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INSTRUCTIONS!  All participants, please:

- Download the tutorial slideset
at http://www.mit.edu/~bgrosof/#ISWC2010RulesTutorial

Also at:  http://silk.semwebcentral.org

- Sign in on the participants list (hard copy sheet)with your 

name, organization, email; 

optionally also add your interests, homepage URL

http://www.mit.edu/~bgrosof/
http://www.mit.edu/~bgrosof/
http://silk.semwebcentral.org/


Top-Level Outline of Tutorial

ï A. Introduction, Overview, and Uses   

ï B. Concepts and Foundations

ï C. Conclusions and Directions

ï + Appendix:  References and Resources

ï Background Assumed:  

Åbasic knowledge of first-order logic, relational 

databases, XML, RDF
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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Outline of Part B. Concepts & Foundations

1. Overview of Logical Knowledge Representations

ü Logic Programs (LP) and its relationship to First Order Logic (FOL)

ü Rule-based Ontologies:   Description Logic, Description LP

2. SILKôs Hyper LP:  Putting it all together

3. Basics:  Horn Case; Functions

4. F-Logic, Frame Syntax, Object Oriented Style

5. HiLog, Higher-Order Syntax, Reification, Meta-Reasoning

6. W3C Rule Interchange Format (RIF):  Dialects, Framework

ü Rules in W3C Web Ontology Language (OWL-RL); via RIF

7. NonmonotonicLP:  Defaults, Negation, Priorities, FOL Interchange

ü Semantics for Default Negation

ü Courteous LP, Argumentation Theories

ü Omni-directional Rules, FOL-Soundness, Remedying FOLôs Fragility

8. Procedural Attachments to Actions, Queries, Built-ins, and Events

ü Production/Situated LP, Production Rules

9. Additional Features:  Integrity Constraints, Inheritance, Lloyd-Topor, 
Equality, Skolemization, Aggregation, Datatypes, ñConstraintsò 
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Outline of Part C. Conclusions & Directions

1. More about Tools

2. é incl. SILK

3. Conclusions

4. Directions for Future research

Appendix: References and Resources

(General Discussion) 
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Rough Schedule, Overall

~14:00-14:30 Part A:  Intro & Uses

~14:30-15:45 Part B:  Concepts & Foundations

~15:45-16:15 Coffee Break

~16:15-17:40 Part B, continued: Concepts & Foundations

~17:40-18:00 Part C:  Conclusions & Directions
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PART A. SLIDES

FOLLOW
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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Learning Goals for Tutorial

1. Overview of current state of logical KR theory, 
applications, languages, standards, tools/systems, 
market

2. Relationship to Web and Semantic Tech, overall

3. Introduction to the research issues 
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ñSemanticò Technology 

ÅñSemanticò in ñsemantic webò and ñsemantic 
rulesò means:

ï1. Knowledge-based

é and é

ï2. Having meaning independent of algorithm and 
implementation

ïEquipped with an interoperable conceptual abstraction

é based on declarativeknowledge representation(KR)

= Shared principles of what inferences are sanctioned 

from a given set of premises
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What are Rules on the Web
× Convergenceof three streams is well along the way

1. Using Web for interchangeof rules, even pre-Web legacy kinds

Å XML syntax for rules.  Transcend organizational silos.

2. Rules working in Web context, using:

Å Web data, schemas, ontologies; Web services, queries, databases

3. Rules using semanticknowledge representation (KR)

Å Semantics are required for effective sharing of knowledge and tools

× Web as scopefor rule-based structured knowledge
ï Enrich the Web as a knowledge platform ïpublic and intranets

ï Collaborativeknowledge acquisition (KA), e.g., Wikiôs

ï Web-located knowledge bases (KBs) and KR services

× Semantic rules on the Web 
ï Standardization is a key activity currently.   1st wave just completed.
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Semantic Web in context of Web
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hazy still:  Semantic Web Services

SemanticWeb techniques Web Services techniques

First Generation 

Web

XML
Two interwoven aspects:

ÅProgram: Web Services

ÅData: Semantic Web

Automated Knowledge 

Bases

Rules (RuleML, RIF)

Ontologies (OWL, RDFS)

Databases (SQL, SPARQL)

APIs on Web

(WSDL/SOAP, REST)



SemanticWeb:  concept, approach, pieces

Å Shared semantics when interchanging data       knowledge

Å Knowledge Representation (cf. AI, DB) as approach to semantics

ïStandardize KR syntax, with KR theory/techniques as backing

Å Web-exposed Databases:    relational and XML/RDF data/queries
ïChallenge:  share database schemasvia meta-data

ïRDF=  ñResource Description Frameworkò W3C standard 

Å Ontology= formally defined vocabulary 

ïOWL:  ñWeb Ontology LanguageòW3C standard

ÅTaxonomic class/property hierarchy,  property-value restrictions, decidable subset of FOL

ïEx.: Lions are a subcategory within felines

ïEx.: Every health care visit has a required copayment amount 

Å Rules= if-then logical implications,  facts    ~subsumes relational DBs

ïRIF:  ñRule Interchange FormatòW3C standard

ÅBased on Logic Programs (LP) Knowledge Representation

ÅBased on RuleML (Rule Markup & Modeling Language) standards design

ÅProduction rule languages

ïEx.: Any student who has abused printing privileges is prohibited from using color printers 

ïEx.: AAA members get a weekend discount of 20% on suites, at hotel chain X 

ïEx.: During the mitosis phase of an animal cellôs lifecycle, all DNA is replicated 
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Flavors of Rules Commercially Most 

Important todayin E-Business 

ÅE.g., in OO applications, DBs, workflows.

Å Relational databases, SQL:  Views, queries, facts are all rules.  
Å SQL99 even has recursive rules.  

Å Production rules(OPS5 heritage):  e.g., 

ïJess, ILOG, Blaze, Haley:   rule-based Java/C++ objects.

Å Event-Condition-Action rules(loose family), cf.:

ïbusiness process automation / workflow tools.

ïactive databases; publish-subscribe.

Å Prolog.  ñlogic programsò as a full programming language.  

Å Lesser: other knowledge-based systems.

Å Emerging:  Semantic-based technology  

Above are ñCurrently Commercially Important (CCI)ò
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Commercial Applicationsof Rules 

todayin E-Business

ÅThere are many.  An established area since the 1980ôs. 

ïExpert systems, policy management, workflow, systems 
management, financial & insurance, e-commerce, trust, 
personal messaging, defense intelligence, é.

ïFar more applications to date than of Description Logic. 

ÅAdvantages in systems specification, maintenance, integration.  

ÅMarket momentum:  moderately fast growing 
ïFast in early-mid 1980ôs.  

ïSlow late 1980ôs-mid-1990ôs.  

