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Province of British Columbia


Integrated Land Management Bureau (ILMB)

Base Mapping and Geomatic Services Branch

Specifications For Small and medium Format Digital Cameras

July?? 2006
2.0 
General Background

Digital Cameras are becoming a commonly used tool for the purposes of capturing imagery to be used in mapping and photo interpretation applications. For these intended uses, it is necessary to know the geometric characteristics of the camera as well as the total system where that includes directly linked GPS and possibly Inertial Measurement Units (IMUs). These characteristics can be determined in a two-step process:

1. In-door test site calibration

2. Out-door (in-situ) test calibration and system verification

The requirement for knowing the calibration characteristics stems from the need to know the interior orientation parameters for the camera, the stability of the camera (consistent geometry), and the distortion characteristics. For mapping and transfer of interpreted information to maps it is necessary to have an absolute orientation to the Geo-reference Framework. This is accomplished through aerial triangulation or direct capture of orientation parameters for the camera. In either case the on-board GPS and IMU must work in harmony with each other and be perfectly matched to the camera exposure. The in-door test site calibration is a cost effective manner to determine the camera characters before a flight as it can determine an unstable or otherwise unsuitable camera. The out-door (in-situ) test gives a total system validation. Flying exposures over a predetermined test site that contains sufficient targeted, accurate ground control to execute the desired tests does this.

An in-door test site exists at _______.   A Memorandum of Agreement between _______ and the Ministry of Agriculture and Lands has established a framework for the access and utilization of the test site for system calibration.

A Community of Practice involving experts from academia, mapping, photo interpretation, aerial triangulation, and digital image capture and system design was constituted to develop a set of specifications and procedures that would realize the objective of obtaining this calibration information and specify camera use in a cost effective manner while ensuring the continuing innovation in the field would be encouraged.

These small medium format digital camera digital specifications supersede all previous specifications.

The term "Branch" when used herein shall mean Base Mapping & Geomatic Services Branch (BMGS) of the Ministry of Agriculture and Lands in the Province of British Columbia.

For the purpose of these specifications, the word "shall" indicates a mandatory requirement and "should,” indicates a desirable requirement.

The Branch shall be the final authority on acceptance or rejection of submitted imagery.

Where specifications are not achieved, the Branch may apply penalties as appended, rather than reject the photography.
All references to I.C.A.S. Specifications refer to the current version of the "Specifications for Aerial Survey Photography” produced by the Interdepartmental Committee on Air Surveys, Earth Sciences Sector, Natural Resources Canada.

It is recognized that Imagery will not all be used for the same types of applications; however, it is possible to place these applications into three broad general categories:

· Tier I:  This would be for very precise, high end mapping purposes. This would include large scale mapping in urban areas or engineering applications. Requires calibration.

· Tier II: This would be for mapping purposes in the area of resource applications (TRIM, inventory and the like). Requires calibration

· Tier III: This imagery would not be used for mapping or inventory. It is suitable for observation or reconnaissance but not for measurement. Does not require calibration.

For more details about the relationship of the GSD, flying height, camera specifications, and the above categories, refer to appendix E.

Meta Data will be required to differentiate the imagery into the three categories.

All aerial photography delivered to the Branch shall meet or exceed the following specifications.

2.1  Camera Calibration Processes

The Ministry of Agriculture and Lands, through the Base Mapping and Geomatic Services Branch will work to ensure the availability of a calibration test site. BMGS will work with the Community of Practice to establish the calibration sites and acceptable procedures. 

The aerial photography flying company is responsible for the calibration of its camera(s). Through agreements with The British Columbia Institute of Technology and Selkirk Remote Sensing, an in-door calibration site has been established. It is intended that the costs of calibration be kept to a minimum. While calibration sites have been set up, a company can establish its own site in accordance with these specifications. 

The company may have its camera calibrated at the indoor site in the following manners:

1. Self Administered Calibration

· request access to the calibration site (through the Branch or its designated representative)

· set up and take the exposures as required

· execute the photogrammetric measurements

· run the calibration analysis software

· submits raw data and calibration report as required

2. Request Calibration be Administered through BCIT

· Request that BCIT execute the calibration

· Ship camera to BCIT

· BCIT requests access to the Calibration site

· BCIT sets up and takes exposures as required

· BCIT executes the photogrammetric measurements

· BCIT runs the calibration analysis software

· BCIT submits calibration report as required

3. Combination of Self and BCIT Administered Calibration

· Request BCIT to take the exposures

· Ship camera to BCIT 

· BCIT requests access to the Calibration site

· BCIT sets up and takes exposures as required

· BCIT sends data to requestor

· Company executes the photogrammetric measurements 

· Company runs the calibration analysis software

· Company submits calibration report as required

The company is responsible for in-situ calibration of the total system. The company can utilize any calibration site that meets the stated requirements. The company will:

· take imagery and capture related data as necessary

· run the calibration analysis software

· carry out aerial triangulation

· provide copy of imagery to BCIT

· submits calibration report as required

It must be noted that in-situ calibration sites are expected to become available across the province. In Phase II of the specifications development, standards for a suitable in-situ site will be developed.

3.0 
Pre-Acquisition Information

For Tier I and Tier II applications of imagery, the Airborne Remote Sensing Unit of BMGS must be notified of the planned acquisition parameters in order to facilitate archival of the Aerial Photography deliverables. For Meta Data purposes, the Branch will provide roll numbers and exposure numbers for the project based on the plan. The necessary information is:

1. Operation Name 

2. Camera calibration results

3. Line kilometres

4. Number of photos

5. Number of lines

6. An operation boundary described below in order of submission preference

a. File Boundary File in the Branch format.

b. A boundary file in a format usable by the Branch.

c. An outline on a map with a fixed scale and edge coordinates suitable for digitizing.

7. Special Requirements

Note: The above information is to be submitted progressively during the planning stage of the project.

See Appendix A for a copy of the Submission form.
The above information does not need to be submitted for Tier III imagery applications.

