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Abstract
Present laboratory test techniques for evaluating Forward Looking Infrared (FLIR) target acquisition sensors largely rely on simplistic infrared scenes such as four-bar targets against highly uniform backgrounds.  One such test, which is arguably the primary laboratory test & evaluation (T&E) parameter for FLIRs, is Minimum Resolvable Temperature (MRT).  While these "simple" targets remove many "unwanted" variables for engineering analysis they do not resemble the "real world".  Tactical FLIR sensors are being integrated into target acquisition subsystems (TAS) to provide information for purposes other than visual consumption, including automatic target detection, queuing, tracking, and automatic target recognizers (ATRs).  Ultimately, FLIR TAS operational performance must be demonstrated through live field testing.  However, new (procurement) acquisition strategies are driving toward performance specifications and increased modeling and simulation (and realism) into all levels of the testing processes.  The time has come to look beyond MRT to assess the total operational performance of FLIR target acquisition subsystems in the laboratory.  This paper describes the application of Dynamic Infrared Scene Projection (DIRSP) to project synthetic in-band infrared imagery (similar to the real-world) into the FLIR sensor entrance aperture.  This paper concludes with a proposed utilization of DIRSP to support laboratory T&E of tactical FLIR target acquisition subsystems - beyond MRT.

1.  INTRODUCTION

We test to gather information for decision making purposes.  Also, a test should never cost more than the information is worth.  So what decisions are we trying to make from testing Forward Looking Infrared (FLIR) target acquisition sensors?  How can we insure that the information obtained from our FLIR testing provides the maximum return on investment?  What are the minimum essential tests to ensure performance specification compliance?  The answers ultimately stem from the user’s requirements that originally led to the development of the target acquisition FLIR and the amount of time and funds available to test and evaluate the development.

In dealing with military/tactical applications, we strive to ensure that our systems perform as planned - prior to execution of war.  Typical operational requirements span numerous scenarios which incorporate various targets, backgrounds, countermeasures, ambient temperatures, and other environmental conditions.  How well does the FLIR target acquisition subsystem actually perform under these scenarios?  Presently, to verify the FLIR sensor performance, we conduct laboratory and field testing.  The laboratory testing, which typically includes Minimum Resolvable Temperature (MRT), is conducted on the very first prototype and continually throughout the life-cycle of a program on many (if not all) of the production sensors.  However, field testing stands as “the bottom line” and is much more resource intensive and expensive than laboratory testing and is consequently performed on a very limited number of sample sensors.  We also have a long history that confirms the common sense conclusion that problems should be identified and resolved as early as possible.  Many times it is difficult to admit to problems identified during field test exercises because of the enormous expense involved for corrective action implementation.  

What more can we do in the way of high performance, man-in-the-loop, operational type testing within the laboratory?  Through a device called a Dynamic Infrared Scene Projector (DIRSP), we will come much closer to directly answering the question of how well a FLIR sensor performs with respect to operational performance requirements within the laboratory - starting with the very first prototype FLIR.  The DIRSP system and the imaging infrared FLIR sensor are analogous to television and the human eye, where the DIRSP system can be thought of as an infrared "television".  Most of the DIRSP developments to date have been for the purpose of Hardware-in-the-loop (HWIL) testing of imaging infrared missile systems.  However, the time has come to expand DIRSP technology to HWIL/man-in-the-loop testing of FLIR target acquisition/fire control subsystems.

The proliferation and widespread usage of DIRSP systems as well as a considerable amount of analysis and time will be necessary before other laboratory measurement metrics will replace MRT.  In fact, it is doubtful that MRT will ever be replaced.  However, it is certain that new measurement metrics will be developed to supplement current laboratory testing methods.  We must go beyond MRT to accommodate other target acquisition functions besides visualization of displayed imagery.  This includes the integration, test, and evaluation of automatic target trackers, queuers, and recongizers.  It is not too soon to discuss what new measurement metrics will be required.  The purpose of this paper is to discuss how we can use DIRSP systems to augment our current test processes, to improve our decision making capability regarding FLIR target acquisition and fire control subsystem performance, with minimal essential testing.  It is recognized that this is an extremely complex problem which will require the synergistic effort of many organizations, researchers, developers, testers, and laboratories.  This is a visionary paper which addresses DIRSP to FLIR target acquisition application issues, and offers a starting point from which to progress.

