A. Abstract and statement of innovation 
In this proposal we present a new fisheries science and management tool – Automated Scale Image Analysis (ASIA). The analysis includes but is not limited to machine-derived aging and stock identification. The ASIA system is the combination of an automated high speed scale card (acetate) reading device and image processing and pattern recognition software. ASIA is capable of automatically processing at least 100 standard scale cards per hour. At the end of a user-defined batch, ASIA prints a report in which is included no less than the number of scales processed, the number of scales analyzed, the age-class to which each scale belongs, and an age-class composition histogram.  If desired, a report of stock identification can be provided. The stock identification report would be the probability associated with a given scale’s belonging to the specific stock(s) of interest. Among the classes (stocks) available would be an empty class - meaning the probability that the scale belonged to any available known stock failed to achieve a pre-determined value.

B. Technical and/or scientific background
The procedures and algorithms established with NSF award 00114288 have not been substantially modified since completion of the Phase I study. Due to improvements in basic technology (camera resolution and computing speed), we have made considerable strides with respect to increasing throughput. Furthermore, we abandoned the microscope/camera image acquisition system, and designed a custom system for automated scale card reading. Other than those changes, nothing has changed in ASIA (formerly OASIS). Therefore, attached below (Attachment I) is the final report for NSF award 00114288.  The technical details and results contained in the NSF report are the best summaries available for reviewing the technological breakthroughs brought about by ASIA. 
C. Rationale and significance to the Council’s Fish and Wildlife Program

Analysis of age data derived from analyzing scales is a fundamental part of fisheries management, and particularly salmon management, throughout the world. All salmon management in the Pacific Northwest, including the Council’s, relies on scale-derived age composition. Current methods of scale analysis are decades old, and rely heavily on human interpretation for data extraction and analysis. While humans are far better at visually processing single images and analyzing and interpreting the images than machines, humans are also “human”… meaning that their outstanding processing capabilities come with costs. The primary “costs” are time and subjectivity. According to decades-long record-keeping, (www.psmfc.org/care/)  the most experienced scale readers are capable of analyzing the scales of about 100 fish per day, (roughly 10 acetates). This analysis provides age and in some cases stock ID for each fish. The results are subject to within and between-reader variability (especially for stock ID), and subjectivity. Subjectivity is a minor issue with respect to aging, but a major issue with respect to stock ID, especially with regards to attempts to determine freshwater age of species, such as sockeye.  “In addition, in many locations, such as the Central Valley of California, scale aging has been conducted only on a sporadic, inconsistent basis with no coordinated program or comprehensive database developed for scale aging data.”  (Allen 2005)  In addition, it may be that scale cards are collected but remained unprocessed.  
ASIA helps solve these issues in a cost effective way because it is capable of providing age, and in some cases, stock ID for no less than 5000 fish (500 acetates) per day compared to an experienced human’s rate of about 100 fish (10 acetates) per day. We submit that increasing throughput by approximately 50-fold represents “significance to the Council’s Fish and Wildlife Program”. Of course, speed alone without accuracy has no value. We have demonstrated (NSF final report for Award#00114288) that ASIA is capable of at least 90% accuracy with respect to brood year age. Machine-derived (ASIA) stock ID accuracy can be very good (above 90%), but has to be quantified on a case-by-case basis depending on the samples available and the geographic separation of the stocks in question. It is important to note that in a machine-based process such as ASIA, there is no subjectivity, and no between or within-reader variability. The trade-off is that while the machine is fast, consistent, and objective, its ability to process and analyze “poor quality” – like resorbed scales – fades in comparison to a human’s skills.  Still, according to the PSMFC’s data, using average quality scales, ASIA performed with greater accuracy and yielded greater precision (as a function of increased samples sizes), than human scale readers. Furthermore, increased throughput means increased sample sizes, which in most cases means increased precision. Increased precision and sample size strengthens the statistical support of any management decision made.
D. Relationships to other projects

Since what we are proposing is not a specific data acquisition project, but rather the demonstration of the capabilities of a new technology that has application across a large number of projects, there is only indirect “relationships to other projects”. Specifically, no project depends on the output of this project, and conversely, this project will not depend on any future output from any other project.  If need be, this project could be limited to use of acetates from the historical archives for demonstrating its applicability to the Council’s objectives. However, we intend to offer in-season analysis of 2008 fall Chinook scales should ODFW wish to provide the acetates. See also Section 5 “Relationships to other projects” of our web-based proposal submission.
E. Proposal objectives, work elements, methods, and monitoring and evaluation

Paraphrasing from Section 6, “Objectives” of our web-based proposal submission, the formal objectives are:

1) Collect and scan enough scale cards from target Chinook stocks to develop a solid baseline of age and stock identification for each stock using automated processes and equipment. Use those baselines for automatically providing age and possibly stock ID data from additional scale cards for either historical research and trend analysis or for in-season management. Northeast Oregon Chinook stocks of interest to the ODFW are from the Grande Ronde, and Imnaha subbasins. Those are: Grande Ronde, Imnaha, Catherine Creek, and Lostine Chinook. Other stocks of interest in western Oregon are: Willamette Spring Chinook, Columbia Mainstem fall Chinook (below the Bonneville Hatchery), and fall Chinook from Bonneville Hatchery, Big Creek Hatchery, and the Clackamas Hatchery.
2) Demonstrate the automated throughput capabilities of the Automated Scale Image Analysis system, (ASIA), with the goal being no less than 500 acetates processed in a single day. Output of that processing to include at least brood year for each of approximately 5,000 of the fish analyzed, and possibly stock ID. Age accuracy will be determined by using the human-processed ages as “truth” for each scale that ASIA processes. Resorbed scales will be examined, for potential, but are not going to be part of baseline establishment for age. Resorbed scales may be included for developing stock ID baselines.
From Section 7 “Work Elements” of the web-based proposal site:
       1)    Develop RM&E Methods and Designs.
We will meet in person with ODFW personnel (at the La Grande and Clackamas ODFW offices) to discuss the target stocks, review scale cards for target stocks and select cards. Target stocks would include in the La Grande region: Chinook from Imnaha River, Catherine Creek, Grande Ronde River, and the Lostine River as four stocks, with special emphasis on the Imnaha Chinook due to the ongoing supplementation program in place for that system. In the Clackamas region we will establish baselines for: Willamette Spring Chinook, Columbia Mainstem fall Chinook (below the Bonneville Hatchery) and fall Chinook from Bonneville Hatchery, Big Creek Hatchery, and the Clackamas Hatchery. Specifically we will:

1) Select the cards to be used for establishing baseline for automated aging and stock id.

2) Acquire copies of those acetates from the ODFW La Grande and Clackamas offices.

3) Using one scale from each of a minimum of 125 fish per age-class per stock we will extract the patterns from each scale to build a baseline for each age-class and each stock. Based on seven Chinook age classes and nine genetic stocks, the baselines will be derived from no less than 7875 individual fish. Age will be total age (brood year to scale collection), and not separated into salt water and freshwater ages for purposes of this project.

4) Once the baselines are established we will process any additional cards ODFW would like to have analyzed, up to as many as 500 additional cards (5,000 fish), depending on how much information ODFW wants from its historical databases or for 2008 in-season management uses.

5) Provide a final report to ODFW, Nez Perce, and CTUIR on the results of the automated scale pattern extraction, including: cards processed per unit time, aging accuracy and precision, stock id information, and accuracy degradation with resorbed scales.

6) Provide the final written report to BPA per requirements of the contract.

We will obtain enough scale cards from ODFW to get at least one quality scale from at least 125 individual fish from all of the statistically relevant ages (determined by ODFW) of all of the stocks of interest. “Statistically relevant” refers to those age classes that are in sufficient abundance that they contribute to management decisions. We assume this will be seven classes – total age - not separated into freshwater and saltwater ages. ASIA can provide fresh/saltwater ages, but the sample sizes required are, in general, prohibitive, and fine-scale accuracy decreases. ASIA could provide both a total age (brood year) as well as the freshwater/saltwater components for comparison. Each would be determined independently, so that the total was not simply the sum of the freshwater/saltwater ages. However, our intent with this project is not to demonstrate every possible feature ASIA brings to fisheries management, as there are many areas of management and research that could be investigated using ASIA; otoliths, cliethra, vertebra, fin rays, etc. Rather we are simply trying to demonstrate the fundamental utility of a new fisheries management tool.
With seven age classes, nine potential stocks and 125 fish per class, this means no less than 7,875 scales will be required. If the number of statistically relevant age classes is less than seven, the number of scales required will diminish by 1,125 scales per age class. The 125 scales/age/stock sample size will be sufficient to establish an unambiguous archetype for each age class and stock. It must be realized however, that there is no way to know a priori whether or not the nine stocks of interest will be sufficiently separable for management use, using scale-derived patterns, without processing the scales and extracting the patterns. The pattern extraction algorithms are very powerful and ASIA can accomplish a level of statistical feature extraction that humans can’t. However, if humans can’t perform stock separation of these nine stocks, the probability that ASIA can do it is certainly diminished.
Preliminary processing will follow closely the methods presented above in Section B, “Technical and or Scientific Background”. (See also Attachment I below) We have improved the speed of certain elements of the process, but the process itself remains the same. We will not be using a microscope or a camera for image acquisition. Instead it will be a Biopar product similar to an automated microfiche. ODFW will provide copies of the acetates at a price of $5 per acetate. All preliminary acetate processing will take place at Biopar facilities. Any in-season analysis of fall Chinook will occur at an ODFW-selected site.

