MPI: A Message-Passing Interface Standard

Message Passing Interface Forum

May 11, 1996 This work was supported in part by ARPA and NSF under grant ASC-9310330, the National Science Foundation Science and Technology Center Cooperative Agreement No. CCR-8809615, and by the Commission of the European Community through Esprit project P6643.

Version 1.1: June, 1995. Beginning in March, 1995, the Message Passing Interface Forum reconvened to correct errors and make clarifications in the MPI document of May 5, 1994, referred to below as Version 1.0. These discussions resulted in Version 1.1, which is this document. The changes from Version 1.0 are minor. A version of this document with all changes marked is available. This paragraph is an example of a change.

Version 1.0: June, 1994. The Message Passing Interface Forum (MPIF), with participation from over 40 organizations, has been meeting since January 1993 to discuss and define a set of library interface standards for message passing. MPIF is not sanctioned or supported by any official standards organization.

The goal of the Message Passing Interface, simply stated, is to develop a widely used standard for writing message-passing programs. As such the interface should establish a practical, portable, efficient, and flexible standard for message passing.

This is the final report, Version 1.0, of the Message Passing Interface Forum. This document contains all the technical features proposed for the interface. This copy of the draft was processed by LaTEX on May 11, 1996.

Please send comments on MPI to mpi-comments@cs.utk.edu. Your comment will be forwarded to MPIF committee members who will attempt to respond.

© 1993, 1994, 1995 University of Tennessee, Knoxville, Tennessee. Permission to copy without fee all or part of this material is granted, provided the University of Tennessee copyright notice and the title of this document appear, and notice is given that copying is by permission of the University of Tennessee.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Contents

Acknowledgments iii

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Acknowledgments

The technical development was carried out by subgroups, whose work was reviewed by the full committee. During the period of development of the Message Passing Interface (MPI), many people served in positions of responsibility and are listed below.

• Jack Dongarra, David Walker, Conveners and Meeting Chairs • Ewing Lusk, Bob Knighten, Minutes • Marc Snir, William Gropp, Ewing Lusk, Point-to-Point Communications • Al Geist, Marc Snir, Steve Otto, Collective Communications • Steve Otto, Editor • Rolf Hempel, Process Topologies • Ewing Lusk, Language Binding • William Gropp, Environmental Management • James Cownie, Profiling • Tony Skjellum, Lyndon Clarke, Marc Snir, Richard Littlefield, Mark Sears, Groups, Contexts, and Communicators • Steven Huss-Lederman, Initial Implementation Subset The following list includes some of the active participants in the MPI process not mentioned above.

Ed Anderson Robert Babb Joe Baron Eric Barszcz Scott Berryman Rob Bjornson Nathan Doss Anne Elster Jim Feeney Vince Fernando Sam Fineberg Jon Flower Daniel Frye Ian Glendinning Adam Greenberg Robert Harrison Leslie Hart Tom Haupt Don Heller Tom Henderson Alex Ho C.T. Howard Ho Gary Howell John Kapenga James Kohl Susan Krauss Bob Leary Arthur Maccabe Peter Madams Alan Mainwaring Oliver McBryan Phil McKinley Charles Mosher Dan Nessett Peter Pacheco Howard Palmer Paul Pierce Sanjay Ranka Peter Rigsbee Arch Robison Erich Schikuta Ambuj Singh Alan Sussman Robert Tomlinson Robert G. Voigt Dennis Weeks Stephen Wheat Steve Zenith

The University of Tennessee and Oak Ridge National Laboratory made the draft available by anonymous FTP mail servers and were instrumental in distributing the document.

MPI operated on a very tight budget (in reality, it had no budget when the first meeting was announced). ARPA and NSF have supported research at various institutions that have

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

made a contribution towards travel for the U.S. academics. Support for several European participants was provided by ESPRIT. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. While vendors may write optimized collective routines matched to their architectures, a complete library of the collective communication routines can be written entirely using the MPI point-to-point communication functions and a few auxiliary functions. If implementing on top of point-to-point, a hidden, special communicator must be created for the collective operation so as to avoid interference with any on-going point-to-point communication at the time of the collective call. This is discussed further in Sec. ??. (End of advice to implementors.) Advice to implementors. Although the discussion of collective communication in terms of point-to-point operation implies that each message is transferred directly from sender to receiver, implementations may use a tree communication pattern. Messages can be forwarded by intermediate nodes where they are split (for scatter) or concatenated (for gather), if this is more efficient. (End of advice to implementors.) Advice to implementors. It is strongly recommended that MPI REDUCE be implemented so that the same result be obtained whenever the function is applied on the same arguments, appearing in the same order. Note that this may prevent optimizations that take advantage of the physical location of processors. (End of advice to implementors.)

Advice to implementors. We outline below a naive and inefficient implementation of MPI REDUCE.

if (rank > 0) {
    RECV(tempbuf, count, datatype, rank-1,...)
    User_reduce( tempbuf, sendbuf, count, datatype)
}
if (rank < groupsize-1) {
    SEND( sendbuf, count, datatype, rank+1, ...)
}
/* answer now resides in process groupsize-1 ... now send to root
 */
if (rank == groupsize-1) {
    SEND( sendbuf, count, datatype, root, ...)
}
if (rank == root) {
    RECV(recvbuf, count, datatype, groupsize-1,...)
}

The reduction computation proceeds, sequentially, from process 0 to process group-size-1. This order is chosen so as to respect the order of a possibly non-commutative operator defined by the function User reduce(). A more efficient implementation is achieved by taking advantage of associativity and using a logarithmic tree reduction. Commutativity can be used to advantage, for those cases in which the commute argument to MPI OP CREATE is true. Also, the amount of temporary buffer required can be reduced, and communication can be pipelined with computation, by transferring and reducing the elements in chunks of size len ¡count.

The predefined reduce operations can be implemented as a library of user-defined operations. However, better performance might be achieved if MPI REDUCE handles these functions as a special case. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The all-reduce operations can be implemented as a reduce, followed by a broadcast. However, a direct implementation can lead to better performance. (End of advice to implementors.)

Advice to implementors. The MPI REDUCE SCATTER routine is functionally equivalent to: A MPI REDUCE operation function with count equal to the sum of recvcounts[i] followed by MPI SCATTERV with sendcounts equal to recvcounts. However, a direct implementation may run faster. (End of advice to implementors.) Advice to implementors. Assume that broadcast is implemented using point-to-point MPI communication. Suppose the following two rules are followed.

