GUIDELINES FOR THE IN SITU GEOMETRIC CALIBRATION OF THE AERIAL CAMERA SYSTEM
[Draft, October 15, 2012]
1. Purpose

This document is intended to serve as guidance for the processes involved in the airborne in situ geometric calibration of vertically-oriented digital and film-based frame type cameras.  It is prepared to assist those who are concerned with airborne applications of both digital and film-based cameras for surveying and mapping purposes.  As a system approach to calibration, results are intended for use in the geospatial applications where high accuracies are required.  It is understood that the guidelines provided here represent only one bundle-block adjustment approach to system calibration.  In future revisions, these guidelines may cover a broader range of camera types and include such support devices as the IMU.
These guidelines are concerned with the camera airborne system consisting of the camera, mount, GPS, aircraft, and their spatial relationships.  Calibration results include both interior and exterior orientation parameter values along with estimates of their accuracies after a bundle-block adjustment. These guidelines also describe pre-flight, flight and post-flight processes and a possible calibration range design.  Refinements in the guidelines may evolve with future developments.

The guidelines described here are based on a benchmark document by Eisenhart (1963), then at the US Bureau of Standards, which provides the concept of measurement “system” calibration. The preparation of guidelines described here was guided by Eisenhart’s concept of measurement “system” calibration.  When comparisons are made to laboratory methods of calibration (i.e., camera only), significant improvements in geospatial accuracies are evident (Merchant et al, 2004).  
The concept of in situ system calibration for aerial optical cameras has been clearly demonstrated over the last several decades. Today, most final system calibrations provided by aerial camera manufacturers, particularly for digital cameras, are produced by aerial, “in situ” approaches. Examples of geospatial accuracies provided by in situ calibrations  may be found in Brown (1969), Merchant et al (2004) and Merchant (2012).  Camera calibration reports provided by digital aerial camera manufacturers also provide a rich source of high quality results.  For a benchmark document developing the concepts and theory of analytical photogrammetry see Brown (1969).
2. Conformance

No conformance requirements are established for these guidelines.
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4. Authority
The responsible organization for preparing, maintaining, and coordinating work associated with this guideline is the American Society for Photogrammetry and Remote Sensing (ASPRS), the Primary Data Acquisition Division (PDAD) and the Standards Committee.
5. Terms and Definitions
A/C – aircraft

ASL – above sea level

AGL – above ground level

s/n - serial number
GSD – distance measured at the nadir point subtended by one image pixel

GNSS – Global Navigation Satellite System

IMU – Inertial Measurement Unit

L1 and L2 frequencies - Each GPS satellite transmits data on two frequencies, L1 (1575.42 Mhz) and L2 (1227.60 MHz)
SMAC – Simultaneous Multi-Camera Analytical Calibration

For additional terms, definitions, commonly used symbology, abbreviated terms and notation see the ASPRS Manual of Photogrammetry (McGlone, 2004).
7. Specific Requirements

Airborne cameras considered by this guideline are limited to the rectangular frame type that provides either digital or film-based images.  The digital camera arrays may be treated either as individual arrays or as some form of merged arrays into a common frame.  This includes the merging of multi-frames into a common frame (e.g.,  Z/I DMC or Microsoft UltraCam) which is then presented to the user. The linear array (i.e., push- broom) configuration is not considered by this guideline at this time. 
Observations of aircraft position relative to the calibration field should be made by a GNSS receiver collecting at least L1 and L2 frequencies in a manner useful for post processing.  Exposure event markers should be provided by the camera and recorded in GNSS time within an accuracy of 0.0001 seconds depending on the  geospatial accuracy requirements.
The aircraft is modified to provide a camera port, either open or with a suitable window. 

The GNSS antenna should be mounted in the vicinity of the vertical projection of the camera’s optical axis, limited by the structural requirements of the aircraft.  It is preferred, but not required, to use a twin-engine aircraft to avoid possible deformation of the air within the camera’s field of view due to engine cooling air stream and exhaust gases.
7.1 Pre-Arrival [before the aircraft and camera system and crew arrive at the airport in the vicinity of the calibration range] 
The data provider is expected to equip the aircraft with camera, GNSS, and support equipment.  In addition to an approved camera system installation, the provider should determine, with the aid of the camera manufacturer, the location of the entrance nodal point with reference to some tangible point on the camera.  Finally, the provider should install a simple exterior-temperature measurement device with probe located in the proximity of the entrance node of the lens.
To insure that the camera system to be calibrated can be replicated for subsequent application of calibration results, a detailed system specification is to be prepared.  This specification should include every element of the measurement system in accordance with Eisenhart’s concept of calibration of measurement systems (Eisenhart, 1963).   During subsequent operations of this camera system, the provider should assure that the system specifications are applied if the camera calibration results are to be relied on.
7.2 Post-Arrival [after aircraft arrives at the range airport] 
Measurements should be made to insure the recorded GNSS data is accurately related to the crossroad target system of coordinates.  For a description of the “crossroad” calibration range, see the Appendix. A bias may exist between the provider’s GNSS measurements and the cross- road range coordinate system (standard methods are available to measure and remove this type of bias). If a bias exists, it will be applied during data processing as a correction to the GNSS-determined geospatial coordinates of each exposure station.
Finally, a preflight briefing to the crew by someone knowledgeable of the range should be held, informing them of the flight pattern over the range and, to a limited extent, the theory of the in situ procedure.