4.0  Camera Calibration and Stability Specification

4.1 Camera Calibration

Camera calibration is used to determine the Interior Orientation Parameters (IOP) for the camera. Cameras used to capture imagery for Tier I and Tier II applications must be calibrated. The results of the in-door calibration and in-situ calibration must meet the following specifications. For more technical details, refer to Appendix B.

4.2 New Approach for Indoor Camera Calibration

Cameras will be calibrated on an in-door calibration wall that is approved by the Branch.

4.3 Camera Stability

Utilizing the stability analysis based on the comparison of the bundle of rays from the two sets of data (refer to Appendix C for more detail), the cameras must meet the following specifications to be determined stable:

· Tier I sigma  (σo)  < 1 pixel

· Tier II sigma (σo)  < 1.5 pixel
· Tier III sigma (σo):  N/A

Note: The above sigma (σo) values are reported by the stability analysis component of the calibration suite provided by the BC Base Mapping and Geomatic Services.

4.4 Total System Calibration (in-situ)

Following the indoor calibration and stability analysis, the camera should undergo a total system calibration under operational conditions (in-situ calibration), where the bore-sighting parameters relating the camera and the GPS/INS unit are estimated. For the in-situ calibration, the estimated IOP from the indoor calibration can be used as prior information. Moreover, a total system calibration strategy should be used to evaluate and investigate the stability of the spatial and rotational offsets between the camera and the onboard GPS/INS unit. For more details, refer to Appendix B (sections 14.4) and Appendix C (Section 15.6).

The in-situ calibration would take place over a calibration test field that meets the provincial standards.

Deliverables: The data provider should submit a calibration report including the following information:

· Interior Orientation Parameters (IOP),

· Bore-sighting parameters amongst the components of the mapping system,

· Digital imagery, and 

· Aerial triangulation results.

4.5 Ground Sample Distance

To recognize an object, its size should be three to five times the GSD of the imaging sensor. For interpretation purposes, the smallest object should be roughly fifteen to twenty times the GSD. In addition to the evaluation of the interpretability of acquired imagery, GSD is also used to quantify the achievable accuracy from an imaging system. Refer to Appendix E for the relationship of the GSD to the accuracy and mapping scale requirements.

GSD = Pixel size * Flying height / principle distance

The average GSD at nadir, over the project area must not vary more than 5% from mean terrain datum. For more information, refer to Appendix E.

4.6     Cataloguing and Identifying Imagery:

4.6.1 Annotation 

Annotation will not be digitally “burned” into the imagery. Meta data will be used in the imagery files to uniquely identify each image. The Meta Data will be used for cataloguing and search engines and to directly annotate prints during hard copy production (printing).

The BC Roll number (provided by the Branch), and unique frame number (provided by the Branch) as follows:

Focal Length Code (2 characters), Emulsion Code (3 or 4 characters), Designated BC Roll Number (5 characters), Unique Frame Number (3 characters)

Sample:  15BCB04001 – 001

Frames must be numbered sequentially from the Start to End of each flight line, beginning with the first usable frame (final, number one – 001).

The intent is that a data base search engine will identify where the imagery exists and will be able to retrieve the imagery based on the Meta data. When and image is printed to hard copy the Meta data information to uniquely identify each image will be automatically superimposed onto the print.

To catalogue and retrieve (search engine) the digital imagery, it is necessary to be able to identify and differentiate individual photos. A hard copy print photo must have annotation so that the user can identify the location of the photo. The digital imagery will be submitted with Meta Data that shall be provided in accordance with the Meta Data standard. The Meta Data will reflect the “roll number and image number” as provided by the Branch in accordance with the project flight preplanning. 

4.6.2 
Meta Data 

Meta data will be supplied in accordance with the latest version of the following Base Mapping and Geomatics Branch specifications:

· Specifications for aerial Photography Database Files

· Specifications for Arial Photography Metadata Files

4.7      Camera Mounting and Orientation:

The camera shall be mounted in the aircraft to ensure no loss in image resolution caused by vibration engine exhaust, port glass, moisture or temperature.

5.0 
CAMERA CALIBRATION AND STABILITY ANALYSIS: SPECIFICATIONS

5.1      Introduction

In this section, the specifications for indoor camera calibration will be presented. The indoor camera calibration is a necessary pre-requisite to the in-situ camera calibration since the former offers higher degree of flexibility in the image acquisition procedure when compared with the latter. In other words, the indoor camera calibration is expected to provide accurate estimates of the IOP, which can be used as prior information in the in-situ calibration procedure for a total system calibration. 

The following subsections provide a detailed procedure for evaluating the internal characteristics of the imaging system using a test field comprised of linear features (refer to Appendix C for more technical details). Software packages will be provided to carry out the calibration and stability analysis procedures. Specifications for evaluating the quality of the calibration procedure as well as the stability of the imaging system will be presented. 

5.2      Establishing the Test Field and Image Acquisition

An indoor calibration test field will be made available through Base Mapping and Geomatic Services. Other test fields that meet the criteria specified in Appendix C will be approved. Image acquisition will be in accordance with the procedures identified in Appendix C.

5.3      Camera Calibration

A camera calibration suite will be made available through the BC Mapping and Geomatic Services. Refer to Appendix C for an example of the operational procedure and output from such a calibration. Following are the specifications for an acceptable outcome from the calibration procedure.

1. Variance component of unit weight: 

· Tier I 
<  1.0 Pixels

· Tier II 
<  1.5 Pixels

· Tier III
<  N/A Pixels

2. Correlation among the estimated parameters: 

A calibration procedure that has been carried out according to the specifications in Appendix C (section 15.2) should have no correlation among the estimated parameters. If correlation exists, the calibration procedure must be repeated while observing the guidelines. 
3. Variance-covariance matrices for the estimated parameters:

The estimated IOP from the calibration procedure will be associated with a variance-covariance matrix. The square roots of the variances represent the standard deviations, which can be used as a measure of the quality of the estimated parameters. For a meaningful estimate of the IOP, the standard deviations must be:

· Tier I
< 1.0 Pixels (for the xp, yp, and c components of the IOP)

· Tier II
< 1.5 Pixels (for the xp, yp, and c components of the IOP)

· Tier III
 N/A

In summary, a calibration report should be provided showing the estimated parameters, estimated variance component of unit weight, standard deviations of the estimated IOP, and the correlation image. The quality of these deliverables should adhere to the provided guidelines in this section. See an example of a calibration report in Appendix D. The calibration report must be submitted in this format.

