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Abstract

Parallel programs are typically written in an explicitly parallel fashion
using either message passing or shared memory primitives. Message passing
is attractive for performance and portability since shared memory machines
can eciently execute message passing programs, however message passing
machines cannot in general e ectively execute shared memory programs. In
order to write a parallel program using message passing, the programmer is
often obliged to develop a signi cant amount of code which manages distributed data and events and parallel input/output, and such code may have
little or nothing to do with the application. However many parallel applications have common structural elements and much of this additional code
can be encapsulated within a parallel library and reused in several programs.
We discuss the requirements the library writer and user makes of the basic
message passing interface and describe how we have addressed these requirements in our Common High-Level Interface for Message Passing (CHIMP)
project. We also describe how these requirements are supported in the new
standard Message Passing Interface (MPI). We then describe a selection of
the parallel libraries which we have written in our Parallel Utility Library
(PUL) project. These libraries encapsulate common approaches to parallel
data and event management and parallel input/output.

Introduction
Parallel programs are typically written in an explicitly parallel fashion using either
message passing or shared memory primitives for process coordination. Message
passing is attractive for portability and performance since shared memory architectures can eciently execute message passing programs whereas the reverse is
not generally the case. In order to write parallel programs using message passing
primitives the programmer is often obliged to develop a signi cant amount of software which manages distributed data and events and input/output of distributed
data structures. Many parallel applications have similar structural components
and much of the additional support software is potentially reusable. Such common
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software can be encapsulated in parallel utility libraries for reuse in many applications. The utilisation of parallel libraries reduces the additional e ort required to
exploit parallel systems to an understanding of the parallel concepts and relieves
the programmer from the implementation of detailed message passing. Furthermore, encapsulation and reuse a ords the opportunity to increase the time and
e ort involved in optimisations, since that cost can be spread over many applications. We describe a suite of libraries which we have written in the Parallel Utilities
Library (PUL) project which support parallel input/output and parallel data and
event management.
In order to realise the bene ts of software reuse through utility libraries, such
libraries must be portable across parallel computing platforms. Thus we require
a uniform set of message passing primitives which support safe and ecient library implementation and utilisation. The message passing interfaces provided by
vendors of parallel computing platforms di er, which has undermined the potential portability of message passing software. There have been a number of e orts
to provide portable message passing libraries which have gone some way to solving this problem but have not addressed the requirements of library writers and
users. We discuss these requirements and describe how we have provided support
in our Common High-Level Interface for Message Passing (CHIMP) project. We
also describe how these requirements are supported in the new standard Message
Passing Interface (MPI).

Parallel Libraries and Message Passing
This section discusses facilities that parallel libraries require from the base message
passing interface. The support for these requirements in two message passing interfaces is described: our Common High-level Interface to Message Passing (CHIMP)
[14, 3]; and the new standard Message Passing Interface (MPI) [11].

Parallel Library Requirements

In order to provide generality, it is important to allow use of parallel libraries
in conjunction with other communicating parallel libraries and with application
message passing. The communications required by a library must be isolated from
other communications in order to prevent interference. This can be achieved by
assigning one or more di erent message contexts to each independently communicating agent within the same process. The de ning property of a context is that a
message cannot be received in a context other than that within which it was sent.
Most existing message passing interfaces provide only a single global context. The
message tag mechanism [17, 10, 2] alone is not sucient as the user is entirely
responsible for the interpretation of tag values [18].
Many useful parallel procedures involve collective communication within a
group of processes. In general, users will apply these operations to arbitrary groups
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of processes, requiring an ability to form process groups in a general way. Most existing message passing interfaces provide collective operations that are applicable
only to all processes in the system. This is unsatisfactory as it prevents uninterested processes from opting out of collective operations to perform other work.
Process grouping can also be used to distinguish processes that have di erent functions. Some library implementations involve interaction with processes dedicated
to providing certain services. An example is a client-server model where it is useful
to group server processes separately from clients.
Portability of parallel libraries is enhanced by a logical process addressing
scheme. For clarity, a library should be able to expose the structure of the algorithm
or paradigm encoded within it in terms of the logical process names it uses (for
example, a grid based algorithm addressing its constituent processes in a grid like
fashion). Speci cation of the virtual topology of processes is also necessary if an
implementation intends to map an algorithm onto hardware in an ecient manner.

