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Abstract

With the availability of cheap networking hardware and fast commodity computer
systems, clusters have become an extremely cost-effective way of gaining massive
processing power. The alternative, to buy single specialized high-performance com-
puters is becoming less interesting all the time, because of their much higher prices
for equivalent performance.

However, there are still reasons for not using clusters. The good reason is, that
some problems cannot be parallelized well. The other reason is, that it takes time
and effort to successfully parallelize old sequential programs into parallel programs
that will run efficiently on the cluster.

This work addresses the latter reason. This is a description of an attempt made, to
fully automate the process of not only parallelizing, but also distributing or schedul-
ing an otherwise serial program.

The work described herein was conducted for the Department of Mathematical
Modelling, at the Technical University of Denmark. Supervisors on the project
were Per Christian Hansen and Jens Clausen.

The original idea for the TONS computing environment that some of the ideas in
this work builds upon, came from Kenneth Geisshirt.
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Chapter 1

Introduction

If you have the right attitude,
interesting problems will find you
— Eric 5. Raymond

This chapter seeks to give a short introduction to the ideas that lie behind this
project. Since the approach taken in the system described here is (I think) radi-
cally different from the majority of development happening in scientific computing
systems, this chapter will also serve as an attempt to justify these ideas.

1.1 The need for parallelization

As CPU speeds increase, the size of the problems we wish to solve using those CPUs
increase likewise. Therefore, there will never come a time where we do not need
more computing power than we have.

There are two ways of getting more power: Buy faster CPUs, or buy more CPUs.
From a programming point of view, buying a faster CPU is by far the most feasible
choice, because it does not involve re-writing code to take advantage of parallelism
in the problem being solved. But from an economical point of view, buying more
CPUs is a significantly cheaper way of achieving more raw power, as CPU prices
do not correspond linearly with their speed.

I think it is pretty clear, that there will always be a need for exploiting parallelism
in computing problems, so that those problems can be executed on parallel archi-
tectures. However, there is also a need to free the programmers from thinking about
this parallelism.

There are compilers out there, that try to free the programmer from thinking about
parallelism. High Performance Fortran is a language that, among other things, tries
to make some of this abstraction from parallel programming a reality.

But even if these compilers were perfect (which of course they aren’t), they still
would not free the user from being bothered with parallel issues. Which CPUs are
available for the program to use 7 What resources are available ? What combination
of CPUs yields the best resource usage ? The list of questions goes on...

What we need, is a computing platform, not just a new language or another com-
piler. There are too many of those already.
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1.2 A computing platform

A friend of mine came up with the idea to build a new computing environment,
one that would do the things right, we felt other environments did wrong. We have
been discussing this openly with other people as well, and therefore the number of
things we find is wrong in existing tools is large, and I am just going to mention a
few key issues here:

e We need a good front-end language (the language the end-user uses), with no
unnecessary historical luggage (odd or ugly syntax due to back-compatibility
concerns). Personally I find Fortran to be an excellent example of truly ug-
ly syntax (consider the indentation requirements for example — why would
anyone want that in a language 7).

e The computing “engine”, the backend, must be efficient enough, so that real
production code can be run on this system with acceptable performance (this
is what MatLab does wrong).

e Because we think cluster computing is going to be widely used, and because
we hate to parallelize code manually, the computing environment should also
be able to automatically parallelize and distribute computations on a cluster
of machines. The C programming language is especially hard to parallelize
automatically, due to the freedom it gives the programmer to reference mem-
ory as she pleases. This is an unnecessary freedom in numerical computing
(it’s great if you write operating system kernels, but we don’t care about that
in a numerical computing language).

e The software must be open source!. This is necessary if we ever want to build
anything that can compete with existing tools. We cannot build a replacement
for MatLab, RLab, and the others, if we keep the development process closed
and the code a secret.

After having decided upon these goals, we found that the project and the various
sub-projects needed a name.

The name of the computing environment as a whole, became TONS. In the be-
ginning it was short for “Toolkit for Open Numerics”. Later we changed it to be
“Tons of Numerics”. Note that the latter is a recursive acronym, I think that was
the main reason for the change. However that story is not all that important for
the project.

