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Abstract

The SKA Costing and Design Tool provides a framework in which
hierarchical descriptions of telescope designs can be buind costed
as a function of input parameters and telescope performanceThe tool
allows engineers and astronomers to rapidly explore the paible pa-
rameter space of SKA designs, probe the cost vs. performanteadeo s
which a ect them, and ultimately produce optimised designs for the
SKA. In this memo, we describe how the costing tool works and Isow
screenshots of its graphical user interface.

Contents
1 Introduction 2
2 The Structure of the Costing Tool 4
3 Cost Modelling 6
3.1 CostScaling. . .. ... ... ... 8
3.2 NetPresentValues . . .. ... ... ... .. ......... 8
3.3 Modelling UncertaintiesinCost . . . . ... ... ....... 10
4 The Structure of Telescope Designs 11
41 Components . . . . . . . . .. 11
411 CoStS . . . .. 12
4.1.2 Power Consumption . . ... ... ........... 12
4.1.3 Textual Documentation . . ... ... ......... 12
414 Specications . . ... .. ... 12
42 DesignBlocks . . . . .. ... e 13
4.2.1 Simple Shopping Baskets . . . .. .. ... ...... 13
4.2.2 More Advanced Design Blocks . . .. .. .. ... .. 14
4.3 Telescope Designs. . . . . .. .. .. . ... . 16
5 The Costing Tool Example Telescope 17
6 The Graphical User Interface 18
7 Summary 20




1 INTRODUCTION 2

1 Introduction

Intrinsic to the design of any telescope are trade-o s betwen cost and scien-
ti c performance (see, e.g., Gaensler and Lazio, 2006). Inte design of the
Square Kilometre Array (SKA), these trade-o s will be unusually complex,
for two reasons. Firstly, its design will have an unusually brge number of
free parameters: there will be many design choices to be madae addition
to the familiar considerations of sensitivity and survey speed. For exam-
ple, it will use a hybrid of detector technologies co-existing side-by-side {
both the International SKA Project O ce ! (ISPO) Reference Design (ISPO,
2006; Schilizziet al., 2007) and the SKADS Benchmark Scenario (Alexan-
der et al., 2007; Bolton et al., 2008) favour a three-component hybrid of
phased aperture arrays, dishes with wide-band feeds and &iér close-packed
aperture arrays or phased-array feeds (PAFs) { and the freqency coverage
and collecting area of each component must be decided upon. WKin the
back-end processing for the aperture arrays, the choice beten digital and
analogue beam-forming remains to be made; Alexandegt al. (2007) argue
that even if one becomes the favoured option, the other shodlbe developed
in parallel for the foreseeable future to provide a realistt fallback alterna-
tive. Within the dish-based collectors, issues such as theigh size and feed
type remain to be nalised.

The second source of complexity in the SKA's cost-performace trade-
o s is the multi-faceted nature of its science programme (se, e.g., Gaensler,
2004; Jones, 2004). Its prospective users each place di ererequirements
upon the SKA's angular resolution, survey speed, sensitity and frequency
coverage, and a compromise will have to be reached (see, e.dackson, 2003,
2006).

Whilst the ISPO Reference Design and the SKADS Benchmark Sce
nario documents have presented and discussed in detail a rge of manually-
optimised skeletal designs for the SKA, it is clear that moreimmediate access
to cost estimates and scienti ¢ simulations of telescope dggns will be essen-
tial before engineers can make signi cant progress in chaimg the available
parameter space. To this end, the SKA Costing Tool has been deloped on
behalf of the SKA Program Development O ce (SPDO) and in part as work
package DS3-T3 of the SKADS programme. This tool acts upon tescope
designs which are described in a hierarchical fashion, in wbh large design
blocks{ for example, the whole SKA { subdivide into smaller units { f or
example, SKA Stations { until eventually the hierarchy reachescomponents
{ indivisible atomic units. One possible view of how this hierarchy might
appear is shown in Figure 1. The tool can calculate the humbenf compo-
nents required to build any given design block, propagate csts through this

1The International SKA Project O ce is now the SKA Program Dev  elopment O ce
(SPDO).
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Figure 1: A simpli ed example of how the top of a hierarchical telescope
design might appear as a network of design blocks; this exantg is based
loosely upon the structure of the SKADS Benchmark Scenario Alexander
et al., 2007).

hierarchy to sum up to total cost of any given telescope desig, and provide

a breakdown of the contributions of each design block to the d¢tal cost. In

addition, the tool can also propagate other arbitrary quantities through the

hierarchy, including, for example, the power consumption & components
and their data rates. The former is useful for calculating the total power

requirements of the SKA, meanwhile the latter is an unusual ase, where
data processing steps cameducethe total data ow to their parents.

A key feature of the Costing Tool is that the hierarchical telescope de-
signs which it acts upon arescalable they do not represent a single telescope
built to a particular speci cation, but rather take a wide ra nge of input
parameters, and within reasonable limits, can estimate whacomponents
would be required to build a telescope to any requested specation. This
does not replace the need for specialist engineers: the calations performed
by the tool are estimates based upon simple models, which would need to
be extensively expanded upon before they could actually beuilt. In the
rst instance, our aim is to produce realistic models of how the cost of the
SKA will scale with design parameters, not to produce accurate absolute
costings.

