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ABSTRACT



As part of NASA’s Origins theme, the Next Generation Space Telescope will investigate the origin of galaxies, stars, and planets, using infrared observations with a cooled telescope.  Located at L2 or farther from the Earth, it will be protected from near-Earth hazards and will be radiatively cooled to allow background limited observations.  The scientific goals were described in the “HST and Beyond report,” and the proposed NGST approach in “Visiting A Time When Galaxies Were Young.”  It is clear that an 8 m class telescope in deep space would be a tremendous tool that would lead to surprising discoveries.  It will also require revolutionary changes in technology and management approaches, since the budget must be small compared with the Hubble Space Telescope.



A major challenge is to develop a scientific performance metric that represents a consensus on the importance of various engineering parameters, like accuracy, field of view, sensitivity, spatial and spectral resolution, temperature, vibration, stability, and so forth.  Such a metric could be used for choosing instrument or telescope configurations, or for selecting or paying a contractor in the performance based contracting approach now in vogue.   Ideally it could also be used for optimizing the cost of the mission, ensuring that effort is proportionate to benefit.  The scientific, mathematical, and social aspects of our approach will be reported.



 Infrared, Space Telescopes



1. Introduction

The choice of scientific goals for the Next Generation Space Telescope has already been addressed in two formal reports, the “HST and Beyond” report by Dressler et al., and “Visiting a Time when Galaxies were  Young,” by Stockman et al.  The NGST is part of NASA’s Origins theme, and the primary NGST research topics are the origins of galaxies and the origins of normal stars and planets.  The NGST would be optimized for observations in the 1-5 mm band, with wide angle cameras and multiobject spectrometers as the core instruments.  Observations over a wider range from 0.5 to 30 mm, possibly including a coronagraph to search for planets around nearby stars, would be included in the “stretch” goals, but may not be affordable .  The NGST would also be a general purpose observatory, with time allocated competitively as is done for the Hubble Space Telescope. The details are being developed by the Ad Hoc Science Working Group (ASWG), appointed by NASA Headquarters on the basis of competitive proposals in 1997. A useful numerical expression of the requirements is the Design Reference Mission (Smith et al, this conference; Stiavelli, Stockman, and Burg, 1997).  This lists the main observations that are required to meet the general scientific objectives.  Although the original “HST and Beyond” report called for a telescope with aperture of 4 m or more, more detailed consideration shows that at least 6 m is required.  This is based on the brightnesses of known classes of objects that need to be observed, combined with estimates of their numbers based on models of the early universe.



A computer program was written to compute the amount of time that each of these objectives would take with the NGST, using assumed sensitivities, aperture, and instrument parameters.  Two simple performance metrics are then just the rate at which these can be achieved, and the total number that can be completed in the mission lifetime.  Note that some objectives could not be achieved at all if particular capabilities are omitted from the design.  One implementation of this program is available for public use at the NGST web site, http://ngst.gsfc.nasa.gov/SimNGST/.  Here the user can explore the scientific and cost consequences of various choices and gain practice in achieving the mission objectives for the cost goals.



These cost goals are very stringent.  The guidelines are that the construction should cost no more than $500 M (FY96), and the life cycle including launch and operations (but not including scientific research or technology development) should be no more than $900 M (FY96).  It is not possible to build an  NGST today that would meet the scientific objectives for these costs.  However, technological progress in the areas of light weight mirrors, adjustment devices, infrared detectors, and general spacecraft hardware is rapid.  We expect that both the cost and scientific requirements can be met on the NGST schedule, which calls for a start of construction in 2003 and a launch in 2007.  It is NASA policy that projects that overrun by more than 15% will be canceled, so it is very important that the real objectives be well understood when contracts are negotiated or changes are required.



To proceed further, we wish to develop a numerical metric that can be used for several additional purposes.  First, the metric should enable a clear comparison of the various design choices, including those that omit certain capabilities.  For cost control reasons, it is desirable that the engineering teams have a clear understanding of the scientific consequences of their choices.    Second, it would be useful to show where the NGST is cost-effective relative to other approaches to these goals; NASA has no desire to expend public resources on projects that could be accomplished in another less expensive way.  Martin Harwit, in his classic book “Cosmic Discovery,” described the changes in instrumentation that were the immediate cause of many major discoveries.  Ideally our metric would represent these factors too.  Third, the metric should relate in a reasonable way to money.  It would be desirable to be able to pay NGST team members according to their contribution to meeting these objectives.  A strategy often advocated, and indeed mandated by law, is to pay for performance.  Therefore, it is essential to define the term.  Here we wish to go beyond simple accomplishment of defined objectives, and to include measurements of quality as well as motivation to exceed the requirements when it makes sense.