ïPicked up again in late 1990ôs.  (Embeddable methodologies.)

ïAccelerating in 2000ôs.     
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Vision: Uses of Rules in E-Business

Å Rules are an important aspect of coming world of Internet e-business:   

rule-based business policies & business processes, for B2B & B2C. 

ïrepresent sellerôs offerings of products & services, capabilities, bids; 

map offerings from multiple suppliers to common catalog.

ïrepresent buyerôs requests, interests, bids;   matchmaking.  

ïrepresent sales help, customer help, procurement, authorization/trust, 

brokering, workflow.  

ïhigh level of conceptual abstraction; easier for non-programmers to 

understand, specify, dynamically modify & merge.

ïexecutable but can treat as data, separate from code

Åpotentially ubiquitous; already widely used:  e.g., SQL views, 

queries.  

Å Rules incommunicating applications, e.g., embedded intelligent agents.  
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Semantic Rules:  Differences from Rules in 

the 1980ôs / Expert Systems Era
ÅGet the KR right    (knowledge representation)

ïMore matureresearch understanding

ï Semanticsindependent of algorithm/implementation

ï Cleaner; avoid general programming/scripting language capabilities

ï Highly scaleableperformance; better algorithms; choice for interoperability

ï Highly modularwrt updating; use prioritization

ïĄ Highly dynamic, scaleablerulebase authoring: distributed, integration, partnering

ÅLeverage Web, esp. XML
ï Interoperable syntax

ï Merge knowledge bases 

ÅEmbeddable 
ï Into mainstreamsoftware development environments (Java, C++, C#); not its own 

programming language/system (cf. Prolog)

ÅKnowledge Sharing: intra- or inter- enterprise 

ÅBroaderset of Applications 
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Value of  Rules as form of KR

ÅRulesas a form of KR (knowledge representation) are 
especially useful  

ïrelatively maturefrom basic research viewpoint

ïgood for prescriptivespecifications (vs. descriptive)

Åa restricted programming mechanism

ïintegrate well into commercially mainstream 
software engineering, e.g., OO and DB
Åeasily embeddable; familiar

Åvendors  interested already:  Webizing, application development tools

Å Identified as part of mission of the W3CSemantic 
Web Activity, in about 2001
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Declarative Logic Programs (LP) is theCore KR 

in todayõs world é includingthe Semantic Web 

ÅLP is the core KR of structured knowledge management today
ÅDatabases

ÅRelational, semi-structured, RDF, XML, object-oriented

ÅSQL, SPARQL, XQuery

ÅEach fact, query, and view is essentially a rule 

ÅSemantic Rules

ÅRule Interchange Format (RIF):  -BLD, -Core

ÅRuleMLstandards design, including SWRL

ÅSemantic Ontologies

ÅRDF(S)

ÅOWL-RL (= the Rules subset).  E.g., Oracleôs implementation of OWL. 

ÅThe Semantic Web today is mainly based on LP KR
Åé and thus essentially equivalent to semantic rules

ÅYou might not have realized that!
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08-2005W3C Semantic Web ñStackò:Standardization Steps

DLP =

Description 

Logic 

Programs

Modification of slide by W3C (just added annotation)

Candidate design:

RuleML =

Rule Markup & 

Modeling Language

~RuleML
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Updated: 10-2010 Semantic Web ñStackò

RL = 

Rule Profile

= Horn FOL expressible

Horn LP expressible 

(i.e., DLP++)

E.g., axiomatizevia

~70 RIF-BLD rules

RIF =
Rule Interchange 
Format (W3C)

BLD = Basic Logic Dialect

FLD = Framework for Logic Dialects

RIF

OWL RL

Modified from slide by W3C (just added annotation)

Candidate designs 

for Rule extensions:

SILK, ASP, FOL 

BLD

FLD



Overview of Key Languages & Standards
1. Database Queries & Facts  are  Rules

ü SQL; W3C SPARQL & RDF, also XQuery& XML -Schema

2. W3C Rule Interchange Format (RIF)

ü -BLD, -Core:  Basic LP (no defaults or actions) 

ü -FLD:  Framework for extensions (defaults & much more)

ü -PRD:  Production rules (lacks model-theoretic semantics) 

3. RIF Precursor:  Rule Markup/Modeling Language (RuleML)

ü Main focus is LP, with extensions;  FOL too

ü SWRL function-free Horn; predecessor to RIF-BLD

ü SWSL for Web Services modeling; related:  WSML

4. Rules in and for ontologiesand ontology languages

ü W3C OWL-RL, RDF Schema 

5. SILK:  Hyper Logic Programs ïadvanced expressiveness

6. ISO Common Logic (successor to KIF):  FOL (with HiLog)

7. OMG Sem. of Business Vocabulary & Business Rules (SBVR)
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Overview of Key Tools

1. Rule systems designed to work with RDF/OWL/RIF

ü Commercial-world:  Jena; Oracle; IBM; others

ü Research-world:  SILK; SweetRules; cwm; others

2. Prolog and Production Rule systems

ü XSB; Jess; others 

3. Advanced Expressiveness

ü FLORA-2 and SILK; IBM CommonRules

4. Rules in Semantic Wikis

ü Semantic MediaWiki+

5. Some Available Large Rule Bases

ü OpenCyc, Process Handbook, OpenMind
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Need for Other Kinds of Ontologies besides OWL

Å Forms of ontologiespractically/commercially important in the world today*:

ï SQL DB schemas

ïñConceptual modelsò in UML and E-R (Entity-Relationship)

ïOO inheritance hierarchies, procedural interfaces, datatypedeclarations 

ï XML Schema

ï OWL is still emerging, wrt deployed usage ïdwarfed by all the above

ï RIF ïearly emerging

ï LP/FOL/BRMS predicate/function signatures 

ï Builtins (e.g., SWRL/RuleML)

ï Equations and conversion-mapping functions

Å Overall relationship of OWL to the others is as yet largely unclear

ï There are efforts on some aspects, incl. UML.  

ï Bright spot is OWL-RL relationship to RIF: formulated as a set of RIF-BLD axioms.  

Å OWL cannot represent the nonmonaspects of OO inheritance

Å OWL does not yet represent, except quite awkwardly:  

ï n-ary relations

ï ordering (sequencing) aspects of XML Schema 

Å (*NB:  Omitted here are statistically flavored ontologiesthat result from inductive learning and/or 
natural language analysis.)
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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EECOMS Example of Conflicting Rules:

Ordering Lead Time

Å Vendorôs rules that prescribe how buyer must place or modify an order:

Å A) 14 days ahead if the buyer is a qualified customer.

Å B) 30 days ahead if the ordered item is a minor part.