5.4      Stability Analysis

Estimated IOP from temporal calibration sessions must go through a stability analysis procedure to evaluate the degree of similarity between the reconstructed bundles from these sets (refer to Appendices C and D for details).

The provider must furnish the estimated stability measure (RMSEoffset), which must be within the acceptable limit.

· Tier I
RMSEoffset  < 1.0 Pixels

· Tier II
RMSEoffset  < 1.5 Pixels

· Tier III
RMSEoffset : N/A

Note: The above RMSEoffset values are reported by the stability analysis component of the calibration suite provided by the BC Base Mapping and Geomatic Services.

5.5      Deliverable

The following list of items must be provided to summarize the quality of the calibration and stability analysis procedures of the utilized camera(s):

1. Any deliverables identified above, as well as,

2. Calibration images, and

3. The calibration report as defined in Appendix D.

5.6      Total System Calibration

Additional information on specifics for a total system calibration will be provided in release 2 of this document [Test field specification, flight mission configuration, utilization of check points, Aerial triangulation specifications, etc.].
Following the indoor calibration and stability analysis, the camera should undergo a total system calibration under operational conditions (in-situ calibration), where the bore-sighting parameters relating the camera and the GPS/INS unit are estimated. For the in-situ calibration, the estimated IOP from the indoor calibration can be used as prior information. Moreover, a total system calibration strategy should be used to evaluate and investigate the stability of the spatial and rotational offsets between the camera and the onboard GPS/INS unit. For more details, refer to Appendix B (sections 14.4) and Appendix C (Section 15.6).

The in-situ calibration would take place over a calibration test field that meets the provincial standards.

Deliverables: The data provider should submit a calibration report including the following information:

· Interior Orientation Parameters (IOP),

· Bore-sighting parameters amongst the components of the mapping system,

· Digital imagery, and 

· Aerial triangulation results.

For the IOP component of the total systems calibration, the following specifications must be met:

1. Variance component of unit weight: 

· Tier I 
< 1.0  Pixels

· Tier II 
< 1.5  Pixels

· Tier III
<  N/A Pixels

2. Correlation among the estimated parameters: 

A calibration procedure that has been carried out according to the specifications in Appendix C (section 15.2) should have no correlation among the estimated parameters. If correlation exists, the calibration procedure must be repeated while observing the guidelines. 
3. Variance-covariance matrices for the estimated parameters:

The estimated IOP from the calibration procedure will be associated with a variance-covariance matrix. The square roots of the variances represent the standard deviations, which can be used as a measure of the quality of the estimated parameters. For a meaningful estimate of the IOP, the standard deviations must be:

· Tier I
< 1.0 Pixels (for the xp, yp, and c components of the IOP)

· Tier II
< 1.5 Pixels (for the xp, yp, and c components of the IOP)

· Tier III
 N/A

6.0 
FILTERS:

6.1      Filters:

Camera and filter should be calibrated as a single operational unit.

7.0 
EXPOSURE:

7.1      Shutter Speed:

The shutter speed shall be such that it is consistent with image resolution and quality requirements.

7.2      Resolution:

Image motion shall be held to less than 2 pixels.

Project requirements may specify full Image Motion Compensation be set.

8.0 
PHOTOGRAPHIC FLIGHT TOLERANCES:

The following specifications must be adhered to for Tier I and Tier II photography. Tier III requirements may be specified uniquely within the contract.
8.1      GSD over Project area:

Average GSD at Nadir over project area should not vary more than 5% from mean terrain datum.

8.2      Forward Overlap:

Unless otherwise specified, forward overlap shall be 60% (+4%). Isolated deviations from specified forward overlap up to three consecutive exposures will be acceptable except where it exceeds 68% or is less than 54%. Overlap over mountainous terrain shall be such that the highest ground within the photo image shall be covered by not more than 60% or less than 55% forward overlap.

8.3      Lateral Overlap:

Unless otherwise specified by the Branch, lateral overlap will not be less then 30%.

For single line photography, deviation from the flight line shall not be greater than 10% of the gross photo cover at datum.

8.4      Course Correction:

Course correction shall not exceed 3 degrees between successive exposures.

8.5      Crab:

Crab shall not exceed 3 degrees between successive exposures and must not result in stereo gaps.

8.6      Atmospheric Conditions:

Photography shall be taken under a clear sky or under thin cirrus with minimum interference from smoke or haze.
Colour photography shall be taken in clear conditions only.

A combination of cloud and cloud shadow shall be less than 5% on any photograph. 

Orthophoto photography shall be cloud free.

8.7      Area Coverage:

Photography shall extend far enough beyond the borders of the specified area to ensure full stereoscopic coverage of the entire area included within the borders.

Block area shall mean an area comprising a minimum of 1,500 square kilometres and more than 5 parallel lines.

Photography within block areas shall be continuous from at least one block boundary.

8.8 Solar Angle:

The Branch shall specify the solar angle limitations. Unless otherwise specified, the minimum solar angle shall be 35º   (NOTE: This is under review. A sample area may be flown by the Branch to verify the effect of shadow on interpretability.). With digital imagery the ability to adjust the contracts and intensity is such that lower sun angles than conventional photography are allowable. This will extend the early and late season time periods and will extend the flying time on a daily morning and afternoon basis.

8.9 Snow Cover:

Unless otherwise specified, aerial photography shall be taken only during the absence of seasonal snow cover.

8.10 Broken Flight Lines:

Meta Data must identify the imagery such that upon storage and retrieval using the Meta data there are no breaks in the imagery. 

9.0 
DIGITAL IMAGE PROCESSING:

Raw, unprocessed data is to be delivered.

