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1 How to use the manual

Intended audience

This User Guide accompanies 3L’s Parallel C product, and is intended for anyone
who wants to use Parallel C to program a transputer system, whether writing a
conventional sequential program or using the full support for concurrency which
the transputer processor has to offer.

1.1 How to use the manual

There are three main divisions within this document, as follows:
e User guide
¢ Reference manual
e Appendices

Each of the sections is described briefly below.

1.2 User guide
The user guide introduces you to the operation of the compiler and the other
tools supplied with Parallel C. In particular, there are tutorial sections explaining

parallelism on the transputer and the way in which this can be accessed from
Parallel C programs.

1.3 Reference manual

The reference manual contains the detailed technical information which you will
require to write sophisticated applications for the transputer using Parallel C.

1.4 Appendices

The appendices at the end of this manual contain supplementary information in
a condensed form, such as tables of transputer assembly language mnemonics.
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2 1 How to use the manual

Further reading

This User Guide does not attempt to teach the C language itself; rather, refer-
ence should be made to one of the many introductory texts available. The first
— and still one of the best — books about C is the original book describing the
language. This is The C Programming Language[1], by Kernighan and Ritchie.

In a similar way, the reader is assumed to be reasonably familiar with the oper-
ating system of the host computer being used. For personal computers made
by IBM, this will usually be PC-DOS, which is supplied with a manual called
Disk Operating System Reference[2]. For compatible machines made by other
manufacturers, the operating system will usually be MS-DOS, described in Mi-
crosoft MS-DOS User's Reference(3]. These two operating systems are largely
compatible, and their documentation is very similar.

References to these and other documents mentioned in this manual are collected
in a bibliography, which can be found on page 259.

1.5 Host operating system dependencies

Operating system dependencies are as far as possible made invisible to the
user. The few differences are summarized below.

Command line syntax

The major difference between different host implementations is the option prefix
character. For UNIX based toolsets the prefix character is the hyphen ’-’; for all
other toolsets it is the forward slash character ’/’.

This manual uses the ‘~' character in all examples where the tools are invoked
from the host operating system.

Directories and files
Directories and pathnames are treated in a host dependent -manner, whereas
filenames are independent of the host, with certain restrictions. As long as the

directory names are legal for the host operating system, they can also be treated
as host independent.

A directory path searching mechanism is implemented within the compiler, and
full pathnames need not be given.
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2 Programming single
transputers

2.1 Outline procedure

To create a program to run on a single transputer you will need to take the
following steps:

1 Compile the C source texts using the C compiler.

2 Link the object files with the C run-time library using the linker.

3 Convert the linked image to an executable file using the bootstrap tool.
4 Load the program for execution on the transputer board using the server.

It is often convenient to collect the object files for commonly used functions into
a &ingle library file. This can be done using the librarian.

2.2 A simple example

The following example shows how to build and run the ‘hello world’ program
for a T414 transputer.

The source of the hello world program is held in the file hello.c. To
compile this source for a T414 transputer type:

t4c hello

As no filename extension is given the compiler will add a .c extension auto-
matically. If the source file contains no errors, an object file hello.bin will
be produced, otherwise error messages will be written to the standard output
stream.

The object file must now be linked with the C run-time library and converted to
an executable file. The sequence of commands required to perform this is as
follows:

ilink mainent.cd4x crtl.lib hello.bin -o hello.c4dx
iboot hello.cdx
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6 2 Programming single transputers

To run the program type:

iserver -sb hello.b4dx

The iserver loads the program hello.b4x to the transputer where it exe-
cutes automatically.

To build a program for a T800 transputer a similar sequence of commands shown
below must be used.

t8c hello
ilink mainent.c8x crtl.lib hello.bin -o hello.c8x

iboot hello.c8x
iserver -sb hello.b8x

2.3 A more complex example

For larger programs it is good practice to build them from a number of separately
compiled C source texts. The following example shows how to build a program
for a T414 from the two C source texts £1.c and £2.c. The example can easily
be generalised for more source files. First compile each source text separately:

t4c £f1
td4c £2

These commands will create the object files £1.bin and £2 .bin. The object
files must now be linked with the C start-up routine and the C run-time library:

ilink mainent.c4x fl.bin £2.bin crtl.lib -o main.c4dx

The C start-up routine (mainent.c4x) and C run-time library (crtl.1ib)
can be found in the installation directory defined in the delivery manual. If the
compiler search path is set up as described in the delivery manual the linker

will find these without needing an explicit directory specifier. Note that .bin
extensions must be stated explicitly.

The -o main.c4x linker option explicitly names the output file. Before the
program is run the linked image must be converted to an executable file:

iboot main.c4dx

The bootstrap program produces the executable file main .b4x as output which
can be loaded by the server to run on your transputer board:

iserver -sb main.bdx
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2.4 Indirect linker files 7

The same program can be built for a T800 transputer using the similar sequence
of commands below:

t8c f1
t8c £2
ilink mainent.c8x fl.bin £2.bin crtl.lib -o main.c8x

iboot main.c8x
iserver -sb main.b8x

2.4 Indirect linker files

When a program consists of many separately compiled units it is recommended
that the linker be invoked using an indirect file.

By creating a file main.14x containing:

mainent.c4dx
£f1.bin
f2.bin
crtl.lib

-0 main.c4dx

the previous example could be linked with the command line:
ilink -f main.l4x

where the - £ option instructs the linker to take its command line from the indirect
file main.1l4x

2.5 Libraries
Collecting a group of object files into a library has a number of advantages:

1 A single file is more convenient than a collection, especially if it is to be
shared and copied between a team of developers.

2 Object code for different transputer types may be collected into a single
library, from which the linker will select the correct version.

3 The linker will automatically select only the object files required for the
program from a library.
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8 2 Programming single transputers

The example below shows a graphics library being built from a core graphics
module and two device driver modules. The library is then linked in the ordinary
way with a user program. Indirect files are used to simplify the required librarian
and linker commands.

