Validation analysis of the thermal and radiometric integrity of RIT’s synthetic image generation model, DIRSIG
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ABSTRACT

The Digital Imaging and Remote Sensing laboratory's Image Generation model, DIRSIG, was validated in the long wave
infrared (LWIR, 8-13.3 um) and midwife infrared (MWIR, 3-5 um) pass bands. Truth data was collected for all components
of the thermal and radiometric submodels including a complete set of meteorological and radiometric data. Truth
temperatures were collected using a bank of thermistors and truth radiance images were collected with calibrated InSb
(MWIR) and HgCdTe (LWIR) detectors. Sensor spectral response functions were also included in the radiometric analysis.

Relative error contributions to the total temperature/radiance digital count were investigated for each component in the
multi-spectral model. Largest contributions were found to be wind speed, air temperature, visible emissivity, and fractional
sky exposure for the thermal model and atmospheric transmission, temperature, and emissivity for the radiance model. An
overall comparison of truth and synthetic images yields RMS errors of as low as 1.8° C actual temperature and 5°C (LWIR)
and 6°C (MWIR) apparent temperature.

1. Background

Synthetic image generation (SIG) models are used to address a broad range of problems. They can be used as a tasking
aid to determine what combination(s) of spectral range, look angle, time of day, etc., enhance the occurrence of a specific
phenominum (i.e. target recognition). Many different combinations can produce synthesized images in a cost-effective
manner as compared to taking aerial training data. Other applications of SIG include sensor development, training, reverse
engineering, and the evaluation of automated or semi-automated exploitation algorithms.

From a scientific standpoint, a major value of synthetic image generation is that it can provide a complete end-to-end
model of the image chain. The extent to which a modeled scene matches an actual scene provides a measure of how well the
imaging process is understood. Conversely, the mismatch between a modeled and an actual scene can provide clues to where
our understanding of the physical or engineering principles is flawed. That is why it is essential to perform a validation
analysis on a SIG model as a whole as well as on the sub-components which comprise the image chain. This manuscript
details such an analysis on the Rochester Institute of Technology’s (RIT) Digital Imaging and Remote Sensing (DIRS)

laboratory’s Synthetic Image Generation (DIRSIG) model.1,2,3

This experiment represents the first test of the quantitative integrity of the DIRSIG model. As such, it is not intended to
show how good or how bad the model is, but to point out limitations in the model and areas in need of attention as part of
ongoing research and development activities to improve the SIG modeling process.

2. DIRSIG Model Overview

DIRSIG was originally written for the infrared region of the electromagnetic spectrum, but has since been expanded to
include visible radiation. Its full range is 0.4-14 pm, and follows the image chain based primarily on first-order physical
principles. A complete description of the model can be found in reference [2]. The validation of DIRSIG reported here only
covers the LWIR (8-13.3 um) and MWIR (3-5 um) portions of the spectrum.

Fig. 1 gives a generalized block diagram of the submodels within DIRSIG. The geometry submodel contains the
physical information of the objects in the target scene including spatial information (size, location, and orientation) and
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material attributes (e.g. emissivity, conductivity, etc.). The ray-tracer submodel relates the target scene with the sensor and
the source (e.g. look-angle, time-of-day, and spectral range). Rays are cast from sensor to target to determine the type of
interaction involved (e.g. specular bounce to sky, specular bounce to background, diffuse hit, or ray cast to sky) and to gather
the pertinent parameters for computing object temperature and impinging radiance. The sensor submodel takes the radiance
information received at the front end of the sensor and passes it through a sensor response function.
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Fig. 1. Block diagram of the submodels within DIRSIG. Exchange of information is indicated by the solid
lines with arrowheads showing direction of flow.

The other two submodels---the guts of DIRSIG---are the subject of this validation analysis. In the thermal submodel,
surface temperatures of target objects are computed from temporal, meteorological, and material information. The thermal
model incorporates a modified version of the Air Force Infrared Simulated Image Model (AIRSIM) known as THERM.45
In the radiometry submodel, atmospheric contributions to the radiance impinging on the target and sensor (e.g. transmission,
upwelled and downwelled radiance, etc.) are extracted from a radiometric database created particularly for the time, location,
and atmospheric condition of the synthetic scene. The radiometric database comprises spectral vectors of radiance
components extracted from the output of the Air Force Geophysics Laboratory (AFDGL)/ Spectral Sciences Inc. MODTRAN
Atmospheric Transmission/Radiance Code. 67

3. Validation Procedure

The validation of the thermal and radiometric submodels is divided into two parts. The first tests the sensitivity of
DIRSIG to the numerous input parameters needed for THERM and the radiometry submodels. The second tests DIRSIG’s
overall absolute and relative accuracy in predicting object radiance values and temperatures. The method of determining the
sensitivity of THERM differs from the method used for the radiometry submodel, since the radiance is computed through an
analytical equation while the temperature is determined through numerical methods. Since object temperatures need to be
determined before a total radiance value can be computed, the validation of THERM is presented first.

