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1 Abstract

Ultra-long life space missions require hardware to remain operational within specified performance parameters for decades.  Failures can occur from a number of sources including aging effects and unanticipated operational environments.  Regardless of the source of the fault, it is imperative that fault recovery measures be incorporated.  

This research project combines evolutionary algorithms—i.e., algorithms that find solutions to difficult optimization problems by mimicking evolution in Nature—with reconfigurable analog circuitry to provide a fault recovery capability.  This combination is called evolvable hardware (EHW).  The test case to validate our EHW approach is a NASA developed MEMS gyro. Gyroscopes are needed for any spacecraft requiring inertial navigation. Methods of improving gyroscope accuracy will enhance current spacecraft capabilities, and will be enable many new missions.  The issues of aging pertain to most types of gyroscopes and, specifically, to all vibratory gyroscopes. MEMS vibratory gyroscopic based inertial measurement units could potentially be enhanced through the utilization of EHW by facilitating tuning, increasing yields and compensating temperature hysteretic behavior.  What is proposed here is a novel way of compensating of aging effects of the MEMS gyro by improving and maintaining during its lifetime the performance of the device through an enhancement of the associated electronics using a electronics hardware reconfigurable by evolution.

This project is staffed with three teams at different locations. The PI, Dr. Garrison Greenwood at Portland State University, has expertise in constructing evolutionary algorithms that must perform under real-time constraints.  This is crucial to successfully developing the adaptive controller portion of the research project.  Dr. Greenwood also has access to the analog circuit design and test laboratory at Portland State University, which is needed to characterize the reconfigurable chip developed as part of this research project.  Dr. Sushil Louis at the University of Nevada, Reno has done groundbreaking work in improving evolutionary algorithm performance by augmenting them with case-based learning techniques.  This will prove useful in developing the evolutionary algorithm for the bias electrode setting problem.  JPL is providing technical expertise in three critical areas:  (1) development of custom, reconfigurable chips; (2) testing of the evolvable hardware on a unique MEMS gyro system, and (3) the possibility to leverage on the JPL know-how of designing and building space missions to integrate the evolvable MEMS gyro into future NASA space missions. 

From these results, Portland University will design a custom reconfigurable analog chip, optimized for improving analog system reliability and thereby providing a single-chip solution for improving analog system reliability.

2 NASA Relevance 

2.1 NASA Enterprise and Mission Needs

Future NASA missions would benefit tremendously from an inexpensive, navigation grade, miniaturized inertial measurement unit (IMU), which surpasses the current state-of-the art in performance, compactness and power efficiency.  Such an IMU would consist of three discrete gyroscopes and three discrete accelerometers for sensing of rotation and translation of the spacecraft.  Towards this end, under current development at JPL are several different designs for high performance, small mass and volume, low power MEMS gyroscopes.  Shown below are photographs of the JPL meso-gyroscope sensor, and the gyroscope after it has been vacuum packaged.
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Figure1 Several different high performance, small mass volume, low power gyros are under development at JPL.  Shown is the MEMS gyroscopes (left) JPL meso-gyroscope sensor (right) JPL meso-gyroscope after been vacuum packaged.

Much effort has been dedicated towards refinement of the silicon sensor to improve the performance of the gyro.  What is proposed here is a novel way of compensating of aging effects by improving and maintaining during its lifetime the performance of the device through an enhancement of the associated electronics.

2.2 Proposed Capability

The JPL MEMS gyroscope is a good candidate for illustrating the utility of evolvable hardware (EHW) and its ability to address the needs of NASA.  EHW has the capacity to efficiently increase the sensitivity of MEMS gyroscopes through tuning and, furthermore, to find the optimal tuned configuration for this state of increased sensitivity; it has the capacity to use devices that would normally be unusable under some circumstances; and it has the potential to mitigate the aging effect of the device by increasing the long term accuracy of the device through reduction of hysteretic effects.

Tuning the coupling of the two modes of resonance

The coupling between the two modes of freedom of the MEMS gyroscopes is maximized when the resonant frequencies of the two modes are identical.  If the frequencies are matched, the gyro is said to be degenerate.  Symmetry of construction is necessary to attain degeneracy.  However, despite a symmetric design, perfect degeneracy is never attained in practice.  Tuning of the gyros into degeneracy is achieved through application of bias voltages on built in tuning pads to electrostatically soften the mechanical springs and can be the first application of the EHW on the JPL MEMS gyro. Because of the time consuming nature of the tuning process when performed manually, in practice any set of bias voltages that produce degeneracy is viewed as acceptable at the present time.  A need exists for reducing the time necessary for performing the tuning operation, and for finding the optimal tuned configuration, which employs the minimal maximum tuning voltage. The EHW approach can be used here to solve this optimization problem with highly correlated parameters 

Maintaining the coupling of the two modes of resonance during the JPL MEMS gyro life time 

A well-behaved device will remain degenerate after tuning as long as the appropriate bias voltages are maintained.  However, it has been observed that certain pathological devices become de-tuned over time. The cause is hypothesized to be current leakage into the base silicon, causing localized ohmic heating, which would in turn alter the mechanical properties of the springs.  This has never been fully investigated; at the present time, devices exhibiting such behavior are scrapped.  However, if an adaptive control system, such as EHW, existed whereby such devices could be kept in tune, the effective yield for production of devices could be increased.

Reducing the hysteretic behavior of the JPL MEMS gyro
A third application of EHW on the JPL MEMS gyro is the reduction of temperature hysteretic behavior through electronic compensation.  While certain fundamental, resonator properties of the MEMS gyroscope track temperature in a repeatable fashion, certain performance metrics for the gyro exhibit hysteretic behavior. Variations in the rate bias result in reduced accuracy of a given device when temperature variations are experienced. The source of the hysteresis is complicated, and as yet unknown; however, empirical reduction of the offset through electronic compensation designed by EHW should be possible without ever having to unearth the source.

2.3 Expected NASA Impact of the Proposed Work

Gyroscopes are needed for any spacecraft requiring inertial navigation. Methods of improving gyroscope accuracy will enhance current spacecraft capabilities, and will be enable many new missions.  The issues described in section 2.2 pertain to most types of gyroscopes and, specifically, to all vibratory gyroscopes.  The Litton Hemispherical resonator gyroscope (HRG) and the Honeywell Miniature Inertial Measurement Unit (MIMU) are MEMS vibratory gyroscopic based inertial measurement units that have flown on previous NASA missions; both systems could potentially be enhanced through the utilization of EHW. As in the case for the JPL MEMS gyroscope, tuning could be facilitated, yields could be increased, and temperature hysteretic behavior could be compensated for.

The JPL meso-gyro is still at a TRL 5 state of maturity, and thus has not been utilized on any missions to date. However, options for flying the meso-gyro on a test flight are being investigated, and the device has been proposed for upcoming Mars missions.  Besides the Mars Technology Program (MTP), other NASA customers for the technology are being sought.  Industrial partners in the development of the JPL MEMS gyro include Boeing, Honeywell and Nanopower.  In addition, JPL is developing a planar gyroscope design which utilizes very similar electronics; thus, any integration of EHW with the meso-gyro would be equally applicable to all of the different designs.  The JPL planar gyro represents orders of magnitude reduction in size, mass, power consumption, and is projected to have similar performance to the HRG and the MIMU, and thus would be expected to be an attractive instrument for future NASA missions. Current funding of EHW studies for the JPL MEMS gyro would be timely, as an ASIC for the gyro is currently in the design phase; subsequent iterations of the ASIC could conceivably incorporate EHW hardware if it were proven to be of benefit.

3 Technical Plan

Our research relies on evolutionary algorithms generally, and evolvable hardware in particular. A basic introduction to these principles is necessary before the specific task objectives can be discussed.  The next section provides a background in both areas.

3.1 Background

3.1.1 EA Overview

The real challenge in solving optimization problems is to create algorithms and techniques that can solve realistically sized problems within a reasonable amount of computational time.  Most of these algorithms formulate an optimization problem as a search problem(i.e., the problem solutions reside in an abstract solution space and two solutions are neighbors if they differ by a small perturbation of a problem parameter.  Any algorithm that ``solves'' an optimization problem is therefore a search algorithm that explores the solution space landscape. [6]

Unfortunately, many real-world optimization problems require such huge computational resources that brute force search methods are useless; they simply take too much time to find the optimal answer.  This has led researchers to use search heuristics that yield an acceptable compromise: a possibly lower quality answer but with a minimal search effort.   One very powerful search technique is the evolutionary algorithm (EA).

Evolutionary algorithms are stochastic search, learning, and optimization methods that emulate Darwin's theory of natural selection.  The genetic algorithm (GA) is the most widely known form of EA but evolution strategies (ES) and evolutionary programming (EP) are also used extensively.  (See [2] for a detailed description of these three EAs.)  Today it is not uncommon to construct hybrid EAs where aspects of all the above algorithms are combined to form a single algorithm.  These powerful stochastic search algorithms have been successfully used in all types of optimization problems including VLSI design, drug design, scheduling problems, and a whole host of graph-theoretical NP-complete and NP-hard problems.  (EHW uses an EA to design or adapt digital and analog circuitry.)   EAs are ideally suited for solving multiobjective optimization problems [4](an issue of enormous importance in achieving one of our research task objectives.

All EAs share the same basic organization: repeated iterations of competitive selection and random variation. Unlike traditional optimization methods, every EA processes a population of potential solutions in parallel rather than manipulating just a single solution. Each “individual” in this population encodes all of the parameters needed to construct a solution to a given problem.  For example, if the given problem is to minimize a function f(x,y), then each individual in the population encodes two real numbers x and y.  

A generic EA conducts a search by executing the following steps:

Step 1:  Randomly generate an initial population of k solutions

Step 2:  Select m ( k solutions and randomly perturb them to create new candidate solutions.

Step 3:  Evaluate all solutions to determine their quality

Step 4:  Save the k best solutions and discard the others.

Step 5:  Exit if the termination criterion is met.  Otherwise, go back to Step 2.