Å C) 2 days ahead if the ordered itemôs item-type is backlogged at the vendor, 

the order is a modification to reduce the quantity of the item, and the buyer is a 

qualified customer.

Å D) 45 days ahead if the buyer is a walk-in customer.  

Å Suppose more than one of the above applies to the current order?Conflict!

Å Helpful Approach:  precedencebetween the rules.  

ï E.g., D is a catch-case:  A > D , B > D , C > D

Å Often only partial order of precedence is justified.  

ï E.g., C A , but no precedence wrt  B vs. A, nor wrt C vs. B.
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Ordering Lead Time Example in LP with 

Courteous Defaults  
@prefCust orderModifNotice(?Order,14days)   :-

preferredCustomerOf(?Buyer,SupplierCo), purchaseOrder(?Order,?Buyer,SellerCo) ;

@smallStuff orderModifNotice(?Order,30days)  :-

minorPart(?Buyer,?Seller,?Order),  purchaseOrder(?Order,?Buyer,SupplierCo) ; 

@reduceTight orderModifNotice(?Order,2days)   :-

preferredCustomerOf(?Buyer,SupplierCo) and

orderModifType(?Order,reduce) and

orderItemIsInBacklog(?Order) and

purchaseOrder(?Order,?Buyer,SupplierCo) ; 

silk:overrides(reduceTight,  prefCust) ;    // reduceTighthas higher priority than prefCust

// The below  exclusionconstraint specifies that orderModifNoticeis unique, for a given order. 

silk:opposes(orderModifNotice(?Order,?X), orderModifNotice(?Order,?Y))   :- ?X != ?Y ;

Å Rule D, and prioritization about it, were omitted above for sake of brevity. 

Å Above rules are represented in Logic Programs KR, using the Courteous defaultsfeature  

Å Notation: 
ï ñ:-ò means ñifò.  ñ@éò declares a rule tag. ñ?ò prefixes a logical variable.
ñoverridesò predicate specifies prioritization ordering. 

An exclusion constraint specifies what constitutes a conflict. 
ñ!=ò means Í . ñsilk:ò is a namespace prefix. 
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EECOMS Supply Chain:

Early Commercial Implementation & Piloting

ÅEECOMS agile supply chain collaboration 

industry consortium including Boeing, Baan, 

TRW, Vitria, IBM, universities, small companies

ï$29Million 1998-2000; 50% funded by NIST ATP

ïapplication pilotedIBM CommonRules and early 

approaches which led to SweetDeal, RuleML, 

SweetRules, RIF, and SILK

Åcontracting & negotiation; authorization & trust
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Example: E-Commerce Pricing  

Offer  from SupplierCo to Buyer

@usualPrice price(per_unit, ?PO, $60)    :-

purchaseOrder(?PO, supplierCo, ?AnyBuyer) and 

quantity_ordered( ?PO, ?Q) and (?Q 5) and (?Q 1000) and 

shipping_date(?PO, ?D) and (?D ñ2000-04-24ò) and (?D ñ2000-05-12ò) ;

@volumeDiscount price(per_unit, ?PO, $51)    :-

purchaseOrder(?PO, supplierCo, ?AnyBuyer) and 

quantity_ordered( ?PO, ?Q) and (?Q 100) and (?Q 1000) and 

shipping_date(?PO, ?D) and (?D ñ2000-04-28ò) and (?D ñ2000-05-12ò) ;

silk:overrides(volumeDiscount,  usualPrice) ;   // volumeDiscountrule has higher priority

//  The below exclusionconstraint says the value of price is unique for a given PO

silk:opposes(price(per_unit, ?PO, ?X), price(per_unit, ?PO, ?Y)) :- ?X != ?Y ;  

...

Å Notation: 

ñ@fooòis an annotation preamble to a rule that specifies the ruleôs tag.   ñ?ò prefixes a logical variable. 

The ñoverridesò predicate specifies prioritization ordering.

An exclusion constraint specifies what constitutes a conflict.

ñ!=òmeans Í .   ñsilk:ò is a namespace prefix. 

11/4/2010 Copyright 2010 by Vulcan Inc., Benjamin Grosof, Mike Dean, and Michael Kifer.  All Rights Reserved. 29



Pricing Example --

XML Encoding of Rules in RuleML
<rulebase>

<imp>

<rlab>usualPrice</rlab>

<head>

<cslit>

<opr><rel>price</rel></opr>

<ind>per_unit</ind>

<var>PO</var>

<ind>$60</ind>

</cslit>

</head>

<body>     é  (see next page, if included)</_body>

</imp>

é 

</rulebase>

Å NB:  This uses an older version of RuleML markup syntax.  RIF syntax is similar, but 
RIF BasicLogic Dialect cannot express defaults.  
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Ecology Ex. of Causal Process Reasoning (in SILK)

/*    Toxic discharge into a river causes fish die-off.    */

/* Init. facts, and an ñexclusionò constraint that fish count has a unique value */ 

occupies(trout,Squamish); 

fishCount(0,Squamish,trout,400);  / * 1st argument of fishCount is an integer time */

silk:opposes(fishCount(?s,?r,?f,?C1), fishCount(?s,?r,?f,?C2)) :- ?C1 != ?C2;  

/* Action/event description that specifies causal change, i.e., effect on next state */

@tdf1 fishCount(?s+1,?r,?f,0) :- occurs(?s,discharge,?r) and occupies(?f,?r); 

/* Persistence (ñframeò) axiom */

@pefc1  fishCount(?s+1,?r,?f,?p) :- fishCount(?s,?r,?f,?p);

/* Action effect axiom has higher priority than persistence axiom */

silk:overrides(tdf1,pefc1); 

/* An action instance occurs */

@UhOh occurs(1,toxicDischarge,Squamish);  

As desired: |=   fishCount(1,Squamish,trout,400),  

fishCount(2,Squamish,trout,0);

Notes:  @é declares a rule tag.  ? prefixes a variable.  :- means if.  != means Í.    opposes indicates 

an exclusion constraint between two literals, which means ñitôs a conflict ifò.    
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E-Commerce Ex. of Causal Process Reasoning (in SILK)

/*    E-commerce delivery logistics. */

/* Initial fact, and prevention constraint that location is unique */

loc(0,PlasmaTV46,WH_LasVegasNV);  

silk:opposes(loc(?s,?item,?posn1), loc(?s,?item,?posn2))   :- ?posn1 != ?posn2; 

/* Action/event description that specifies causal change, i.e., effect on next state */

@mov1 loc(?s+1,?item,?addr) and negloc(?s+1,?item,?warehouse)

:- shipment(?s,?item,?warehouse,?addr) and loc(?s,?item,?warehouse); 

/* Persistence (ñframeò) axioms about location */

@peloc1  loc(?s+1,?item,?posn) :- loc(?s,?item,?posn); 

/* Action effect axiom has higher priority than the persistence axioms */

silk:overrides(mov1,peloc1); 

silk:overrides(mov1,peloc2); 

/* An action instance occurs */

@de7  shipment(1, PlasmaTV46, WH_LasVegasNV, 9_Fog_St_SeattleWA);

As desired: |=      loc(2, PlasmaTV46, 9_Fog_St_SeattleWA);  

|=     loc(2, PlasmaTV46, WH_LasVegasNV);
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Trust Mgmt. Ex. of Higher-Order Defaults (in SILK) 
illustrating also basic Knowledge-level Communication, and Frame syntax

In Frame syntax:  subject[property -> object]  stands for property(subject,object).  

