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Abstract


The scientific return on adaptive optics on large telescopes has generated a new vocabulary of different adaptive optics (AO) modalities.  Multiobject AO (MOAO), multiconjugate AO (MCAO), ground-layer AO (GLAO), and extreme contrast AO (ExAO) each require complex new extensions in functional requirements beyond the experience gained with systems operational on large telescopes today.  Because of this potential for increased complexity, a more formal requirements development process is recommended.  We describe a methodology for requirements definition under consideration and summarize the current scientific prioritization of TMT AO capabilities.
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1. Introduction


Following a multi-year feasibility study phase
,
,
,
,
, TMT is poised to begin formal development of observatory and subsystem level requirements.  The TMT adaptive optics subsystem functional requirement are proposed to be developed using an industry standard process
,
 depicted in the functional cascade shown in the left-hand side of  Figure 1.  The right-hand side of Figure 1 maps onto this process the design documentation associated with this process, as applied to large telescopes in general and TMT in particular.


During the past two years, significant and frequent interaction between the TMT astronomer and engineer community has taken place.  The results of these discussions will be a Science Requirement Document (SRD) to be placed under formal change control.  The SRD defines the needs of the end users, the scientific goals, and the objectives, or explicit initiatives, that will satisfy the project goals.  With this scope definition in hand, the major drivers that will shape the implementation of the initiatives can be identified.  In order to determine these drivers, a number of tools must be developed, validated, and exercised, including development of error budgets, conceptual designs, parametric models, and detailed subsystem simulations
.  Having identified the major design drivers, operational scenarios must be developed to understand the operational requirements upon the observatory.  These scenarios, if properly formulated to include routine observing, observing exceptions, maintenance, and emergency situations help to define the major interfaces and interactions between various observatory subsystems.  Having developed and documented these, we must then consider the system risks, most of which arise from lack of sufficient information.  Technical challenges, unclear subsystem boundaries, uncertain technical resources, and evolution of user needs must be considered.  Only after all these steps are taken, can we formally develop Functional Requirements Documents (FRDs) for each of the observatory subsystems, including the AO capabilities.


[image: image1.wmf]Functional 

area

Architecture 

Risk

F

TRL

W

T

R

D

Architecture 

notes

Risk mitigation

Component risk 

F

T

W

T

F

D

F

C

W

C

F

S

R

D

Comments

Risk miigation

Wavefront 

Sensing

Rayleigh lasers 

WFS

4

1

4

Architecture also 

requires (1) real-time 

background 

subtraction and (2) 

WFS geometries 

matched to elongated 

spots

(1) Lab and field tests of 

wavefront sensing with 

elongated spots and (2) 

lab tests of real-time 

background subtraction

30-Watt class 

CW/QCW laser

3

2

7

5

2

8

31

Estimated power 

requirement based 

upon simulations of 

"Floor" MCAO 

system

(1) Futher modeling to 

estimate power 

requirement, then (2) 

purchase laser

Wavefront 

Sensing

CW Na laser 

WFS

4

1

4

Architecture requires 

Rayleigh supression 

and possibly line 

spreading to avoid 

saturation

(1) and (2) as above

50-Watt class CW Na 

laser

3

2

1

5

2

8

25

Wavefront 

Sensing

Micropulse / 

macropulse  Na 

laser WFS

8

2

16

Requires WFS geom 

matched to elongated 

spots

(1) and (2) as above

20-Watt class MMP 

Na laser

4

2

7

5

2

8

33

Estimated power 

requirement based 

upon simulations of 

"Floor" MCAO 

system

(1) and (2) above

Wavefront 

Sensing

Short-pulse 

(~3us)  laser-

tracking WFS

8

4

32

Requires WFS 

dynamic refocusing

(3) Field tests of LGS 

wavefront sensing with 

dynamic refocusing

18-Watt class SP Na 

laser

7

4

8

8

2

8

60

Estimated power 

requirement based 

upon simulations of 

"Floor" MCAO 

system (~40% 

reduction with 

dynamic refocusing)

(1) and (2) above

Architecture risk assessment

Component risk assessment


Figure 1.  Proposed AO functional requirements development process.

