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systems, often an implementation of SQL. Further, map-reduce turns out to be
a useful, but simple, case of more general and powerful ideas. We include
in this chapter a discussion of generalizations of map-reduce, first to systems
that support acyclic workflows and then to systems that implement recursive
algorithms.

Our last topic for this chapter is the design of good map-reduce algorithms,
a subject that often differs significantly from the matter of designing good
parallel algorithms to be run on a supercomputer. When designing map-reduce
algorithms, we often find that the greatest cost is in the communication. We
thus investigate communication cost and what it tells us about the most efficient
map-reduce algorithms. For several common applications of map-reduce we are
able to give families of algorithms that optimally trade the communication cost
against the degree of parallelism.

2.1 Distributed File Systems

Most computing is done on a single processor, with its main memory, cache, and
local disk (a compute node). In the past, applications that called for parallel
processing, such as large scientific calculations, were done on special-purpose
parallel computers with many processors and specialized hardware. However,
the prevalence of large-scale Web services has caused more and more computing
to be done on installations with thousands of compute nodes operating more
or less independently. In these installations, the compute nodes are commodity
hardware, which greatly reduces the cost compared with special-purpose parallel
machines.

These new computing facilities have given rise to a new generation of pro-
gramming systems. These systems take advantage of the power of parallelism
and at the same time avoid the reliability problems that arise when the comput-
ing hardware consists of thousands of independent components, any of which
could fail at any time. In this section, we discuss both the characteristics of
these computing installations and the specialized file systems that have been
developed to take advantage of them.

2.1.1 Physical Organization of Compute Nodes

The new parallel-computing architecture, sometimes called cluster computing,
is organized as follows. Compute nodes are stored on racks, perhaps 8–64
on a rack. The nodes on a single rack are connected by a network, typically
gigabit Ethernet. There can be many racks of compute nodes, and racks are
connected by another level of network or a switch. The bandwidth of inter-rack
communication is somewhat greater than the intrarack Ethernet, but given the
number of pairs of nodes that might need to communicate between racks, this
bandwidth may be essential. Figure 2.1 suggests the architecture of a large-
scale computing system. However, there may be many more racks and many
more compute nodes per rack.
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Switch

Racks of compute nodes

Figure 2.1: Compute nodes are organized into racks, and racks are intercon-
nected by a switch

It is a fact of life that components fail, and the more components, such as
compute nodes and interconnection networks, a system has, the more frequently
something in the system will not be working at any given time. For systems
such as Fig. 2.1, the principal failure modes are the loss of a single node (e.g.,
the disk at that node crashes) and the loss of an entire rack (e.g., the network
connecting its nodes to each other and to the outside world fails).

Some important calculations take minutes or even hours on thousands of
compute nodes. If we had to abort and restart the computation every time
one component failed, then the computation might never complete successfully.
The solution to this problem takes two forms:

1. Files must be stored redundantly. If we did not duplicate the file at several
compute nodes, then if one node failed, all its files would be unavailable
until the node is replaced. If we did not back up the files at all, and the
disk crashes, the files would be lost forever. We discuss file management
in Section 2.1.2.

2. Computations must be divided into tasks, such that if any one task fails
to execute to completion, it can be restarted without affecting other tasks.
This strategy is followed by the map-reduce programming system that we
introduce in Section 2.2.

2.1.2 Large-Scale File-System Organization

To exploit cluster computing, files must look and behave somewhat differently
from the conventional file systems found on single computers. This new file
system, often called a distributed file system or DFS (although this term has
had other meanings in the past), is typically used as follows.
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DFS Implementations

There are several distributed file systems of the type we have described
that are used in practice. Among these:

1. The Google File System (GFS), the original of the class.

2. Hadoop Distributed File System (HDFS), an open-source DFS used
with Hadoop, an implementation of map-reduce (see Section 2.2)
and distributed by the Apache Software Foundation.

3. CloudStore, an open-source DFS originally developed by Kosmix.

• Files can be enormous, possibly a terabyte in size. If you have only small
files, there is no point using a DFS for them.

• Files are rarely updated. Rather, they are read as data for some calcula-
tion, and possibly additional data is appended to files from time to time.
For example, an airline reservation system would not be suitable for a
DFS, even if the data were very large, because the data is changed so
frequently.

Files are divided into chunks, which are typically 64 megabytes in size.
Chunks are replicated, perhaps three times, at three different compute nodes.
Moreover, the nodes holding copies of one chunk should be located on different
racks, so we don’t lose all copies due to a rack failure. Normally, both the chunk
size and the degree of replication can be decided by the user.

To find the chunks of a file, there is another small file called the master node
or name node for that file. The master node is itself replicated, and a directory
for the file system as a whole knows where to find its copies. The directory itself
can be replicated, and all participants using the DFS know where the directory
copies are.

2.2 Map-Reduce

Map-reduce is a style of computing that has been implemented in several sys-
tems, including Google’s internal implementation (simply called map-reduce)
and the popular open-source implementation Hadoop which can be obtained,
along with the HDFS file system from the Apache Foundation. You can use
an implementation of map-reduce to manage many large-scale computations in
a way that is tolerant of hardware faults. All you need to write are two func-
tions, called Map and Reduce, while the system manages the parallel execution,
coordination of tasks that execute Map or Reduce, and also deals with the
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