2.  MINIMUM RESOLVABLE TEMPERATURE

Otto Schade, Sr., is the founder of modern day imaging system models because of his work in the 1950’s and 1960’s1.  Schade2 derived a performance measure for photographic, motion picture, and television systems.  The model was derived from an observer resolving a three-bar standard Air Force target in the presence of noise.  Sendall, Rosell, and Genoud1,2,3 modified Schade’s model for application to imaging infrared (I2R) and electro-optical systems where the resulting Minimum Resolvable Temperature (MRT) measure applied to four-bar targets.  Barnard, Lawson, and Ratches further modified the thermal imaging model to result in a U.S. Army NVL Static Performance Model4.  Many scientists and engineers have been involved in the refinement of the NVL Static Model over the past two decades, resulting in the FLIR925 sensor model.  The latest MRT work has been in the area of improved noise modeling6,7.

The conventional Noise Equivalent Temperature Difference (NETD) is a single value that describes a type of sensitivity of an I2R system.  The Modulation Transfer Function (MTF) is a function of spatial frequency and describes a type of resolution of an I2R system.  These functions are considered separately, but evidence exists which suggests that the actual sensitivity performance of an I2R sensor is dependent on the spatial frequency content of the target.  MRT, also being a function of spatial frequency, is used to describe an alternate type of sensitivity which depends on spatial frequency.  So, MRT is considered the primary I2R performance parameter.  It is used by both the government and industry to characterize sensors.  It should be noted, however, that the FLIR92 model is considered the U.S. Army standard model (and has met the Army standardization approval).  Other MRT models are also used by many people who point out problems with the FLIR92 model, problems that may be justified.  However, the lack of standardization procedures reduces the chances of widespread support of any one of these independent models.  In some cases, government project offices direct the method of MRT calculation.  At any rate, the FLIR92 model remains a comparative “measuring stick” for MRT calculations.

MRT is used to determine the maximum resolvable (by a trained observer) spatial frequency at some given delta temperature (or visa versa).  The equation for the one dimension MRT by Ratches




(1)

in differential Kelvin.  SNRth is the signal-to-noise ratio necessary for a human to recognize the four-bar pattern (around 2.5).  NETD is the noise equivalent temperature difference of the system.  

 is the total horizontal Modulation Transfer Function of the system. 

is the vertical instantaneous field of view in the vertical direction (milliradians), 

 is the scan velocity (mr/sec),and 

 is the bar target frequency (cycles/mr). 

 is the electronic noise bandpass in hertz, 

 is the frame rate (frames/sec), 

 is the eye integration time (sec), and 

 is the overscan ratio. 

 is the Noise filtering term given by




(2)
where 

 is the detector noise power spectrum, 

 is the noise filter function, 

 is the bar target filter function of bar-width W,  and 

 is the eye spatial integration function.

MRT is defined8 as the differential temperature of a four bar target that makes the target just resolvable by a particular sensor.  MRT is a sensor parameter that is a function and not just a value.  It provides sensor sensitivity (i.e., thermal contrast) as a function of four bar target frequency (i.e., resolution.).  The idea is that the detection, recognition, and identification criteria of a target can be given in terms of a four bar target spatial frequency.  The response of the sensor is also given as a function of four-bar frequency response.  The sensor performance is then determined from the combination of the sensor's response and the target characteristics. 

The MRT is measured with bar targets as shown in Figure 1.  The target-to-background differential temperature is varied until the four bars are just resolvable.  The differential temperature is plotted for each target frequency, where the collection of data points is the MRT.  Note that the MRT curve is related to the MTF curve in an inverse manner.
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Figure 1.  MRT Curve.

While the modeling of MRT has taken different approaches, the measurement of MRT is considerably more standard.  However, MRT does not provide an assessment of any autonomous target acquisition/fire control functions.

3.  SENSOR SPECIFICATION PROCESS

The flow of a typical tactical sensor development process is shown in Figure 2.  The requirement for a particular infrared sensor is driven by military objectives such as to solve an existing problem, shortfall, or provide a desired future capability.  In many cases, an operational requirement may be something like:


“must be able to detect/recognize/identify (a specific set of) targets at a range of x/y/z kilometers under summer midlatitude conditions during the night with little to no visible light...  must be able to detect/recognize/identify the same targets at X/Y/Z kilometers under A/B/C countermeasure conditions.  These discrimination criteria must be valid for a search area of 4 square kilometers within a 5 minute time period.  Autonomous functions for target engagement assistance may also be necessary.”

Other parameters such as target temperature, stationary vs. moving rate, probabilistic and extreme climatic conditions are also provided.  These operational requirements must be converted to sensor requirements (e.g. an equivalent MRT specification) as well as any necessary post sensor electronic processing requirements for implementation of autonomous functions.
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Figure 2  Sensor Development Process.