The Costing Tool builds upon the work of its predecessor,SKAcost,
which was developed by the Australia Telescope National Fatity (ATNF),
with some nancial support and system engineering input fram the ISPO.
SKAcost, which itself used the modular approach rst described in Haiuchi
et al. (2004), was also a hierarchical tool which could estimate gaponent
costs as a function of purchase date for dish-based SKA desig (Chippen-
daleet al., 2007; Schilizziet al., 2007). In addition, a variant version of SKA-
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cost has been developed by the ATNF for their studies of the cost vsper-
formance trade-o s for the Australian Square Kilometre Array Path nder
(ASKAP). SKAcost was written in Python and two user interfaces were de-
veloped for it: experienced Python programmers were encoaged to modify
parameters directly within its Python code, giving them es=ntially unlim-
ited scope to explore parameter space, meanwhile an online@-based web
interface provided a more user-friendly way to access it, &ahough only a
selected subset of parameters could be varied using it. Theobl provided
uncertainty analyses based on simple statistical modellig and reports in a
variety of nancial formats, including Net Present Value summaries.

The new Costing Tool greatly improves upon the user-friendiness of
SKAcost and seeks to make its calculations as transparent as possél It
aims to provide all of the exibility which was available to SKAcost's techni-
cally-minded users, in an interface which is at least as usefriendly as SKA-
costs web-based interface. Within the Costing Tool, the hierarchical struc-
ture of telescope designs can be interrogated in a graphicanvironment, as
can the cost breakdown between the various parts of the hierghy. Tele-
scope designs can also be modied in this graphical environant, and, in
the case of simple modi cations, no programming experiencer knowledge
of Python is required. More complex maodi cations, including the build-
ing of entirely new telescope designs, are possible with a b knowledge
of Python: small fragments of Python code need to be written b instruct
design blocks how to calculate their resource requirement§om any given
set of inputs. Signi cant e ort has been put into making this process as
user-friendly as possible. The development of the Costing dol is ongoing
and will continue throughout the PrepSKA programme, during which time
it will be extended and coupled to technical simulations of he SKA.

2 The Structure of the Costing Tool

Within the Costing Tool, we maintain a sharp division between the costing
engine{ the software used to calculate the numbers of components rexled to
build an SKA to a particular speci cation { and the telescope designsvhich

it acts upon. This separation ensures that telescope designcan be modi ed
by engineers without exposure to the lower-level Python impementation of
the cost calculations; it also ensures that cost calculatios are performed in
a homogeneous way between all design blocks, since they muat use the
same costing routines. In addition, the costing engine is gmrated from the
user interfaces which it uses to communicate with the user ath with the

outside world. This structure is illustrated in Figure 2.

Three user interfaces to the Costing Tool are currently avaiable. It is

anticipated that most users will use the graphical interface on account of
its user-friendliness. Some users with scripting experieze may prefer the
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Figure 2: A diagram of the modular structure of the Costing Tool. The
costing engine is separated both from the telescope designadels it acts
upon, and from the interfaces with which it communicates with the user
This means that the user isable to
modify telescope designs without detailed knowledge of howthe costing
engine works, and that experienced programmers can use theosting Tool

and with other software packages.
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commandline interface, which provides a similar degree of exibility to the
graphical interface. Finally, more experienced programmes may wish to
use the Costing Tool directly from within Python, where they will be able
to develop their own independent user interfaces to the toql specialised
for their own particular requirements. In view of the sophistication of the
new tool, there is currently no web-based interface to matchthat which was
available for SKAcost, and we envisage that users will run the graphical user
interface on their own local machines’

As Figure 2 indicates, the Costing Tool can also be accessed lother ap-
plications via socket-based inter-process communicatianwhich means that
other design optimisation tools can query live cost estimags for designs
from the tool. As a proof of this concept, a SKADS tool is underdevel-
opment which will optimise the cable and trenching layouts between SKA
stations. It will communicate with the Costing Tool to obtai n information
about the bre cost model, and will communicate results backinto the cost
calculations.

As well as the division which we draw between telescope desig, the
Costing Tool engine and its user interfaces, we also divide p telescope
designs into separate sharply-divided blocks. Each desigblock within a
telescope design hierarchy is alack box it takes a de ned set of inputs from
its parent design blocks, operates on them in some way which other desig
blocks need not be concerned with, and then returns a de nedet of outputs.
This information ow is illustrated in Figure 3. This approa ch means that
the various design blocks in a telescope design can be e cigly written
by a variety of dierent engineers working at di erent insti tutions, each
bringing their own specialist expertise to their own particular areas. Because
each block is a black box, each can straightforwardly be remplemented in
the light of new information or expertise, without changing the rest of the
telescope design around it. Within the Costing Tool, it is straightforward
to swap one design block for another within a telescope degig to obtain a
rapid comparison of the costs calculated by di erent models

In addition, the Costing Tool makes it easy to re-use componets and
design blocks in many di erent places in a hierarchical telscope design if
they are designed to take a su ciently general set of inputs that they can
be used in several di erent situations.

