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SYNONYMS

Parallel Communication Models
Message-passing Performance Models

DEFINITION

Bandwidth-latency models are a group of performance models for parallel pro-
grams that focus on modeling the communication between the processes in terms
of network bandwidth and latency, allowing quite precise performance estima-
tions. While originally developed for distributed-memory architectures, these
models also apply to machines with non-uniform memory access (NUMA), like
the modern multi-core architectures.

DISCUSSION

Introduction

The foremost goal of parallel programming is to speed up algorithms that would
be too slow when executed sequentially. Achieving this so-called speedup requires
a deep understanding of the performance of the inter-process communication
and synchronization, together with the algorithm’s computation. Both com-
putation and communication/synchronization performance strongly depend on
properties of the machine architecture in use. The strength of the bandwidth-
latency models is that they model exactly the communication and synchro-
nization operations. When the parameters of a given machine are fed into the
performance analysis of a parallel algorithm, bandwidth-latency models can lead
to rather precise and expressive performance evaluations. The most important
models are BSP and LogP, as discussed below.

The BSP Model

The bulk synchronous parallel (BSP) model was proposed by Leslie Valiant[11]
of Harvard University to overcome the shortcomings of the traditional PRAM



model, while keeping its simplicity. None of the suggested PRAM models offers
a satisfying forecast of the behavior of parallel machines for a wide range of
applications. The BSP model (bulk synchronous parallel) was developed as a
bridge between software and hardware developers: if the architecture of parallel
machines is designed as prescribed by the BSP model, then software developers
can rely on the BSP-like behaviour of the hardware. Furthermore it should not
be necessary to customize perpetually the model of applications to new hardware
details in order to benefit from a higher efficiency of emerging architectures.
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Figure 1: The BSP model executes calculations in supersteps. Each superstep
comprises three phases: (1) simultaneous local computations performed by each
process, (2) global communication operations for swapping data between pro-
cesses, (3) barrier synchronisation for finalizing the communication operation
and enabling access to received data by the receiving processes.

The BSP model is an abstraction of a machine with physically distributed
memory that uses a presentation of communication as a global bundle instead
of single point-to-point transfers. A BSP model machine consists of a number
of processors equipped with memory, a connection network for point-to-point
messages between processors, and a synchronisation mechanism, which allows a
barrier synchronisation of all processors.

Calculations on a BSP machine are organized as a sequence of supersteps as
shown in Figure 1:

e In each superstep, each processor executes local computations and may
perform communication operations.

e A local computation can be executed in every time unit(step).

e The result of a communication operation does not become effective before
the next superstep begins, i.e. the receiver cannot use received data until
the current superstep is finished.



e At the end of every superstep, a barrier synchronisation using the syn-
chronisation mechanism of the machine takes place.

The BSP model machine can be viewed as a MIMD system, because the
processes can execute different instructions simultaneously. It is loosely syn-
chronous at the superstep level, compared to the instruction-level tight syn-
chrony in the PRAM model: within a superstep, different processes execute
asynchronously at their own pace. There is a single address space, and a pro-
cessor can access not only its local memory but also any remote memory in
another processor, the latter imposing communication.

Within a superstep, each computation operation uses only data in the pro-
cessor’s local memory. These data are put into the local memory either at the
program start-up time or by the communication operations of previous super-
steps. Therefore, the computation operations of a process are independent of
other processes, while it is not allowed for multiple processes to read or write the
same memory location in the same step. Because of the barrier synchronization,
all memory and communication operations in a superstep must completely fin-
ish before any operation of the next superstep begins. These restrictions imply
that a BSP computer has a sequential consistency memory model.

A program execution on a BSP machine is characterised using the following
four parameters[6]:

e p: the number of processors;

e s: the computation speed of processors expressed as the number of com-
putation steps that can be executed by a processor per second. In each
computation step, one arithmetic operation on local data can be executed;

e [: the number of steps needed for the barrier synchronisation;

e g: the average number of steps needed for transporting a word between
two processors of the machine.

In a real parallel machine, there are many different patterns of communica-
tion between processors. For simplicity, the BSP model abstracts the commu-
nication operations using the h relation concept: an h relation is an abstraction
of any communication operation, where each node sends at most h words to
various nodes and each node receives at most h words. On a BSP computer,
the time to realize any h relation is not longer than gh.

The BSP model is more realistic than the PRAM model, because it accounts
for several overheads ignored by PRAM:

e To account for load imbalance, the computation time w is defined as the
maximum number of steps spent on computation operations by any pro-
Cessor.

e The synchronization overhead is [, which has a lower bound of the commu-
nication network latency (i.e., the time for a word to propagate through
the physical network) and is always greater than zero.

e The communication overhead is gh steps, i.e. gh is the time to execute the
most time-consuming h relation. The value of g is platform-dependent: it
is small on a computer with more efficient communication support.