CHIMP Parallel Library Support

In the CHIMP interface all communications are addressed through Service Access
Points (SAPs). The CHIMP \send" primitives send a message through a SAP at
the sender process to a SAP at the receiver process. The CHIMP receive primitives
receive a message through a SAP at the receiver process from a SAP at a sender
process. Messages may only be received through the SAP to which they were sent,
which provides the required message context.
CHIMP service access points are con gured into SAP groups such that each
SAP is a member of exactly one group and each process may have SAPs in any
number of such groups, although no process may have more than one SAP in
the same group. A SAP group thus de nes a group of processes, comprising the
processes that own each constituent SAP.
Groups are identi ed by a textual name and manipulated by a group handle.
Individual members of a group are identi ed by a membership identi er which is
usually a number between zero and the number of members of the group. This
provides a primitive virtual topology which is a simple one dimensional array.
Parallel libraries can create private communicationcontexts by creating private
SAP groups. In the short example shown in Figure 1 a library initialisation call
accepts a group handle which it duplicates, creating a new SAP group with a new
context, and stores it in the library object for private use in further library calls.
The initialisation is called by all processes in the identi ed process group. This call
would also initialise any additional library state retained in the library object. The
private message context and associated process group can be used in subsequent
library calls without interference from other communications in progress. The example also shows how a group wide operation (in this case a cyclic shift of data
across the group members) might be implemented.
EM [23] is a parallel utility library implemented using CHIMP message
passing. It provides collective communication routines, applicable across processes
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typedef struct {
int group;
...
/* library data */
} LIB_OBJECT;
LIB_OBJECT *lib_init(int group)
{
LIB_OBJECT *lib = lib_objInit();

}

lib->group = chp_join_duplication(group, NULL);
return (lib)

void lib_shift(LIB_OBJECT *lib, void *in, void *out, int count)
{
int nb;
int size = chp_group_size(lib->group);
int rank = chp_group_member(lib->group);

}

nb = chp_recv_nb(lib->group, lib->group, (rank+size-1)%size, in, count);
chp_send(lib->group, lib->group, (rank+1)%size, out, count);
chp_test(&nb, 1, CHP_ALL, NULL);

Figure 1: Simple collective library example with CHIMP
in a CHIMP SAP group, to complement the facilities provided by CHIMP. The
functionality of EM includes: a barrier operation; one-to-one, one-to-all and all-toall message exchange such as concatenation and permutation; and global summation, minimum, maximum and logical operations. Although EM provides separate
functions for the base data types, generic combination and selection services are
also provided, permitting the user to de ne binary operations on arbitrary data
types. EM demonstrates a trade-o between code reuse and performance in attempting to optimise communication patterns for particular target architectures.
There are two alternative implementations, based on binary trees or parallel prexes, which can be selected by the user, depending on the platform used. A more
attractive solution would involve EM querying the platform in order to decide
which implementation to adopt. This might involve lower level system software
making machine parameters available to modules, or having modules execute test
codes in order to determine these parameters at rst hand. However, it is not clear
how this querying could be achieved in a platform-independent manner or, indeed,
what would constitute an adequate machine-independent set of parameters.

MPI Parallel Library Support

The support for parallel libraries in MPI is broadly similar to that in CHIMP.
In MPI messages are addressed through a communicator object which can be
viewed as a bundle of a message context and a process group, providing a safe
communication space for library writer and user alike. The communicator may be
4

static int LIB_key = MPI_NULL_KEY;
typedef struct {
MPI_Comm comm;
...
/* library data */
} LIB_OBJECT;
void lib_shift(MPI_Comm comm, void *in, void *out, int count)
{
LIB_OBJECT *lib;
MPI_request req;
int found, size, rank;
if (LIB_key == MPI_NULL_KEY)
MPI_Attr_get_key(&LIB_key, lib_cpObj, lib_rmObj);
MPI_Attr_get_value(user, LIB_key, &lib, &found);
if (! found) {
lib = lib_initObj();
MPI_Comm_dup(user, &(lib->comm));
MPI_Attr_put_value(user, LIB_key, lib);
}
MPI_Comm_size(lib->comm, &size);
MPI_Comm_rank(lib->comm, &rank);