1. All receives specify their source explicitly (no wildcards).

2. Each process sends all messages that pertain to one collective call before sending any message that pertain to a subsequent collective call.

Then, messages belonging to successive broadcasts cannot be confused, as the order of point-to-point messages is preserved.

It is the implementor’s responsibility to ensure that point-to-point messages are not confused with collective messages. One way to accomplish this is, whenever a communicator is created, to also create a “hidden communicator” for collective communication. One could achieve a similar effect more cheaply, for example, by using a hidden tag or context bit to indicate whether the communicator is used for point-to-point or collective communication. (End of advice to implementors.)

Advice to implementors. A group may be represented by a virtual-to-real processaddress-translation table. Each communicator object (see below) would have a pointer to such a table.

Simple implementations of MPI will enumerate groups, such as in a table. However, more advanced data structures make sense in order to improve scalability and memory usage with large numbers of processes. Such implementations are possible with MPI. (End of advice to implementors.)

Advice to implementors. Distinct communicators in the same process have distinct contexts. A context is essentially a system-managed tag (or tags) needed to make a communicator safe for point-to-point and MPI-defined collective communication. Safety means that collective and point-to-point communication within one communicator do not interfere, and that communication over distinct communicators don’t interfere.

A possible implementation for a context is as a supplemental tag attached to messages on send and matched on receive. Each intra-communicator stores the value of its two tags (one for point-to-point and one for collective communication). Communicatorgenerating functions use a collective communication to agree on a new group-wide unique context.

Analogously, in inter-communication (which is strictly point-to-point communication), two context tags are stored per communicator, one used by group A to send and group B to receive, and a second used by group B to send and for group A to receive. Since contexts are not explicit objects, other implementations are also possible. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. Each group constructor behaves as if it returned a new group object. When this new group is a copy of an existing group, then one can avoid creating such new objects, using a reference-count mechanism. (End of advice to implementors.)

Advice to implementors. The range operations should be implemented, if possible, without enumerating the group members, in order to obtain better scalability (time and space). (End of advice to implementors.)

Advice to implementors. One can keep a reference count that is incremented for each call to MPI COMM CREATE and MPI COMM DUP, and decremented for each call to MPI GROUP FREE or MPI COMM FREE; the group object is ultimately deallocated when the reference count drops to zero. (End of advice to implementors.) Advice to implementors. High-quality implementations should amortize the overheads associated with the creation of communicators (for the same group, or subsets thereof) over several calls, by allocating multiple contexts with one collective communication. (End of advice to implementors.)

Advice to implementors. One need not actually copy the group information, but only add a new reference and increment the reference count. Copy on write can be used for the cached information.(End of advice to implementors.)

Advice to implementors. Since all processes calling MPI COMM DUP or MPI COMM CREATE provide the same group argument, it is theoretically possible to agree on a group-wide unique context with no communication. However, local execution of these functions requires use of a larger context name space and reduces error checking. Implementations may strike various compromises between these conflicting goals, such as bulk allocation of multiple contexts in one collective operation. Important: If new communicators are created without synchronizing the processes involved then the communication system should be able to cope with messages arriving in a context that has not yet been allocated at the receiving process. (End of advice to implementors.)

Advice to implementors. A reference-count mechanism may be used: the reference count is incremented by each call to MPI COMM DUP, and decremented by each call to MPI COMM FREE. The object is ultimately deallocated when the count reaches zero.

Though collective, it is anticipated that this operation will normally be implemented to be local, though the debugging version of an MPI library might choose to synchronize. (End of advice to implementors.)

Advice to implementors. For the purpose of point-to-point communication, communicators can be represented in each process by a tuple consisting of: group send context receive context

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

source For inter-communicators, group describes the remote group, and source is the rank of the process in the local group. For intra-communicators, group is the communicator group (remote=local), source is the rank of the process in this group, and send context and receive context are identical. A group is represented by a rank-to-absolute-address translation table.

The inter-communicator cannot be discussed sensibly without considering processes in both the local and remote groups. Imagine a process P in group P, which has an intercommunicator CP, and a process Q in group Q, which has an inter-communicator

CQ^{. Then} • CP^{.group describes the group Q and C}Q^{.group describes the group P.} • CP^{.send context = C}Q^{.receive context and the context is unique in Q;} CP^{.receive context = C}Q^{.send context and this context is unique in P.} • CP^{.source is rank of P in P and C}Q^{.source is rank of Q in Q.}

Assume that P sends a message to Q using the inter-communicator. Then P uses the group table to find the absolute address of Q; source and send context are appended to the message.

Assume that Q posts a receive with an explicit source argument using the intercommunicator. Then Q matches receive context to the message context and source argument to the message source.

The same algorithm is appropriate for intra-communicators as well. In order to support inter-communicator accessors and constructors, it is necessary to supplement this model with additional structures, that store information about the local communication group, and additional safe contexts. (End of advice to implementors.)

Advice to implementors. The implementation of MPI INTERCOMM MERGE, MPI COMM FREE and MPI COMM DUP are similar to the implementation of MPI INTERCOMM CREATE, except that contexts private to the input inter-commun-icator are used for communication between group leaders rather than contexts inside a bridge communicator. (End of advice to implementors.)

Advice to implementors. Attributes are scalar values, equal in size to, or larger than a C-language pointer. Attributes can always hold an MPI handle. (End of advice to implementors.)

Advice to implementors. Caching and callback functions are only called synchronously, in response to explicit application requests. This avoid problems that result from repeated crossings between user and system space. (This synchronous calling rule is a general property of MPI.)

The choice of key values is under control of MPI. This allows MPI to optimize its implementation of attribute sets. It also avoids conflict between independent modules caching information on the same communicators.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

A much smaller interface, consisting of just a callback facility, would allow the entire caching facility to be implemented by portable code. However, with the minimal callback interface, some form of table searching is implied by the need to handle arbitrary communicators. In contrast, the more complete interface defined here permits rapid access to attributes through the use of pointers in communicators (to find the attribute table) and cleverly chosen key values (to retrieve individual attributes). In light of the efficiency “hit” inherent in the minimal interface, the more complete interface defined here is seen to be superior. (End of advice to implementors.)

Advice to implementors. A C interface should be assumed for copy and delete functions associated with key values created in C; a Fortran calling interface should be assumed for key values created in Fortran. (End of advice to implementors.) Advice to implementors. A good quality implementation will, to the greatest possible, extent, circumscribe the impact of an error, so that normal processing can continue after an error handler was invoked. The implementation documentation will provide information on the possible effect of each class of errors. (End of advice to implementors.)