Contents of graflib. 1bb are:

core.bin
tek.bin
hp.bin

The following command is used to build the library:
ilibr -f graflib.lbb -o graflib.lib
Contents of myprog.14x are:
mainent.c4x
myprog.bin
crtl.lib
graflib.lib

The following commands are used to link the program and produce the bootable
file:

ilink -f myprog.l4x -o myprog.cdx
iboot myprog.c4x
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3 Introduction to Parallel
C

This chapter aims to help you become familiar with Parallel C and its terminology.
If you know occam, or if you have read a lot about the transputer, then you will
already be familiar with the ideas on which Parallel C is based. If not, don't
worry; the ideas are quite simple. They are explained in outline here, and again
in more detail in the chapters which follow.

3.1 Abstract model

The treatment of parallel processing in transputer systems is based on the idea
of communicating sequential processes. In this model, a computing system is
a collection of concurrently active sequential processes which can only commu-
nicate with each other over channels. A channel connects exactly one process
to exactly one other process. A channel can only carry messages in one direc-
tion: if communication in both directions between two processes is required, two
channels must be used. Each process can have any number of input and output
channels, but note that the channels in a system are fixed; new channels cannot
be created during its operation.

For example, a disk copy command built into a computer's operating system
could be described as three concurrently executing processes: two floppy disk
controller processes and one process doing the copying.

copy

\

disk 1 disk 2

This example shows an important property of channel communications: they are
synchronised. A process wanting to send a message over a channel is always
forced to wait until the receiving process reads the message. In our example,
this means that even if at some time the output floppy disk can't keep up with the
input, the system will still work properly. This is because the copy process will
automatically be forced to wait if it tries to send a message before the output disk
process is ready to receive it. Sometimes it is useful to allow a sending process
to run ahead of a receiving one; in such cases an explicit buffering process must
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10 3 Introduction to Parallel C

be added to the system.

Note that because a process in this model is just a ‘black box’ connected to
the outside world only by its channels, the actual implementation of any individ-
ual process is not important. A process could be implemented in hardware or
software or could be a complex system, itself consisting of a number of commu-
nicating processes.

3.2 Hardware realisation

The transputer was designed to be used as a component in concurrent systems
of exactly the sort described in the previous section. Each transputer processor
has four INMOS links, to connect it with other transputers. Each link has two
channels, one in each direction. These hardware channels behave exactly like
the abstract channels discussed above; they provide synchronised, unidirectional
communication.

Arbitrary networks of transputers can be constructed simply by connecting their
links together with ordinary wires, the only limitation being that each processor
cannot be directly connected to more than four others.

At this level, a transputer can therefore be viewed as a single process in a multi-
transputer system. However, it is also possible for any number of concurrent
processes to be run on an individual transputer. Any word in the transputer's
memory may be used as a channel to connect one internal process to another.
The address of such a channel word is used to identify it to the transputer instruc-
tions (and Parallel C functions) which send or receive messages. The contents
of the word are used by the hardware to synchronise sending and receiving
processes.

From a program’s point of view, these internal channels and the hardware link
channels are identical. The same instructions (or Parallel C functions) are used
to send and receive messages on both. Hardware link channels are identified by
special fixed addresses. For example, on a T414 the input channel of proces-
sor link 3 is always at address 8000001Cs¢. Internal channels have addresses
allocated by software.

This equivalence of internal channels to hardware link channels means it is pos-
sible to develop a parallel system on a single transputer and then move some of
its processes onto other transputers without having to recompile any code.

Each process executing on a transputer processor has a priority, which can either
be ‘urgent’ or ‘not urgent’. The processor automatically shares its available time
between these processes. A process can be descheduled either because it has
performed an operation (such as sending a message to another process) which
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3.3 Software model 1

causes it to pause or, in the case of a ‘not urgent’ process, because it has been
executing without interruption for a certain period of time. The effect of this is that
the CPU time-slices between the ‘not urgent’ processes, but ‘urgent’ processes
are not interrupted until they cannot proceed because of a communication. For
this reason, ‘urgent’ processes should be designed so that they do not perform
large amounts of computation, as they will ‘lock out’ the less urgent processes
entirely.

3.3 Software model

Parallel C is based on the same abstract model of communicating sequential
processes as the transputer hardware.

A complete application is viewed as a collection of one or more concurrently
executing tasks. Each task has its own region of memory for code and data, a
vector of input ports, and a vector of output ports. The port vectors are passed
to the task as arguments to its main function.

Tasks can be treated as software ‘black boxes’ connected together via their ports,
as shown in figure 3.1.

input output
ports poﬁs
—

3
— task |

Figure 3.1 a task viewed as a ‘black box’.

For example, a very simple task might accept a stream of char values on an
input port, convert each character to upper case, and output the resulting stream
of characters on an output port. The C code for this is shown in figure 3.2.

Tasks can be treated as atomic building blocks for parallel systems, to be wired
together rather like electronic components. Indeed, several such basic building-
block tasks are supplied with the compiler.

Each element in the input and output port vectors is of type ‘pointer to channel
word’, (CHAN *). Ports are bound to real channel addresses by configuration
software external to the task itself; the bindings can be changed without recom-
piling or relinking the task. Extended C run-time library functions supplied with
the compiler allow C programs to send and receive messages over the channels
bound to a task’s ports.

The configuration software also provides ways of specifying which software tasks
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12 3 Introduction to Parallel C

#include <chan.h>
#include <ctype.h>

main (argc, argv, envp, in ports, ins, out_ports, outs)
int argc, ins, outs;

char *argv[], *envp[];

CHAN *in ports[], *out ports[];

{
int c;
for (;;) {
chan_in word(&c, in_ports[0]);
if (¢ == -1) break; /* terminate task */
chan_out_word( _toupper(c), out_ports[0] );
}
}

Figure 3.2 Complete example task with one input and one output port.

are to be run on which hardware processors. Each processor can support any
number of tasks, limited only by available memory.