2. TMT Scientific Priorities

Although the TMT SRD has not yet been placed under formal revision control, it is still instructive to consider the science capability prioritization captured in a recent SRD draft
.  We summarize one possible scientific capability prioritization desired by our science community in Table 1, capability #1 being the most highly desired.  For each item, we list whether or not the mode requires AO, the desired spatial field of view (FoR) or field of regard (FoR), for the cases of deployable or sparsely sampled fields, whether the capability is primarily a spectroscopic or imaging mode, the approximate spatial sampling, the desired spectral resolution, and the scientific wavelength coverage.

In the case of the wide-field optical spectrograph (capability #2), we are continuing to evaluate the cost-effectiveness of ground-layer adaptive optics (GLAO) as specifically implemented with several alternative implementation concepts.  Although GLAO performance is believed to degrade with decreasing observing wavelength
, it remains a compelling option in terms of improving residual telescope errors, dome seeing, and very low-altitude boundary layer seeing. 

3. TMT AO Observing Modes

The mapping of these scientific capabilities onto a set of adaptive optics capabilities, which has evolved somewhat in the past two years1, is presented in Table 2.  In addition, we associate here with each AO mode the enable science, as drawn from the SRD, the potential science instrument feed, and the relative priority of implementation, as envisioned today.  Multi-object AO (MOAO) is an intriguing, but yet unproven, capability that offers several potential benefits over Multiconjugate AO (MCAO
).  
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Table 1.  Example scientific prioritization from working draft of the Science Requirements Document.  Note the pervasiveness of adaptive optics.  Here, N or n represent the (undefined) multiplexing of the capability, and IFU suggests an integral field unit spectroscopic capability.

MOAO is envisioned using a 'one AO system per object' implementation, wherein each field object is separately corrected by an independent wavefront corrector.  Control signals are provided to each deformable mirror (DM), based upon a tomographic reconstruction of the atmosphere using multiple laser beacons. These n separate correctors might or might not share a global woofer mirror, such as an adaptive telescope secondary.  The advantages of MOAO include a reduction in the number of science reflections (which increases throughput and can reduce emissivity), more compact packaging (due to the relatively small field of view (FoV) seen by each DM), and better potential performance (as each DM can be tuned to optimize the wavefront correction in each particular direction in the sky).   On the other hand, MOAO as currently envisioned requires that each DM operate in open-loop, namely that the corrections applied to each science field are at no time directly measured by the wavefront sensors.  Instead, the wavefront sensors operate in a non-null-seeking mode which relies on exquisite calibration of the wavefront sensor and deformable mirrors.  Thus, MOAO requires sensors and actuators of unusually high linearity and dynamic range.  The experimental validation of the MOAO concept, at the required level of accuracy,  is a near-term necessity before TMT endorses such an implementation in its baseline.

The technical challenges associated with each of the AO capabilities currently under consideration are presented in Table 3, along with our best estimates of the state-of-the-art within each technical area today.  We also note the potential risk mitigations strategies to bridge the technical gap and possible fallback positions, either alternative technology levels or system impacts, in the event that unforeseen issues deter us from executing our research and development program completely through to our current performance specifications.  In many areas, the lack of components of sufficiently mature technology is a major driver for the development of AO functional requirements.

4. Risk Assessment

Prior to the establishment of AO system functional requirements, it is essential to consider the range of potential risks among plausible conceptual implementations.  While this is often done informally based upon engineering judgment, the potential complexity and conceptual diversity of TMT AO systems motivates us to take a more formal approach.  As benefits, formal quantitative risk assessment:
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Table 2.  Example distribution of scientific priorities onto 5 AO observing modes: Multiobject AO (MOAO), Mid-Infrared AO (MIRAO), Ground-Layer AO (GLAO), Extreme contrast AO (ExAO), and Multiconjugate AO (MCAO).

