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Abstract

The last several years saw an emergence of stan-
dardization activities for real-time systems includ-
ing standardization of operating systems (series of
POSIX standards [1]), of communication for distributed
(POSIX.21 [15]) and parallel systems (MPI/RT [6] and
real-time object management (real-time CORBA [14]).

This article describes the ongoing work of real-time
message passing interface (MPI/RT) standardization.
MPI/RT advances the Message Passing Interface Stan-
dard (MPI), emphasizing changes that enable and support
real-time communication, and is targeted for embedded,
fault-tolerant and other real-time systems.

1 Introduction

Over the past several years, many standards that ad-
dress real-time issues have emerged. They address net-
working: SAFENET [4, 8], Futurebus+ [16], and exten-
sions to FDDI, ATM, Token Ring, Token Bus, and oth-
ers [2]; communication: real-time message passing inter-
face (MPI/RT) and realtime distributed system communi-
cation (POSIX.21); operating systems: realtime POSIX
(POSIX.1b, POSIX.1c [1], POSIX.1d, and POSIX.1j);
and realtime object management (realtime CORBA).
This article presents MPI/RT, the real-time message pass-
ing interface, for high performance applications.

The approved MPI-1 standard provides point-to-point
communication, collective operations, process groups and
communication domains, process topologies, environ-
ment management and inquiry [9, 17], formulated within
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language-independent specifications, together with C and
FORTRAN API bindings. MPI-2, which was standard-
ized and published in June of 1997, provides additional
functionality over MPI-1 in the areas of process creation
and management, one-sided communication, collective
operations, external interfaces and I/0. It also provides
a C++ binding for MPI-1 and MPI-2 functionality.

By way of contrast, the main goal of MPI/RT is to pro-
vide message-passing functionality with quality of service
(QoS). The parameters of QoS include a variety of fault-
tolerant and real-time application requirements. Since
many high-performance real-time applications would like
to take advantage of MPI functionality but require timing
guarantees from the message-passing layer, the MPI/RT
working group was created with the objective of provid-
ing an appropriately designed application programming
interface (API). MPI/RT follows MPI’s underlying as-
sumptions of reliable and ordered data transmission; pro-
gramming assumptions, that are common to a majority
of parallel environments and platforms that are targeted
by MPI/RT.

The rest of the paper is organized as follows. Section 2
presents the underlying philosophy of MPI/RT. Section 3
presents the common underlying layer for all real-time
paradigms including fault-handling behavior, while sec-
tion 4 presents real-time paradigms. Section 5 provides
supporting functionality. Finally, section 6 presents the
current status of the MPI/RT standard and future plans.

2 MPI/RT Philosophy

Currently, application developers must become experts on
a platform before they can take advantage of its message-
passing facilities (even though the notation is now for the
most part standard) in order to achieve the desired perfor-
mance. The challenges are even greater for developers of
real-time applications that are required to satisfy timing
constraints and proper interaction with the environment
independent of the computing platform. The application
design is often so dependent on the current computing



platform that it requires complete redesign when ported
to a different platform or targeted for the next-generation
platform.

This approach hinders the portability of an applica-
tion to a different platform or upgrades to the currently
used one. The current philosophy is that the platform
provides the user with an API and places the burden on
the application developers to satisfy timing and quality
of service requirements. This philosophy is contradictory
to the “portability viewpoint” and MPI/RT has conse-
quently taken the opposite approach. Under MPI/RT,
the user provides detailed information about timing con-
straints of application modules and the interactions be-
tween them including message-passing data and control
message exchanges. The user’s requests are analyzed by
the platform, including middleware of which MPI/RT is
a part, and either satisfies them with user required QoS
or states that it cannot satisfy the user requested QoS.
The denial of the request usually results from a lack of
platform resources.

MPI/RT supports the view that middleware and plat-
form designers have greater insight into how efficiently to
provide QoS on the platform given enough information
about the application. With this approach application
programmers can concentrate on improving application
code and let middleware providers concentrate on pro-
viding the best QoS available on the platform. Applica-
tion programmers are not required to reveal all the in-
formation to MPI/RT and can take it upon themselves
to provide some or all QoS. It is quite clear that the ex-
act boundary of the responsibility for providing QoS for
the user between the platform (including system software
and middleware) and the application is still unknown, but
the same trends that lead to the development of higher
level languages, operating systems, and middleware, are
pushing the development of MPI/RT.

The goal of MPI/RT is to provide the middleware (API
and advice to implementors) for development of real-time
applications with performance portability. MPI/RT pro-
vides a consistent set of extensions and, in some cases,
restrictions to MPl. MPI/RT adds greater predictabil-
ity and schedulability to message-passing programming,
while modifying and extending the useful concepts em-
bodied in the original standard.