The operational requirement to MRT conversion requires atmospheric, acquisition, and dynamic search models.  Examples of atmospheric models are LOWTRAN, MODTRAN, and broadband Beer’s law.  Each has a different level of fidelity, where the purpose is to translate a distant target signature to a perceived target differential temperature at the target to sensor range.  The acquisition model is usually based on Johnson’s9 criteria that gives discrimination criteria for detection, recognition, and identification in terms of the number of bar cycles across the target.  The acquisition model also provides a level of probability for a static (non-moving field-of-view and target) discrimination task given the required percent probability criterion and the highest spatial frequency across the target that can be seen by the sensor.  Finally, the dynamic model is a modifier to the static probability of discrimination where the field-of-view of the sensor is scanned across some field-of-regard in a certain amount of time.  

The sensor MRT is developed using all of these models.  Note that an error in any one of the models translates into an error in flowing down the operational requirements to an MRT.  Once an MRT and sensor field-of-view is determined that satisfies the operational requirements, the MRT is usually written into a sensor specification that is submitted for bids from contractors.  Sensor contract awards are based on many parameters, but meeting the MRT specification is of primary importance.  In the reverse direction, if a sensor MRT is measured in the laboratory or predicted from a design model, the operational performance against a particular target can be predicted using the atmospheric, acquisition, and search models.

Post sensor processing requirements such as automatic target detection, queuing, tracking, and recognizing are much more difficult to flow down.  Typically, candidate implementation techniques/algorithms are evaluated against a “representative” set of tactical scenes and statistically assessed in terms of successful engagements.  This results in selecting a “preferred” image processing approach that utilizes various specific image/target features (contour, centroid, etc.) which are available at the sensor output.  To evaluate these autonomous FLIR target acquisition/fire control functions requires testing beyond MRT.
4.  DIRSP SYSTEMS

A DIRSP is a device which projects dynamic infrared energy directly into the entrance aperture of an I2R sensor.  A typical DIRSP will consist of a digital computer and/or analog (e.g., video) image generator, Non-Uniformity Correction (NUC) algorithms/electronics, digital and/or analog control/drive electronics, an IR energy modulation source, projection/collimation optics, environmental conditioning, a mounting/positioning platform, and a non-uniformity calibration I2R sensor.  A DIRSP must have a certain level of fidelity with respect to its spatial, spectral, thermal, electrical, and temporal characteristics.  Regardless of the application, a common DIRSP goal is to project the “in-band” infrared energy and pixel resolution to the level of detail sufficient for the I2R sensor to perceive and respond to the synthetic IR scenes, just as it would perceive and respond to the same real world scenario.

The DIRSP component which defines and usually limits the overall fidelity is the IR energy modulation source. The DIRSP technologies proposed thus far have been thoroughly summarized, described, and evaluated previously 10, 11.  These technologies fall into the general categories of laser projectors (e.g., direct write and diode arrays), reflective projectors (e.g., deformable mirror arrays and vanadium dioxide films), transmissive projectors (e.g., IR liquid crystal light valves, galvanic cells), and emissive projectors (e.g., Bly cells, IR cathode ray tubes, and resistor arrays).  Ideally, the IR energy modulation source exceeds the spatial, spectral, thermal, and temporal resolution/discrimination and range limits of the I2R sensor being evaluated.

Application of a DIRSP to current and evolving state-of-the-art FLIR target acquisition systems demand some of the most stringent requirements12 on the characteristics of the IR energy modulation source.  The spatial pixel resolution of these FLIRs is on the order of 1/2 million pixels.  To avoid aliasing and registration problems requires the spatial pixel resolution of the DIRSP to exceed that of the FLIR13, 14.  In addition, many FLIRs are scanning systems which contain a long, narrow detector array (e.g., a 4x480) and employ a Time-Delay-Integrate (TDI) scheme.  In this TDI scheme the whole detector array is for all practical purposes integrating incident energy at all times.  This requires a DIRSP system to project flickerless energy over the instantaneous field of view of the detector array.  Unfortunately, the location of the instantaneous field of view of the detector array cannot always be deterministically known.  The conservative approach to avoiding this synchronization problem is to require that the DIRSP project flickerless energy into the FLIR's full field of view at all times.  The thermal resolution and uniformity of the current second generation FLIRs far exceed any previous military or commercially available I2R sensor, requiring very uniform projected energy and very high thermal resolution from the DIRSP.  The temporal resolution of these FLIRs is actually relatively slow (30-60 Hz.).  However, the high spatial pixel resolution to some degree cancels out this characteristic in terms of total information throughput.  Of all of the available IR energy modulation sources, the one that has the best chance of meeting all of these requirements is the suspended membrane resistor array.  Suspended membrane resistor arrays are currently available from two vendors:  British Aerospace or Honeywell Technology Center (HTC).  As the market interest continues to increase there will undoubtedly be other vendors for these arrays.  British Aerospace has manufactured arrays of sizes up to 256x256, with ongoing developments to go much further.  HTC has manufactured arrays in sizes up to 512x512, and also has ongoing developments to go much further.  All resistor arrays built to date were designed specifically to support testing of staring I2R FPA missile systems.  However, the US Army has an ongoing DIRSP development program tailored to test FLIR target acquisition subsystems.  This particular DIRSP system will optically combine three (3) 672x544 arrays to create an effective 1632x672 array to provide adequate spatial pixel resolution.  The system will be operational by June, 1999.  Figure 3 shows example IR images (captured with an Inframetrics 760 LWIR radiometer) projected from a currently available resistor array.
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Figure 3.  Example LWIR images projected from currently available resistor array.

