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Research Questions
How can knowledge acquisition and modeling techniques from the field of artificial intelligence (AI) and other fields be used as an instructional approach to improve learning outcomes in science, technology, engineering and mathematics (STEM) education?
Can STEM students learn more effectively by working collaboratively to develop and maintain large-scale computable knowledge bases that are useful in business and industry?
Discussion

A central task in one approach to AI is to reformulate human knowledge for computer use. Knowledge and ontological engineers analyze a domain and study human experts to construct causal models, objects, rules, decision trees, taxonomies, semantic networks, cases, constraint statements and other forms of computable knowledge. By re-engineering human knowledge for computer use, AI specialists not only create artifacts of practical value they undergo high levels of incidental learning about the domain.  While they do not become experts, they do quickly become very accomplished students. Can we repurpose this process to make the learning outcomes more intentional and robust?
Re-constructing human knowledge for computer use requires a very precise understanding of the concepts and reasoning processes within the domain. It requires a variety of cognitive skills including classification, domain model construction, rapid hypothesis testing, software tool use and other activities that naturally drive deep learning about the domain.  
Capturing human knowledge for computer use requires making the target declarative and procedural knowledge explicit by encoding it in specialized data structures and inference algorithms.  With the proper tools we can hide the programming details and allow the AI specialist or student to focus on modeling knowledge and reasoning in higher-level and code independent ways.  

Building and maintaining knowledge bases that solve real-world problems is expensive. It is so expensive that knowledge acquisition has failed to scale to address more complex problems in business and industry. Ideally, we could use knowledge acquisition to engineer all or most of human knowledge for computer use resulting in wide variety of economically and socially important applications.  But it is too expensive and there are too few knowledge engineers. AI faces a knowledge acquisition bottleneck.  
Students that learn by creating computable knowledge across STEM disciplines might be one way to approach the AI bottleneck. There is a natural structural redundancy in the educational process as a given course is taught many times at the same institution over time and at different institutions. This redundancy along with the proper coordination infrastructure (e.g. a crowdsourcing platform) might be just the learning-labor engine we need to break the AI bottleneck or at least build out much larger knowledge bases. 

AI is not the only discipline focused on creating machine readable content or computable knowledge. Efforts to develop the semantic web require tagging billions of pages with metadata designed to improve search and enable more intelligent applications. While semantic tagging is a weak form of computable knowledge, the cost of doing it has impeded efforts to develop large semantic web applications.  Can we design instructional methods that engage students in a collaborative effort to semantically tag web pages as they read about and study a domain? Semantic tagging requires reflection and classification and could yield deeper learning than a typical reading assignment. 
Cognitive scientists use computational modeling techniques to study problem solving, learning, decision-making and other mental processes. The approach is similar to the knowledge acquisition techniques in AI except their goal is a scientific understanding of mental processes not application specific knowledge base systems.  It may be possible to adapt cognitive modeling techniques just as we adapt knowledge engineering techniques to deepen STEM learning outcomes and generate computable knowledge. 
The discipline of informatics, especially health and medical informatics is also ripe for this approach. Large knowledge bases and controlled vocabularies exist in medicine and provide a potential test bed for scaling the approach to include multiple courses. 
AI, semantic web, cognitive science and informatics are examples of domains that require the development and maintenance of large computable knowledge bases to reach their full potential.  My research will focus on how to accelerate the development of such knowledge bases by broadening the scope of their methods and software tools to include instructional approaches to learning in STEM domains.  The goal is to improve learning in the sciences by collaboratively developing commercial quality computable knowledge. 

Examples
· Students in physics, anatomy, art, animation, human performance and theater collaborate to create ultra-realistic and intelligent 3D characters that can be used in videos games, life and business coaching services, advertising, branding and customer service in virtual environments.
· Students in medicine, health science, informatics and information technology programs collaborate to encode evidence-based guidelines (best scientific practices for how to deliver care) to make electronic health records more intelligent. 

· Students in physics, engineering, business and manufacturing collaborate to create a series of experts systems that allow a small manufacturer to improve first time yield and cost effectively customize their product to better compete globally.
· Physics, math, engineering, human factors and game design students collaborate to create a next generation intelligent tutoring system for learning intro physics in a way that is fun, transferable and revolutionizes the teaching of online physics. 

· Students in theater, video production, visual communications, library science and informatics collaborate to create a new search engine for videos or recommendation engine for movies. 

· Students in architecture, various engineering disciplines, construction, healthcare and computer science collaborate to build an intelligent building information system to accelerate and improve the design, construction and ongoing facilities management of new hospitals. 
· Students in cartography, geography, history, cultural studies, information technology, computer science and a host of other disciplines collaborate to enrich geographic information systems and support a start-up that launches a Google-map killer. 