Step 2 through Step 5 form one iteration of the algorithm.  A numeric value called fitness indicates the quality of a solution; high fitness means the solution is very good. The random variations used in EAs fall into two categories: recombination and mutation.  In recombination portions of two existing solutions are combined to form a new candidate solution.  (This emulates the joining of DNA from two parents to produce a child.)  Mutations only require a single parent and their format is best determined by the appropriate representation for the problem.  For instance, in the f(x,y) minimization problem, an existing solution could be mutated by making a copy and then adding a normally distributed random variable to both the x and y values.  The general rule for mutations is that they preserve some degree of similarity between the “parent” and the “offspring”(i.e., the mutation strength is not too large.  This helps prevent the mutation process from degenerating into a simple random search (e.g., as done by simulated annealing).  The termination criterion is either a fixed number of iterations have been processed or immediately if an acceptable quality solution has been found.

3.1.2 EHW Overview

EHW synthesizes electronic circuitry by using evolutionary algorithms in conjunction with reconfigurable (i.e., reprogrammable) hardware devices.  The motivation behind this approach is Nature used evolution to construct complex biological organisms, so why not use evolution to construct complex circuits and systems.  (See [9] for an excellent overview on this topic.)   Any of the EC algorithms mentioned above can be use in EHW.

Three types of devices have suitable reconfigurable architectures: the field programmable gate array (FPGA) for digital applications such as the Xilinx Virtex-II family of devices [8]; the field programmable analog array (FPAA) for analog applications such as the Anadigm AN220E04 [1]; and the field programmable transistor array (FPTA) that can be used in either analog or digital applications such the JPL FPTA device [7].  These devices represent different levels of granularity.  Both the FPGA and FPAA provide configurable blocks of circuitry along with programmable routing resources.  Conversely, the FPTA consists of an array of MOSFET transistors interconnected via programmable switches.  A small number of capacitors are included on-chip, but resistors are synthesized using the MOSFET transistors.  FPGAs and FPAAs are available as commercial off-the-shelf (COTS) devices; the FPTA was fabricated for NASA's Jet Propulsion Laboratory and is currently only available for research studies.

EHW has two categories: extrinsic and intrinsic.  Extrinsic EHW is done entirely in software and only the best solution is ultimately programmed in hardware.  Conversely, intrinsic EHW generates every solution in hardware.  This means extrinsic EHW uses a simulator to determine a solution’s fitness whereas intrinsic EHW determines a solution’s fitness by physically interfacing the hardware to its operational environment.  (We will use both categories of EHW during this research project.)   Of particular interest to NASA is in-situ evolution where the hardware reconfiguration is done in place(i.e., onboard a spacecraft without relying on Earth-bound assistance. Both extrinsic and intrinsic evolution can be done in-situ.

3.1.3 Evolvable Hardware Platform for intrinsic hardware evolution 

A complete stand-alone board-level evolvable system (SABLES) was built by integrating a reconfigurable analog device with a DSP microcontroller.  A block diagram is shown in Figure 2.  The system is connected to the PC only for the purpose of receiving specifications and communicating back the result of evolution for analysis. The system fits in a box 8” x 8” x 3”. Communication between DSP and FPTA is very fast with a 32-bit bus operating at 7.5MHz. The evaluation time depends on the tests performed on the reconfigurable analog device or MEMS. In the case of the FPTA, many of the tests attempted here require less than two milliseconds per individual, and runs of populations of 100 to 200 generations require only 20 seconds [5]. 
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 Figure 2 A block diagram of the SABLES system developed for EHW applications.  

3.1.4 JPL Gyro Technology

The JPL meso-gyro is a 2 degree of freedom, resonant, vibratory system.  As observed in the laboratory frame, rotation of the device produces a coupling between the two normal modes (1 and (2 (Figure 3), whereby motion along one principle axis will excite motion along the 2nd principle axis.  The gyro is operated by driving it into resonance along one of its principle axes; the excitation along the orthogonal axis due to Coriolis coupling is then capacitively sensed, from which the rate of rotation is derived. 

Prototype gyroscopes have been designed and fabricated with micro-machined silicon at mesoscale (20-cm resonator width), vs. microscale (e.g., 2-mm resonator width) to achieve higher sensitivity and machined precision. This novel MEMS gyro design arose out of an ongoing technical cooperation between JPL and Boeing begun in 1997 to advance the design of micro-inertial sensors for low-cost space applications. Multiple miniature gyros have been fabricated and tested with the goal being to increase the performance from 100 deg/h ambient bias stability (initial turn on of the meso-gyro) to the final goal 0.1 deg/h demonstrated on the meso-gyro in 2002. This is still far from the 0.01 deg/h achieved by the large hemispherical resonator gyroscope (HRG) shown in Figure 3 (left). Recent new development at JPL has proposed a MEMS meso-gyro design is also shown in Figure 3 (center).

The sensor part of the JPL MEMS meso-gyro is fabricated using standard bulk micro-machining techniques.  Two silicon wafers (the resonator and the baseplate) are wet etched and plasma etched to define the geometry of the gyro.  They are then metalized to form the drive and sense pads, the electrical lines and the bond pads.  The resonator and base plate are then eutectically bonded together. Pyrex posts are then anodically bonded to the top and bottom of the resonator. The pyrex posts are the part of the gyro which couples to the Coriolis force.  


[image: image4.wmf] 


Figure 3 Prototype gyroscopes have been designed and fabricated with micro-machined silicon at mesoscale (20-cm resonator width), vs. microscale (e.g., 2-mm resonator width) to achieve higher sensitivity and machined precision. Figure shows example of gyroscopes: (left) Hemispherical resonator gyroscope (HRG); (center) Isolated post resonator gyro (IPRG); MEMS gyro resonator electrode base plate mounting frame design and electronic axes; (right) MEMS gyro differential rocking mode

The MEMS gyroscope, analog electronics consists of three control loops (a drive loop, closed loop output, and a quadrature nulling loop), rate and quadrature demodulation circuits, and electrostatic tuning biases shown on Figure 4c.  This analog electronics interfaces with the physical MEMS resonator via a 20-electrode pattern on the baseplate that makes a set of 20 capacitors with the doped, conductive resonator across the 15(m gap between the base plate wafer and bonded resonator wafer. There are 8 drive electrodes (labeled D), which creates a torque in the resonator. The diagonal of set of electrodes (S1+, S1-, S2+, S2-) are paired to differentially sense motion along the (1 and (2 directions. A set of four DC bias electrodes (B1, BT1, B2, BT2) is used to tune the resonator (via electrostatic spring softening) such that its two differential-rock modes become degenerate in frequency.
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Figure 4 (a) The MEMS gyroscope analog electronics interfaces with the physical MEMS resonator via a 20-electrode pattern on the baseplate. The left figure shows the baseplate electrode layout. (b)MEMS gyro core electronics consists of four trans-impedance amplifiers and two instrumentation amplifiers; 
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Figure 4c MEMS gyro analog control electronics: the AGC block controls the drive loop gain via M1; The gyroscope’s final rate output signal is generated by the synchronous demodulation of the (1 and (2 signals via the circuit shown.

Figure 4b shows the core electronics of the MEMS gyroscope. It consists of four trans-impedance amplifiers and two instrumentation amplifiers. Four inverter circuits and voltage dividers generate the drive electrode phase and amplitude relationships. Two analog multiplier IC’s are included in the core electronics to form the sense/force rebalance and drive loops. Input voltages M1 and M2 control the gain and phase (positive feedback vs. negative feedback) of these loops.

Figure 4c also shows the rest of the analog electronics for the MEMS gyroscope. The AGC block controls the drive loop gain via M1. Inputting a constant DC voltage into M2 sets the output closed loop gain. The gyroscope’s final rate output signal is generated by the synchronous demodulation of the (1 and (2 signals via the circuit shown. An additional demodulation of the sense ((2) signal with a 900 phase shifted copy of (1 produces the quadrature signal (a measure of improper stiffness coupling between the modes). Feeding this quadrature signal back via a PI controller to the B2 tuning bias automatically nulls this stiffness coupling. Finally, the (1 signal itself is output to any testing or IMU electronics for temperature compensation algorithms to use and develop in this proposal.  

3.2 Task Objective

Our objective is to use EHW increase the performance of the JPL MEMS gyro.  There are three primary objectives:

· Design and demonstrate an evolutionary algorithm that corrects the split frequency problem on the MEMS gyro in at least one order of magnitude less time than it now takes. 

· Design an evolvable hardware module, using COTS devices, that mitigates the temperature induced hysteresis loop problem in the MEMS gyro.

· Design, fabricate and test a reconfigurable analog chip that mitigates the temperature induced hysteresis loop problem in the MEMS gyro.  This new device will allow onboard adaptive control for the MEMS gyro.  

3.3 Research Innovations

The three primary technical hurdles are

3.3.1 Designing a fast tuning systems for a non-linear systems

The split frequency problem is solved when four bias electrode voltages are properly set.  This process is currently done manually, which has two disadvantages.  First, the bias electrodes voltages are coupled so changing one voltage setting affects a previous setting.  Thus finding an optimal setting for all of the bias electrode voltages means solving a multiobjective problem.  This explains why the manual process currently used is so time consuming.  Second, these bias voltage settings change over time and a manual process precludes resetting the values—particularly after the aerospace system is deployed.  Our innovation is to use an evolutionary algorithm to find optimal settings for the bias electrodes.  Evolutionary algorithms are ideally suited for solving multiobjective problems [4], which should dramatically reduce the time to find initial settings.  Moreover, an evolutionary algorithm running on a small processor provides an in-situ capability to readjust the settings once the system has been deployed.

Multiobjective optimization problems do not have a globally optimum solution.  Instead, they have a set of equivalent solutions, which are called Pareto optimal.  Typically a small number of Pareto optimal solutions are presented to the designer, and a final choice is manually selected.  The problem is how to efficiently generate a diverse set of these Pareto optimal solutions.  The PI, Dr. Greenwood, is one of the developers of a new method for generating small diverse sets of Pareto optimal solutions [12].  This method is well suited for the evolutionary algorithm used to find the optimal bias electrode settings. 

