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ABSTRACT

This paper presents an overview of the Visible and Infrared Imaging Radiometer Suite (VIIRS) design process that achieved exceptional competitive IPO ratings for system optimization, sensor system design, and systems engineering, integration and test (SEIT). A novel aspect of the competition was provision to the sensor competitors of a specification of geophysical measurement requirements called “Environmental Data Records” (EDRs), rather than a sensor hardware specification. The contractors were required to derive optimal VIIRS hardware specifications from the EDRs, and Raytheon’s process is the subject of this paper. VIIRS will become the next-generation United States polar-orbiting operational environmental imaging radiometer, with the first launch scheduled for 2005 aboard the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) spacecraft. Beginning in 2008, the NPOESS VIIRS instrument will be launched into 1330, 1730, and 2130 local-time ascending-node sun-synchronous polar orbits as the single operational source for dozens of civil and defense environmental and weather products1, as well as climate research data2. VIIRS will replace three different currently operating sensors: the Defense Meteorological Satellite Program (DMSP) Operational Line-scan System (OLS), the NOAA Polar-orbiting Operational Environmental Satellite (POES) Advanced Very High Resolution Radiometer (AVHRR), and the NASA Earth Observing System (EOS Terra and Aqua) MODerate-resolution Imaging Spectroradiometer (MODIS) 3. A critical VIIRS challenge was design optimization to differing requirements from the three user agencies (DoD, NOAA, and NASA) represented by the NPOESS Integrated Program Office4.
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1. INTRODUCTION

The remote sensing instrumentation design process has long depended upon iterative analysis of sensor performance using computer aided design (CAD) tools to guide design based on a data quality specification. The data quality specification has typically been provided by the remote sensing mission planner in response to defined data user requirements for geophysical measurements. The translation of the user requirements to data specifications has depended upon a mix of experience based on prior instrumentation performance and simulation of the benefits of new data capabilities where the contemplated data have not yet been provided in hardware. Simulation tools, such as atmospheric radiative transfer packages, have been used since the early 1970’s to assist in this process. Until recently, however, the data specification and sensor hardware design process have been both sequential and largely independent, as indicated in Figure 1.

Traditionally, as illustrated on the left in Figure 1, remote sensing mission planners evaluate user requirements and define the geophysical measurement requirements and sensor specifications. The specification forms the basis for the sensor design. This process is effective in principle because it is possible to define data requirements correctly without resort to sensor design feedback. These requirements may, however, include practical risk and cost implications—unappreciated by the planner—that are inconsistent with the mission budget and risk priorities, or even with available technology. 

Recently, however, with the advent of the NPOESS program, the government has sought to simultaneously optimize the overall system design and streamline the contracting process by requesting the sensor designers to combine the data specification and hardware/algorithm design processes together, as indicated on the right of Figure 1. The Committee on Environment and Natural Resources (CENR) Task Force on Observations and Data Management hosted a 1995 Global Change Calibration/Validation Workshop5 which developed 19 recommendations—the third was: “End-to-end sensitivity models are required early in the systems engineering process. The models are needed to establish instrument performance requirements in terms of derived geophysical parameter estimates.” This approach requires an integrated end-to-end remote sensing system simulation capability. Moreover, the approach offers significant benefits to the government. First, the government need only define and prioritize the geophysical measurements required of the system, and demand that the contractor define the remote sensing system to meet those requirements within cost, data rate, mass, power, volume and schedule constraints. Second, this approach offers the opportunity for tradeoffs between data quality and hardware/algorithm cost and risk to maximize performance and minimize cost, schedule, and performance risk—these are not as easily performed when the data specification process is disconnected from the hardware specification and design process—leading to a degree of system optimization not otherwise easily achievable.