The main scientific programs of the NGST are as follows.  The programs identified as “Core” are considered essential.  These general objectives and the observations that would support them are:



Supernovae study (Core). The interest is twofold: one can both use the SN as standard  candles to improve our knowledge of the geometry of the Universe (q0 and L)  and also  use them to study the formation of massive  stars and the heavy elements they make in the era  before the birth of galaxies. These goals are achieved by identifying about 100 SNe at redshift greater than 2 (i.e. down to KAB 31),  following them for two ``rest frame" weeks before and two after maximum. The study  includes low resolution spectroscopy. Additional SNe will be identified while  monitoring the 100 main objects. 1 nJy = 31.4 magnitudes on the ABn scale.



Deep Fields (Core). One deep field (down to KAB magnitude 32) and 100 less deep  (KAB 30) flanking fields will be observed in several broad band filters. Several classes  of objects will be identified in these fields. Galaxies at redshift greater than 2 will be  studied spectroscopically at low and high resolution to derive their redshift, their  spectral energy distribution, and their internal kinematics to study the early evolution of  galaxies and of their dark matter content.



Universe at redshifts z > 2 (Core). This includes follow-up studies of objects identified  in the Deep Fields and searches for relatively bright but rare objects. In particular,  primeval spheroids, birth and evolution of disks, the origin of heavy elements, birth  and evolution of AGN are all included in this category.



Cosmic Distances. Deep HST images and the NGST fields will identify many  lensing systems. These can be followed up with spectroscopic and synoptic imaging  programs to study the distribution of the lensing mass, time delays, and naturally magnified  features of lensed galaxies.



Stellar populations in the nearby universe. For both local group and Virgo Cluster  galaxies color-magnitude diagrams will be obtained down to the horizontal branch  luminosity both in the optical and in the near infrared.  Accurate, wide field imaging of single stars in 30 galaxies will provide the  star-formation fossil record for the disks and outer portions of the central bulges. 



Individual object classes. A variety of studies in both imaging and spectroscopy that  can take advantage of the NGST performance. These include spectroscopy and imaging of the hidden universe (e.g., enshrouded star  formation and AGN), regions of recent star formation and protoplanetary nebulae in our  own galaxy. Thousands of faint objects will found by NGST deep surveys, such as very  cool, low-mass white dwarfs and brown dwarfs. Collectively these projects make up 17%   of the program.



Kuiper Belt object searches. The searches will be carried out down to magnitude AB 30 in the optical and near infrared and AB 25 in the thermal infrared. This would allow  for a statistically meaningful study of their properties as well as of the distribution in  space beyond 40 AU. Mid-infrared  signatures, such as silicate features, will be important in linking these objects, our closest  proto-planetoids, to the great dust disks seen around early systems in Orion and  b-Pictoris stars.

�



2.  choosing metrics

We now list some desirable characteristics of the metrics, and seek a mathematical expression that meets them.  First, it should represent fairly well the human scale of values that is worked out in detailed discussion.  Clearly, this is not easily codified, since people do not agree on the relative importance of different investigations, but nonetheless decisions do get made.  In a practical sense, the metric should represent what a committee has told NASA about priorities, or what a good principal investigator would do with his resources.  Second, it should be readily computable on the basis of some stated criteria.   Third, it should interpolate smoothly between the various kinds of situations that are well understood.



We begin with a list of the elementary parameters Pj that are to be measured with a stated degree of precision dPj = sj, along with the relative importance or weight wj of doing so.  For instance, we wish to evaluate the luminosity distribution function f(L) for galaxies, as a function of redshift.  In the Schechter approximation, it depends on the parameters L*, N*, and an exponent a ~ 1.25, with the form  



dN = f(L)dL dV; f(L)dL = f*(L/L*)a e-L/L* d(L/L*). 



We expect all the parameters to depend on redshift as well. The first question that arises is, how should evaluate a measurement that achieves a different value of sj?  The scale clearly depends on the degree of prior knowledge of the subject.  If it is decided that a particular theory can be tested with certainty at the sj level, then there is no point in further improvements.  In this case, the metric could be binary: 0 if the sj is not met, 1 if it is.  Then attention can be focused on achieving the objectives for least cost.  If there are many different mission objectives, then the metric is just the weighted sum 



M = S wj q(sj - dPj), 



where the q function is the Heaviside unit step function.  This approach is very simple, but the metric is a step function of mission parameters.  It can still be used for optimization of the mission design for lowest cost for a selected set of objectives. This is the method used so far for the NGST design calculations and the online simulator, and used as an example below.