Advice to implementors. The message envelope would normally be encoded by a fixed-length message header. However, the actual encoding is implementation dependent. Some of the information (e.g., source or destination) may be implicit, and need not be explicitly carried by messages. Also, processes may be identified by relative ranks, or absolute ids, etc. (End of advice to implementors.)

Advice to implementors. Even though no specific behavior is mandated by MPI for erroneous programs, the recommended handling of overflow situations is to return in status information about the source and tag of the incoming message. The receive operation will return an error code. A quality implementation will also ensure that no memory that is outside the receive buffer will ever be overwritten. In the case of a message shorter than the receive buffer, MPI is quite strict in that it allows no modification of the other locations. A more lenient statement would allow for some optimizations but this is not allowed. The implementation must be ready to end a copy into the receiver memory exactly at the end of the receive buffer, even if it is an odd address. (End of advice to implementors.)

Advice to implementors. Message context and other communicator information can be implemented as an additional tag field. It differs from the regular message tag in that wild card matching is not allowed on this field, and that value setting for this field is controlled by communicator manipulation functions. (End of advice to implementors.)

Advice to implementors. Some compilers pass Fortran CHARACTER arguments as a structure with a length and a pointer to the actual string. In such an environment, the MPI call needs to dereference the pointer in order to reach the string. (End of advice to implementors.)

Advice to implementors. The current definition does not require messages to carry data type information. Both sender and receiver provide complete data type information. In a heterogeneous environment, one can either use a machine independent

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

encoding such as XDR, or have the receiver convert from the sender representation to its own, or even have the sender do the conversion.

Additional type information might be added to messages in order to allow the system to detect mismatches between datatype at sender and receiver. This might be particularly useful in a slower but safer debug mode. (End of advice to implementors.) Advice to implementors. MPI implementors may want to support inter-language communication by allowing Fortran programs to use “C MPI types,” such as MPI INT, MPI CHAR, etc., and allowing C programs to use Fortran types. (End of advice to implementors.)

Advice to implementors. Since a synchronous send cannot complete before a matching receive is posted, one will not normally buffer messages sent by such an operation. It is recommended to choose buffering over blocking the sender, whenever possible, for standard sends. The programmer can signal his or her preference for blocking the sender until a matching receive occurs by using the synchronous send mode. A possible communication protocol for the various communication modes is outlined below.

ready send: The message is sent as soon as possible.

synchronous send: The sender sends a request-to-send message. The receiver stores this request. When a matching receive is posted, the receiver sends back a permissionto-send message, and the sender now sends the message.

standard send: First protocol may be used for short messages, and second protocol for long messages.

buffered send: The sender copies the message into a buffer and then sends it with a nonblocking send (using the same protocol as for standard send). Additional control messages might be needed for flow control and error recovery. Of course, there are many other possible protocols.

Ready send can be implemented as a standard send. In this case there will be no performance advantage (or disadvantage) for the use of ready send. A standard send can be implemented as a synchronous send. In such a case, no data buffering is needed. However, many (most?) users expect some buffering. In a multi-threaded environment, the execution of a blocking communication should block only the executing thread, allowing the thread scheduler to de-schedule this thread and schedule another thread for execution. (End of advice to implementors.) Advice to implementors. In a multi-threaded environment, a call to MPI WAIT should block only the calling thread, allowing the thread scheduler to schedule another thread for execution. (End of advice to implementors.)

Advice to implementors. MPI TESTSOME should complete as many pending communications as possible. (End of advice to implementors.)

Advice to implementors. A call to MPI PROBE(source, tag, comm, status) will match the message that would have been received by a call to MPI RECV(..., source, tag,

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

comm, status) executed at the same point. Suppose that this message has source s, tag t and communicator c. If the tag argument in the probe call has value MPI ANY TAG then the message probed will be the earliest pending message from source s with communicator c and any tag; in any case, the message probed will be the earliest pending message from source s with tag t and communicator c (this is the message that would have been received, so as to preserve message order). This message continues as the earliest pending message from source s with tag t and communicator c, until it is received. A receive operation subsequent to the probe that uses the same communicator as the probe and uses the tag and source values returned by the probe, must receive this message, unless it has already been received by another receive operation. (End of advice to implementors.)

Advice to implementors. If a send operation uses an “eager” protocol (data is transferred to the receiver before a matching receive is posted), then the cancellation of this send may require communication with the intended receiver in order to free allocated buffers. On some systems this may require an interrupt to the intended receiver. Note that, while communication may be needed to implement MPI CANCEL, this is still a local operation, since its completion does not depend on the code executed by other processes. If processing is required on another process, this should be transparent to the application (hence the need for an interrupt and an interrupt handler). (End of advice to implementors.)

Advice to implementors. Additional intermediate buffering is needed for the “replace” variant. (End of advice to implementors.)

Advice to implementors. The system may “compile” at commit time an internal representation for the datatype that facilitates communication, e.g. change from a compacted representation to a flat representation of the datatype, and select the most convenient transfer mechanism. (End of advice to implementors.) Advice to implementors. The implementation may keep a reference count of active communications that use the datatype, in order to decide when to free it. Also, one may implement constructors of derived datatypes so that they keep pointers to their datatype arguments, rather then copying them. In this case, one needs to keep track of active datatype definition references in order to know when a datatype object can be freed. (End of advice to implementors.)

Advice to implementors. The definition implies that a receive cannot change the value of storage outside the entries defined to compose the communication buffer. In particular, the definition implies that padding space in a structure should not be modified when such a structure is copied from one process to another. This would prevent the obvious optimization of copying the structure, together with the padding, as one contiguous block. The implementation is free to do this optimization when it does not impact the outcome of the computation. The user can “force” this optimization by explicitly including padding as part of the message. (End of advice to implementors.) Advice to implementors. There is no need to distinguish (absolute) addresses and (relative) displacements on a machine with contiguous address space: MPI BOTTOM is zero, and both addresses and displacements are integers. On machines where the distinction is required, addresses are recognized as expressions that involve MPI BOTTOM. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The message envelope would normally be encoded by a fixed-length message header. However, the actual encoding is implementation dependent. Some of the information (e.g., source or destination) may be implicit, and need not be explicitly carried by messages. Also, processes may be identified by relative ranks, or absolute ids, etc. (End of advice to implementors.)