5.  CURRENT LABORATORY ACCEPTANCE/EVALUATION TESTING

Laboratory evaluation and acceptance testing for FLIR sensor hardware differs depending upon a large number of factors, including customer, budget, size of program, unit cost, number of units, etc.  However, many sensor programs follow the path described here.  The contractor models the sensor design using a standard model such as FLIR92.  The key output of such models is a table of predicted MRT values, i.e., an MRT curve.  Engineering prototype units are produced and tested, often in government laboratories specializing in sensor testing.  Sensor tests conducted invariably include MRT, NETD and other tests such as MTF.  Field tests are conducted for larger programs but the cost of such testing limits it to a bare minimum.  Smaller programs may avoid field testing altogether.  

The flow down of requirements from an operational level to a subsystem level is an important aspect of the design and subsequent testing of electro-optical systems.  Current laboratory testing lends itself well to this flow down.  The three primary sensor parameters, MRT, NETD, and MTF, are not independent.  In effect, the MRT varies with the NETD and inversely with the MTF.  The exact functional dependence has been the subject of much study.   However, regardless of the exact dependence, it is useful to keep the dependence in mind.  The MTF is based on a linear systems concept so it is readily portioned out to the various subsystems, usually optics, detectors, electronics, display, and others.  Noise as measured by the NETD is minimized in the design with cost balanced against meeting an NETD specification.  Proper design of these two parameters will lead to an acceptable MRT curve.

MRT is the parameter most closely linked to the operational requirements.  Operational requirements are ultimately specified in a probabilistic format such as probability of recognition, PR, probability of identification, PI, et cetera.  These are determined from models such as ACQUIRE which uses MRT values as input.  Thus, the flow down is from operational requirements to MRT to MTF and NETD.  MTF and NETD are then used in the design of the sensor subsystems.  It is apparent that current laboratory testing is closely aligned with this flow down of requirements.  MRT has been used as a standard test metric since the 1960’s while the progression of FLIR sensors have rapidly improved.  It stands to reason that the test methods and metrics should progress with the FLIR development.  In utilizing DIRSP systems one must also fulfill this subsystem design and testing strategy as we move beyond MRT.

Current laboratory techniques for evaluating automatic targeting functions involve HWIL testing that uses digital signal/scene injection techniques, thereby bypassing the FLIR sensor.
6.  FUTURE LABORATORY TESTING

The future of laboratory testing of tactical FLIR sensors will be greatly enhanced with the advent of DIRSP15,16.  It is likely that few (if any) current test methods, such as MRT, will ever be completely replaced.  However, in the spirit of new acquisition and test strategies, the future of laboratory testing should address faster, cheaper, and better ways to get to the bottom line operational performance of the FLIR sensor.  In the long term future, developmental testing, operational testing, and training communities will become highly integrated.  DIRSP systems offer an excellent solution toward this end, while at the same time providing FLIR target acquisition and fire control developers an excellent development and integration tool.  This is because DIRSP systems will allow evaluation of the total target acquisition/fire control subsystem including, but not limited to, the FLIR sensor.

The DoD strategy for acquisition streamlining includes policy and guidance for performance specifications.  That is, the requirements for new target acquisition devices will be generated in terms of performance specifications instead of detailed requirements.  Furthermore, the streamlined acquisition efforts include more demands for operational/performance type testing of these sensors, using more simulation and synthetic environments where possible.  The official Army policy for specifying tests are to require only the minimum essential tests and they must be fully tailored to require the minimum of testing to ensure compliance
. Again, DIRSP is an excellent solution for integrating modeling and simulation into laboratory testing to ensure direct compliance with operational/performance requirements.  Figure 4 represents a conceptual view of a DIRSP configuration and application.