3 Cost Modelling

The Costing Tool has a variety of features for modelling the vay in which
costs scale with purchase date and for modelling the uncertaties in the
prices of goods.

°The Costing Tool is known to run under Microsoft Windows, Mac OS X and Linux.
It is believed to run under all other POSIX-compliant operat ing systems.
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(1) Con gurable parameters are (1) Orders received from parent
set by the user. design blocks.

(3) Costs and other resource
Design Block —» requirements are sent to the user
and back to parent design blocks.

(2) Orders are sent to child
design blocks.

Figure 3: A diagram of the data ow which takes place within design blocks.
First of all, in Step (1), the design block receivesorders from all of the parent
design blocks which make use of it, together with some useren gurable
parameters. The design block then, in Step (2), computes hownany child
design blocks are needed to fulll these orders, sends orderthrough to
child design blocks, and calculates any additional \glue" @sts which are
associated with putting these sub-components together. Fially, the design
block returns its total resource requirements { not just cog, but also power
consumption and any other arbitrary attributes which the user wishes to
propagate through the hierarchy { to the user and to its paren design blocks.
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3.1 Cost Scaling

In general, the costs of telescope components vary over timgor example,
the prices of support materials may rise following in ation, meanwhile the
prices of computational hardware may fall following Moores Law. Since the
SKA will be built over an extended period of time, with investment in dif-
ferent parts of the telescope infrastructure at di erent ti mes, it is important
to take account of these scalings, and we now describe how ti@osting Tool
models them.

For each component, an estimatedeference costcy is speci ed, together
with the year tg for which this cost estimate is being made. An indication
of the uncertainty in the cost is also speci ed: for example,this could be
a statement that the cost lies somewhere between two limitsput that no
more accurate information is available, or it could be a staement that the
cost has a certain mean and standard deviation. In general,ite user can
state that the probability distribution function of the cos t has one of four
possible shapes, as shown in Figure 4. Wherever possible,etbe costs are
accompanied by references, to give an indication of their agce and degree of
reliability. In some cases, the reference may merely statehtat the cost given
is a guess; ideally they will take the form of quotes from mantacturers.

These reference costs are accompanied by an estimate of hotey are
expected to scale with time. In many cases, the expectation il be that
they will follow either in ation or Moore's Law, both of whic h are pre-
programmed as power laws into the Costing Tool, although theuser is free
to de ne his own scaling relations. When a telescope designsifound to
require the purchase of a component in some particular yeat;, the reference
cost is scaled from the yearty to t1 using the stated scaling relation.

One key bene t of the separation of telescope designs from # costing
engine within our tool is that cost scalings are performed ina homogeneous
fashion across all parts of a telescope design. As an exampiéthe practical
use of this, if the user wanted to assess how sensitive his ¢@stimates were
to the continuation of Moore's Law over the next decade, thenhe could do
so by changing the power-law slope of Moore's Law within the asting engine
to represent a more pessimistic forecast. This would a ect § components
which depended upon Moore's Law in a homogeneous and selffgistent
fashion.

3.2 Net Present Values

In addition to the change in the prices of components over tine, currency
units also change in value: purchases which cost the same nirer of euros,
but in di erent years, do not represent the same amount of matrial expen-
diture. To rst approximation, credit crunches being neglected, currencies
devalue in line with in ation.
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Figure 4: Components include an indication of the uncertaities in their
costs. The user has a choice between (a) stating that the comgnent's cost
lies somewhere between a pair of lowera, and upper, b, limits, and most
probably around c; (b) stating that there is negligible uncertainty in the
cost; (c) stating that the cost has a known meanx and standard deviation

; or (d) stating that the cost could lie anywhere between a par of lower,
a, and upper, b, limits. For each case, the probability distribution funct ion
for the cost is shown.
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Figure 5. A schematic view of how the Costing Tool models the ime evolu-
tion of component costs. For each cost component, an estimatl reference
cost ¢ is supplied for a reference yeat, together with information about
the uncertainty in this estimate. Ideally this reference cast will be based
upon a quote from a manufacturer. Additionally, some indicaion is sup-
plied of how this cost is predicted to scale with time. When this component
is purchased in some chosen build yean, this scaling law is used to estimate
the cost ¢; of the component in that year, as shown in Panel (a). Finally, if
the user chooses, all purchase costs are then reported as ratesent values
Cp in a given reference yeat, { that is, the amount of money which is needed
in a bank account in that reference year to make the required prchase at
a later date, taking into account the interest paid on money invested in the
bank. To do this, all purchase costs are scaled back to this ference year
using the discount rate, as shown in Panel (b).

At present, the Costing Tool o ers the capability to report a Il costs as
net present values(NPVs), which are de ned to be the amount of money
which would hypothetically need to be held in some given refeence year,
such that a telescope could be built over an extended periodfaime, as-
suming that those funds which have not yet been spent are in&ed and
accrue interest until they are needed. In Figure 5, we show he the costs
of the components which make up the SKA are converted into NP\$. This
matches the accounting procedures followed byKAcost, and allows for an
easy comparison between the output of the two tools.