[image: image1.emf]
The NPOESS/VIIRS effort introduced an ideal opportunity for significant advancement in end-to-end system simulation technology. Because the original requirements from the Sensor Requirements Document (SRD)6 were couched in terms of EDR performance, Raytheon identified the construction of an end-to-end test bed as critical to the success of the project. This test bed provides a functional and analyzable link between the sensor design, environmental conditions, and EDR performance.
Figure 1. The specification and design process, which now links specification and design, mandates a robust end-to-end simulation test bed.
Raytheon effectively demonstrated this optimizing design process in the three-year Phase I NPOESS VIIRS design effort conducted for the NPOESS IPO leading to the VIIRS Preliminary Design Review in mid-20007. The process led to excellent system optimization, allowing the design team to trade geophysical measurement fidelity against the cost, performance, and risk of various sensor design options. The end-to-end simulation test bed illustrated in the flow diagram of Figure 2 permitted efficient parallel optimization of data and sensor specifications as well as geophysical retrieval algorithm and sensor designs. As indicated on the top left of Figure 2, ground truth test data sets are converted into simulated Top-Of-Atmosphere (TOA) radiances. These serve as inputs to a sensor simulation, which produces digital data representative of those anticipated from the sensor hardware. These digital data are converted to estimates of the ground truth using the remote sensing geophysical measurement retrieval algorithms that would be used on real sensor data taken in orbit. Finally, the retrieved estimates are compared to the original ground truth as illustrated in the center of Figure 2. Iterative changes to the sensor design and retrieval algorithms as well as to the data requirements allow system optimization. Because the data character, the sensor design parameters, and the retrieval algorithms are all part of the same end-to-end simulation process, it is possible to conduct numerous complicated iterations on the system over a range of geophysical measurement requirements. 

The process used by Raytheon incorporated the latest available radiative transfer programs and geophysical measurement retrieval algorithms. The sensor simulation incorporated a combination of proven hardware simulation tools tying the standard sensor design process into the end-to-end test bed. Most of the effort to develop the test bed was expended to select the appropriate existing test data sets and simulation modules, to provide effective data protocols between modules, and to test the simulation results to ensure coding errors were eliminated in the transfer of data from one module to another and in parameterization of data. Very little original software was needed other than in algorithms required to retrieve novel geophysical quantities. In many cases, even these software modules could be "lifted" from existing and proven libraries; several data products required innovative retrieval algorithms based on published academic work. The process illustrated in Figure 2 lends itself to relatively straightforward modification due to a modular architecture, and is therefore applicable to [image: image4.wmf]MODIS
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any remote sensing system.
Figure 2. End-to-end system simulation, from scene simulations of test data sets through the atmosphere, sensor, and retrieval algorithms, permits step-by-step insight and inspection of the evolving design optimization.
A key NPOESS VIIRS design requirement was to compare the end-to-end system performance against the design costs and risks of developing the hardware and software needed to achieve various levels of performance. Without the end-to-end simulation approach, or in a situation where the data requirements are contractually separated from the hardware design process, it would be extremely difficult to perform effective cost, risk, and performance tradeoffs.

2.   SYSTEM LEVEL APPROACH TO DERIVE SENSOR AND ALGORITHM SPECIFICATIONS

VIIRS specification derivation and performance verification was achieved by several methods, as indicated in Figure 3. Initial algorithm development originated with in-house and sub-contractor expertise, and built on operational heritage from other missions and cutting edge research at universities. This specific niche talent included those principal investigators (PIs) and science team members with current responsibility for algorithm theoretical basis development and maintenance, and specialized, discipline-specific (e.g., cloud scattering, ocean color, polarization) radiative transfer tools. The heart of the verification effort was the VIIRS test bed, shown schematically in Figure 4. The test bed simulates EDR retrieval and performance from solar irradiance and Earth emission all the way to the reporting of a Level 2 product. Comparison with similar products from OLS, MODIS, AVHRR, SeaWiFS, and TRMM VIRS provided a sense of scale and context and “sanity checks.” The four steps in our system-level design approach are: (1) Test Data Set (TDS) definition; (2) derive sensor inputs from TDS; (3) retrieve EDRs; and (4) comparison of input versus retrieved EDRs.