In order to provide the quality of service guarantees for
communication, an MPI/RT implementation may need to
address a difficult scheduling problem. While there is
a lot of work going on in CPU and network real-time
scheduling, these results in many cases are insufficient to
provide guarantees for communication. The number of
resources that are involved in communication is rather
large and is different from one platform to another. For
example, for one distributed shared memory platform the
scheduling of the following resources have to be addressed
for point-to-point data transfer:

1. CPUs where sender/receiver applications are run-
ning,

2. Data busses (e.g., PCI setup),

3. DMA engines,

4. Memory (SRAM, DRAM),

5. Network interface chips (NICs),

6. Underlying physical network (topology dependent).

All these resources can have their own schedulers that
may use completely different techniques. It is quite com-
mon to schedule a CPU using priorities, network switches
using round robin or no scheduling at all, while network
interface chips are scheduled using interrupts and signals.

However, it is hard, if not impossible, for the applica-
tion programmer to coordinate the use of these resources
in order to establish user-required quality of service even
with the complete knowledge of the application. Further-
more, even if it was done successfully on one platform, it
cannot be ported to a different platform because of the
differences between platform architectures. MPI/RT im-
plementors have a better chance of meeting user’s quality
of service requirements because of their knowledge of their
platform, since for most cases they work closely with or
are part of the same organization that designed and built
the platform. The MPI/RT standard provides the user
specification so that the platform designers and MPI/RT
implementors will clearly see what quality of service guar-
antees users may want.

In order to improve the chance for satisfying user qual-
ity of service requests, MPI/RT recommends early bind-
ing. Many of the highly demanding real-time parallel
applications come from the radar sensor and signal pro-
cessing domains. They are characterized by the periodic
nature of the environment outside the computing plat-
form, and for these applications establishing communica-
tion channels with QoS (see section 3) promises the great-
est benefits. Using this information provided about the
communication patterns and their QoS, MPI/RT imple-
mentations can allocate resources using an algorithm and
run-time scheduling criteria that are most suitable for the
platform. Feedback to the application as to whether the
QoS can or cannot be satisfied, prior to the actual data
transfers, allows an implementation to minimize the crit-
ical execution path for message passing and to minimize
the potential overhead for implementation of control mes-
sages. Hence, the overhead of MPI/RT will decrease, mes-
sage passing performance using MPI/RT will come close
to the platform native message passing performance and,
hence, the so-called “price of portability” will be mini-
mized.

This early binding approach has several more benefits.
Although most message passing primitives assume “two-
sided” operations (send and receive), other platforms pro-
vide “one-sided” operations (put and get). For some plat-
forms, one-sided communication provides higher through-
put and lower latencies. With the pre-established chan-
nels it is possible to exploit “no-sided” communication



where the application does not issue any data transfer
commands and the middleware (MPI1/RT) does the data
transfer operation on behalf of the application at the pre-
determined times [7] that are part of the channel estab-
lishment. The next section discusses channels and their
relationship to two-sided, one-sided and no-sided commu-
nications.

3 Common Functionality

3.1

In MPI/RT, persistent channels offer the functionality of
a virtual channel [5, 10, 13] within the framework of the
MPI standard. Motivations for having virtual channels in
MPI1/RT include: ability to exploit persistent communica-~
tions that are common for high performance real-time ap-
plications, deadlock and livelock avoidance, virtual chan-
nels guarantees for properties critical for timing correct-
ness, and more efficient resource usage by the implemen-
tations.

MPI/RT as a specification and programming notation
encourages early binding in order for the implementations
to establish user-required quality of service, while provid-
ing both early and late bindings for data transfer opera-
tions. The initialization of the channels collectively pro-
vides MPI/RT with the big picture of application-desired,
point-to-point channels and their respective QoSs. The
early knowledge of all the point-to-point channels allows
MPI1/RT implementation to exploit potential flexibility in
satisfying individual channels QoS rather than establish-
ing each channel individually and making arbitrary deci-
sions in the process, that may be detrimental to MP1/RT’s
ability to satisfy all channels QoSs. This approach is not
required to be done prior to any data transfer operations,
but is strongly encouraged to maximize MPI/RT’s poten-
tial performance. The channel establishment operations
as well as channel modifications and deletions, can be
used at any time, but these operations are expensive and
it is harder for the implementation to satisfy later re-
quests and to optimize resource usage, especially if these
requests are relatively frequent.

Following the MPI principle that all communications
are done over the communicator (clique or bi-partite
group formulation), group-oriented MPI/RT channel ini-
tialization operations are done over a communicator
group. The same application process can participate in
more than one communicator group and moreover all
processes are by default members of one communication
group MPI_COMM WORLD. Hence, a process can participate
in channel initialization for more than one communica-
tor. The MPI/RT standard is, however, silent on how the
above established channels are mapped on the network
channels. This is left to the implementation and is highly
dependent on platform architecture, network topologies,
routing information etc. The solutions that shared mem-
ory platforms would like to use may not be applicable to

Channels with Quality of Service

the distributed memory platforms and vice versa.