/*    Trust policy administration by multiple agents, about user permissions */ 

/* Admin. Bob controls printing privileges including revocation (neg). */

Bob[controls -> print];   Bob[controls -> negprint];    /* negprint means it is disallowed.*/

Cara[controls -> ?priv ];  /* Cara is the most senior admin., so controls all privileges. */

/* If an administrator controls a privilege and states at a time (t) that a user has a privilege, 

then the user is granted that privilege. Observe that ?priv is a higher-order variable. */

@grant(?t) ?priv (?user) :- ?admin[states(?t) -> ?priv (?user)] and ?admin[controls(?priv )];

/* More recent statements have higher priority, in case of conflict.  */

silk:overrides(grant(?t2), grant(?t1)) :- ?t2 > ?t1; 

/* Admins Bob and Cara make conflicting statements over time about Annôs printing */

Cara[states(2007) -> print(Ann)];   Cara[states(2007) -> webPage(Ann)];  

Bob[states(2008) -> negprint(Ann)];    

As desired: |=   negprint(Ann);   webPage(Ann);  

/* Currently, Ann is permitted a webpage but not to print. */
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Notes:  @[é] declares a rule tag.  ? prefixes a variable.  :- means if.  != means Í.  negis strong negation.  
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Physics Ex. of  Contextual Assumptions (in SILK)
/* ñP8: Joe drops a glove from the top of a 100m cliff.  

How long does the fall take in seconds?ò */

// Initial problem -specific facts

AP_problem(P8);  fall_event(P8);  P8[height->100];   

// Action description that specifies causal implications on the continuous process

?e[time->((2 * ?h / ?n)^0.5)] :- fall_event(?e) and ?e[height->?h,  net_accel->?n];

?e[net_accel->(?g - ?a)] :- fall_event(?e) and 

?e[gravity_accel->?g,  air_resistance_accel->?a]; 

// Other facts

?e[gravity_accel->9.8] :- loc(?e, Earth);

?e[gravity_accel->3.7] :- loc(?e, Mars);

// Contextual assumptions for answering Advanced Placement exam (AP) problems

@implicit_assumption loc(?e, Earth) :- AP_problem(?e); 

silk:opposes(loc(?e, Earth), loc(?e, Mars)); 

@implicit_assumption ?e[air_resistance_accel->0] :- AP_problem(?e);  

silk:overrides(explicitly_stated, implicit_assumption); 

As desired: |=   P8[net_accel->9.8,  time->4.52];     // 4.52  =  (2*100/9.8)^0.5
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Physics Ex. of  Contextual Assumptions (in SILK)
/*  ñP8: Joe drops a glove from the top of a 100m cliff on Mars.

How long does the fall take in seconds?ò */

/* Initial problem -specific facts*/ 

AP_problem(P8);  fall_event(P8);  P8[height->100];  

@explicitly_stated loc(P8,Mars); 

é

As desired: |=   P8[net_accel->3.7,  time->7.35];   //  7.35 =  (2*100/3.7)^0.5];
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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Challenge:  Capturing Semantics 

around Policies

ÅDeep challenge is to capture the semantics of data 
and processes:

ïTo represent, monitor, and enforcepolicies ï
e.g., trust and contracts

ïTo mapbetween definitions of policy entities, 
e.g., in financial reporting

ïTo integratepolicy-relevant information 
powerfully
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Policies for Compliance and Trust Mgmt.: 

Role for Semantic Web Rules

ÅTrust Policies usually well represented as rules

ïEnforcement of policies via rule inferencing engine

ïE.g., Role-based Access Control
ÅThis is the most frequent kind of trust policy in practical deployment today.

ïW3C P3P privacy standard, OASIS XACML, XML access 
control emerging standard, é

ÅDitto for Many Business Policies beyond trust arena, too
ïñGrayò areas about whether a policy is about trust vs. not:  

compliance, regulation, risk management, contracts, governance, 
pricing, CRM, SCM, etc. 

ïOften, authorization/trust policy is really a part of overall contract 
or business policy, at application-level.  Unlike authentication.

ïValuable to reuse policy infrastructure 
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Trust Policies and Compliance in 

US Financial Industry Today

ÅUbiquitous high-stakes Regulatory Compliance 
requirements
ïSarbanes Oxley, SEC (also in medical domain:  HIPAA), etc. 

ÅInternal company policies about access, confidentiality, 
transactions  
ïFor security, risk management, business processes, governance 

ÅComplexities guiding who can do what on certain business data

ÅOften implemented using rule techniques

ÅOften misunderstood or poorly implemented leading to vulnerabilities

ÅTypically embedded redundantly in legacy silo applications, requiring 
high maintenance

ÅPolicy/Rule engines lack interoperability
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Example Financial Authorization Rules
Classification Application Rule

Merchant Purchase Approval If credit card has fraud reported on 

it, or is over limit, do not approve.

Mutual Funds Rep trading ñBlue Sky:ò State restrictions for 

repôs customers.

Mortgage Company Credit Application TRW upon receiving credit 

application must have a way of 

securely identifying the request.

Brokerage Margin trading Must compute current balances and 

margin rules before allowing trade.

Insurance File Claims Policy States and Policy type must 

match for claims to be processed.

Bank Online Banking User can look at own account.