Advice to implementors. Even though no specific behavior is mandated by MPI for erroneous programs, the recommended handling of overflow situations is to return in status information about the source and tag of the incoming message. The receive operation will return an error code. A quality implementation will also ensure that no memory that is outside the receive buffer will ever be overwritten. In the case of a message shorter than the receive buffer, MPI is quite strict in that it allows no modification of the other locations. A more lenient statement would allow for some optimizations but this is not allowed. The implementation must be ready to end a copy into the receiver memory exactly at the end of the receive buffer, even if it is an odd address. (End of advice to implementors.)

Advice to implementors. Message context and other communicator information can be implemented as an additional tag field. It differs from the regular message tag in that wild card matching is not allowed on this field, and that value setting for this field is controlled by communicator manipulation functions. (End of advice to implementors.)

Advice to implementors. Some compilers pass Fortran CHARACTER arguments as a structure with a length and a pointer to the actual string. In such an environment, the MPI call needs to dereference the pointer in order to reach the string. (End of advice to implementors.)

Advice to implementors. The current definition does not require messages to carry data type information. Both sender and receiver provide complete data type information. In a heterogeneous environment, one can either use a machine independent encoding such as XDR, or have the receiver convert from the sender representation to its own, or even have the sender do the conversion.

Additional type information might be added to messages in order to allow the system to detect mismatches between datatype at sender and receiver. This might be particularly useful in a slower but safer debug mode. (End of advice to implementors.) Advice to implementors. MPI implementors may want to support inter-language communication by allowing Fortran programs to use “C MPI types,” such as MPI INT, MPI CHAR, etc., and allowing C programs to use Fortran types. (End of advice to implementors.)

Advice to implementors. Since a synchronous send cannot complete before a matching receive is posted, one will not normally buffer messages sent by such an operation. It is recommended to choose buffering over blocking the sender, whenever possible, for standard sends. The programmer can signal his or her preference for blocking the sender until a matching receive occurs by using the synchronous send mode.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

A possible communication protocol for the various communication modes is outlined below.

ready send: The message is sent as soon as possible.

synchronous send: The sender sends a request-to-send message. The receiver stores this request. When a matching receive is posted, the receiver sends back a permissionto-send message, and the sender now sends the message.

standard send: First protocol may be used for short messages, and second protocol for long messages.

buffered send: The sender copies the message into a buffer and then sends it with a nonblocking send (using the same protocol as for standard send). Additional control messages might be needed for flow control and error recovery. Of course, there are many other possible protocols.

Ready send can be implemented as a standard send. In this case there will be no performance advantage (or disadvantage) for the use of ready send. A standard send can be implemented as a synchronous send. In such a case, no data buffering is needed. However, many (most?) users expect some buffering. In a multi-threaded environment, the execution of a blocking communication should block only the executing thread, allowing the thread scheduler to de-schedule this thread and schedule another thread for execution. (End of advice to implementors.) Advice to implementors. In a multi-threaded environment, a call to MPI WAIT should block only the calling thread, allowing the thread scheduler to schedule another thread for execution. (End of advice to implementors.)

Advice to implementors. MPI TESTSOME should complete as many pending communications as possible. (End of advice to implementors.)

Advice to implementors. A call to MPI PROBE(source, tag, comm, status) will match the message that would have been received by a call to MPI RECV(..., source, tag, comm, status) executed at the same point. Suppose that this message has source s, tag t and communicator c. If the tag argument in the probe call has value MPI ANY TAG then the message probed will be the earliest pending message from source s with communicator c and any tag; in any case, the message probed will be the earliest pending message from source s with tag t and communicator c (this is the message that would have been received, so as to preserve message order). This message continues as the earliest pending message from source s with tag t and communicator c, until it is received. A receive operation subsequent to the probe that uses the same communicator as the probe and uses the tag and source values returned by the probe, must receive this message, unless it has already been received by another receive operation. (End of advice to implementors.)

Advice to implementors. If a send operation uses an “eager” protocol (data is transferred to the receiver before a matching receive is posted), then the cancellation of this send may require communication with the intended receiver in order to free allocated buffers. On some systems this may require an interrupt to the intended receiver. Note that, while communication may be needed to implement MPI CANCEL, this is still a

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

local operation, since its completion does not depend on the code executed by other processes. If processing is required on another process, this should be transparent to the application (hence the need for an interrupt and an interrupt handler). (End of advice to implementors.)

Advice to implementors. Additional intermediate buffering is needed for the “replace” variant. (End of advice to implementors.)

Advice to implementors. The system may “compile” at commit time an internal representation for the datatype that facilitates communication, e.g. change from a compacted representation to a flat representation of the datatype, and select the most convenient transfer mechanism. (End of advice to implementors.) Advice to implementors. The implementation may keep a reference count of active communications that use the datatype, in order to decide when to free it. Also, one may implement constructors of derived datatypes so that they keep pointers to their datatype arguments, rather then copying them. In this case, one needs to keep track of active datatype definition references in order to know when a datatype object can be freed. (End of advice to implementors.)

Advice to implementors. The definition implies that a receive cannot change the value of storage outside the entries defined to compose the communication buffer. In particular, the definition implies that padding space in a structure should not be modified when such a structure is copied from one process to another. This would prevent the obvious optimization of copying the structure, together with the padding, as one contiguous block. The implementation is free to do this optimization when it does not impact the outcome of the computation. The user can “force” this optimization by explicitly including padding as part of the message. (End of advice to implementors.) Advice to implementors. There is no need to distinguish (absolute) addresses and (relative) displacements on a machine with contiguous address space: MPI BOTTOM is zero, and both addresses and displacements are integers. On machines where the distinction is required, addresses are recognized as expressions that involve MPI BOTTOM. (End of advice to implementors.)

Advice to implementors. Throughout this document, material that is primarily commentary to implementors is set off in this format. Some readers may wish to skip these sections, while readers interested in MPI implementations may want to read them carefully. (End of advice to implementors.)

Advice to implementors. The intended semantics of opaque objects is that each opaque object is separate from each other; each call to allocate such an object copies all the information required for the object. Implementations may avoid excessive copying by substituting referencing for copying. For example, a derived datatype may contain references to its components, rather then copies of its components; a call to MPI COMM GROUP may return a reference to the group associated with the communicator, rather than a copy of this group. In such cases, the implementation must maintain reference counts, and allocate and deallocate objects such that the visible effect is as if the objects were copied. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The following topology information is likely to be stored with a communicator:

• Type of topology (cartesian/graph), • For a cartesian topology:

1. ndims (number of dimensions), 2. dims (numbers of processes per coordinate direction), 3. periods (periodicity information), 4. own_position (own position in grid, could also be computed from rank and dims) • For a graph topology:

1. index, 2. edges, which are the vectors defining the graph structure.