The front-end language has been dubbed TAL, for TONS Algorithmic Language.
But since this language still only exists in our minds and not in the form of real
code, I will not discuss this language any further here.

This project touches aspects of several of the goals mentioned above. An efficient
virtual machine was developed, and it currently has the capability to automatically
parallelize and distribute code to a cluster of machines, with some restrictions and
limitations of course.

The TONS system today, consists only of the code that I have written in order to
examine the possibilities to perform automatic parallelization and distribution of
calculations. Therefore, when I refer to the TONS project in any of the following,
I refer to the code that I wrote for this project and this report.

1See http://wuw.opensource.org/ and http://www.fsf.org/ for the philosophy behind Free
Software and Open Source
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1.3 The TONS idea

The TONS system is an attempt to create for scientific computing, an abstraction
that frees the user from being bothered by parallelization issues. The two main
tasks the system will take care of, that are interesting to us in this report, are:

e Automatic parallelization of code

e Scheduling, distribution and execution of that code

One could argue, that this is no different from using a parallelizing compiler and
a batch queuing system. I disagree, of course. A parallelizing compiler does not
parallelize the code with regard to the current state of the parallel machine. TONS
does that to some extent already®. A queuing system won’t start a parallel program
requiring N CPUs, before N CPUs are available, which in turn means that N — 1
CPUs have been idle for some time. A system like TONS has the potential to
perform much smarter scheduling, although this is not currently implemented.

I cannot see how such functionality could reasonably be implemented using compil-
ers and queuing systems as we know them today. Since the parallelization involves
code changes, depending on the current circumstances, traditional tools would prob-
ably require a timely compile of the user code, every time it was to run. TONS
does not build upon compilers and queuing systems, rather it bends the rules by
not compiling the code, which in turn makes smarter scheduling possible.

TONS is a system that executes interpreted code. It is a distributed virtual machine,
that will execute code on a cluster of machines.

1.4 “Interpreted” code

A language interpreter can be a great many number of things, and in order not to
confuse things too much I here defined what I mean when I write interpreted in
this report.

A language interpreter is a piece of software that allows the end-user to write a
program in some human-readable language, and have this program executed directly
by the interpreter.

This is in contrast to language compilers, that translate the human-readable code
into machine-readable code, so that the end-user can execute the machine-readable
code at a later time.

Early interpreters parsed the human-readable code line by line, executing each line
as it had been parsed. Loops, for example, would require the interpreter to parse
the code lines within the loop in every iteration of the loop. Needless to say, this is
both extremely slow (because it involves scanning and parsing of text all the time),
and inconvenient to the programmer (because syntax errors are not discovered until
the erroneous line is reached in the program).

Modern interpreters contain a built-in “translator”, that initially parses the entire
user program, translating the user-written code into some internal representation
which is more easily used by the interpreter. This has the benefits of finding all
syntax errors before execution begins, and it is usually orders of magnitude faster
than the older approach.

2Simple limiting in the parallelizer is implemented as of this writing. With N available nodes,
a maximum of IV parallel tasks will be generated
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When I refer to “interpreters” in this report, I do mean a “modern” interpreter. I
know that the Perl language interpreter performs this translation before execution,
I also implemented the TONS virtual machine that way, and from discussions with
my supervisor Per Christian Hansen, we reasoned that MatLab does the same thing.

1.5 Interpreted code and performance

High performance computing and interpreted languages are usually phrases that
tend not to show up in the same sentences. That is a pity I think. The functionality
I hope to build into the TONS system would not be possible, or at least close to
impossible, if we had to compile the user code (in the normal meaning of the word
“compile”).

There is only one problem with interpreted languages, that keep us from using them
in scientific computing; performance. That, however, should be a non-issue in most
cases, if the language we interpret is designed carefully enough.