While not presenting the entire syntax of the collective
point-to-point channel initialization operations, we would
like to stress several parameters that carry semantic infor-
mation. First, the operations allow specification of infor-
mation for all point-to-point channels over a single com-
municator the process would like to use. This includes
several point-to-point channels between the same pair of
processes. Using this specification, an application can
establish any virtual topology between processes. The
operation returns a request handle for each channel. In-
stead of providing separate operations for creation, mod-
ification and destruction of the channels, MPI/RT has a
single operation that combines all channel management
functionality into one atomic operation. This allows ap-
plication not to destroy existing channels if new/modified
channels can not be established with the requested QoS,
and hence, preserve existing channels and resources they
are using.

Each channel is specified by quality of service param-
eters, message buffers and a QoS error handling request.
QoS 1is either one of the real-time paradigms (see sec-
tion 4) or a “softer” quality of service that does not pro-
vide an absolute guarantee for each data transfer. The
optional period can also be specified as part of the quality
of service. Since no guarantee can be absolute (hardware
and software faults) the channel initialization operation
specifies an error handler that will be invoked by MPI/RT
when the data transfer quality of service is not achieved.
This is a part of the generic functionality MPI/RT pro-
vides for an application fault-handling (see section 3.2).

The buffer set and queue management specification
allows an implementation to minimize message copying
and is a required part of the no-sided communication
paradigm. In the simplest form, an application requests a
single buffer of specified datatype, the number of elements
of this type, and the buffer starting address. The buffers
is accessible by the application but is under MPI/RT im-
plementation control during the data transfer times. A
more sophisticated version specifies a buffer set with the
above information for each buffer, as well as channel in
and out iterators that specify the order in which buffers
are put in and removed out of the channel. The queuing
strategy allows a user to define iterators that predefined
which buffers to use for each data transfer operation such
that both user and implementation can know which buffer
contains what data and when. The common set of iter-
ators as well as the ability for a user to define ones are
provided by the standard. A separate set of functions
is also provided to put and take buffers in and out of
iterators that help synchronize buffer usage between an
application and an implementation.

MPI/RT also provides functionality to establish collec-
tive channels with quality of service. These play the same
role for collective operations (like scatter, gather, broad-
cast, all-to-all scatter-gather) as point-to-point channels
for individual send/receive operations. Notice that the



specification of the quality of service, buffers and other
data may differ from one collective operation to another.

In order to simplify the application specification of
the channels information, MPI/RT adopted the object-
oriented design methodology of cloning and composition.
An application uses the hierarchy of the objects where an
object include both an object descriptor and a handle for
the “physical” object. Uncommitted objects only have an
object description without a handle to the actual object;
these uncommited objects collect the channel informa-
tion for all channels. Once the information 1s collected
for all the channels over the same communicator into a
channel set, a single construction operation creates all
the channels and channel objects that include: channel
buffer iterators, buffers, handler handles, channel han-
dles, and a channel set handle. Object operations are also
defined by the MPI/RT standard that allow user create
objects, “shallow” duplicate committed and uncommit-
ted objects, and to query and set individual parameters
of uncommited objects to simplify the job of channel spec-
ification definition. The same object methodology is used
by MPI/RT for QoS objects, events objects, and handler

objects for both user and error handling.

3.2 Fault-Handling

Currently, MPI/RT provides limited functionality for
fault handling, useful for an application to recover from
faults rather then preventing faults. Part of the imple-
mentation decision to satisfy channels QoS includes tak-
ing into account two pieces of information provided by the
users. First, for all data transfers and some other MPI
functionality, the timeout parameter 1s added. This al-
lows the application to associate an error handler with the
timeout error return from the operation. Second, there is
an error handler associated with each channel that will be
invoked by MPI/RT if the application requested QoS for
the data transfer operation can not be provided. Recall,
that for both time-driven and event-driven paradigms this
implies that the time requested for the operation comple-
tion or invocation was not satisfied, and hence, timeout
occurred.

4 Paradigms

MPI/RT provides support for three application message
passing paradigms. The first is the most commonly used
two-stded communication. It is characterized by the appli-
cation issuing data transfer operations for two sides of the
data exchange. This paradigm is commonly called send-
recetve. The second one-sided communication paradigm
allows only one side of the application data exchange to
issue data transfer operations. The most commonly used
one-sided operations are put and get. The last data trans-
fer paradigm is zero-sided communication. It is charac-
terized by the absence of any data transfer operation by

either side of the data exchange. It is the responsibil-
ity of a communication service to move the data from/to
prespecified application memories.

The emerging MPI/RT standard currently defines func-
tionality to support three well-known real-time program-
ming paradigms: time-driven, event-driven, and priority-
driven. While each paradigm is well understood in itself,
the mixture of paradigms, their interaction on a single
platform, and the meaning of the mixed specification is
the area of intense study by the MPI/RT working group.
Some applications prefer two or more layers of QoS hier-
archy, but the order of the hierarchy differs widely from
one application domain to another. Below, we present
the details of the three real-time paradigms and the QoS
specification for each of them.

