegionEventKind , the kind of gent it is. Each.egionEventKind

has one or more associateget handlers which may be called whesrean gent of that kind is
announced. Handlers for a particulagionEventKind  are gven a priority that determines

the order in which the handlers are called whenvanteof that kind is announced.L&gion-

Event can carry arbitrary data and this is the method by which data is passed and transformed
from layer to layerSo if layer B has ggstered a handler for the kind ofemt that layer A has
announced, then layer B will get thaeat. We describe the configuration andkitelity of

Legion Ewents in much greater detail in Section 4.
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2.5 Legion Message Database

Each Lgion object services requests for member functisadations and returns the results of
these inocations. The parameters to these functions as well as the requests e arsahvin
Legion Messages. A complete methodagation may iwolve composing a number of gien
Messages. Since these messages masxedram diferent locations and at fi#irent times, par-
tially complete requests arejit in part of thé.egion Messge Databasealled thdnvocation
Matcher. Once a complete method/atation is composed, it becomekegion Work Unitand is
promoted to thénvocation Stag. The irvocation store is essentially a list of methogbiration
requests that are ready to beaked.

Each object has a semnloop that continuously checks thganation store for readyavk units,
extracts them if theg are @ailable, and performs the requestedbiration. A partial intedce to
the C++ clas&egioninvocationStore is given in Figure 8.

2.6 Legion Pogram Graphs

A program gaphrepresents a set of methoglanations on Lgion objects and the data depen-
dencies betweenwocations and objects. The program graph is a datagitaph whose nodes
represent methodwocations and whose arcs represent data dependencies between the method
invocations. This computation model isaetly the one described in [3], so we omit a detailed
description.

Suppose objects A and B eactpert methodepl() andop2() . Figure 9 shas a simple user
program and the resultant data dependencies. It is clear from the code that the parameters to both
A.opl() andB.opl() are aailable locally We call theseonstantparameters. On the other

hand, the parametersAoop2() are not gailable locally because thare the results of method
invocations that arexecuted elsghere. These aliavocationparameters

/I This class implements the "datatbase” for ready
/I work units and stores the results from method
/l invocations on other Legion objects
class LegionlnvocationStore {
public:
/I Accept function invocations for the given fcn
int enable_ function (int function_number);

/I Check to see if there are any ready work units
int any_ready();
int any_ready_for_func(int function_number);

/I Remove the next work unit from the store

UVal_Reference<LegionWorkUnit> next_matched();
UVal_Reference<LegionWorkUnit> next_matched_for_func(int function_number);

Figure 8.  Selected elements of thedienlnvocationStore intedce.
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/I The “user” code
main () {
inta=10,b=15,x,y,
Z,
MyObject A, B;
x =A.opl(a);
y = B.op1(b);
z = A.op2(x, y);
printf (“%d\n”, z); ] )
} to invoking object

Figure 9. Example user code and the program graplveéiirom thte data dependencies.

3. Using the Library

This section describes Wwdo use the Library “as is”, without internal modificatione Wb&gin by
describing the cladsegionLibraryState , Which encapsulates start-up and initialization
routines and pnades a public intedce to an objed’Legion related state. ¥\then &plain hav a
method iwvocation is implemented in the Librafyinally, we describe the Library intexde from
the invoker and inokee perspeates.

3.1 Initialization and Library State

ThelLegionLibraryState C++ object class puides the intedce to important parts of an
object’s Legion related state information. This state include the objeet LOID, the LOID of
the objects class, and so ohegionLibraryState also preides implementations okl
object control mechanisms such as object creatiowasioin, deactiation and deletion. Finally
theLegionLibraryState interface preoides theClassOf()  operation, which encapsulates
the mechanism by which the class object LOID ofva@miobject can be obtained based on the
objects LOID. We will now examine each of these general features of #ggonLibraryS-

tate class in more detail.

The primary function of theegionLibraryState object class is to encapsulate the internal
state of the Lgion library and to prade programmers with the public intace to this state. A
single global object of the claksgionLibraryState named_egion is included as part of

the Library Before using anof the Library features (forxample, ivoking a method on a
Legion object), the Library state should be initialized usingrih@ function.

Legion.init();

This function initializes seeral diferent parts of the Librayyncluding the LOID of Lgion

Class, initializing the Lgion program graph layer (Section 3.4), and initializing thgidreirvo-
cation matcher andwocation store (Section 2.5). After this call, the object can enable or disable
functions in the imocation store, set itsam LOID if it needs to, and perform ymser initializa-

tion that must be performed beforeyanethods are serviced (oryamessages are sent or

receved by the object). After callinigegion.init() , the object cannot yetuoke or service
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methods. These services require a second initialization phase which is encapsulated in the
AcceptMethods() = member function of theegionLibraryState class.

Legion.AcceptMethods();

After making this call, the object can both accept andk@ methods. Consequenthasic object
control mechanisms such as object creationGadsOf() (which rely on the ability to

invoke methods on remote objects) are also enabled. The reason tephase initialization for
the Library is simply to de-couple method service configuration from the enabling of method
arrival events.

To summarize, the Library initialization should proceed asvdio

1. CallLegion.init() . This initializes arious data structures in the library

2. Enable acceptable methods (i.e. function numbers) in the objectaiion luffering
mechanism (the lggon invocation store). This is accomplished by callirggionin-
vocationStore.enable_function(int) for each method the object will be
exporting.

3. If methods will be serviced by anent handlgradd this eent handler foMetho-
dReady events. This eent handler should contain code xbract work units from the
invocation store and call the appropriate method implementations based on incoming
function numbers.

4. Call Legion.AcceptMethods() . This call initializes the Lgion message passing
system and notifies the objextreator (i.e. its class) that the object is up and ready to
accept method requests.

5. Start the semr loop. The details of this depend upomiwork units are beingxracted
from the irvocation store. Wo options are described in Section 3.5.1.

Once the Lgion library state is fully initialized, the object can isgion object to determine
its ovn LOID, the LOID of its wault, the LOID of LgionClass, and so onoFexample:
UValL_Reference<LegionLOID> MyLOID, VaultLOID;

MyLOID = Legion.GetMyLOID();
VaultLOID = Legion.GetVaultLOID();

In addition to these basic state accessor functiongetienLibraryState class also pro-
vides an intedce to a number ol system services such as object creatiornvatatin, deactia-
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tion, and deletion. Am&ample is gien in Figure 10.

test_object_control(char *class_id)

{
UVal_Reference<LegionLOID> testObjl, testObj2;

/I Create an object of the specified class
testObj1 = Legion.CreateObject(class_id);

/I Create an object of the same class as testObj1
testObj2 = Legion.CreateObject(testObj1);

Il Test object deactivation and activation
Legion.DeactivateObject(testObj1);
Legion.ActivateObject(testObjl);

/| Test object deletion
Legion.DestroyObject(testObj2);

Figure 10. Example use of object gon of class LgionLibraryState.

An object can also use thedienLibraryState intedce to report to its class when it plans to
delete itself without hang been requested to do so by the classekample, an object before
exiting could ecute:

fprintf(stderr,”"Problem - this object must exit\n");
Legion.DeleteSelf();
exit(1);

Beyond object control services, thegionLibraryState class encapsulates the important
LegionClassOf()  operation, which can be used to determine the LOID of a class object based
on the LOID of one of its instances, or based on just a class identifier (that part of an LOID that
indicates an objed’class). br example:

UVal_Reference<LegionLOID> foo, classOfFoo;
/l...set foo to some LOID of interest (not shown)...

classOfFoo = Legion.ClassOf(foo);

Note that unlile simple state accessors sucksagMyLOID() , object control methods such as
CreateObject() andClassOf()  all result in Lgion method imocations, and thus the cost
of these member functions are nowiti.

3.2 Legion messages

Legion objects communicate with one another via methaotcation and returnalues. ©

invoke methods and return resultsgien objects send messages to one another in a standard
Legion message format. A g@n message can carry (1) part (or all) of a metheakcation, or

(2) the function returnalue that resulted from arviocation, or (3) a returredue for arout or in/
out parameterEvery Legion message contains, in orgesurce and destination LOK)'a func-
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tion numberthe number of parameters tpect, a computation tag, a list of parameters, a contin-
uation list, and an eironment.

Source LOID: The source LOID names the sender of the message.
Destination LOID: The destination LOID names the object to which the message is being sent.

Function number: The function number field should contain angetethat is pacd in the data
format of the architecture of the machine from whichaswent. If the message is intended to
implement a method wocation, the paad intger should match some function number in the
public interfice of the object to which the message is being sent. If the message is the “filled-in”
value of an out or in/out parameter or a normal retataey then the paekl intgger should be the
constanLEGION_RETURN_FUNCTION_NUMBER

Computation tag: A single method wmocation can be split up intosal Legion messages

which can come from diérent sources (see Section 3.4)CAmputation &g is a long intger,

paclked in the message sendedata format, that uniquely identifies a computation, or method
function invocation. The computation tag should be assigned by ¥bkdan Messages that carry
function return alues and filled imut andin/out  parameters should contain the same compu-
tation tag as the messages that carried treeation that generated the results. Thveker

matches on the computation tag whemiéing results.

Although a computation tag is simply a long gee the Library preides a C++ class called
LegionComputationTag that encapsulates the igex and rports appropriate functions on
computation tags. The Library also pides a class callddegionComputationTagGener-

ator that can be used to generate random computation tggsalluse of these twclasses is
shavn in the @ample shan in Figure 11.

Parameters to expect The “parameters takpect” field should contain an irger packd in the
senders data format, that indicates the total number of parameters that are being passed in the
function invocation of which this message is part. If the message is part of a raluenthis

/I Declare a new computation tag generator.
LegionComputationTagGenerator gen;

/I Declare variables to point to computation tags.
UVal_Reference<LegionComputationTag> t1;
UVal_Reference<LegionComputationTag> t2;

/I Get the next two tags from the generator.
tl = gen.next_tag();
t2 = gen.next_tag();

/I Print the values of the tags.
printf(“Tag 1 is: %d\n”, t1->get_value());
printf(“Tag 2 is: %d\n”, t2->get_value());

/I Sample output
/l Tag 1 is: 2023717593
/l Tag 2 is: 1683023

Figure 11. Use of Lgyion computation tags.
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field is ignored.