2.1
Step 1: TDS Definition

Scenes were constructed from two starting points: simulated scenes at the ground level and surrogate data. Each approach brings with it advantages and liabilities; often, a combination of techniques provides for the most rigorous approach. Pure simulations, using synthetic scenes, were developed for cloud EDRs and for ocean color applications. These provide perfect knowledge of the “truth,” though the phenomenology may be simplistic relative to the real world. Operating over a single orbit, and a 48-hour refresh period with multiple synergistic 1330 “afternoon” and 2130 “morning” (0930 descending node) orbit planes, this technique enabled ocean color/chlorophyll precision, accuracy, and uncertainty analyses of the inter-relationships of sun glint, cloud presence, view and solar angles with corresponding atmospheric path effects. The use of detailed physical models, to the maximum extent practical—e.g., incorporating UCLA’s physically based (with cloud microphysics) radiative transfer package—helped to mitigate potential fidelity differences between synthetic and actual data. The IPO supplied geophysically classified “truth” scenes based on Landsat Thematic Mapper (TM) data. Various atmospheres are draped over these scenes to achieve top-of-atmosphere scenes in Step 2 below. The second method uses surrogate VIIRS data from other missions, both airborne and satellite, such as 50-channel MODIS Airborne Simulator (MAS) at 50 m nadir resolution, and SeaWiFS. Actual MODIS data were not yet available. These sources provide correct phenomenology and similar or identical spectral bands to those considered for, and/or in, the VIIRS design baseline; [image: image5.png]SST, Precision (K) from Gulf Stream Scene (4 band, MTF MOD3)
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however, the “truth” state is not perfectly known when such proxy remotely sensed data are used.
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Figure 3. The VIIRS design was optimized through intensive analysis, leverage of community expertise, and rigorous system simulations.

Figure 4. Beginning with scene generation and forward modeling, and ending with EDR retrieval, the end-to-end VIIRS test bed delivers realistic quantitative system-level performance estimates.

Scenes are constructed from high-resolution data in two general formats: MODIS Airborne Simulator (MAS) at 50 m nadir resolution; and Landsat TM-based Terrain Categorization (TERCAT) classification scenes provided by the IPO. The TERCAT scenes provide surface type and temperature for each 50 m pixel within the high-resolution scene. The surface type for each pixel is converted into spectral radiances using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) spectral library, as shown in Figure 5. These spectral reflectance and emittance values are then coupled with MODTRAN to produce Top Of Atmosphere (TOA) spectral radiances for a wide range of atmospheric conditions and solar/viewing geometry. Specialized UCLA cloud and HydroLight ocean radiative-transfer packages were an integral part of the simulations. Orbital simulations using the SDP Toolkit allow the warping of the TOA imagery to a realistic [image: image7.wmf]Imagery
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approximation of the VIIRS swath.

Figure 5. Simulated surface reflectances emerged from a combination of Landsat TM-based classifications and diverse spectral reflectance libraries.

Step 2: Derive Sensor Inputs From TDS

Those TDS at ground level consisting of spectral reflectances and emittance values are then coupled with MODTRAN or alternative (e.g., 6S) radiative transfer models to produce TOA spectral radiances for a wide range of atmospheric conditions and sun/viewing geometries. Orbital simulations using the SDP Toolkit allow warping of TOA imagery to a realistic approximation of the VIIRS swath. The MAS radiances provide an excellent opportunity for simulating VIIRS spectral bands directly, particularly for clouds, snow, ice, and the performance of the Imagery EDR as seen in Figure 6. MAS data were pivotal in testing and demonstrating the utility of several new multi-spectral Red-Green-Blue (RGB) composites that will prove invaluable as an advance in operational Imagery based cloud detection and typing.

