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[bookmark: _Toc276396131][bookmark: _Toc276396734]Executive Summary

This document is a record of the U.S Geological Survey (USGS) certification of the PentaView digital aerial imaging system manufactured by Pictometry International Corp. (hereafter referred to as Pictometry).  The USGS Certification team visited Pictometry in Rochester, NY on December 8-10, 2009 (3-day review).  The primary purpose of the visit was to ascertain and verify Pictometry’s answers to USGS Manufacturer Certification requirements contained in the manufacturer certification document and checklist provided to Pictometry prior to the visit.  The visit was authorized and conducted under Technical Assistance Agreement (TAA) No. T- 09757 signed and agreed to between Pictometry and the USGS on February 4, 2009. 

The PentaView system, based on an architecture designed and patented by Pictometry, is a multi-camera system comprised of one to five digital camera modules integrated with an acquisition computer (with sensor control hardware and software).  Key components of the PentaView system are manufactured and assembled by qualified suppliers under contract to Pictometry. Individual subsystems of the PentaView system are integrated and tested at Pictometry’s facilities in Rochester, NY and then also calibrated, tested in the laboratory and then also field-tested at Pictometry’s facilities.

The PentaView system is based on a modular and scalable design using one to five individual camera modules. The nomenclature for systems that capture three directional views are known as the C3 or N3 and the systems that capture five directional views are known as C5 and N5.  The “C” and the “N” in this nomenclature refer to “community” and “neighborhood”, respectively.  This USGS certification pertains to both the three and the five-camera systems and configurations.  The PentaView basic concepts, designs and prototype sensor implementations have been in operation since 2003 and were introduced to the international mapping market in 2005.

The USGS team found the PentaView system to be designed, manufactured, tested, and supported to the level required to meet the performance claims of the manufacturer when operated within manufacturer's intended operational parameters.  When the system is operated and data is processed properly by technically qualified individuals, this system is capable of delivering orthographic and oblique digital aerial data.
[bookmark: _Toc236062900][bookmark: _Toc236639371][bookmark: _Toc127333203][bookmark: _Toc276396132][bookmark: _Toc276396735]
Purpose and Report Organization
This report summarizes the information provided by Pictometry International to the USGS and also information gathered through observations made by the USGS team during the visit to the Pictometry facility in Rochester, New York.  Proprietary information has not been included in this report.  Inquiries for technical information beyond what is in this report should be made directly to Pictometry International via the following information:

Charles Mondello
Pictometry International Corp.
100 Town Centre Drive
Rochester, NY 14623
charles.mondello@pictometry.com
(585) 487-1537

The USGS team was provided numerous presentations, technical information, datasheets, and documentation material by Pictometry prior to the visit and additional information during and subsequent to the visit to Pictometry.  The team also took considerable notes during the visit, reviewed system data and components, and researched outside sources of information needed to augment a complete understanding of the PentaView system.  Team notes and various materials contain Pictometry’s proprietary information and are not included in this report and are not releasable to the public without Pictometry approval.  Those documents are kept on file within USGS for future internal reference.

The remainder of this document is organized as follows: 
Section 3: The Site Visit - provides an overview of the trip to Pictometry, dates and personnel involved. 
Section 4: Manufacturer’s System: Description, Intended Use, Workflow and Quality Program - provides the system description and design, operational concepts, intended use and the quality program.
Section 5: Documentation - provides a synopsis of the documentation provided to the USGS, including the documentation submitted in the certification effort.
Section 6: USGS Findings - provides the findings of the USGS Team.
Section 7: PentaView Technical Specifications - provides Appendix A: Technical Specifications for the PentaView Aerial Imaging System. 
[bookmark: _Toc127333205]	
Section 8:  References
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The USGS Digital Sensor Type Certification Team traveled to Rochester, NY December 8 -10, 2009 to meet with staff from Pictometry and visit the integration site where critical elements of the PentaView are assembled, tested and calibrated.

The USGS Certification team included the following personnel and expertise:
· Gregory Stensaas, USGS Remote Sensing Technologies Project Chief, EROS Center, Sioux Falls, SD – Certification Lead, Manufacturing and Quality Assurance
· Michael Benson, USGS, Remote Sensing Technologies Project Team, EROS Center, Sioux Falls, SD – Imagery and System Processing
· Dr. George Lee, USGS National Geospatial Program, Menlo Park, California - Camera Design and Operations
· Donald Moe, SGT, Contractor to the USGS EROS, Sioux Falls, SD – System Geometry and Photogrammetry
· Jon Christopherson, SGT, Contractor to the USGS EROS, Sioux Falls, SD Systems Engineering and Spatial/Radiometric/Optical Engineering

Pictometry staff that presented material and answered USGS questions included:

· Stephanie Boerman – Corporate Development Associate (Lead Coordinator for Pictometry on Digital Aerial Sensor Type Certification)
· Timothy Allen – Training Manager
· Thomas Burns – VP of Federal Sales
· Frank Giuffrida – Executive VP of Engineering
· Robert Gray – Director of Internal Tools Development
· Timothy Harrington – Director, Processing
· Matthew Kusak – Manager, Flight Rig Engineering
· Charles Mondello – Executive VP of Corporate Development, GISP
· Astrida Rideout-Merritt – Camera Technician
· Thom Salter – Director, Photogrammetric Production
· Stephen Schultz – Chief Technology Officer
· Yandong Wang – Director, Photogrammetric Engineering, PhD, ASPRS CP
· Craig Woodward – Programmer/Engineer
· Michael Zoltek – VP of Surveying and Mapping, LS, CFedS
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Manufacturer’s Description, Intended Use, Workflow and Quality Program
[bookmark: _Toc236639374][bookmark: _Toc241403204][bookmark: _Toc276396135][bookmark: _Toc276396738]  System Description
Prior to the PentaView design, Pictometry utilized professional grade consumer cameras but because of significant mean time between failures they concluded that system design was less than optimal for use as a mapping camera.  Also, these systems were insufficient to support the massive number of images generally captured when covering a large area for high resolution oblique and nadir imagery collection.  After trying a number of different professional cameras, Pictometry decided to develop its own camera system design.  This review and certification is for these Pictometry custom-designed and manufactured systems. 

Pictometry’s initial design considerations were durability and reliability.  Since these cameras are intended to be used exclusively in an aerial operation, the ability to focus at ranges other than infinity was eliminated.  The lens was focused at infinity in a lab and then the barrel was locked to prevent that focus from changing.  The design goal was to eliminate as many moving or mechanical components as possible and to remove potential sources of camera failure.  The common failure areas that had to remain, such as the iris, were designed to be extremely rugged and computer controlled.  Virtually all camera operations were placed under computer control in an effort to eliminate operator error and to allow for the continuous capture of imagery through varying conditions without requiring manual setting changes.

The next major design consideration was image quality.  A high image quality sensor lenses were designed to take advantage of the sensor’s capabilities in order to achieve optimal overall performance.  For instance, the lens was designed with a Modulation Transfer Function (MTF) at a finer resolution than the pitch size of the sensor so that the lens was not a limiting factor in effective ground sample distance.  The lens was also designed take advantage of the micro-lenses on the sensor by avoiding the angles where the light begins to quickly fall off.  The lens design balances a series of inputs, such as lens speed, roll-off, vignetting, and physical size and weight in order to achieve fast lens speeds while maintaining very flat fields.  Special attention was paid to minimize radial distortion and lenses were designed with radial distortion coefficients being an the average one to two orders of magnitude better than comparable off-the-shelf commercial professional lenses previously employed.

[bookmark: _Toc276396136][bookmark: _Toc276396739]Basic Design
Pictometry’s capture system was designed for the highly efficient capture of regional and county size areas with five views: a traditional nadir view plus north, south, east, and west oblique views.

 [image: ]

Figure 1: Pictometry’s five views: nadir, north, south, east, and west

The nadir view is typically ortho-rectified to produce an individual ortho-photo and a large area ortho-mosaic.  The oblique views are maintained as captured with interior and exterior orientation data associated with the imagery during capture.  This allows the user to measure distance, area, bearing, and even height in a single image, as well as overlay Geographic Information System (GIS) data and annotations.

Pictometry’s capture system stores detailed positional and orientation information about the cameras at the instant an image is captured and employs a direct geo-registration method to determine a latitude and longitude coordinate for each and every pixel in the image.

Data is sequentially captured based on required end and side lap to insure contiguous coverage as well as desired resolution.

[image: ]

Figure 2: PentaView Image Sequence

The proprietary nature of the detailed technical information (see Section 7) used during certification requires USGS to suggest that external requests for any information about this unique camera system be directed to Pictometry.

Current Operating Sensor Configurations:
· PentaView C3D 16MP  -Broad area coverage, ortho with two view oblique 
· PentaView C5 16MP  - Broad area coverage, ortho with four view oblique 
· PentaView N3M 16MP  - High resolution, RGB/NIR ortho with two view oblique 
· PentaView N5 16MP – High resolution, ortho with four view oblique 
· PentaView N5 11MP – High resolution, ortho with four view oblique legacy array 
Each of the above Sensor Configurations may employ one of the following Lens Configurations.  The first focal length is used for the nadir camera.  The second focal length is used for the oblique cameras:
· 42-mm/43-mm – Low altitude broad area coverage system 
· 65-mm/85-mm – Medium altitude, medium area coverage system 
· 120-mm/170-mm – High altitude, high resolution coverage system 
Each of the cameras in the above Sensor Configurations may employ one of the following Spectral Options: 
1. RGB 		- 680nm to 360nm (Natural Color) 
2. RGB/NIR 	- 800nm to 360nm (Natural Color/Near Infrared) 
3. Pan NIR 	- 680nm to 800nm (Black and White Near Infrared) 


	Operating System
	Lens
	Spectral Options
	Image Storage
	Controls
	Size and Weight
	Power
	Main Uses

	PentaView C3D 16MP
	42mm / 43mm
	RGB
CIR
	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	
	65mm / 85mm
	RGB
CIR
	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	
	120mm/ 170mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	PentaView C5 16MP
	42mm / 43mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	
	65mm / 85mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	
	120mm/ 170mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	Low Res

	PentaView N3M 16MP
	42mm / 43mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	65mm / 85mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	120mm/ 170mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	PentaView N5 16 MP
	42mm / 43mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	65mm / 85mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	120mm/ 170mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	PentaView N5 11MP
	42mm / 43mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	65mm / 85mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res

	
	120mm/ 170mm
	RGB

	0.5TB
	PC Based
	Under 100lbs
	Aircraft
	High Res



Table 1: PentaView Configurations

[bookmark: _Toc276396137][bookmark: _Toc276396740]Radiometric Properties
The nadir view is typically ortho-rectified to produce an individual ortho-photo and a large area ortho-mosaic.  The oblique views are maintained and captured with interior and exterior orientation data associated with the imagery during capture.  This allows the user to measure distance, area, bearing, and even height in a single image, as well as overlay GIS data and annotations.