To use this metric in an optimization of the mission, it is necessary to first select which objectives {j} are to be met and which are not.  This is usually done by scientific review panels working with engineering teams to define the costs and benefits, and is typically the subject of intense discussion.  After this is determined, the mission cost is then a function of the engineering and operations parameters and the selected {j} discrete parameters.  A useful additional metric is the time T{j} required to accomplish the selected objectives; smaller T is better, for scientific and cost reasons.  It can be used for optimization of costs just as well as the original metric M, and we discuss below the mathematical approaches to finding the optimal solutions.  For each set {j} there would be a different optimal design and cost and time of accomplishment.



Embedded within this apparently simple metric are all the formulae that give the speed of observations for each particular requirement.  For instance, the speed of reaching a particular sensitivity for a point source is proportional to:



the telescope collecting area A.



the sharpness function  y for the optics.  This is ideally proportional to the collecting area A, but is modified by vibrations, pointing errors, pixelization resolution, and optical imperfections.



the efficiency e.



NEP-2, the inverse square of the detector noise equivalent power NEP.  



If the detector is good enough to be background limited, then the NEP2 is proportional to the background level and to the area of each pixel, W/Npix.  The speed of doing a survey includes an additional factor proportional to the solid angle W of sky that can be seen in a single exposure.   If the optics are diffraction-limited, the speed of the survey is proportional to A2 W e / NEP2.  For background limited detectors, note that W/NEP2 is independent of pixel size in arcminutes; changing the magnification has no first order effect on the survey speed.



We now generalize the metric to a continuous function of dPj, for use in comparing different degrees of performance, or for comparing different objectives.  The investigator could specify any desired function, but for these purposes we prefer to find a function that could be representative of many investigations.  Such a function would have several properties.  To the degree that it resembles the step function, it will lead to the same system optimization.  It would begin to assign value to improvements of dPj over prior measurements, and it would continue to increase as dPj is further reduced beyond the basic requirement sj, on the grounds that repeated or more precise measurements often reveal new and unexpected phenomena.  In astronomy it often seems that Occam’s Razor does not apply, and every object appears more and more complex the more is known about it.  The function ln(1+ (sj/dPj)) satisfies these desires.  For small sj/dPj the function improves linearly with signal to noise ratio, while for large values it becomes logarithmic. We choose to use sj/dPj rather than its square, which would be proportional to the observing time, for a particular reason.    Even when this number is much less than unity, it may still be interesting if it is much better than has been done before.  The linear form gives more appreciation to partial success than does the quadratic version.  For large sj/dPj we argue that a logarithmic form is appropriate because each succeeding factor  of e in sensitivity is just as likely to lead to a new discovery as was the initially defined requirement.  This is clearly a subjective view, and is equivalent to setting out a series of additional objectives spaced e-fold apart, in the q function formulation of the previous paragraph.  Another function with similar behavior is sqrt(ln(1 + (sj/dPj)2)).  This has the same behavior at small signal to noise, but increases much more gradually at high signal to noise.  It is a closer approximation to the q (step) function metric.



Another approach is to identify a continuous range of scientific objectives.  For instance, several metrics for NGST could be the maximum redshifts at which particular expected object types could be found and measured to a specified accuracy in specified numbers.  These might include: a normal galaxy;  the Lyman a  spectral line of hydrogen in a normal galaxy; a quasar like 3C273; a globular cluster; a Cepheid variable of particular type; or a supernova of particular type.  Clearly each of these metrics depends on a model for the object and a model for the number density as a function of  redshift, a kind of “Design Reference Universe” to accompany the “Design Reference Mission.” The metrics also depend on a model for the search strategy or observing program. We favor this type of metric because its connection to science is made as direct as possible, while keeping the scientific model uncertainty explicit.  However, it is more complex to use in engineering calculations.



We could also choose an approach based on information theory, defining that  the information I = - S pj log2 pj, where pj is the probability of having the jth state in the cell, and the sum goes over all cells and states.  However, we have not yet found a convenient way to use this in the context of  NGST.  One measure is the number of bits that are required to transmit all the images, assuming some kind of ultimate pattern recognition and data compression that can throw away all the “unimportant” bits.  Such a metric might become useful if a general purpose artificial intelligence algorithm were available to implement it, but is far beyond the scope of this work.  The logarithmic nature of the information theory definition is suggestive of the earlier intuitive justification for a logarithmic metric, and the summation over cells clearly produces a factor proportional to the solid angle of each exposure, and to the observing time. Hence, it seems likely that the scaling laws and optimizations derived from an information theory definition might well be the same as those of our simpler metrics.