Tasks placed on the same processor can have any number of interconnecting
channels. Tasks placed on different processors can only be connected where
physical wires connect the processors’ links. Each logical connection between
two tasks placed on different processors is assigned exclusive use of one of the
physical link channels connecting the processors. The number of interconnec-
tions between tasks on different processors is therefore limited by the number
of hardware links each one has. If more than four logical connections in each
direction are required between one transputer and its neighbours, the designer
of the system must provide explicit multiplexor tasks.

3.4 Parallel execution threads

The model described so far consists of a network of tasks communicating with
each other by sending messages over channels. Each task has its own code

and data areas.

Parallel C also provides the mechanisms to dynamically create new concurrent
threads of execution within a task. Each thread has its own stack, allocated by
its creator, but shares its code, static data and heap space with other threads
in the same task. Semaphore functions in the run-time library are provided to
control access to shared data and channels.
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3.5 Configuring an application 13

These threads can communicate either by using channels or by using shared
data.

Parallel threads must be used if a task must wait for a message on one of a
number of input channels. The inputs cannot be performed sequentially as the
task would have to wait for input on the first channel regardless of inputs arriving
on the other channels.

For example a server task would require a separate thread for each of its clients.

Each thread services all requests from one input channel. The thread would
consist of a loop which inputs a message and calls a service function for the

message.
The parallel thread and semaphore functions provide a powerful extension to
C. However incorrect use of these functions can lead to obscure problems in
your programs which can be very difficult to find. Unlike the occam parallel
constructs, the correct use of these extensions cannot be checked by a compiler.

It is therefore recommended that the use of these functions should be localised
within your source code.

3.5 Configuring an application

A multi-transputer program consists of a network of communicating tasks which
are distributed over a physical network of transputers.

A configuration file must be created which describes:
o the transputers in the physical network and how they are connected.
o the names of the tasks and how they are connected.
o the placement of the tasks on the transputers.

Multi-transputer programs are built in two stages.

First, each individual task is compiled, linked and converted into an executable
image.

Second, the configurer is used to create the final program. The configurer takes
as input the configuration file and the task images and creates as output a
program which can be loaded to the transputer network with the server.
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14 3 Introduction to Parallel C

3.6 Processor farms

The tools described so far allow you to build applications which execute on any
transputer network, the wiring of which can be specified in advance in a con-
figuration file. For many parallel computations it is useful to be able to create
applications which will automatically configure themselves to run on any net-
work of transputers. Such applications will automatically run faster when more
transputers are added to a network, without recompilation or reconfiguration.

Parallel C allows you to create applications like this, provided the application can
be implemented by a processor farm, and provided that there is enough memory
on each processor in the network to support the required loading and message
handling software.

In the processor farm technique, an application is coded as one master task
which breaks the job down into small, independent pieces called work packets
which are processed by any number of anonymous worker tasks. Work packets
are automatically distributed across an arbitrary network of transputers by routing
software supplied with the compiler. All of the worker tasks must run the same
code. Each worker simply accepts work packets, processes them, and sends
back result packets via the same routing software. A worker task is just a simple
sequential loop: read a packet; process it; send back a result packet.

Provided a master task can be written for your application which will split the job
up into independent work packets which the worker tasks can handle without
communicating with other tasks, you can use the flood-fill configurer to combine
the code for the master and worker tasks into a bootable application file which
can be loaded automatically into an arbitrary transputer network by the i server

program.

Many computationally intensive applications can in fact be implemented by pro-
cessor farms, particularly graphics applications like ray-tracing where different
sections of the screen can be worked on independently.
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4 Programming
transputer networks

In this chapter we move on from looking at the general features of Parallel C to
explaining how some of the parallel programming tools supplied with the compiler
are used in practice. The general-purpose configurer is described here along
with the extended run-time library functions for sending messages over channels
and creating new execution threads. Processor farm applications are covered in
the next chapter.

We have actually already encountered an interesting example of a parallel sys-
tem: even a simple sequential program running on a transputer board plugged
into the host runs in parallel with the iserver program on the host computer,
as shown below.

PC | B004

iserver l filter prgggm

The iserver task is an application program that runs on the host. It loads
executable files onto the transputer and also acts as a file server, handling /0
requests made by the transputer. The iserver and the transputer execute in
parallel and communicate via an Inmos link. The messages sentto the iserver
are normally generated by the Parallel C run-time library. It converts /O opera-
tions like putchar and fprint£ into messages requesting the iserver to
perform host operations like write 512 bytes and then waits for the iserver to

reply.

It is always necessary to plug a task called the filter process between the user
process and the iserver. The filter runs in parallel with the iserver and
the user task; it simply passes on messages travelling in both directions. The
reason that the ‘filter task is always used is because the protocol generated by
the Parallel C run-time library to request host services is different from that used
by the iserver and so the filter task converts the protocol used by the Parallel
C run-time library to that used by the iserver
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16 4 Programming transputer networks

4.1  Configuring one user task

Up to now a standard ‘harness’, mainent .c4x or mainent.c8x, has been
linked in with all user programs. The harness contains system initialisation code,
the filter, and a call to the user program. There is no need to describe the stan-
dard system configuration (iserver, filter and one user task) to the harness;
the configuration is assumed.

The standard harness provides a simple solution for simple cases. We need
a way to produce executable files for more complicated system configurations
containing many tasks and many transputers. The configurer program is used
to build programs for these more complex configurations.