Parameter list: If the message is part of arvacation, the parameter list contains taéues of

the parameters contained in the message. The parameter listad packn ingger that indicates
how mary parameters are present, felled by the parameters themssvEach parameter con-
tains an intger that indicates the number of the parametenfeltbby aLegionBuffer  that
contains the alue of the parametdReturn alues are passed back in a parameter list as well. The
C++ object classdsegionParameter  andLegionParameterList implement parame-

ters. The code in Figure 12ilds a parameter list that containotparameters, an irger and a
14-element character string.

/I Declare the variables to be packed into a parameter list.
int int_parameter;
char string_parameter[14];

// Initialize the variables appropriately.
int_parameter = 7;
sprintf(string_parameter,”Hello, World.”);

I/l Create a LegionBuffer to hold the integer parameter.
UValL_Reference<LegionBuffer> Ib1;

Ibl = new LegionBuffer();
Ib1l->put_int(&int_parameter, 1);

/I Create a LegionBuffer to hold the string parameter.
UVal_Reference<LegionBuffer> Ib2;

Ib2 = new LegionBuffer();
Ib2->put_char(string_parameter, 14);

/I Create parameters out of the buffers.
UVal_Reference<LegionParameter> parami;
paraml = new LegionParameter(1, Ibl);
UVal_Reference<LegionParameter> param2;
param2 = new LegionParameter(2, Ib2);

/I Create a new parameter list.
UVal_Reference<LegionParameterList> plist;
plist = new LegionParameterList();

[/l Finally, insert the parameters into the parameter list.
plist->insert(param1);
plist->insert(param2);

Figure 12. Example use of LgionParameterList and lggonParameter

Continuation list: A Continuation Listdescribes where results should get fmaded. A continu-
ation contains a computation tag and result numvaeich together identify a returmhue. It also
contains the LOID, function numhend parameter number to which the result should be sent.
The continuation list describes where all the results of a particular computation should be for-
warded. The motation for continuation lists arises from the macro dat&-filoogramming

model that is the initial Lggon taget. In this paradigm, results from methodoications are sent
directly to other imocations that use these results as parameters. These data dependencies are
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determined through analysis of the program code. See [3] for more informatpon®Regram
Graphs are the representation of these data dependencies and are described in Seotifur3.4. F
ther information, refer to the on-line documentation.

Environments An ervironment is a list of enronment items, each of which is &g, type
value> triple. Thetag is a string that names the item. Tiagpeis an intger whose alue corre-
sponds to one of the well-kwo ervironment types, and which determinesviibe \alue field
should be interpretedoF further information, refer to the on-line documentation.

ThelLegionMessage class implements Iggon messages in the Libratys most useful con-
structor takes parameters that correspond to all of the constituent parts describedTdhss, an
instance otL.egionMessage can be created as stioin Figure 13.

/I Declare variables for the LegionMessage’s constituent

/I parts.

UVal_Reference<LegionLOID> source_LOID;
UVaL_Reference<LegionLOID> destination_LOID;

int function_number;

int parameters_to_expect;
UVal_Reference<LegionComputationTag> computation_tag;
UVal_Reference<LegionParameterList> parameter_list;
UVal_Reference<LegionContinuationList> continuation_list;
UValL_Reference<LegionEnvironment> environment;

/I Initialize the constituent parts appropriately (not shown).

/I Create a new LegionMessage from the constituent parts.

LegionMessage *msg;

msg = new LegionMessage(source_LOID, destination_LOID,
function_number, parameters_to_expect, computation_tag,
parameter_list, continuation_list, environment);

Figure 13. Example creation of a lgion message.

AlthoughLegionMessage provides a mechanism for implementing methogaation in the
library, LegionProgramGraph  (described in tSection 3.4) mides a higher leel abstraction
that is simpler to use.

3.3 Owerview of Method Invocation

Suppose Lgion object A (the imoker) invokes a member function on ¢@n object B (the wo-
kee). This method wocation proceeds through theaker and inokee as shan in Figure 14.
The invoker kuilds a Lgion message containing salient information about the member function
invocation. Ypically, the Laion program graph intea€e liilds this message. The ¢ien mes-
sage is then passed to ttegion Message Layer which binds the LOID of the recipient to a par-
ticular address. The binding process i &spect of Lgion and is described in considerable
detail elsevhere ([7]). The outcome of the binding process is a <LOID-ObjectAddress> tuple
called a “bindingd.The binding represents the logical name and curreygipal address of the
referenced object. The message and its binding are then passeDatetielivery LayerThe
data delery layer linearizes the message for transpeet the wire, uses the object address to
create a pysical connection to the referenced object, and sends the message.
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On the receiing side, the data deéry layer of the destination object unpacks the data back into
a nav instance of.egionMessage and passes the message up to the messagellhganes-
sage layer then inserts this message inth.ég®mn Messge DatabaséSection 2.5). Conceptu-
ally, the Leggion message database igidied into two parts. The “bottom” part, called thegion
Invocation Matbier, manages the list of partially complete methadaation requests for the
Legion objec}. A method irocation request is partially complete if one or more sfatirame-

ters are missing. The “top” part of the databasel.dyen Invocation Stag, maintains tw sepa-
rate lists. The first list contains complete methad@ation requests i.e. requests with a complete
parameter set and thategpassed all security checks. The second list contains retiues\the
object has seen as a result of dvn method imocations on other Iggon objects. So, a lggon
message is inserted into thegi@n invocation matcherAs soon as all parameters are present, the
message becomed.egion Wrk Unit and is lmmped up to the uocation store.

Within each Lgion object is a seer loop that periodically checks thedien invocation store for
ready vork units. A Lgion work unit is similar in composition to a §@n message,ub by defi-
nition contains all information needed to perform a metheodation and fonard the results to

the proper place. When avk unit is readythe object remees it from the isocation store and
ascertains which it method is being called. The object then calls this method with the supplied
parameters, packs up the results (if)anto a Legion message, marks the message as containing
a result, and inserts the message into tlggdremessage layefhe Lagion message transport
mechanism then tak wer.

When the return result reaches its destination, it is handiediykother Lgjion message until it
reaches the wocation store. The wocation storexamines the contents of thexi unit, realizes

that it is a return result and not a method request, and inserts it into the separate list foalreturn v
ues. Thesealues are thervailable to the original voking object through the program graph
interface.

1. A method ivocation request can be partially complete because the parameters wd¢ht&on may be
coming from objects dispersed throughout the runnirgidresystem.
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Figure 14. The path through the Library for a methoddoation that returns a result to the
caller Below the dotted line is considered the Librargomain. Application code must inter-
face with the library at the four matk points.

An application program must intade with the Library at four ddrent points (Figure 14).

1. Making an ivocation request
2. Remuwing an irvocation request forxecution
3. Returning the results of anviocation
4. Getting a return result.
We handle 1 and 4 together in Section 3.4, and 2 and 3 in Section 3.5.

3.4 The Invoker: Invocation Requests and Retur Results

The most straightforard mechanism by which to makn ivocation request is tauild a pro-
gram graph (Section 2.6) using the inded proided by the C++ object clatkggionPro-
gramGraph . Itis also possible to intexte directly with the Lgion Message Layer if so desired,
though we do not document this method here.

Salient parts of theegionProgramGraph interface are gien in Figure 15. A fuller descrip-
tion of the interdce constituents appears in the Appendix.
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class LegionProgramGraph {
public:
/I these methods are for making invocation requests
UValL_Reference<Legionlnvocation>
add_invocation(UValL_Reference<Legionlnvocation> inv);
ParameterStatus
add_constant_parameter(UValL_Reference<Legionlnvocation> target,
UValL_Reference<LegionParameter> parameter,
int param_number);
void add_result_dependency(UValL_Reference<Legionlnvocation> inv,
int param_number);
int execute(Legionlnvocation *inv);

/I these methods are for managing return values

UVal_Reference<LegionBuffer>
get_value(UVaL_Reference<Legionlnvocation> inv, int param_number);

int release_value (UVaL_Reference<Legionlnvocation> inv, int param_number);

int release_all_values();

Figure 15. Some elements of theegionProgramGraph interface

Now we can sha the necessary library calls to implement tkaneple gven in Figure 16.

Start-up The call taLegion.init() initializes various data structures in the Library
Legion.AcceptMethods() is called because thevimking object may itself be accepting
member function requests from other objects.

Object ceation The calls td_egion.CreateObject() create the tw objects of interest and
return LOIDs to these objects.v@n these LOIDs, local handles for the objects are created.

Member function mocation For each method, we use the objgedb’cal handle to create arvin
cation! We can then add theviacation to the program graph usiadd_invocation()

Every added imocation becomes a node in the program grapltr@ate arcs, parameters must
first be packaged into instanced.efyionParameter  (see Figure 12). Once packagedythe
are added to the graph usiagd _constant_parameter() . Internal arcs in the graph must
be handled diérently, because therepresentalues that are not locallyailable—thg have not
been computed yet. Internal arcs are added @&ldginvocation_parameter() . Once a
program graph is constructed, #xeecute() member function must be called. Calliexe-
cute() causeswery node in the program graph to be matkp as a Llggon Message and
shipped to the appropriate object faeeution. Results from this remoteegution then become
available and are automatically sent to the objects that require them. hathple, the return

1. A Legion invocation identifies @articular invocationon one of an obje&’member functions.

An invocation contains a computation tag that identifies it withigidre for the duration of the
invocations eistence. An imocation is obtained throughLagion Coe Handle Core handles

export functions that all@ programmers to ask foniacations and to obtain a description of the
corresponding objed’interfice. A handle can be thought of as a local representation of an object
and as a generator olvmcations for that object.
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/I The “user” code
main () {
inta=10,b=15,x,y,
Z,
MyObiject A, B;
x = A.opl(a);
y = B.op1(b);
z = A.0p2(x, y);
printf (“%d\n”, z); ] ]
} to invoking object

/I The corresponding calls to the library to implement the “user” code
main() {
UVal_Reference<Legionlnvocation> invl, inv2, inv3;
UVal_Reference<LegionBuffer> buffer;
UVal_Reference<LegionParameter> parm;
inta=10, b =15;

/I Start-up
Legion.init();
Legion.AcceptMethods();

/I Object creation

UVal_Reference<LegionLOID> A_name, B_name;
A_name = Legion.CreateObject(MY_OBJECT_CLASS_ID);
B_name = Legion.CreateObject(MY_OBJECT_CLASS_ID);