Pictometry’s capture system stores detailed positional and orientation information about the cameras at the instant an image is captured and employs a direct geo-registration method to determine a latitude and longitude coordinate for each and every pixel in the image.

Pictometry cameras utilize Kodak Charge-Coupled Device (CCD) sensors.  The sensors utilize a Color Bayer Pattern filter when capturing visible spectrum imagery and a monochrome sensor when capturing infrared spectrum imagery.




Figure 3: Sensors used to capture color imagery have a Bayer Pattern dye pattern


The interline sensors (11MP, 16MP) also utilize micro lenses to increase quantum efficiency by diverting light to the active sensor wells.  The sensor characteristics for each sensor package are included below.

[bookmark: _Toc276396138][bookmark: _Toc276396741]11 Megapixel CCD
The Kodak KAI-11002 Image Sensor is a high-performance 11-million pixel sensor designed for professional digital still camera applications.  The 9.0 μm square pixels with micro lenses provide high sensitivity and the large full well capacity results in high dynamic range.  The two high-speed outputs and binning capabilities allow for 1-3 frames per second (fps) video rate for the progressively scanned images.  The vertical overflow drain structure provides anti-blooming protection and enables electronic shuttering for precise exposure control.  Other features include low dark current, negligible lag and low smear.

	Parameter 
	Typical Value 

	Architecture 
	Interline CCD; Progressive Scan 

	Total Number of Pixels 
	4072 (H) x 2720 (V) = 11.1M 

	Number of Effective Pixels 
	4032 (H) x 2688 (V) = 10.8M 

	Number of Active Pixels 
	4008 (H) x 2672 (V) = 10.7M 

	Number of Outputs 
	1 or 2 

	Pixel Size 
	9.0 μm (H) x 9.0 μm (V) 

	Imager Size 
	43.3mm (diagonal) 

	Chip Size 
	37.25mm (H) x 25.70mm (V) 

	Aspect Ratio 
	3:2 

	Saturation Signal 
	60,000 electrons 

	Quantum Efficiency 
(KAI-11002-ABA) 
	50% 

	Quantum Efficiency 
(KAI-11002-CBA) RGB 
	34%, 37%, 42% 

	Output Sensitivity 
	13 μV/e 

	Total Noise 
	30 electrons 

	Dark Current 
	< 50 mV/s 

	Dark Current Doubling Temperature 
	7º C 

	Dynamic Range 
	66 dB 

	Charge Transfer Efficiency 
	> 0.99999 

	Blooming Suppression 
	> 1000X 

	Smear 
	< -80 dB 

	Image Lag 
	< 10 electrons 

	Maximum Data Rate 
	28 MHz 

	Package 
	40-pin, CerDIP, 0.070” pin spacing 

	Cover Glass 
	AR Coated 



Table 2: Kodak KAI-11002 CCD Typical Performance

[bookmark: _Toc276396139][bookmark: _Toc276396742]16 Megapixel CCD
The Kodak KAI-16000 is an interline transfer CCD offering 16-million pixels at up to 3 frames per second through 2 outputs.  This image sensor is organized into an array of 4,872(H) x 3,248(V) with 7.4 micron square pixels and full 35mm optical format.  As an interline transfer CCD, the KAI-16000 includes additional features such as progressive scan readout, electronic shutter, low noise, high dynamic range, and blooming suppression.  These features make the KAI-16000 the perfect sensor for applications in Industrial, Aerial, Security, and Scientific markets.

	Parameter 
	Typical Value 

	Architecture
	Interline CCD; 
Progressive Scan 

	Total Number of Pixels 
	4960 (H) x 3324 (V) = 16.6M 

	Number of Effective Pixels 
	4904 (H) x 3280 (V) = 16.1M 

	Number of Active Pixels 
	4872 (H) x 3248 (V) = 15.8M 

	Pixel Size 
	7.4 μm (H) x 7.4 μm (V) 

	Active Image Size 
	36.1 mm (H) x 24.0 mm (H) 
43.3 mm (diagonal) 

	Aspect Ratio 
	3:2 

	Number of Outputs 
	1 or 2 

	Saturation Signal 
	30,000 electrons 

	Output Sensitivity 
	30 μ V/e 

	Quantum Efficiency 
KAI-16000-AXA (500nm) 
	45% 

	Quantum Efficiency KAI-16000-CXA 
R(630nm), G(540nm), B(470nm) 
	30%, 37%, 42% 

	Read Noise (f=30MHz) 
	16 electrons 

	Dark Current 
	< 0.5 nA/cm2 

	Dark Current Doubling Temperature 
	7º C 

	Dynamic Range 
	65 dB 

	Charge Transfer Efficiency 
	0.99999 

	Blooming Suppression 
	> 100X 

	Smear 
	< -80 dB 

	Image Lag 
	< 10 electrons 

	Maximum Data Rate 
	30 MHz per channel 

	Package 
	40 pin Pin Grid Array 

	Cover Glass 
	AR coated, 2 sides 



Table 3: Kodak KAI-16000 CCD Typical Performance

[bookmark: _Toc276396140][bookmark: _Toc276396743]Filters
For visible data collections, an external Ultraviolet Infrared (UV/IR) cutoff filter (Black + White (B+W) UV/IR Cut 486) is mounted in front of the leading lens element.  For extremely high light condition environments, a 2-stop neutral density (ND) filter (B+W ND 4X) can also be mounted in front of the leading lens element, in front of the UV/IR cut filter.  For infrared data collections, an external IR pass filter (B+W Infrared Filter 092) is mounted in front of the leading lens element instead of the UV/IR cut filter. 