However, because NPVs do not represent the way in which fundig bod-
ies are likely to allocate resources, we will provide a rang®f accounting
procedures in future versions of the tool. In the meantime, w o er a single
alternative, which is to simply return costs as summed expediture.

3.3 Modelling Uncertainties in Cost

Within telescope designs, each individual component storg information
about the degree of uncertainty in its cost and other resoure requirements.
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Central to the Costing Tool is the ability to assess how theseuncertainties
propagate through into the nal cost of the SKA.

To obtain a single cost estimate for the SKA, or for a design bbck, a
single sample is taken from the probability distribution for the cost of each
of its constituent components. These samples are taken in &h a way that
if one particular component appears many times in a hierarcl, the same
sample is used every time, since these purchase costs are nintlependent
random variables. To build up a picture of the probability di stribution for
the cost of the SKA, this process is repeated many times, andhte samples
used to construct a histogram. This approach has the strendt that it makes
no assumptions about the forms of the probability distributions for the costs
of individual components. While the standard error combinaion formula3
provides a faster way of propagating uncertainties, it assmes that the prob-
ability distributions are all Gaussian. The central limit t heorem states that
this will be the case when many independent probability distibutions are
added together, but this is not necessarily true of the cost bthe SKA, which
may be dominated by the purchase of large quantities of a smahumber of
di erent components.

The resulting probability distribution for the total cost o f a design block
can be returned to the user as either a mean and standard dei@n, or as
a full plotted histogram.

4 The Structure of Telescope Designs

In Section 1 we outlined how telescope designs break down imta hierarchy
of design blocks and components. In this section, we outlinéh more detail
the data which is stored in each of these components and desidplocks, and
how they interact with one another.

4.1 Components

We use the term component to refer to the atomic elements in telescope
designs which do not break down into any smaller sub-compomgs; they

form the leaf nodes of the hierarchy. They usually represenmaterial com-

modities which can be purchased from a supplier, but may alsde used to
represent expenses which are harder to quantify such as thaif a man-hour

of manual labour. In simplistic telescope designs, compomés may also be
used to assign pre-determined place-holder costs to partidar parts of the

telescope design before they are modelled in any further dail. Components

contain the following information:

3That is, adding all of the uncertainties in the cost componen ts in quadrature.
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4.1.1 Costs

Each component has two costs associated with it. The rst is aone-o
development cost which is incurred only once, if the component is used
anywhere in a telescope design. The latter is a per-unit maniacture cost,
called its unit cost, which is incurred every time it is built. As described
in Section 3.1, each of these is speci ed as a reference cosstimated for a
speci ed reference year, and must be accompanied by an estate of how
the cost will evolve with time.

4.1.2 Power Consumption

It is also possible to specify the power consumption of a conqnent, to-
gether with its uncertainty, allowing the Costing Tool to estimate the power
consumption of SKA designs and of each of their constituent tations. In
the future, we will develop telescope designs which feed thidata back into
their cost calculations to give an indication of the power infrastructure and
component cooling that they require.

4.1.3 Textual Documentation

In addition to providing numerical data, the authors of components are
expected to provide textual documentation to make clear wha their com-
ponents represent physically. They are expected to providean indication
of the reliability of the prices that they quote { for example , whether they
are guesses or whether they are based on quotes. They are aksucouraged
to provide, insofar as they are not commercially sensitivedirect references
to quotes from manufacturers, together with an indication of the current
state of development of the technology being proposed for pghase. One
indication which component authors may use is the ten-pointtechnology
readiness level(TRL) scale developed by NASA, which indicates the state
of a research and development (R&D) programme { whether it isa product
which is already shipping, a product which has been prototyed, or whether
it is yet to even reach that stage of development.

In order that users may know where to direct enquiries about he com-
ponents used in telescope designs, authors of componentseaalso required
to provide their name and contact details.

4.1.4 Speci cations

Machine-readable meta-data may be attached to componentsni the form
of speci cations. Components may have any number of speci cations, each
having a unigue name, a value, and optionally, a physical uri Parent de-
sign blocks can query the speci cations of child componentén the course of
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ordering them, and make use of the values in their calculatios. Speci ca-
tions can contain any information which is relevant to the component, and
may take the form of numerical values which are intended to bemachine-
read by parent design blocks, or take the form of textual infeamation which
is intended purely for human readers of the component de nifon.

4.2 Design Blocks

We use the term design blockto refer to elements of hierarchical telescope
designs which are larger than components, and which are madgp of smaller
parts which are modelled by other components and design blds.