F. Facilities and equipment 

Equipment used will be Biopar’s ASIA and ODFW’s scale card press. The facilities use will be Biopar’s lab and ODFW’s scale press lab. If fall Chinook scales will be processed in-season, an ODFW site will be used.
G. Literature cited 

2002 – Skvorc, P, Final Report to the National Science Foundation Small Business Innovative Research Program for award #00114288. Attached
NPAFC Sockeye Scale Aging Test, Katherine Myers, Fisheries Research Institute, University of Washington, October 1998
Determination of Age Structure and Cohort Reconstruction of Central Valley Chinook Salmon Populations, Stan Allen, Pacific States Marine Fisheries Commission, 2005

Nechako and Stuart Rivers Chinook Carcass Recovery 1988 (M88-4), Prepared by D. Rowland, DFO May 1989

Scale Aging Manual for Coastal Cutthroat Trout From Southeast Alaska, Publication No.99-4, Alaska Department of Fish and Game, Randolph Ericksen, December 1999

A leisurely look at the bootstrap, the jackknife, and cross-validation. Efron & Gunt, 1983, American Statistician 37:36-48.
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Paul A. Skvorc II
Director, Research & Development

SUMMARY:

Mr. Skvorc has 30 years of broad-based technical and scientific expertise in the biology, physics, electrical engineering and fisheries hydroacoustics disciplines. He has demonstrated ability to manage large, complex projects and programs. He is the inventor of The Natural Tag (TNT) and the Automatic Scale Image Analysis (ASIA) systems. Mr. Skvorc leads the research, development, and technical team for Biopar.

EXPERIENCE:

With funding from a National Science Foundation SBIR grant Mr. Skvorc developed an automated system capable of aging otoliths and scales.  When complete, this fully automates the entire scale and otolith analysis process: image analysis and pattern recognition, and the mechanical process of acquiring the digital images as well.

Mr. Skvorc conceived of, designed, and patented The Natural Tag (TNT).  With funding provided in part by a second NSF SBIR grant award and expanding on pattern recognition work on grayling (Thymallus arcticus) he developed while at UAF in the 1980s, Mr. Skvorc demonstrated the practical efficacy of The Natural Tag. 

As a Biometrician III for the Alaska Dept. of Fish & Game Commercial Fisheries Management and Development Division STS group, Mr. Skvorc developed the first mathematical method for determining the statistical precision of riverine fisheries sonar.  This required creating a completely new experimental design including data acquisition, sample design, data management and unique mathematical analysis. He designed, built and applied state-of-the-art technology to provide data for his statewide and international fisheries management responsibilities. Among those devices designed and built was a data telemetry system that eliminated the need for two complete sonar camps on each side of the 1200-meter-wide Yukon river sonar site.  He is uniquely able to appreciate the technological, biological, and resource management elements of any TNT or ASIA project.

Mr. Skvorc is an applied scientist.  He derives his satisfaction from seeing sound technological ideas transformed into real-world application.  He has an extraordinary academic and professional repertoire.  Most importantly, he is the "guy" people go to when "it has to work."

EMPLOYment history:

· Biopar, L.L.C. Director of Research and Development 2003 – present.

· DataFlow/Alaska, Inc., Chief Scientist, later Director, R&D, 2000 – 2003

· Acoustical Research Technology, Owner, 15 yrs.

· Alaska Dept. of Fish & Game, Commercial Fisheries Division, Biometrician III, 12 yrs.

· LGL Research Associates, Prudhoe Bay, Fisheries Field Biologist, 1 yr.

· Large Animal Research Station, UAF, Electronics Technician, 3 yrs.

U.S. Navy, Sonar Section Leader, USS Andrew Jackson, SSBN 619, 3 yrs.

EDUCATION:

· B.S., Zoology, with Honors, 1978, San Diego State University;

· M.S., Systematics and Ecology, 1980, University of Kansas, Lawrence;

Ph.D. - interdisciplinary: Physics, Electrical Engineering and Fisheries Hydroacoustics, 1985, University of Alaska Fairbanks. Mr. Skvorc started work at the Alaska Dept. of Fish & Game after advancing to candidacy but before defending his thesis entitiled: Use of Broadband Sonar for Species and Size Class Differentiation of Five Arctic Species of Fish.