For additional information refer to the BMGS document entitled “Specifications for Digital Aerial Photographic Images"
9.1      Density Requirements:

9.2      Colour Processing:

9.3      Panchromatic Processing:

9.4      Sensitometric Exposure:

10.0 PHOTOGRAMMETRIC TOLERANCES:

The geometric properties of the photographic system shall be such that the maximum residual Y-parallax shall not exceed 2 Pixels.
11.0 DATA HANDLING and DELIVERY:

11.1 Handling:

Digital imagery will be delivered on USB 2 compliant hard drives or on fire wire or as specifically defined in the contract.

11.2 Shipping:

Shipments of data will be via courier and to the address specified in the contract.

11.3 Meta Data for Operation Records: 
The Meta Data shall be delivered in a form and format conforming to section 4.6.2.
11.4 Annotation of Image Files:

The digital imagery file will include Meta Data in compliance with Section 4.6.1. 

12.0 Summary of Returns:

12.1 Deliverables:

Deliverables will be consistent with the specific Sections within these specifications, or as indicated here in. 

12.1.1 GPS Field Data Return File.

· Must satisfy criteria as described in the current edition of the Specifications for Aerial Photography Database Files.

12.1.2 Prints

One set of black and white/colour prints, as required, for each image on the hard drive, or compressed imagery for library as specified in the contract.

12.1.3 Indices

Digital Aerial Photography Indices for each operation submitted. 

13.0 APPENDIX A 
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Aerial Photography Pre-Acquisition Information
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Operation Name:

  Gazetted Geographic Location
Photo Scale:
1: ________________
Lens Focal Length:  ______________mm

Camera make:
_____________________

Camera Model:
______________________
Line Kilometres:
___________________
Number of Photos:   __________________



Number of Lines:
___________________

Special Requirements:  _________________________________________________

_____________________________________________________________________
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Requesting Agency:   






Outline of Photo Area:
14.0 APPENDIX B - CAMERA CALIBRATION AND STABILITY ANALYSIS: TECHNICAL BACKGROUND

14.1 Camera Calibration

The main objective of photogrammetry is generating accurate three-dimensional information from two-dimensional imagery. The accuracy of the derived positional information from imagery depends on the validity of the available Interior Orientation Parameters (IOP) of the implemented camera. The IOP of a given camera include the principal distance, the coordinates of the principal point, and the distortion parameters representing various deviations from the assumed perspective geometry, which is described by collinearity model in Equations 1. The IOP together with image coordinate measurements define a bundle of light rays, which should be as similar as possible to the incident bundle onto the camera at the moment of exposure, Figure 1.
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(1)
Camera calibration is the technique by which the IOP are determined. Optical, indoor, and in-situ calibration methodologies are the common procedures for the determination of the IOP. Optical calibration is established through the use of multi-collimators, Figure 2 and is mainly used for metric cameras designed for photogrammetric applications. The multi-collimator is comprised of a series of optical projectors focused at infinity and projecting a center cross and image resolution targets. The collimators are oriented in an array such that they point toward a common camera station. The central collimator establishes the directional origin to which banks of additional collimators are related at angular radial increments of about 7.5 degrees along four banks. Estimated internal characteristics from the multi-collimator system are held fixed during subsequent triangulation procedures.
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Figure 1 – Similarity between the bundle of light rays defined by the IOP (a) and the incident bundle onto the camera at the moment of exposure (b). 
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Figure 2 – Multi-Collimator System for Optical Camera Calibration.

Indoor and in-situ camera calibration require control information in the form of a test field comprised of distinct and well defined signalized targets, Figures 3 and 4. Acquired imagery from Indoor and in-situ calibration methodologies is implemented in a bundle adjustment with self-calibration procedure to determine the IOP of the involved camera. These methodologies are general enough that they can be used for large, medium, and small-format imaging systems. Moreover, these calibration methodologies can be used for analogue and digital imaging systems.
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Figure 3 - Cage for Indoor Camera Calibration.
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Figure 4 - Test Field for In-Situ Camera Calibration.

There are four principal sources of departure from collinearity model, Equations 1, which are physical in nature. These are the radial lens distortion, de-centring lens distortion, image plane unflatness, and in-plane image distortion. The net image displacement at any point is the cumulative influence of these perturbations. The relative magnitude of each one of these perturbations depends very much on the nature of the camera being employed. Following are two alternative models for the distortion parameters involved in bundle adjustment with self-calibration packages. One should note that distortions caused by image plane unflatness are negligible for medium-format digital imaging systems and can be ignored.

1. USGS Simultaneous Multi-frame Analytical Calibration (SMAC) Distortion Model

All measured points (x, y) needing a distortion correction must be referenced to the center of the image coordinate system and then translated to the principle point (xp, yp), Equations 2.
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Radial Distortion:
To compute the correction for the radial distortion (
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) of the measured point, use the coefficients of radial distortion (K0, K1, K2, K3) in Equations 3: 
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where 
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De-centring Distortion: 
To compute the correction for de-centring distortion (
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) of the measured point, use the coefficients of the de-centring distortion (P1, P2, P3) in Equations 4: 
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2. Alternative Distortion Model

The distortion parameters would include radial and de-centring lens distortions as well as affine deformations as explained in the following list:

Radial lens distortion (RLD) 
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Where: 
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, K1, K2 and K3 are the radial lens distortion parameters, xp and yp are the image coordinates of the principal point, x and y are the image coordinates of the measured point, and Ro is a camera-specific constant.

De-centric lens distortion (DLD) 
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Where: P1 and P2 are the de-centric lens distortion parameters.

Affine deformations (AD)
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Where: A1 corresponds to half of the scale difference along the x and y axes, and A2 represents the non-orthogonality angle.