/l Member function invocation

LegionProgramGraph G(Legion.getMyLOID());
LegionCoreHandle A_handle(A_name), B_handle(B_name);
invl = A_handle.invoke(OP1_FUNC_NUM, 1, 1);
G.add_invocation(invl);

parm = make_parameter (a, 1);

G.add_constant_parameter (inv1, parm, 1);

inv2 = B_handle.invoke(OP1_FUNC_NUM, 1, 1);
G.add_invocation(invl);

parm = make_parameter (15. 1);
G.add_constant_parameter (invl, parm, 1);

/I Return value retrieval

inv3 = A_handle.invoke(OP2_FUNC_NUM, 2, 1);
G.add_invocation(invl);
G.add_invocation_parameter (inv1, inv3, 1, 1);
G.add_invocation_parameter (inv2, inv3, 1, 2);
G.execute(inv3);

buffer = G.get_value(inv3, UVAL_METHOD_RETURN_VALUE);
int z;
buffer.get_int(&z, 1);
printf (“%d\n”, z);
}

Figure 16. Sample user code (top-left), the corresponding program graph (top-right), and the libr
calls needed to implement it (bottom). In this caske_parameter()  takes an intger, wraps it up in
alegionBuffer , then wraps thedsfer in aLegionParameter
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values fromA.op1l() andB.opl() are forvarded directly téA so thg can become the param-
eters toA.op2()

Return esults.Getting return &lues that are results of methoddoation requests is straightfor-
ward. TheLegionProgramGraph  class has a method callgett_value() , which tales the
parameter number of the resudive as one of its gnments. If the result is uvnalable, then
get_value() blocks. The constattvVaL_METHOD_RETURN_VALC&N be passed to

get value() to obtain the returnalue of the function call. The constant also eeras the
parameter number (position of the parameter in the function signature) for in/out parameters. By
default, the return alues of all method wocations are returned to thevaker. For in/out parame-
ters,add_result_dependency() (not shavn) must be used toplicitly ask for the param-
eter to be returned\dd_result_dependency() must be callethefoe execute() is

called on the program graph that contains the associated methodtian. Otherwise the param-
eter will not be returned and a callget_value() for that parameter will block indefinitely

3.5 The Invokee: Invocation Execution and Result Retun

The Library announcesMethod Readgvent each time a ready methoglanation request is
inserted into the wocation store. Each request is maintained lasggonWorkUnit | a class
similar in structure th.egionMessage , but with additional semantics, namely that all parame-
ters for the particular method are present. The general algorithm for gettgipa-

WorkUnit out of the database andiaking the requested method is as fafo

1. Remore the vork unit from the imocation store
2. Construct and perform the requested methweddation.

3.5.1 Remeing the Legion Work Unit

User code can reme work units from the imocation store in at least dndifferent ways, each of
which require a seer “loop” that continuously checks thesatation store for readyavk units.
Both mechanisms require a serloop’ which continuously checks thevotation store for
ready work units. One mechanism is to supply argister an eent handler foMethodReady
events. The code for the handler and theeselaop then look lik that in Figure 17 -top. The
other mechanism, illustrated in Figure 17 - bottom does not require the user to sumelgtan e
handler Instead, the user checks theacation store each time through the seteop.

3.5.2 Constructing the Method Irvocation

Once a wrk unit is remeged from the imocation store, it needs to be unpadhko a form suitable
for method irvocation. There must be specific code to do this for each public method in the
invoked object. Figure 18 contains arample ivocation construction. The sequence is function-
ally the same as sexwstubs in RPC. First ascertain the requested method, thevereamh
parameter from the evk unit based upon the particular requested method. Each parameter is
returned as a lggonBuffer, so these need to be unpadko get the actual parameters for the
method iwvocation. Once this is done, then the method can be caledyikC++ member func-
tion.

For methods that va return results, thesalues must be sent to the list of objects defined in the
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int MethodReadyHandler (LegionEvent *event) {
UValL_Reference<LegionWorkUnit> wu;
if (LegionlnvocationStore->any_ready()) {
wu = LegionlnvocationStore->next_matched();
invoke_method(wu);

}
}

void server_loop() {
LegionEventMgr.serverLoop();

}

void server_loop() {
while (TRUE) {
LegionEventMgr.flushEvents(); /I causes all events to be handled
while (LIS->any_ready()) {
wu = LIS->next_matched();
invoke_method(wu);

}

LegionEventMgr.blockForEventAvailable(); // blocks on any event

Figure 17. Two mechanisms to get a readgnk unit out of the imocation store. One method (top) is to
supply an eent handler that is called wheme a MethodReadyvent is announced. The accompiagy
sener loop is quite short. The other method (bottom) is @ lzelonger seer loop that checks thevio-
cation store whemner ary event occurs. In this case, neeeit handler is needed.

LegionContinuationList part of the wrk unit from which the methodwncation vas
constructed. The most straightfame way to do this is as folles. For each return result, allocate
a nev LegionBuffer and insert the returralue into the bffer. Then call

Legion.return() with the luffer, continuation list, and number of the retualue as au-
ments. This sequence is illustrated at the bottom of Figure 18.

A complete gample of a C++ class, #ttranslation into the appropriate Library calls, and some
sample method wocations are gen in the Appendix.

3.6 Legion Object Fersistent Repesentations

Legion objects are endeed with a persistent representation in whicly tten store olatile state

in the &ent that thg must be deactated during the operation of the system [7]. Objects might
also use their persistent representation to store data structures that agettmdantain in ®la-
tile storage (e.g. a “file” object need neaiep its entire state, including the contents of the file, in
memory). The persistent representation of an object is referred toegi®a Object Rrsistent
Repesentationor OPR. In this section wea@mine the Library intesice to manipulating object
persistent representations.

The most basic inteate to a Lgion OPR is preided by thd_egionOPR class. Instances of the
classLegionOPR are constructed based ohagion OPR Addzss a description or pointer to a
LegionOPR . This construction is t& care of internally by the library implementation. At the

26



/I Each object might have a functio like this to figure out
/l which member function to call.
invoke_method (UVaL_Reference<LegionWorkUnit> wu) {
switch (wu->get_function_number()) {
case SAMPLE_OP_FUNCTION_NUMBER:
sample_op_wrapper(wu);
break;
/I cases for other methods go here

}

/I assume this method has two parameters, an int and a float

void sample_op_wrapper(UValL_Reference<LegionWorkUnit> wu) {
float float_parm;
int int_parm, return_value;
UVal_Reference<LegionBuffer> buffer;

/I unpack the parameters
buffer = wu->get_parameter(1);
Ib->get_int(&int_parm, 1);
buffer = wu->get_parameter(2);
Ib->get_int(&float_parm, 2);

/I invoke the method
return_value = sample_op (int_parm, float_parm);

/I Return results to whomever has asked for them

buffer = new LegionBuffer();

buffer->put_int (&return_value, 1);

Legion.return(METHOD_RETURN_VALUE, wu->get_continuation_list(), buffer);

Figure 18. An example method constructionyimcation, and return once ark unit
has been renved from the isocation store. Other code structures are possible.

time of actvation, objects are passetlegionOprAddress by the responsible lggon Host

object so that thecan locate and access their persistent representation. When the Library is ini-
tialized, the OPR Address is automaticallyened into d.egionOPR instance usingetLe-
gionOPR() . The programmer can then accesslLibgionOPR instance for a Lgion object

using theGetOPR() method of thé.egionLibraryState object class (Section 3.1)ofF
example:

UVal_Reference<LegionOPR> myOPR,;
myOPR = Legion.GetOPR();

The interaice to the OPR pvales two key functions that prade access to the twbasic forms of

an OPRIiinearizedandinflated For the purposes of object migration, the persistent representa-
tion of an object can beathered into a linearized form, suitable for transport. Thygdoeapplica-

tion programmer will typically hae no use for the linearized form of the OPR, which can be
accessed via thgetLinearized() method on théegionOPR class. The more important

form of the OPR for the applications programmer is the directly manipulatable form, the inflated
form. The inflated form of AegionOPR is encapsulated by thegionPersistent-
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BufferDir  class. As its name implies, thegionPersistentBufferDir is a directory
of PersistenLegionBuffer  objects. The inflated form of the OPR is accessed vigdtie-
flated() method on théegionOPR class. Br example:

UVal_Reference<LegionPersistentBufferDir> myState;
myState = myOPR.getInflated()

TheLegionPersistentBufferDir class implements an association set that maps null ter-
minated character strings to objects ofltegionBuffer  class and subdirectory objects of the
LegionPersistentBufferDir class. Objects of this class can be thought of as directories
in a file system that contain string named files (persitegibnBuffers ) and subdirectories
(LegionPersistentBufferDirs ), although the implementation of these objects need not
be based on a file system. Some elements of theaiog¢etd the_egionPersistent-

BufferDir  class are gen in Figure 19. It contains methods to determine the number of con-
tained luffers and subdirectories, to determine if\gegi string maps to a containeuaffier or
subdirectoryto access, add to, or delete from the containdéris and subdirectories by name,
and to iterateeer the containeduffers and subdirectories.

/I Get the OPR representation
UValL_Reference<LegionPersistentBufferDir> myState;
myState = myOPR.getInflated()

/I Check the contents of a directory
if (myState.NumSubdirs() == 0) return -1;
if (! myState.IsContainedSubdir(“State”)) return -2;

/I Access a subdirectory
UValL_Reference<LegionPersistentBufferDir> subDir;
subDir = myState.GetSubdir(“State”);

/I Access a contained buffer
UValL_Reference<LegionBuffer> myData;
myData = subDir.GetBuffer(“My Data”);

Figure 19. Sample inocations on an object of classdienPersistentBaérDir.

The Legion luffers contained ihegionPersistentBufferDir objects are persistent. That

is, these bffers are based on storage that is contained in the @ypeesistent representation and

will thus persist after the object is deaated. Thus, in manipulating thesgfflers, the object is

directly manipulating its persistent state. Of course, this does not impthanges to the
LegionBuffer interface. Data structures that were rendered packable for the purposes of trans-
port in Legion messages are equally packable into tlggdoeluffers obtained as part of the

objects OPR. The implementation of an obje&aveState()  method is typically a sequence

of pack() operations on the data structures thatengk the object’ state, manof which

already needed to be packable (or made up of packable constituents) foetbérsakhod ser-

vice and inocation.