All Householding For purposes of silo (e.g., 

statements or discounts), aggregate 

accounts of all family members.
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Verticals that appear good candidates for 

Early Adoption of SW Rules for Privacy

Å Financial

ïCf. discussion earlier in this talk

ïHistorically, an early adopter of information technology overall esp. for 
integration

ïLarge sector of global economy

ïPrivacy/trust policies very important, distributed & heterogeneous

Å Medical

ïPrivacy/trust policies very important, distributed & heterogeneous

ïExpecting help on privacy from information technology

ïLarge sector of global economy

Å Police/Military

ïPrivacy/trust policies very important, distributed & heterogeneous

ïLooking for help on privacy from information technology

ïMajor funder of  SW basic research to date, e.g., DARPA Agent Markup 
Language program 2000-2005

Å In many other realms, there is a large gap between revealedvs. avowed preferences 
for value of privacy/confidentiality.  
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Advantages of Standardized SW Rules

ÅEasier Integration: with rest of business policies and 

applications, business partners, mergers & acquisitions

ÅFamiliarity, training

ÅEasier to understand and modify by humans

ÅQuality and Transparency of implementation and 

enforcement

ïProvable guarantees of implementation behavior

ÅReduced Vendor Lock-in

ÅExpressive power

ïPrincipled handling of conflict, negation, priorities
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Advantages of SW Rules, contôd:

Loci of Business Value

ÅReduced system dev./maint./training costs

ÅBetter/faster/cheaper policy admin.

ÅInteroperability, flexibility and re-use benefits

ÅGreater visibility into enterprise policy implementation => 
better compliance

ÅCentralized ownership and improved governance by Senior 
Management

ÅRich, expressive trust management language allows better 
conflict handling in policy-driven decisions
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Some Answers to:    

ñWhy does SW/SWS Matter to Business?ò 

Å1.  ñDeath. Taxes.  Integration.ò - They are always with us. 

Å2.  ñBusiness processes require communication 
between organizations / applications.ò - Data and 

programs cross org./app. boundaries, both intra- and inter- enterprise.

Å3.ñIt is the automated knowledgeeconomy, stupid!ò 
- The world is moving towards a knowledge economy.  And it is 
moving towards deeper and broader automation of business processes.  
The first step is automating the use of structuredknowledge. 

ïTheme:  reuseof knowledge across multiple tasks/apps/orgs
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SW Early Adoption Candidates:

High-Level View

ÅñDeath.  Taxes.  Integration.ò

ÅApplication/Info Integration:  

ïIntra-enterprise

ÅEAI, M&A; XML infrastructure trend

ïInter-enterprise

ÅE-Commerce:  procurement, SCM

ïCombo

ÅBusiness partners, extranet trend
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SW Adoption Roadmap:

Strategy Considerations

ÅLikely first uses in a lot of B2B interoperability or 

heterogeneous-info-integration intensive applications (e.g., finance, travel)

ïActually, probably 1st intra-enterprise, e.g., EAI 

Å Reduce costs of communication in procurement, operations, customer 
service, supply chain ordering and logistics

ïincrease speed, create value, increase dynamism

ïmacro effects create 

Åstability sometimes (e.g., supply chain reactions due to lag; other 
negative feedbacks) 

Åvolatility sometimes (e.g., perhaps financial market swings)

ïincrease flexibility, decrease lock-in

ÅAgility in business processes, supply chains
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing/ordering policies, contracts 

ü E-science:  ecological process 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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Ontology Translation Via Rules

ÅUse rules to represent mappings from data source 
to domain ontologies

ïRules can be automatically or manually 
generated

ïCan support unit of measure conversion and 
structural transformation

ÅExample using SWRL

ïhttp://www.daml.org/2004/05/swrl-
translation/Overview.html

Åhttp://snoggle.semwebcentral.org
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Uses of Semantic Rules for XBRL

Å Ontology mappings:  contextual, reformulation

ï Examples: 
Å Price with vs. without shipping, tax

Å Earnings last 4 qtrs vs.{last 3 qtrs + forecast next qtr}

Å Profit with vs. without depreciation

Å Historical info when statutory treatment changes

Å Implicit context:  use a typical definition of revenue

ï Your vs. my  pro-forma or analytic view
Å Between companies, governmental jurisdictions

ï Exception handling, special cases, one-time events
Å Footnotes ïñwhere the real action isò

Å Example:  Revenue includes sale of midtown NYC headquarters bldg
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Example:  Exception in Ontology Translation (in SILK)

/*  Company BB reports operating earnings using R&D operating cost which includes 
price of a small company acquired for its intellectual property.  Organization GG 
wants to view operating cost more conventionally which excludes that acquisition 
amount.  We use rules to specify the contextual ontological mapping.  */

@normallyBringOver ?categ(GG)(?item)  :- ?categ(BB)(?item); 

@acquisitionsAreNotOperating neg?categ(GG)(?item) :-

acquisition(GG)(?item) and (?categ(GG) ## operating(GG)); 

silk:overrides(acquisitionsAreNotOperating, normallyBringOver );  /* exceptional */ 

acquisition(GG)(?item) :- price_of_acquired_R_and_D_companies(BB)(?item); 
R_and_D_salaries(BB)(p1001);   p1001[amount -> $25,000,000];

R_and_D_overhead(BB)(p1002);   p1002[amount -> $15,000,000];

price_of_acquired_R_and_D_companies(BB)(p1003);  p1003[amount -> $30,000,000]; 

R_and_D_operating_cost(BB)(p1003); /* BB counts the acquisition price item in this category */ 

R_and_D_operating_cost(GG) ## operating(GG); 

Total(R_and_D_operating_cost)(BB)[amount -> $70,000,000];  /* rolled up by BB cf. BBôs definitions */ 

Total(R_and_D_operating_cost)(GG)[amount -> ?x] :- é ; /* roll up the items for GG cf. GGôs definitions */ 

As desired: |=   R_and_D_salaries(GG)(p1001); é

negR_and_D_operating_cost(GG)(p1003);  /* GG doesnôt count it */

Total(R_and_D_operating_cost)(GG)[amount -> $40,000,000]; 
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Notation:  @é declares a rule tag.  ? prefixes a variable.  :- means if.  X ## Y means X is a 

subclass of Y.  silk:overrides(X,Y) means X is higher priority than Y. 



Equational Ontological Conflicts

in Financial Reporting

# of customers = # of end_customers 

+ # of distributors

Gross Profit = Net Sales ïCost of 

Goods

P/E Ratio = Price / Earnings(last 4 

Qtr)

Price = Nominal Price + Shipping

# of customers = # of end_customers 

+ # of prospective customers

Gross Profit = Net Sales ïCost of 

Goods ïDepreciation 

P/E Ratio = Price/ [Earnings(last 3 

Qtr) + Earnings(next quarter)]

Price = Nominal Price + Shipping + 

Tax
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ñ heterogeneity in the way data items are calculated from other 

data items in terms of definitional equationsò



EOC in Primark Databases
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?

?

?