The heart of the sensor simulation component is shown schematically in Figure 4. Steps 4 to 9 are all sensor-domain error models developed collaboratively by Raytheon SBRS and Raytheon ITSS. The TOA radiances are spectrally integrated where necessary into candidate VIIRS spectral bands using modified Lorentzian characterizations of spectral response, which have been demonstrated to be extremely accurate in the characterization of MODIS bands. The fine resolution data sets (radiances at 50-m) are then convolved with Gaussian models of the sensor point spread function for each band to produce VIIRS-like spatial resolutions approximating the sensor point spread functions, with pixel centers shifted from band to band to simulate the effects of band to band misregistration. The band radiances at VIIRS resolution enter a rigorously developed sensor noise model (radiance-dependent noise keyed to a range of sensor parameters from low noise to high noise covering a practical trade space) that was validated by comparing a MODIS simulation to the measured radiometric sensitivity of MODIS band performance. A calibration offset with its own rigorous theoretical and empirical basis is finally applied to the perturbed radiances, producing simulated output of the sensor in all of the VIIRS spectral bands. The thermal calibration modeling included many of the lessons learned from MODIS calibration hardware. Other modeling activities such as scattering and polarization were used as required on an EDR-specific basis.

[image: image11.wmf] 


Figure 6. RGB Composites, demonstrated here with MAS data (red=red; green=cirrus detection band; blue=shortwave infrared), will greatly enhance operational Imagery analyses.

With the TDS translated into TOA radiances, the next step is to perform EDR retrieval(s) with candidate algorithms. This first pass, with no sensor errors, is required to get a baseline performance in the absence of sensor errors. It is important to gauge algorithm limitations in the absence of sensor errors. In the case of purely simulated data, intrinsic algorithm errors might be small since errors in forward modeling could be cancelled by errors in retrievals. 

Step 3. Retrieve EDRs
The radiances with sensor errors are then used as input to one or more candidate EDR algorithms and the results can be compared to the original truth for that scene. One important component of this is the use of realistic ancillary and auxiliary data from other NPOESS sensors and third-party meteorological data, both actual and forecast, that can reasonably be expected in the NPOESS lifetime. The quality of these supporting data can be the limiting factor in EDR performance rather than sensor or algorithm limitations (e.g., over-ocean net heat flux precision is limited by meteorological ancillary data quality). Retrieved EDR quality also needs to be tested over a variety of geographical positions to permit a stratified assessment across the measurement range (rather than in an average sense), and to incorporate regional phenomena. These include, as an example, subsidence temperature inversions over the subtropical oceans west of California, South Africa, and Chile/Peru, which have a distinct potential systematic effect on SST error.

This end-to-end process was successfully demonstrated not only on single EDRs but also on chains of EDRs that rely on the derivation of other EDRs. The land retrieval pipeline was simulated including the cloud mask function, Aerosol Optical Thickness, Surface Reflectance, Vegetation Index, and Land Surface Temperature. This served to further validate our system performance estimates and surface reflectance retrieval, as shown in Figure 7.
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Figure 7. Land pipeline simulations took account of a full chain of nested product retrievals to increase predicted performance confidence.

In a further example Raytheon simulated an entire day’s worth of global data at coarse resolution for Sea Surface Temperature including cloud mask, Aerosol Optical Thickness and Type and Precipitable Water products as part of the demonstration. As illustrated in Figure 8 the resulting statistical analysis demonstrates our SST approach allows excellent performance for accuracy, precision, and uncertainty metrics defined by the IPO. A pair of simulations including global NCEP gridded atmospheric temperature and moisture fields (combined with global AVHRR-retrieved aerosol optical thicknesses) and selected radiosonde profiles ensured that a variety of challenging atmospheric states were considered.
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Figure 8. Global simulation of the Sea Surface Temperature retrieval pipeline helped to verify Raytheon's advancements in algorithm technology, and validate the sensor + algorithm = system-level EDR quality both globally and regionally, for a comprehensive set of typical and stressing tropical, subtropical, and mid-latitude atmospheric states.