PROFESSIONAL AFFILIATIONS:

· Institute of Electrical and Electronic Engineers, since 1982

· Pattern Analysis and Machine Intelligence

· Digital Signal Processing

· Information Theory

· American Institute of Physics – Acoustical Society of America, since 1978

· Acoustic Signal Processing

· Bioacoustics

· Acoustical Measurement and Instrumentation

· American Statistical Association

· Society of Industrial and Applied Mathematics
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Tibbetts Award: The U.S. Small Business Administration selected Paul Skvorc as the Alaska recipient of its 2002 Tibbetts Award. The Award distinguished significant technological accomplishments and business success achieved through funding from the Small Business Innovative Research program.

Justin B. Stiefel, Esq.

Director, Governmental Affairs

Biopar, LLC

Summary:

Mr. Stiefel has nearly a decade of experience dealing with government agencies at all levels, using his unique combination of engineering, legal and political training and experience, along with his interest in business, to seek solutions that work for clients and companies.  In addition to the three companies he has formed and operated as co-owner, he consults for a variety of client companies across a wide spectrum of issue areas. 

Experience:

In 2006 Justin joined six other partners in forming Biopar, LLC, the leading automated biological pattern recognition firm the country.  In January 2006 Stiefel also founded Stiefel & Jones Consulting, LLC, an advocacy and strategic development firm in Washington, DC.  The firm advocates on behalf of clients in the aviation, energy, telecommunications, fisheries, conservation and natural resources arenas in front of the U.S House and Senate and the Executive Agencies.  He also provides strategic advice and business development services to start up firms and high-tech companies.

From 1998 to 2005 Mr. Stiefel spent seven years working in the United States Senate.  He spent 5 years working for Alaska’s Senior Senator, Ted Stevens (R-Alaska), where he focused on federal taxation, energy policy, natural resources, infrastructure development and small business development issues.  Stiefel served as Deputy Press Secretary, Legislative Aide and Legislative Counsel to Senator Stevens.

Mr. Stiefel then went on to serve as Senator Lisa Murkowski’s (R-Alaska) first Chief of Staff and then Campaign Manager for her successful re-election effort in 2004.  He was one of the youngest Chiefs of Staff in the modern era of the United States Senate.

In 2005 Stiefel left government service to become Of Counsel and head of the Governmental and Legislative Affairs Practice Group in Washington, DC at the large international law firm of Dorsey & Whitney.  He was one of the youngest attorneys to hold the title Of Counsel in the firm’s 94 year history.  There he assisted clients in the energy, fisheries, telecommunications, aviation and natural resources areas.

Education:

Catholic University of America, J.D., 2001, cum laude

 University of Idaho, B.S., Chemical Engineering, 1997

Admissions 




Affiliations

Alaska 





Member, Alaska Bar Association

District of Columbia 



Member, DC Bar Association

Attachment I
Final Report 0114288

Final Report for Period:
02/2001 – 07/2001

Submitted on: 
10/17/2001

Principal Investigator:
Skvorc, Paul. A.


Award ID:
0114288

Organization:

DataFlow/Alaska, Inc.

Title:

SBIR Phase I:  Imagery System for Automatic and Efficient Analysis of Fish Stock

Project Participants

Senior Personnel


Name:

Skvorc, Paul


Worked for more than 160 Hours:
Yes

Abstract
The following is contained in the Final Report itself but, in summary: There were four key areas of advancement: 1) Scale and otolith feature extraction algorithms, 2) scale and otolith classification paradigm, 3) determination of age-class sample sizes required for useful archetype development, and 4) determination that currently employed image processing systems, while adequate for the Human Visual System, are insufficient for automated systems except in the simplest cases.

Selecting the most discriminatory features is the most difficult element of any pattern analysis problem. We have developed a method that is totally objective. In fact, the user actually doesn't even know what the features selected actually mean. Furthermore, using the methods shown, any structure could be evaluated with the OASIS and discriminatory features will be automatically selected. Little experience is required. (Some experience helps is selecting the user-defined frequency domain and amplitude thresholds.) This is certainly a significant advance in the discipline of Pattern Recognition & Analysis, as well as Fisheries Science.

We developed a classification paradigm appropriate for evaluation of calcified structures used for aging fish. While this paradigm builds on the established protocols of Pattern Analysis and Recognition, it extends and embellishes those protocols to the Fisheries Science discipline.

Acquisition of appropriate samples and sufficient sample sizes for rigorous Pattern Analysis is fundamental to any pattern recognition problem. In this Phase I project, we have been able to determine the approximate sample sizes sufficient for defensible classification. Furthermore, in the process of determining sufficient sample sizes, we have discovered that acquiring those samples for relatively rare age classes is difficult. This difficulty is significantly increased if 'drift' between cohorts is established. While the existence of drift is not in question, the magnitude of that drift between adjacent cohorts as well as non-adjacent cohorts is unknown. The greater the drift, the greater the challenge to obtaining sufficient samples for developing archetypes for an automated system.