During the operation of a lggon objects SaveState() = method, or for the purposes of taking
checkpoints, the programmer may need to capture the state of the .LThviarfunctionality is
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provided through theaveState() = method on théegionLibraryState class. © sare
the state of the lggon library the programmer simply writes:

Legion.saveState();

To recwver the state from the persistent representation, a complemesgtoxeState()
operation is praided, e.g.:

Legion.restoreState();

4. Modifying the Library

One of the major design objeets of Leion is to preide an &tensible system - it must be easy
for future implementors to insert modules into the Librdoyenable thisxensibility the Library
provides

1. alayered design and implementation, and
2. a standard mechanism for inrtayer communication.

The layered design of the Library is depicted in Figure 20. The “client” side (left) is tod&é&im,
the code that is requesting a methaaaation on some lggon object. The “seer” side (right) is
the “invokee”, the Lgion Object upon which the methodiatation has been made. While it is
cornvenient to think of the library in terms of clients and sesyit is artificial in that the full
library functionality is preided to both parties. In mgrcases an objestrole changes agecu-
tion progresses. Sometimes clients areessrand vice ersa.

Client Sener
Program Graph Message Database
Legion Message Legion Message
Data Delvery Data Delvery
Transport Leel Communication Protocol
Figure 20. The layered design of the ¢lien Library

4.1 Implementing the Legion Configurable Potocol Stack

As Figure 20 illustrates, the g@n protocol stack supports anety of functions. One of our
goals in designing the protocol stacksmo allev modules to be added and configured easily
approach similar to that used in th&ernel [6]. The problem with the traditional approach to
building protocol stacks is that each layer in the staphk@tly calls the layer bel or abwe.
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This static coupling mads it dificult to dynamically configure the stack.

To provide a dynamically configurable stack, werd@hosen a well understood technology [1],
events, and hae applied it to enable ftéility and extensibility. Four main classes implement
events:LegionEvent , LegionEventKind , LegionEventHandler andLegion-
EventManager .

When an eent has occurred, we “announce” aem to arEvent Manger. The &ent manager
an instance of cladsgionEventManager , notifies interested parties, ilesgion Event Han-
dlers, of the @ent. An @ent manager may notify arent handler using one of owpolicies: the
handlers can be notified immediately or at a later time.

To be notified of anvent, ent handlers gister themseles with aLegion Event Kindan eent
template that contains an unique tag and aulelist of handlers. Since there may be more than
one @ent handler pernent kind, we associate a priority with the handler at the timegadtra-
tion. In our scheme, a handler with av&r priority number isxecuted before a handler with a
higher priority numbemot all eent handlers associated with agianEvent are guaranteed to be
executed because awent handler is allwed to prgent the gecution of subsequent handlers.

The clasd.egionEventKind  senes as a template for instances of clamgionEvent (Fig-

ure 21). When anvent is created, it obtains a listleégionEventHandlers from its corre-
spondingLegionEventKind . This allavs users to modify the bekiar of the protocol stack
without haring to change»asting modules. @ enable intetayer communication, lggon events

may also carry arbitrary data. This data can be update, modified, and transformed in essentially
arbitrary ways by the eent handlers that process eavcére.

A Legion event handler tads as its sole gument a reference to thegionEvent that it is ser-
vicing. Thus, eachegionEventHandler associated with a particulaegionEvent may
inspect and modify the data carried by ttlegionEvent . In general, this is Woinformation is
shared betweeraviousLegionEventHandlers

4.2 Interfaces

4.2.1 LegionEentKind, LegionEvent and LegionEwventHandler

Users may adtegionEventHandlers to aLegionEventKind . When a_egionEvent

is created, it will obtain its uniquerent identifier and a list dfegionEventHandlers from
its correspondingegionEventKind . LegionEventHandlers are ordered and the han-
dlers with laver numbered priorities kia higher precedence. Arample of a eent handler is
given in Figure 22.

A Legion event maintains a logical pointer to the currenttg@itingLegionEventHandler
This allovs the gent to suspend thexecution of its eent handlers and to resume theg@ution
at a later time.

There are no restrictions on the code implementibgggonEventHandler . In particulay a
an e/ent handler may

1. Inspect and modify the data field of the incomingré
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class LegionEventKind {

public:
/I Construct a new event kind and give it a unique identifer
LegionEventKind(int kind);

/I Add and delete handlers

/I Note that handlers are added in priority order

int addHandler(LegionEventHandler, LegionEventHandlerPriority);
int deleteHandler(LegionEventHandler);

h

class LegionEvent : public UVaL_Reference {

public:
/I Construct an event using a LegionEventKind as a template
LegionEvent(LegionEventKind&);
LegionEvent(LegionEventKind&, void * data);

/I Adding and deleting handlers
int addHandler(LegionEventHandler, LegionEventHandlerPriority);
int deleteHandler(LegionEventHandler);

/I Setting and getting the data associated with the LegionEvent
void* getData();
void setData(void*)

/I Invoking event handlers
LegionEventHandlerStatus callNextHandler(UVaL_Reference<LegionEvent> ev);
void callRemainingHandlers(UVaL_Reference<LegionEvent> ev);

Figure 21. Some elements of the gi@nEventKind and LgionEwentinterfice

/I Signature of a LegionEventHandler
typedef LegionEventHandlerStatus
(*LegionEventHandler) (UVaL_Reference<LegionEvent>)

/I Example of a valid LegionEventHandler
LegionEventHandlerStatus myHandler(UValL_Reference<LegionEvent> myEvent) {
/I arbitrary code

}

Figure 22. LegionEwentHandler

2. Inspect and modify the list of handlers contained in the incomviegte
3. Create and announcewmevents
4. Prevent the net handlers from beingxecuted

5. Sae the currentvent
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class LegionEventManager {
public:
/I There are two ways to announce an event
/I (1) LegionEventAnnouncelLater - Defer execution of the handlers
/I (2) LegionEventAnnounceNow - Immediately invoke the handlers
announce(UValL_Reference<LegionEvent>,
LegionEventQueingDiscipline queueEvent = LegionEventAnnouncelLater);

/I flush all events from the queue and execute the handlers
unsigned flushEvents();

// blocking call that returns only when there are events in the queue
unsigned blockForEventAvailable();

/I the server loop repeatedly calls blockForEventAvailable and flush Events
unsigned serverLoop();

Figure 23. Some Elements of the g@nEventManager Intedce

4.2.2 LegionEentManager

When users wish to notify the system that something of interest has occulyedyust@nnounce
alLegionEvent to aLegionEventManager (Figure 23). The LgionEwentManager is
responsible for deciding when tgezute the handlers associated withané In our current
implementation, there are dwvays of announcingvents to anent managemDepending upon
the chosen method, theemt manager will either woke the handlers immediatelyr will defer
the execution of the eent handlers and store thegi@nEwent in an internal queue.

TheflushEvents() method is used takecute all pendingwents. TheblockForEven-
tAvailable() method is used to block the thread of control until there are some pending
events @ailable. Finally theserverLoop() method repeatedly calidockForEven-
tAvailable() followed byflushEvents()

4.3 Default Protocol Stack

The list of dehult LegionEventKinds and their associatddegionEventHandlers is
shawvn in Tablel. These implement the protocol layerswshaon Figure 20.

Table 1: Default LegionEentKind and LegionEventhandlers

Description of

LegionEwentKind LegionEventHandler LegionEventHandler

Sending Object

LegionEvent_MethodSend LegionDefault_Can_| Determines whether to allothe
outgoing method wocation [10].

LegionDefwultMethodSendHandler Generates a
LegionEvent_MesggeSendor each
method irvocation
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Table 1: Default LegionEentKind and LegionEventhandlers

LegionEwentKind

LegionEventHandler

Description of
LegionEventHandler

LegionEwent_MessageSend

msg_layer_MsgSnd_handler

Binds the destination LOID into an
Object Address

data_delrery_MsgSnd_handler

Sends LgionMessage\@r the wire

LegionEvent_MessageComplete

data_delrery_MsgComplete_handler

Indicates that the message has begn
successfully sent.

LegionEvent_MessageError

data_delrery_MsgError_handler

Indicates that the data dedry layer
was unable to send the message

msg_layer_MsgError_handler

Indicates that the messagaswnot
sent successfully

Receiving Object

LegionEvent_MessageRea&i

data_delrery_MsgRcv_handler

Extract message from the transport
layer

msg_layer_MsgRcv_handler

Unpack the data intolaegion-
Message and cache the sender’
object address.

LegionDefwltMessageHandler

Inserts the message into thedna-
tion Matcher If this LegionMessage
completes a partial methodsoca-
tion, then generate a
LegionEvent_MethodReceiegent.

LegionEwent_MethodRecee

LegionDefwult_May_|

Determine whether to allothe
incoming method wocation [10].

LegionDefultWorkUnitHandler

Stores incoming methodviacation
in the Irvocation Store. Generates a
LegionEvent_MethodReadyent.

LegionEwent_MethodReady

LegionMethodDispatcherMonitors_M
ethodReadyHandler

Enforce monitor semantics on
incoming method wocation

UVal_ObjectMandatory_lgionMeth
odlnvoke

Invoke the actual function

LegionEwent_MethodDone

LegionMethodDispatcherMonitors_M
ethodDoneHandler

Indicates that a method has been
complete. Generate a
LegionEvent_MethodReadyent if
there are pending methods.

On the sending side, the program graph layer generates a

LegionEvent_MethodSendEvent

. The security handldregionEvent_Can_|

may dis-

allow the remote methodvocation [10]. If it doesn; then a folleving handler generates a

LegionEvent_MessageSend

event for each methodvocation. Once the message has been

successfully sent, the data deliy layer generateslagionEvent_MessageComplete

event.
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On the receiing side, the data degry layer will generate a

LegionEvent_MessageReceive once it has successfully assembled a complete message.
ThelLegionDefaultMessageHandler is the last handler for therent
LegionEvent_MessageReceive and generateslagionEvent_MethodReceive

once the imocation matcher has assembled a complete metkiodation. The first handler for
LegionEvent_MethodReceive is a security handler and implements access control on this
object [10]. If the security handler grants access, the metkodation is deposited into the
LegionlnvocationStore, and we generateeggionEvent_MethodReady  event.