For a graph structure the number of nodes is equal to the number of processes in the group. Therefore, the number of nodes does not have to be stored explicitly. An additional zero entry at the start of array index simplifies access to the topology information. (End of advice to implementors.)

Advice to implementors. The function MPI CART CREATE(comm, ndims, dims, periods, reorder, comm cart), with reorder = true can be implemented by calling MPI CART MAP(comm, ndims, dims, periods, newrank), then calling MPI COMM SPLIT(comm, color, key, comm cart), with color = 0 if newrank ≠

MPI UNDEFINED, color = MPI UNDEFINED otherwise, and key = newrank.

The function MPI CART SUB(comm, remain dims, comm new) can be implemented by a call to MPI COMM SPLIT(comm, color, key, comm new), using a single number encoding of the lost dimensions as color and a single number encoding of the preserved dimensions as key.

All other cartesian topology functions can be implemented locally, using the topology information that is cached with the communicator. (End of advice to implementors.) Advice to implementors. The function MPI GRAPH CREATE(comm, nnodes, index, edges, reorder, comm graph), with reorder = true can be implemented by calling MPI GRAPH MAP(comm, nnodes, index, edges, newrank), then calling MPI COMM SPLIT(comm, color, key, comm graph), with color = 0 if newrank ≠

MPI UNDEFINED, color = MPI UNDEFINED otherwise, and key = newrank.

All other graph topology functions can be implemented locally, using the topology information that is cached with the communicator. (End of advice to implementors.) Advice to implementors. While vendors may write optimized collective routines matched to their architectures, a complete library of the collective communication routines can be written entirely using the MPI point-to-point communication functions and a few auxiliary functions. If implementing on top of point-to-point, a hidden, special communicator must be created for the collective operation so as to avoid interference with any on-going point-to-point communication at the time of the collective call. This is discussed further in Sec. ??. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. Although the discussion of collective communication in terms of point-to-point operation implies that each message is transferred directly from sender to receiver, implementations may use a tree communication pattern. Messages can be forwarded by intermediate nodes where they are split (for scatter) or concatenated (for gather), if this is more efficient. (End of advice to implementors.) Advice to implementors. It is strongly recommended that MPI REDUCE be implemented so that the same result be obtained whenever the function is applied on the same arguments, appearing in the same order. Note that this may prevent optimizations that take advantage of the physical location of processors. (End of advice to implementors.)

Advice to implementors. We outline below a naive and inefficient implementation of MPI REDUCE.

if (rank > 0) {
    RECV(tempbuf, count, datatype, rank-1,...)
    User_reduce( tempbuf, sendbuf, count, datatype)
}
if (rank < groupsize-1) {
    SEND( sendbuf, count, datatype, rank+1, ...)
}
/* answer now resides in process groupsize-1 ... now send to root
 */
if (rank == groupsize-1) {
    SEND( sendbuf, count, datatype, root, ...)
}
if (rank == root) {
    RECV(recvbuf, count, datatype, groupsize-1,...)
}

The reduction computation proceeds, sequentially, from process 0 to process group-size-1. This order is chosen so as to respect the order of a possibly non-commutative operator defined by the function User reduce(). A more efficient implementation is achieved by taking advantage of associativity and using a logarithmic tree reduction. Commutativity can be used to advantage, for those cases in which the commute argument to MPI OP CREATE is true. Also, the amount of temporary buffer required can be reduced, and communication can be pipelined with computation, by transferring and reducing the elements in chunks of size len ¡count.

The predefined reduce operations can be implemented as a library of user-defined operations. However, better performance might be achieved if MPI REDUCE handles these functions as a special case. (End of advice to implementors.) Advice to implementors. The all-reduce operations can be implemented as a reduce, followed by a broadcast. However, a direct implementation can lead to better performance. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The MPI REDUCE SCATTER routine is functionally equivalent to: A MPI REDUCE operation function with count equal to the sum of recvcounts[i] followed by MPI SCATTERV with sendcounts equal to recvcounts. However, a direct implementation may run faster. (End of advice to implementors.) Advice to implementors. Assume that broadcast is implemented using point-to-point MPI communication. Suppose the following two rules are followed.

1. All receives specify their source explicitly (no wildcards).

2. Each process sends all messages that pertain to one collective call before sending any message that pertain to a subsequent collective call.

Then, messages belonging to successive broadcasts cannot be confused, as the order of point-to-point messages is preserved.

It is the implementor’s responsibility to ensure that point-to-point messages are not confused with collective messages. One way to accomplish this is, whenever a communicator is created, to also create a “hidden communicator” for collective communication. One could achieve a similar effect more cheaply, for example, by using a hidden tag or context bit to indicate whether the communicator is used for point-to-point or collective communication. (End of advice to implementors.)

Advice to implementors. A group may be represented by a virtual-to-real processaddress-translation table. Each communicator object (see below) would have a pointer to such a table.

Simple implementations of MPI will enumerate groups, such as in a table. However, more advanced data structures make sense in order to improve scalability and memory usage with large numbers of processes. Such implementations are possible with MPI. (End of advice to implementors.)

Advice to implementors. Distinct communicators in the same process have distinct contexts. A context is essentially a system-managed tag (or tags) needed to make a communicator safe for point-to-point and MPI-defined collective communication. Safety means that collective and point-to-point communication within one communicator do not interfere, and that communication over distinct communicators don’t interfere.

A possible implementation for a context is as a supplemental tag attached to messages on send and matched on receive. Each intra-communicator stores the value of its two tags (one for point-to-point and one for collective communication). Communicatorgenerating functions use a collective communication to agree on a new group-wide unique context.

Analogously, in inter-communication (which is strictly point-to-point communication), two context tags are stored per communicator, one used by group A to send and group B to receive, and a second used by group B to send and for group A to receive. Since contexts are not explicit objects, other implementations are also possible. (End of advice to implementors.)

Advice to implementors. Each group constructor behaves as if it returned a new group object. When this new group is a copy of an existing group, then one can

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

avoid creating such new objects, using a reference-count mechanism. (End of advice to implementors.)