The identified input parameters for THERM, and the means by which a truth value could be measured or estimated for
comparison, are listed in Table 1. The parameters can be put into two groups: weather (or environmental) parameters, which
are external factors impacting an object’s temperature, and object (or material) parameters, which are internal factors
controlling an object’s temperature. In order to reach a steady-state temperature for the time of day for which the image is
formed, 24 hours of prior weather knowledge must be input to THERM. This weather data can also be predicted by THERM,
given the proper location, time, date, and standard weather forecast data. Therefore, as part of the validation, THERM’s
weather predictions were also tested against meteorological data.

Truth temperatures and imagery was collected in two experiments including all of the parameters necessary for input to
THERM and DIRSIG. The experiments ran for forty-eight hour periods on the dates of October 5, 6, and 7, 1990 and June
22 and 23, 1992. A diagram of the June 1992 experiment is shown in Fig. 2. Imagery was captured from the roof of the RIT
Center for Imaging Science building in order to simulate airborne sensor collections. LWIR imagery was collected using an
Inframetrics IR camera containing a single Mercury/Cadmium/Telluride (HgCdTe) detector which was cooled by liquid
nitrogen to a temperature of 77K within a cryogenic dewar. The image was scanned using electromechanical servos. During
each time interval, five frames of the image were grabbed using Werner Frei software on an Image Technology board. These
frames were then averaged to reduce noise artifacts which appear in individual images.

MWIR imagery was also gathered during the June 1992 collection with a Platinum Silicide (PtSi) 2-D array video

compatible IR imager8 supplied by the ARMY Night Vision Laboratory. Visible images were also collected using a CCD
camera for purposes of determining facet sun/shadow histories during the October 1990 collection. Sun/shadow history is

SPIE Vol. 22231475



used to better estimate object temperatures. During the June 1992 collection, four separate images in different bands (red,
green, blue, and SWIR) were collected by the CCD camera using different filters. These images were used for a validation

study of DIRSIG's predictions in the visible region of the electromagnetic spectrum.? All images were collected every half
hour, stored on computer hard drive, and backed up on magnetic tape.

Table 1 Thermal Sub Model Variables: Truth and Prediction Sources

Inputs to Thermal Model Environmental Model Inputs to Thermal Model
Environmental Prediction Output Validation Temperature Prediction
Value Source Value Source Value Source
Sunrise Time Longitude, Air Temperature | Thermometer Density Available
Latitude, Day Literature
Sunset Time of Year from Air Pressure ,Barometer Specific Heat Available
Ephemeris Literature
Sunrise Air Weather Relative Hygrometer Thermal Available
Temperature Humidity Conductivity Literature
Peak Air Service Dew Point * Exposed Area Estimate
Temperature
Time of Peak Air Report Wind Speed Anemometer Visible Available
Temperature | Emissivity Literature
Air Pressure | Direct Insolation | Pyronometer** Thermal Emissometer
| Emissivity
Humidity I Diffuse Pyronometer** | Self-Generated Available
I Insolation Power Literature
Dew Point | Sky Exposure Estimate Thickness Measurement
Wind Speed | Cloud Type Estimate Slope Measurement
Sky Exposure | Rain Type Estimate Azimuth Measurement
Cloud Type | Rain Rate Rain Gauge Sun/Shadow Visible Imagery
| History
Rain Type | Rain Estimate Plus all of the environmental model
l Temperature outputs and their corresponding
Rain Rate V experimental values as a function of
Rain Engineering time.
Temperature Estimate

* Thermal model computes dew point based on air temperature and relative humidity
** Eppley Precision Pyronometers
+ YSI Thermistors

Temperatures of objects in the scene were recorded by thermistors on fifteen minute intervals. The thermistors were
calibrated using a water bath of known temperature. As a check, the thermal images taken with the LWIR sensor were
converted via the Planck equation to apparent temperature. For both collections, object dimensions, angles and locations
within the scene were measured, and radiosonde data was obtained from the Buffalo Airport for October 4-7, 1990 and June
22-24, 1992. To test THERM’s weather parameter predictions, complete diurnal weather data from six days: June 23 and 24,
1987; October 6 and 7, 1987; and October 5 and 6, 1990, was used. Meteorological data was collected at fifteen minute

intervals. The 1987 data were from an USAF collection at Wright Labs where similar ground truth data were available. 10
3.1 Weather Parameters

Since the computation of temperature from environmental variables (and object parameters, for that matter) do not result
from an analytic equation, a method was developed to determine THERM's sensitivity to variations in individual parameters.
THERM was first run with the generic object and weather parameters to establish 'base’ temperatures for all objects. The
RMS error associated with one weather variable was randomly added to or subtracted from the time dependent nominal value
in the weather file while all other variables remained nominal. An RMS error was computed between the new temperature
output and the 'base' temperatures. Table 2 lists the predicted RMS (column A) and measured errors (column D) associated
with the weather variables input to THERM and the RMS errors in output temperature resulting from these input errors
(columns C and E, respectively). The truth data for the weather parameter tests were the temperatures of 11 objects as
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