}

MPI_Irecv(in, count, type, (rank+size-1)%size, 0, lib->comm, &req);
MPI_Send(out, count, type, (rank+1)%size, 0, lib->comm);
MPI_Wait(&req, NULL);

Figure 2: Simple collective library example with MPI
implemented for example in terms of the port model of CHIMP or the extended
tag model of Zipcode [20, 19].
The support for virtual topologies in MPI is more extensive than that in
CHIMP and is broadly comparable to the process topologies support provided
by PARMACS[2]. Cartesian and graph topologies are supported. These facilities
enhance the basic process group and rank addressing methodology with structural information about the spatial relationship between component processes,
and provide assistance with e ective mapping of process group topologies onto
hardware resources.
The communicator object also contains a user data cache which stores arbitrary data using a simple key mechanism. The communicator cache can be used to
implement the virtual topology and collective communication layers of MPI which
can be thought of as internal libraries. The communicator cache also makes MPI
extensible since the library programmer can write MPI libraries with the same
\look and feel" as the MPI internal libraries.
The code fragment in Figure 2 shows how the MPI interface can be used to
implement the simple library example from the previous section, making use of the
communicator cache mechanism. No explicit initialisation procedure is required
and the communicator supplied by the caller is used to store the library state
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which is the reverse of the equivalent CHIMP example. In the rst ever call, the
library gets an attribute key value and speci es functions that the MPI caching
mechanism should use to copy and to delete attributes. The attribute key is used
to search the cache associated with the given communicator for an object holding
library state. If there is no library object, the communication context de ned by
the communicator is duplicated to isolate library communications and the library
object is allocated, initialised and inserted into the cache under the allocated key
value. The secure communications context is used to perform the data shift in
later calls with the same user level communicator.

Parallel I/O
There are two principal issues concerning I/O for MIMD machines. The rst is
the arbitration of access by a group of processes to a common, shared le. This
is addressed by the GF (Global File) utility [4]. The second is the provision of
scalable I/O performance through the distribution of a le over multiple discs. The
PF (Parallel File) utility [6] adds this capability to a variation of the functionality
of GF.

Multiple Processes and Global Files

GF provides structured and unstructured access by a group of processes to shared
les. The I/O functionality is based on the C stdio library, providing formatted
and unformatted I/O, and adding operations to read and write arbitrary subblocks of arrays.
The utility supports four Parallel File Access Modes (PFAMs) which determine the behaviour of I/O operations. The rst two are single, where all processes in
a group synchronously access the same data and multi where they synchronously
access contiguous data. These modes are similar to their namesakes in the CUBIX
operating system [16], although GF does not enforce an SPMD model. The other
modes are random and independent, where processes may independently access
arbitrary data using either a shared or local le pointer. Figure 3 summarises how
the modes modify the semantics of the I/O operations.
Applications often require the ability to alter the PFAM whilst accessing
an open le. A typical example is an application which reads common header
information for each process at the beginning of the le (in single mode), and then
reads speci c data for each process from the remainder of the le (in multi or
random mode).
The current implementation uses a client-server architecture, thus allowing
GF to provide non-blocking reads and writes, enabling the application to control
the overlap of computation with I/O.
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Figure 3: Comparison of GF parallel le access modes.