The absolute majority of scientific computing code deals with repetitive tasks. It
can be anything from traversing a set of molecules in a molecular dynamics (MD)
program, to approximating the solution to a system of non-linear equations. We
usually work with sets of numbers, not single numbers. And we usually work with
sets that are either large (matrix multiplication or LU factorization comes to mind),
or has a simple relationship (eg. adjacent molecules in an MD simulation).

If the interpreted language provides ways to deal with these set operations effec-
tively, the number of interpreted instructions will be very small, compared to the
number of compiled and highly optimized instructions the TONS system will be
executing to actually solve the problem.

For example, if the interpreted language provides a mult instruction, that performs
a matrix multiplication, the difference between the performance of the interpreted
language, and any compiled language (C, Fortran, etc.) will only be the overhead
in the virtual machine for recognizing the mult instruction. The real code that
executes the O(n?®) operations is highly optimized machine code in either case.

Thus, a carefully designed interpreted computing language should be able to execute
at a speed close to that of a compiled language, for a very large class of problems.



Chapter 2

Designing the system

Never eat more than you can lift
— Miss Piggy

In this chapter, the design of the TONS distributed computing system is outlined,
and some issues regarding the design decisions that where made are discussed.

2.1 System overview

Three major components are supposed to make up the system. These are: node-
server software, the central scheduler, and some client software for the users. This
is sketched in Figure 2.1. For now, only the node-server and the scheduler have
been implemented. Those are the back-end components, and those are the really
interesting ones. There is no need to build a front-end before we have the back-end
working.

Scheduler Node 0

Node 1

Client 1 Node 2

Figure 2.1: Overview of the TONS distributed computing system.

2.2 The user’s view

The end-user of the system is of course not supposed to think in terms of byte-code,
assemblers or node-servers. We want to hide these uninteresting (to the end-user
at least) technicalities. The way I would like to see this system evolve, we will be
able to present users with a friendly front-end and a well designed language for
expressing numerical problems. How the parallelization and scheduling is actually
happening, should not be a concern of the user. The system as I envision it, will in
time evolve into something that — to the end user — will look much like Figure 2.2.
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Front-end software
(editor, visualization, etc.)

ﬂ V Tool integration

TAL (end-user langauge)

ﬂ V Internal compiler/assembler

Pseudo-assembly language
or byte-code

ﬂ V Job submission via. network

The scheduler

Figure 2.2: The user’s view of the system.

Actually most of what the user sees, will be integrated into one client tool, that
will provide source-code editing, visualization and job submission capabilities. The
user will not need to bother whether the code is being run on 1 or 100 nodes.

A well functioning back-end is — as I see it — the most vital part of this system, and
it is what this report is all about. The second most important thing will likely be
a good language for the end-user. The current VM-oriented assembly language is a
reflection of the inner workings of the virtual machine, not a reflection of the way
users will want to easily express computing problems.

The development of the TAL (TONS Algorithmic Language) language, the compiler,
and the front-end application, is a huge task in itself, and way out of the scope of
this report. There is some work in progress with defining the language, but it
will take years before we see a really polished well integrated end-user interface to
the TONS system. The current TAL development is headed in the direction of a
language that combines ideas from Pascal, MatLab and Cobol. I am not taking part
in this development currently, it is done by people I know, who share the interest in
developing a better computing environment. So far, I have been the sole developer
of the code discussed in this report.

2.3 The scheduler

“Scheduler” is not an entirely covering name for this central part of the system. In
fact, the scheduler is supposed to take care of several tasks, that make this system
look as one large machine:

e Receive jobs (pieces of serial code) from clients
e Parallelize code wrt. the current state of the cluster

e Schedule and distribute code and data to selected nodes

Right now, the scheduler does not take requests from clients (since there are no
clients). The scheduler is run with a program name as a command-line argument,
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and will then load that program into the TONS system, and perform parallelization
and scheduling on that program. When the nodes return the result, the scheduler
terminates. This is something that will change, but the current behavior is sufficient
for development.

2.3.1 Sub-clustering

In the design chosen, there will only be one scheduler, independent of the size of
the cluster. For this design to be viable, we must make sure that the scheduler
does not become a bottleneck. Therefore we can not allow the scheduler to do any
heavyweight computation, nor can we allow it to do a lot of communication.