3.3.2 Designing an adaptive compensator for a nonlinear system when the root cause of the nonlinearity is not known

The MEMS gyro has a temperature induced hysteresis loop problem and the source of that nonlinearity is unknown.  Nonlinear control system designs are based on having precise knowledge of the nonlinearities.  Indeed, many nonlinear controllers cannot tolerate high-frequency unmodeled dynamics in the global sense.  Adaptive control is needed to deal with any parametric uncertainty or unknown nonlinearities [10].   Adaptive control methods for nonlinear systems have been proposed [11], but they must be integrated at the time of the original design.  This poses real problems for systems, such as the MEMS gyro, which are already designed because retrofitting with a new controller is difficult or possibly even impractical.   In these cases a better solution is to install an outer control loop to compensate the original design.

One method based on an outer control loop used a neural network as an adaptive compensator [3].  However, that method has two limitations.  First, it relies on backpropagation, which may take a long time to properly set the node weights.  Second, the performance of a neural network is affected by the network topology(i.e., the number of layers and the number of nodes per layer(and backpropagation cannot find a better performing topology if the existing one is inadequate.  Our innovation is to use EHW as an adaptive controller.   This method is not constrained to use a fixed hardware configuration.  Indeed, the method continually modifies existing hardware configurations until the best performing one is found. To our knowledge adaptive control of a nonlinear system using evolving reconfigurable hardware has never been tried.  We believe the incredible flexibility EHW has makes it an ideal method for designing compensators for nonlinear systems(especially when the source of the nonlinearity is unknown.

Adaptive controllers are effective if and only if they can find a suitable hardware configuration within specified timeframes.  The PI, Dr. Greenwood, was the first to promote the idea that hardware adaptation does have deadlines.  His recent research in this area has produced a set of guidelines for constructing evolutionary algorithms designed to evolve hardware configurations under real-time constraints [13].  These guidelines will be used in the EA development, thereby producing an efficient adaptive controller.   

3.3.3 Designing a custom, reconfigurable analog chip optimized for enhancing the reliability of ultra-long life aerospace systems

Existing COTS reconfigurable devices are purposely made with a rich internal architecture to give them a broad appeal in the marketplace.  Unfortunately, this general-purpose architecture is precisely why they are unsuited for in-situ applications; they perform functions not needed for enhancing aerospace system reliability, which wastes valuable chip area.  A better solution is a custom reconfigurable analog chip that is tailored for fault recovery or to compensate for degraded performance caused by aging effects.  Our innovation is to use evolutionary algorithms to find the optimal architecture of a reconfigurable analog chip designed specifically for enhancing reliability in aerospace systems.  The FPTA designed for JPL is one type of reconfigurable architecture [7], but the granularity is too low for applications such as adaptive control of nonlinear systems.   We will have to design such a chip from scratch and have to define the interface protocol.  JPL engineers assigned to this research effort were involved in the FPTA development, which should the development of our custom chip easier.  

Our reconfigurable chip design will be smaller and consume less power than existing COTS devices.  This makes the chip ideally suited for incorporation into existing ASICs already being designed for aerospace systems.

Dr. Greenwood, the PI, is director of the Evolvable Systems Laboratory at Portland State University.  This laboratory was designed specifically for conducting intrinsic EHW studies.  Current research activity includes the intrinsic evolution of compensators for linear systems using COTS reconfigurable devices (from Lattice Semiconductor, Inc.).   Hence, this laboratory is an ideal environment for preliminary testing of our newly fabricated reconfigurable chip.  Furthermore, the Electrical and Computer Engineering Department at Portland State University has established an analog circuit design and test laboratory.  This laboratory has the test and measurement equipment needed to characterize our reconfigurable chip.

  
Dr. Louis, a senior researcher, is an expert in applying case-based learning schemes to improve the performance of evolutionary algorithms in general, and evolutionary algorithms used for hardware design in particular.  His case-based learning schemes will be the foundation of the evolutionary algorithm used to find the best architecture of our reconfigurable chip.

3.4 Technical Approach

In this section we describe the aspects of our EHW-based techniques and how it is used to address each of the research objectives.  

3.4.1 Tuning and maintaining the coupling of the two modes of resonance

It is essential that the split frequencies between the two differential rock modes be within tight bounds.  Proper tuning of the gyro resonator reduces the split frequency, which maximizes the coupling between the two modes of interest.  A set of four DC bias electrodes tunes the gyro resonator via electrostatic spring softening.  (The same bias voltage is applied to two electrodes.  Hence, 4 voltages are needed.)  

This tuning is a time consuming process because the bias electrodes are correlated.  That is, adjusting one set of DC bias electrodes affects the setting of other DC bias electrodes.  This means optimizing each pair of bias electrodes separately cannot produce a minimal frequency split.  Moreover, maximum voltage of the bias voltages must be minimized to minimize non-linear effects.  Hence, the finding the optimal settings for the four bias electrodes will require solving a multiobjective optimization problem(a task evolutionary algorithms are ideally suited for [4]. (This is one of the primary reasons we chose evolutionary algorithms for the this research work.)

It is important to emphasize this tuning is currently performed manually and can take up to two days to finish. Moreover, in gyros the optimum electrode settings vary over time. Two things are needed: (1) a way to optimally set the initial DC bias electrodes in an order of magnitude less time or better, and (2) provide a capability to adapt the settings to maintain a minimal frequency split over time.

We will develop intrinsic EHW to solve this problem.  
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Figure 5. Block diagram of the intrinsic EHW used for the split frequency problem.  F1 and F2 represent the two sinusoids from the gyro. The EA runs on a DSP microcontroller integrated in the SABLES platform.

Figure 5 shows the intrinsic EHW.  The EA runs on a DSP microcontroller integrated in the SABLES platform developed by JPL.  Each individual in the population contains four 12-bit binary strings that are simultaneously applied to four digital-to-analog converters (DAC).  Each DAC drives two DC bias electrodes. Voltage translation is needed because the bias voltages can range from –60 VDC to +15 VDC.  The feedback from the gyro consists of two sinusoids, which are at the resonating frequencies.  These two voltages, interfaced to the PC through an analog-to-digital converter (ADC), are monitored to determine the frequency split.  This split indicates the fitness of the current solution. (A small frequency split denotes high fitness.)  The tuned DC bias values may vary over time, but this doesn’t present a problem because the EA can be invoked whenever necessary to ensure the frequency split is maintained within specified bounds.

Today’s DSP microcontrollers have enough computational power to run an EA.  Moreover, most microcontrollers have an on-chip ADC.  System-on-chip architectures, such as the Cypress PSoC mixed signal array, can even provide a single chip implementation.  Consequently, an in-situ version of our proposed solution to the split frequency problem could be easily implemented.

3.4.2 Reducing the hysteretic behavior of the JPL MEMS gyro

The exact cause of the hysteresis is unknown, which explains why no solution has been found to date.  It is illustrated on Figure 6 where the rate bias is function of the resonant vibration frequency, which is linearly dependent of the temperature. The figure shows that the measured rate bias is a function of both the temperature value and how the temperature was varied.  Notice the gyro does exhibit some hysteresis. This phenomenon, true for every MEMS gyro, decreases the accuracy of the gyro. Our solution to this problem involves both extrinsic and intrinsic EHW.
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Figure 6 Zero rate bias over temperature (uncompensated). The figure shows that the measured rate bias is a function of both the temperature and how the temperature is varied.   (Note: UP: increasing temperature; DN: decreasing the temperature), the gyro does not indicate the same rate bias and does show some hysteresis.

Figure 7 shows a block diagram of a compensated control system.  The reference signal is input to a reconfigurable analog device, which implements a compensation transfer function that an EA will evolve.  The output of that device is the input to the conventional control system.  (The “plant” includes both the electronics and mechanical assemblies in the MEMS gyro.)  The error between the reference input and the plant output serves as a fitness function where small error denotes high fitness.  The objective is to have the EA evolve a compensator transfer function that can reduce the hysteresis error to acceptable limits as the temperature varies.

Choi et al. [3] used a neural network instead of an EA/FPAA combination as a compensator transfer function designed to reduce nonlinearity errors.  However, they trained their neural network with a simple backpropagation algorithm.  This learning algorithm is a gradient-based method that is highly susceptible to initial conditions and may require multiple training epochs before satisfactory neural network performance is achieved.  This is a time consuming process, which is not well suited for situations where frequent temperature variations require frequent compensator redesign.  

We intend to use a COTS FPAA as the reconfigurable architecture.  A suitable device is the Anadigm AN220E04.  This device, whose internal architecture is shown in Figure 8, consists of four configurable analog blocks (CABs).  Based on SRAM technology it can be dynamically reconfigured on-the-fly, which makes it ideally suited for our investigation.  The device can be configured to implement arbitrary transfer functions.  Indeed, closed-loop control is one of its stated applications [1].

Extrinsic EHW will first be used to fine-tune the evolutionary algorithm. The easiest way to develop an effective EA is to use a vendor-supplied AN220E04 simulator.  This will allow us to set up the reconfiguration data stream properly and it makes it considerably easier to define a good set of reproduction operators.  (In Section ‎3.1.1 recombination was defined as a reproduction operator.  There are a number of different types of recombination and the best type must be determined empirically.)  A nonlinear plant transfer function that matches the hysteresis loop characteristics found in the gyro will also be simulated.  JPL will conduct experiments to extract an experimental model of the temperature hysteresis phenomena.  This data will be used to develop a model of the nonlinearity.  This extrinsic EHW work will be conducted at the University of Nevada, Reno.

The intrinsic EHW work will commence at Portland State University once the EA is optimized.  An Anadigm 220E04 chip interfaced to the SABLES platform will replace the Anadigm simulator.  The transfer functions that modeled the gyro system will be synthesized in hardware.  This verifies the EA performance when it evolves actual circuitry.

The final testing will be conducted at JPL.  These tests will be identical to the ones conducted at Portland State University, except the synthesized hardware will be replaced by the actual MEMS gyro operating in a controllable temperature environment.  However, cycling through the entire temperature range for the MEMS gyro takes nearly two days because the system must stabilize before accurate measurements can be obtained.  This is clearly not practical for intrinsic EHW testing because every configuration would take two days to evaluate!  Nevertheless, it is not necessary to cycle through the entire temperature range to observe the hysteresis.  For example, a small change of 5 to 10 degrees is sufficient, which will dramatically reduce the EA running time.  We intend to conduct a series of these small temperature changes tests at different points in the operational temperature range to verify our approach can reduce hysteresis effects independent of the actual operating temperature.   
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Figure 7 Block diagram of compensated control system.  The EA, which runs on a PC, compares the reference input with the plant output.  Small differences between them indicate the evolved compensator transfer function has reduced the hysteresis magnitude.  During the extrinsic EHW development the reconfigurable device is simulated and a simplified model of the gyro system is constructed.  During the intrinsic EHW development an actual Anadigm AN220E04 is reconfigured and the plant dynamics are synthesized in hardware (see text).  The labels M1, M2 and (1 refer to I/O signals shown in Figure 4b.