· Accelerates the design process by procedurally eliminating highest-risk options (risk avoidance)

· Identifies top investment priorities among component prototypes, lab experiments, and sky demonstrations

· Allows tracking of risk mitigation strategy effectiveness over time (through periodic reassessment)

· Allows objective monitoring of external/vendor-based technology development progress

· Provides objective criteria to facilitate technical communication among distributed engineering teams

· Encourages thorough canvassing of available technologies

· Provides a structure for updating engineer knowledge of technology state-of-the-art

· Helps documents design-choice rationale

As caveats, quantitative risk assessment:

· Can inform, but should never replace sound engineering judgment

· Requires careful vetting of individual assignments of weight factors.

This last point, in fact, provides another tool for the conceptual development.  Where multiple independent assessments of the same technical risk produce widely disparate results, this implies that either one party lacks information or that the two parties have failed to adequately define the risk area.  Both are valuable faults to identify early in the project life cycle.
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Table 3.  Major adaptive optics subsystem requirements, risks, and potential mitigations, based upon conceptual error budgets still under development.  Here, the symbol (?) indicates (some) potential needs not yet confirmed.

5. Quantitative Risk Assessment (QRA) Procedure

While there are many procedures for quantitative risk assessment in the literature, our desire to strongly emphasize early cost risk mitigation leads us to consider a formalism drawn from techniques commonly used by the aerospace industry
,
,
 and similar to guidelines used in the evaluation of cost contingency in other large, complex scientific projects
.  It is by no means the only choice.  Among its limitations, the procedure is insufficient to properly evaluate the impact to scientific return among different technical alternatives, the exposure of the project to long lead-time technology development programs, nor the fungibility of alternative components as fallback technology options.  Still, as a measure of technical maturity of a concept, we find this formalism satisfactory. 

The mechanism of our quantitative risk assessment (QRA) process is as follows:
1. Enumerate the system components and architecture choices envisioned as potentially meeting each AO system error budget allocation.  Enough detail should be included in the specification to distinguish the technology requirement from one resulting a different technical risk score.  (Alternatively, if at the end of the process, components of the same type result in the same risk score, these likely can be combined into a more general description that describes both.)

Example components:

"CCD arrays of 2562 format with 2e- read noise and 16 read-out amplifiers"

"CCD arrays of 2562 format with 5e- read noise and 4 read-out amplifiers"

"PMN DM's have 8000 actuators and 350mm diameter"

"MEMS-based DM's have 8000 actuators and 120mm diameter"

Examples architectures:
"Ground-layer wavefront sensing using only natural guide stars"





"Ground-layer wavefront sensing using only Rayleigh beacons"

"Ground-layer wavefront sensing using combinations of natural guide stars and Rayleigh beacons"

2. Assign risk factors and weights to architectures (based on technical readiness) and to components (based on technical, design, schedule, and cost uncertainties), using the tables presented in Tables 4 through 9.:

For components:

FT 
= Technical Risk Factor:
Reflects technical maturity

WT 
= Technical Weight:
Reflects technical complexity

FD 
= Design Risk Factor:
Reflects design maturity (e.g. large FD during conceptual design)

FC 
= Cost Risk Factor: 
Reflects lack of information on cost basis

WC
= Cost Weight:

Reflects labor only risk (=1) or labor and material cost risk (=2)

FS 
= Schedule Risk Factor: 
Reflects interdependencies in product delivery 

Note, that early in a project's life cycle, uncertainty component cost estimation is likely to exist in both labor and raw materials costs.  Accordingly, until the project reaches routine component production, it is appropriate to consistently set WC = 2.

For architecture choices:

FTRL 
= TRL Risk Factor:
Reflects the Technology Readiness Level (TRL) system architecture, operational model, or implementation concept available to the AO system designer

The TRL levels considered here will be familiar to readers from the DoD or NASA communities.  The TRL risk factor scale has been devised here, using a number of example AO system prototyping scenarios, in order to establish a scale commensurate with that for component technical development risk.