14.2      New Approach for Indoor Camera Calibration

Traditional indoor calibration test fields consist of distinct and specifically marked targets, Figures 3 and 5-a. These targets are established and precisely measured using surveying techniques. The number and distribution of the targets are vital for the recovery of the IOP of the implemented camera. Establishing and maintaining a conventional calibration test field, as well as carrying out the calibration procedure, require professional surveyors and photogrammetrists. Such requirements limit the potential use of high-quality and low-cost medium-format digital cameras. Therefore, an alternative calibration methodology, which is based on an easy to establish test field, is needed. 

Recent research has shown that a test field comprised of linear features and a few distinct targets, as shown in Figure 5-b, can be a viable alternative for a reliable camera calibration procedure. The utilization of linear features for camera calibration is advantageous for several reasons. First, straight line features can be easily and quickly established in a calibration test field (e.g., by stretching a rope between fixed nails on a wall). Second, image space linear features can be precisely and automatically extracted using image-processing techniques. Third, object space straight lines will project into the image space as straight lines in the absence of distortions. Therefore, deviations from straightness in the image space can be modelled and attributed to various distortion parameters. 

The incorporation of the new test field in the camera calibration procedure requires extending the point-based collinearity equations, which is the basis of the bundle adjustment procedure, to allow for the utilization of linear features. The conceptual basis of such an extension can be described by a coplanarity constraint that restricts the object line, the corresponding image line, and the perspective centre of the respective image to a common plane. Prior research has shown that the line-based calibration procedure yields an estimate of the IOP of the imaging sensor that is as accurate as that estimated from a point-based calibration procedure.
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Figure 5 – Traditional calibration test field (a) is comprised of distinct and pre-surveyed targets while the proposed test field (b) consists of a group of linear features with fewer targets (Note: only distances between these targets are needed).

14.3   Camera Stability

Metric cameras, which are solely designed for photogrammetric applications, proved to possess strong structural relationship between the elements of the lens system and the focal plane. In other words, once the IOP are determined through a calibration procedure, regardless of the utilized calibration approach, they are assured to remain stable over an extended period of time. Hence, the issue of camera stability has been rarely addressed when dealing with metric cameras. However, the stability of medium-format digital cameras (such as the ones shown in Figure 6) needs to be investigated since these cameras are not built with photogrammetric applications in mind. The desired outcome of analyzing camera stability is to determine whether two sets of IOP, which are derived from temporally-spaced calibration sessions, are equivalent to each other or not. Statistical testing is a possible methodology that can be utilized to accept or reject the hypothesis that the numerical estimates of IOP from different calibration sessions are equivalent. However, this methodology makes a number of idealized and impractical assumptions such as using a normal distribution to describe the statistical properties of the available IOP. In addition, it does not consider any possible correlation between the internal and external (i.e., the position and orientation) characteristics of the imaging sensor. Moreover, statistical testing does not provide a meaningful measure of the differences between the reconstructed bundles or possible discrepancies in the object space that could arise from using different IOP.
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(a)                         (b)

Figure 6 – Examples of commercially available medium-format digital cameras that could be used for photogrammetric applications: Canon EOS-1D (a) and SONY DSC-F717 (b).

The ultimate objective of a camera calibration procedure is to define a bundle of light rays (which is defined by the perspective centre and image points along the focal plane) that is as similar as possible to the incident bundle onto the camera at the moment of exposure, Figure 1. Therefore, the stability analysis of two sets of IOP derived from temporally-spaced calibration sessions should be based on a quantitative comparison of the reconstructed bundles from these IOP sets. To conduct such a stability analysis, one can start by defining a synthetic grid in the image plane as seen in Figure 7-a. Then, the available IOP sets are used to remove various distortions at the grid vertices. Connecting the perspective centre whose position relative to the image plane is described by the principal point coordinates and the principal distance, to the distortion-free grid vertices would define two bundles of light rays (Figures 7-b and 7-c). Finally, the degree of similarity between the reconstructed bundles should be quantified. A possible measure for evaluating such a similarity is to evaluate a representative estimate of the spatial offset between corresponding light rays along the image plane (e.g., the root mean square error of the offsets between corresponding grid vertices), Figure 8. Such a measure can be estimated after rotating the two bundles relative to each other, while sharing the same perspective centre, to assure the best fit between them. One should note that the image planes defined by the involved IOP sets might not coincide with each other. The non-coincidence of these planes could arise from different estimates of the principal distances and/or the applied rotation to the respective bundles. Therefore, the offsets between corresponding light rays should be estimated along one of the image planes by projecting image points in one plane onto the other one (Figure 8). If the estimated representative of the spatial offset lies within the range defined by the noise in the image coordinate measurements (e.g., ½ to ⅔ of a pixel), then the two bundles are practically equivalent to each other and the camera is deemed stable. It should be noted that this similarity measure does not make any assumptions about the statistical properties of the available estimates. Moreover, it considers possible correlation between the elements of internal and external sensor characteristics since the bundles are allowed to rotate relative to each other to assure the best fit between them. In addition, this methodology is distortion model independent (i.e., it can be used regardless of the utilized distortion model). Finally, the derived representative offset gives a meaningful measure of the similarity level between the defined bundles by the involved IOP sets. 


[image: image21]

[image: image22]
Figure 7 – Original and distortion-free image points (a), and distortion-free bundles using IOP sets derived from two calibration sessions (b).


[image: image23]
Figure 8 – Conceptual basis of bundle comparison for stability analysis.

14.4   Total System Calibration (in-situ)

Optical and indoor camera calibration procedures are designed to derive the internal characteristics of the imaging system (IOP) within controlled environments. However, there might be a possibility that the estimated parameters from an indoor camera calibration exercise are different from those estimated through an in-situ calibration under operational conditions. Therefore, it is always recommended to carry out an in-situ camera calibration to evaluate the differences, if any, between estimated IOP from in-situ and indoor calibration procedures. The discussed evaluation measures in the previous section can be used to quantify the differences between these IOP sets.