The configurer takes as input a user-written configuration file which describes
the system to be built: the file lists all the physical processors in the system, the
wires connecting them, the tasks to be loaded into the system and their logical
interconnections. The complete configuration file needed for a single transputer
system with one task (i.e. the same configuration that is built into the standard
harness) is shown in figure 4.1. In the rest of this section we will look at its
contents in detail.

! UPPER.CFG
]
processor host 'the host computer
processor root 'the transputer on the
! transputer board
wire jumper - fconnects...
root[0] - 'link 0 of root transputer
host[0] fto the host computer
task upper ins=2 outs=2 the user task

task filter ins=2 outs=2 data=10k
task iserver ins=1 outs=l

place iserver host !iserver runs on host computer
pPlace upper root lfeverything else on transputer
place filter root

connect ? filter[O0] iserver|[0]
connect ? iserver[0] filter[O]
connect ? filter[1] upper|[1]
connect ? upper[1] filter[1]

Figure 4.1 Configuration file with one example task
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4.1 Configuring one user task 17

The example program we have chosen just converts a stream of characters read
from stdin to upper case. The C source file, upper. c is shown in figure 4.2
(the corresponding configuration file is called upper .c£g).

#include <stdio.h>
#include <ctype.h>

main ()
{
int c;
while ((c = getchar()) != EOF)
putchar( _toupper(c) );
}

Figure 4.2 C Source file for upper casing program, upper.c

4.1.1 Hardware configuration

The first thing the configuration needs to describe is the hardware configuration.
A single transputer board plugged into the host is very easy to describe.

processor host
processor root
wire jumper host[0] root[O0]

There are two processors: the host computer and the root transputer in the
transputer board. The root transputer is so called because if a larger network is
built around a basic single transputer system, the transputer directly connected
to the host computer becomes the root of the network — all communication with
the file system on the host computer must pass through it.

A wire connects the root transputer’s link 0 to the host computer. The WIRE
statement describes actual physical cables, in this case the jumper you have to
plug into the transputer board which connects link 0 on the transputer to the host
computer. Each wire is given a name, in this case jumper. Objects declared in
the configuration language can have arbitrary names made up of letters, digits
and the special characters ‘_’ and ‘$’, but are usually given mnemonic names.

The processor identifiers (host and root) used in a WIRE statement must
have been declared in a previous PROCESSOR statement. This is a general
rule: all objects in the configuration language (processors, wires, tasks) must be
declared before they are used.

Now compare the short example with the full configuration file in figure 4.1. You

will notice a few differences in layout. Blank lines, spaces and tabs have been
used to improve readability, and comments (from a ‘!’ character to the end of the
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18 4 Programming transputer networks

line) have been added. Some lines have been broken, indicated by a hyphen, ‘-,
as the last non-whitespace character before a line break (or comment). Layout
and comments are ignored by the configurer. Note that, unlike C, the configurer
also ignores the case of letters: ‘a’ and ‘A’ are not distinguished.

4.1.2 Software configuration

As well as describing the hardware of a system, the configuration file must contain
details of all its software tasks and their interconnections.

Declaring tasks

For each concurrently executing task in the system the configuration file must
contain a TASK statement which declares the number of input and output ports
the task has. The iserver has only one input port (for file system requests)
and one output port for responses.

task iserver ins=1 outs=1l

Our example user task is next. It will be a program to convert characters to
upper case, so it is given the name upper.

task upper ins=2 outs=2

As before, the ins and outs attributes specify the number of input and output
ports for the task. The upper task has two of each, numbered from 0 as in C,
and called upper [0] and upper [1]. Whether a port specifier like uppexr [0]
refers to an input or an output port is determined by the context in which it is

used.

The ordinary Parallel C run-time library, with which the upper task will be linked,
makes the assumption that the first two input and output ports of a task will be
reserved for its use. The first pair of ports (numbered 0) have uses which will
not be described here; they should simply be left unconnected. The second pair
of ports (numbered 1) are assumed to be connected to a file server task. Here,
we will connect the upper task to the iserver through a filter task.

The filter task has a slightly more complicated declaration:

task filter ins=2 outs=2 data=10k
The DATA attribute specifies the amount of memory a task needs. The filter
task requires a minimum of 10Kb of workspace (used for stack, heap and static
data). For ready made tasks supplied with the compiler, like £iltex, memory
requirements can be looked up in the data sheets in appendix A.

72 TDS 179 00



4.1 Configuring one user task 19

A user task like upper for which no memory requirement is specified gets all
the free memory remaining once any other tasks placed on that processor are
loaded. Only one task on each processor can have its memory requirements
left unspecified in this way. The configurer would otherwise have to decide how
to split the remaining memory between several tasks with unspecified require-
ments. Because an even split is unlikely to be desirable in practice, this is not
allowed. Section 4.7 gives hints on estimating memory requirements in cases
where multiple user-written tasks must be placed on the same processor.

Making connections between tasks

The CONNECT statement establishes a channel between two tasks. Because
channels (unlike wires) are unidirectional, two CONNECT statements are needed
to create channels going in both directions between the iserver and the filter.

connect ? filter[0] iserver[O0]
connect ? iserver[0] filter([O0]

The CONNECT keyword can be followed by an identifier naming the connection,
but all the configuration statements which declare new identifiers allow a ques-
tion mark to be used in place of the identifier being declared. This is useful when
there is no need to refer to an object after it has been declared. Currently there
is no statement which can refer to the identifier declared by a CONNECT state-
ment, so the question marks avoid the bother of naming essentially anonymous
connections.

The remaining connections in our example system are written down in the same
way:

connect ? filter[l] upper[1]
connect ? upper[l] filter([1]

Assigning tasks to processors

The placement of tasks on processors is specified by the PLACE statement.
In our example, the iserver runs on the host computer and the user task
(upper) runs on the root transputer with the filter task.

place iserver host
place upper root
place filter root

4.1.3 Building the application

To build a multi-task application we must first build task images for each task
(in our example the server and filter tasks have been provided ready built). The
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20 4 Programming transputer networks

configurer is then used to create the multi-task program image; it takes as input
the configuration files and the task images.