The BSP model allows for overlapping of the computation, the commu-
nication, and the synchronization operations within a superstep. If all three
types of operations are fully overlapped, then the time for a superstep becomes
mazx(w, gh,l). However, usually the more conservative w + gh + [ is used.

For a real parallel machine, the value of g depends on the bandwith of the
communication network, the communication protocols, and the communication
library. The value of | depends on the diameter of the network, as well as
on the communication library. Both parameters are usually estimated using
benchmark programs. Since the value s is used for normalization of the values
l and g, only p, | and g are independent parameters. The execution time of a
BSP-program is a sum of the execution time of all supersteps. The execution
time of each superstep comprises three terms: (1) maximum local computation
time of all processes, w, (2) costs of global communication realizing a h-relation,
and (3) costs for the barrier synchronisation finalizing the superstep:

Tsuperstep =w+h- g+ l (1)

The BSP model was implemented in a so-called BSPlib library [5, 6] that
provides operations for initialisation of supersteps, execution of communication
operations, and barrier synchronisations.

The LogP Model

In [4], Culler et al. criticise BSP’s assumption that the length of supersteps
must allow realizing arbitrary h-relations which means that the granularity has
a lower bound. Also the messages that have been sent during a superstep are
not available for a recipient before the following superstep begins, even if a
message is sent and received within the same superstep. Furthermore, the BSP
model assumes hardware support for the synchronisation mechanism, although
most existing parallel machines do not provide such a support. Because of these
problems, the LogP model [4] has been devised, that is arguably more closely
related to the modern hardware used in parallel machines.

In analogy to BSP, the LogP model assumes that a parallel machine consists
of a number of processors equipped with memory. The processors can commu-
nicate using point-to-point messages through a communication network. The
behaviour of the communication is described using four parameters L, o, g, and
P, which give the model the name LogP:

e L (latency) is an upper bound for the network’s latency, i.e. the maximum
delay between sending and receiving a message;

e o (overhead) describes the time a processor is busy with sending or receiv-
ing a message; during this time, no other calculations can be done by that
processor;

e g (gap) denotes the minimal timespan between sending or receiving two
messages back-to-back;

e P is the number of processors of the parallel machine.

Figure 2 shows a visualization of the parameters [3]. Except P, all parame-
ters are measured in time units or multiple machine cycle units. The model also
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Figure 2: Parameter visualization of the LogP model

assumes a network with finite capacity. From the definitions of L and g follows
that, for a given pair of source and destination nodes, the number of messages
that can be on their way through the network simultaneously is limited by L/g.
A processor trying to send a message which would exceed this limitation will be
blocked until the network can accept the next message. This property models
the network bandwidth where the parameter g reflects the bottleneck band-
width, independent of the bottleneck’s location, be it the network link, or be it
the processing time spent sending or receiving. g thus denotes an upper bound
for o.

For this capacity constraint, LogP both gets praised and criticised. The
advantage of this constraint is a very realistic modeling of communication per-
formance, as the bandwidth capacity of a communication path can get limited
by any entity between the sender’s memory and the receiver’s memory. Due
to this focus on point-to-point communication, LogP (variants) have been suc-
cessfully used for modeling various computer communication problems, like the
performance of the Network File System (NFS) [9] or collective communication
operations from the Message Passing Interface (MPI) [8]. The disadvantage of
the capacity constraint is that LogP exposes the sensitivity of a parallel com-
putation to the communication performance of individual processors. This way,
analytic performance modeling is much harder with LogP, compared to models
with higher abstraction level like BSP [2].

While LogP assumes that the processors are working asynchronously, it re-
quires that all messages must not exceed a preset size, i.e. larger messages must
be fragmented. The latency of a single message is not predictable, but it is
limited by L. This means, in particular, that messages can overtake each other
such that the recipient may potentially receive the messages out of order. The
values of the parameters L, o and g depend on hardware characteristics, the
used communication software, and the underlying communication protocols.

The time to communicate a message from one node to another (i.e., the
start-up time to) consists of three terms: to = o+ L 4+ o. The first o is called
the send overhead, which is the time at the sending node to execute a message
send operation to inject a message into the network. The second o is called the
receive overhead, which is the time at the receiving node to execute a message
receive operation. For simplicity, the two overheads are assumed equal and
called the overhead o, i.e. o is the length of a time period that a node is engaged
in sending or receiving a message. During this time, the node cannot perform



other operations (e.g., overlapping computations).