3.4.3 Reconfigurable Electronics for MEMS gyro on a Chip

Although the Anadigm 220E04 is ideally suited for the hysteresis problem described above, it is not well suited for in-situ applications.  Simply put, it is too cumbersome and too general purpose for in-situ intrinsic adaptation applications in spacecraft.   For example, the AN220E04 has internal memory, which is used for generating arbitrary waveforms and a successive approximation register for implementing non-linear functions(resources not useful for control system compensation.  A better solution is to use a dynamically reconfigurable chip with only those specific resources deemed useful for control system compensation.  Such a chip will be smaller and consume less power than an AN220E04; it may even be well suited for incorporation within an existing ASIC.

We can reverse engineer the FPAA binary configuration streams to determine what circuitry was implemented in the AN220E04 CABs to compensate the gyro.  This circuitry can be collected into a generic analog function block.  We will create a field programmable analog system (FPAS) containing 16 or more of these generic analog function blocks.  (The chip will be fabricated by MOSIS using HP 0.5 technology.)  The FPAS will be interfaced to the SABLES platform (c.f Figure 2) for testing.  We will repeat the hysteresis tests that were conducted at Portland State University but with the FPAS replacing the Anadigm AN220E04 chip
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Figure 8 Internal architecture of the AN220E04. The FPAA from Anadigm is a flexible device allowing the configuration of many important building blocks such as oscillators, adders, and amplifiers.  The core of the AN220E04 device is an array of four identical Configurable Analog Blocks (CABs), which contain analog elements such as op-amps, comparators, and switched-capacitor arrays. The CABs are enriched with analog-to-digital converters, addressable memory (Look-Up Table), programmable comparators and references, and dedicated signal interfacing functions. The device is used to implement analog functions with a bandwidth from DC to 2 MHz such as arbitrary waveform synthesis, analog multiplication and input/output analog interface with sensors.
.  
3.5 Expected Results

Objective 1 Tuning and maintaining the coupling between resonance frequency:
The evolutionary algorithm can set the DC bias electrode values that (a) minimizes the maximum value, and (2) reduces the frequency split to less than 0.001 Hz.  Moreover, the evolutionary algorithm reduces the time needed to set the electrode values by approximately two orders of magnitude less than that taken by the current manual method. 

Objective 2 Reducing the hysteretic behavior of the JPL MEMS gyro:

The intrinsic EHW-based adaptive compensator can efficiently reduce the hysteresis effects in the MEMS gyro by 50%.  This performance can be duplicated throughout the gyro operational temperature range. 

Objective 3 Reconfigurable Electronics for MEMS gyro on a Chip: 

Once the FPAS has been fully tested with the MEMS gyro, NASA will have a self-adapted MEMS gyroscope prototype that can undergo extensive evaluation for future space missions.  The FPAS also provides a reconfigurable device than can be used to develop in-situ adaptive methods and procedures for other applications.

3.6 Evaluation of Results (Success Metrics)

The objective 1 result are validated by demonstrating the DC bias electrodes can be efficiently set in at least different three gyro systems.  (Efficiency means the values are set in less than one hour.)  The objective 2 results are validated when the hysteresis effect at three different temperature sub-ranges within the gyro overall operational temperature range is reduced by at least 50% by the intrinsic EHW.  The object 3 results are validated when the hysteresis results produced with the AN220E04 can be duplicated (within acceptable error limits) by the FPAS.

3.7 Task Schedule and Milestones

Table 1: Tasks Schedule
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Table 2: MileStones

	
	Capability / Demonstration
	Enabling Research Innovation
	Objective Supported

	Year 1
	Demonstrate the reconfigurable evolvable hardware/JPL MEMS gyro test platform for tuning and maintining coupling between resonance frequency
	Designing a fast tuning systems for a non-linear systems.
	Tuning and maintaining the coupling between resonance frequency

	Year 2
	Demonstrate the reconfigurable evolvable hardware/JPL MEMS gyro test platform for reducing the hysteresis
	Designing an adaptive compensator for a nonlinear system when the root cause of the nonlinearity is not known
	Reducing the hysteretic behavior of the JPL MEMS gyro

	Year 3 
	Demonstrate the integration of the Field Programmable Analog System prototype chip with the JPL MEMS gyro
	Designing a custom, reconfigurable analog chip optimized for enhancing the reliability of ultra-long life aerospace systems
	Reconfigurable Electronics for MEMS gyro on a Chip


3.8 References

[1]  AN220E04 Overview, Brochure GF020800-004, Anadigm Inc.

[2] T. Back, Evolutionary Algorithms in Theory & Practice, Oxford University Press, 1996

[3] Y. Choi, M. Lee, S. Kim and Y. Kay, “Design and implementation of an adaptive neural network compensator for control systems”, IEEE Transactions on Industrial Electronics 48(2), 416-423, 2001

[4] C. Coello, “Guest editorial: special issue on evolutionary multiobjective optimization”, IEEE Transactions on Evolutionary Computation 7(2), 97-99, 2003

[5] M.I. Ferguson, A. Stoica, D. Keymeulen and R. Zebulum and V. Duong, " An Evolvable Hardware Platform based on DSP and FPTA ". In Proceedings of the Genetic and Evolutionary Computation Conference (GECCO2002), July 7-11, 2002, USA. Memlo Park, CA. Pages: 145-152: AAAI Press. 

[6] G. Greenwood and X. Hu, "On the use of random walks to estimate correlation in fitness landscapes", Computational Statistics & Data Analysis 28, 131-137, 1998

[7] A. Stoica, R. Zebulum, D. Keymeulen, R. Tawel, T. Daud, and A. Thakoor. "Reconfigurable VLSI Architectures for Evolvable Hardware: from Experimental Field Programmable Transistor Arrays to Evolution-Oriented Chips". In IEEE Transactions on VLSI Systems, Special Issue on Reconfigurable and Adaptive VLSI Systems, 9(1):227-232. February 2001

[8]  http://www.8.com/xlnx/xil_prodcat_landingpage.jsp

[9]  X. Yao and T. Higuchi, “Promises and challenges of evolvable hardware”, IEEE Transactions on Systems, Man & Cybernetics(part c, 29(1), 87-97, 1999

[10] Y. Zhang and P. Loannou, “Robustness of nonlinear control systems with respect to unmodeled dynamics”, IEEE Transactions on Automatic Control 44(1), 119-124, 1999

[11] M. Krstic and P. Kokotovic, “Adaptive nonlinear design with controller-identifier separation and swapping”, IEEE Transactions on Automatic Control 40, 426-440, 1995

[12]  G. Greenwood, X. Hu and J. D’Ambrosio,  “Fitness functions for multiobjective optimization problems:  combining preferences with Pareto rankings”, Foundations of Genetic Algorithms, Morgan-Kaufmann, San Francisco, CA, 437-455, 1999

[13]  G. Greenwood, E. Ramsden and S. Ahmed, “An empirical comparison of evolutionary algorithms for evolvable hardware with maximum time-to-reconfigure requirements”, Proceedings 2003 NASA/DOD Conference on Evolvable Hardware, 59-66, 2003

4 Management Plan

This research effort will be conducted at three locations:  Portland State University (Portland, OR), the University of Nevada (Reno, NV) and the NASA Jet Propulsion Laboratory (Pasadena, CA).  This section describes the work conducted at each location and who the project will be managed.  The FPAS device will be fabricated by MOSIS, which is a low-cost prototyping and small-volume production service for VLSI design.

For brevity, the following acronyms are used in this section:

PSU

(Portland State University)

UNR 

(University of Nevada at Reno)

JPL 

(Jet Propulsion Laboratory)  

4.1 Roles and Responsibilities

4.1.1 UNR

All initial design of the EAs is done here. This work entails defining data structures, construction of reproduction operators, and definition of fitness functions.  Extensive simulation will be required to validate the EA performance. In addition, all of the extrinsic EHW work from task objective 2 will be done here.  

Dr. Sushil Louis will be responsible this work.

4.1.2 PSU

The intrinsic EHW work is done here.  The test setups shown in Figure 5 and Figure 7 are in a laboratory at this location. Initial testing of the FPAS is also done here.

Dr. Garrison Greenwood will be responsible this work.

4.1.3 JPL

JPL is responsible for the analysis and testing of the reconfigurable evolvable hardware test platform to mitigate the split frequency and the temperature induced hysteresis behavior of the JPL MEMS gyro. JPL will also to contribute to the initial design of the FPAS and the technical coordination with MOSIS to fabricate the FPAS. All final testing, data collection and demonstration for the three task objectives are done at this location.

Drs. D. Keymeulen and K. Yee will be responsible for this work. R. Zebulum will be a participant in this effort.

	Person
	Role
	Location
	Full Time Equivalents (FTEs)

	
	
	
	Yr 1
	Yr 2
	Yr 3

	Greenwood
	PI  

· Supervises setup of Fig. 1 and Fig. 4 test setups.  Conducts all intrinsic EHW design.  

· Assists in defining test transfer functions needed for initial EA development and extrinsic EHW design.

· Assists in conducting final testing on MEMS gyro system.

· Overall project management responsibility.
	PSU
	0.25
	0.25
	0.25

	Louis
	Co-I

· Supervises all initial EA design.  

· Assists in fine-tuning and validation of EAs

· Defines interface protocols for FPAS.

· Ports PC-based EA source code to MIPS (C

· Assists in conducting final testing on MEMS gyro system.
	UNR
	0.25
	0.25
	0.25

	Keymeulen
	Co-I.

· Assist in defining test transfer.