Building a task image
The following steps are required to build a task image for the upper task.

t4c upper
ilink taskharn.t4x upper.bin crtl.lib -o upper.c4dx
iboot upper.c4x -c -o upper.b4

Notice when building a task hamess taskharn.t4x is used rather than
mainent .t4x. Notice also that the —c option must be given to the iboot
program to specify that the outpuit file is for input to the configurer.

Be sure to check that the correct harness is used as the linker is unable to detect
this error, and programs created may fail to execute or simply give the wrong
answers.

Configuring the task images
To create the program upper . bt the configurer is used as follows:
config upper.cfg upper.bt
The filenames for the task images are derived by appending .b4 to the task
names in the configuration file. If the task images are not found in the current

directory the search path is used (so £ilter.b4 will be found in the ‘standard’
libraries directory).

Note that tasks running on the host transputer are not searched for. These are
named for the notational convenience of describing connections to the host.

The program file output by the configurer can now be run using the server:

iserver -sb upper.bt

The actual configuration of the network attached to your computer must of course
match the description in the configuration file.

4.2 More than one user task

In the previous section we saw how an application consisting of a single user
task could be built using the configurer instead of the standard harness.
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4.2 More than one user task 21

From this base, we can move on to more complicated systems containing multiple
user tasks running in parallel.

Let’s continue with the small case conversion example by splitting the job per-
formed by upper .c into two tasks: a driver task to handle file /O, and a pro-
cessing task which accepts a stream of words containing ASCII character code
values on one of its input ports and sends the corresponding upper case char-
acter codes to one of its output ports.

This example is a bit contrived, but splitting a job up into an I/O task and a
number of concurrent computation tasks is commonplace.

4.2.1 Inter-task communication functions

Coding the driver task in C is easy. Instead of using the _toupper macro
from <ctype.h> as before, it converts characters to upper case by sending
a message containing the ASCII character code to the ‘computation’ task and
waiting for a reply message containing the result.

C tasks send messages using the channel 1/O functions described in chapter 15.
The chan package provides functions to send and receive messages of any
length. The driver task is shown in figure 4.3; it uses chan_in_word and
chan_out_word to handle word-sized messages. A word is the same size as
an int, 32 bits.

The driver source file, driver. c, is included as an example in the distribution
kit, along with the processing task, upc.c, and a suitable configuration file,
upc.cfg. These files can be found in the examples subdirectory of the
directory containing the compiler.

The statement in driver.c which sends character codes to the processing
task is: .

chan_out_word( ¢, out_ports[2] );

The word (int) value to be sent is passed as the first argument in the function
call.

Beware when using the channel I/O functions that sending and receiving tasks
always agree on the size of messages. For example, if a task sends a word value
as a single 4-byte message, the receiving task must read it as one 4-byte unit;
it is not possible for the receiving task to read four separate 1-byte messages.
Trying to do so may cause the transputer to lock up or behave unpredictably.

The second argument to chan_out_word identifies the output port to which
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/* driver.c file I/O for uppercasing example */

#include <chan.h>
#include <stdio.h>

main(argc, argv, envp, in ports, ins, out_ports, outs)
int argc, ins, outs;
char *argv[], *envp[];
CHAN *in ports[], *out ports[];
{
int c;
for (;;) {
c = getchar();
chan_out_word( ¢, out_ports[2] );
if (c == EOF) break;
chan_in word( &c, in_ports[2] );
putchar(c);

Figure 4.3 driver.c with Channel I/O Calls

the message is to be sent. out_ports[2] corresponds to output port 2 of
the driver task. A CONNECT statement in the application’s configuration file
referring to driver[2] will specify which task the port is connected to. In our
case, it will be the processing task to be described later.

out_ports is a vector of pointers to channels, passed into the task via the
argument list of its C main function. This vector is declared as:

CHAN *out_ports[];

CHAN is the channel data type defined in the library header file <chan.h>
which is included by C files which use the channel I/O functions. Each port (i.e.
each element in the vector) has type ‘pointer to channel’.

The number of output ports in the vector is defined by the OUTS attribute of the
TASK statement used to declare the task in the configuration file. Our driver
task has ins=3, so there are three elements in its output port vector, numbered

0to 2.

The value of OUTS is passed into the task as an argument to main along with
the port vector. It is declared (int outs;) in driver.c but not used. It
can be used to write tasks which handle an arbitrary number of ports, like the
multiplexor task described later on in this chapter.
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The main function’s argument list also provides access to the input port vector
in a similar way. In the driver example, the input port vector is given the name
in_ports and will have ins elements.

The driver task will keep reading characters from the standard input stream
(getchar), sending them to the processing task and writing the reply messages
(the translated characters) to the standard output stream until EOF is read.

The next thing to look at is the processing task. It is logically a ‘black box’ with
one input port and one output port:

processing
task

stream of word- ¢ c [°_, same stream in
size messages —>| Up " upper case
(ASCII codes)

A Parallel C implementation of this task is shown in figure 4.4.

/* upc.c standalone processing task; */
/* communicates with driver.c */

#include <chan.h>
#include <ctype.h>

main(argc, argv, envp, in_ports, ins, out_ports, outs)
int argc, ins, outs;

char *argv[], *envp[];

CHAN *in ports[], *out_ports[];

{

int c;
for (;;) {
chan_in word(&c, in_ports[0]);
if (¢ == -1) break; /* terminate task */

chan_out_word( _toupper(c), out_ports[0] );

Figure 4.4 The Processing Task

The processing task uses the same channel 1/0 functions as the driver to send
and receive messages. It terminates when it receives a —1 from the driver. (The
character codes are sent as words rather than bytes because in this implemen-
tation of C, char variables can only hold values in the range 0 to 255; —1 is not
a valid char value).
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Extending the configuration file for our first, single-task, example (fig. 4.1) to
handle two tasks is easy. We just change references to the old upper task to
driver, and add the following extra configuration statements to describe the
processing task and its connections.

task upc ins=1 outs=1 data=5k
place upc root

connect ? driver[2] upc[0]
connect ? upc[0] driver[2]

This says that the new task upc has one input port, one output port, and re-
quires 5KB of memory (section 4.7 gives hints on estimating task memory re-
quirements). The upc task is placed on the root transputer, and its ports are
connected to the corresponding ports of the driver task.