In addition to investigating changes in the internal characteristics of the imaging system under controlled and operational conditions, in-situ camera calibration is important for total system calibration. A total system calibration refers to the estimation of the spatial and rotational offsets between the utilized camera and navigation units (GPS/INS) onboard the mapping platform, Figure 9. The estimation of these offsets is usually referred to as the bore-sighting process. With the increased adoption of direct geo-referencing of the imaging system, total system calibration is becoming more important when compared to indirect geo-referencing activities using Ground Control Points (GCP), Figures 10 and 11.


[image: image24]
Figure 9 – Bore-sighting of the navigation and imaging components of a mapping platform. 


[image: image25]
Figure 10 – Indirect geo-referencing of an image block.

[image: image26]
Figure 11 – Direct geo-referencing of an Image block. 

14.5      Ground Sample Distance (GSD)

Digital imaging systems are characterized by having light-sensitive elements (pixels) in the focal plane. The ground area covered by a single light-sensitive element is known as the Ground Sample Distance (GSD), Figure 12. The ground sample distance depends on the pixel size, principal distance of the implemented camera, and the flying height of the imaging system. Equation 8 gives the mathematical relationship for evaluating the GSD of an imaging system. One should note that this formula is only valid for a vertical image over flat and horizontal terrain. In other words, the GSD is uniquely defined if and only if we are dealing with vertical imagery over flat and horizontal terrain. For tilted imagery over hilly terrain, the GSD will vary from one image location to another and equation 8 can be used to give an average/nominal estimate of the GSD.

GSD = Pixel size * Flying height / principal distance.

(8)


[image: image27]
Figure 12 – Ground Sample Distance of an Imaging System.

The GSD is useful for several reasons. First, it gives an idea regarding the interpretability of the acquired imagery from a given system. In this regard, one should make a distinction between recognizing and interpreting an object in the acquired imagery. To recognize an object, its size should be three to five times the GSD of the imaging sensor, Figure 13. Therefore, ground objects smaller than the GSD can not be recognized in the collected imagery. However, extended features whose width is smaller than the GSD can be still identified in collected imagery due to the contrast of these features with their background, Figure 14. For interpretation purposes on the other hand, the smallest object that needs to be interpreted should occupy several pixels in the imagery. As a rule of thumb, for interpretation purposes, the smallest object should be roughly fifteen to twenty times the GSD, Figure 15. In addition to the evaluation of the interpretability of acquired imagery, GSD is usually used to quantify the achievable accuracy from an imaging system. For analogue metric cameras, achievable accuracy is related to the scale of the imaging system. However, due the wide range of scales of acquired imagery from a digital imaging system, it is more convenient to use the GSD for such an evaluation. Refer to Appendix E for more details regarding the GSD and mapping requirements.
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Figure 13 – For recognizing an object, the object size should be roughly three to five times larger than the GSD of the imaging sensor (e.g., in this figure, the manhole within the concrete median is roughly 80cm while the image GSD is 25cm).
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Figure 14 – Extended features (road markings) smaller than the GSD (0.25m) can still be recognized due to its contrast with their background.
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Figure 15 – For object interpretation, the object size should be roughly fifteen to twenty times the GSD (e.g., in this figure, the average car size is 4.0m while the image GSD is 0.25m).

15.0 APPENDIX C -  CAMERA CALIBRATION AND STABILITY ANALYSIS: SPECIFICATIONS BACKGROUND

15.1 Introduction

As it has been mentioned in Appendix B, there are three alternative methodologies for conducting the camera calibration procedure (laboratory, indoor, and in-situ). In this Appendix, the specifications for indoor camera calibration will be presented. Laboratory calibration of medium-format digital cameras is impractical due to the limited accessibility to an optical calibration facility as well as the incurred cost. On the other hand, the indoor camera calibration is a necessary pre-requisite to the in-situ camera calibration since the former offers higher degree of flexibility in the image acquisition procedure when compared with the latter. In other words, the indoor camera calibration is expected to provide accurate estimates of the IOP, which can be used as prior information in the in-situ calibration procedure for a total system calibration. 

The following subsections provide a detailed procedure for evaluating the internal characteristics of the imaging system using a test field comprised of linear features (refer to Appendix B – section 14.2 for more technical details). Software packages will be provided to carry out the calibration and stability analysis procedures. Moreover, specifications for evaluating the quality of the calibration procedure as well as the stability of the imaging system will be presented. These specifications will be provided with the help of a sample calibration dataset.

15.2      Establishing the Test Field and Image Acquisition

The proposed test field will be comprised of a set of linear features and distinct points established on a relatively flat wall. The linear features should be aligned along vertical and horizontal directions forming a grid pattern. However, the linear features need not be perfectly horizontal or vertical. The only requirement is ensuring the straightness of these features (this can be ensured by using light material while applying enough tension). To allow for an accurate estimation of the Interior Orientation Parameters (IOP) of the involved cameras, a set of convergent and overlapping imagery needs to be collected (Figures 16 and 17).

The test field should be established to satisfy the following criteria:

1. The test field should occupy the majority of the captured imagery (refer to Figure 17 for a sample calibration dataset). The percentage of the image occupied by the test field depends on several factors such as the spatial extent of the CCD/CMOS sensor array, the angular field of view of the imaging system, and the distance between the exposure stations and the test field. For this requirement, the following issues should be considered while establishing the test field:

a. The characteristics of the digital cameras that will be calibrated should be analyzed prior to establishing the test field. Also, few images of the proposed test field location should be acquired prior to establishing the test field.

b. The distance between the test field and the exposure stations should be set to ensure a sharp image while focusing at infinity. In this regard, the distance depends on the focal length of the imaging system and lighting conditions (this will affect the aperture size and consequently the depth of field). As far as the lighting conditions are concerned, the chosen location should guarantee the availability of enough light. For indoor calibration facility, additional light source might be necessary.

2. The test field location should provide enough space to allow for the acquisition of overlapping images from different locations and at different levels (refer to Figure 16 for the imaging configuration). Generally, twelve to eighteen images are captured for a single camera calibration; refer to Figure 17 for a sample of acquired imagery.

3. To ensure the automated extraction of the linear features, the test field should have bright and smooth background while using dark material of the rope defining the linear features.