The spectral response curves of the UV/IR cut and IR pass filter are illustrated below.

[image: 486 UV_IR cut edit]
[image: 092 IR Vis block Edit]
[bookmark: _Toc276396141][bookmark: _Toc276396744][bookmark: _Toc236639376]Geometric Calibration
The “PentaView” has one nadir camera and four oblique cameras, aimed forward, aft, left and right at near 45-degree angles.  The nadir camera is oriented with the wider horizontal sensor dimension being cross-track.  The oblique cameras are oriented in “landscape” mode with the wider horizontal sensor dimension being across the optical axis.  This means the forward and aft cameras are oriented with the wider horizontal sensor dimension being cross-track and the left and right cameras are oriented with the wider horizontal sensor dimension being along track.

For reasons of stability, durability, and mechanical performance, the entire camera housing is milled from solid aluminum.  The lens/sensor assembly is then mounted to a solid aluminum plate with precision pins and bolts to ensure good alignment.  This plate is mounted to a vertical riser that maintains the camera at the proper angle (pointed straight down for the nadir camera or angled near 45-degrees for the oblique cameras).  Precision pins, rails, and twist-lock clamps are used to ensure the camera maintains its position in the system, even with high degrees of vibration.  Finally, this vertical riser is mounted to a rigid aluminum base plate, which ties all the cameras together with the IMU.

The basic optical layout is consistent for all camera options.  The lens assembly is a self-contained set of multiple lens elements specifically designed to balance multiple parameters, such as vignetting, flatness of field, radial distortion, lens speed, and MTF.  A mechanical computer controlled iris system is embedded in the lens.

The sensor assembly is bolted to the lens assembly.  This includes the rigidly mounted sensor and the board stack necessary to drive the sensor.  The sensor is mounted in a “landscape” format, as described above.

The Pictometry camera systems operate in a shutter priority mode in order to minimize blurring caused by aircraft motion.  The operator can select the base exposure time from a list of choices including 2.0ms, 1.5ms, 1.0ms, and 0.7ms.  The Pictometry camera systems then continually monitor the exposure, adjusting the aperture based on average pixel value, number of saturated pixels, and noise floor, optimizing the setting for the most recent exposure while limiting the rate of change of the aperture to a maximum of ½ f-stops between one exposure and the next.  This allows the camera to adapt for changing scene content without greatly altering the radiometry between frames.

While Pictometry’s capture systems utilize multiple cameras, capturing nadir and oblique perspective, Pictometry treats each camera as an independent imaging system.  Thus, the interior and exterior orientation for an image is calculated completely independently from all other images captured.  The nadir images can be rectified and mosaicked in post-production through the use of their independent interior and exterior orientation parameters captured during calibration and imaging, along with additional data sets such as ground model and independent control points.  Pictometry can also produce oblique mosaics from the off-nadir cameras for visualization purposes.

The system is calibrated through the use of a camera calibration cage. The cage uses a series of independent exposures for each sensor introduced change in placement and orientation to the cage.

[image: ]

Figure 4: Pictometry Calibration Cage

Pictometry International’s Digital Camera Calibration System can calibrate a wide variety of digital frame cameras.  The Pictometry System is capable of determining the following geometric calibration parameters: focal length, principal point, Gaussian and balanced coefficients of radial distortion, and coefficients to model differential scale.  The system is highly automated and incorporates rigorous mathematical modeling equivalent to the SMAC (Simultaneous Multi-frame Analytical Calibration) program currently used in the USGS analog calibration facility. 

A sample report includes:

· f  (C) =   focal length
· xp, yp  =   Principal point
· K1, K2, K3  =   Gaussian coefficients of radial distortion
· K'0, K'1, K'2, K'3 =   Balanced coefficients of radial distortion
· P1, P2 =   Coefficients of de-centered distortion
· B1, B2  =   Coefficients to model differential scale 

[bookmark: _Toc276396142][bookmark: _Toc276396745]Intended Use
The imagery is generally captured at two levels of detail: a high resolution collection, typically captured at 4” ground sample distance, and a medium resolution collection, typically captured at 12” ground sample distance.  
This geo-referencing is performed at the time of image capture with a priori calibration data and real-time position and orientation data.  The position and orientation data is then post-processed, typically with the introduction of GPS reference data, and the images are updated with this refined geo-referencing solution.

The cameras used in the PentaView system were developed by Pictometry specifically for the capture of aerial oblique imagery.  They have been designed to be highly reliable, to optimize performance for aerial capture and photogrammetric purposes, and to be completely under the control of the flight capture software.  It is for the purpose of capturing aerial oblique and nadir imagery using the Pictometry custom-designed and manufactured camera systems that Pictometry is applying for the USGS Certification.

Pictometry also developed the flight capture software and hardware that controls the cameras, guides the pilot along pre-built flight plans, and records the image and navigation data collected during aerial capture.  The system includes numerous innovations designed to optimize the capture of metric oblique imagery, many of which are patent pending.