In the LogP-model the runtime of an algorithm is determined as the max-
imum runtime across all processors. A consequence of the LogP model is that
the access to a data element in memory of another processor costs T;, = 2L +4o0
time units (a message rountrip), of which one half is used for reading, and the
other half for writing. A sequence of n pipelined messages can be delivered in
T, =L+ 20+ (n — 1)g time units, as shown in Figure 3.
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Figure 3: Modeling the transfer of a large message in n segments using the LogP
model. The last message segment is sent at time Ty = (n — 1) - g and will be
received at time T, =T + 20+ L

A strong point of LogP is its simplicity. This simplicity, however, can, at
times, lead to inaccurate performance modeling. The most obvious limitation
is the restriction to small messages only. This was overcome by introducing a
LogP variant, called LogGP [1]. It contains an additional parameter G (Gap
per Byte) as the time needed to send a byte from a large message. 1/G is the
bandwidth per processor. The time for sending a message consisting of n Bytes
isthen T), =0+ (n —1)G + L +o.

A more radical extension is the parameterized LogP model [7], PLogP, for
short. PLogP has been designed taking observations with communication soft-
ware, like the Message Passing Interface (MPI), into account. These observa-
tions are: (1.) Overhead and gap strongly depend on the message size; some
communication libraries even switch between different transfer implementations,
for short, medium, and large messages. (2.) Send and receive overhead can
strongly differ, as the handling of asynchronously incoming messages needs a
fundamentally different implementation than a synchronously invoked send op-
eration. In the PLogP model, the original parameters o and g have been re-
placed by the send overhead os(m), the receive overhead o.(m), and the gap
g(m), where m is the message size. L and P remain the same as in LogP.
Figure 4 illustrates this.

PLogP allows precise performance modeling when parameters for the rele-
vant message sizes of an application are used. In [8], this has been demonstrated
for MPTI’s collective communication operations, even for hierarchical communi-
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Figure 4: Visualization of a message transport with m bytes using the PLogP
model. The sender is busy for os(m) time. The message has been received at
T = L+ g(m), out of which the receiver had been busy for o,.(m) time.

cation networks with different sets of performance parameters. Pjesivac-Grbovié¢
et al. [10] have shown that PLogP provides flexible and accurate performance
modeling.

Concluding Remarks

Historically, the major focus of parallel algorithm development had been the
PRAM model, which ignores data access and communication cost and considers
only load balance and extra work. The PRAM model is very useful in under-
standing the inherent concurrency in an application, which is the first conceptual
step in developing a parallel program; however, it does not take important re-
alities of particular systems into account, such as the fact that data access and
communication costs are often the dominant components of execution time.

The bandwidth-latency models described in this chapter articulate the per-
formance issues against which software must be designed. Based on a clearer
understanding of the importance of communication costs on modern machines,
models like BSP and LogP help analyze communication cost and hence improve
the structure of communication. These models expose the important costs as-
sociated with a communication event, such as latency, bandwidth, or overhead,
allowing algorithm designers to factor them into the comparative analysis of
parallel algorithms. Even more, the emphasis on modeling communication cost
has shifted to the cost at the nodes that are the endpoints of the communication
message, such that the number of messages and contention at the endpoints have
become more important than mapping to network technologies. In fact, both
the BSP and LogP models ignore network topology, modeling network delay as
a constant value.

An in-depth comparison of BSP and LogP has been performed in [2], show-
ing that both models are roughly equivalent in terms of expressiveness, slightly
favoring BSP for its higher-level abstraction. But it was exactly this model
that was found to be too restrictive by the designers of LogP [4]. Both models
have their advantages and disadvantages. LogP is better suited for modeling
applications that actually use point-to-point communication, while BSP is bet-
ter and simpler for data-parallel applications that fit the superstep model. The
BSP model also provides an elegant framework that can be used to reason about



communication and parallel performance. The major contribution of both mod-
els is the explicit acknowledgement of communication costs that are dependent
on properties of the underlying machine architecture.

The BSP and LogP models are important steps toward a realistic architec-
tural model for designing and analyzing parallel algorithms. By experimenting
with the values of the key parameters in the models, it is possible to determine
how an algorithm would perform across a range of architectures and how it
might be best structured for different architectures or for portable performance.

RELATED ENTRIES

To be written when the list of topics covered in the book will become available.

BIBLIOGRAPHIC NOTES AND FURTHER READ-
ING

The presented models and their extensions were originally introduced in papers
[1, 4, 11] and described in textbooks [12, 13, 14] which were partially used for
writing this entry. Further papers in the list of references deal with particular
applications of the models and their classification and standardisation.
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