4.2.2 Building the application

As with the previous example the program is built by first creating task images
for each task in the system, and then using the configurer to create the multi-task

program.

t4c driver
ilink taskharn.t4x driver.bin crtl.lib -o driver.cdx
iboot driver.c4x -c -o driver.b4

The sequence above creates the task image driver driver.b4.

t4c upc
ilink taskharn.t4x upc.bin sacrtl.lib -o upc.cdx

iboot upc.c4x -c -o upc.b4d

The sequence above creates the task image upc .b4. It is important to notice
that the reduced C run-time library sacrtl.libis used ratherthat crtl.1lib.
This is because the process upc does not perform any host input or output. A
full explanation of the use of this library is given in the next section.

config upc.cfg upc.bt

creates the multi-task program upc.bt which can run using the server as fol-
lows:

iserver -sb upc.bt

xyzl1l23

XYZ123

pPar

PQOR

‘EOF’

You should try this out for yourself using the example sources provided.
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4.3 Access to host services

This section explains how programs running on transputers access host services
such as file and terminal handling. It is important that you understand this if you
are building muiti-task programs.

The basic principle of operation is quite simple. Requests are passed to an
output port (through the £ilter process) to the server, the server processes
the request and returns the result to the task on an input port (via the filter
process).

As ports are point to point connections only one task, the iotask, may be con-
nected to the server in this way. An jotask is a task that performs i/o operations
with the host file system, for example, using the standard i/o functions getchar,
printf etc. Only the jotask may use functions such as print £ which require
access to the host machine. All other tasks ‘compute tasks’ can only perform
input and output through ports.

The iotask is linked with the full run-time library crtl.1ib. The library makes
input and output requests on output port 1 and receives replies on input port 1.
The task must not use these ports for direct port input and output.

All compute tasks must be linked with the reduced run-time library sacrtl.1lib,
otherwise the program will fail to operate correctly.

4.4 Multi-transputer systems

If you have followed the examples this far, the generalisation from a multi-task
system running on a single transputer to a full multi-transputer system will be
fairly obvious. All that is required is a change to the configuration file to describe
the extra hardware and place some tasks onto processors other than the root
transputer.

We could run the case conversion example on a two-transputer system with the
driver task on the root transputer and the upc task on the other transputer. The
extra hardware must be declared in the. configuration file:

processor addon
wire ? root[l] addon[0]

This gives a name (addon) to the second processor and declares that it will be
connected by a wire from its link O to link 1 on the root transputer. (Link 0 on
the root transputer is already being used to connect it to the host computer).

If we reconfigured the application at this stage, the addon processor would

72 TDS 179 00



26 4 Programming transputer networks

be unused because the upc and driver tasks are both placed on the root
transputer. We can fix this by modifying the PLACE statement for upc.

place upc addon

Now the configurer will automatically generate all the bootstrap and loader soft-
ware required to make sure that the code of the upc task is loaded into the
second transputer when the complete application is started on the root trans-
puter by the iserver.

config upc.cfg upc.bt

iserver -sb upc.bt
two transputers...
TWO TRANSPUTERS...
‘EOF’

Further generalisation to an arbitrary system should be clear: just declare more
processors and wires in the configuration file, place tasks on the processors and
connect them together.

4.5 Multi-threaded tasks

One thing we have not yet seen how to do is to wait for a message from any
one of a number of concurrently executing tasks. For example, a multiplexor
task which accepted messages on any of an arbitrary number of input ports and
passed them on through a single output port would be a useful building block. It
might be used to allow a number of tasks to share a single hardware link.

0

—
. — 5>

input __2 0__ output
ports — | X > “port

A task connected to the output port of the mux task sees a sequential stream
of messages, even though they are coming from any number of input tasks, in
any order.

4.5.1 Creating threads
To implement the mux task we will need a way of reading from a number of
input ports ‘all at the same time’ so that the first message to appear on any of

them ‘wins’ and satisfies the read request, blocking any other messages which
appear until the next read request.
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In Parallel C this can be done by creating a new execution thread for each input
port. Each thread in our example does a simple sequential read and waits for a
message. As soon as a thread receives a message it waits until a semaphore
indicates the output port is free. It needs to wait in case one of the other threads
is currently using it. Using a semaphore prevents disaster if two threads each
try to write to a shared object like the output port at the same time.

Figure 4.5 shows an implementation of the multiplexor task in Parallel C. This
implementation shares one message buffer area between all its threads as well
as sharing the output port. All of a task’s threads share the same static,
extern and heap data. Each thread has its own stack for auto variables,
so each thread in the example has its own msglen variable. The stack space
for a thread is created automatically (from the heap) by the thread create
function. Any number of input threads can have read the length part of their
incoming messages, but the buf_free semaphore ensures that only one is
using buf and out_ports[0] at any time.