· Conduct intrinsic EHW testing..
	JPL
	0.3
	0.3
	0.15

	Zebulum
	Participant

· Assist in defining integration and test transfer for Anadigm and FPAS analog device

· Monitor and fabricate Analog and mixed signal VLSI FPAS chip using MOSIS
	JPL
	0.15
	0.2
	0.2

	Yee
	Co-I

· Assists in defining test transfer

· Supervises all intrinsic EHW testing on the MEMS gyro.
	JPL
	0.3
	0.3
	0.15


4.2 Task Coordination

Proper coordination requires frequent face-to-face meetings.  An initial “kickoff meeting” will be held at JPL followed by design reviews scheduled quarterly at one of the three locations depending on the topic.  (Extrinsic EHW topics will be at UNR, intrinsic EHW topics at PSU and integration with MEMS gyro and FPAS fabrication topics will be at JPL.). The initial testing of the FPAS will be conducted at PSU.  Dr. Louis will spend several days at PSU to develop the interface protocols. Dr. Keymeulen will coordinate all technical activities with MOSIS. Final testing will be conducted at JPL.  All researchers will participate in the MEMS gyro tests at JPL.

4.3 Integration

Dr. Yee will coordinate access to the MEMS gyro laboratory facilities.

4.4 Reporting Plan

Written semi-annual reports will be furnished to the sponsor.  A final report at the conclusion of the project will be provided.

Drs. Greenwood, Louis and Keymeulen are extensively involved in the annual NASA/DOD sponsored Evolvable Hardware Conference.  Preliminary results will be presented at the conference.  Final results will be published in a suitable journal such as the IEEE Transactions on Aerospace & Electronic Systems.

5 Cost Plan

5.1 Budget Explanation

5.1.1 Portland State University

Academic year costs (10% of salary) are for buyout of one course.  Summer salary is 2 for two months based on annual salary of $64980.  Salary estimates for 2nd and 3rd year assume 2% annual cost of living increase.  Graduate assistant salary is 0.3 FTE based on 12-month salary of $29952. Tuition remission for graduate assistant ($6588/year) is not included in indirect costs.  Indirect rate is 42%. OPE for PI is 44% throughout the year and 5% for the graduate assistant.

The $5000 annual travel expenses are based on $3200 for quarterly design review meetings plus $1800 to attend a relevant conference to present research results.  The most likely conference will be the annual NASA/DOD Evolvable Hardware conference.  First year equipment purchase includes PC and DAC/ADC cards needed for the test setup.

Budget estimates from Portland State University were made with the assistance of the Office of Research and Sponsored Projects. 

Table 1 Detailed Budget for Portland University (Funding in $K)

	
	ITEM
	YEAR 1
	YEAR 2
	YEAR 3
	COMMENTS

	1.
	Direct Labor: (salaries, wages, and fringe benefits)
	39.6
	40.4
	41.2
	

	2.
	Other Direct Costs:
	
	
	
	

	
	a.  Subcontracts
	
	
	
	

	
	b.  Consultants
	
	
	
	

	
	c.  Equipment
	2.5
	
	
	

	
	d.  Supplies
	
	
	
	

	
	e.  Travel
	5
	5
	5
	

	
	f.  Other 
	6.6
	6.6
	6.6
	Tuition remission for grad student

	
	
	
	
	
	

	3.
	Indirect Costs
	19.8
	19.1
	19.4
	42% of direct not including item 2(f)

	
	     1. Facilities
	
	
	
	

	
	     2. ADC
	
	
	
	Allocated Direct Costs

	4.
	Other Applicable Costs
	
	
	
	

	
	     1. Award Fee
	
	
	
	

	
	     2. Government Co-I
	
	
	
	

	5.
	SUBTOTAL--Estimated Costs
	
	
	
	

	6.
	Less Proposed Cost Sharing (if any)
	
	
	
	

	7.
	Carryover Funds 
	
	
	
	

	
	a.  Anticipated amount 
	
	
	
	

	
	b.  Amount used to reduce budget
	
	
	
	

	8.
	Total Estimated Costs
	73.5
	71.1
	72.2
	


5.1.2 University of Nevada

Table 2 Detailed Budget for University of Nevada (Funding in $K)

	
	ITEM
	YEAR 1
	YEAR 2
	YEAR 3
	COMMENTS

	1.
	Direct Labor: (salaries, wages, and fringe benefits)
	32
	34
	35
	

	2.
	Other Direct Costs:
	
	
	
	

	
	a.  Subcontracts
	
	
	
	

	
	b.  Consultants
	
	
	
	

	
	c.  Equipment
	
	
	
	

	
	d.  Supplies
	5
	5
	5
	

	
	e.  Travel
	5
	5
	5
	

	
	f.  Other 
	1
	1
	1
	

	
	
	
	
	
	

	
	
	
	
	
	

	3.
	Indirect Costs
	18.8
	19.5
	20.3
	

	
	     1. Facilities
	
	
	
	

	
	     2. ADC
	
	
	
	Allocated Direct Costs

	4.
	Other Applicable Costs
	
	
	
	

	
	     1. Award Fee
	
	
	
	

	
	     2. Government Co-I
	 
	 
	 
	

	5.
	SUBTOTAL--Estimated Costs
	61.8
	64.5
	66.3
	

	6.
	Less Proposed Cost Sharing (if any)
	
	
	
	

	7.
	Carryover Funds 
	
	
	
	

	
	a.  Anticipated amount 
	
	
	
	

	
	b.  Amount used to reduce budget
	
	
	
	

	8.
	Total Estimated Costs
	61.8
	64.5
	66.3
	


5.1.3 JPL

Table 3 Detailed Budget for JPL (Funding in $K)

	
	ITEM
	YEAR 1
	YEAR 2
	YEAR 3
	COMMENTS

	1.
	Direct Labor: (salaries, wages, and fringe benefits)
	$97.9
	$111.4
	$72.7
	

	2.
	Other Direct Costs:
	
	
	
	

	
	a.  Subcontracts
	0
	0
	$40
	MOSIS (CMOS chip fabrication HP 0.15micron)

	
	b.  Consultants
	$0.0
	$0.0
	$0.0
	

	
	c.  Equipment
	$20.0
	$5.0
	$5.0
	Signal Analyzer, Digital Oscilloscope

DSP testbed & Data acquisition syst

Desktop computer

	
	d.  Supplies
	$0.0
	$0.0
	$0.0
	

	
	e.  Travel
	$5.0
	$5.0
	$5.0
	Trips between JPL and Portland. Conference travel to present results at EH Conference.

	
	f.  Other (MPS & services)
	
	
	
	

	
	     1. MPS 
	$18.3
	$20.3
	$13.8
	Multiple program Support

	
	     2. Services
	$3.0
	$3.0
	$23.0
	Software labView and MatLab 

Cadence Design Architect (Chip)

	3.
	Indirect Costs
	
	
	
	

	
	     1. Facilities
	$5
	$5
	$5
	Micro Device Lab Facilities

	
	     2. ADC
	$45.9
	$47.9
	$37.3
	Allocated Direct Costs

	4.
	Other Applicable Costs
	
	
	
	

	
	     1. Award Fee
	$2.7
	$2.6
	$2.6
	

	
	     2. Government Co-I
	 
	 
	 
	

	5.
	SUBTOTAL--Estimated Costs
	$197.8
	$200.2
	$204.4
	

	6.
	Less Proposed Cost Sharing (if any)
	 
	 
	 
	

	7.
	Carryover Funds 
	
	
	
	

	
	a.  Anticipated amount 
	
	
	
	

	
	b.  Amount used to reduce budget
	 
	 
	 
	

	8.
	Total Estimated Costs
	$197.8
	$200.2
	$204.4
	


5.2  Justification and Realism

The estimated budget for the proposed investigation is shown in tabular form below.

Table 4 Total Estimated Cost for PSU/UNR/JPL

	Fiscal Year
	Year 1
	Year 2
	Year 3
	Total

	Funding ($K)
	$333.1
	$335.8
	$342.9
	$1011.8


The proposed evolvable hardware controller for the gyro can be built within the above budget. Using available components from the gyro and SABLES platform that has already been developed by JPL mitigates the costs.  

The cost of development in this proposal is reduced by the existing design expertise of the PI and Co-PIs.  Dr. Yee has worked on similar circuit designs in gyro sensors and Dr. Keymeulen, having worked on similar circuit designs using evolvable hardware.  Dr. Greenwood has well over a decade of industrial design experience developing embedded system circuitry.  In addition, he has served as a project engineer in industry, thereby demonstrating experience in product development and project management.     

The budget has been defined as a Portland University budget, University of Nevada, Reno budget and a JPL budget.  This is to reflect the fact that the award will be given by NASA to each institution separately.  JPL and UNR are not subcontractors to Portland State University.

5.3 Current support

PI currently has no externally funded research. 