3. Evaluate one or more combinations of base risk factors to determine the overall risk for developing needed technology.  The most basis such derived metrics is known as the Technical Development Risk

Technical Development Risk, RD 

(Assesses technical challenge of the risk item without regard to system impact or cost)

RD = (WT FT + FD + WC FC + FS) 
for components

RD = WT FTRL


for architectures

Values of RD less than 25 generally represent established technologies, or slight improvements thereupon.  Values of 26-50 indicate areas where new initiatives for risk mitigation may be considered, depending on external commercial drivers and the available lead-time.  Values of 51-100 indicate areas where considerable technical risk exists and risk mitigation initiatives are highly recommend.  For values above 100, the capability of the technique to accurately capture even relative risk areas must be questioned, though the need for at least one full 'next generation' of development seems undisputable.  (It has been suggested that values of RD ~ 200 correspond to areas requiring 'two generations' of technical advancement, but only few supporting examples of this have been identified.)

	FT
	Risk Range
	Definition
	Example(s)

	1
	Low
	Existing design can be purchased off the shelf
	Commercial wavefront sensor camera running an 80x80 pixel CCD with 4 readout amplifiers

	2
	Low
	Minor modifications required to an existing design
	Commercial camera running new timing sequence

	3
	Low
	Major Modifications required to an existing design
	Commercial camera running a 128x128 pixel CCD, still 4 readout amplifiers 

	4
	Medium
	New design required: Routine
	New camera design using new board layout and new commercial opamps 

	5
	Medium
	New design required: Non-routine
	New camera design with new board layout and significantly more readout amplifiers

	6
	Medium
	New design required: Some R&D required to solve novel problems
	New camera running at unprecedented speed requires use of new data transfer bus

	7
	Medium
	New design required: More than half of the design requires R&D to solve novel problems
	New camera using an application specific integrated circuit (ASIC) that has been successfully used in other designs.

	8
	High
	New design required: More than 90% of the design requires R&D to solve novel problems
	New camera using an ASIC that has been prototyped, along with a new board layout

	9
	High
	State of the art design required: All problems are novel or untried
	New camera using a new, untried ASIC with higher internal clock speed than attempted before

	10
	High
	State of the art design required: Design is untried, unknown and exotic compared with any existing design
	New camera using new, untried CCD design along with new, untried ASIC operating at unprecedented frame rates 


Table 4.  Technical Risk Factors, FT

	WT
	Risk Range
	Definition
	Example(s)

	1
	Low
	System is not complex; low part counts; well-defined engineering techniques can be used for design and manufacturing 
	349 actuator deformable mirrors;

Least-squares vector-matrix multiple wavefront control algorithm

	2
	Medium
	System is moderately complex; moderate part counts; or technology needed is 'next generation'
	3000 actuator deformable mirrors; Efficient wavefront control algorithms

	4
	Medium
	System is moderately complex; large part counts; or technology needed requires two distinct generations of development
	9000 actuator deformable mirrors;

Hierarchical wavefront control utilizing woofer/tweeter architectures

	8
	High
	System is highly complex; large part counts; technology needed requires more than two distinct generations of development
	100,000 actuator deformable mirrors; Global wavefront control optimization including telescope, AO system, and instrumentation


Table 5.  Technical Weight Factors, WT 

	FD
	Risk Range
	Definition
	Example(s)

	1
	Low
	Detailed design is greater than 50% done.
	Initial design is complete and documented, test plan completed, detailed design more than 50% done

	2
	Low
	Detailed design is about 25% done.
	Same as above except detailed design is 25% done.

	3
	Low
	Preliminary design and analysis are 100% done
	Initial design is complete and documented, test plan completed, but detailed design has not begun

Vendors have responded to RFQs with preliminary designs

	4
	Medium
	Preliminary design and analysis are 75% done
	Initial design well underway, results from simulations and analysis 75% complete 

	5
	Medium
	Preliminary design and analysis are 50% done
	Initial design well underway, results from simulations and analysis 50% complete

	6
	Medium
	Preliminary design and analysis are 10%
	Preliminary design is partly done and simulations and analysis have been started.