The remaining components in Pictometry’s capture system are:
· The computer system that runs Pictometry’s Capture software, including the removable drive units that store the imagery and navigation data.
· A power distribution unit that converts the incoming aircraft power to the necessary voltages used by the components of the capture system.
· A “light bar display” that can be mounted on the aircraft dashboard and which provides the pilot all the information they need to get to the flight line and to stay on track.
· A high intensity display that displays a map and that the pilot can use to load the flight plans.
· An input device that the pilot can use to interact with the system when loading flight plans or completing the mission.
· For some installations, there is also a yaw compensation platform that rotates the cameras to keep the forward and aft cameras aimed along track and the right and left cameras aimed across track.

Pictometry’s most common platform domestically is the Cessna 172 aircraft.  This aircraft typically operates at speeds around 100 to 120 knots and at altitudes below 10,000 feet.  Pictometry also mounts into other various single engine aircraft as well as twin engine aircraft that can fly at faster speeds and at higher altitudes.  These twin engine aircraft installations often incorporate the yaw compensation platform as the need to perform yaw compensation increases as the above ground flight altitude increases.  For the most common “neighborhood” capture, Pictometry’s height over ground is typically 2,500 feet; thus image target footprint offsets due to crab are minimal.

A series of tools have been created to automatically capture and produce the content. The following highlights the major components required as well as the steps and sequence in generation of an ortho and oblique image warehouse.

[image: steps in Process graphic]

Figure 5: System Data Production

[bookmark: _Toc276396143][bookmark: _Toc276396746]Intended Use Configurations
Based on the intended use, these systems are configured to capture community or neighborhood data.  The graphic below highlights one of the configurations and while a system can be changed to a full camera configuration to accommodate different altitudes - this is done infrequently.  In general, a system remains intact from manufacture to installation and operation.  If configuration changes are made, all the oblique cameras would be changed as a set and would in turn require a new calibration.  Imagery from an example configuration is shown in Figure X1 is called the N5.  Imagery from the C3 configuration, shown in Figure X2, removes two sensors one - from each opposing direction.

[image: untitled2]

Figure 6: Sample PentaView Camera Operation

These sensor configurations in turn generate data with footprints as noted below.

[image: ]

Figure 7: Imagery from the N5 Configuration


[image: ]

Figure 8: Imagery from the C3 Configuration



[bookmark: _Toc276396144][bookmark: _Toc276396747]Expected Accuracy
The photogrammetric characteristics of the Pictometry system has been analyzed by a team lead by Yandong Wang, Certified Photogrammetrist.

The following parameters are used in the formulas below:

k1, k2, k3  	camera radial distortion parameters
p1, p2  	camera off-centering distortion parameters
x, y  	image coordinates in millimeters
r 	radial distance from the principal point in millimeters

The intrinsic radial, off-centering, and other optical distortions present in this system.





Model for how distortions are compensated for in the production of imagery from this system.





[bookmark: _Toc276396145][bookmark: _Toc276396748]Minimum IMU and GPS Performance Requirements 
The minimum Inertial Measurement Unit (IMU) and Global Positioning System (GPS) performance requirements for the system to achieve its advertised specifications are provided below:

IMU:  Applanix POS/AV 310
	
	Position	0.5-2.0 m
	Velocity	0.050 m/s
	Roll and Pitch	0.030 deg
	True Heading	0.080 deg

The performance metrics noted above represent the minimum recommended POS system. The system can be configured with higher performance POS however minimal additional benefits are realized on standard products.


[bookmark: _Toc276396146][bookmark: _Toc276396749]Manufacturer’s Accuracy 
Pictometry completed a number of test projects in order to study the accuracy of orthophotos produced by their PentaView system.  The details and results of three of those projects that are of varying sizes are listed in Table 3 below.  Both the Buffalo and Genesee County Projects were flown at the same image scale resulting in a ground sample resolution of 6 inches.  They both cover six and 14 square miles (15 and 36 square kilometers) respectively and both areas are flat.  The block of Genesee County project consists of four strips in west-east direction and 12 strips in north-south direction and the images have 70-75% end-lap and 30% side-lap.  There are about 100 control points distributed around the center of the block, 73 of which were used as control points in automatic triangulation and 24 used as check points for quality evaluation of the generated orthophotos.  The Buffalo project block consists of 26 strips in west-east directions and the image overlaps are 65% and 30% respectively in flight direction and cross strips.  Four ground control points around the corner of the block were used in automatic triangulation and 44 check points were utilized to evaluate the quality of the created orthophotos.  A DEM extracted from the images was used for rectification of images for both Genesee Co. and Buffalo projects.

Compared with the above two projects, Orange County project is much larger and it contains 35 strips and 2230 images totally, covering about 16 square miles.  The images were taken at a larger image scale resulting in 4" ground resolution and about 70% end-lap and 30% side-lap.  The project area covers both residential area and hills.  Five highly accurate ground control points, distributed within the block, were used in triangulation and five check points were utilized for quality evaluation of the produced orthophotos.  A LiDAR DEM was used in this project for generation of orthophotos.  To investigate the effect of control points on triangulation results, an adjustment without control points was performed and similar triangulation results were achieved.