Advice to implementors. The range operations should be implemented, if possible, without enumerating the group members, in order to obtain better scalability (time and space). (End of advice to implementors.)

Advice to implementors. One can keep a reference count that is incremented for each call to MPI COMM CREATE and MPI COMM DUP, and decremented for each call to MPI GROUP FREE or MPI COMM FREE; the group object is ultimately deallocated when the reference count drops to zero. (End of advice to implementors.) Advice to implementors. High-quality implementations should amortize the overheads associated with the creation of communicators (for the same group, or subsets thereof) over several calls, by allocating multiple contexts with one collective communication. (End of advice to implementors.)

Advice to implementors. One need not actually copy the group information, but only add a new reference and increment the reference count. Copy on write can be used for the cached information.(End of advice to implementors.)

Advice to implementors. Since all processes calling MPI COMM DUP or MPI COMM CREATE provide the same group argument, it is theoretically possible to agree on a group-wide unique context with no communication. However, local execution of these functions requires use of a larger context name space and reduces error checking. Implementations may strike various compromises between these conflicting goals, such as bulk allocation of multiple contexts in one collective operation. Important: If new communicators are created without synchronizing the processes involved then the communication system should be able to cope with messages arriving in a context that has not yet been allocated at the receiving process. (End of advice to implementors.)

Advice to implementors. A reference-count mechanism may be used: the reference count is incremented by each call to MPI COMM DUP, and decremented by each call to MPI COMM FREE. The object is ultimately deallocated when the count reaches zero.

Though collective, it is anticipated that this operation will normally be implemented to be local, though the debugging version of an MPI library might choose to synchronize. (End of advice to implementors.)

Advice to implementors. For the purpose of point-to-point communication, communicators can be represented in each process by a tuple consisting of: group send context receive context source

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

For inter-communicators, group describes the remote group, and source is the rank of the process in the local group. For intra-communicators, group is the communicator group (remote=local), source is the rank of the process in this group, and send context and receive context are identical. A group is represented by a rank-to-absolute-address translation table.

The inter-communicator cannot be discussed sensibly without considering processes in both the local and remote groups. Imagine a process P in group P, which has an intercommunicator CP, and a process Q in group Q, which has an inter-communicator

CQ^{. Then} • CP^{.group describes the group Q and C}Q^{.group describes the group P.} • CP^{.send context = C}Q^{.receive context and the context is unique in Q;} CP^{.receive context = C}Q^{.send context and this context is unique in P.} • CP^{.source is rank of P in P and C}Q^{.source is rank of Q in Q.}

Assume that P sends a message to Q using the inter-communicator. Then P uses the group table to find the absolute address of Q; source and send context are appended to the message.

Assume that Q posts a receive with an explicit source argument using the intercommunicator. Then Q matches receive context to the message context and source argument to the message source.

The same algorithm is appropriate for intra-communicators as well. In order to support inter-communicator accessors and constructors, it is necessary to supplement this model with additional structures, that store information about the local communication group, and additional safe contexts. (End of advice to implementors.)

Advice to implementors. The implementation of MPI INTERCOMM MERGE, MPI COMM FREE and MPI COMM DUP are similar to the implementation of MPI INTERCOMM CREATE, except that contexts private to the input inter-commun-icator are used for communication between group leaders rather than contexts inside a bridge communicator. (End of advice to implementors.)

Advice to implementors. Attributes are scalar values, equal in size to, or larger than a C-language pointer. Attributes can always hold an MPI handle. (End of advice to implementors.)

Advice to implementors. Caching and callback functions are only called synchronously, in response to explicit application requests. This avoid problems that result from repeated crossings between user and system space. (This synchronous calling rule is a general property of MPI.)

The choice of key values is under control of MPI. This allows MPI to optimize its implementation of attribute sets. It also avoids conflict between independent modules caching information on the same communicators.

A much smaller interface, consisting of just a callback facility, would allow the entire caching facility to be implemented by portable code. However, with the minimal callback interface, some form of table searching is implied by the need to handle arbitrary

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

communicators. In contrast, the more complete interface defined here permits rapid access to attributes through the use of pointers in communicators (to find the attribute table) and cleverly chosen key values (to retrieve individual attributes). In light of the efficiency “hit” inherent in the minimal interface, the more complete interface defined here is seen to be superior. (End of advice to implementors.)

Advice to implementors. A C interface should be assumed for copy and delete functions associated with key values created in C; a Fortran calling interface should be assumed for key values created in Fortran. (End of advice to implementors.) Advice to implementors. A good quality implementation will, to the greatest possible, extent, circumscribe the impact of an error, so that normal processing can continue after an error handler was invoked. The implementation documentation will provide information on the possible effect of each class of errors. (End of advice to implementors.)

Advice to implementors. The message envelope would normally be encoded by a fixed-length message header. However, the actual encoding is implementation dependent. Some of the information (e.g., source or destination) may be implicit, and need not be explicitly carried by messages. Also, processes may be identified by relative ranks, or absolute ids, etc. (End of advice to implementors.)

Advice to implementors. Even though no specific behavior is mandated by MPI for erroneous programs, the recommended handling of overflow situations is to return in status information about the source and tag of the incoming message. The receive operation will return an error code. A quality implementation will also ensure that no memory that is outside the receive buffer will ever be overwritten. In the case of a message shorter than the receive buffer, MPI is quite strict in that it allows no modification of the other locations. A more lenient statement would allow for some optimizations but this is not allowed. The implementation must be ready to end a copy into the receiver memory exactly at the end of the receive buffer, even if it is an odd address. (End of advice to implementors.)

Advice to implementors. Message context and other communicator information can be implemented as an additional tag field. It differs from the regular message tag in that wild card matching is not allowed on this field, and that value setting for this field is controlled by communicator manipulation functions. (End of advice to implementors.)

Advice to implementors. Some compilers pass Fortran CHARACTER arguments as a structure with a length and a pointer to the actual string. In such an environment, the MPI call needs to dereference the pointer in order to reach the string. (End of advice to implementors.)

Advice to implementors. The current definition does not require messages to carry data type information. Both sender and receiver provide complete data type information. In a heterogeneous environment, one can either use a machine independent encoding such as XDR, or have the receiver convert from the sender representation to its own, or even have the sender do the conversion.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Additional type information might be added to messages in order to allow the system to detect mismatches between datatype at sender and receiver. This might be particularly useful in a slower but safer debug mode. (End of advice to implementors.) Advice to implementors. MPI implementors may want to support inter-language communication by allowing Fortran programs to use “C MPI types,” such as MPI INT, MPI CHAR, etc., and allowing C programs to use Fortran types. (End of advice to implementors.)