We note that some properties of the merit function M do not affect the optimization.  If  M’ is any monotonic function of M, with nonzero derivative, then the extrema of M occur for the same set of parameters as the extrema of M’.  However, no such statement can be made about the values of M away from the extrema, and benefit/cost ratios clearly do depend on the form of M.





3.  optimization with lagrange multipliers

We now discuss optimization of the mission design.  The complete solution is complicated by the mix of discrete parameters (e.g. choice of particular hardware configuration) and continuous variables (e.g. choice of aperture).  For any particular design the metric and the cost can be estimated, and different designs compared. A useful measure of the importance of a change is the dimensionless form of the marginal benefit/cost ratio: BCR = (C/M)dM/dC = d(ln M)/d(ln C). All the derivatives in this paper are partial derivatives with respect to the specified parameter. Typical values would be around unity.  Those changes that have high values of this ratio are those which have especially great advantage to science or cost reduction.  The number can be evaluated for discrete changes as well as for continuous ones.



Lagrange’s method of undetermined multipliers gives a convenient way to utilize this BCR.  To maximize M given a cost constraint C = C0 write F=C-C0 and maximize M - lF, where now l is an undetermined multiplier that can also be found.  Since F=0 at the desired point, l does not matter to the maximization, and is just for convenience.  Now one can differentiate M - lF with respect to the parameters P and derive a set of equations: dM/dP = l dC/dP. The marginal cost-benefit ratio for the variable P can be defined as 



BCR(P) = (C/M)(dM/dP)/(dC/dP).



This can be further partitioned into a quotient of two dimensionless factors:  



BCR(P) = (d ln M/d ln P) / (d ln C/d ln P),



where we define (d ln M/d ln P) as the metric leverage for P, and the (d ln C/d ln P) as the cost leverage of P.



Using the model that the speed M is proportional to A2 W e / NEP2, where we assume perfect optics, we find that the metric leverage is 4 for the telescope diameter, 2 for the field of view (in angle units), 1 for the efficiency, and -2 for the noise equivalent power.



The set of equations to be solved for an optimization (dM/dP = l dC/dP) then says that all the parameters share the same BCR = l (M/C); in other words, a dollar spent on improving parameter P does the same good as a dollar spent on another one.  Conversely, a  non-optimal design will have different BCR’s for different design parameters, and effort should be expended on those that have the highest values.  In many designs the extrema will be at the ends of the allowed ranges for the continuous parameters.

   

For illustration, consider the example of a time allocation committee for an observatory.  The committee has to balance scientific priority against resource usage.  Suppose we introduce a merit function



 M = S wi ln((1+sqrt(ci/di))/(1+sqrt(ci/ti))), 



where wi is the scientific weight attached to an investigation, ci is the time needed to achieve the limiting sensitivity of interest, di is the minimum interesting observing time,  S is the summation operation, and ti  is the time to be allocated to each investigation.  Note that M can be negative if there is not enough time to reach an interesting measurement. As we argued above, a merit function should be logarithmic, to reflect the view that each factor of 2 improvement in sensitivity is just as likely to be interesting as the last, up to some limiting value.  We use the square root to represent the improvement of error bars with observing time, the  ln(1+sqrt) formulation to limit the improvement in merit when the goals are achieved, and the dynamic range to make the merit function positive when we achieve our goals.  The value of di does not affect the relative optimization since it is an additive constant for M.  When all the observing times are equal to their minimum interesting values, M=0.  If the ci are all infinite (there is no limit to how good the data can be), then M simplifies to



M = S wi ln sqrt (ti/di) =  (1/2) S wi ln(ti/di)  



We now want to know the optimum distribution of time implied by this formula.  Using the Lagrange multiplier method, we write F = S ti - T, and optimize M-lF.  The result is



ti(1+sqrt(ti/ci))=wi/2l.   



It says that the time allocations should be proportional to the scientific weights, as long as ti/ci<<1, and for longer times we should allocate time increasing in proportion to the 2/3 power of the weight.  This is a reasonable result.  The value of l can be found by totaling up all the observing times and making them match the total time T.  If the ci are not infinite, this problem is nonlinear but involves only a single variable l, and can be solved numerically.  If the ci are infinite, then  S wi = 2l T gives l, and M and ti can be evaluated.  If the ci are all small, then in that limit T l2/3 = S (wi ci 1/2/2)2/3 .





