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Introduction
The challenge of costing unique scientific facilities

* Large scale scientific facilities exist to enable
research in numerous fields

— Physics, Astronomy, Life Sciences

* Implementation of each also tends to be
uniquely tailored to intended research
— Segmented Optical Telescope Top: Very Large Array (VLA), New
. . Mexico (Credit: Aerospace Photo)
— Multi-Antenna Radio Array
Middle: Keck Observatory, Hawaii
— In-lce Sensor Array (Credit: W.M. Keck Observatory)

Bottom: Green House Gas Monitoring
in Antarctica (Credit NOAA)

* Attempting to cost such facilities presents
many challenges
— Diversity of facility and equipment types
— Availability of applicable data
— Availability of applicable models
— Preparing for unique assessments T
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Understanding the Challenge
The challenge of costing unique scientific facilities

* Diversity of facility and equipment types
— “These facilities are each so different, how can you even cost them?”
— Antennas vs. Mirrors vs. Artic Drilling etc.
— Research and understanding required from the analyst

* Avalilability of applicable data
— “How is any actual cost from one applicable to another?”
— The proposed design exceeds the parameters of heritage designs
— Performing a credible assessment requires historical data with reasonable fidelity

* Availability of applicable models
— The proposed designs exceeds the range of existing model inputs
— The proposed design exceeds the parameters of heritage data underlying the model

* Time constraints to prepare for and perform unique assessments
— Acquiring data requires proper contacts and mandate
— Time is likely limited to collect data and perform assessments
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The Aerospace Corporation
Meeting the challenges of assessing large, unique scientific facilities

* Operates a Federally Funded Research and !
Development Center (FFRDC) Decadal Survey on Astronomy and Astrophysics .

* Provides advanced scientific and engineering
services for space and related high-technology
systems

« Decades of deep institutional technical expertise,

providing objective analysis and innovative
solutions to the most complex problems

« Extensive experience assessing space science projects, adapted to support ground-based
scientific facilities
— Cost and schedule analyses for NASA missions
— Technical risk, programmatic cost assessments for NOAA GOES -R and —S space & ground systems
— Architecture cost studies for next gen USGS ground system
— Independent technical and cost assessments across range of large, complex ground facilities:
* National Science Foundation mid-scale facilities
» National Security Space launch infrastructure and ground processing facilities
* NASA mobile launch platforms, environmental test facilities
* NNSA material processing facilities
— Evaluated concepts for the past five Decadal Surveys
« Completed evaluations for a wide variety of Astro2020 ground concepts
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Astrophysics 2020 Decadal Survey
A case study Iin costing unigue scientific facilities

* Preparing for Astro2020 presented its own unique challenges

* Numerous concepts being proposed
— Not known in advance what concepts will require evaluations
— Had to make assumptions about which concepts might be requested
— Some large projects announced their intent to submit (TMT, GMT, ngVLA)

* Getting data in time for assessments
— No central repository for trusted data
— Getting data for diverse concepts/techniques
— Getting enough data to produce realistic estimates
— ldentifying stakeholders who may have data
— Convincing stakeholders it is in their best interest to provide data
* Helping to advance the state of art for estimation for the community

* Preparing tools and methodologies for assessments

* Compressed timelines to produce assessments

Biggest challenge is time to prepare: research, data collection, model preparation
need to start as early as possible to increase quality of estimate
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Breaking it Down

* At the top level scientific facilities may be very different
— Commonalities exist at lower levels

— A basic work breakdown structure (WBS) for mapping
common elements across projects can be used

* Labor related tasks like Program Management (PM),
Systems Engineering (SE), and Integration and Test
(1&T)

— Wrap factors can be developed and applied from one
project to another

— Contractor agnostic labor rates are available at GSA,
Bureau of Labor Statistics and others

* Hardware and Software elements can be approached
with historical data and models at the lowest applicable
level

— Research commonalities in heritage designs with the
proposed design, and find the most applicable models