4.4 Adding new functionality to the Legion potocol stack

To add functionality to thex#ésting stack, users may either define & hegionEventKind  or
may reyister their an handlers with one of the predefine@at kinds. The latter option is the
simpler method for adding functionality

Defining a ne& event kind consists of creating an instance of the ¢dlagoonEventKind  with
a unique identifiefror example:

LegionEventKind LegionEvent_Foobar (Uniqueldentifier);

Once the eent kind has been defined, creating and announcingiarieent is shan belaw:

LegionEvent myEvent(LegionEvent_Foobar);
LegionDefaultEventMgr.announce(myEvent);

Adding a handler to arxisting event kind is best illustrated through atample. In this @ample

we shaev howv a user can add a security layer to encrypt outgoing messages and decrypt incoming
messages. @/ffirst define the handleescryptionHandler() , decryptionHandler()

and rgister them with the appropriategionEventKind  (Figure 24).

For encryption, we wuld like the encryption handler to be the last handler called when sending a
message. &t decryption, we wuld like the decryption handler to be the first handler called when
a message is reved. There ordering constraints are realized QisteringencryptionHan-

dler( ) with a high numbered priority artcryptionHandler() with a lov numbered

priority. The n&v protocol stack is n@ shavn in Figure 25.

5. Diversity and Extensibility

The Library can be used to support @edse array of programming models and styles, or to
extend «isting support for basic programming models. Theilfle Legion ezent mechanism is
the key Library feature that enablesvdrsity and gtensibility. By adding to or replacing theent
handlers that comprise thedien protocol stack, a programmer can aehimaly different

library configurations that implement f#ifent method wocation semantics, security protocols,
communication mechanisms, object instantiationrenments, and other important elements of
the desired programming model. In this section, ¥&1ene a number of possibledien proto-
col stack configurations that implement some welMkmprogramming models, including acti
messages, pathqeressions, and basic message passing. Thasgpées shw how the Library

can be used to support programming modeysie the basic remote procedure call and macro-
dataflav/program graph based styles implemented by theudtdfbrary configuration.
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/I Declaration of the encryption handler
LegionEventHandlerStatus encryptionHandler(UVaL_Reference<LegionEvent> ev) {
/I extract the LegionMessage from the data field of the event,
/I encrypt the message, and
/I allow the next handler to be called.
return TRUE;

}

/I Declaration of the decryption handler
LegionEventHandlerStatus decryptionHandler(UVaL_Reference<LegionEvent> ev) {
/I extract the LegionMessage from the data field of the event,
Il decrypt the message, and
/I allow the next handler to be called.
return TRUE;

}

1
/I Register the handlers with the appropriate LegionEventKind
I

/I The encryptionHandler should be the last handler before the
/I message is sent by the data delivery layer
LegionEvent_MessageSend.addHandler(encryptionHandler, encryptionPriority);

/I The decryptionHandler should be the first handler called
/I after the message is delivered by the data deliver layer
LegionEvent_MessageRecv.addHandler(decryptionHandler, decryptionPriority);

Figure 24. Adding encryption and decryption capabilities to the protocol stack

Sender Recever
Program Graph Message Database
Legion Message Legion Message
Data Delvery Data Delvery

Security:Encryption Security:Decryption
Transport Leel Communication Protocol

Figure 25. Legion protocol stack with encryption and decryption added

5.1 Active Messages

The actve messages programming model [9] is a message passing scheme that is intended to inte-
grate communication and computation in order to increase the compute/commurecaie o
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thereby masking the latenof message passing and increasing performance. The basic idea
behind actre messages is simple. Messages are prepended with the address of a handler routine
that is automatically woked upon receipt of the message. ¥&tinessages are natffered and
explicitly receved, as is common with standard message passingacgsrfinstead, the reeeig

process imokes the handler routine specified for the message immediately upon message arri
The handler mayx@cute as a methread of control, or may interrupt the running computation.

The job of the acte message handler is to incorporate the vedamessage into the on-going
computation.

A Legion \ersion of actie messages could be constructed by makiggobemethods seevas
message handlers, and by replacing ttgidre“method ready”\ent handler with one that cre-
ates a n@ thread to service incoming methods insteadudfiebing them in an wocation store.
Pseudo-code for such a methodocation handler is gen in Figure 26.

This “method ready” went handler wuld need to be gistered with the “method readyVent
kind. The code to do this might look ¢ik

LegionEvent_MethodReady.addHandler(ActiveMessageMethodHandler,1.0);

This line of code wuld need to bexecuted before gnmethods arvied at the object. This can be
achieved by placing this line of code beforeyaralls toLegion.AcceptMethods()

The efect of this nev “method ready” eent handler is to pxade an actie messages style pro-
gramming model. In someays, the model supported here is more general than the traditional
actve messages modelbiexample, if a method (i.e. a handler) required twessages from dif-
ferent sources for aghition, this requirementauld be enforced by the g@n invocation

matcher Programs might be entirely composed of standard singéstaktve messages, prial-

ing a programming model asxlble as the original [9]. On the other hand, programs might also
include multi-tolen actve messages, for a more general programming model that might best be
called “actve methods”.

5.2 Path Expressions
The various method wpocation semantics gered thusdr have ofiered a “one size fits all” con-

int ActiveMessageMethodHandler(UValL_Reference<LegionEvent> ev) {
/l Extract the work unit from the event
LegionMethodEventStructure *mes;
mes = (LegionMethodEventStructure *)ev->getData();
UVal_Reference<LegionWorkUnit> wu = mes->work_unit;

/I Spawn a thread with the appropriate start-up function
// based on the function number associated with the method
switch (wu->get_function_number()) {
case METHOD1_FUNCTION_NUMBER:
pthread_create(&thr_id, &thr_attrib, method1, wu);
} /I Similar cases for other methods...

Figure 26. An example method handler for implementing eetimessages.
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curreng control mechanism.df¥ example, the supported remote procedure call modetsllo
exactly one method to be serviced at a time bywargobject. The aste messages approach, on
the other hand, alNes ary number of operations of all types to be st the same time in the
same object. A more general approach to customizing the conguo@micol requirements of
operations on an object can be designed based onypassions [2]. &h epressions permit

the programmer to specify 1) sequencing constraints among operations; 2) selection (mutual
exclusion) between operations; and 3) akdle concurrencbetween operations. These concur-
reng/ control primitves let programmers maintain the sequential consigtafrtbeir programs

and at the same time indicate potential concuyréma run-time evironment.

Path expression based method sequencing could be implementedjionlabjects, agn by uti-
lizing the inherent configurability of the Librasyprotocol stack. As with agé messages, sup-
porting a diferent method wocation semantic requires replacing thgiba “method ready”
event handlerin this case, the method ready handler mxatnéne the function numbers ofal-
able operations and determine ifyhreay be safely fired gén the ordering constraints specified
by the prograns path gpressions. If a method can be safely fired,va theead is created and
allowed to run, starting at the entry point for theegi member function (as in the aetimessages
case). On the other hand, if the ordering constraints oivly imerived method are not satisfied,
the method must baulfered (e.g. in a library-pxaded invocation store) and latekieacted and
fired when safe. This need to defer the firing of methods requires that codzbid whener
methods completexecution. One possibleay to satisfy this requirement is to use
LegionEvent_MethodDone  event kind, and announceents of this kind when methods
complete gecution. A handler for thisvent kind can then be used to rexeiate iffered meth-
ods with respect to the patkpgession ordering constraints wheeea running operation com-
pletes.

To examine the implementation of the scheme in more detail, we assume agats®n run-

time support clasfathExpressionManager , that eports methods to specify the ordering,
selection, and sequencing constraints of operations (ggr.enethod function numbers). This
class vould also support methods to determine ifveegimethod is safe to fire, and to determine
which (if ary) methods are ready to be fired upon the completion of a running operation. The first
modification we must makto the Library configuration is to add angnethod ready” eent

handler that might look li that of Figure 27.

This method handlereuld need to be gistered with the Lgion method readyvent kind, as in
the case of the aeg messages handl@he other requirement of our pattpeession solution is
that code bexecuted upon method completion in order tovehgate the safety of firinguiffered
methods. ® accomplish this, we use “method doneémts that must be announced wheame
method is finished running. A handler (Figure 28) must gistered with the
LegionEvent_MethodDone  event kind that tries to fire gmunnable bffered methods.

LegionEvent_MethodDone.addHandler(PathExprMethodDoneHandler, 0.0);

Finally, an eent of this type wuld need to be announced upon the completion of each method by
the object. The data for theemt would need to be set to reflect the function number of the com-
pleted method.

UVal_Reference<LegionEvent> done = new LegionEvent(MethodDone);
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done.setData((void *)my_function_number);
LegionEventManagerDefault.announce(done);

The result of this configuration of the Librarpwd be a run-time eironment that could be used
to support pathxpression style methodviacation semantics. This run-time system might be
used &plicitly by a programmeror might be the tget of a compiler that accepted atlrRascal
like implementation language fordgien methods.

5.3 Message &ssing
Thus fr, the programming models weugaexamined hge been ariations of an object-based

int PathExprMethodHandler(UValL_Reference<LegionEvent> ev){
/I Extract the work unit from the event
LegionMethodEventStructure *mes;
mes = (LegionMethodEventStructure *)ev->getData();
UVal_Reference<LegionWorkUnit> wu = mes->work_unit;

int function_number = wu->get_function_number();
if(PathExpressionManager.canFire(function_number)) {
I/l We can safely fire this method now
PathExpressionManager.runningOperation(function_number);
switch(function_number) {
case METHOD1_FUNCTION_NUMBER:
pthread_create(&thr_id, &thr_attrib, method1, wu);
} /] Similar cases for other methods...
}else {
/I Buffer this method until ordering constraints are met
LegionlnvocationStoreDefault->insert(wu);

}
Figure 27. An example method handler for implementing patpressions.

int PathExprMethodDoneHandler(UValL_Reference<LegionEvent> ev) {
int done_function_num = (int)ev.getData();
PathExpressionManager.completedOperation(done_function_num);

while (PathExpressionManager.anyReady()) {
int function_num = PathExpressionManager.nextReady();
UVal_Reference<LegionWorkUnit> wu;
wu = LegionlnvocationStoreDefault->next_matched_for_func(function_num);
PathExpressionManager.runningOperation(function_num);
switch(function_num) {
case METHOD1_FUNCTION_NUMBER:

pthread_create(&thr_id, &thr_attrib, method1, wu);

} /I Similar cases for other methods...