	Dr. Didier Keymeulen

	Task Title/Program Name
	Agency
	Point of contact
	Performance Period Budget
	Total WY Commitment

	Multisensor Array for Monitoring Water Quality on Spacecraft and Planetary Habitats/OBPR
	NASA/U
	T.N. Krabach

(818)-354-4487

Timothy.Krabach@jpl.nasa.gov
	10/1/00 – 9/30/03
$405k

pending
	0.1

	Polymymoprhic Secure Electronics
	DoD
	Leon Alkalai

(818) 354-5988

leon.alkalai@jpl.nasa.gov
	04/01/03-04/01/04 $500K
	0.1

	Evolvable Hardware for Sensors
	NASA
	Nikzad Toomarian

(818) 354-7945

nikzad.toomarian@jpl.nasa.gov
	10/01/01-09/31/04 $300K
	0.5

	Electrochemical Sensors for International Space Station Water Quality/OBPR
	NASA/U
	T.N. Krabach

(818)-354-4487

Timothy.Krabach@jpl.nasa.gov
	10/01/03-9/30/06 $1.8M

pending
	0.2


	Dr. Karl Yee

	Task Title/Program Name
	Agency
	Point of contact
	Performance Period Budget
	Total WY Commitment

	MEMS Gyroscope
	NASA
	Leon Alkalai

(818) 354-5988

leon.alkalai@jpl.nasa.gov
	10/01/03-10/01/04

$200K


	0.25

	Boeing Miniature Vibratory Gyroscope
	Boeing
	Ken Wolfenbarger

818 354-3821
James.K.Wolfenbarger@jpl.nasa.gov


	10/01/03-12/31/03

$180K
	0.25


	Dr. Ricardo Zebulum

	Task Title/Program Name
	Agency
	Point of contact
	Performance Period Budget
	Total WY Commitment

	Polymymoprhic Secure Electronics
	DoD
	Leon Alkalai

(818) 354-5988

leon.alkalai@jpl.nasa.gov
	04/01/03-04/01/04 $500K
	0.1

	Evolvable Hardware for Sensors
	NASA
	Nikzad Toomarian

(818) 354-7945

nikzad.toomarian@jpl.nasa.gov
	10/01/01-09/31/04 $300K
	0.5


YEAR 1 BUDGET SUMMARY

From ___Dec 2003___ To__Nov 2004____

                                      RECIPIENT'S COSTS in $K      NASA USE ONLY

                                    A           B          C
1.  Direct Labor (salaries, wages, and                              

                       fringe benefits)                             ___169.5__      __ ________     _____________

2.  Other Direct Costs: 

a.  Subcontracts                                   ____________       ____________    ____________

b.  Consultants                                    ____________       ____________    ____________

c.  Equipment                                      ___22.5____       ____________    ____________

d.  Supplies                                          ____5_______       ____________    ____________

e.  Travel                                             ___15____       ____________    ____________

f.  Other                                              ____28.9________       ____________    ____________

3.  Indirect Costs                                              ___89.5___       ____________    ____________

4.  Other Applicable Costs                               ____2.7___       ____________    ____________

5.       SUBTOTAL -- Estimated Costs             ___333.1_______       ____________    ____________

6.  Less Proposed Cost Sharing  (if any)           ____________       ____________    ____________

7.  Carryover Funds (if any)

a.  Anticipated amount _________

b.  Amount used to reduce budget      ____________       ____________    ____________

8.  TOTAL ESTIMATED COST                     ____333.1K___      __________      ___________

APPROVED  BUDGET                               ______________     __________     ____________ 
YEAR 2 BUDGET SUMMARY

From ___Dec 2004___ To__Nov 2005____

                                      RECIPIENT'S COSTS in $K      NASA USE ONLY

                                    A           B          C
1.  Direct Labor (salaries, wages, and                              

                       fringe benefits)                             _____ 185.8     __ ________     ___________

2.  Other Direct Costs: 

a.  Subcontracts                                   ____________       ____________    ____________

b.  Consultants                                    ____________       ____________    ____________

c.  Equipment                                      _____5_______       ____________    ____________

d.  Supplies                                          _____5_______       ____________    ____________

e.  Travel                                             ____ 15___                ____________    ____________

f.  Other                                              ____30.9_______      ____________    ____________

3.  Indirect Costs                                              ____91.5___               ____________    ____________

4.  Other Applicable Costs                               ____2.6___                  ____________    ____________

5.       SUBTOTAL -- Estimated Costs             ___335.8______       ____________    ____________

6.  Less Proposed Cost Sharing  (if any)           ____________       ____________    ____________

7.  Carryover Funds (if any)

a.  Anticipated amount _________

b.  Amount used to reduce budget      ____________       ____________    ____________

8.  TOTAL ESTIMATED COST                     ___335.8___      __________      ___________

APPROVED  BUDGET                               ______________     __________     ____________ 
YEAR 3 BUDGET SUMMARY-OPTION YEAR

From ___Dec 2005___ To__Nov 2006____

                                      RECIPIENT’S COSTS in $K      NASA USE ONLY

                                    A           B          C
8. Direct Labor (salaries, wages, and                              

                       fringe benefits)                             ___148.9_      __ ________     ___________

9. Other Direct Costs: 

a.  Subcontracts                                   ____________       ____________    ____________

1.        MOSIS                       ____40___              ____________    ____________

b.  Consultants                                    ____________        ____________    ____________

c.  Equipment                                      _____5______       ____________    ____________

d.  Supplies                                          _____5______        ____________    ____________

e.  Travel                                             _____15___             ____________    ____________

f.  Other                                              _____44.4_____      __________    ____________

3.  Indirect Costs                                              ____82__       ____________    ____________

4.  Other Applicable Costs                               ____2.6___       ____________    ____________

5.       SUBTOTAL – Estimated Costs             ____342.9______       ____________    ____________

6.  Less Proposed Cost Sharing  (if any)           ____________       ____________    ____________

10. Carryover Funds (if any)

11. Anticipated amount _________

b.  Amount used to reduce budget      ____________       ____________    ____________

8.  TOTAL ESTIMATED COST                     ____342.9__      __________      ___________

APPROVED  BUDGET                               ______________     __________     ____________

GRAND TOTAL BUDGET SUMMARY

From ___Dec 2002___ To__Nov 2005____

                                      RECIPIENT'S COSTS in $K      NASA USE ONLY

                                    A           B          C 
1.  Direct Labor (salaries, wages, and                              

                       fringe benefits)                             ____504.2_____      __ ________     ___________

2.  Other Direct Costs: 

a.  Subcontracts                                   ____________       ____________    ____________

1.        MOSIS                       _____40___       ____________    ____________

b.  Consultants                                    ______0______       ____________    ____________

c.  Equipment                                      _____32.5_______       ____________    ____________

d.  Supplies                                          ______15______       ____________    ____________

e.  Travel                                             ____45____       ____________    ____________

f.  Other                                              ____104.2________       ____________    ____________

3.  Indirect Costs                                              ____263____       ____________    ____________

4.  Other Applicable Costs                               ____7.9_____       ____________    ____________

5.       SUBTOTAL -- Estimated Costs             ___1011.8_______       ____________    ____________

6.  Less Proposed Cost Sharing  (if any)           ____________       ____________    ____________

7.  Carryover Funds (if any)

a.  Anticipated amount _________

b.  Amount used to reduce budget      ____________       ____________    ____________

8.  TOTAL ESTIMATED COST                     ____1011.8____      __________      ___________

APPROVED  BUDGET                               ______________     __________     ____________
6 Resumes

6.1 Garrison W. Greenwood

Education:  

Ph.D. in Electrical Engineering, University of Washington

Experience:

Over 17 years of engineering design experience while employed by companies such as Boeing, Honeywell and SpaceLabs Medical Inc.  Primary responsibility was the hardware design of embedded systems.  

Have 10 years experience in academia.  Currently employed as an associate professor in the Electrical & Computer Engineering Department at Portland State University.  Graduate classes taught include Genetic Algorithms and Fault-Tolerant Systems.

Research interest has been evolutionary computation for over 10 years with over 50 peer-reviewed publications in the field.  During 1999-2000 worked at the National Institutes of Health under the NSF Scholar-in-Residence Program using evolutionary algorithms to find solutions to instances of the protein-folding problem.

Presently serving as director of the Evolvable Hardware Laboratory at Portland State University.   Recent activities included extrinsic evolution of adaptive low-pass filters.  The current major project in the laboratory involves intrinsic evolution of PID controllers using the Lattice Semiconductor ispPAC10 as the reconfigurable analog device.   The staffing for this project includes one graduate student, one undergraduate student and a senior applications engineer from Lattice Semiconductor Inc.

Relevant Publications:


1. G. Greenwood, “Intrinsic evolution of safe control strategies for autonomous spacecraft”, IEEE Transactions on Aerospace & Electronic Systems (accepted, to appear)

2. G. Greenwood, E. Ramsden and S. Ahmed, “An empirical comparison of evolutionary algorithms for evolvable hardware with maximum time-to-reconfigure requirements”, Proceedings of the 2003 NASA/DOD Conference on Evolvable Hardware, 59-66, 2003

3. 3.  G. Greenwood and X. Hu, "On the use of random walks to estimate correlation in fitness landscapes", Computational Statistics & Data Analysis 28, 131-137, 1998

4. G. Greenwood, E. Ramsden and S. Ahmed, “An empirical comparison of evolutionary algorithms for evolvable hardware with maximum time-to-reconfigure requirements”, Proceedings 2003 NASA/DOD Conference on Evolvable Hardware, 59-66, 2003

Service Activities:

Associate Editor for the IEEE Transactions on Evolutionary Computation (2000 to present)

General Chair for the IEEE-sponsored 2004 Congress on Evolutionary Computation (see http://www.cec2004.org for details)

Vice-chair of Technical Committee on Evolutionary Computation in the IEEE Neural Network Society

6.2 Sushil J. Louis

Education and Job History:  

	1993-present
	University of Nevada, Reno
	Assistant and Associate Professor 

	2000 - 2001
	E-Patterns, Palo Alto, California
	Senior Software Engineer, Architect

	1986 - 1993
	Indiana University, Bloomington
	Ph.D. in Computer Science

	1983 - 1986
	Delhi University, Delhi
	Master’s in Computer Applications

	1980 - 1983
	Delhi University, Delhi
	Bachelor’s (Honors) in Physics


Research Interests:

Evolutionary Computing, Machine Learning: I work in Evolutionary Computing and its applications to machine learning, design, and non-linear optimization. My work combines genetic algorithms and case-based memory to learn to improve performance on similar problems. This is a broadly applicable technique and has been used in hardware design, combinatorial optimization, and in strike planning. I direct the Genetic Algorithm Systems LAB at UNR.

Selected Sponsored Research:

Case Injected Genetic Algorithms for Affordable Modeling of Human Decisions, Office of Naval Research. 2002 – 2005. Amount: $510,000.
CAREER – Combining Genetic Algorithms with Case-Based Systems, National Science Foundation, 1996 – 2000. Amount: $206,810.
FASION – Fast Accurate Seismic InversiON, University of Nevada, Reno, Applied Research Initiative. 1998-1999. Amount: $110,000.

Honors: 

Esther Kinsley dissertation award, Indiana University's highest annual award for best dissertation at the University.

Selected Relevant Publications:


Sushil J. Louis, “Learning with Case Injected Genetic Algorithms,” IEEE Transactions on Evolutionary Computation, to appear.

Sushil J. Louis, “"Learning for Evolutionary Design," Sushil J. Louis. Proceedings of the 2003 Nasa/DoD Conference on Evolutionary Hardware, to appear.