If you haven’t used semaphores or a similar method for controlling concurrent
access to shared objects before, you should read a good introduction to the sub-
ject, such as [6,5], or restrict yourself to the stylised usage shown in the example.
It is possible to introduce difficult-to-trace errors into a program if threads forget
to synchronize access to a shared object by waiting for a semaphore.
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/* mux.c: message multiplexor task */

#include <chan.h> /* required header files */
#include <thread.h>

#include <sema.h>

char buf[1024];

SEMA buf_ free; /* controls access to buf */
CHAN **in p, **out_p; /* global pointers to */

/* port vectors */
main(argc, argv, envp, in ports, ins, out_ports, outs)
int argc, ins, outs;
char *argv[], *envp[];

CHAN *in ports[], *out_ports[]’
{
extern void receive():
int i; ]
sema_init( &buf_ free, 1 );/*buffer initially free*/

in_p = in_ports; /* make in_ports & out_ports */
out_p = out_ports; /* globally available */

for (i=0; i < ins; i++) /*1 thread per input port*/

thread create( receive, /* function */
50*sizeof (int),

/* workspace size in bytes */

1, /* 1 argument */

i ); /* tell thread which port */

}
void receive (i) /* handle a single input port */
int i; /* which input port to service */
{
int msglen; /* each thread has its own msglen */
for (:;) { /* forever... */
chan_in word(&msglen, in p[i]):;
/* await message from input port */
sema_wait (ébuf_free);
/* wait till no one else using buf */
chan_in message( msglen, &buf[0], in p[i] )
/* read body of message into the shared */
/* global buffer from our port */
chan _out_word(msglen, out_p[0]);
/* copy message to out_ports[0] */
chan_out_message (msglen, &buf[0], out_p[0]):
sema_signal (¢buf_free);
/* let someone else in again */
}
}

Figure 4.5 Multiplexor Task Using Semaphores
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4.5.2 Threads versus tasks

Threads can be useful in many situations. They are just ‘lightweight’ processes,
corresponding to processes in Modula-2 or the co-routines of some other lan-
guages.

Compared with tasks, threads are:

« ‘lightweight’'—they share their code, heap, static and external data mem-
ory with all the other threads created by the same task;

« they can share data and may communicate either by using channels like
tasks, or via shared memory;

« all the threads of a single task run on the same processor, allowing them
to share memory.

Tasks on the other hand are more substantial than threads:
o they only communicate via channels;
e each task has its own code and data areas, separate from all other tasks;
code, including run-time library functions, is not shared between tasks,
even tasks placed on the same processor; this is so that

¢ a task can be moved to a different processor simply by reconfiguration.

Two operations to be performed concurrently can be usefully performed by
threads rather than tasks if all of the following conditions hold.

e They will never need to be run on distinct processors.

e The operations are closely coupled (i.e. they share a lot of common
code). Code is automatically shared between threads, but each task
has its own copy of all of its code, including library functions, so that if
necessary it can later be moved to a different processor without requiring
recompilation or relinking.

o The operations logically operate on shared data structures. This may be

more efficiently performed directly by concurrent threads than by tasks
copying the data back and forth as messages when it is modified.
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4.6 Debugging

What can be done when a parallel system locks up or fails to work properly?
A sequential program could be attacked by inserting extra debugging output
statements at strategic points in the code.

In a multi-task system this will in general only be easy to do to an I/O server task
linked with the standard library and directly connected to the iserver. Unless
you design debugging messages into the communication protocol used between
the various tasks in your system you will not be able to get debugging output
from a standalone task to a screen driving task. Even building debug message
formats into the protocols used by the tasks in your system may not be enough
if the fault lies in the failure of some intermediate task to transmit messages

correctly.

However, it is possible to get output directly from a standalone task to an output
device by using a second host computer and transputer board combination as a
debugging tool. The second system can be attached to a suspect node of the
system, in the same way as an oscilloscope can be used to debug an electronic

system.

One way of doing this is to relink the suspect task with the standard run-time
library (rather than the standalone library) and place it on the transputer attached
to the second host computer. Ordinary printf calls can then be inserted in
the code; the results will be output directly by the iserver in the second host
computer and displayed on its screen. The configuration statements required
would be like this:

processor host

processor root

wire ? root[0] host[O0] las before

processor extra_ host type=PC

processor extra processor !plugged into
! extra host

task extra_iserver ins=1 outs=l

wire ? extra_processor[0] extra host[0]

wire ? extra_processor[l] root[1]

place extra_iserver extra_ host
place suspect_task extra_processor

connect ? suspect task[l] extra_iserver|[0]
connect ? extra_iserver [0] suspect_task[1]

The main thing to notice here is the type=PC attribute given to the extra_host
processor. This tells the configurer not to try and bootstrap any tasks into that
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processor. (The host processor is just a special case for which type=PC is
assumed). To make this configuration work, you must start the iserver on the
extra host computer using the iserver command with just the the SS option
before starting the system under test. If just the SS option is present on the
command line, the iserver does not attempt to bootstrap the network it is
attached to; it will simply accept file I/O request messages over its links.

It is also possible to use this debugging technique if you don’t have another host
and transputer board combination but do have another host computer with an
INMOS link adapter card. Relink the suspect task with the full run-time library
rather than the standalone library, then reconfigure the system with input and
output ports 1 of the task being debugged connected to the host computer with
the link adapter, as follows:

processor second host type=pc
task second iserver ins=1 outs=2
place second iserver second host

processor any processor
fof network being debugged

wire ? any processor[3] second host[0]

task suspect_task ins=2 outs=2

fconnect [1]’s to iserver
place suspect_task any_ processor
connect ? suspect_task[1l] second iserver[0]
connect ? second iserver[0] suspect_task[1]

This technique has two advantages: it only requires an extra host computer and
link adapter card, rather than an extra host computer and transputer board, and
there is no need to change the placement of the suspect task.

A third technique uses the three spare links on a transputer board plugged into
the extra host computer to accept debugging messages from up to four separate
tasks anywhere in the network being debugged and multiplex them onto the host
computer’s screen.

4.7 Estimating memory requirements

The data requirement for a task is the sum of the number of bytes required for
stack (auto), static, extern and heap storage in all its modules.