Figure 28. One possible handler for MethodDoneets in an implementation of patkpeessions.
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method-ivocation-oriented model. This is naturale the object oriented nature of theglom

system. Havever, Legion can support alternaé programming models such as message passing

or distributed shared memarin this section, wexamine the \ays in which the Lgion library

can be configured to support a message passing moelele$tribe he Legion can be uses as
run-time support to implement a message-passingaceguch as MPI[5] or PVM[8]. These
systems alle asynchronous send and reeeoperations - messages anéféred until eplicitly
requested at the reg@ig process, and send operations are permitted to return before the destina-
tion process has reeed the message.

One possible implementation of such a message passing systédnbe to construct a message
passing Lgion base class whickxgorts a singlenessageDeliver() method. The parame-

ters to this method could be an e message tag and an un-interpreted string of bytes contain-
ing the message. The operation of¢kad() library function would simply irvolve invoking
themessageDeliver() Legion method on the intended destination LOID. The implementa-
tion of themessageDeliver() Legion method wuld simply accept andulfer the receied
message in an internal message queuerddave() library function would then consist of a

loop that could check the message queue for the desired message tag, dequeue and return it if
available, or block for anessageDeliver() invocation if not.

Although the abwee solution is @ry simple to implement using theaglable library support

mechanisms, it has the potentialwlb@ack of incurring the cost of the mechanism associated with
method iwvocation (e.g. tokn matching, additionalvent handlers, etc.), while only requiring the

very simple support needed for message passing. An allerimaplementation stragg is to

insert a handler {wer in the Lgion library protocol stack. The natural place for such a message
passing handler @uld be at the Lgion “message reaes” event layer Here, a handler could be

inserted to capture messages with certain desired function numbers (i.e. a special “message pass-
ing” function number), and enqueue the message contents on a message queue for use by the mes-
sage passing librariMessages with other function numbers (fcaraple, those associated with

object mandatory methods[7])owld be alleved to continue up the protocol stack and through the
normal method wocation mechanism. In this scheme, ¢bad() library operation wuld con-

struct aLegionMessage object containing the message contents and reflecting the appropriate
agreed upon function numbéihis Legion message ould be added to laegionMessag-
eEventStructure , which would be placed into a meLegionEvent  of the kind
LegionEvent_MessageSend . This ezent would be announced and the messagalavbe

sent. Theeceive() operation wuld simply loop, Bamining the message queue utilized by

the message reeei handler described alm and blocking forailable @ents. Thus, in this

scheme, thewerhead of the standarddien method imocation mechanism is/aided for lav-

level message passing fiaf

Although this scheme could impm performance, it has serious security ramifications. If mes-
sages are caught before theeioknatching process, the automadiayl() method will not be
invoked and the objed’security may be compromised. While this may be acceptable for certain
performance-critical, security-optional applications, the first message passing implementation
described wuld be more suitable for balanced security/performance applications.
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7. Appendix A - Example Translations

The most up-to-dateevsion of these translations are algailable at http:/lgion.virginia.edu/.

7.1 Example 1 - The Simple Class

The first @ample is a nonsense class in that it does no meaningful computatwevarat exer-
cises the full functionality of the library and also illustrates looir compiler will generate trans-
lations. W gve the C++ class, its translation, and a sample program that illustrategeho
invoke methods.

To write the translation, we define a wrapper class cabbgibn_Simple . This wrapper con-
tains a protected data member that is an object of the C++ class being transtatatl this the
wrapped object. & each member function in the wrapped object we define a corresponding
member function ilegion_Simple . The job of these member functions is tcetaknork unit,
build the corresponding call to the wrapped obgeaotember function xecute the call, and pack-
age up ayreturn \alues (much lik a serer stub in RPC implementations).

Legion_Simple also contains additional member functions to figure out which wrapper mem-
ber function should be callethyoke _method() ), to indicate to the wocation store which
member functions will be acceptesh@ble_functions() ), and to perform the seswloop
(accept_member_functions() ).

7.1.1 Simple.h & Simple.c

% Simple.h %
/I A very simple class definition

#ifndef _H_Simple_

#define _H_Simple_

#include <stdio.h>

class Simple
{
int data;

public:

Simple();

int op1(int foo);

int op2(int &foo, int &bar);
3

#endif

R Simple.c %
Il A very simple class definition

#ifndef _C_Simple_

#define _C_Simple_

#include <stdio.h>
#include “Simple.h”

Simple::Simple() {

data = 0;
}

Simple::opl(int foo) {
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data = foo;

}

int

Simple::op2(int &foo, int &bar) {
foo = data*data;
bar = data+data;
return foo+bar;

}
#endif

7.1.2 Simple.trans.h & Simple.trans.c

B Simple.trans.h %

/I Legion ‘wrapper’ class definition for the Simple class
#ifndef _H_Simple_trans_

#include <stdio.h>

#include “legion/Legion.h”

#include “Simple.h”

#define SIMPLE_OBJECT_CLASS_ID “Simple”

#define SIMPLE_OP1_FUNCTION_NUMBER 1
#define SIMPLE_OP2_FUNCTION_NUMBER 2

/I class Legion_Simple

class Legion_Simple

{ .

private:
// the object being wrapped
Simple *object;

/I For generating methodDone events
virtual void generate_MethodDoneEvent();

public:
Legion_Simple();
~Legion_Simple();

/I wrapper member functions for each member function in ‘object’
void Legion_opl(UValL_Reference<LegionWorkUnit> wu);
void Legion_op2(UVaL_Reference<LegionWorkUnit> wu);

/I auxiliary member functions needed
virtual void enable_functions(LegionIinvocationStore *);
virtual int invoke_method(UVaL_Reference<LegionWorkUnit> wu);
virtual void accept_member_functions();
2
#endif

%o-------------- Simple.trans.c %
/I The ‘wrapper’ class definition
#ifndef _C_Simple_trans_

#include <stdio.h>

#include <unistd.h>
#include “legion/Legion.h”
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#include “Simple.trans.h”

/I This is the wrapped object
static Legion_Simple *wrapper;

/I This is the event handler for invoking a method
static int LegionMethodInvoke(UValL_Reference<LegionEvent>);

I
/I Generates a MethodDone event. Should be called right after the call
/I to the wrapped object’s member function.

void

Legion_Simple::

generate_MethodDoneEvent()

{

UVal_Reference<LegionEvent> methodDoneEvent;

methodDoneEvent = new LegionEvent(LegionEvent_MethodDone, (void *) NULL);
LegionEventManagerDefault.announce(methodDoneEvent, LegionEventAnnounceNow);

}

I
/I Allocates the wrapped object and enables the corresponding
// functions in the invocation store.

Legion_Simple::

Legion_Simple()

object = new Simple();
wrapper = this;
enable_functions(LegionlnvocationStoreLL_Default);

}

I
/I De-allocates the wrapped object
Legion_Simple::
~Legion_Simple()

delete object;
wrapper = NULL;
}

I
I/l wrapper member function for wrapped.opl()
void
Legion_Simple::
Legion_opl(UValL_Reference<LegionWorkUnit> wu)
{

/I get the parameter from the work unit

int parml;

UVal_Reference<LegionBuffer> Ib;

Ib = wu->get_parameter(1);

Ib->get_int(&parm1, 1);

/I Invoke the wrapped member function
int result = object->op1(parml);
generate_MethodDoneEvent();

/I Return the result.
UVal_Reference<LegionBuffer> return_lb;
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return_lb = new LegionBuffer();

return_lb->put_int(&result, 1);

Legion_return(UVaL_METHOD_RETURN_VALUE, *(wu->get_continuation_list()), return_Ib);
}

I
I/l wrapper member function for wrapped.op2()

void

Legion_Simple::
Legion_op2(UValL_Reference<LegionWorkUnit> wu)
{

/I get the parameters from the work unit and unpack them
int parm1, parm2;
UVal_Reference<LegionBuffer> Ib;
Ib = wu->get_parameter(1);
Ib->get_int(&parm1, 1);
Ib = wu->get_parameter(2);
Ib->get_int(&parm2, 1);

/I invoke the requested function
int result = object->op2(parm1, parm2);
generate_MethodDoneEvent();

/I Return all results. In this case, there are three of them

/I (return value and two in/out parameters).
UVal_Reference<LegionBuffer> return_lIb;

return_lb = new LegionBuffer();

return_lb->put_int(&result, 1);
Legion_return(UVaL_METHOD_RETURN_VALUE, *(wu->get_continuation_list()), return_Ib);
return_Ilb = new LegionBuffer();
return_Ib->put_int(&parm1, 1);

Legion_return(1, *(wu->get_continuation_list()), return_Ib);
return_lb = new LegionBuffer();
return_lb->put_int(&parmz2, 1);

Legion_return(2, *(wu->get_continuation_list()), return_Ib);

}

I
/I Invokes the appropriate method based on the function number in
I the supplied work unit.
int
Legion_Simple::
invoke_method(UVaL_Reference<LegionWorkUnit> wu)
{
switch (wu->get_function_number()) {
case SIMPLE_OP1_FUNCTION_NUMBER:
Legion_opl(wu);
break;
case SIMPLE_OP2_FUNCTION_NUMBER:
Legion_op2(wu);
break;
default:
fprintf(stderr,”Legion_Simple::invoke_method()\n");
fprintf(stderr,”This object does not export function number %d\n”,
wu->get_function_number());
exit(0);
break;
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I
/I This is the server loop.

/I EventMgr.serverLoop() continuously flushes events and then
I/ blocks waiting for events to become available.

void

Legion_Simple::

accept_member_functions()

{

LegionEventManagerDefault.serverLoop();

}

I
/I Enable the wrapped object’s functions. The LIS must be explicitly
/I told which functions to accept. There will eventually be some

/I object mandatory functions in here too.

void

Legion_Simple::enable_functions(LegioninvocationStore *LIS)

/I Enable the function numbers that | can handle...