Sushil J. Louis, “Learning from Experience: Case Injected Genetic Algorithm Design of Combinational Logic Circuits,” Proceedings of the Adaptive Computing in Design and Manufacturing V, Exeter, UK, 2002, Pgs 295-306. I.C.Parmee (Ed.)

Selected Service Activities: 

April 2002: Invited Talk at the University of Nottingham, UK.

July 2003: Organized workshop on Approximation and Learning in Evolutionary Computing

June 2004: Special Sessions Chair at the IEEE sponsored Congress on Evolutionary Computing

6.3 Didier Keymeulen

After finishing his PhD, he was Senior Research Engineer at National Institute of Advanced Industrial Science and Technology, Japan. He conducted research projects specialized in the domain of advanced adaptive control system, evolvable devices and reconfigurable hardware device applied to the design, development and implementation of robotics autonomous system. In 1998, after a Post Doctoral Fellowship at the California Institute of Technology, he moved to the Jet Propulsion Laboratory of the California Institute of Technology as a senior member of the technical staff. He conducted research, independently conceived, developed and integrated algorithms, software and hardware for evolvable system for space applications and led to significant breakthroughs in the discipline. He determined technical objectives of assignment and became a lead member of the Advanced Computing Technology group designing and implementing adaptive systems for Evolvable Hardware projects. He planned, coordinated and managed specific tasks related to the applications of Evolvable hardware such as evolving sensor and self-healing devices. He was co-Principal Investigator for couple millions dollars DARPA projects in the adaptive computing and the biofilms programs as well as NASA programs on intelligent systems and JPL advanced technologies programs. 

He organized and acted as co-chair of the 1999, 2000, 2001, 2002 and 2003 NASA/DoD Conference on Evolvable Hardware held respectively in Pasadena, Palo Alto, Long Beach, Washington and Chicago bringing together world leading researchers of evolvable hardware, reconfigurable hardware and aerospace end-users from Japan, Europe and USA. He is a member of the editorial Board of the Journal of Genetic Programming and Evolvable Machines, Kluwer Academic. He is also an invited reviewer for different journals published by IEEE Press, MIT Press and Springer Verlag. He is also a member of the Program Committee of Genetic and Evolutionary Computation Conference, of the International Conference on Evolvable Systems and the International Conference on Evolutionary Computation. He published papers in peer reviewed journals, presented findings at conferences and give tutorials at international conference. Recent publications are listed below:

· Stoica, J. Lohn, R. Katz, Keymeulen D., and R. Zebulum (eds.). Proceedings of 1999, 2000, 2001, 2002 and 2003 NASA/DoD Conference on Evolvable Hardware, IEEE Computer Society
· Stoica, R. S. Zebulum, M. I. Ferguson, D. Keymeulen, V. Duong, and Xin Guo, Evolvable hardware techniques for on-chip automated reconfiguration of programmable devices. Soft Computing Journal (Special issue on Evolvable Hardware), Springer, Berlin-Heidelberg, 2003.

· Stoica, R. S. Zebulum, Xin Guo, D. Keymeulen, M. I. Ferguson, V. Duong. "Silicon validation of evolution-designed circuits". In IEE Proceedings Computers and Digital Techniques (Special Issue on Evolvable Hardware), IEE press, 2003.

· Stoica, R. Zebulum, D. Keymeulen, R. Tawel, T. Daud, and A. Thakoor. "Reconfigurable VLSI Architectures for  Evolvable Hardware: from Experimental  Field Programmable Transistor Arrays to Evolution-Oriented Chips". In IEEE Transactions on VLSI Systems, Special Issue on Reconfigurable and Adaptive VLSI Systems, 9(1):227-232. February 2001

· Keymeulen, A. Stoica, R. Zebulum. Fault-Tolerant Evolvable Hardware using Field Programmable Transistor Arrays. In IEEE Transactions on Reliability, Special Issue on Fault-Tolerant VLSI Systems, 49(3):305-316. September 2000.  IEEE Press

· Keymeulen, M. Iwata, Y. Kuniyoshi and T. Higuchi. On-line evolution for a self-adapting robotic navigation system using evolvable hardware. In Artificial Life (Special Issue on Evolutionary Robotics). 4(4):359-393, 1999. . MIT Press

· Higuchi, T.; Iwata, M.; Keymeulen, D.; Sakanashi, H.; Murakawa, M.; Kajitani, I.; Takahashi, E.; Toda, K.; Salami, N.; Kajihara, N.; Otsu, N.; Real-world applications of analog and digital evolvable hardware. In IEEE Transactions on Evolutionary Computation, 3(3):220 -235 D , September 1999. IEEE Press

6.4 Ricardo Zebulum

Dr. Ricardo S. Zebulum is a member of the technical staff of JPL in the avionics section. He is a leading researcher in the field of Evolutionary Electronics. Before working in Evolvable Hardware, Ricardo performed research on Neural Networks and Fuzzy Logic, looking into the following applications: load forecasting, power systems diagnosis and recovery, and speech recognition. Ricardo has published more than 60 papers on Evolutionary Systems, Neural Networks, and Fuzzy Logic, five of them for journals, including MIT press and IEEE published journals. He wrote one of the first books on Evolutionary Electronics, which was published by CRC press in December of 2001, “Evolutionary Electronics: Automatic Design of Electronic Circuits and Systems by Genetic Algorithms.” At JPL, he integrated the team that designed the largest re-configurable mixed signal chip in the world, the FPTA2 chip, and also conducted experiments that proved the capability of achieving electronic circuits and controllers by evolutionary means. 

He served as program co-chair of the 2001 and 2002 NASA DoD Workshop/Conference on Evolvable Hardware. He was the co-chair of the 2003 NASA/DoD Conference on Evolvable Hardware and he is now chairing the 2004 NASA/DoD Conference on Evolvable Hardware. He is an invited reviewer of the IEEE transactions on  Evolutionary Computation, Aerospace  and VLSI; Journal of  Genetic Programming and Evolvable Machines (Kluwer Publishers); and the Journal of Smart Engineering Systems Design (ASME Press). Relevant publications are listed below:

· R. S. Zebulum, A. Stoica, D. Keymeulen, M.I. Ferguson, Vu Duong, Xin Guo and Vatche Vorperian. "Automatic Evolution of Tunable Filters using SABLES". In the 5th International Conference on Evolvable Systems: From Biology to Hardware (ICES'03), Trondheim, Norway, 17th - 20th March 2003

· Stoica, Adrian Stoica, Ricardo Zebulum, Didier Keymeulen, Raoul Tawel, Taher Daud, and Anil Thakoor. Reconfigurable VLSI Architectures for  Evolvable Hardware: from Experimental  Field Programmable Transistor Arrays to Evolution-Oriented Chips. IEEE Transactions on VLSI, IEEE Press , Volume 9, Number 1, ISSN 1063-8210, pp. 227-232, February 2001.
·  D. Keymeulen, A. Stoica, R. Zebulum, Raoul Tawel, Taher Daud, Anil Thakoor. Fault-Tolerant Evolvable Hardware using Field Programmable Transistor Arrays. In IEEE Transactions on Reliability, Special Issue on Fault-Tolerant VLSI Systems, vol. 49, No. 3, 2000 September, pp. 305-316,. IEEE Press. 
· Thompson, A. , Layzell , P., Zebulum, R.S., “Explorations in Design Space: Uncoventional Electronics Design  Through Artificial Evolution”, published at: IEEE Transactions on Evolutionary Computation, Special Issue em “Evolvable Hardware”, Moshe Sipper (Ed), pp.167-196, V.3, N.3, September, 1999.

· Zebulum, R.S, Pacheco, M.A., Vellasco, M., “A Novel Multi-Objective Optimisation Methodology Applied to the Synthesis of CMOS Operational Amplifiers”,  Journal of Solid-State Devices and Circuits, Microelectronics Society - SBMICRO, ISSN 0104 ​ 9631, Vol. 8, N. 1, pp. 10-15, edited by Wilhelmus Van Noije, 2000, February 2000.

· Zebulum, R.S, Pacheco, M.A., Vellasco, M., “Variable Length Representation in Evolutionary Electronics”, published in the  Evolutionary Computation Journal, MIT Press, pp. 93-120, v.8, n.1, Spring, 2000.

6.5 Karl Yee

Education:  

Ph.D. in Physics, University of California, Irvine (1994)

Experience:

Dr. Karl Yee has 12 years of experience working on space related projects at NASA’s Jet Propulsion Laboratory.  Originally trained as a general relativity theorist, he has worked for the past 3 years as a MEMS engineer, and has recently assumed the role of task manager on JPL’s Minature Gyroscope project.

2003-present
Task Manager (NASA, Jet Propulsion Lab) on JPL MEMS based gyro project

2000-2003
Research Engineer (NASA, Jet Propulsion Lab) – research, design, process and test engineer on the JPL MEMS based gyro project.

1994-2000
Electronic Packaging / Process Control Engineer (NASA, Jet Propulsion Lab)- technical support representative (TSR) for the Attitude Control subsystem on the Cassini spacecraft; researcher for the Advanced Area Array Research Project; process eng. for the Micro Mass Spectrometer and the MDL LIGA program; task manager for the Space Cube RTOP; support on In-situ Age Dating and Micro-seismometer instruments; packaging eng. for MlS and TES programs; lead packaging engineer for TDL assembly and Telecom subsystem on DS-2; lead packaging eng. for STM PCU.