The primary goal of all real-time MPI/RT paradigms is
to allow a real-time application sufficient control of the en-
vironment in which it is running so that it can explicitly or
implicitly schedule its message-passing activities and re-
source usage. Since MPI, the underpinning of MPI/RT is
designed as a message-passing library, it cannot schedule
by itself, but must depend upon the operating system and
communication and network protocols to enforce speci-
fied schedules. While the time-driven and event-driven
paradigms specify explicit schedules, the priority-driven
paradigm specifies implicit ordering for message passing
activities.

4.1 Time-Driven Paradigm

An application using time-driven MPI/RT QoS will be
able to specify time intervals to bound the resource
usage of communication operations using globally syn-
chronized clock values, and the implementation of time-
driven MPI/RT will fulfill these requirements with mini-
mal changes to the MPI standard.

The existing MPI message transfer operations lack two
parameters that we consider critical for real-time ap-
plications, particularly for the time-driven programming
paradigm. These are a starting time of the operation and
a timeout for completion of the operation. The starting
time of an operation and the timeout should be consid-
ered special cases of an event. While certain applications
(especially embedded ones) prefer an even finer granular-
ity of control, we sought to strike a balance between the
feasibility of an implementation and what time-driven ap-
plication designers want to use. For example, there is a
hard lower bound for the starting time, but no hard upper
bound on the starting time, in the current specification.

One distinctive characteristic of the time-driven ap-
proach to real-time message-passing is its lack of need
for queues and system buffers. Applications use ready
mode message-passing implicitly. A ready-mode send
may be started only if the matching receive has already
been posted [9, 17]. On many systems, this allows the
removal of a hand-shake operation and results in im-
proved performance. Since a parallel time-driven pro-



gram must globally schedule all message transmissions,
the message receiver always knows to expect an incoming
message. Thus, for reasons of efficiency and simplicity, a
time-driven MPI/RT implementation should not do any
handshaking (as many of the existing non-real-time im-
plementations do). Tt is rather up to the application to
specify times (for start and timeout) to ensure that the
sender/receiver (local/remote) pairs are working in syn-
chrony.

Another distinctive feature is a potentially more effi-
cient way of using notifications,; which can be more min-
imal (shorter critical instruction path) than with other
approaches. A time-driven MPI/RT application does not
need to be notified when a message is transmitted suc-
cessfully and on time; instead it is notified only when an
error occurs (e.g., a timeout expires). A matter of signif-
icant discussion in the MPI/RT group concerns precisely
what should happen to messages left on the network when
a timeout expires.

An activity interval, specified by a starting time and a
timeout, is an input parameter for a scheduled message
send. The purpose of this parameter is to ensure that the
system resources required to satisfy this operation will not
be used outside of a specified interval. These resources
can be narrowly interpreted to refer to the interprocess
communications network. A broader interpretation would
include memory accesses, node busses, network interface
cards, and so on. Again, while we prefer a finer granular-
ity of control, we have tried to strike a balance between
the feasibility of an implementation and what time-driven
schedule designers want to use.

The starting time and timeout are somewhat symmet-
ric. The starting time ensures that the resources needed
for a data transfer operation will be available at the spec-
ified start time. The timeout parameter, in contrast,
would ideally specify the time when all resources required
by the message transfer operation are no longer in use.
That is, after the time specified in the timeout, irrespec-
tive of whether the operation completed successfully or
not, all system resources (physical network, network in-
terface cards, node buses, message buffers, etc.) have
been released and can be used for subsequent message-
passing operations.

Unfortunately, in practice these guarantees cannot al-
ways be met. The MPI/RT timeout therefore specifies
that the message transfer should be stopped and the call-
ing application should be notified if the operation has not
completed by the time specified by the timeout. Since the
message may be progressing through a multi-stage net-
work, a time-driven MPI/RT implementation may need
to send a message from the receiver node to the sender
to indicate that the timeout has occurred. The result-
ing error messages may not be received by the timeout
deadline, and they may use resources after the timeout.
Thus the application may need to reserve resources to
handle such events. It should not be the responsibility
of the MPI/RT implementation to provide this bound,

since any guarantees that can be given from the perspec-
tive of a user-level message-passing library would be too
naive to be useful. The application itself is in a much
better position to know timing and performance details
relevant to establishing such a bound, including details
of the platform and knowledge of the run-time patterns
of communication. Even for the application, it may be
extremely difficult to establish such bounds, especially if
the real-time performance characteristics of the operat-
ing system or the underlying runtime system are poorly
known or highly variable.