4. The test field should allow for accurate distance measurement between some of the distant targets.

5. The light condition should be uniform to ensure the absence of shadows within the test field.

[image: image31.emf]
Figure 16 – Test field layout and imaging configuration.
Acquired imagery for calibration and stability analysis should simulate the operational conditions as closely as possible. Also, for reliable evaluation of the camera stability, different calibrations are necessary. The following list includes examples of some of the calibration conditions.

1. Calibration with lens filters on.

2. Calibration after switching the camera off and on.

3. Calibration after removing the lens filter.

4. Calibration after reinstalling the lens filter.

5. Calibration after removing and reinstalling the lens (if applicable).

It should be noted that each of the above scenarios constitute a single calibration exercise. In other words, a set of twelve to eighteen images will be captured for each calibration scenario. The above calibrations can be conducted in one day. In addition, the same scenario should be repeated after operational implementation of the camera for a period not less than one month. The re-calibration and stability analysis after operational use will show whether the internal characteristics of the involved camera are maintained. 
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Figure 17 – Sample calibration images.

15.3      Camera Calibration

The camera calibration procedure aims at using the acquired imagery and available control information in the test field (e.g., established linear features and measured distances between identified targets) to estimate the internal characteristics of the imaging system (IOP). For this purpose, we will provide two software packages for measuring the calibration targets as well as carrying out the calibration procedure. The user manuals for these packages explain in enough details the sequential measurement and calibration procedures.

After the calibration, the estimated parameters from the adjustment procedure should be evaluated against a set of standards to ensure the utmost quality of the estimated IOP. Following is the list of checks that should be performed for such a purpose:

1. Variance component of unit weight: 

The variance component of unit weight (σo) represents the quality of fit between the observed quantities and the estimated parameters (including the IOP) through the utilized mathematical model (extended collinearity in Equations 1). The variance component will be given in millimeter units within the output file as follows:
σo:  3.2040147208e-003 mm

The variance component should be within the range of the noise present in the image coordinate measurements, which is a fraction of the pixel size of the implemented camera. Practically, the image coordinate measurement accuracy ranges between one-half to two-thirds of a pixel. Therefore, an estimated variance component (σo) that is significantly larger than one pixel, for Tier I mapping requirements, is not acceptable. In such a case, the calibration procedure should be revisited to ensure the absence of blunders in the measurement procedure. For the example above, the camera pixel size is 0.0115 mm. Therefore, the variance component (0.003 mm) is less than one third of a pixel, which is quite acceptable.

2. Correlation among the estimated parameters: 

A calibration procedure that has been carried out according to the specifications in section 15.2 should have no correlation among the estimated parameters. The provided software package will generate a correlation image (refer to the examples in Figures 18 and 19). Correlation among the estimated parameters will be manifested in the form of non-zero off-diagonal elements in the correlation image, Figure 18. In such a case, the calibration procedure should be repeated while observing the guidelines in section 15.2 to ensure an optimum correlation image (i.e., no off-diagonal elements in the correlation image, Figure 19).
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Figure 18 – Correlation Matrix with Correlated Parameters as Represented by Non-zero Off-diagonal Elements.
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Figure 19 – Optimum Correlation Matrix (No Parameters are Correlated).

3. Variance-covariance matrices for the estimated parameters:

The estimated IOP from the calibration procedure will be associated with a variance-covariance matrix. The square roots of the variances represent the standard deviations, which can be used as a measure of the quality of the estimated parameters. For a meaningful estimate of the IOP, the standard deviations should be in the range of few microns (e.g., one pixel for Tier I mapping requirements) as shown in the following excerpt from a calibration procedure.

....................................................................


For the Cameras: 

....................................................................

For Camera: CAMERA


 xp : -9.2582248980e-002 mm yp :  -7.8309470902e-002 mm   C:  1.1624526625e+001 mm


 stdev_xp: 1.3489982669e-003 mm


 stdev_yp: 1.3389334745e-003 mm


 stdev_c : 2.4596064150e-003 mm

 Dispersion: 

       1.8197963241e-006     3.1853960146e-008        1.8640069534e-007 

       3.1853960146e-008     1.7927428491e-006       -1.2986852568e-007 

       1.8640069534e-007    -1.2986852568e-007        6.0496637169e-006 

 Correlation: 

       1.000000000000000     1.7635713756e-002        5.6178549181e-002 

       1.7635713756e-002     1.000000000000000       -3.9434768327e-002 

       5.6178549181e-002    -3.9434768327e-002        1.000000000000000 

 Distortion: 

      -1.2292610524e-003 

       0.0000000000e+000 

       0.0000000000e+000 

       0.0000000000e+000 

       0.0000000000e+000 

       0.0000000000e+000 


 stdev_K1: 1.7296219851e-006


 stdev_K2: 0.000000000000000


 stdev_P1: 0.000000000000000


 stdev_P2: 0.000000000000000


 stdev_A1: 0.000000000000000


 stdev_A2: 0.000000000000000

 Dispersion: 

     2.9915922112e-004   0.0       0.0       0.0       0.0       0.0

     0.0                 0.0       0.0       0.0       0.0       0.0

     0.0                 0.0       0.0       0.0       0.0       0.0

     0.0                 0.0       0.0       0.0       0.0       0.0

     0.0                 0.0       0.0       0.0       0.0       0.0

     0.0                 0.0       0.0       0.0       0.0       0.0 

 Correlation: 

     1.0
0.0     0.0
0.0
0.0
0.0 

     0.0
1.0     0.0
0.0
0.0
0.0 

     0.0
0.0     1.0
0.0
0.0
0.0

     0.0
0.0     0.0
1.0
0.0
0.0 

     0.0
0.0     0.0    0.0
1.0
0.0 

     0.0
0.0     0.0    0.0
0.0
1.0 

In summary, a calibration report (refer to Appendix D) should be provided showing the estimated parameters, estimated variance component of unit weight, standard deviations of the estimated IOP, and the correlation image. The quality of these deliverables should adhere to the provided guidelines in this section.