— Consider existing models if applicable
— Develop models if data is sufficient

e

WBS Element
1.0 PM & SE
2.0 Facilites
3.0 Primary Scientific Hardware
3.1 Radio Telescope
3.1.1 Antennas
3.1.2 Correlator
3.2 Optical Telescope
3.2.1 Optics
3.2.2 Structure
3.3 Instruments
4.0 Data Management & Computing
5.0 Systems I1&T & Comissioning
6.0 Operations & Maintenance
Resenes
Total




Presented for the ICEAA 2021 Online Workshop - www.iceaaonline.com

The Need for Historical Data
Considerations for large facility estimate

* Historical data are a major pillar of estimation

— Part of GAO'’s “Basic Characteristics of Credible Cost
Estimates”

— A sampling of statements found within reveals:
* “Credible cost estimates are rooted in historical data”

* “Historical data provide the cost estimator insight into actual
costs on similar programs, including any cost growth since
the original estimate”

* “Historical data can be used to challenge optimistic
assumptions”

* Historical data can be applied in several ways
— Analogy estimates with cost scaling
— Wrap factor development
— New parametric model development
— Calibration of existing parametric models
— Evaluation of basis of estimate

Gathering and validating data takes significant time & expertise
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Historical Data Example: 8.4m Mirrors
LSST (Rubin) 2022

LBT (2005)

Credit: NASA/JPL

—
8.4m 8.4m

Segments: Two M1 segments
Segment diameter: 8.4m

Design: honeycomb borosilicate
Manufacturer: University of
Arizona Caris Mirror Lab

8.4m

Segments: One M1/M3 segment
Segment diameter: 8.4m

Design: honeycomb borosilicate
Manufacturer: University of
Arizona Caris Mirror Lab

GMT (2029)

Credit: Courtesy

TMT International
Observatory

8.4m

Segments: Seven M1 segments
Segment diameter: 8.4m

Design: honeycomb borosilicate
Manufacturer: University of
Arizona Caris Mirror Lab

Despite facility unique aspects, sub-elements may have significant similarities
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Historical Data Example: Segmented Mirrors
Keck (1993, 1996) TMT (2027) ELT (2025)

Credit: Courtesy TMT International Observatory L = s
30m Credit: ESO _ 39m

Credit: W.M. Keck Observatory
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« Segments: 36 M1 segments + Segments: 492 M1 segments . Segments:.798 M1 segments
« Segment diameter: 1.8m « Segment diameter: 1.44m * Segment diameter: 1.45m
« Design: zero expansion Zerodur + Design: zero expansion Clearceram * Design: low expansion Zerodur
« Manufacturer: Schott AG * Manufacturer: Coherent Inc. . Mapufgcturer: S(.:hott .
+ Polishing Technique: Stressed * Polishing Technique: Stressed Mirror ® POIIShIng Technlque: proprietary
Mirror Polishing Polishing robotic polishing

While differences exist in Keck/TMT/ELT designs, the segments remain highly similar



Cost Scaling with Historical Data
One method to cost unique scientific facilities
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The use of historical data, or analogy data, relies on the concept that most projects
evolve from those that have already been developed

— Can be used for components, subsystems, or total projects

— For large scientific facilities, the component/subsystem level seems most
practical/credible

Cost scaling is done by using actual costs from a similar project

— Adjustments made to account for differences between the requirements of the
existing and new systems

— Reasonable approach early in the lifecycle (no earned value data yet available)

Cost analyst should do significant research to perform the analogy scaling objectively
— Understand the system

— Consult subject matter experts —
) . Historical | New Cost of new system
— Identify the technical parameters Parameter | system system | (assuming linear)
Mirror M2 M2A

that are the most likely cost drivers

— Determine the most likely cost
relationship: linear, logarithmic, etc. Diameter  1.0m 128 i

: : Cost $10M X (1.25/1.0) *$10M = $12.5M
Cost scaling was a crucial methodology

used to prepare for Astro 2020
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Parametric Models
Usage & limitations for large facility estimates

* Parametric models can be reasonably quick and objective tools for costing which should
be considered for large scientific facilities costing