	Project Name
	GSD of images
	No. of images
	No. of Strips
	Overlaps of images
	No. of control points
	No. of check points

	Genesee Co.
	6" (15cm)
	384
	16
	70-75/30
	73
	24

	Buffalo
	6" (15cm)
	884
	26
	65/30
	4
	44

	Orange Co.
	4" (10cm)
	2230
	35
	70/30
	5
	5



Table 4: Parameters of Test Projects

Once orthophotos were created, they were merged together to create ortho mosaics.  Additional processes such as feathering and global color balancing were performed on the mosaicked orthophotos to generate seamless and color-balanced ortho mosaics.  A portion of the mosaicked orthophoto of Orange County project is shown below as Figure X3.

The quality of the generated orthophotos in these projects was evaluated using high quality check points. The coordinates of the check points measured on mosaicked orthophotos were compared against surveyed coordinates and the statistical numbers are shown below.  As can be seen in Figure X3, RMSx and RMSy in these three projects are 0.5ft/0.6ft, 0.38ft/0.37ft and 0.21ft/0.19ft respectively and all are smaller or equal to the GSD of the image.  Among three test projects, the highest accuracy was achieved in the Orange County project because of its larger image scale and higher accuracy DEM.  The accuracy of the orthophotos in the Buffalo project is better than the Genesee Co. project, because improved GPS data was produced in the Buffalo project, resulting in better triangulation results.  The results also show that almost the same accuracy was achieved in both x and y directions on orthophotos Indicating that the effect of image forward motion can be ignored in Pictometry's digital images.

[image: LA Mosaic1]

Figure 9: Mosaicked Orthophotos from Orange County, California

 (
RMSx
RMSy
)[image: ]
Table 5: Statistics of Residuals on Check Points

Pictometry responded to a USGS questionnaire regarding typical planimetric accuracies a user of the PentaView system may expect to obtain at several operational resolutions.  Pictometry claims the accuracies presented below are routinely achievable for minimum and maximum resolution data, along with resolution(s) that Pictometry expects to be most commonly collected.  These responses are provided below.  Pictometry claims 4 inches as their highest operational ground sample distance (GSD). 

Pictometry performed independent tests to determine the relative precision of linear measurements within individual orthogonal and oblique imagery frames.  These accuracies are expressed as two main components; error related to Pixel size and Scale error related to the length of line measured.  The Scale error is directly related to the quality of the DEM utilized (e.g. ±1 meter LiDAR vs. ±7 meter USGS DEM).

Relative Measurement Accuracies Compiled at 95% confidence interval for Pictometry’s Orthogonal frame Imagery:

· Nominal 4” GSD = 2.9 in. + 0.3% (LiDAR) or 2.9 in.+ 1.0% (USGS)

· Nominal 6” GSD = 4.2 in. + 0.3% (LiDAR) or 4.2 in. + 1.0% (USGS)

· Nominal 12” GSD = 8.4 in.+ 0.3% (LiDAR) or 8.4 in. + 1.0% (USGS)

Relative Measurement Accuracies Compiled at 95% confidence interval for Pictometry’s Oblique frame Imagery:

· Nominal 4” GSD = 3.5 in,+ 0.3% (LiDAR) or 3.5 in.+ 1.0% (USGS)

· Nominal 6” GSD = 5.2 in.+ 0.3% (LiDAR) or 5.2 in.+ 1.0% (USGS)

· Nominal 12” GSD = 10.4 in.+ 0.3% (LiDAR) or 10.4 in.+ 1.0% (USGS)


	Resolution (GSD)
	CE95 Accuracy using
Direct Geo-referencing
	CE95 Accuracy using
Ground Control Points

	1-meter
	Not provided
	Not provided

	12-inch (30cm)
	Not provided
	13.13 in

	6-inch (15cm)
	Not provided
	6.93 in

	4-inch (10cm)
	Not provided
	5.63 in

	Highest advertised resolution
	4-inches
	4-inches


Table 6: Claimed Accuracies for the PentaView System
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Documentation
Pictometry provided various documents to the USGS prior to the visit and additional documents that both Pictometry presented during the visit and as requested by USGS. These documents included the following:

  1. Information on facilities at Pictometry in Rochester, NY
  2. Pictures of PentaView assemblies 
  3. PentaView System and Calibration Workflow
  4. Pictometry’s Quality Program
  5. Camera Calibration Report
  6. Camera Assembly Worksheet
  7. Sample Data Sets
  8. Accuplus Orthophotography Methods
  9. Image Interior and Exterior Orientation Data
10. Pallet Capture System Diagrams
11. Camera MTBF Report
12. Assembly Reports
13. Lens Design Diagrams
14. System CAD Drawings

Additional information was provided after the visit in response to USGS questions. All documentation came from Pictometry directly or from their suppliers.  The USGS team also referenced additional documents obtained from Pictometry’s public presentations and promotional material. All of these materials were current as of the visit.  Additionally, the individual members of the USGS team took notes, pictures, and wrote comments regarding what they saw and heard during the visit to Pictometry and while researching the PentaView system. Copies of these notes have been collected and are filed with the Pictometry Certification files at the USGS EROS.