LegioninvocationStoreLL_Default->enable_function(
SIMPLE_OP1_FUNCTION_NUMBER, DEFAULT_PRIORITY);

LegionlnvocationStoreLL_Default->enable_function(
SIMPLE_OP2_FUNCTION_NUMBER, DEFAULT_PRIORITY);

/I Register my event handler...
LegionEvent_MethodReady.addHandler(LegionMethodInvoke, 1.0);

}

1
/I This is the event handler that get called on a MethodReady event.
/I A MethodReady event is generated every time a ready invocation is
/l inserted into the invocation store.
static int
LegionMethodInvoke(UVaL_Reference<LegionEvent> event)
{

UVal_Reference<LegionBuffer> Ib;

int parameter;

if (LegioninvocationStoreLL_Default->any_ready()) {
UVal_Reference<LegionWorkUnit> wu;
wu = LegioninvocationStoreLL_Default->next_matched();
wrapper->invoke_method(wu);

}

return O;

}

1
int
main (int argc, char **argv)
{
Legion.init();
wrapper = new Legion_Simple();
Legion.AcceptMethods();
wrapper->accept_member_functions();

}
#endif
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7.1.3 ex1_Simple.c

#include <stdio.h>

#include “Simple.trans.h”
#include “legion/Legion.h”

/l Make a LegionParameter from the supplied arguments
UVal_Reference<LegionParameter>
make_int_parameter(int parm_value, int parm_number)
{
UVal_Reference<LegionBuffer> Ib;
UVal_Reference<LegionParameter> parm;

Ib = (LegionBuffer *) new LegionBuffer();
Ib->put_int(&parm_value, 1);
parm = (LegionParameter *) new LegionParameter(parm_number, Ib);

return parm;

int

main(int argc, char **argv)

{
/I Variables for the ‘user’ code
inta=10, b =15;
intx,y, z;

/I Initialize legion state

/I All of the below to get a random instance number

int my_instance_number;

struct timeval tv;

gettimeofday(&tv,NULL);

srand(tv.tv_sec " tv.tv_usec);

my_instance_number = rand() " tv.tv_sec " tv.tv_usec;

/I Initialize Legion Library
Legion.init();

/I Manufacture my own loid because I'm a command line object
Legion.SetMyLOID(make_loid(UValL_CLASS_ID_COMMANDLINE, my_instance_number));

/I Tell my creator I'm ready to go
Legion.AcceptMethods();

/I Create an empty program graph
LegionProgramGraph G(Legion.GetMyLOID());

/I Create a couple of ‘Simple’ objects
UVal_Reference<LegionLOID> A_name, B_name;
A_name = Legion.CreateObject(SIMPLE_OBJECT_CLASS_ID);
B_name = Legion.CreateObject(SIMPLE_OBJECT_CLASS_ID);

/I Get handles for each object
LegionCoreHandle A_handle(A_name), B_handle(B_name);

/I First call: x = A.opl(a);
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/I invoke()'s signature is invoke(function_num, num_parms, num_results);
UVal_Reference<Legionlnvocation> inv1;

invl = A_handle.invoke(SIMPLE_OP1_FUNCTION_NUMBER, 1, 1);
G.add_invocation(invl);

UVal_Reference<LegionParameter> parmi;

parml = make_int_parameter(a, 1);

G.add_constant_parameter(invl, parml, 1);

/I Second call: y = B.op1(b);

UVal_Reference<LegionIinvocation> inv2;

inv2 = B_handle.invoke(SIMPLE_OP1_FUNCTION_NUMBER, 1, 1);
G.add_invocation(inv2);

UVal_Reference<LegionParameter> parm2;

parm2 = make_int_parameter(b, 1);
G.add_constant_parameter(inv2, parm2, 1);

/I Third call: z = A.op1(x, Y);

/I Both parameters are values yet to be computed,

/I so they must be invocation parameters.

UVal_Reference<Legionlnvocation> inv3;

inv3 = A_handle.invoke(SIMPLE_OP2_FUNCTION_NUMBER, 2, 3);
G.add_invocation(inv3);

G.add_invocation_parameter(inv3, invl, 1, UVvaL_METHOD_RETURN_VALUE);
G.add_invocation_parameter(inv3, inv2, 2, UVaL_METHOD_RETURN_VALUE);

/I We specifically ask for the in/out parameters. Don’t
/I get them otherwise.
G.add_result_dependency(inv3, 1);
G.add_result_dependency(inv3, 2);

I/ printf (“%d\n”, z);
// We need ‘z’, so we must execute
G.execute();

/I and wait for the return.

UVal_Reference<LegionBuffer> Ib;

Ib = G.get_value (inv3, UVaL_METHOD_RETURN_VALUE);
Ib->get_int(&z, 1);

printf (“z is%d\n”, z);

/I Since we asked for them, we can get the other values too.
G.release_all_values();

Ib = G.get_value (inv3, 1);

Ib->get_int(&x, 1);

printf (“x is %d\n”, x);

Ib = G.get_value (inv3, 2);

Ib->get_int(&y, 1);

printf (“y is %d\n”, y);

Legion.DestroyObject(A_name);
Legion.DestroyObject(B_name);

8. Appendix B - Interfaces

This section preides selected parts of the interé from selected objects that realp the Library
implementation.
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8.1 LegionPogramGraph

UVal_Reference<Legionlnvocation> add_invocation ()
Parameters:  UVal_Reference<Legionlnvocation>

Add an irvocation to the program graph. Returns theaation if successful, NULL if
not.

ParameterStatus add_constant_parameter()
Parameters: UVal_Reference<Legionlnvocation> target
UVal_Reference<LegionParameter> parameter
int parameter_number

Adds the gren parameter to the specifietanation as the ‘parameter_numblemparam-
eter The parameter isleegionParameter , which means that it contains an already
computed alue. The other possible is that it is avoication parametemhis means that

the parameter itself islaegioninvocation , thus representing a computation that has
yet to be performed.

ParameterStatus add_invocation_parameter()

Parameters: UValL_Reference<Legionlnvocation> source
UValL_Reference<Legionlnvocation> target
int source_parameter_number
int target_parameter_number

Adds the gren source parameter as a parameter to tem gaget parameteiThis call
creates what is called.&gion Continuationand adds the continuation to the continuation
list for the source paramet&¥hen an imocation request isventually executed, the wo-
kee must knev where to send the results of theeeution. Each continuation identifies a
destination LOID to which a result should be sent.

void add_result_dependency()
Parameters:  UVal_Reference<Legionlnvocation> source
int parameter_number

The current implementationvedys sends the returaae of a method request back to the
invoker. If the invoker wishes to recee other resultalues that e.g. might correspond to
in/out parameters to the methostanation, then thosealues must bexglicitly asked for

using add_result_dependgnthis call then creates adienContinuation corresponding
to the requested parameter

UVal_Reference<LegionBuffer> get_value()
Parameters: UVal_Reference<Legionlnvocation> inv
int parameter_number

Gets the specified returalue for the gien Legionlnvocation out of the program graph.
This is essentially a call through the program graph to the underlying message database. If
the result is notwailable, get_alue blocks until it is. A LgionBuffer is returned.

int execute()
Parameters: None

Takes the program graph rooted at thevted invocation and fire it dfto be executed.
Does not block.
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8.2 LegioninvocationStore

int enable_function ()
Parameters: int func_num
int priority
Enables the supplied function so that the LIS will accept method requests for it. Method

requests for disabled functions are not accepted. Hilyles forpriority mean high
priority.
int any_ready()
Parameters: None
Checks to see if gnmethod requests are ready
int any _ready_for_func()
Parameters: int func_num;
Checks to see if grmethod requests for thevgn function are ready
UValL_Reference<LegionWorkUnit> next_matched()
Parameters: None
Returns the neé work unit. The priority scheme is oyped.
UValL_Reference<LegionWorkUnit> next_matched_for_func()
Parameters: int func_num;
Returns the na work unit with the gren function number
int set_priority ()

Parameters: int func_num
int priority

Sets the priority for the gen function number
int insert()
Parameters: UVal_Reference<LegionWorkUnit> new_work_unit

Inserts the pnaded work unit into the imocation store. This @rk unit may be a method
request or it may be a result from ayioeis method imocation.

UValL_Reference<LegionWorkUnit> get_return_value()
Parameters: UValL_Reference<LegionComputationTag> tag
int parameter_number
Returns the wrk unit with the gren tag and parameter numbBspically, this function is
called by a higher layer (e.g. gienProgramGraph) which will unwrap the returneatkv
unit to get the parameter inside.

int release_return_value()
Parameters: UValL_Reference<LegionComputationTag> tag
int parameter_number

Deletes the wrk unit that matches the supplied tag/parameter_number pair

int release_all_return_values()
Parameters: None

Deletes all returnalues from the wocation store.
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8.3 LegionWorkUnit

int get_function_number()
Parameters: None

Returns the tget function number for theark unit.

UVaL_Reference<LegionContinuationList> get_continuation_list()
Parameters: None

Return the continuation list for the results of thmrkvunit.

UValL_Reference<LegionBuffer> get_parameter()
Parameters: int parameter_number
Returns the gen parameter as a gienBuffer. NULL if the parameter is not in theonk
unit.

8.4 LegionBuffer

8.4.1 Constructors

LegionBuffer()
Parameters: None
Creates an emptylfer with aLegionStorageScat storage, and defilt implementa-
tions of the paodr, compressorand encryptor function sets.

LegionBuffer()
Parameters: UValL_Reference<LegionStorage>
Wraps a dedult uffer around a gien storage object. It uses delt implementations for
the packr, encryptoyand compressor

LegionBuffer()
Parameters: LegionMetaData metadata
Creates a ve emptyLegionBuffer  with aLegionStorageScat default storage

implementation. It instantiates pakencryptor and compressors based on the metadata

LegionBuffer()
Parameters: UValL_Reference<LegionStorage>
LegionMetaData metadata
The full featured constructor wraps a specified storage ufferkappropriate for the

given metadata, selecting the right packompressgrand encryptor implementations.