Advice to implementors. Since a synchronous send cannot complete before a matching receive is posted, one will not normally buffer messages sent by such an operation. It is recommended to choose buffering over blocking the sender, whenever possible, for standard sends. The programmer can signal his or her preference for blocking the sender until a matching receive occurs by using the synchronous send mode. A possible communication protocol for the various communication modes is outlined below.

ready send: The message is sent as soon as possible.

synchronous send: The sender sends a request-to-send message. The receiver stores this request. When a matching receive is posted, the receiver sends back a permissionto-send message, and the sender now sends the message.

standard send: First protocol may be used for short messages, and second protocol for long messages.

buffered send: The sender copies the message into a buffer and then sends it with a nonblocking send (using the same protocol as for standard send). Additional control messages might be needed for flow control and error recovery. Of course, there are many other possible protocols.

Ready send can be implemented as a standard send. In this case there will be no performance advantage (or disadvantage) for the use of ready send. A standard send can be implemented as a synchronous send. In such a case, no data buffering is needed. However, many (most?) users expect some buffering. In a multi-threaded environment, the execution of a blocking communication should block only the executing thread, allowing the thread scheduler to de-schedule this thread and schedule another thread for execution. (End of advice to implementors.) Advice to implementors. In a multi-threaded environment, a call to MPI WAIT should block only the calling thread, allowing the thread scheduler to schedule another thread for execution. (End of advice to implementors.)

Advice to implementors. MPI TESTSOME should complete as many pending communications as possible. (End of advice to implementors.)

Advice to implementors. A call to MPI PROBE(source, tag, comm, status) will match the message that would have been received by a call to MPI RECV(..., source, tag, comm, status) executed at the same point. Suppose that this message has source s, tag t and communicator c. If the tag argument in the probe call has value MPI ANY TAG

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

then the message probed will be the earliest pending message from source s with communicator c and any tag; in any case, the message probed will be the earliest pending message from source s with tag t and communicator c (this is the message that would have been received, so as to preserve message order). This message continues as the earliest pending message from source s with tag t and communicator c, until it is received. A receive operation subsequent to the probe that uses the same communicator as the probe and uses the tag and source values returned by the probe, must receive this message, unless it has already been received by another receive operation. (End of advice to implementors.)

Advice to implementors. If a send operation uses an “eager” protocol (data is transferred to the receiver before a matching receive is posted), then the cancellation of this send may require communication with the intended receiver in order to free allocated buffers. On some systems this may require an interrupt to the intended receiver. Note that, while communication may be needed to implement MPI CANCEL, this is still a local operation, since its completion does not depend on the code executed by other processes. If processing is required on another process, this should be transparent to the application (hence the need for an interrupt and an interrupt handler). (End of advice to implementors.)

Advice to implementors. Additional intermediate buffering is needed for the “replace” variant. (End of advice to implementors.)

Advice to implementors. The system may “compile” at commit time an internal representation for the datatype that facilitates communication, e.g. change from a compacted representation to a flat representation of the datatype, and select the most convenient transfer mechanism. (End of advice to implementors.) Advice to implementors. The implementation may keep a reference count of active communications that use the datatype, in order to decide when to free it. Also, one may implement constructors of derived datatypes so that they keep pointers to their datatype arguments, rather then copying them. In this case, one needs to keep track of active datatype definition references in order to know when a datatype object can be freed. (End of advice to implementors.)

Advice to implementors. The definition implies that a receive cannot change the value of storage outside the entries defined to compose the communication buffer. In particular, the definition implies that padding space in a structure should not be modified when such a structure is copied from one process to another. This would prevent the obvious optimization of copying the structure, together with the padding, as one contiguous block. The implementation is free to do this optimization when it does not impact the outcome of the computation. The user can “force” this optimization by explicitly including padding as part of the message. (End of advice to implementors.) Advice to implementors. There is no need to distinguish (absolute) addresses and (relative) displacements on a machine with contiguous address space: MPI BOTTOM is zero, and both addresses and displacements are integers. On machines where the distinction is required, addresses are recognized as expressions that involve MPI BOTTOM. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The message envelope would normally be encoded by a fixed-length message header. However, the actual encoding is implementation dependent. Some of the information (e.g., source or destination) may be implicit, and need not be explicitly carried by messages. Also, processes may be identified by relative ranks, or absolute ids, etc. (End of advice to implementors.)

Advice to implementors. Even though no specific behavior is mandated by MPI for erroneous programs, the recommended handling of overflow situations is to return in status information about the source and tag of the incoming message. The receive operation will return an error code. A quality implementation will also ensure that no memory that is outside the receive buffer will ever be overwritten. In the case of a message shorter than the receive buffer, MPI is quite strict in that it allows no modification of the other locations. A more lenient statement would allow for some optimizations but this is not allowed. The implementation must be ready to end a copy into the receiver memory exactly at the end of the receive buffer, even if it is an odd address. (End of advice to implementors.)

Advice to implementors. Message context and other communicator information can be implemented as an additional tag field. It differs from the regular message tag in that wild card matching is not allowed on this field, and that value setting for this field is controlled by communicator manipulation functions. (End of advice to implementors.)

Advice to implementors. Some compilers pass Fortran CHARACTER arguments as a structure with a length and a pointer to the actual string. In such an environment, the MPI call needs to dereference the pointer in order to reach the string. (End of advice to implementors.)

Advice to implementors. The current definition does not require messages to carry data type information. Both sender and receiver provide complete data type information. In a heterogeneous environment, one can either use a machine independent encoding such as XDR, or have the receiver convert from the sender representation to its own, or even have the sender do the conversion.

Additional type information might be added to messages in order to allow the system to detect mismatches between datatype at sender and receiver. This might be particularly useful in a slower but safer debug mode. (End of advice to implementors.) Advice to implementors. MPI implementors may want to support inter-language communication by allowing Fortran programs to use “C MPI types,” such as MPI INT, MPI CHAR, etc., and allowing C programs to use Fortran types. (End of advice to implementors.)