The starting times and timeouts of the activity
interval in time-driven MPI/RT data transfer op-
eration calls are specified by a structure called a
MPIRT_TIME_OBJECT (one instance of the struc-
ture is used for each). A MPIRT_-TIME_OBJECT

has  two  fields, MPIRT_TIME_OBJECT_TYPE
and MPIRT_TIME_OBJECT_TIME.
MPIRT_TIME_OBJECT_TYPE must have one of
two values, ABSOLUTE, or RELATIVE. When a

starting time is replaced by MPIRT_TIME_IGNORE),
then there is no hard constraint on when the operation
should start. Implicitly, it should start as soon as
possible, just as with the current MPI calls. Similarly,
when a timeout is given by a MPIRT_TIME_IGNORE,
there is to be no hard constraint on when the oper-
ation should end. Furthermore, the second field of a
MPIRT_TIME_OBJECT is insignificant if the first field
is set to MPIRT_-TIME_IGNORE.

For a MPIRT TIME_OBJECT whose first field
is ABSOLUTE or RELATIVE, the second field
(MPIRT_TIME_OBJECT_TIME) should be a field con-
taining a double precision floating point number. In
either case (be it ABSOLUTE or RELATIVE), the
MPIRT_TIME_OBJECT_TIME refers to the global syn-
chronized clock, but in the relative case, an actual
constraint 1s to be derived at run-time by adding
MPIRT_TIME_OBJECT_TIME to the most recent read-
ing of the global synchronized clock. Note that even in
the ABSOLUTE form, an actual time requirement can-
not necessarily be constructed until the value of the time
object at the time of the execution of the call 1s known.

4.1.1 Example

An example that demonstrates the steps an application
needs to take to establish and use a channel for the time-
driven paradigm is presented below. Both sender and
receiver are establishing the channel with quality of ser-
vice.

1. Define the object for the set of buffers that specifies
all the buffers to be used by the channel, including
their addresses, datatypes, and buffer length, where
all buffers are of the same type and are of the same
length.



2. Define two objects for the buffer iterators that define
the order of the use of the buffers in the buffer set by
the implementation and the application for getting
(out-iterator) and putting buffers into a channel (in-
iterator).

3. Define the qostime object that specifies period, start
and deadline of the data transfers relative to the be-
ginning of each period. Both sender and receiver
specify the same information.

4. Define an error handling object. The sender and the
receiver may invoke different error handling routine
as they consider fit for their applications.

5. Define the channel object that includes the buffer it-
erators, rank of the remote endpoint, direction of the
channel, the qostime object, the error handler object,
and a channel name. (For a more sophisticated ap-
plication or event-driven channel, a user may specify
predefined handler objects that will be invoked on
channel events.)

6. Define a channel set object by combining objects for
individual channels.

7. Create all the channels of the channel set over a com-
municator, that commits all the objects in the chan-
nel set hierarchy and initializes all the handles ob-
jects. This is the collective operation that involves
the sender and the receiver of the channel as well
as all other endpoints of the channel objects of the
channel set object.

8. Get the handle for the channel, bufferset, bufqueue,
error handler handle, and individual buffer addresses
if the user requested the buffers to be created by the
implementation.

Now the sender, periodically

1. Puts data into the next buffer that is defined by the
channel out-iterator prior to the start of the channel
use within the period.

2. Starts channel use (the first time is explicit by the
user command, and all consequent data transfers are
done implicitly based on the QoS of the channel).

The receiver periodically processes the data in the
buffer defined by the channel out-iterator after the com-
pletion of the channel use within the period and before
the next use of the channel as defined by the QoS of the
channel.

4.2 Event-Driven Paradigm

The event-driven paradigm supports the specification
of events that either trigger or stop an application or
MPI/RT data transfer operations. MPI/RT provides an
API for two levels of the specification. The low-level,

event-driven paradigm provides a mechanism for schedul-
ing (with QoS) an application handler upon the comple-
tion of a data transfer operation (implicit polled deliv-
ery). The high-level event-driven paradigm provides a
mechanism for scheduling any application activity with
QoS, including an MPI/RT data transfer and an appli-
cation function triggered by a system, an application, or
an MPI/RT event. Both paradigms allow users to syn-
chronize and manage MPI/RT system, and user resources
using events.

The event-driven paradigm does not have an explicit
quality of service the same way as deadline provides
for time-driven paradigm. Consequently, it is most
commonly used in conjuncture with the priority-driven
paradigm (that specifies an integer priority of the chan-
nel for the data transfer operations), or with the time-
driven paradigm (that specifies the deadline as an event
relative to the start of the data transfer) paradigms. The
only explicit QoS for the event-driven paradigm is the
bound required on the activation time of an event han-
dler for a delivered event, which is more a requirement
for the operating system where the MPI/RT implementa-
tion is running and the QoS for a handler than a channel
QoS. The low-level event-driven paradigm will consider
local event bounds, whereas the high-level event-driven
paradigm will consider “global” event bounds. Additional
specification is under consideration that allows users to
provide the bound on the number of events over some
time interval. This is similar to most specifications for
aperiodic tasks [, 12].