	7
	Medium
	Conceptual design, final requirements, specifications, architecture and block diagrams are complete.
	Initial drawings not started.

Simulations are not started.

Request for Quotations (RFQ's) ready to be released.



	8
	High
	Concept, requirements & rough specifications, sketches/ block diagram only are complete
	"We're pretty sure we can generate a 3 sec laser pulse by chopping a CW beam with a wheel, spinning at 500 rpm, having a gap size..."

	9
	High
	Concept, requirements & rough specifications only are complete.  Block diagrams not started.
	"We need a 3 sec pulse sodium laser running at 1200 Hz repetition frequency"

	10
	High
	Concept and rough requirements only are complete.  Specifications not started.
	"We need a short-pulse sodium laser so that we can track it through the sodium layer"


Table 6.  Design Risk Factors, FD.

6. QRA Example

As an example of one implementation of the RQA formalism, we present a snapshot in time of a portion of our working risk assessment spreadsheet in Table 10.  As various groups within TMT and external to it progress in successfully demonstrating laboratory and on-sky validation of these techniques, this assessment will be updated. 

7. Requirements Guidelines

As we progress through the process outlined in Figure 1, we have as our goal the development of requirements that capture the essence of the project goals with minimal complexity and maximal design freedom.  Toward this end, the actual wording of the Functional Requirements Documents (FRDs) matters.  We therefore present one definition and a set of desirable properties of written requirements
.

A requirement is a necessary, quantifiable, and verifiable capability, function, property, characteristic, or behavior that a product must exhibit to solve a real-world problem, or a constraint that a product or a product's development process must satisfy
.  Requirements must be:

	FC
	Risk Range
	Definition
	Example(s)

	1
	Low
	Off the shelf catalog item.
	A standard off-axis parabola (OAP) available from several vendors

	2
	Low
	Vendor quote from established drawings
	Drawings are detailed, e.g. an OAP that has been prototyped

	3
	Low
	Vendor quote from design sketches
	Quote based on specification and tolerances supplied to vendor without production drawings

	4
	Medium
	In-house estimate from previous experience
	OAP cost estimate, based on amount of removed material, known from previous engineer experience

	5
	Medium
	In-house estimate backed by limited experience
	A large OAP is being estimated based on extensive experience polishing spherical mirrors and prior experience polishing small OAPs

	6
	Medium
	In-house estimate backed by minimum experience
	New OAP design without in-house cost experience.  Vendors may or may not be consulted

	7
	Medium
	In-house estimate backed by no direct experience
	New OAP design where responsible party must rely entirely on limited cost estimating experience of colleague

	8
	High
	Top down estimate from a similar program
	A large OAP is being estimated by comparison with other large OAPs from previous program, without any detailed design parameters that would allow vendor input

	9
	High
	Top down estimate from very roughly similar program
	A large OAP is being estimated by comparison with large mirrors from other projects, without detailed knowledge of those specifications

	10
	High
	Engineering judgment with no available comparables
	Senior mechanical engineer without optical fabrication experience offers ballpark cost estimate


Table 7.  Cost Risk Factors, FC.

· Quantitative: Strenuous effort should be made to provide quantitative requirements.  If numbers are currently unavailable, the placeholder "TBD" , together with appropriate SI units, should be used.

Poor: 
MCAO supports near-IR operation
Good: 
MCAO transmission between 0.6 - 2.5 um shall be greater than 90%
· Unambiguous: Every requirement must have only one interpretation.  Areas of 'desired' functionality and performance shall be clearly labeled using the term 'goal' (use of the word 'should' can also be used to indicate a desire, as contrasted with the more precise 'shall' reserved for requirements).

· Complete: All relevant requirements must be included.

· Verifiable: A requirement is verifiable if and only if there exists some finite, cost-effective process whereby the final product can be checked/tested to meet the requirement.  If no method of verification can be devised, either (1) the requirement should be eliminated, or (2) a subsequent point in the development should be identified at which time the requirement can be put into verifiable form (i.e. pending additional information).

· Consistent: No two requirements should conflict with each other.