Finally, it was initially assumed that currently employed image acquisition and processing systems would be adequate for use in an automated system. We have determined that this is not the case. A state-of-the-art system like OASIS, requires an image acquisition and processing system substantially more sophisticated than those commercially available to the fisheries science community. Existing systems are sufficient for human readers, but not for an artificial-intelligence-based system.

Introduction

This report is intended to present and explain the results of SBIR Phase I project 01 14288. It is assumed that the reader will be interested in the demonstration of scientific validity of the automated image processing, pattern analysis and classification system. Topics of fish aging, image processing and pattern recognition necessary to the explanation of the otolith and scale imaging system (re-named OASIS) are presented, but this report will not include a tutorial on these subjects in general. There are references cited

that provide thorough treatment of those subjects.
The OASIS project was designed to examine the feasibility of automating the process of aging fish using scales and otoliths. Existing methods are labor intensive and have the statistically confounding characteristics of subjectivity and bias. (See http://www.-psmfc.org/care/) Successful development of an automated system would eliminate subjectivity, within and between reader drift and reduce or eliminate bias. A beneficial artifact of automating the process would be a substantial decrease in the processing time
per sample. Up to a point, increased sample size alone, as a result of more samples processed per unit time, can significantly reduce statistical uncertainty. (See Statistical Design & Analysis of Experiments With Applications to Engineering and Science by Mason, Gunst and Hess. 1989 John Wiley & Sons, Inc.) Current labor-intensive programs can read about I 00 scales or otoliths per eight-hour day per person. An automated system should do significantly more samples per unit time. The OASIS was designed to

process from 500 to 1000 scales or otoliths per eight hours per system.
OASIS has four fundamental components:
1. An image acquisition system consisting of-



a) A microscope with




i. A ''hopper'' for holding scale acetates




ii. An automated stage for positioning the structure for image acquisition




b) A digital camera




c) Digital frame grabber



d) A mass storage device

2. Image processing software.

3. A pattern recognition system consisting of-



a. Feature extraction algorithms

b. Classification algorithms

4. An image database management system with statistical report generating capabilities.
Materials

Only rudimentary forms of components I a (without i and ii), I b, I c, I d and 2 were required for this Phase I work. Components 3a and 3b were developed as part of the Phase I work. Component 4 would be developed in a Phase II project.

The image acquisition system consisted of a generic binocular compound microscope with camera tube, 1.3x objective lens, 0.5x camera-to-microscope coupler, Dage MTI Model 81 camera, Foresight I-60 frame grabber, and a custom desktop computer. The image processing software used for the Phase I work was Image-Pro Plus and NLA,TLAB V. 6, Release 12. The feature extraction and classification algorithms were written in NLA,TLAB code.
Scale acetates were obtained from three sources: Canadian Department of Fisheries and Oceans (DFO) labs in Winnipeg, Ontario, and Nanaimo, British Columbia, and the Alaska Department of Fish and Game (ADF&G) in Anchorage Alaska. Actual scales of Lake Whitefish (Coregonus clupeaformis.) from Great Slave Lake and Great Bear Lake were provided by DFO Winnipeg. Acetates of these scales were made at ADF&G. DFO Nanaimo provided acetates of Chum salmon (Oncorhynchus keta), Sockeye salmon (0. nerka), Chinook salmon (0. tsha-Kytscha) and Coho salmon (0. kisutch). ADF&G provided acetates of Chum salmon (Oncorhynchus keta), Sockeye salmon (0. nerka), Chinook salmon (0. tsha-Kytscha), Coho salmon (0. kisutch) and Broad Whitefish (C nasus). All samples came aged by the providing agency and those ages were treated as absolute ''truth''.
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Table 1.
Table of species, origin of sample and sample size for scale samples. If number of actual fish was less
than number of scales, number of fish represented is in parenthesis. The total number of scales from

which images were taken is 3,195. The total number of fish represented was 1,307.