Multiple Discs and Distributed Files

I/O is one of the major bottlenecks that a ects parallel codes. Parallel le systems
represent a solution by multiplying the number of streams over which I/O is performed and thereby increasing the bandwidth. Such facilities are provided by the
newest parallel computing systems (including Thinking Machines Corporation's
CM-5, Meiko's Computing Surface 2 and Fujitsu's AP1000), but as is frequently
the case, software support lags hardware capability.
It is the objective of the PF utility to provide a transparent, ecient and
portable interface to parallel discs. The goal of transparency implies that the le
should be presented as a single, logical unit to the processes accessing it. Thus,
the I/O operations are unaware of the actual distribution of the parallel le. This
ensures a simpler programming model, and a clean separation of the issues of
functionality (access to the le) and performance-tuning (distribution of the le).
However, while PF provides the PFAMs supported by GF, we believe that for
ecient parallel I/O, it is necessary to abandon the \Unix" byte stream model of
GF. Instead, we allow the structure of application data to be embodied in the le
access operations, so that the distribution pattern of the le may be matched to
the access patterns of the application. To this end, PF uses an I/O atom, de ned
to be an addressable, user-de ned record type, possibly of variable length. The
name \atom" has been chosen because this is the nest unit of le distribution.
Files may be distributed by PF over discs in a variety of strategies, which
are partly based on a taxonomy by Crockett [8]. A Multi-Instance distribution
replicates the le on a set of discs as in RAID [13] Level 1. The PartitionedInterleaved distribution stripes contiguous blocks of atoms across the discs, and
the Partitioned and Interleaved distributions are special cases of this. User De ned
distributions are also permitted by PF.
A single parallel le may have a number of concurrently-existing, equivalent
instances with di erent distributions, from which the utility chooses the most
appropriate on opening the le, or it may determine that the generation of a new
distribution is required. In order to allow PF to determine what is an appropriate
distribution, the user may provide the utility with \hints" about access patterns,
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such as the predominant PFAM. The \hints" mechanism also allows an appropriate
caching strategy to be determined. The existence of a distributed, replicated cache
is likely to be the source of a signi cant proportion of the performance gained [9].

Parallel Data Management
Many important classes of application, such as computational uid dynamics
(CFD) or seismic data processing, are expressed as regular local operations over
a very large spatial data set. Parallelism o ers a signi cant performance improvement to such applications, by splitting the data set between di erent processors
and assigning processing according to the owner computes rule. Processes responsible for neighbouring portions of the data set must communicate to ensure that
data elements on the boundaries of these portions are kept consistent. Applications
amenable to this kind of parallelisation are commonly based on data structures
such as rectilinear grids, or irregular meshes.
These paradigm speci c requirements may be encapsulated within a library,
such as the RD utility within PUL [5], which supports regular domain decomposition. This technique is appropriate for balanced grid-based problems, and involves
dividing up the (multi-dimensional) array-based data set into a set of similarly
sized blocks which are allocated to a logical grid of processes.
RD introduces the concept of an operator stencil to de ne the pattern of
data access for updating the data elements. The operator stencil is used by RD
to calculate the inter-process communications for internal boundary updates and
may be changed over the lifetime of the grid.
Two interoperable levels of interface are provided. Under the skeletal level
both the control and data- ow of the paradigm are managed automatically by RD,
and the application need only provide a function to update an arbitrary region
of the data set. This strategy owes much to Cole's \algorithmic skeletons" [7],
and can allow very rapid parallelisation. With the procedural interface, boundary
updates are still performed by the utility, but under the control of the application.
Boundary updates may be non-blocking, allowing computation to be overlapped
with the communication.
The class of applications which is probably the largest current consumer of
supercomputing cycles is that of irregular mesh-based problems, such as nite
element or volume codes, often used in CFD. These typically su er from load
imbalance [15], which becomes more severe when adaptive meshes (those which
change shape as the computation proceeds) are implemented. Even meshes with
a static structure may still be dynamically unbalanced.
The SM utility in PUL [24] supports two or three dimensional meshes. The
utility includes procedures to ensure the consistency of data lying at process boundaries and also supports the migration of data elements between processes, in order
to obtain optimal load balancing. Any dynamic load balancing technique must be
cost e ective, that is, the cost of making changes in processor responsibility and
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migrating data between processes must be greatly outweighed by the eciency
gained from the better load balance. Accordingly, the load balancing algorithms
employed by SM use local decision-making and element migration. This approach
is scalable, and although decisions are based on partial knowledge it has been
shown to yield good results at low costs [1].
SM provides two load balancing functions in order to achieve cost-e ectiveness
under di erent conditions. The rst migrates all mesh elements on a boundary,
which is very inexpensive to execute, as it can use existing boundary update communications. The second migrates only a certain number of the \highest energy"
elements, which is more costly to execute, but provides more accurate load balancing.
One alternative to the PUL approach of providing libraries explicitly supporting message-passing parallel programming paradigms is the approach taken
in the High Performance Fortran (HPF) initiative [12]. In this case the user annotates almost serial source code with directives specifying how the data is to
be distributed. The compiler generates a parallel executable using the owner computes rule, inserting parallel data management code as appropriate. This approach
is excellent for the class of regular, static balanced problems tackled by RD. For
unbalanced mesh problems, however, HPF is not powerful enough to provide the
dynamic load balancing required to achieve ecient utilisation of a parallel machine. Run-time utility libraries such as PUL are exible enough to tackle these
dicult problems, while hiding the details of the parallel implementation from the
application programmer.