Step 4: Comparison Of Input Versus Retrieved

Once a comparison of truth to retrieved EDRs is performed, several options appear. It may be necessary to perform more tests using more TDS to generate performances over a significantly greater range of geophysical conditions. Alternatively the algorithm-ancillary-auxiliary assumptions may need modification. This could result in either more complex or  simpler algorithms. The third possibility is that the sensor models need to be exercised in different combinations. This iterative loop allowed the team to trade all free parameters to derive an optimal solution. When the full parameter space is considered, objective assessments of design consequences become possible for typical and worst-case conditions (e.g., over the Gulf Stream front, as shown in Figure 9).
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Figure 9. The combined effects of band-to-band registration and MTF on multi-spectral SST for a hybrid (synthetic/proxy) Gulf Stream scene; band-to-band registration and MTF can be assessed, and traded if desired.

There are many examples of the system-level approach leading to a more optimized design. Figure 10 shows which VIIRS bands are used by each EDR. The flow-down approach first determined EDR band requirements independently and then attempted to reduce the number of bands by sharing the use of similar bands where possible. This approach led to dual-gain implementation, closer to SeaWiFS than MODIS, in some bands that were used over a wide dynamic range for different EDRs. For example the ocean-color EDR requires high SNR over dark surfaces whereas land/aerosol/cloud/snow/ice applications require lower SNR at higher radiances. The band sets and their radiometric requirements as well as the spatial sampling scheme are given in the companion paper (Schueler, et al, 2001).

The layout of bands on the Focal Plane Assembly (FPA) was dictated by band-to-band registration and scattering requirements. Those bands that held tight registration specifications, due to derived, flowed-down algorithm requirements, were placed close to each other, while the imagery bands were placed on the optical axis of each FPA array. In the past, bands have often been placed simply in wavelength order. A further system design optimization example is the polarization requirement for ocean color observations. In ocean-color retrievals, the path effects of the atmosphere (molecular and aerosol scattering, trace-gas absorptions) and surface effects (glint and foam) must be removed from the observed TOA radiances. Because the removed path contributions can constitute as much as 90% of the TOA signal, the residual water-leaving radiances from which chlorophyll is obtained are ~10x more sensitive to radiometric errors, and consequently drive the system design. As the development continued, the burden of correcting for polarization on the algorithm was gradually reduced as the sensor design matured. The balanced solution reduced the sensor specification on polarization to MODIS-like levels with the introduction of fold mirrors, thus relieving the algorithm of needing to achieve correction with a perceived higher-risk approach. Finally geolocation requirements were iterated and shared, not only between sensor and algorithm, but also with low-risk requirements on the satellite provider passed via an Interface Control Document.
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Figure 10. The VIIRS optimized band set provides rich multi-spectral data for all EDRs.
3.   COMPUTING FACILITY

A flexible and scaleable computing facility formed the core of the end-to-end test bed, and was available to transparently support the needs of the project team. These included providing an environment for algorithm development, simulation, test data sets, project documentation, software development, configuration management, and version control.

Our experience has shown that, regardless of the remote sensing technology to be simulated, retrieval algorithm complexity is dwarfed by factors of 10x to 100x by the simulation complexity. Therefore, system sizing is often driven by forward radiative transfer and scene simulation needs, rather than by the retrieval algorithms themselves. To lower algorithm and design risk, testing must be performed under conditions of high fidelity. Tradeoffs among spatial coverage, simulation rigor, and turnaround time are eased when computing capacity is properly sized. Since the early 1980’s, CPU costs have dropped to the point where it is possible to purchase sufficient computing capability in Unix, Linux, or NT environments for a relatively modest cost. Given the productivity gains associated with rapid turn-around of complex simulation or retrieval jobs, this is an area where undersizing does not pay. Because requirements may, and often do, grow over time, designing a scaleable system makes good sense and does not add significantly to the overall cost. During NPOESS VIIRS, Raytheon employed a multi-processor SGI Origin 2000, which permitted addition of CPUs for increased capability as simulation needs progressed from scene to orbit to globe with progressively higher fidelity within a constrained timeline.