Parallelization and scheduling are both light tasks. Both topics will be stressed in
sections following.

In order to make sure the scheduler does not get involved in too much communica-
tion, it will distribute an entire parallel job to one single node, and pass control (or
“responsibility”) of that job to that node, along with information about which oth-
er nodes are available for that job. This “master node” will then distribute tasks
to the other nodes, the sub-cluster, and take care of the communication needed,
without involving the scheduler. This is sketched in Figure 2.3.

Client 0

Node 1 } [Nodez }

Client 1

Figure 2.3: Subclustering delegates most of the communication work to a master
node.

2.3.2 The parallelization engine

Since the parallelization is currently taking place on one central machine, it is abso-
lutely vital that the complexity of the parallelization algorithms is good. Preferably
the complexity should be better than O(n?), for n instructions. It can, of course,
never be faster than O(n).

The algorithms that lie behind the parallelization are described thoroughly in Chap-
ter 4.

Since this system is intended to be used for numerical computation, it is vital that
we do not compromise the numerical properties the algorithms we execute rely on.
That is, we cannot allow the parallelizer to change the algorithm or method itself
in a way that would significantly change the outcome of the computation.

This is something that I have not treated thoroughly in this report, since it is still
not completely clear to me what we can do and what we cannot.

For now, the parallelizer plays safe. It will never change the order in which the
calculations that make up a result are executed. It therefore will never change the
properties of the numerical algorithm it parallelizes.
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There are other technicalities that come into play, if the system is run on a heteroge-
nous cluster. The nodes that participate in the cluster may have different machine
precision (!) However, since the user is still guaranteed that the precision with
which some algorithm is computed is never less than the lowest machine precision
present in the cluster, this does not seem to be much of a problem.

If code is run on such a heterogenous cluster, the apparent machine precision can
actually change between different runs of the program. I don’t think this is a
problem, as long as the user’s are aware of this. It is definitely not worth seeking to
guarantee a uniform machine precision throughout the cluster. This would impose
a computing overhead on some of the nodes, and since numerical computations per
definition are inaccurate anyway, this seems like a completely bad idea.

2.3.3 The scheduler logic

Once we have a set of parallel tasks, and a set of nodes that are available to us, we
should distribute those tasks to the nodes in a way that minimizes the execution
time, since in the end all that matters is to get the job done as fast as possible.

This is something that is not well implemented yet. We do almost no real scheduling,
as the system is today. This was a lower priority, and didn’t get the attention it
needs.

2.3.4 Keeping everyone busy

This is a loose discussion of some performance issues with regards to scheduling of
jobs. Nomne of this is implemented into the system, but since a system such as the
TONS system actually allows these considerations to be made, I feel that I should
at least present some of my thoughts on these issues.

We ought to distribute information among the nodes and the scheduler on a regular
basis, that would allow the scheduler to make smarter decisions about which groups
of nodes should be assigned which jobs.

This information would be a set of data that describes which nodes are working, for
how long they may be working, which ones are idle, and so on. This information is
inaccurate (it is out-dated the second it is generated, because of the ever changing
state of the cluster), so there will probably be a need to look into heuristics and the
theory of planning under uncertainty. A node will not know what other nodes are
idle or busy, but it may have a rough idea of the probabilities of the different nodes
being idle or busy.

It is important that we do not ask the nodes about their status before submitting
jobs from the scheduler. If this was done, we would take a performance hit from
the network latency, especially this would be bad for large clusters if we asked 100
or more nodes whether they were idle or busy, before we decided what to do with
a job.

A possible solution would be to submit the job to the nodes that have the highest
probability of being idle. Somehow the number of jobs each node holds must be
propagated, over time, to the entire cluster. If a node becomes idle, it could request
the job from a node that accidentally got two jobs (because of the uncertainty when
the scheduler distributed the jobs).

Another approach could be that idle nodes register with the scheduler immediatel
when they become idle. Then the scheduler would know exactly what nodes where






































































