4.2.1 Simple Shopping Baskets

To illustrate what design blocks are, we begin by considerig a simple toy
example, which we will callCabledTrench This represents a communications
link which requires a trench to be dug and ve cables to be laidinto it. We
will measure the cost of this design block per unit metre; foreach metre
that is purchased, it needs to order one metre of trench and e metres
of bre.4 We term this kind of design block a shopping basket it doesn't
perform any detailed calculations; it simply groups a set ofitems together.
This grouping together is achieved by specifying that the dsign block has
two children { a term that we use to describe the sub-components and sub-
design-blocks which need to be purchased in order to put a dam block
together. Our example design block might contain the followng information
about its children:

Child 1
ImplementationDB: Comms.A_Trench
UnitQuantity: 1

Child 2
ImplementationDB: Comms.Al_Fibre
UnitQuantity: 5

The eld UnitQuantity speci es the number of units of each child which
should be ordered for each unit ofCabledTrenchwhich is bought. The eld
ImplementationDB speci es the name of the child design block or component
which is to be bought in each case.

The four pieces of information above represent essentiallyall that is
required to build a shopping basket design block, althoughas with compo-

“For the purposes of this toy example, we will neglect considerations such as the need
for repeater stations, etc.
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nents, we also expect design block authors to provide somextial informa-
tion about who they are and what their design blocks physicaly represent.

4.2.2 More Advanced Design Blocks

Many design blocks can be modelled as simple groupings of ites to make
shopping baskets which can be ordered just like componentgy specifying a
guantity and a purchase year. However, in order to make a usel telescope
design it will be necessary at some point to write some highevel design
blocks which take more physically interesting inputs of thekind that users
are apt to supply { for example, system temperatures and desed band-
widths and sensitivities. These design blocks must implen models to
convert these inputs into quantities of parts which need to be ordered.

To write design blocks which are more complicated than the sbpping
baskets met in the previous section, it is necessary to writea few lines of
Python code to perform the calculations required to implemant such models.
In this section we will give a avour of this process, to show tat only a basic
knowledge of programming is required to implement simple mdels. We will
assume that the reader has @asic understanding of Python syntax, or else
has Guido van Rossum's onlineTutorial (van Rossum, 2008) to hand; users
who are not interested in these details may safely skip ontolie next section.
This memo is not the place for a complete tutorial in how to write design
blocks; readers looking for a detailed guide should turn to he Costing Tool
Users' Guide (Ford, 2009).

From the point of view of a design block author, the Costing Tool can
be seen as a mechanism for passing messages between desigokisl When
one design block orders another, anessagds passed from the buyer to the
block which is being bought. In the previous section, this mesage passing
was taking place behind the scenes: one design block could espfy that it
needed some others to be bought, and the purchasing happeneavisibly
without any further intervention from the user.

Messages take the form of Python dictionaries. Simple ordey; of the
kind being generated by the shopping baskets in the previousection, take
the form of messages containing only two elds { the number ofunits to be
purchased, and the year in which they are to be purchased, foexample:

message = {'quantity’ o1,
'‘purchase_year": 2012
}

Shopping baskets and components only accept messages cadntag these
two inputs; if they receive a message containing additionalelds they return
an error to alert the user that they are not able to understand the informa-
tion supplied to them. When more complicated design blocks ee written, it
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is possible to specify a list of the inputs which they are pernitted to receive,
and the range of values which each are allowed to take.

Each time a design block receives a message, the tool rst cloks that
all of the message's elds are valid inputs to the design blok, and then it
executes a Python code fragment which is supplied as a part ahe design
block's de nition °, passing it the received message. The code fragment has
access to various function calls which allow it to order chitl blocks and access
other core tools within the costing engine. If necessary, th code fragment is
also allowed to use the Pythonimport command to make use of any of the
standard Python modules. As the Python developers have inelded a rich
array of plug-in modules as standard with the language, manycommon tasks
can be automated with library routines. For example, the re module can
be imported to provide an e cient implementation of Regular Expressions,
or the pyfits module can be imported to provide a reader for data les in
fits format.

In this document we will look at only one of the functions to which these
code fragments have access: th8endMessage()function, which is used to
send orders to child design blocks. Its calling syntax is:

SendMessage(Name, quantity, year, Extralnputs={})

The rst argument, Name should be set to the name of the design block
to which the message should be sent. To send a straightforwerorder to
a component or shopping basket, the eldsquantity and year should be
set respectively to the number of units of the child to be ordeed, and the
year in which they should be bought. The eld Extralnputs is only used
when ordering child design blocks which take their own speai inputs: in
this case, the additional data elds which are to be sent to the child should
be placed in this dictionary.

As an example, the following is a null code fragment: it implenents
a shopping basket which behaves in the same way as if no Pythonode
fragment had been supplied at all. We show it, despite its uslessness, to
demonstrate how few lines of Python code need to be written tanake simple
interactions with the costing engine:

1 for ChildName in ListOfChildren.keys():

2 SendMessage(ChildName,message['quantity'],
message['purchase_year")

3 outputs['NumberOfUnits'] += message['quantity']

Line 1 starts a loop over all of the design block's children:ListOfChildren
is a dictionary which the costing tool passes to the code fragent, whose
keys are the names of each of the design block's children. Oraeh iteration

5If no code fragment is supplied, then the design block acts asa shopping basket by
default.
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of this loop, the variable ChildName takes one of these names in turn. In
Line 2, we send an order to each of these children, reading theumber of
units to be bought and the purchase year from the dictionary messagesent
to the design block from its parents.