Parallel Event Management
This approach is suitable for applications whose task can be split into two or
more smaller, independent sub-tasks, the results of which are combined to solve
the original problem. The sub-tasks may themselves be further subdivided, or
solved directly. An advantage of over the data parallel approach is that unbalanced
problems (which divide into tasks of varying degrees of diculty) are easily load
balanced.
This kind of event parallelism is typically found in ray tracing and tree search
problems. Event parallel problems are often tackled by some form of task farm. In
the classical task farm there is one source process, which generates tasks, a set of
worker processes which transform tasks into results, and one sink process which
collates results to form the nal solution.
Within the PUL library, the TF utility [25] embodies a classical task farm. As
with RD, two interoperable levels of interface as are provided. The higher, skeletal
level encapsulates both the data and control ow of the application, where the
user need only specify the source, worker and sink functions, and the procedural
level provides facilities to distribute and collect tasks and results.
The basic task farming approach is inherently non-scalable, as task creation
9

and result collation become bottlenecks with large numbers of workers. More
powerful is the \divide-and-conquer" strategy, where the task is recursively broken
down into a tree of sub-tasks, whose branches may be solved independently. Since
the depth and breadth of the tree is unknown, the allocation of branches should
be dynamic in order to balance the computational load, each process taking on
work from a heavy branch when it has nished all local branches. A PUL utility
to support this strategy would manage the computation tree, and be responsible
for work migration.

Conclusion
In order to promote portable parallel software, there is a need for a common
message passing interface. Portability need not be achieved at the expense of performance, if there is some form of communication of attributes between platform
and messaging system. Building libraries on top of a messaging system requires it
to have secure communication contexts (as in CHIMP, MPI and Zipcode), and is
aided by allowing user data to be associated with communication contexts (as in
MPI).
E ective use of I/O on MIMD architectures requires the co-ordination of
multi-process access to a common le. The provision of scalable, but usable I/O
performance necessitates providing a global view of a le distributed in an applicationspeci c form over multiple discs. The PUL GF and PF utilities support these goals.
Many important parallel applications comprise regular, local operations on
large spatial data sets, typically rectilinear grids or unstructured meshes. E ective
parallelisation strategies for these may be encapsulated in libraries, which can accommodate irregular datasets and dynamic load-balancing more e ectively than
a compiler-based approach. The PUL RD and SM utilities encapsulate decompositions of rectilinear grids and unstructured meshes.
For applications whose task can be partitioned into independent sub-tasks,
then an event-parallel paradigm can be suitable. This can take the form of a
classical task farm (realised in the TF utility), or for amenable problems, a divide
and conquer approach can be used.
The feasibility of employing a portable, library-based approach in large-scale
applications is demonstrated by the use of CHIMP and PUL in industrial and
academic applications such as global weather modelling, seismic image processing
[22], network-management and a parallel genetic algorithm framework [21].
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