Advice to implementors. Since a synchronous send cannot complete before a matching receive is posted, one will not normally buffer messages sent by such an operation. It is recommended to choose buffering over blocking the sender, whenever possible, for standard sends. The programmer can signal his or her preference for blocking the sender until a matching receive occurs by using the synchronous send mode.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

A possible communication protocol for the various communication modes is outlined below.

ready send: The message is sent as soon as possible.

synchronous send: The sender sends a request-to-send message. The receiver stores this request. When a matching receive is posted, the receiver sends back a permissionto-send message, and the sender now sends the message.

standard send: First protocol may be used for short messages, and second protocol for long messages.

buffered send: The sender copies the message into a buffer and then sends it with a nonblocking send (using the same protocol as for standard send). Additional control messages might be needed for flow control and error recovery. Of course, there are many other possible protocols.

Ready send can be implemented as a standard send. In this case there will be no performance advantage (or disadvantage) for the use of ready send. A standard send can be implemented as a synchronous send. In such a case, no data buffering is needed. However, many (most?) users expect some buffering. In a multi-threaded environment, the execution of a blocking communication should block only the executing thread, allowing the thread scheduler to de-schedule this thread and schedule another thread for execution. (End of advice to implementors.) Advice to implementors. In a multi-threaded environment, a call to MPI WAIT should block only the calling thread, allowing the thread scheduler to schedule another thread for execution. (End of advice to implementors.)

Advice to implementors. MPI TESTSOME should complete as many pending communications as possible. (End of advice to implementors.)

Advice to implementors. A call to MPI PROBE(source, tag, comm, status) will match the message that would have been received by a call to MPI RECV(..., source, tag, comm, status) executed at the same point. Suppose that this message has source s, tag t and communicator c. If the tag argument in the probe call has value MPI ANY TAG then the message probed will be the earliest pending message from source s with communicator c and any tag; in any case, the message probed will be the earliest pending message from source s with tag t and communicator c (this is the message that would have been received, so as to preserve message order). This message continues as the earliest pending message from source s with tag t and communicator c, until it is received. A receive operation subsequent to the probe that uses the same communicator as the probe and uses the tag and source values returned by the probe, must receive this message, unless it has already been received by another receive operation. (End of advice to implementors.)

Advice to implementors. If a send operation uses an “eager” protocol (data is transferred to the receiver before a matching receive is posted), then the cancellation of this send may require communication with the intended receiver in order to free allocated buffers. On some systems this may require an interrupt to the intended receiver. Note that, while communication may be needed to implement MPI CANCEL, this is still a

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

local operation, since its completion does not depend on the code executed by other processes. If processing is required on another process, this should be transparent to the application (hence the need for an interrupt and an interrupt handler). (End of advice to implementors.)

Advice to implementors. Additional intermediate buffering is needed for the “replace” variant. (End of advice to implementors.)

Advice to implementors. The system may “compile” at commit time an internal representation for the datatype that facilitates communication, e.g. change from a compacted representation to a flat representation of the datatype, and select the most convenient transfer mechanism. (End of advice to implementors.) Advice to implementors. The implementation may keep a reference count of active communications that use the datatype, in order to decide when to free it. Also, one may implement constructors of derived datatypes so that they keep pointers to their datatype arguments, rather then copying them. In this case, one needs to keep track of active datatype definition references in order to know when a datatype object can be freed. (End of advice to implementors.)

Advice to implementors. The definition implies that a receive cannot change the value of storage outside the entries defined to compose the communication buffer. In particular, the definition implies that padding space in a structure should not be modified when such a structure is copied from one process to another. This would prevent the obvious optimization of copying the structure, together with the padding, as one contiguous block. The implementation is free to do this optimization when it does not impact the outcome of the computation. The user can “force” this optimization by explicitly including padding as part of the message. (End of advice to implementors.) Advice to implementors. There is no need to distinguish (absolute) addresses and (relative) displacements on a machine with contiguous address space: MPI BOTTOM is zero, and both addresses and displacements are integers. On machines where the distinction is required, addresses are recognized as expressions that involve MPI BOTTOM. (End of advice to implementors.)

Advice to implementors. Throughout this document, material that is primarily commentary to implementors is set off in this format. Some readers may wish to skip these sections, while readers interested in MPI implementations may want to read them carefully. (End of advice to implementors.)

Advice to implementors. The intended semantics of opaque objects is that each opaque object is separate from each other; each call to allocate such an object copies all the information required for the object. Implementations may avoid excessive copying by substituting referencing for copying. For example, a derived datatype may contain references to its components, rather then copies of its components; a call to MPI COMM GROUP may return a reference to the group associated with the communicator, rather than a copy of this group. In such cases, the implementation must maintain reference counts, and allocate and deallocate objects such that the visible effect is as if the objects were copied. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Advice to implementors. The following topology information is likely to be stored with a communicator:

• Type of topology (cartesian/graph), • For a cartesian topology:

1. ndims (number of dimensions), 2. dims (numbers of processes per coordinate direction), 3. periods (periodicity information), 4. own_position (own position in grid, could also be computed from rank and dims) • For a graph topology:

1. index, 2. edges, which are the vectors defining the graph structure.

For a graph structure the number of nodes is equal to the number of processes in the group. Therefore, the number of nodes does not have to be stored explicitly. An additional zero entry at the start of array index simplifies access to the topology information. (End of advice to implementors.)

Advice to implementors. The function MPI CART CREATE(comm, ndims, dims, periods, reorder, comm cart), with reorder = true can be implemented by calling MPI CART MAP(comm, ndims, dims, periods, newrank), then calling MPI COMM SPLIT(comm, color, key, comm cart), with color = 0 if newrank ≠

MPI UNDEFINED, color = MPI UNDEFINED otherwise, and key = newrank.

The function MPI CART SUB(comm, remain dims, comm new) can be implemented by a call to MPI COMM SPLIT(comm, color, key, comm new), using a single number encoding of the lost dimensions as color and a single number encoding of the preserved dimensions as key.

All other cartesian topology functions can be implemented locally, using the topology information that is cached with the communicator. (End of advice to implementors.) Advice to implementors. The function MPI GRAPH CREATE(comm, nnodes, index, edges, reorder, comm graph), with reorder = true can be implemented by calling MPI GRAPH MAP(comm, nnodes, index, edges, newrank), then calling MPI COMM SPLIT(comm, color, key, comm graph), with color = 0 if newrank ≠

MPI UNDEFINED, color = MPI UNDEFINED otherwise, and key = newrank.

All other graph topology functions can be implemented locally, using the topology information that is cached with the communicator. (End of advice to implementors.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48