· Non-redundant:  Any requirement entirely superceded by another requirement should be eliminated.

	FS
	Risk
Range
	Definition
	Example(s)

	1
	Low
	Schedule slippage has little or no impact on another item
	A late remote monitoring system that is not essential to AO system operation

	2
	Low
	Schedule slippage delays completion of a non-critical-path item
	A late electronic component which holds up final testing of some boards in a subsystem

	3
	Low
	Schedule slippage delays completion of several non-critical-path items
	A late electronic component which holds up testing of several subsystems

	4
	Medium
	Schedule slippage of this item delays completion of a major component in a subsystem
	A late custom null lens which delays alignment of an aspheric optic in the Optical Bench System (OBS)

	5
	Medium
	Schedule slippage of this item delays completion of several major components in a subsystem
	A late reference flat that delays alignment of all mirrors in the OBS

	6
	Medium
	Schedule slippage of this item delays completion of a minor subsystem
	A large stroke uplink tip/tilt mirror which can be swapped with an available smaller stroke mirror for initial installation

	7
	Medium
	Schedule slippage delays completion of multiple minor subsystems
	A generic piece of software that supports the interface with several weather stations

	8
	High
	Schedule slippage delays completion of a major subsystem
	A late deformable mirror which delays completion of the wavefront control subsystem; alignment of the OBS can proceed using a non-adaptive replacement mirror

	9
	High
	Schedule slippage delays completion of multiple major systems 
	A late optical bench which precludes hardware I&T; software development can proceed

	10
	High
	Schedule slippage delays completion of the entire instrument.
	Delay in telescope secondary delays all testing of an adaptive secondary MIRAO system


Table 8.  Schedule Risk Factors, FS.

· Modifiable: The structure and style of this section should allow necessary changes be made easily, completely, and consistently.

· Traceable: Requirements should be both backward traceable (referencing the source of the requirement, such as a result of specific Science Requirement or Observatory Standard) and forward traceable (with unique numbering so as to be identified/referenced in subsequent detailed design requirements or test documentation).

· Usable during design (and relevant to operations and maintenance):  Often items are modified during the product lifecycle.  The requirements should call out critical areas (such as failures that can result in human hazard), and other information that should not be lost to maintenance personnel.

	FTRL
	TRL Level
	Risk
Range
	Definition
	Example(s)

	2
	9
	Low
	Actual system proven in the field through successful operation
	Reproduction of an AO system working at the TMT

	4
	8
	Low
	Actual system proven through test and demonstration
	TMT AO system passing pre-ship review

	6
	7
	Low
	System prototype demonstrated in working environment
	Performance of Gemini South MCAO system confirmed

	8
	6
	Medium
	System/subsystem validation model or prototype demonstrated in working environment
	Adaptive laser uplink correction demonstrated to meet performance at existing telescope

	10
	5
	Medium
	Component or breadboard validation in working environment
	New sodium laser field tested at existing telescope at final required power levels

	12
	4
	Medium
	Component or breadboard validation in laboratory environment
	New sodium laser tested in the lab at final required power levels;

Three-conjugate correction demonstrated to meet performance prediction in the lab

	20
	3
	Medium
	Analytical and experimental critical function and/or characteristic proof of concept
	Scalable power laser demonstrated in the lab at below final required power level;

Three-conjugate control algorithm demonstrated at quasi-static update rates 

	40
	2
	High
	Technology concept and/or application formulated
	Peer-reviewed concept for new wavefront sensing architecture published;  

AO system simulation incorporating majority of relative physics; 

Unproven design for new sodium laser proposed by vendor

	80
	1
	High
	Basic physical principles observed and reported
	Abstract AO system simulation of single subsystem;

Laser sum-frequency mixing in a non-linear crystal reported


Table 9.   Technology Readiness Level (TRL) Risk Factors, FTRL.
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Table 10.  Example portion of a quantitative risk assessment spreadsheet describing (a few) options for laser wavefront sensing technical and pulse format.  Risk factors are assigned using the guidelines within Tables 4 through 9.
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