Primark was a company

that owned:

ÅDisclosure

ÅWorldscope

ÅDataStream

Information services

Top 25 International Co. by Net Sales (WorldscopeDB)

Rank Company Net Sales(000ôs)Date

1   Mitsubishi Corporation 165,848,468 03/31/96

2   General Motors Corp 163,861,100 12/31/95

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

8   Exxon Corp 107,893,000 12/31/95

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

16 International Business M71,940,000 12/31/95

17 General Electric Co 69,948,000 12/31/95

20 Mobil Corp 64,767,000 12/31/95

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

Top 25 US Co. by Net Sales (Disclosure DB)

Rank Company Net Sales(000ôs)Date

1   General Motors Corp 168,828,600 12/31/95

2   Ford Motor Co 137,137,000 12/31/95

3   Exxon Corp 121,804,000 12/31/95

4   Wal Mart Stores Inc 93,627,000 01/31/96

5   AT&T 79,609,000 12/31/95

6   Mobil Corp 73,413,000 12/31/95

7   International Business M71,904,000 12/31/95

8   General Electric Co 70,028

...  ... ...

Slide also by Aykut Firat and Stuart Madnick
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Context

Mediator

Price: Nominal

Product Code: Alpha

Query

Prices of Products 

Cheaper in eToys 

compared to Kidôs World

eToys

Price:Nominal + Tax+Shipping

Product Code: Alpha

éé

45starwars

17pokemon

Kidôs World

Price:Nominal + Tax

Product Code: Numeric

...é

40234567

20123456

30.1starwars

13.3pokemon

Results

Price Equations

Solution Approach:  ECOIN
Extended COntext INterchange MIT Sloan prototype

E-Shopping App. (Financial Info is ubiquitous in e-biz)



ECOIN Approach, continued
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ÅContext-based loosely-coupled integration

ÅSymbolic Equation Solving combined with LP
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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Contracts in E-Commerce Lifecycle

ÅDiscovery, advertising, matchmaking 

ïSearch, sourcing, qualification/credit checking

ÅNegotiation, bargaining, auctions, selection, forming 

agreements, committing

ïHypothetical reasoning, what-ifôing, valuation

ÅPerformance/execution of agreement

ïDelivery, payment, shipping, receiving, notification

ÅProblem Resolution, Monitoring

ïException handling
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Approach:

Rule-based Contracts for E-commerce

ÅRules as way to specify (part of) business processes, 
policies, products: as (part of) contract terms.

ÅComplete or partial contract. 

ïAs default rules. Update, e.g., in negotiation. 

ÅRules provide high level of conceptual abstraction. 

ïeasier for non-programmers to understand, specify, 
dynamically modify & merge.  E.g.,

ïby multiple authors, cross-enterprise, cross-application.

ÅExecutable.  Integrate with other rule-based business 
processes.  
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Semantic Web Services

ÅConvergence of Semantic Web and Web Services

ÅConsensus definition and conceptualization still forming

ÅSemantic (Web Services):  

ïKnowledge-based service descriptions, deals

ÅDiscovery/search, invocation, negotiation, selection, 
composition, execution, monitoring, verification

ÅAdvantage:  reuseof knowledge across apps, these tasks 

ïIntegrated knowledge 

Å(Semantic Web) Services:  e.g., infrastructural

ïKnowledge/info/DB integration 

ïInferencing and translation  
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Rule-based Semantic Web Services

ÅRules often good to executably specifyservice process models

ïe.g.,  business process automation using procedural attachments to 

perform side-effectful/state-changing actions ("effectors" triggered by 

drawing of conclusions) 

ïe.g., rules obtain info via procedural attachments ("sensors" test rule 

conditions) 

ïe.g., rules for knowledge translation or inferencing

ïe.g., info services exposing relational DBs

ÅInfrastructural:  rule system functionality as services: 

ïe.g.,  inferencing, translation

11/4/2010 Copyright 2010 by Vulcan Inc., Benjamin Grosof, Mike Dean, and Michael Kifer.  All Rights Reserved. 60



W3C Web Services Stack (2004)

Diagram courtesy Tim Berners-Lee: http://www.w3.org/2004/Talks/0309-ws-sw-tbl/slide6-0.html

NOTES:

WSDL is a Modular Interface spec

SOAP is Messaging and Runtime

Also:  

- UDDI is for Discovery

- BPEL4WS, WSCI, é

are for transactions

- Routing, concurrency, é
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ñWireò ProtocolsService Description

TCP/IP

HTTP/SMTP

XML

SOAP/XMLP

SOAP Blocks

XML

WSDL

WSDL Extensions

SWS Language

Inspection

Registry (UDDI)

SWS Initiative (SWSI)
-- automate Tasks of:

Discovery
Invocation
Interoperation
Deal Negotiation
Composition
Monitoring
Verification

SWS Language effort (2005), 

on top of Web Services Standards Stack

[Slide authors:  Benjamin Grosof (MIT Sloan), Sheila McIlraith (Stanford) , David Martin (SRI International), James Snell (IBM)]

Process

W3C WS Choreography Group

BPEL4WS (Microsoft, IBM, BEA)

WSCL (HP)BPML (Most but Microsoft)

WSCI (Sun, BEA, Yahoo, é)

XLANG (Microsoft), WSFL (IBM), é



Semantic Web Services Framework 

(SWSF)
ÅBy Semantic Web Services Initiative (SWSI)  http://www.swsi.org
ïCoordinated global research and standards design in SWS during 2002-2005

ïResearchers from universities, companies, government

ïIndustrial partners; DAML and WSMO backing

ïCollaborators:  OWL-S, WSMO, RuleML, DAML 

ÅDesigned SWSF in 2005:   http://www.daml.org/services/swsf/1.0/

ïRules & FOL language (SWSL/RuleML)

ïOntology for SWS (SWSO)

ÅDrawn largely from OWL-S and PSL

ïApplication Scenarios

ïAlso:  requirements analysis

ÅInfluential, explored the issues
ï W3C SAWSDL ïSemantic Annotations for WSDL and XML Schema

ÅExtension mechanism ïa hook ïwith shallow semantics in itself 
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SWS(F) Tasks Form 2 Distinct Clusters,
each with associated Central Kind of Service-

description Knowledge and Main KR

1. Security/Trust, Monitoring, Contracts, 
Advertising/Discovery, Ontology-mapping Mediation 

Å Central Kind of Knowledge:Policies

Å Main KR:  NonmonotonicLP (rules + ontologies)

2. Composition, Verification, Enactment

Å Central Kind of Knowledge:Process Models

Å Main KRs:  FOL +  NonmonotonicLP
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Rule-based Semantic Web Services

ÅRules/LP in appropriate combination with DL as KR, for RSWS

ïDL good for categorizing:   a service overall, its inputs, its outputs

ÅRules to describe service process models

ïrules good for representing:

Åpreconditionsand postconditions, their contingent relationships

Åcontingentbehavior/features of the service more generally, 

ï e.g., exceptions/problems

ïfamiliarity and naturalness of rules to software/knowledge engineers

Å Rules to specify deals about services:  cf. e-contracting. 
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Services Engineering Lifecycle 

1. Expressive standardized semantic rules can help with several 
long-standing challenges in services engineering, across the 
whole lifecycle:

ü Reuse, interoperability, integration, context, transparency, 
governance

ü Cost reduction, agility

ü Etc.