Eight hundred Pacific hake (Merluccius productus) otoliths were provided by the National Marine Fisheries Service, Alaska Fisheries Science Center, located in Seattle, Washington. Only those aged three to seven years (445 total) were examined and classified/aged.
The National Marine Fisheries Service lab in Auke Bay, Alaska, provided images of juvenile chum salmon otoliths that had been subjected to thermal marking. Unfortunately, the images were already preprocessed and had various annotations superimposed on the image rendering them unusable by the OASIS.
Scale images were processed for age as well as stock identification, while otoliths were classified only to age class.
Scale images were processed for age as well as stock identification, while otoliths were classified only to age class.
Procedures

Each image was 1024x 1022 square pixels.
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Figure 1. Random Chum, Chinook Coho and Sockeye scale images.
Because the microscope lighting was not uniform in combination with the camera tube not being perfectly aligned,

actual pixel depth was about I 0 bits per pixel versus the 12 bits per pixel available in the frame grabber/camera

combination. Prior to each scale acquisition session, a background image was acquired.
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Figure 2. Pseudo color random background image.
In subsequent post processing, this background was removed from the scale image. Given the combination of optical components and the fact that the camera tube on the microscope was not perfectly aligned, it was not possible to get the entire scale in the image for some of the larger Chinook and Whitefish scales.
After initialization of the hardware and software, the scale image acquisition sequence was:




1) Adjust lighting, acquire and store background image

2) Place the acetate (or next) on the microscope stage

3) Center the appropriate scale in the image

4) Adjust focus
5) Acquire image

6) Apply hi-pass Gaussian sharpening filter to image

7) Store image.

A grid overlay was used to register the scale in the frame.
Image acquisition procedures were similar for the otoliths, except that no microscope was used. Instead the whole

otolith was placed in a dish of ethyl alcohol on a lighting stage and the camera was fitted with a lens.
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Figure 3. Random Hake otolith image
The otoliths were ''front-lighted7 as opposed to the scales, which were ''back-lighted. In other words, the scale images are of transmitted light where the otolith images are of reflected light.
Feature extraction and classification were accomplished wholly in the MATLAB environment.
Classification

In the case of salmon, where several geographically diverse sampling locations (stocks) are available, classes are defined by species, freshwater age, marine age, gender (in some cases) and locale/stock. When feature extraction for all images for a given class has been completed, averaging all the vectors for the specific class creates the archetype for the class. Once all the archetypes have been generated, classification is accomplished by comparing ''unknowns'' to the archetypes. The metric used is the sum of the Euclidean distance.
Because the ''unknowns'' to be tested should not used to create the archetypes, and because samples were limited, resampling techniques were employed in order to prevent influence of a specific ''unknown'' in the archetype when classifying that specific ''unknown'' (A leisurely look at the bootstrap, the jackknife, and cross-validation. Efron & Gunt, 1983, American Statistician 37:36-48.) In other words, for each classification exercise, a new archetype was created in which the set of feature vectors used excluded the ''unknown'' about to be classified. For example, let's say that we were about to test an age 53 0. ishawyacha from the Kuskokwim R. (class 5.30212). The 5.30212 archetype would be created excluding the feature vector from the first scale sample. The first scale sample would be tested against all 0. tshawytscha classes, including the 5.30212 class, created without contribution from the sample being classified, and the result noted. The 5.30212 archetype would then be recreated including the first scale feature vector and excluding the second scale feature vector. The second sample would be evaluated against the new archetype, and the process would be repeated until all the samples had been examined. Keep in mind that while the specific sample was being tested against all 0. tshawytscha classes, only the archetype to which it belonged was modified. In the case of M. productus otoliths, there was only one species and no stock differentiation, so the jackknifing process was considerably simpler. It should also be noted that under actual ''field" application, an additional class - ''unknown'' - would be available to the classifier for those samples whose classification value did not meet the minimum value for any known class. However, since we had ''truth'' known to us for all samples, such a category was not necessary or appropriate, therefore all samples were assigned to one of the existing classes. All scale classes and class sizes are listed m Table 2.
It was found that by adding some morphometrics of M. productus, namely body length, body weight, and otolith length to the feature vector, substantial improvement in the age estimate was possible. This information is often recorded at the time that the otoliths are collected.
Table 2. Species, class names and samples per class.
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The class names have the following explanation: The first two digits represent the age of the fish, the next two digits identify the species and the last two digits are a location code for where the sample was collected. For example, the class 4.10212 represents four-year-old chinook with one freshwater year from the Kuskokwim River. The classes with the x xx format are the cumulative age-classes by species without regard to location or marine/freshwater growth. For example, 3 05 is the sum of all sockeye three year olds. The sample sizes for those classes in red are insufficient and could not be used except as part of a cumulative age class. (Nineteen was subjectively chosen as the minimum sample size. Sample sizes of 19 and larger allowed consideration of the ''major '' agel7ocation classes. A five or six-fold increase (I 00 - 120) would yield the most statistically defensible data)
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The 445M. productus otoliths were put into five classes representing ages three through seven. There were 159 three-year-olds, 107 four-year-olds, 103 five-year-olds, 55 six-year-olds and 21 seven-year-olds.
We have only preliminary data on whitefish. It became obvious quickly that the data-handling load would preclude us processing all of the scale samples we had. We therefore chose to process the salmon scales because they represented a class of fish that was at the center of state, national and international conservation issues. Since it was necessary to make a choice, we considered the salmon to be of broader scientific interest given the samples we had.
Results
Below are the classification matrices. The reader should find them self-explanatory.
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Discussion