4.2.1 Lower-Level Event-Driven Paradigm

The lower-level event-driven paradigm provides function-
ality in order to specify a request handler and a local event
that will be used by a MPI/RT implementation as a trig-
ger to schedule the request. Request handlers are an ideal
mechanism for implementing the event-driven paradigm.
The functionality of this paradigm can be used with ei-
ther MPIl or MPI/RT operations’ requests. To help users
better manage resources, two events for the data transfer
completions are introduced. One event specifies the local
completion of the data transfer, that is when the message
buffer can be reused, an event which is currently available
on most platforms. The other specifies the global comple-
tion of the data transfer, meaning the channel resources
can be reused.

Once the event handler has been posted, the handler
function is to be called within the event-driven QoS after
the given request reaches the event condition. When the
handler is called, it is passed the request, the status of the
request, and the input parameters for the event handler.
If the condition handler cannot be called within the spec-
ified QoS then the failure handler is called. Similar to the
request handler, the failure routine is passed the request
argument, that request’s status, and the input arguments
for the error handler.



The request handler is assumed to be “full-weight.”
That is, it can execute any MPI/RT call or system-specific
synchronization call and may run for an indeterminate
amount of time (i.e., it is not restricted like a signal han-
dler.) Also, handlers do not implicitly “consume” their
request(s). The request passed to a handler can still be
waited on or freed by the process before or after the han-
dler is called, unless the handler itself explicitly frees the
request.

4.2.2 High-Level Event-Driven Paradigm

In a nutshell, an application using high-level event-driven
MPI/RT will be able to specify intervals guarded by the
specified events in order to bound the resource usage of
communication and computation activities. Coordination
is required between MPI, the operating system, as well
as communication and network protocols to enforce the
schedules.

Currently many applications “wait” on system events
or user control messages to schedule a handler, that in
turn schedules several application activities: functions,
processes, threads, and data transfers. The model for the
high-level event-driven paradigm presented in this sec-
tion establishes the direct coupling between events and
application activities without user handlers. Just as MPI
provides the interface for data flow, the high level event-
driven section provides the interface for control flow.

An event is a discrete, atomic, instantaneous state tran-
sition without any liveliness [3]. The events can be both
persistent and one-time only. Three types of events are
specifiable: system events, communication events, and
user events. Each event 1s identified by name. A name is
associated with a persistent event. The type of event in-
dicates the type of the resource that generated the event.
System events are generated by the platform environ-
ment, for example the operating system. Communication
events are coupled with persistent channels and are gen-
erated or captured by MPI/RT. User events are dedicated
to the synchronization of the resource usage among differ-
ent processes (nodes) on the platform, and are generated
by the application.

For the high-level event-driven paradigm, events are
not necessarily local to the process or even a node. Each
process registers the persistent event names with MPI/RT
that it wants MPI/RT to “monitor” and the persistent
event names that the process will generate.

All the communication events are associated with the
MPI/RT channel usage. This specification contains only
two events associated with the channel: local and global
communication completion. In order to match these
events with the guarded activities properly, MPI/RT as-
sociates a persistent global name with a channel. The
channel name can be either provided to an implementa-
tion by the application or the implementation will assign a
name to a channel. Hence, there are two persistent event
names associated with the channel. For a channel named

a they are: a_local_complete and «_global_complete. The
user can provide the channel names and MPI/RT will
assign them to the channels, or the user can spec-
ify MPIRT_IGNORABLE and MPI/RT will provide the
channel names and return them as an out parameter. The
names on both endpoints of the channel must match.

User events have meaning only to the application.
MPI/RT is just a mechanism to match user events and
responses as well as the mechanism for event delivery
and response triggers. An application assigns a persistent
name to a user event and notifies MPI/RT about which
process generates this event. This is the only event type
that is generated by the user. The events of two other
event types are generated by MPI/RT and the system.
MPI/RT delivers all the events to the processes that are
registered for them and then triggers application func-
tions or data transfers according to the events that guard
the activity.

For any function or communication operation, an ap-
plication can specify events that trigger its start and its
termination if it is not finished. The main purpose of the
events is to guard the interval when the activity may use
resources. This is analogous to the time-driven paradigm
where no resources will be used by an MPI/RT data trans-
fer operation prior to its starting time of the operation
time interval and, to the best of the MPI/RT implemen-
tation effort, no resources will be used after timeout of
the operation time interval.

The time interval of the time-driven real-time MPI/RT
contains two events that are specified by time stamps.
From this perspective, the time-driven paradigm is just
a subset of the event-driven one. There is, however, one
critical difference that lies in the ability of the applica-
tion to schedule its non-MPI/RT activities. For the time-
driven paradigm, there are existing facilities to start non-
MPI/RT activities using OS timers, spin-locks and others.
These facilities and the synchronized clocks allow the ap-
plication to coordinate all of its activities, MPI/RT and
non-MPI/RT, both local and global. There are no anal-
ogous mechanisms for the event-driven paradigm, and
event delivery/monitoring across the entire platform re-
quires application action and sufficient communication
support. This is the place where MPI/RT can really help.