2. Frequent tasks:

ü Monitoring:  events / exceptions Ą react,  policy-based 
agile workflows

ü Confidentiality:  authorizations for access, transactions

ü Contractual:  ads, trades / e-commerce, SLAs 
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Outline of Part A. Intro & Uses

1. Overview of tutorial, and get acquainted

2. What are:  Rules on the Web, Semantic Rules/Web/Tech  

3. Uses and Kinds of rules 

ü Commercial, web.  Current, envisioned.   

ü Requirements.  Business value, IT lifecycle. 

ü Strategic roadmapping of future adoption

4. Example Use Cases

ü E-commerce:  pricing, ordering policies, contracts 

ü E-science:  ecological process, mechanics context 

ü Trust:  compliance, policies, e.g. financial services

ü Info integration, ontology mapping, business reporting   

ü Processes:  policy-based workflow, causal action effects,  
Semantic Web Services  

NB: (2.)-(4.) are interleaved.  
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PART B. SLIDES

FOLLOW
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Outline of Part B. Concepts & Foundations

1. Overview of Logical Knowledge Representations

ü Logic Programs (LP) and its relationship to First Order Logic (FOL)

ü Rule-based Ontologies:   Description Logic, Description LP

2. SILKôs Hyper LP:  Putting it all together

3. Basics:  Horn Case; Functions

4. F-Logic, Frame Syntax, Object Oriented Style

5. HiLog, Higher-Order Syntax, Reification, Meta-Reasoning

6. W3C Rule Interchange Format (RIF):  Dialects, Framework

ü Rules in W3C Web Ontology Language (OWL-RL); via RIF

7. NonmonotonicLP:  Defaults, Negation, Priorities, FOL Interchange

ü Semantics for Default Negation

ü Courteous LP, Argumentation Theories

ü Omni-directional Rules, FOL-Soundness, Remedying FOLôs Fragility

8. Procedural Attachments to Actions, Queries, Built-ins, and Events

ü Production/Situated LP, Production Rules

9. Additional Features:  Integrity Constraints, Inheritance, Lloyd-Topor, 
Equality, Skolemization, Aggregation, Datatypes, ñConstraintsò 
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Updated: 06-2010 Semantic Web ñStackò

RL = 

Rule Profile

= Horn FOL expressible

Horn LP expressible 

(i.e., DLP++) 

RIF =
Rule Interchange 
Format (W3C)

BLD = Basic Logic Dialect

FLD = Framework for Logic Dialects

RIF

OWL RL

Modified from slide by W3C (just added annotation)

Candidate designs 

for Rule extensions:

SILK, RuleML ; CL 

(Common Logic) 

BLD

FLD



Concept of KR

Å A KR S is defined as a triple (LA, LC, |=), where:

ï LA is a formal language of sets of assertions (i.e., premise expressions)

ï LC is a formal language of sets of conclusions (i.e., conclusion expressions)

Å Remark: In LP KR, LC is not even a subset of LA! 

ï |= is the entailmentrelation.  

Å Conc(A,S) stands for the set of conclusions 

that are entailed in KR S by a set of premises A
Å We assume here that Concis a functional relation.  

Å Typically, e.g., in FOL and LP, entailment is defined formally in terms of models, i.e., 

truth assignments that satisfy the premises and meet other criteria.  
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Background:  Example KRôs

1. Relational databases:  relational algebra.
Å This is a restricted form of declarative Logic Programs 

(ñDatalog Hornò).

2. Mathematical classical logic:  first-order logic (FOL), 
higher-order logic.

Å Used in verification of programs, for example.

3. Rulesin various flavors.

Å Central abstraction:  declarative Logic Programs, 
which extend Horn FOL.

Å (Core) SQL database is an LP rulebase. 

4. Many others: Bayesian probabilistic networks, inductive 
learning, Description Logic, fuzzy logic, temporal modal 
logic, etc.
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Knowledge Representation:  
Whatôs the Game?

ÅExpressiveness:  useful, natural, complex enough

ÅReasoning algorithms

ÅSyntax:  encoding data format   -- here, in XML

ÅSemantics:  principles of sanctioned inference, independent of 
reasoning algorithms

ÅComputational Tractability (esp. worst-case):  scale up in a manner 
qualitatively similar to relational databases:  computation cycles go up as a 
polynomial function of input size
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Overview of Logic Knowledge Representation (KR) 

and Markup Standards
Å First Order Logic (FOL).  Also called ñclassicallogicò, as is HOL (below).

ïStandards efforts:  

ÅISO Common Logic (CL); FOL RuleML

ïRestriction:  HornFOL

ïRestriction:  DescriptionLogic (DL) ïoverlaps with Horn

ÅStandard: W3C OWL-DL (Web Ontology Logic) 

ïExtension:  Higher Order Logic (HOL)

ÅHiLog = higher order syntactically, but reducible to first order 

Å Logic Programs (LP)

ï(Here:  in the declarativesense.)

ïStandard:  W3C RIF (Rule Interchange Format) 

ïStandard designs for additional expressiveness: RuleML / SWSL / SILK

ïExtension features:   HiLog; also:  

ÅNonmonotonicity: Negation, Defaults (cf. Courteous)

ÅProcedural attachments  for external queries, events, actions

ïRestriction:  HornLP

ïRestriction:  Description Logic Programs (DLP) ïoverlaps with DL
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Venn Diagram:  Expressive Overlaps among KRs
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Description Logic cf. OWL 2:   KR Expressiveness
Å Restriction of First Order Logic (FOL)

ïStrongest restriction is on the patterns of variable appearances

ÅCannot represent many kinds of chaining  (joins)  among predicates

ïNo logical functions

ÅAllows:  

ïClass predicates of arity 1

ïProperty predicates of arity 2   (Indirectly can represent n-arypredicates)

ïMembership axioms:   foo instanceOfBarClass

ï Inclusion axioms between classes (possibly complex)

ÅC1 subclassOfC2

Å I.e., x instanceOfC1  x instanceOfC2

ïComplex class expressions, e.g.