Finally, in Line 3, we update the dictionary outputs which the code
fragment uses to return output information back to the costing tool. In this
case we update a eld calledNumberOfUnits to count the total number of
purchases of this design block which have been made.

As an example of a more typical design block code fragment, # fol-
lowing implements a simple model of a close-packed array ofp&rture array
antennae:

spacing = message['Antenna_Spacing']

height = message['Aspect_Ratio' ] * spacing

guantity = message['quantity’ ]

date = message['purchase_year' |

SendMessage('LNA' ,quantity, date)

SendMessage('Filter_Regulator',quantity, date)

SendMessage('Antenna_Passives',quantity, date)

SendMessage('Feed_Board' ,quantity, date)

SendMessage(‘element_material',spacing*height*quan tity,
date)

10 SendMessage('Ground_Plane',spacing*spacing*quanti  ty,date)

11 outputs['NumberOfUnits'] += quantity

O©CoOoO~NOOOUITSWNPE

This design block takes four inputs: the number of antennaen the ar-
ray (quantity ), the spacing between them, the ratio of their height to
their spacing (Aspect_Ratio ), and the year in which they are to be bought
(purchase _year). Each antenna element requires the purchase of a low
noise ampli er (LNA, a lter/regulator, some passives and a feed board (see
Lines 5{8). The total area of element material required is the product of
the antenna spacing, the height of each antenna, and the totanumber of
antennae (see Line 9). The total amount of ground place mateal required
is the product of the number of antennae and the square of the mtenna
spacing (see Line 10).

4.3 Telescope Designs

Telescope designs bring together collections of componenaind design blocks
to make complete telescope systems. Each contains a list ohé names of
all of the blocks which comprise the telescope design, the mae of the top-
level block which represents the whole telescope, and the hges of all of the
inputs which should be passed to this top-level design bloclky default.
They also contain a system design block databas¢€SDBD), which we
have introduced to make it as easy as possible to swap desigrooks for
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alternative implementations. To illustrate the need for this, we return to
the CabledTrenchexample which we described in Section 4.2.1. Imagine that
a colleague were to pass you a design block callegiabledTrenchBob. The
rst thing that you would be likely to want to do would be to plu g Bob's
design block into a standard telescope design in place of th@d CabledTrench
design block, to see how it changed matters.

However, you wouldn't want to have to change every reference tdCa-
bledTrench to CabledTrench.Bob in the telescope design. The SDBD is the
mechanism we use to make such changes easy. When this desidadk is or-
dered, the purchase is propagated through to theTrench child design block.
However, the tool does not immediately go o and look for a defgn block on
disk called Trench. First of all, it looks in the design block’s list of children,
where it nds a mapping from the local hame of Trench { used internally
within the design block { to an implementation name By switching the
implementation name in the design block's list of children, we can make
it look for di erent children without modifying its Python ¢ ode fragment,
which exclusively refers to children by their local nhames.

A second layer of dereferencing occurs in the SDBD. The imphaentation
name of the desired child is then mapped by SDBD to the hame of aesign
block on disk. By changing the relevant entry in the SDBD, we @n make
all design blocks with children of a common implementation rame read a
di erent design block from disk. This architecture is illus trated in Figure 6.

5 The Costing Tool Example Telescope

To demonstrate the use of the Costing Tool in practice, it is recessary to
have a telescope design for it to act upon. The process of plitig together
complete and realistic telescope designs in the tool will rguire extensive
consultation with expert engineers throughout the SKA comrmunity, which
we have not yet begun. In the meantime, we have developed aBxample
Telescope which is loosely based upon the Benchmark Scenario from the
Second SKADS Design and Costing Memo (Boltoret al., 2008). This design
is not intended to serve any purpose other than as an exampleand is not
presented as a fully-costed SKA design. The presentation gflausible costed
telescope designs built using the Costing Tool is deferredbf future memos.

For reference, the Example Telescope consists of 250 midefjuency aper-
ture array stations, each 24 m in radius, 250 low-frequency erture array
stations, each 82m in radius, and 2,480 dishes, each 15m inadheter. It
lacks any model of the correlation or computational hardwase, for which
arbitrary placeholder costs are used.
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Parent Design Block System Design Block Database

Design block orders 5 units ofTrench. ..

Child 1 [

LocalName:

Trench Database Entry
Implementation: Implemention of...
Trench_A Trench_A

is called...
Trench_Al

Child Design Block

Name:
Trench_Al

Figure 6: A diagram of the mapping of design block names, usi the ex-
ample design blockCabledTrenchfrom Section 4.2.1. Within parent design
blocks, child blocks are referred to bylocal names{ in this case, Trench.
The design block's list of children map each local name to aimplementa-
tion name. These are in turn mapped to the names of design blocks on disk
by the telescope design'system design block database

6 The Graphical User Interface

In this section, we use the Example Telescope to demonstratthe Costing
Tool's graphical user interface. To emphasise that the Example Telescope
is not a complete design for the SKA, and that its cost does notrepresent a
good cost estimate for the SKA, we have chosen to display all esign block
costs in a cticious currency which we have called the SKA Acounting Unit
(SAU); its value roughly matches the cost of the whole SKA.