Due to the reduction in costs for disk storage, and the high productivity associated with transparent file access, an amply sized and expandable data storage facility is an essential part of the test bed. On VIIRS, it was cost effective to add disc capacity as storage requirements grew, driven in turn by growth in fidelity, quantity, and coverage of test data sets. High yield is enhanced by the availability of a high-speed LAN to transport the large files, not only for test bed operation, but also for system-level testing of the proto-operational configuration. 

SUMMARY

By coupling the specification and design phases of remote-sensing sensor development, it becomes possible to achieve an optimized design that achieves the maximum possible system performance within a given cost target. Using cost as an independent variable, and accounting for mission design attribute priorities (e.g., power, mass, volume, cost, accuracy, precision, long-term stability, resolution, importance) the design can be iteratively refined through the use of system-level objective quality assessments. These objective assessments employ a test bed that quantifies measurement quality through an end-to-end treatment of the physical phenomenology, remote-sensing measurement, and end-product retrieval.

On NPOESS VIIRS, this integrated specification and design process was employed to arrive at a balanced system solution. The VIIRS has responsibility for three of the six key NPOESS EDRs (Imagery, SST, and Soil Moisture) and half of all NPOESS EDRs. These translate to 350 EDR attributes specifying geophysical data quality, coverage, and resolution in terms of threshold (“must have”) and objective (“desired”) requirements. Each of these attribute values are populated within the VIIRS system specification, and it is against this VIIRS system specification that the VIIRS sensor and algorithms are designed and validated.  During the design period, sensor and algorithm risk trades were performed at the system level, dozens of major and minor design evolutions were explored, and a final set of system and sensor/algorithm subsystem-level specifications were completed, with comprehensive performance insight throughout the process by both the government and contractor elements (Figure 11).

[image: image10.wmf] 

Raytheon integrated a comprehensive suite of computer simulation tools into an end-to-end VIIRS simulation test bed to derive sensor data specifications that drove sensor hardware design. The test bed included an integrated pipeline incorporating data-product/discipline-specific radiative-transfer modeling, multiple orbital swaths with correct viewing and illumination geometries, realistic typical and stressing environmental conditions with challenging test data sets, flight-heritage sensor computer-aided design (CAD) models, and mature geophysical retrieval algorithms. Multiple design iterations were employed in a spiral development model, each with science-team peer review, to finalize the optimal design prior to the Preliminary Design Review (PDR) which completed the competitive Phase I portion of the VIIRS program. We believe that the VIIRS experience provides a “case study” for an improved sensor hardware design methodology, which connects EDR flow-down to sensor specifications with hardware and algorithm design, permitting a revolutionary iterative end-to-end optimization. The approach is applicable to all remote sensing systems, including active and passive EO, microwave or acoustic sensors for commercial, military, civil operational, or research geophysical measurements.

Figure 11. The resultant optimized VIIRS sensor design achieves EDR performance closer to objective than threshold.

With the aid of quantified test-bed results, Raytheon’s VIIRS system design was balanced in accordance with the IPO’s requirements prioritization (Schueler et al, 2001). Each EDR is classified into one of three categories (I, II, or III), on a descending scale of importance, that designate the degree to which each EDR’s threshold (“acceptable”) performance attainment would be allowed to drive the system design. The IPO further designated EDRs as “A” or “B” depending on whether objective-level (“substantially better”) performance was valuable or not. The hierarchy of requirements priorities spanned, from highest to lowest priority, Category IA Imagery and SST EDR performance, Category IIA EDR performance/cost, sensor volume, Category IA and IIA EDR objective performance, mass and power, Category III EDR performance, Category IIB and IIIB EDR objective performance, and data rate. The few near-threshold performances shown in the figure result from limitations in ancillary data quality (net heat flux—itself a lower-priority “Category IIIB” EDR which is not allowed to drive the design), limited algorithm maturity (ocean color in turbid case 2 waters—a portion of the measurement range), and land-surface signal contamination (for nadir views of optically thin clouds). The end result is an optimized design and specification that meets threshold requirements—and often approaches objective requirements—within the program budget, and at low risk. This “affordable excellence” will benefit both operational and research users of NPOESS VIIRS data products. 
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