Events “guard” a liveliness interval within which the
activity can use resources. While many different activi-
ties are of interest for real-time and embedded system for
this specification, we concentrated on two activities: ap-
plication functions and MPI/RT data transfer operations
over a channel. The guards use two lists. The first one is
the list of events whose conjuncture trigger the activity.
The second one is the list of events, such that any event
on the list stops the activity if it is not yet finished by
itself. It is agreed at present by the working group, that if
we need more comprehensive arithmetic of actions we can
add such functionality later. For completeness we may,
for example, add action IGNORABLE for the empty ac-
tion list. MPI is responsible for delivering events and for



triggering (start or stop) an activity if it is eligible. As
stated before, for now only two activities are considered:
application functions and MPI/RT data transfer opera-
tions. Each application process registers event names it
wants MPI/RT to monitor and event names it will gener-
ate. Since an application can only generate user events,
only user event names that application will generate need
to be registered with MPI/RT. MPI/RT is already aware
of where and how system and communication events are
generated. The issue of how the events are delivered to
the guarded activity is left to the implementation. The
MPI/RT standard provides the functionality for an appli-
cation to notify an MPI/RT implementation about appli-
cation generated events.

4.3 Priority-Driven Paradigm

In MPI/RT, priorities are specified and fixed per channel
by a field in the QoS argument to the channel creation
calls. As with other QoS parameters, the processes at
both ends of the channel must provide the same priority
OT amn error occurs.

Because varying platforms may provide different levels
of support for message priority at the OS level and be-
low, MPI/RT specifies little about how message priorities
are implemented. In addition to passing message priority
information to the appropriate OS and hardware layers,
a high-quality MPI/RT implementation will order opera-
tions internally according to priority information. For ex-
ample, given the choice between performing two different
communication operations (such as receiving one message
or another), the higher priority communication should be
performed first. If the high priority communication blocks
or stalls, lower priority communication may be initiated.
Notice that in the general case, this implies that commu-
nication may need to be preempted. For example, if the
user initiates a low-priority nonblocking send, and then
begins a high-priority send, the low-priority send would
be stalled in favor of the high-priority send.

MPI/RT makes no attempt to correlate process (or
thread) and message priorities, and indeed, has nothing
to do with process/thread priorities whatsoever with ex-
ception of request and error handlers. Such functionality
should instead be provided by domain-specific middle-
ware. Thus, while an MPI/RT implementation may need
to concern itself with process (or thread) priorities, the
APT itself does not.

5 Support

5.1 Synchronized Clocks

Most platforms that support real-time applications pro-
vide tightly synchronized system clocks that are depen-
dent upon special hardware support. There are sev-
eral compelling reasons for having highly synchronized

clocks [12]:

1. Fine-grained, accurate instrumentation is needed for
all approaches to real-time message-passing systems,
and even for performance measurements in non-real-
time systems.

2. Real-time applications require precise timing correct-
ness. These systems also require demonstrations of
this correctness, and often require delicate tuning for
optimal performance. Well-synchronized clocks are
necessary to support these requirements in a parallel
environment.

3. Applications should be able to adjust scheduled
times for portability, based upon the quality of the
synchronized clocks. For example, time padding will
be needed to adapt scheduled message-passing oper-
ations on heterogeneous processing nodes.

4. The primary goal of time-driven real-time MPI is to
support application specification of resource usage.
For time-driven MPI/RT, all resources that are used
for communication need to be scheduled in order to
achieve predictable behavior. These scheduled re-
sources can include:

(a) Distributed Memory,

(b) Shared Memory,

(¢) Communication Bandwidth,
(d) Communication Fabric, and

(e) Computation,

as well as others, such as platform specific resources
related to inter-process communication.

The processing nodes (made up of one or more CPUs)
that comprise a real-time parallel processing system may
have access to several clocks. We designate one of the
clocks as a globally synchronized clock. For each process
of a program that uses MPI/RT, this clock will be the
one accessed by the MPI/RT implementation. There is
an underlying assumption that each process is associated
with a fixed processing node. The process accesses its
globally synchronized clock through its associated node.

For most platforms, each node has a local clock, and
this 1s periodically corrected in order for it to serve as
a synchronized clock for all MPI/RT processes active at
that node. However, other alternatives are not precluded.
For example, there may even be a single clock at one of
the nodes or even completely outside of the participating
nodes, which all the processing nodes access over a net-
work (which may also be used for regular data transfer
operations) to get a synchronized clock value. A funda-
mental assumption is made that the system clocks will
be monotonically non-decreasing. We also assume that
the underlying operating system will hide any artifacts
resulting from the overflow of system clock counters.