Copies of all documentation described above are kept at Pictometry, with certification files at the USGS EROS for reference by the USGS team.  Many of these documents and the information contained within or derived from them are Pictometry proprietary information.  Pictometry shared this information with the USGS for the purpose of type certification under a non-disclosure agreement. This type of information is not contained in this report.  Due to the proprietary nature of detailed technical information used during certification, USGS suggests that external requests for any information about this unique camera system be directed to Pictometry.
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USGS Team Findings
Prior to the visit with Pictometry International, the USGS Team was provided technical information, datasheets, and relevant documentation in accordance with the USGS Sensor Type Certification Checklist [1].  During the site visit, updated materials Pictometry provided more detailed presentations of their system that documented the design, data processing and products, system capabilities and performance and the manufacturing and company programs.  The USGS Team also obtained many documents and took considerable notes during the visit as well as researching various information sources and data to augment the understanding of the Pictometry International’s PentaView system.  Subsequent to the Pictometry site visit, the Team reviewed even more technical materials and information that were reviewed and discussed within the Team.  Team notes and materials containing proprietary information are not included in this report but are on file within USGS for future internal review and reference.  Based on this information, the following findings are presented.

System engineering processes, including configuration control and management, in use at Pictometry International follow standard industry practices, as do manufacturing engineering, testing, and quality monitoring processes. 

The quality program in use at Pictometry International is very thorough and covers every step of their manufacturing process.  The working relationship at Pictometry International allows for physical collaboration between engineers and assemblers and thus gives them the ability to monitor quality and performance at the subsystem level during assembly and testing.

Geometric calibration of the Pictometry International’s PentaView is performed in-house at Pictometry International in Rochester, NY, using multiple images taken using a calibration cage and system.  The distortion coefficients from this calibration are then further refined using aerial imagery over a survey-controlled test range.  These final results are delivered with each PentaView system sold.  This calibration process generates calibration parameters that are very precise and virtually eliminates systematic distortions within the system.

Radiometric calibration for the PentaView is limited to defective pixel identification and correction, normalization, and aperture correction.  These measures control the qualitative radiometry of the imagery produced.  The PentaView has not been designed to deliver spectral measurements in reflectance units, but rather to produce three and four-band color images ready for imaging applications and requirements.

Pictometry International strongly recommends annual factory servicing of the PentaView and provides a Service Plan including this.  During annual servicing, the calibration of the system is verified using the methods above.  Pictometry International’s service and support operations were found to be excellent.

The Team was provided with a detail review of the Pictometry International software and processing system that is used to process the PentaView output into oblique and ortho photography and then into specific products using Pictometry’s photogrammetric software.  The Pictometry International software is developed and maintained by in-house company staff.  The software and quality assurance process used by Pictometry is also well defined, documented and the process used for image products was verified.   Pictometry International has thoroughly tested and verified the technical performance of the PentaView systems, including test flights under environmental extremes.  The manufacturer verifies and flies each system prior to delivery to ensure that all specifications and performance meet design tolerances.

The USGS Team found the Pictometry International PentaView System to be designed, manufactured, tested, and supported to the level required to reliably meet the performance claims of the manufacturer when operated within manufacturer’s intended operational parameters.  These systems, when operated properly by a conscientious and technically qualified operator, are capable of meeting the accuracy claims given by Pictometry International for digital aerial data.
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[bookmark: _Toc276396150][bookmark: _Toc276396753]PentaView 16MP Configurations
	Component
	Capability
	Specification

	System
	 
	 

	 
	System Nomenclature
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10]PentaView N5 16MP-65mm/85mm
PentaView N3M 16MP-65mm/85mm
PentaView N5 16MP-120mm/170mm
PentaView C3D 16MP-43mm/42mm

	 
	Number of Lens Cones
	N5 = 5
N3 & C3 = 4

	 
	Number of Sensor Chips/Lines
	N5 = 5
N3 & C3 = 4

	 
	On-board Storage (GB/TB)
	0.6 – 3 TB disk or solid state

	 
	On-board Storage (images)
	19,500 – 98,000

	 
	Image Storage Redundancy (Y/N)
	Y – configurable

	 
	Power Consumption (Watts)
	275 -300

	 
	Camera Temperature Range (○C)
	-7 to 60 C

	 
	Computer Temperature Range (○C)
	4 to 40 C

	
	Humidity Range
	5 – 90% Non Condensing

	 
	Mount type
	Pallet or YDC available

	
	Output Pixel Size(s)
	4278(H) x 3248 (V)

	 
	Fwd Motion Comp (FMC) Type
	None

	 
	Forward Overlap (%)
	35% Max

	 
	Side Overlap (%)
	35% Max

	Spectral Response
	
	

	
	Panchromatic
	680nm to 800 nm

	
	Multi-Spectral
	360nm to 680nm and 680nm to 800nm

	Size/Weight
	
	

	 
	Mount Weight
	N5, N3 = 92.95 lbs
C3 = 100.6 lbs

	 
	Processing System Size/Weight
	25”x20”x25” / 84.5 lbs

	 
	Total System Weight
	N5 65mm = 188lbs YDC Mount
N3 65mm = 170.5 lbs Pallet Mount
N5 120mm = 200 lbs YDC Mount
C3 43mm = 172 lbs Pallet Mount

	Controls
	 
	

	 
	Exposure Control Options
	Fully Automatic

	 
	Light Metering Type
	Full Frame Averaging – Saturation Override

	 
	Shutter Type
	Interline Electronic Shutter

	 
	Shutter Speed Range
	2.0, 1.5. 1.0 ms

	 
	Exposure Compensation
	NA

	
	
	

	Sensor
	 
	