Patents:
Miniature Quadrupole Array using EDM (US Patent No. 6,469,299); Yee, Fuerstenau, Orient & Chutjian, Integral Resonator Gyroscope and Enclosure (US Patent pending); Shcheglov, Hayworth, Wiberg, Challoner & Yee

Relevant Publications:


· S. Bae, K. Hayworth, K. Shcheglov, K. Yee and D. Wiberg, “JPL’s MEMS Gyroscope Fabrication, 8-Electrode Tuning, and Performance Results”, Hilton Head Solid-State Sensor, Actuator and Microsystems Workshop, 2002
· S.Y. Bae, D.V. Wiberg, K.J. Hayworth, K.Y. Yee, “High performance MEMS micro-Gyroscope” , SPIE Symposium on Design, Test, Integration and Packaging of MEMS/MOEMS, May, 2002
· Wellman, Yee and Avila, “Using Infrared Imaging to Evaluate Bond Uniformity in Si Structures:  JPL Meso-Gyro Failure Analysis Study”, NEPP Publication (12/30/02)
· Challoner, D’Agostino, Hayworth, Peay, Shcheglov, Wellman, Wiberg, Yee, “Isolated Post Mesogyroscope”, publication pending
7 Certifications

7.1 Certification of Compliance with the National Aeronautics and Space Administration Regulations Pursuant to Nondiscrimination in Federally Assisted Programs

The (Institution, corporation, firm, or other organization on whose behalf this assurance is signed, hereinafter called "Applicant ") HEREBY AGREES THAT it will comply with Title VI of the Civil Rights Act of 1964 (P.L. 88-352), Title IX of the Education Amendments of 1972 (20 U.S.C.1680 et seq.), Section 504 of the Rehabilitation Act of 1973, as amended (29 U.S.C. 794), and the Age Discrimination Act of 1975 (42 U.S.C. 16101 et seq.), and all requirements imposed by or pursuant to the Regulation of the National Aeronautics and Space Administration (14 CFR Part 1250) (hereinafter called "NASA") issued pursuant to these laws, to the end that in accordance with these laws and regulations, no person in the United States shall, on the basis of race, color, national origin, sex, handicapped condition, or age be excluded from participation in, be denied the benefits of, or be otherwise subjected to discrimination under any program or activity for which the Applicant receives federal financial assistance from NASA; and HEREBY GIVES ASSURANCE THAT it will immediately take any measure necessary to effectuate this agreement.

If any real property or structure thereon is provided or improved with the aid of federal financial assistance extended to the Applicant by NASA, this assurance shall obligate the Applicant, or in the case of any transfer of which federal financial assistance is extended or for another purpose involving the provision of similar services or benefits.     If any personal property is so provided, this assurance shall obligate the Applicant for the period during which it retains ownership or possession of the property.  In all other cases, this assurance shall obligate the Applicant for the period during which the federal financial assistance is extended to it by NASA.

THIS ASSURANCE is given in consideration of and for the purpose of obtaining any and all federal grants, loans, contracts, property, discounts, or other federal financial assistance extended after the date hereof to the Applicant by NASA, including installment payments after such date on account of applications for federal financial assistance which were approved before such date. The Applicant recognizes and agrees that such federal financial assistance will be extended in reliance on the representations and agreements made in this assurance, and that the United States shall have the right to seek judicial enforcement of this assurance. This assurance is binding on the Applicant, its successors, transferees, and assignees, and the person or persons whose signatures appear below are authorized to sign on behalf of the Applicant.

7.2 Certification Regarding Lobbying

As required by Section 1352, Title 31 of the U.S. Code, and implemented at 14 CFR Part 1271, as defined at 14 CFR Subparts 1271.110 and 1260.117, with each submission that initiates agency consideration of such applicant for award of a Federal contract, grant, or cooperative agreement exceeding $ 100,000, the applicant must certify that:

The undersigned certifies, to the best of his or her knowledge and belief, that:  

(1) No Federal appropriated funds have been paid or will be paid, by or on behalf of the undersigned, to any person for influencing or attempting to influence an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with the awarding of any Federal contract, the making of any Federal grant, the making of any Federal loan, the entering into of any cooperative agreement, and the extension, continuation, renewal, amendment, or modification of any Federal contract, grant, loan, or cooperative agreement.

(2) If any funds other than appropriated funds have been paid or will be paid to any person for influencing or attempting to influence an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with this Federal contract, grant, loan, or cooperative agreement, the undersigned shall complete and submit a Standard Form-LLL, "Disclosure Form to Report Lobbying," in accordance with its instructions.

(3) The undersigned shall require that the language of this certification be included in the award documents for all sub-awards at all tiers (including subcontracts, sub-grants, and contracts under grants, loans, and cooperative agreements) and that all sub-recipients shall certify and disclose accordingly.

This certification is a material representation of fact upon which reliance was placed when this transaction was made or entered into.  Submission of this certification is a prerequisite for making or entering into this transaction imposed by section 1352, title 31, U.S. Code.  Any person who fails to file the required certification shall be subject to a civil penalty of not less than $10,000, and not more than $100,000 for each such failure.  

7.3 Certification Regarding Debarment, Suspension, and Other Responsibility Matters - - Primary Covered Transactions

As required by Executive Order 12549, and implemented at 14 CFR 1260.510, for prospective participants in primary covered transactions, as defined at 14 CFR Subparts 1265.510 and 1260.117

  1.The prospective primary participant certifies to the best of its knowledge and belief, that it and its principals: 

(a) Are not presently debarred, suspended, proposed for debarment, declared ineligible, or voluntarily excluded from covered transactions by any Federal department or agency;

(b) Have not within a three-year period preceding this proposal been convicted of or had a civil judgment rendered against them for commission of fraud or a criminal offense in connection with obtaining, attempting to obtain, or performing a public (Federal, State or local) transaction or contract under a public transaction; violation of Federal or State antitrust statutes or commission of embezzlement, theft, forgery, bribery, falsification or destruction of records, making false statements, or receiving stolen property;

(c) Are not presently indicted for or otherwise criminally or civilly charged by a governmental entity (Federal, State or local) with commission of any of the offenses enumerated in paragraph (l)(b) of this certification; and 

(d) Have not within a three-year period preceding this application/proposal had one or more public transactions (Federal, State or local) terminated for cause or default.

2. Where the prospective primary participant is unable to certify to any of the statements in this certification, such prospective participant shall attach an explanation to this proposal.

8 Government Facilities

8.1 Portland State University 

The Electrical & Computer Engineering Department at Portland State University is the home of the PI.  The PI is director of the Evolvable Systems Laboratory where the intrinsic EHW testing will be conducted.  The Electrical & Computer Engineering Department runs an analog circuit design and test laboratory, which the PI has complete access to while conducting the characterization testing of the reconfigurable analog chip (FPAS).

8.2 The California Institute of Technology’s Jet Propulsion Laboratory

The California Institute of Technology’s Jet Propulsion Laboratory is NASA’s premier center for solar system exploration. In addition to the technical capabilities in sensors and electro-active materials, JPL is a process-centered organization committed to responsible and well-documented project management, engineering, integration, testing and risk management.
The Microdevices Laboratory (MDL) at NASA's Jet Propulsion Laboratory (JPL) is a state-of-the-art facility dedicated to create, develop, integrate and deliver critical microdevice technologies and products enabling innovative NASA and DoD space missions and enhancing U.S. competitiveness worldwide.   The MEMS gyroscope described in this proposal was designed, fabricated and tested at MDL.

MDL provides device development capabilities and a world class staff with expertise in cutting edge technologies over a wide variety of fields. Devices based on silicon, III-V compound semiconductors, and superconductors can be fabricated with nanometer-size features and fully characterized in this 38,000 square foot facility with 12,000 square feet of cleanrooms and 6,000 square feet of diagnostic labs. MDL enables the development of a multitude of advanced microdevices such as infrared detectors, millimeter and submillimeter wave sensors,UV and x-ray CCDs, photonic devices, micromagnetic devices, accelerometers, seismometers, meteorological sensors. Chemical sensors, gyroscopes and electronic neural networks. Rapid prototyping of devices from concept to prototype in less than 2 years has been demonstrated.

The Microdevices Laboratory Role:

As a part of JPL, a Federally Funded Research and Development Center (FFRDC), MDL does high-risk, long lead time research and technology development for prototype demonstrations of the technologies and products for space applications.

· MDL works with universities to explore device applicability of breakthroughs in fundamental science. 

· MDL works with NASA and other users to identify device needs and specifications for space applications. 

· MDL utilizes state-of-the-art facilities to carry out rapid prototyping of new device concepts for space. 

· MDL works with industry to identify technologies with dual use value, modifies devices as required and transfers technology.

The most important pieces of equipment at MDL for the testing of the integrated EH MEMS gyroscope are the single axis and dual axis rate tables for testing of gyroscopes, which have been custom fitted with the front-end drive and sense electronics needed to characterized a resonator’s basic parameters.  The set-up allows for characterization of a gyroscope’s ambient temperature scale factor, noise, and bias stability performance.  In addition, the temperature of the dual axis rate table can be set and controlled over a broad temperature range (-60 to +130 deg. C).  
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9 Letters of Commitment and Participation

9.1 University of Nevada

Co-I: Prof. Sushil J. Louis, Ph.D.

[image: image13.wmf]
The California Institute of Technology’s Jet Propulsion Laboratory

Co-I: Didier Keymeulen, Ph.D; Co-I: Karl Yee, Ph.D; Participant: R. Zebulum, Ph.D.
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[image: image1.jpg]Jot Propulsion Laboralory
Calflorria Ingtiule of Technology

4800 Dak Grovo Divwe

Pazadena. Callornia 91109-8039

(818) 3544321

October 13, 2003

Refer to: 900-WIW :kp

Dr. Garrison W. Greenwood

Department of Electrical and Computer Engineering
Portland State University

Portland, OR 97207

Dear Dr. Greenwood:

Subject:  Proposal entitled, “Self-Configurable Analog Electronics for the Compensa-
tion of Aging Effects in Spacecraft Subsystems™

Reference: NASA Rescarch Announcement entitled, “Research in Intelligent Systems,”
dated March 27, 2003 (NRA2-38169)

The Jet Propulsion Laboratory is pleased o be your partner on the subject proposal and
endorses the participation of Drs. Didier Keymeulen, Karl Yee and Ricardo Zebulum
as co-investigators,

The Jet Propulsien Laboratory is committed 1o providing the support described in the
proposal en the cost and schedule assuming NASA funds the proposal.

Please refer to Proposal Number 98-8854 on all written correspondence to JPL pertaining
to this proposal.

If you have any questions regarding JPL's participation on this propesal, please contact
Dr. Benjamin Smith of my staff (818) 393-5371

Sincerely,
William J. Weber, 1
Director

Interplanetary Network Directorate
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Two-axis Temperature 

Controlled Rate Table

Resonator Testing Vacuum Chamber #2 (equipped with single-axis rate table)
