We present several parameters that describe the syn-
chronized clocks that can be accessed at run-time,
compile-time or both.



Resolution (Tick) Resolution represents the time be-
tween two successive clock ticks. The resolution of
the various synchronized clocks in a heterogeneous
system may differ.

Drift Drift indicates, for each synchronized clock, a
guaranteed upper bound on the error in the rate of
the clock. That is, if the drift is §, then the clock rate
(measured in seconds per actually elapsed second) is
guaranteed to be between 1 — 6 and 1+ 6. Drift is,
as stated above, dimensionless.

Drift can be effectively used to bound the accuracy
of measurement of small time intervals, when they
are measured by the difference between two readings
of the same synchronized clock.

An implementation of MPI/RT should reset the drift
parameter when global system clocks are synchro-
nized.

Skew Skew is a maximum bound on the absolute value
of the difference between simultaneous values of the
synchronized clocks in distinct nodes. Note that this
refers to i1deal values, not the result of any real read-
ing operations.

Accuracy Accuracy is a maximum bound on the ab-
solute value of the difference between simultaneous
values of the synchronized clock and an ideal clock
started at the synchronized clock hypothetical start-
ing time (some critical instant in time).

If synchronized clocks are periodically corrected in
order to deal with drifts and other inaccuracies, the
calculation of the interval accuracy based upon drift
will be too pessimistic for large intervals.

This value can also be used for cross-platform syn-
chronization.

Access Time Access Time is a maximum bound on the
time to execute a call of MPI_WTIME, This, of course,
assumes that the execution of the call is not inter-
rupted by the operating system. This undesirable
and ambiguous caveat is necessary with current op-
erating systems (especially those with virtual mem-
ory) because an absolute guarantee would be so long
as to be practically unusable.

The values of the listed parameters do not depend on
what applications are running but rather on the parallel
environment. These parameters represent constraints on
the changes to the environment. For example, the skew
should not be increased when new processes are added
while an application is running. Various caveats for the
above parameters can be added to allow implementors to
provide finite bounds, of some residual value to users.

5.2 Instrumentation

Instrumentation is an essential aspect in providing ap-
plication developers with the metrics needed to moni-
tor quality of service assurances and fine tune specific
hardware configurations [11]. These metrics support per-
formance portability, maintainability and fault tolerance.
Instrumentation i1s a primary tool for application devel-
opers that provide QoS for the applications themselves.
Real-time instrumentation includes, but is not restricted
to, monitoring application performance and monitoring
MPI/RT performance. Other performance monitoring
directly related to the overhead of MPI/RT operations
will be implementation dependent. An important bene-
fit from performance monitoring is the ability to capture
global and local resource utilization information.

Currently, there is little information available to the
user concerning internal MPI events. In some circum-
stances where timing is critical, an application could ben-
efit from information about times of resources used by
internal MPI (and native) communication events (and
states). Real-time instrumentation must be sensitive to
the impact of monitoring on the timing behavior of an
application. To minimize this impact, MPI/RT instru-
mentation will include interfaces for existing monitoring
instruments and/or event loggers. This design provides
implementation independence.

Real-time instruments will not duplicate efforts pro-
vided in profiling tools, although some of the information
collected may be duplicated. The distinction between
profiling and instrumentation will be defined by global
and local resource requirements and impact on timing re-
quirements. Implementors may choose to use “profiling”
hooks when applicable if performance can be achieved.

Run time instruments support performance monitor-
ing, decision analysis and fault tolerance. The MPI in-
strument monitoring API is designed to monitor, collect
and output metrics. For systems that have a generic per-
formance monitoring capability, MPI/RT monitoring may
be integrated into the existing capability. Metrics that
are obtained from performance monitoring may provide
decision analysis criteria for conditional heuristics. These
heuristics guide fault tolerance policies and support load
balancing schemes.

Performance monitoring for both application specific
information, and MPI/RT specific information are accom-
modated. The standard will not dictate this level of de-
tail, but instead provide recommendations to implemen-
tors and users.

6 Conclusions

The MPI/RT standard constitutes the first effort to pro-
vide a portable specification for real-time message passing
user requirements. It allows the domain of portable mes-
sage passing high performance parallel computation (MPI
domain) to be enlarged to include embedded and time-



critical applications. While still not in its final stage,
MPI/RT clearly reveals the functionality missing from
MPI and different application design approaches that real-
time applications are using, and addresses these omis-
sions.

The latest draft of the standard can be found in
hittp://www.mpirt. org [6]. One can join the MPI/RT stan-
dard working group by sending a message subscribe mpi-
realtime to majordomo@mpirt.ory.

With the explosion of real-time standardization activi-
ties a new effort 1s needed to sort out all the similarities
and differences between related standards. One such ef-
fort 1s joint work between SEI and MITRE to address re-
lationships between MP1, MPI/RT, POSIX.21, CORBA,
and realtime CORBA.
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