* Limitations of using parametric models should also be considered
— Proposed system may exceed the range of the data underlying the model
— Model may be too high level and does not support lower level estimation
— Unique hardware complicates applicability of underlying model data
— Model needs to be calibrated with historical data

Cost = a * xP x y°¢

* Commercial models may be useful but also have drawbacks
— Broad applications to types of hardware/software
— Some significant training to run effectively
— Relies on mass which may not be available

Example
Instrument
Credit:
Courtesy TMT
International
Observatory

* Developing custom cost estimating relationships (CERs) may be a way to estimate at the
appropriate level
— For example, instrument versus facility-level parametric model
— Requires some significant data collection & time to discover relationships
— Rough CER for ground based optical instruments was developed
* Not enough time to develop CERs for every WBS level

Parametric models should be thoroughly evaluated for use in large facility estimates
1g:ustom model development should be targeted for critical elements
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Cost Sensitivity Analysis
Considerations for large faclility estimates

* Cost sensitivity analysis should examine performance parameters which may
vary to uncover a range of “could cost”
— Critical when dealing with projects that employ high production of similar units
— Can also be used at a system level for non high production projects
— Can be used to determine which parameters affect the estimate the most
* Can inform technical/scientific scope decision making

* Learning rate should be considered in sensitivity analysis
— May or may not be any assumed by the project
— Depends on how manual or automated the process is

* Many high production projects may not assume learning rate due to automation of
production and/or fixed price contracts

* GMT mirror production public timeline shows a dramatic savings in time to produce
subsequent mirrors after the first unit due to improved learning in manual process

* Cost sensitivity analysis can be employed to help stakeholders explore
descoping options and whether they would still meet science requirements

12
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Cost Sensitivity Example
Sensitivity versus per-unit cost
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Sensitivity analysis can help determine range of “could cost” and inform decisions
about technical/scientific scope
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Other Techniques
Comparison with previous projects

* Historical analogy data can be incredibly useful for estimates, but also as a
cross-check/evaluation of basis-of-estimate

* Cross-checks with historical data are a quick and simple way of providing a
sense of uncertainty that may be in the proposed project

— Can be performed for either cost, schedule, or technical parameters
— Useful for projects with high production/activity rates

* Can gauge credibility of project’s proposed rates/schedules

* Can be varied with assumption like number of vendors etc.

— Technical parameters in context with historical systems can provide a sense of how
ambitious a design might be

* Can also provide a sense of confidence in the independent estimate produced

— More uncertainty in the proposed design or project plan may also mean more
uncertainty in the independent cost/schedule estimates

14



18

e I
N DM O

Element Comparison (years)
=
o

o N b~ O @

Presented for the ICEAA 2021 Online Workshop - www.iceaaonline.com

Historical Data Example: Schedule/Production Rate

m Construction

m Design 15 15

Project 1 Project 2 Proposed

A simple production rate comparison can
be done by taking the total units divided by
time to get average days per unit.

While the overall proposed schedule
duration appears in family with similar
projects, the production rate may be
aggressive and possibly too short for the
scope of the proposed project.

Historical projects are compared with a
proposed one.

At the program level, the proposed
project appears in family with historical
ones.

Proposed
m Project 2

m Project 1

15

Project 1 Project 2 Proposed

Historical schedule data can be used to evaluate production rates

15
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Summary
The Challenge of Costing Unique Scientific Facilities

* Attempting to cost large scientific facilities presents many challenges including:
— Diversity of facility and equipment types
— Availability of applicable data
— Availability of applicable models
— Time constraints to prepare/perform

* While large scientific facilities may be very unique from one another and/or
exceed the range of historical data/models, subsystem and component
hardware may have significant heritage

— Breaking down facilities into lower level detail makes it possible to estimate them
* The use of historical data is critical for producing credible estimates
— Various methodologies should be employed to fully evaluate concepts

* Cost scaling, model development, cost sensitivity, cross checks, etc.

* Biggest challenge is time to prepare: research, data collection, model
preparation need to start as early as possible to increase quality of estimate
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