· Math, philosophy (logic), computer science and interactive media students collaborate to create an intelligent Mathematica-based textbook on the iPad for learning algebra.
To create the computable knowledge at the heart of each of these examples students participate in their traditional courses and curriculum but some of the readings, problem assignments, classroom activities, labs, papers or projects involve using software to learn a lesson by creating computable knowledge. The software supports online collaboration with other students and instructors so that the group effort results in building out a knowledge base that is broad and deep enough to solve real business problems. 
Both a challenge and advantage of this approach is the highly cross disciplinary nature of the learning.  A business challenge that can be solved via a computable knowledge base is mapped into the set of courses where most or all of the knowledge is naturally taught to students. This creates a curriculum map defining the scope of the knowledge acquisition and engineering effort that must take place.  This in turn can be used to define the knowledge structures (models, rules, tags, etc.) and tools that are necessary to create the computable knowledge base. These specifications are then used in the instructional design process to create the learning assignments needed to generate the computation knowledge.  While this is a very top-down approach, a light version of it coupled with a crowdsourcing or more precisely a studentsourcing platform where students and instructors self-select what interests them is also possible. 
Observations

· I have deep experience as a knowledge engineer and have witnessed the incidentally learning effects in myself and others.  I have dabbled with the instructional approach in a corporate setting (equipment troubleshooting) and university setting (knowledge cards in leadership class) with positive but informal results.

· This is not a learning-by-programming approach.  Programming details are hidden from students. The proposed approach involves learning by making knowledge structures and reasoning processes explicit enough to teach them to a machine or computer. In short, the approach involves the co-education of people and machines.
· The proposed approach involves social learning in that students will collaborate in large online teams and small classroom teams to create computable knowledge. Importantly, the proposed approach involves community resources from business, industry, government and the non-profit sector that bring problems to be solved and subject matter experts to work on teams. 

· The proposed approach immerses students in a real innovation process. Existing knowledge is used in new ways to solve real problems and change the behaviors of a community of users. The computable knowledge packaged as a product, service or internal improvement is an innovation.  This aspect can be expand by working with classes and program on entrepreneurship, technology transfer programs, incubators or community outreach programs to explicit teach students about innovation methods and build their skills in team-based innovation processes. 
· Over the past two decades researchers have pointed out the potential value of knowledge engineering as an instructional approach but few have demonstrated it and clearly, it has failed to have an impact on STEM education. See for example, the 1990 work The Student as Knowledge Engineer where junior high students learn by building an expert system to classify trees and the 2009 work where college students learn cognitive modeling by building a production system to solve pulley problems. 
· The primary barriers to broader use of knowledge engineering as an instructional approach in STEM include the lack of:

· Low cost tools for building computable knowledge bases that are robust and easily used by non-programmers and students
· Educators that have been immersed in knowledge engineering, ontological engineering and other knowledge acquisition techniques enough to have strong intuitions and creative ideas about how to use the approach 

· Instructional design and pedagogical techniques for redesigning assignments, courses and even curriculums that co-produce improved learning outcomes and commercial quality knowledge bases that address specific business problems

· Coordination mechanisms to roll-up results across courses and schools to create large-scale knowledge bases that address major social and challenges.
High Level Plan and Possible Initial Focus
To address the research questions and the major obstacles listed above, I will:

1. Review the literature and software tools to write a position paper on the history and future prospects of a constructivist approach to learning STEM by engineering human knowledge for computer use. 
2. Test the hypothesis by measuring learning outcomes in a STEM course that includes an instructional method that engages students in building computable knowledge.
3. Extend the test to include development of commercial quality computable knowledge.
4. Demonstrate the scalability of method by engaging students across multiple courses and/or teaching periods using a crowdsourcing platform to co-develop and deliver a knowledge base that successfully solves business or industry problem.  
Initially the research will focus on the simple knowledge structures and use existing software tools and educational technology as much as possible.  For example, reading assignments could be designed to involve students in a collaborative effort to build a taxonomy or ontology by semantically tagging content that already exists on-line. 

More specifically, the research could initially seek to develop a version of constructionism (learning by making a meaningful product) that uses technology to have students learn by collaboratively tagging online content much as they do on their favorite social networking sites or eBook readers.  Collaboratively tagging – or working together to develop a classification of a concept – is the core dual-purpose activity in the proposed approach. It results in both learning outcomes for students and computable knowledge for commercial applications.   

Tagging means students are cognitively processing the meaning of concepts and images to understand their properties and relationships to other concepts. This is fundamental to human learning. Tagging also means manually indexing online content by assigning metadata to it so it can be automatically read and processed by computers. This is fundamental to making machines more intelligent and useful.  One action, collaborative tagging, naturally produces two outcomes- human and machine knowledge.

The hypothesis is that learning by collaboratively tagging online content will both improve student outcomes (stronger engagement and better comprehension) and result in the development of commercially significant online knowledge bases.  All of this without extending the time students must spend to master new materials.  

Tools for collaborative tagging and reading comprehension assessment methods are likely sufficiently developed to support a robust test of the hypothesis within a modest timeframe and budget. 
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