7.3 Flight Mission
Image and data collection over the calibration range should be conducted as closely as possible to conditions and procedures anticipated during a typical operational mission.  It is understood that some variations, for instance in altitude and temperature, may be accepted.  During the photo mission, GNSS observations must be collected at a base station located in close proximity to the range center.
The flight pattern for a typical calibration mission will consist of a minimum of six lines, each acquiring a single frame over the intersection of roads.  The directions of the crossroads should intersect at a nominal 90 degrees.  No orientation with respect to north is required.  Flight directions would then be:
· In the direction of the first road;
· In the direction 30° off the first road;
· In the direction 45° off the first road;
· In the direction 60° off the first road;
· In the direction 90° off the first road;
· In the direction 225° off the first road.
These directions are arbitrarily chosen as the minimum number to balance the coverage of target images across the image field and to suppress possible remaining systematic errors not accounted for in the mathematical model.  The 45° and 225° directions are to insure the maximum number of target images appear in the frame corners.  For non-square format cameras, some adjustments to the azimuths may be necessary to cause target images to appear in the extreme corners of the image format.
7.4 Post-Mission [before the data provider’s crew leaves the range airport]
Spatial offsets between the phase center of the antenna and entrance node of the camera should be measured.  It is essential that these offsets be measured in a coordinate system parallel to the camera coordinate system and to within 5 millimeter accuracy along each axis.  For these measurements, the aircraft must be stabilized on the ground, and the camera’s pitch, roll and swing angles measured.   Mount angles should be set to zero. These settings facilitate offset measurements along camera axes.  These settings, when compared to the nominal swing, pitch and roll angles typical of a photo mission for this aircraft, can be used to measure the spatial offsets between antenna phase center and entrance nodal point of the camera. These comments pertain to both manual and stabilized mounts. It is recognized that operational departures from these values of orientation are a source of system error.  To measure these angular values with respect to the aircraft while operational, additional airborne equipment will be required.  Note that the IMU, if present, measures camera orientation with respect to the spatial, not the aircraft system of coordinates.
After the flight, it should be verified that the mission has collected adequate and reliable imagery and GNSS data.  These procedures, although time consuming, will assure that data processing can proceed and no return of the aircraft and crew will be needed. 
Comments from the data provider’s crew will be useful in refining all field aspects of the calibration process.
7.5 Data Processing and Reporting
Measurement of imagery and processing of the GNSS data and range coordinates may be conducted by commercially available or other software. Such software should be capable of carrying the parameters of interior and exterior orientation as parameters with the possibility of application of appropriate weight constraints.  Error estimates after adjustment should be provided along with the estimated standard error of unit weight.
For the final step, a report of calibration must be produced and distributed for subsequent applications.  The report should include the specifications describing all equipment and procedures when pertinent (i.e., camera s/n and type, optical filter, film, magazine s/n, processing, scanning, flight height AGL, ASL, temperature at the lens and A/C cabin, and antenna to nodal point spatial offsets). 
The mathematical model to be used to represent the camera’s interior orientation will depend on the level of correction that will be applied to the imagery to be provided to the user.  In the case of the film-based camera, only the scanned image without corrections is normally provided to the user.  In this case, the conventional SMAC model or other appropriate model may be evaluated during calibration computations resulting in estimates of interior orientation including focal length, principal point coordinates and parameters describing radial and decentering distortions.  For a full description of the SMAC model and theory, see (Brown, 1969).
In the event the digital camera is used, generally, only influences of focal length and principal point coordinates need to be treated as unknown parameters for adjustment purposes. As a general concept, all those parameters not corrected for in the image provided to the user should be treated as unknown parameters in the calibration computations.
In all cases, the calibration report must state the mathematical model used to represent the interior orientation of the camera, the estimates of parameter values of the model and estimates of errors in the adjusted parameters.

Finally, the source and characteristics of thermal corrections should be indicated when available.
For film-based cameras, the average for all frames of the root mean square error (rmse) fit of the observations of fiducial marks to their published values should be provided in the report.  This will insure the reliability of fiducial mark stability and data.
Typically, for manual measurements of target coordinates, calibration adjustment computation results demonstrate a (rmse) of image residuals equal to or less than one-half pixel.  The rmse value of image residuals after adjustment should be indicated in the final report.  
Appendix
Crossroad Range Camera-Calibration Specifications

The calibration range is built on any crossroad provided the intersection is a nominal 90 degrees.  Roads must have visibility from the air for a distance from the intersection at least equal to the flight height above ground intended for the calibration flights 
Typically, eight targets will be set along each of the four range legs. With the exceptions of the outer several targets of each leg, the spacing variations between targets may be as great as 10 percent.  This will permit good site selections for GNSS ground survey purposes.
The following example of design specifications is based on the assumptions of image pixel size of 14 microns (typical for film-based imagery), a camera with 152.4 mm (6 inch) focal length and a flight height of approximately 600 meters (2000 feet) (AGL). White circular targets of 305 mm (1.0 foot) diameter centered on a black target of 366 mm (1.2 foot) diameter.  A white target on a black road surface will approximate this requirement.
· Nominal spacing of targets in this example is 80 meters (250 feet) (Note: 10% variation of spacing above.)
· Add at least two targets at approximately  ±30 meters (100 feet) on either side of the last outboard target on each leg.

· Control survey should result in a local, three-dimensional (East, North, Up) local coordinate system with the same geodetic datum as that to be used to position the aircraft (WGS84)
· Relative spatial accuracy along each axis should be within 1 cm (0.4 inches) in terms of standard error with respect to the base station(s).
For flights of higher or lower altitudes, the linear dimensions should be increased or decreased accordingly.  Considerations of focal length, pixel size, frame format and camera field angle as they influence target size and distribution should also be made.[image: image1.png]