As can be seen from the results, the OASIS has demonstrated that an automated process for aging fish using otoliths and scales is practical. Furthermore, the results are very encouraging with respect to automated stock identification. While it is equally clear that the process needs refinement, the results are unambiguous.
Data Handling

Several critical issues have surfaced during development of the OASIS. First, sample processing represents a

significant labor load with regard to data handling and management. Each scale image required between one and three minutes to acquire. Each classification event, consisting of feature extraction, archetype generation and classification, required between 60 and 180 seconds per scale/otolith. During feature extraction, approximately 60 Mbytes of data was generated per scale/otolith. During development and evaluation of feature extraction algorithms, the full 60 Mbytes of data per scale/otolith needed to be retained. For 3,500 scales/otoliths, that represents approximately 210 Gigabytes of data. Keeping track of the images and generated data for some 3,500 scales and otoliths requires a custom database management system ''up front''.
Sample Size

Secondly, it is non-trivial to acquire sample sizes sufficient to satisfy statistical rigor. As can be seen from table 2, a large part of the samples provided were statistically ''unavailable'' when stock identification was desired. Even in some cases when considering age alone, sample sizes for the ''rarer'' ages was too small. It is here that we note that in the case of the salmon scales and ageing, we did not differentiate freshwater and marine ages. Rather the fish's whole age was sought. This was necessary in order to preserve the sample sizes available, and is in fact sufficient

for determining brood year for cohort analysis. Given the nature of the feature extraction algorithms developed, we have little doubt that freshwater and marine ages can be determined at a level suitable for fisheries management. Of course, the processing load (time per scale) would increase correspondingly.
The subjective selection of 19 as the sample size lower threshold allowed a larger number of classes to be considered. No one should construe from this that we suggest that the results are other than ''preliminary'' or ''indicative.'' The results for the smaller sample sizes do seem consistent with the large sample results, but that is as far as we are willing to ''stretch'' the data. Unfortunately, it is very difficult to come up with an appropriate sample

size, say 120, for the rare age classes. In most cases, they simply are not available from the population. Because there is growing data to suggest that growth between cohorts may ''drift'' across years, coalescing rare-age samples across years may be problematic. We suggest that restraining the years of collection within a given sample, and updating the archetypes periodically is reasonable in the short term. in the long term, greater effort will be needed in sampling a given population, if OASIS or some other automated analysis system becomes widely used.
Otoliths

Initially, our intent was to use walleye pollock (Theragra chalcogramma) as the test species for evaluating otoliths. T. chalcogramma was chosen for the same reasons the salmon scales were selected over the whitefish scales. Pollock are at the center of state, national and international fisheries management controversies. Unfortunately, the existing imaging systems were unable to provide an image of sufficient quality to allow automated processing. After several attempts to acquire images of the quality required for the processes used in the OASIS, T chalcogramma was abandoned in favor of hake, M. productus. After it was determined that otoliths prepared by the break and bum method were not useable, an alternate method of preparation was considered. The Alaska Fisheries Science Center staff is in the process of evaluating a thin-section mounting method. This method embeds thin sections from the center, dorso-ventro cross-section of the otolith. Those sections are then mounted on glass slides for presentation to the imaging system. While showing great promise, this process is still in the evaluation stage.
There are two problems with the break and bum method with respect to the protocols required by OASIS. First the otolith is broken along its minor axis leaving a relatively uneven surface. The human reader can deal with this by manipulating the otolith while viewing it through the microscope. So, while a given part of the otolith might be poorly viewed from one aspect, adjusting it manually allows the reader to examine the formerly ambiguous part clearly. Furthermore, the human visual system (HVS) is capable of integrating several ''images'' over time, creating an ''information composite'' of all of the views it has seen. For all intents and purposes, a machine is incapable of this. Second, because the otolith is only broken in half, fully half of the otolith remains after mounting. The thickness prevents sufficient light transmission for image acquisition. Therefore, reflected light is all that is available for image acquisition. The combination of a rough surface, reflected light, and the inability of a machine to manipulate the otolith once it is placed on the microscope stage means that without thin sectioning, or some other process to allow transmitted light to be used, the OASIS will not be viable for aging T chalcogramma or other species with similar otoliths. (See http://vvww.-psmfc.org/care/ for break and bum methodology.) For species with otoliths similar to M. productus, OASIS could provide substantial financial savings as well as improved statistical rigor.
It is the size and physical make-up of M. productus, that allow it to be evaluated by the OASIS. (See figure 3.) It is possible to view the entire otolith as it lies flat, and in that view, it is possible to see the annuli with reflected light. In addition, hake are not as long-lived as pollock, therefore the annuli are not as compressed as they are in older, > age 15, pollock.
Scales