	 
	Sensor Type
	Interline CCD

	 
	Sensor Nomenclature
	KAI 16000 Scientific Grade

	 
	Manufacturer CCD Nomenclature
	

	 
	Total Pixels (MP)
	16

	 
	Along Track Pixels
	3248

	 
	Cross Track Pixels
	4872

	 
	Aspect Ratio
	3:2

	 
	Pixel Size (mm)
	7.4 um x 7.4 um

	 
	Radiometric Resolution (bits)
	12

	
	Dynamic Range
	65 dB

	 
	Max Exposure Rate (sec)
	1/sec

	Lens
	 
	

	 
	Lens Type
	JML Optical

	 
	Lens Nomenclature
	Pictometry

	 
	Focal Length (mm)
	65mm (Nadir) / 85mm

	 
	Aperture Range (f-stop) - Pan 
Aperture Range (f-stop) - MSpec
	f2.9 – f22
f2.8 – f22

	 
	Along Track FOV (deg)
	N5 65mm = 20.9 (Nadir)
N3 65mm = 20.9 (Nadir)
N5 120mm = 17.1 Nadir)
C3 43mm = 45.43 (Nadir)

	 
	Cross Track FOV (deg)
	N5 65mm = 30.96 (Nadir)
N3 65mm = 30.96(Nadir)
N5 120mm = 11.42 (Nadir)
C3 43mm = 31.19 (Nadir)





[bookmark: _Toc276396151][bookmark: _Toc276396754]PentaView 11MP Configurations
	Component
	Capability
	Specification

	System
	 
	 

	 
	System Nomenclature
	PentaView N5 11MP-65mm/85mm
PentaView N5 11MP-120mm/170mm
PentaView C3D 11MP-43mm/42mm

	 
	Number of Lens Cones
	N5 = 5
C3D = 4

	 
	Number of Sensor Chips/Lines
	N5 = 5
C3D = 4

	 
	On-board Storage (GB/TB)
	0.6 – 3 TB disk or solid state

	 
	On-board Storage (images)
	28,000 – 142,000

	 
	Image Storage Redundancy (Y/N)
	Y – configurable

	 
	Power Consumption (Watts)
	275 -300

	 
	Camera Temperature Range (○C)
	-7 to 60 C

	 
	Computer Temperature Range (○C)
	4 to 40 C

	
	Humidity Range
	5 – 90% Non Condensing

	 
	Mount type
	Pallet or YDC available

	
	Output Pixel Size(s)
	4008(H) x 2672 (V)

	 
	Fwd Motion Comp (FMC) Type
	None

	 
	Forward Overlap (%)
	35% Max

	 
	Side Overlap (%)
	35% Max

	Spectral Response
	
	

	
	Panchromatic
	680nm to 800 nm

	
	Multi-Spectral
	360nm to 680nm and 680nm to 800nm

	Size/Weight
	
	

	 
	Mount Weight
	N5 = 92.95 lbs
C3 = 100.6 lbs

	 
	Processing System Size/Weight
	25”x20”x25” / 84.5 lbs

	 
	Total System Weight
	N5 65mm = 188lbs YDC Mount
N5 120mm = 200 lbs YDC Mount
C3 43mm = 172 lbs Pallet Mount

	Controls
	 
	

	 
	Exposure Control Options
	Fully Automatic

	 
	Light Metering Type
	Full Frame Averaging – Saturation Override

	 
	Shutter Type
	Interline Electronic Shutter

	 
	Shutter Speed Range
	2.0, 1.5. 1.0 ms

	 
	Exposure Compensation
	NA

	
	
	

	Sensor
	 
	

	 
	Sensor Type
	Interline CCD

	 
	Sensor Nomenclature
	KAI 16000 Scientific Grade

	 
	Manufacturer CCD Nomenclature
	

	 
	Total Pixels (MP) – Pan
Total Pixels (MP) - MSpec
	10.7
16

	 
	Along Track Pixels – Pan
Along Track Pixels - MSpec
	2672
3248

	 
	Cross Track Pixels – Pan
Cross Track Pixels - MSpec
	4008
4872

	 
	Aspect Ratio
	3:2

	 
	Pixel Size (mm)
	9.0 um x 9.0 um

	 
	Radiometric Resolution (bits)
	12

	
	Dynamic Range
	66 dB

	 
	Max Exposure Rate (sec)
	1/sec

	Lens
	 
	

	 
	Lens Type
	JML Optical

	 
	Lens Nomenclature
	Pictometry

	 
	Focal Length (mm)
	65mm (Nadir) / 85mm

	 
	Aperture Range (f-stop) - Pan 
Aperture Range (f-stop) - MSpec
	f2.9 – f22
f2.8 – f22

	 
	Along Track FOV (deg)
	N5 65mm = 20.9 (Nadir)
N5 120mm = 17.1 Nadir)
C3 43mm = 45.43 (Nadir)

	 
	Cross Track FOV (deg)
	N5 65mm = 30.96 (Nadir)
N5 120mm = 11.42 (Nadir)
C3 43mm = 31.19 (Nadir)






[bookmark: _Toc276396152][bookmark: _Toc276396755]References
a. USGS Quality Assurance Plan for Digital Aerial Imagery, Version 0.9, 
dated June 2008
b. USGS Quality Assurance Plan for Digital Aerial Imagery: Part 2: Type Certification of Sensor System, Version 0.7, dated February 2008
c. Materials provided by Pictometry Intl., Inc. during the certification process, documents maintained by USGS and Pictometry
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