8.4.2 Operations on the associated LegionStorage

A LegionStorage  exports member functions to read and write untyped characters from and to
a logical luffer. These operations are alsgerted bylL.egionBuffer , but the user should be
warned that the “better” ay to put data into auffer is through thé.egionPacker interface;

read() andwrite()  will not perform appropriate data format eensions, ht put_int()
andget_int() will.

size_t read()
Parameters: size_t num_bytes
void *data
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Reads num_bytes bytes from thdfer starting at the current location of thefler

pointer Copies the bytes into the space pointed to by data_dest. Returns the number of
bytes actually read, and positions thdfér pointer immediately after the last byte that
was readRead() will not read past the end of thafter.

size_t write()
Parameters:  size_t num_bytes
void *data

Writes num_bytes bytes pointed to by data into tiféebstarting at current position of
the luffer pointer (@erwriting eisting data). Returns the number of bytes actually writ-
ten, and positions thauffer pointer immediately after the last byte thaiswvritten. Writ-
ing past the end of theuffer causes it toxgand.

size_t seek()

Parameters: seek_start whence
int bytes_away

Changes the position of thefter pointer “Whence” can be BEGINNING (0), CUR-
RENT (1), or END (2), and bytesway tells hev mary bytes avay fromwhence to set
the pointer Seeking past the end of theffler causes it toxg@and and to be filled with
NULL bytes. Seeking to mgtive logical positions theuffer does not cause thefter to
expand; the bffer pointer is placed at logical position O.

size_t size()
Parameters: None
Returns the current size of thefter in bytes.

size_t current_byte()
Parameters: None
Returns the number of the byte to which théfdr pointer currently points.
Current_byte() returns 0 when theulffer pointer is at the lggnning of the bffer,
andcurrent_byte() ==size() when the bffer pointer is at the end of thefter.

char *linearize()
Parameters:  int pack_metadata=0
Returns a pointer to thedpaning of the bffer’'s data. This pointer is guaranteed to point
to data that is contiguous in memoBepending on the implementation of the
LegionStorage , this function may or may not need to return a pointer to g abihne
data.

void setMetaData()
Parameters: LegionMetaData md

Sets the meta data associated withLiagionStorage

LegionMetaData getMetaData()
Parameters: None
Returns the meta data associated with_gmgionStorage . This is useful for instantiat-
ing an appropriateegionBuffer ~ based on a genlLegionStorage

8.4.3 Operations on the associated LegioaBker

A LegionPacker exports operations for packing and unpacking the basic C++ data types into
and out of d_egionBuffer in a particular data format. BegionPacker  exports
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put_ZzZZ() andget ZZZ() forall ZZZ in{char ,short ,ushort ,int ,long ,ulong ,
float , double }.

size_t put_ZZZ()
Parameters: Z77 *source
int how_many
Assumes thatsource ” points to an array offfow_many” instances of type ZZZ. Cop-
ies this data into theulifer after first performing the appropriate datavasion operation
if necessary and appropriate for the typé@jionPacker that is instantiated.

size_tget Z7Z()
Parameters: Z77 *source
int how_many
Assumes thatsource ” points to enough space for an array ledW_many” instances
of type ZZZ. Copies the meédata from the LgionBuffer into this space after first per-
forming the appropriate data a@mnsion operation if necessary and appropriate for the
type ofLegionPacker that is instantiated.

8.4.4 Operations on the associated LegionEncryptor

Since no encryption algorithmsvebeen implemented, the current encryption operations,
encrypt() anddecode() , are merely placeholders until the right set of encryption opera-
tions are defined.

8.4.5 Operations on the associated LegionComgssor

Since no compression algorithms/adeen implemented, the current compression operations,
compress() anddecompress() , are merely placeholders until the right set of compression
operations are defined.

8.4.6 LegionRackable

int pack()
int unpack()
Parameters: LegionBuffer &lb

LegionBuffers are themsebs packable.

8.4.7 Other functions

show()
Parameters: None
Prints the contents of theegionBuffer  tostderr . This is done hwever the associ-
atedLegionStorage  sees fit.

8.4.8LegionLOID

LegionLOID is intended to be a base class for L@livat enforce a particular structure on the
fields of the LOID. An LOID contains four pate data members, (1) an igee that holds the
type of LOID, (2) an intger that indicates omatry fields the LOID contains, (3) an array

“field_size{] " of integers that holds the sizes in bytes of the LOID fields, and (4) an array
“field_value]] " of pointers to the field data. Currentthe only dewxed class is called
LegionGeneralPurposeLOID , Which simply &poses the protected members to the public
interface.
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LegionLOID() (protected)
Parameters: int Itype

Sets the type to Itype, sets all other fields to zero.

LegionLOID() (protected)
Parameters: int Itype,
short nfields

Sets the type to Itype. Sets num_fields to nfields. Allocates the field_size[] and
field_value[] arrays. Sets all field_sizefJfo 0, sets all field alue[]'s to NULL.

LegionLOID() (protected)
Parameters: int Itype,
short nfields,
short *fld_size

Sets the type to Itype. Sets num_fields to nfields. Allocates the field_size[] and
field_value[] arrays. Sets all field_sizefJfo the @alues contained in the fld_size[] array
Allocates the field_aluel[] entries to the right size and zeros them out. This constructor
assumes the fld_size array has at least nfields elements.

LegionLOID()  (protected)

Parameters: int Itype

short nfields

short *fld_size

char **fld_value
Sets the type to Itype. Sets num_fields to nfields. Allocates the field_size[] and
field_value[] arrays. Sets all field_sizefJto the @alues contained in the fld_size[] array
Allocates the field_alue[] entries to the right size and copies thkies from fld_alue[]
array into the field_aiue[] array This constructor assumes that the fld_size[] and
fld_value[] arrays hee at least nfields elements, and that each dlldeyi] points to at
least fld_size[i] bytes of space.

set_field_size() (protected)
Parameters:  short field_num
short fsize

Sets the appropriate field_size element to fsize an@smske that the corresponding
field_value element is at least fsize bytes. If it is not, it deletes the old fadlck &ntry
and allocates a meone. Only dexied classes should be alled to call this member

set_type() (protected)
Parameters: int new_type

Sets the type entry to bewetype. Can only be called from within the code of\dbati
classes.

LegionLOID()

Parameters: LegionBuffer &lb
LegionLOID()

Parameters: LegionLOID &otherLOID

These tw constructors are public because neithenallthe caller to violate the structure
of ary particular type of LOID - both just cgghe LOID from the parametegither a
LegionBuffer or anothetegionLOID .

LegionLOID()
Parameters: None
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Not a \ery useful constructpso it prints a \&rning and assigns all data members to zero.
Useful constructors should at least say what the type is.

Accessors
Methods for getting and setting the type and all fieldi@s, by field number and field
name, ®ist.

Overloaded operators
The==, I=, and= operators arewerloaded appropriatehAn LOID is equal to another
only if all fields are identical in size andlue.

int is_empty()
Parameters: None
Returns 1 only if the LOID is of typgValL_LegionLOID_type EMPTY (zero).

intis_class()
Parameters: None
Returns 1 only if the LOID seems to refer to a class object, i.e. the instance number field is
empty

int same_class_as()
Parameters: UValL_Reference<LegionLOID> other_loid

Returns 1 if thelass_id  field matches that of other_loid.

int pack()
Parameters: LegionBuffer &lb
Type and num_fields are pakfirst,in network oder. Next num_fields shorts are
pacled,in network oder. Next, num_fields values are pa@d.

int unpack()
Parameters: LegionBuffer &lb

Thetype , num_fields , andfield_size[] 's are unpadad into host ordeiThe
field_valuef] 's are unpacadd without switching the byte order
int show()

Parameters: None
Prints the contents of the LOID to stderr for dgfing purposes.

8.5 LegionMessage

LegionMessage()

Parameters: UVal_Reference<LegionLOID> src
UVal_Reference<LegionLOID> dest
int fnum
int parms_to_expect
UValL_Reference<LegionComputationTag> tag
UValL_Reference<LegionParameterList> plist
UVal_Reference<LegionContinuationList> IcontList
UVal_Reference<LegionEnvironment> lenv

Creates &degionMessage from the constituent parts passed as parameters.

Accessor functions
LegionMessagexgorts public member functions to get and set all of its constituent parts .

54



Overloaded operators
The equality operators€ and!=) are werloaded. Wo LegionMessages are deemed
equal only if each of the constituent parts are equal, as determined by the equality opera-
tors of their respeate classes.

show()
Parameters: None
Prints the contents of theegionMessage to thestderr stream.

int pack()

Parameters: LegionBuffer &lb
int unpack()

Parameters: LegionBuffer &lb

LegionMessage is packable.

8.5.1 LegionRarameter

LegionParameter()
Parameters: int param_number
UVal_Reference<LegionBuffer> Ib

Constructs a e parameter whosealue is assumed to bellm, and whose number is set
to param_number .

Other constructors
The deéult constructor creates a parameter withgatie parameter number and an
emptyLegionBuffer . A constructor that tas only a LgionBuffer as a parameter
unpacks the contents of thedienParameter from thatufer. The coy constructor is also
overloaded.

Accessor functions
LegionParameter  exports public member functions to get and set both the parameter
number and theuffer that contains thealue of the parameter

Overloaded operators
The == operator iswerloaded to return 1 when the parameter numbers are the same, and 0
otherwise.

show()
Parameters: None

Prints the contents of the gi@enParameter to thetderr  stream.

int pack()
Parameters: LegionBuffer &lb
int unpack()
Parameters: LegionBuffer &lb
LegionParameter is packable.

8.5.2 LegionRrameterList

Constructors
The deéult constructor creates an empty parameter list, and a constructor ¢ised tak
LegionBuffer  as an ayument unpacks the contents of tegionParameter-
List from that luffer.
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Set operations
LegionParameterList is derved from templated class
UVal_PackableSet_LinkedList , and thereforexports the full interfice of
UValL_PackableSet

UVal_Reference<LegionParameter> find()
Parameters: int parameter_number
Augments theJValL _Set operations to alle parameters to be loed up by number
Returns a reference to the parametdound, or a null reference if not.

show()

Parameters: None

Prints the contents of theegionParameterList to the stderr stream.
int pack()

Parameters: LegionBuffer &lb
int unpack()
Parameters: LegionBuffer &lb

LegionParameterList is packable.

8.5.3 LegionComputationg

LegionComputationTag simply maintains a glorified intex€e to a long intger. The Library
also contains a classtegionComputationTagGenerator —that creates random compu-
tation tags. See the source code or on-line documentation for a description of that class.

Constructors
The deéult constructor created &gionComputationTag with an uninitialized ini-
tial value. A constructor that tak aLegionBuffer ~ as an ggument unpacks the con-
tents of the computation tag from thaifer.

Accessor functions
LegionComputationTag exports public member functions to alldhe \alue of the
tag to be set and retvied as a long inger.

show()
Parameters: None

Prints the contents of theegionComputationTag to the stderr stream.

int pack()
Parameters: LegionBuffer &lb

int unpack()
Parameters: LegionBuffer &lb
LegionComputationTag is packable.

8.5.4 Other fields

A LegionMessage also containgegionContinuationList , and a_egionEnviron-

ment. A LegionContinuationList is simply aUValL_PackableSet of LegionCon-
tinuations  , and a_egionEnvironment is a U\AL_PackableSet of
LegionEnvironmentltems . Please refer to the online documentation and source code for
the interfice to these classes.
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