When a telescope design is opened within the graphical intéace, all of
the components and design blocks which make it up are listednia spread-
sheet, as shown in Figure 7. Once the telescope has been buitis spread-
sheet also displays the quantities of each block which weresguired to build
the telescope in the chosen con guration. The columrcumulative costshows
the total amount spent on each block, including the cost of aly child blocks
further down the hierarchy which were required to make them p. The
column intrinsic cost is similar, but does not include the cost of the child
blocks, and hence it shows only the costs which are uniquelyssociated with
each block. The sum of all of the values in this column equalshte total cost
of the telescope design { in this case, :887 SAU. This spreadsheet can be
exported to a CSV le for examination in external software packages.

The graphical interface also allows components and designldicks to be
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browsed in a hierarchical display, giving a rapid visual sese of how they t
together. The hierarchy of blocks which make up a low-frequecy aperture
array station in the Example Telescope is shown in Figure 8. Te user is
able to click on blocks in the hierarchy to display information about them
or to navigate around the telescope design, expanding and dapsing nodes
along the way.

In Figure 9, we have gone back to a spreadsheet view, and chaosd¢o
display information about the top-level SKA design block. In keeping with
the notation above, the panel total cumulative cost of design blockshows
the total cost of the selected design block, including moneyspent on child
blocks, meanwhile the paneltotal intrinsic cost of design block shows only
the costs which are uniquely associated with it. The latter @an be thought
of as the glue cost associated with putting the child blocks together. Bebw
this panel, the cost break-downbox shows what percentage of the cumulative
cost of the design block is spent on each of its child blocks.

At the bottom of the display is an indicator to show the detail s of the
telescope system which is currently built, for which costs e currently being
displayed. In Figure 10 we expand this panel to show some of thtop-level
input parameters which the Example Telescope takes.

In all of the panels shown so far, quantities with uncertainties in their
values have been displayed with stated standard deviationsHowever, it is
also possible to plot full probability distribution functi ons (PDFs) for any of
these values, to check for non-Gaussianity in their probabity spread. These
plots are produced via a Monte Carlo approach: many random saples
are taken and put into bins. A smoothed cubic spline is tted through
the probability densities calculated for each of the bins toaid the eye in
following the trend. In Figure 11 show an example PDF for the tal cost
of the Example Telescope. The black crosses are the probaltyl densities
calculated for each of the individual bins, and the grey cure is the smoothed
t through the noisy datapoints.

In Figure 12 we demonstrate the strength of using scalable tescope
designs in the tool { i.e. telescope designs which take manyput parameters
and which can build telescopes to a range of speci cations lisg simple
scaling models. In this simple example, we request the toola make a
one-dimensional parameter survey of how the cost of the SKA@les with
the desired sensitivity of the dish component of the array, ly building 12
sample telescopes along a line in phase space. On this plote horizontal
axis measures the requested sensitivity of the dishes, in 3 of m?=K,
meanwhile the vertical axis measures the most likely cost othe SKA. The
cost of the SKA rises when the desired sensitivity is increasd because a
larger collecting area is required, which in turn means thatmore dishes are
required.

In Figure 13, we show the graphical interface's editor for clanging com-
ponent and design block de nitions.
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7 Summary

We have constructed a tool which allows the user to constructhierachical
telescope designs in a graphical environment, and which cathen propa-
gate costs, power consumption, data rates, and other arbitary quantities
through these hierarchies to evaluate the total cost of any gen telescope.
In due course, we envisage that we and the SKA Program Develapent
O ce (SPDO) will work in collaboration with specialist engi neers to pro-
duce a range of reference telescope designs within this frawork. Over the
course of the PrepSKA programme, we also plan to link the Coshg Tool
into technical simulations of the SKA's science performane.

This work is supported by the European Community Framework Pro-
gramme 6, Square Kilometre Array Design Studies (SKADS), catract num-
ber 011938.
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Hie Repository Settings

SSET _

‘4 Ddd Design Block... _ [ save _ [B save as... _ [ Edit... _ ¢ Global Inputs... _ X Close _

List View _ Hierarchy View _

Example_Comms_Signal_Generation_Receiving_Typ 93.64e3
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Comms_10G_Laser_80km __V 93.64e3

| 0 SAU
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| 20.14e-3 SAU (NPV in 2009)
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Alhi_First_Proc_Board | 41e3 | 05AU _ 19.75e-3 +- 1.69e-3 SAU {NPV in 2009} | Design Block
Comms_10G_Receiver _ 940.90e3 | 19.27e-3 SAU (MPV in 2009) | 19.27e-3 SAU (NPV in 2009) _w Component _
AA_Processing_Interconnects mma 10 SAU | 14.92e-3 SAU (HPV in 2009) | Design w_en_n ' _
Infiniband Cable | 82063 | 14.92e-3 SAU (NPY in 2009) | 14.92e-3 SAU (NPV in 2009} M G ¥ = \.n
tel L]
| | P
w,f; - A, built in t