The decode utility (see chapter 7) can be used to determine a module’s static

data requirement (including extern data). decode displays the number of
words (not bytes) of static data required by a module near the top of the output
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listing it produces, after the keyword STATIC. The whole task also has one word
of static space permanently allocated to each module.

Stack and heap requirements are more difficult to estimate; you must decide how
much space to leave for all the functions which may be active at once, based on
the sizes of individual data items. Each level of function calling uses about five
words of stack space in addition to the space required for function data.

Heap storage is currently allocated by the run-time library in blocks of 4KB, so
if your task uses the heap be sure to allocate at least that much space for it.

In addition to the amount of space you estimate your task actually needs it is
a good idea to leave at least 1 or 2KB of extra overflow space, unless you are
absolutely sure the task will never require more space than you have calculated.

Bear in mind that if a task exceeds its stated memory requirements the whole
system will probably crash, so err on the side of caution. A good rule of thumb
would be to allocate at least 1KB to simple tasks which don’t use the heap, and
8—10KB for tasks which do use the heap. Note that the C standard I/O functions
implicitly use the heap to allocate buffer space.

If the stack space required by a task is small enough it can be allocated from the
transputer’s on-chip RAM. The space available there is 2KB on a T414, 4KB on a
T800. Placing a computationally intensive task’s stack in fast on-chip RAM can
produce dramatic speed improvements. The configuration language contains
various attributes for the TASK statement which allow control over memory layout.
These more advanced topics are covered in chapter 17.
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The previous chapter showed how to create a parallel application for a multi-
transputer system with a fixed hardware configuration. In this chapter we look at
how to build one of the ‘processor farm’ applications mentioned in the Introduction
to Parallel C in chapter 3 which will automatically flood-fill an arbitrary network
of transputers with copies of a ‘worker task.

Three things must be written to create a processor farm application:
1 A master task to split up the job into independent work packets.
2 A worker task, which is automatically copied to each node of the network.

3 A configuration file, describing the memory requirements and other at-
tributes of the tasks.

In this chapter we will use a program which multiplies two matrices together as
an example processor farm application.

The full source code of the matrix multiplication master and worker tasks, and
of the configuration file required, is supplied in machine-readable form in the
examples subdirectory in the release directory, along with a command file
(matxrix) which compiles, links and configures the example files into an exe-
cutable application. Section 5.4.4 at the end of this chapter explains how to run
the demonstration if you want to try it out before reading further.

The matrix multiplication program is suitable for running on a processor farm
because each element of the final matrix can be computed independently of all
the others.

The master task has to split the job up into lots of small units which can be
handled independently by the ‘farm workers’. In the matrix multiplication case
this is easy: the master divides up the calculation of the output matrix and sends
the rows and columns of the.input matrices to be multiplied out into the network
as work packets. Any idle worker receiving a data packet calculates the required
result and sends it back as a result packet.

5.1 The worker task

If you look at the code of the matrix multiplication worker task you will see that
it is purely sequential. It consists of a single loop:
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1 Get the work packets by calling net_receive. These work packets
identify the element in the output matrix to be calculated and the row and
column data of the input matrices to be used for this calculation.

2 Work out the value of the element in the output matrix using the row and
column data of the input matrices.

3 Send the result packet back to the master task by calling net_send.
4 Go back to step 1.
The net_send and net_receive functions are described below in section 5.3.

The worker task does not care which processor it is executed on and must not
communicate explicitly with other tasks. All communication between workers and
master is handled ‘behind the scenes’ by net_send and net_receive.

The only other restriction on the worker task is that because it must be repli-
cated throughout the network and therefore cannot be directly connected to the
iserver it must be linked with the reduced run-time library (see section 4.3).

5.2 The master task
The master task of a processor farm application has three basic functions.

1 Split up the job into work packets. It sends the work packets out into the
farm of worker tasks by calling net_send. The master simply does this
as fast as it can: whenever the network of worker tasks becomes satu-
rated, net_send is automatically blocked until a worker task becomes
idle.

2 Receive result packets from the network by calling net_receive. If
no result packets are available, net_receive will wait for one to arrive
before returning.

3 Perform any I/O required for writing out the results received from the
worker tasks.

To prevent incoming result packets being blocked by the net_send function
waiting for a worker to become free, or conversely the sending of work packets
being blocked by net_receive waiting for a reply, these functions must be
performed in parallel.

In the example implementation of the matrix multiplication program these func-
tions are performed by two parallel execution threads: send and main, which

72 TDS 179 00



5.3 The net functions 35

are synchronised using semaphores.

5.3 The net functions

The net_send and net_receive functions used by the master and worker
tasks must be declared by including the appropriate header file:

#include <net.h>

The net functions provide a procedural interface to the underlying message-
based software which routes work packets from the master to free worker tasks
and carries result packets back again.

net_send has three arguments:

int net_send (nbytes, packet, complete)
char *packet;
int nbytes, complete;

If net_send is called by the master task, the message packet is sent to
any free worker task; if the function is called by a worker task, the packet
is sent back to the master task.

nbytes is the number of bytes of data in the buffer pointed to by
packet.

If nbytes is less than zero or greater than NET_MAX_PACKET_LENGTH
(defined in version 2.0 of Parallel C by <net .h> to be 1024 bytes) no
message is sent and the function returns a negative value.

Otherwise the function returns the number of bytes sent, which will be
nbytes if no error occurs.

If a message longer than NET_MAX_PACKET_LENGTH has to be sent, it
must be broken up into a number of packets, each smaller than this limit.

If complete is 0, the argument packet is regarded as part of a larger
message; a circuit to the destination task is held open until the last packet
of the message has been sent. The final (or only) packet of a message
is marked by setting complete equal to 1.

The routing software guarantees that multiple packets sent in this way
are always received by the destination task in the same order they were
sent.

In normal use, packets will be smaller than 1024 bytes and complete
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