Future FLIR target acquisition sensors will be tested and evaluated under synthetic environments, using a DIRSP to provide the inband radiometric scenes/scenarios which represent real-world battlefields.  The UUT will be mounted on a platform motion simulator, environmentally conditioned to an operational temperature environment (typically between -35C to 60C), and pointed/positioned to look into the DIRSP.  The DIRSP will simulate the scenarios of choice at the same background temperature that the UUT is conditioned to.  Given the operational scenarios presented to the FLIR, video output of the FLIR will be presented to trained observers for target acquisition performance assessment of target detection, classification, recognition, and identification.  Furthermore, post sensor algorithm performance of autonomous target engagement assistance, including future ATRs, can be evaluated with DIRSP systems.  Calibrated scenes will be callable for almost any region of the world, any imaginable target, any background, under most climate and weather conditions, and almost any type of obscurant.  Hardware-in-the-loop and man-in-the-loop testing will take on new levels of sophistication that will allow a full gambit of operational testing.  Results from this testing will form a complete performance envelope that would describe a FLIR target acquisition/fire control system’s utility in almost any deployment.  Such envelopes could even assist in time-critical warfighting decisions.




Figure 4.Conceptual DIRSP and FLIR sensor.

MRT has a long history and is accepted by the infrared sensor community.  Test and evaluation techniques that go beyond MRT must also gain such acceptance.  The process of verification, validation and accreditation (VV&A) is essential for widespread acceptance.  Many issues exist for VV&A in using DIRSP systems for testing.  These issues include a clearly defined domain of application, intended use, observer variability17, measures of effectiveness, and standardization across the different military services.  One such mechanism for establishing standardization is through the International Test Operations Procedures (ITOP)18.  Probabilistic techniques are appropriate for dealing with the observer variability and measures of effectiveness issues.  For example, statistical inferencing allows confidence levels to be used to quantify performance.  At this point in time, VV&A activities for DISRP systems are barely underway.  It is important that the infrared sensor and target acquisition community consider how to specify performance and other issues associated with VV&A for techniques that are beyond MRT.

7.  CONCLUSION

The future of tactical FLIR target acquisition subsystem testing for operational performance assessment within the laboratory is described as a process of moving beyond MRT.  The military's use of modeling and simulation to support model-test-model in lieu of build-test-build is a significant driver for seeking more realistic tests.  However, more field testing is not a cost effective option for achieving increased realism in tests.  DIRSPs have been used for I2R missile simulations and are now being developed for FLIR target acquisition testing.  Testing with DIRSPs provides a cost effective method of increasing the realism in testing FLIRs by integrating high fidelity modeling and simulation into the test and evaluation processes.

Current FLIR sensor testing relies heavily on MRT, both for acceptance testing and for performance predictions.  DIRSP systems will allow a more realistic demonstration of FLIR sensor performance and provide for realistic operational assessment of automatic target acquisition and engagement functions.  This new capability requires that the infrared community resolve some issues such as creating new "standards."  The future role of MRT testing will be determined as well, although this determination may be by default.

Moving beyond MRT in laboratory testing will impact acquisition, design, development, and training strategies as well.  The direction in acquisitions is to use performance specifications and avoid specifying how those performance specifications are to be met.  In the future, contractors may be provided with a set of scenarios (on an appropriate storage medium) to design a sensor.  Contractors will use modeling and simulation to optimize the design.  DIRSP systems will be used early in the development cycle to confirm the infrared sensor and post processing algorithms meet the performance specification.  DIRSP systems will determine acceptability of the target acquisition/fire control subsystem and be used to guide field testing scenarios.  Consistent with recent Army guidelines for testing, DIRSP systems will provide for the integration of modeling and simulation into the test process and will allow the minimum of testing to ensure compliance.  Scenarios can be repeated until all design or build issues are resolved.  Field testing will be carefully scripted using results of DIRSP testing.  This will further reduce the overall cost of acquisitions by maximizing the information gained from the field tests.

The techniques described can be extrapolated to TV sensors as well with visible scene projectors, to augment Minimum Resolvable Contrast (MRC) testing.  The US Army's DIRSP program for testing FLIRs has a pre-planned product improvement (P3I) to incorporate visible scene projection capability for this very purpose.  Likewise, commercial thermal imaging devices/systems can also be evaluated with DIRSP devices.  Future plans call for the development of mobile version of DIRSP for testing platform installed sensors in the field environment.  All these applications can be applied to operational testing objectives and ultimately used to support larger distributed testing efforts in the long term.
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