__E.Qsmza: Fanel: This contains details of the currently-selected design block:

A spreadsheet of all of the components and design dtks in the

Figure 7

Example Telescope Design. In this gure, we have chosen to sbthe blocks
in order of their cumulative cost, so that the most expensiveblock, the whole

telescope, appears at the top. Further details are in the tex
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(4 Ddd Design Block... _ [ save _ [B save as... _ [ Edit... _ ¢ Global Inputs... _ X Close _
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Adlo_First_Proc_Board Aflo_Analogue_Cabling Adlo_Element Anlo_Station_Infrastructure
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PCB_Control_Hetwork Solder_Twisted_Pair E.m.ubans.;._u%azmw. ‘Aflo_Processing_Box
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Control_Processor CAT?_Cable_Installation Wooden_Building_Pole Steel_Support
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Power_Connector CAT?_Cable_Preparation ABhI_LNA
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@_ SSET_AA_Outer:
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wavelength 666.21 mm

Beam Area 2.53 degt2

Mumber of beamns recuired at frequency
Total Mumber of bearns output from eac
Total output data rate per Proc board is
Murnber of proc boards that we would ¢
Ablo Station Radius §1.76 m

Ablo Sation Sensitivity 16 KA-17%m#2

R

\._/_|_ -

The last telescope built was:
An SKa_Dish_A, built in the year 2018,

=

__:a::mza: Panel: This contains details of the currently-selected design block.

7 SUMMARY

Figure 8: The hierarchy of design blocks which are required d build an
AAlo _Station. Where strings of blocks appear in vertical lists, all of the

blocks in the list are children of a common parent above, but hey are too

numerous to be displayed horizontally.
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Input_Analogue_Chip H Implemented By: S5ET_SKA_Dish_aA4

LMNSD_Antenna_Electronics Filename: homefdcf21iskatrunkiSKA_Repos2/S5ET_SKA_Dish_ad dhblk
LNSD_Comms_4km

LNSD_Computing Author: .
LNSD_Correlator Comment: 4n SKA made up of 15m dishes and some aperture array.
LHSD_Correlator MACs FPGA - EYE
LNSD_Correlator_Router_Cable Total cumulative cost of design block Intrinsic glue cost of design block

Etisiaediptaboc - Ruiten Hecmnies PowerConsumption: 128,95 +/- 45,19 M | HumberOfUnits: 0
LMSD_PFB_FPGA

LHSD_Station_Beamformer_Router_Cabl cost: B35.16e-3 +/- 15.64e-3 SAL (NP in 20093 L.@scsnn_ PowerConsumption: 0
LHSD_Station_Beamforming
LMNSD_Station_Digital_Beamformer cost: 0540l
LHSD_Station_PFB_Post_Digital Beamfo
Labour_Field

Laser_Drive_FElectronics

Fiasie Baoltan

o e I

Cost break-dovn for this design block

PCB_Control_Hetwiork root: o) AB_Outer: 1008363 + 5.326-3 SAUINPVIN 2009) oo
PCB_Cooling_System 100%, at a cost of 585.16e-3 +- 15.648-3 SALU (MNP in 20093 = " " :
Ty e L &_ B> AAhI_Core: 139.025-3 +/-7.1953 SAUCNPYIN2008) o2
PCB_Thick W_ Adlo_Core: 233 518-3 +5- 54183 SaU (NP in 20093 p&mm
PCB_Thin -

Power_Connector W_ Computing: 1.72e-3 54U (NPV in 2003 p&mm
Powver_Supply_For_Rack

RF_Fifter .W_ Correlator: 344e-3 41U (NFV in 2003) L&m
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__:a::mza: Panel: This contains details of the currently-selected design block.

7 SUMMARY

Figure 9: Summary information about the top-level SKA telescope design
block. On the left, the tool lists the parent design blocks which have sent
orders to it: in this case there is only one order, sent fronroot, that is, the
user. On the right, the tool lists the break-down of the desig block's total

cost between its various children.
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Figure 10: A spreadsheet showing the input parameters whichvere used in
the latest telescope to be built. Also listed are the informdion sources from
which each of the parameter values were drawn.
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Figure 11: The tool can display the probability distributio n function (PDF)
for the cost of any component or design block, based upon raran samples
drawn from it. In this case, we show the PDF for the total cost of the SKA
as measured in our cticious currency, the SAU; the verticalaxis is measured
in units of probability density per unit SAU.
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Figure 12: A parameter survey of the cost of the SKA in SAU as atinction of
the desired sensitivity of the dish component, measured altg the horizontal
axis in m?=K.
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Figure 13: The Costing Tool's design block editor, here eding the
AAlo _Station design block. The left panel shows the design block's de -
nition, including a list of its inputs. In the right panel, we have opened the
Bits _Per_Sampleinput, to show that it is measured in physical units of bits,
and that its default value is 4 bits per sample.
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