4.  Example calculations - ngst

We now give a few examples drawn from models of the NGST cost and merit functions.  The most accessible is the Web-based NGST mission simulator.  The model assumes as a default that there are five scientific objectives to be satisfied by four instruments: a near IR camera  and spectrometer, and a mid IR camera and spectrometer, with detector sensitivities that depend on the brightness of the interplanetary dust (zodiacal light).  The user is offered a choice of orbit, launch vehicle, aperture size, deployable or non-deployable primary mirror, mission lifetime, field of view for the two cameras, and yes/no for inclusion of the two spectrometers.  The user may also specify the scientific observations that define the metric.  The model returns the total mission cost, the launch weight, and the percentage of the defined objectives that are accomplished.  Setting the parameters to a 5 year lifetime, 6 m deployable aperture, L2 orbit and Atlas launcher, with a 9 arcmin field of view for both cameras, the total lifecycle cost would be $1029.6 M, and would accomplish 466.8% of the scientific objectives.  Taking derivatives of the metric and cost as prescribed in the previous section, we find the following factors:�



��Metric Leverage�Cost Leverage�BCR��Parameter�Value�d(ln M)/d(ln P)�d(ln C)/d(ln P)�d(ln M)/d(ln C)��Aperture�6�5.02�1.20�4.19��Lifetime�5�1.00�0.24�4.09��NIR FOV�9�0.75�0.14�5.34��MIR FOV�9�2.54�0.14�17.99��



According to the model, the highest payoff is for an increase in the mid IR camera field of view, which is evidently the limiting factor for the speed of the measurements.  Similar results are found for the other possible parameters of the mission.  The largest BCR’s are found for those items that cost little but have large effects.  Improvements of the detector and telescope  efficiency are in this category.  Some other hypothetical improvements include:  



Telescope efficiency improvement by 10% at a cost of $ 1M for improved coatings.  This improves the metric by 10% at a price of only 0.1% of the whole mission, for a BCR of 100. 



Telescope efficiency improvement by improved figure accuracy.  This affects only the shortest wavelength observations, which may be for example only 10% of the data taking time.  Suppose an improvement of a factor of 2 is achieved for this portion of the data; then the total time is cut only by 5%.  If  the cost is $10 M, or 1% of the mission, the BCR is still 5, which is worth doing but not outstanding relative to larger apertures.



Detector speed improvement by a factor of  3 for mid IR spectroscopy, at a cost of $20 M.  It affects the dominant time consumer in the defined requirements, so its metric leverage is approximately unity.  It costs only 2% of the total mission but improves the metric 200%, so its BCR is 100.



Optimization of bandpass filter bandwidths for the particular scientific problems under study.  Perhaps a 40% metric improvement could be expected, relative to a filter that was merely good.  If the astrophysical prediction and modeling effort costs $2M, then the BCR is 0.4/0.002 = 200.  There is clearly a premium on good astrophysical prediction if there is a well defined scientific problem to be solved.  There is also strong value on providing different instrument configurations for different purposes, but those also involve additional engineering, software, and calibration costs.



On-board processing of cosmic ray hits on the detectors.  Suppose this improves the sensitivity by 20% at a cost of $20 M for software  and hardware.  This has a BCR of 0.2/0.02 = 10 and is worth doing., but is only a little better than larger aperture or longer life, which gave BCR’s of 4 - 5.  On the other hand, if the observing time were limited by the telemetry bandwidth, then a similar level of effort could improve the metric by a much larger factor, and would be worth doing.



More distant 3 AU orbit.  Suppose the additional launch vehicle and space craft and detector costs amount to $100 M, but gain a total speed advantage of a factor of 20 for the detectors.  Then the BCR is about ln(20)/0.1 = 30, which is well worth doing relative to other approaches like longer life or larger aperture.  This choice depends on the availability of detectors good enough to take advantage of the lower background environment at 3 AU.



5.  Summary and conclusions

We have shown that a sensible and simple performance  metric can be constructed  for NGST  The simplest metric adds up the time required to accomplish a predetermined set of investigations.  Some design choices have high cost leverage factors,  in that large performance  improvements can be achieved for costs which are small compared to the total mission cost.  The largest changes usually occur for major configuration changes, or for small design details like detector sensitivity or filter optimization which have small cost but large impact.  The implication is that technology development funds should be concentrated on those areas.
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