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Summary

Abstract

In this thesis we study the architecture and design process of commodity compute and
data-transport systems in large-scale distributed radio telescopes. The goal of such sys-
tems is to facilitate the maximum viable amount of scientific discovery for the invest-
ment made. To aid our discussions, we first introduce a model to more formally express
value and cost of compute systems. This allows more granular evaluation of various
systems, based not just on their cost, but on their value potential as well.

We argue that, since modern radio telescopes are generally capable of producing
overwhelming volumes of data, the data-transport system in such an instrument should
be architected and designed together with the compute infrastructure. Examples both in
the current LOFAR telescope, as well as in the Square Kilometre Array still under devel-
opment, show that this co-design of data-transport and compute systems has significant
value benefits.

When these systems are considered together, interesting optimisations on the bound-
ary of the two may be considered. We show two such optimisations that focus on con-
trolling data-flows and reducing energy consumption of such data-flows respectively.

Finally we consider the future. Over the last couple of decades compute capacity
has continued to increase both predictably and dramatically. Current manufacturing
technologies are approaching physical limits, which make this trend unsustainable, at
least for conventional technologies. We inventory possible alternative technologies and
how these may be applied in support of a radio telescope.

High level overview

The primary goal of the work presented in this thesis is to facilitate radio astronomy by
designing efficient compute systems and associated data-transport infrastructures. This
is of course much easier said than done, if only due to the difficulty in defining what it
exactly means to design an efficient compute system. Which summarises our research
question: What is the optimal way to design a compute and data-transport system for
modern radio telescopes, and how do we define optimal? In order to place our research
into context, and at least partially guide the design process, this thesis introduces four
propositions as a central theme in the first chapter. These can be summarised as follows:
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1. Before designing a system, bound the problem in terms of requirements and avail-
able resources

2. Compute- and data-transport systems for radio astronomy must not be developed
in isolation

3. An architecture should not optimise for cost alone, but aim for the optimal com-
bination of cost and value

4. Interesting optimisations are possible on the boundary between data-transport and
compute systems if these are developed jointly

These propositions concisely express the recommendations and experiences that are
further documented and explored in this thesis, and can be considered its main high-level
contributions. Each chapter has some relation to one or more of these propositions, as
will be explained at the end of each chapter.

Research highlights

While the propositions introduced in Chapter 1 concisely summarise the contributions
in this thesis, we take this opportunity to highlight some of the research results here.

Introduction and concepts

To set the stage we start by describing the anatomy of a radio telescope. This is done
at high level, and from the point of view of a computer scientist focusing on the appli-
cation of commodity compute and data-transport systems, to establish the conceptual
requirements on such systems. In further chapters, in particular Chapters 3, 4 and 5,
such requirements are explored in more detail for their specific applications.

Furthermore, we establish a conceptual model that allows us to express the quality of
designs relative to others. We argue that cost, currently often the most important or only
design consideration given, should be offset by some expression of value, whatever
that value may be. The most suitable design is the one that offers the most value, in
the case of radio telescopes this is likely science, per invested Euro. Even though we
acknowledge the difficulty in measuring science output, in particular in the design phase
of an instrument, the focus on not just cost, but also value in the selection of a design or
architecture is a valuable contribution.

Architecture and design work

The concepts introduced in Chapters 1 and 2 follow from extensive relevant design
experience, some of which is shown in Chapters 3, 4 and 5.

Chapters 3 and 4 describe the architecture and design of the Square Kilometre Array
Science Data Processor. These chapters are based on two papers that were published
three years apart, and the evolution of the architecture, and the requirements that drive it,
is clearly visible. Considering that even the most recent of these chapters was published
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at least ten years before the full capacity of the Science Data Processor is needed, the
design is by necessity limited to high-level concepts. As construction draws closer, more
detailed designs will have to be made, requiring detailed knowledge of the available
hardware and how these fit in a radio telescope. In Chapters 8 and 9 we recommend
some future work to facilitate this.

The Cobalt project described in Chapter 5 illustrate on a relatively small scale how
the concepts are applied in a real-life design process. Here we describe in exhaustive
detail how initial high level requirements are turned into an prototype and eventually
a production system. The problems encountered, both in finding suitable equipment
and in adapting systems to make them suitable for our application, are detailed. This
project, and in particular the detailed analysis of the shortcomings of than available
hardware systems, gained a lot of attention. The design was used for the Wilkes general
purpose computing cluster at the University of Cambridge and discussions with industry
representatives showed their interest in such detailed analysis. While we have no proof
that the Cobalt project has directly influenced industry, we have noticed an increased
availability of suitable hardware in more recent years.

Optimisations and their impact

One of the primary recommendations in this thesis is to design compute and data-
transport systems together. When applied properly, this allows interesting optimisations
to be considered, primarily on the boundary between data-transport and compute sys-
tems. In Chapters 6 and 7 we show two of such optimisations, as well as their potential
impact on the efficiency of the system.

While both of these are examples of optimisations that have the potential to signif-
icantly improve efficiency of a radio telescope system, they target radically different
parts of that efficiency spectrum. Chapter 7 aims to decrease the energy required to
receive large volumes of data by avoiding expensive kernel operations. We show that
energy can be saved by applying RDMA (Remote Direct Memory Access) technologies,
thus reducing cost without any impact on the science.

In Chapter 6 on the other hand we show that a Software-Defined Network (SDN)
allows more robustness, flexibility and potentially even functionality to be gained, with-
out significant additional cost increase. This optimisation aims to increase the amount
of science that can be done, keeping cost similar.

Future developments and conclusions

We have shown work done to design the central compute and data-transport infras-
tructure for the Square Kilometre Array. The design phase of this instrument has just
concluded, and construction is expected to commence in 2021. However, compute ca-
pacity will only be required in significant from around 2026 onward. Furthermore, cost
considerations make it likely that continuous procurements will have to be made during
the entire fifty year expected life-span of the telescope. It is therefore useful to look
at future technologies that may become available in the future, and how these may be
used in the a modern radio telescope. In Chapter 8 we summarise our current under-
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standing of both conventional and less conventional future compute systems and their
applicability.

The conclusions in this chapter, and the future work identified, form the basis of
Chapter 9. Here, we summarise the research in this thesis, and how the various chapters
contribute to the propositions introduced in Chapter 1. Some future work is suggested
based on the risks identified in the previous chapter.

Final words

In summary, in this thesis we present on overview of extensive design experience, com-
bined with the insights this has produced. The concepts and lessons learned are We show
the evolution of the system design of the Square Kilometre Array Science Data Proces-
sor as it draws closer to construction. A more detailed analysis of a central component
of the LOFAR telescope is presented as an example of a smaller scale but end-to-end de-
sign that follows the recommendations introduced in this thesis. Some optimisations are
discussed on the boundary between network and compute systems that improve the rel-
ative value of the system by focusing on different parts of the equation, cost and value.
Finally, we look at how future technologies may be used effectively in radio astronomy.
All this combined gives the reader an all-round overview of the considerations when
designing commodity compute and data-transport systems for modern distributed radio
telescopes.