15.4      Stability Analysis

Estimated IOP from temporal calibration sessions should go through a stability analysis procedure to evaluate the degree of similarity between the reconstructed bundles from these sets (refer to Appendix B - Section 14.3 for more technical details). Table 1 shows two IOP sets for the same cameras from two calibration sessions.

Table 1: Resulting IOP Sets from Two Calibration Sessions

	Calibration
	σo
	xp
	yp
	c
	K1
	K2
	P1
	P2
	A1
	A2

	I
	2.78e-3
	-2.13e-1
	-1.24e-1
	12.7
	-3.30e-4
	0
	0
	0
	0
	0

	II
	2.20e-3
	-2.03e-1
	-1.27e-1
	12.7
	-2.95e-4
	0
	0
	0
	0
	0


The pixel size of this camera is 7.4 μm. Since the estimated variance component of each calibration is less than one pixel (2.8 μm and 2.2 μm, respectively), the calibration outcome is deemed acceptable according the quality of fit criterion for Tier I mapping.

The next step is to evaluate whether these sets are deemed stable according to the discussed stability criterion in Appendix B (section 14.3). The provided stability software will evaluate a quantitative measure describing the average spatial offset between corresponding light rays within the reconstructed bundles along the image plane (RMSEoffset). An RMSEoffset that is smaller than the noise range within the image coordinate measurement process signifies a stable camera. For the provided IOP sets in Table 1, RMSEoffset turns out to be 0.35 μm, which is significantly smaller than the expected noise in the image coordinate measurements.

In summary, in addition to the provided calibration report from the calibration sessions, the provider should furnish the estimated stability measure (RMSEoffset), which should be within the acceptable limit (e.g., one pixel for Tier I mapping requirements).

15.5      Deliverable

The following list should be provided to summarize the quality of the calibration and stability analysis procedures of the utilized camera(s):

1. Calibration images.

2. The calibration report. This report should include the estimated IOP together with their variance covariance matrix, the estimated variance component, and the correlation matrix image.

3. The calibration reports from each of the listed calibration scenarios in Appendix C (section 15.2), if applicable.

4. The estimates RMSEoffset from the stability analysis procedure.

15.6      Total System Calibration

Following the indoor camera calibration procedure, the camera should go through an in-situ calibration procedure using a test field with numerous ground control points, Figure 4. This procedure aims at deriving the IOP of the imaging system under operational conditions. For the in-situ calibration, the estimated IOP from the indoor calibration can be used as prior information. Moreover, a total system calibration strategy should be used to evaluate and investigate the stability of the spatial and rotational offsets between the camera and the onboard GPS/INS unit (refer to Figure 9 for more details).

16.0 APPENDIX D -  CALIBRATION REPORT FORM AND FORMAT

For Camera: DAC 101_FEB_08

Pixel size: 9μm

Sigma (σo): 2.6237529176e-003 (mm) 

xp: 1.0081001926e-001 mm   yp:  1.3935409620e-001 mm  c:  6.0421025660e+001 mm

stdev_xp (σxp): 3.1820264930e-003 mm

stdev_yp (σyp): 2.8193895196e-003 mm

stdev_c  (σc ): 4.5190009363e-003 mm

Variance-covariance Matrix (mm2): 

       1.0125292602e-005        1.1026208135e-007       -1.8538752185e-007 

       1.1026208135e-007        7.9489572630e-006       -4.0854403632e-008 

      -1.8538752185e-007       -4.0854403632e-008        2.0421369462e-005 

Distortion: 

K1: -3.7320860199e-006 

K2:  2.8025547843e-009 

P1: -5.1844287520e-006 

P2:  5.3284391217e-006 

A1:  7.1305673240e-005 

A2:  -4.8944306097e-005

stdev_K1: 5.8791964716e-008

stdev_K2: 6.6268933910e-011

stdev_P1: 2.9198630035e-007

stdev_P2: 2.3973234484e-007

stdev_A1: 3.1769437567e-006

stdev_A2: 6.2300202886e-006

Distortion Model:

· Radial lens distortion (RLD) 
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Ro = 1.0mm.

· De-centric lens distortion (DLD) 
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· Affine deformations (AD)
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Correlation Image:
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For Camera: DAC 101_March_02
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Stability Analysis:

The stability analysis is carried out using the calibration reports for epoch I and epoch II (e.g., Feb. 8 and March 2 for the above reports).

· RMSEoffset: 0.0018 mm

· ω: 7"

· φ: 189" 

· κ: -6"

17.0 APPENDIX E -  GSD, Camera Specifications and Mapping Scale Correlation

	
	GSD calculation

	
	Example
	Pixel Size(um)
	Principal Dist.(mm)
	Flying Height(m)
	GSD

	
	
	3
	35
	1000
	0.086

	
	
	3
	50
	1500
	0.090

	
	
	4
	35
	1000
	0.114

	
	
	4
	50
	1500
	0.120


	
	
	9
	35
	1000
	0.257

	
	
	9
	50
	1500
	0.270

	
	User Input
	 
	 
	 
	 

	
	
	
	
	
	

	
	
	
	
	
	

	
	Note: GSD = Pixel size * Flying height / principal distance. This table provides examples of the relationship amongst the pixel size, the principal distance of the camera and the flying height. In essence, these factors determine the appropriate scale and suitable accuracy that can be achieved from a given camera at various flying heights.

	
	

	
	

	
	

	
	

	
	

	
	
	
	
	
	

	
	GSD Range
	Tier
	Recommended Mapping Scale
	Recommended Contour Interval
	

	
	0.05m - 0.125m
	I
	1:250
	0.25m to 0.5 m
	

	
	0.10m - 0.250m
	
	1:500
	 
	

	
	0.20m - 0.500m
	
	1:1000
	 
	

	
	 
	
	1:2500
	 
	

	
	 
	
	1:5000
	 
	

	
	 
	II
	1:10000
	 
	

	
	 
	
	1:20000
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	Note: This table relates the GSD range to the recommended mapping scale and a suitable contour interval that is relative to 1sigma
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