Scales have their own idiosyncrasies that complicate the pattern analysis and classification problem. Primary among these is good sample preparation, starting with mounting the scale on the scale card. If the scale is mounted smooth side up, the acetate will not be embossed. If the scale is mutilated in mounting, i.e. folded, it is useless. If the acetate is left in the press too long or too short, the quality of the embossing is compromised.
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Scale quality is also an issue. Salmon scales are most commonly (but not always), collected as the fish is returning to spawn. The closer to the spawning grounds the samples are collected, the more likely they are to have the outer edge of the scale absorbed, confounding aging. Also, scales are frequently lost during the life of the fish. While lost scales are regenerated, the growth up to that date is lost. It is not possible under normal field sampling conditions, to determine whether or not a scale has been regenerated.
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Figure 6. Chinook scale illustrating both regeneration and resorbtion

In addition, in general only passing attention is given to the rotational orientation of the scale on the scale card. This complicates registration of the scale image if registration is necessary. Finally, for long-lived species, annuli compression is as big an issue as it is m otoliths. The reader will appreciate that all of these issues are problems for the human reader as well as an automated system.
Data

The relationship between fish age, weight and length (AWL data) has been well known for a long time.  (Computation and Interpretation of Biological Statistics of Fish Populations. Ricker, W., 1975. Bull. Fish. Res. Board Can. 19 1.) Given that knowledge, and the fact that it is rarely wise to discard information when developing a pattern recognition algorithm, we calculated the AWL relationship and incorporated it into one of the classification algorithms for hake. Furthermore, we found that physical characteristics of the otolith further added to the OASIS'
ability to accurately age hake otoliths. (The product of the major and minor axis was more correlated with age than either measure alone.) Clearly it improved the accuracy of the aging algorithm. The employment of AWL data in aging otoliths is significant from a paradigm perspective as well as a statistical one. The Committee of Age Reading Experts (CARE) has specific guidelines for exchange of information between labs for the purpose of evaluation of relative ability to age otoliths. (See http://www.psmfc.org/care/.) It is the written consensus of CARE that when exchanging data for lab qualification, AWL and other biological data should not be provided. It is felt that it might unduly influence the readers. While the validity of this perspective may be argued in the context of lab qualification, it is not wise to exclude ancillary biological data when trying to determine the age of true unknowns. In this same context of inter-lab comparability, agreement between labs on the same data sets runs between 0 and 77%, depending on species and labs considered. (See httv://www.psmfc.org/care/.) Recall that we chose to treat the age data received from each source as ''absolute truth.  If one were to consider the OASIS project as "another lab" against which one wished to compare ''agreement'' with the supplying lab, OASIS has a greater level of agreement than any data published by CARE. There is a small qualifier here in that a given archetype was created from data from a specific lab therefore it should be most like that lab. However, the between-lab aging agreement, when all ages are lumped and stock identification is ignored, is still high.
If one looks at the confusion matrices for the scale data where stock identification was required, at first glance one might conclude that the OASIS was of marginal value. However, considering the sample sizes and quality of the samples (regeneration, etc.) the results are very encouraging. Furthermore, if one were to separate the classification process into two parts, age first then identify stock, the results will certainly improve. That separation was not attempted during this phase of the project due to time and resource limitations. When stock identification is not an issue, for example when scales are collected on the spawning grounds, automated aging is clearly as good as human readers without the between reader variability and within reader drift. For aging alone, assuming 30 seconds per scale, the OASIS should be able to process as many as 1000 scales per day per system, producing a report with complete statistics on the 1000-scale sample.
Again, when considering age alone, automated aging using otoliths is feasible. In the case of otoliths however, there are several mechanical hurdles to overcome before it could be employed for the more challenging species. Whether stock identification is possible using unaltered otoliths remains to be seen. For hatchery-raised fish however, where thermal marking techniques can be employed, automated stock identification is a certainty.
Conclusion

In conclusion, the OASIS Phase I project clearly demonstrated the feasibility of automating the process of aging fish using scales and otoliths. 
________________________________________
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Figure 5. Random scale illustrating how sample preparation can compromise aging or stock identification process.
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