ÅElectrical device that has two speakers and a 120V or 220V power supply

ïProperty chaining, with some restrictions  (feature added to OWL 2) 

Å Good for representing: 

ïMany kinds of ontological schemas, including taxonomies

ïTaxonomic/category subsumptions(with strict inheritance)

ïSome kinds of categorization/classification andconfiguration tasks   
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Summary of Computational Complexity of KRs 

ÅFor task of  inferencing, i.e., answering a given query.    
ï Tractable =  time is polynomial in n, worst-case;  n = |premises|

ÅFirst Order Logic (FOL)

ïIntractablefor Propositional (co-NP-complete)

ïUndecidablein general case

ïDecidable but intractablefor Description Logic

ÅLogic Programs (LP)  with extensions for negation, 
defaults, HiLog, frames, attached procedures, é 

ïTractablefor broad cases; same as Horn

ÅO(n2) for Propositional with negation and defaults

ÅComplexity qualitatively similar to Relational DBs

ÅTruly Web-scaleable, therefore 

ïUndecidablein general (cause: infinite recursion through functions)
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More on Computational Complexity of LP 

Å O(n) for propositional Horn.  (Ditto in FOL.)     

Å O(n m) for propositional with negation (well-founded), where m = # atoms (m Ò n) 

ïDefaults add no increase in the complexity bound (reducible linearly to NAF) 

Å Typically-met restrictions:  

ïConstant-bounded number of distinct variables per rule (VB restriction)
ÅIn DL form of DLP, VB constant-bounded number of distinct DL quantifiers (incl. 

min/max cardinality) in class descriptions per inclusion axiom

ïTime per attached procedure call is tractable (AT restriction) 

Å Most feature extensions can be added to LP without affecting tractability

Å Key restriction to ensure tractability (or decidability) is to:  

ïAvoid blow-up from recursion through logical functions(of arity > 0)

Å Keep the relevant set of ground atoms tractable (or finite)

ÅHere, recursion means dependency cycles among rules

ïE.g., function-free is a simple sufficient condition

ÅThen  # of ground atoms = O(nv+1)  , where  v  is the bound in VB

ïMore research on detailed theory and algorithms is needed, however 
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Updated: 10-2010 Semantic Web ñStackò

RL = 

Rule Profile

= Horn FOL expressible

Horn LP expressible 

(i.e., DLP++)

E.g., axiomatizevia

~70 RIF-BLD rules

RIF =
Rule Interchange 
Format (W3C)

BLD = Basic Logic Dialect

FLD = Framework for Logic Dialects

RIF

OWL RL

Modified from slide by W3C (just added annotation)

Candidate designs 

for Rule extensions:

SILK, ASP, FOL 

BLD

FLD



KR View of Semantic Web related standards

LP (Logic  Programs)
Å Umbrella standards/designs  

ïSILK

ïRuleML-LP

Å Database Query Standards*

ïSQL

ïSPARQL

ïXQuery

Å Business Rules Families*

ïProduction

ÅRIF-PRD

ïECA (Event-Condition-Action)

ïProlog

FOL (First Order Logic)
Å Umbrella standards/designs:  

ïCL (ISO Common Logic)

ïRuleML-FOL

Å Semantic/Web Standards (other)

ïRDF

ïRDFS (Schema)

ïOWL RL (Rule Profile)

ïRIF-BLD (Basic Logic Dialect)

Å(and SWRL) 

ïOWL DL (Description Logic)

ïOWL Full

ïSBVR (OMG Semantic Business 
Vocabulary and Rules)
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Hazy wrt Standardization:  more Framework                                                               

ïUncertainty(probabilistic, fuzzy); Provenance(proof, trust)

Logical Framework standards/designs:  RIF-FLD, RuleML, SILK

Via KR mapping to LP, maybe with restrictions*



KR View of Semantic Web related standards

LP
Å Horn

Å Rest

FOL
Å Umbrella standards/designs:  

ïCL (ISO Common Logic)

ïRuleML-FOL

Å Semantic/Web Standards (other)

ïRDF

ïRDFS (Schema)

ïOWL RL (Rule Profile)

ïRIF-BLD (Basic Logic Dialect)

Å(and SWRL) 

ïOWL DL (Description Logic)

ïOWL Full

ïSBVR (OMG Semantic Business 
Vocabulary and Rules)
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Hazy wrt Standardization:  more Framework                                                               

ïUncertainty(probabilistic, fuzzy); Provenance(proof, trust)

Logical Framework standards/designs:  RIF-FLD, RuleML, SILK

Via KR mapping to LP (sound, nearly complete) *

*



KR View of Semantic Web related standards

LP
Å Umbrella standards/designs  

ïSILK

FOL
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Hazy wrt Standardization:  more Framework                                                               

ïUncertainty(probabilistic, fuzzy); Provenance(proof, trust)

Logical Framework standards/designs:  RIF-FLD, RuleML, SILK

Via KR mapping to LP (hypermonotonic)*

*
Sound, but incomplete

ülack disjunctiveness 

(no reasoning-by-cases)



Outline of Part B. Concepts & Foundations

1. Overview of Logical Knowledge Representations

ü Logic Programs (LP) and its relationship to First Order Logic (FOL)

ü Rule-based Ontologies:   Description Logic, Description LP

2. SILKôs Hyper LP:  Putting it all together

3. Basics:  Horn Case; Functions

4. F-Logic, Frame Syntax, Object Oriented Style

5. HiLog, Higher-Order Syntax, Reification, Meta-Reasoning

6. W3C Rule Interchange Format (RIF):  Dialects, Framework

ü Rules in W3C Web Ontology Language (OWL-RL); via RIF

7. NonmonotonicLP:  Defaults, Negation, Priorities, FOL Interchange

ü Semantics for Default Negation

ü Courteous LP, Argumentation Theories

ü Omni-directional Rules, FOL-Soundness, Remedying FOLôs Fragility

8. Procedural Attachments to Actions, Queries, Built-ins, and Events

ü Production/Situated LP, Production Rules

9. Additional Features:  Integrity Constraints, Inheritance, Lloyd-Topor, 
Equality, Skolemization, Aggregation, Datatypes, ñConstraintsò 
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SILK research program (2008-) in Vulcanõs Project Halo

ÅFor Vision of Digital Aristotle: question-answering for science 
ÅPut the bulk of the worldôs scientific and similar knowledge on-line

ÅAnswer questions, act as personal tutor, with deep reasoning.  E.g., textbooks/exams.

Å1st yr college-level Biology is current  domain focus:  complex causal processes

ÅAdvanced KR language and system, for esp. defaults & processes
ÅLargest* rule research program in USA.  Multi-institutional:  primarily via contractors.

ÅHigher-abstraction KR closer to human cognition and social pragmatics

ÅRadically extends expressive power of SQL, RDF(S), SPARQL, OWL-RL, RIF-BLD 

ÅRemedies major limitations of semantic webôs current KR foundation

ÅPotential application areas in business and government
ÅHorizontal:  policies, workflows; ontology mapping, knowledge integration  

ÅVertical:  e-commerce, defense intelligence, trust, biomed, financial, mobile

Åhttp://silk.semwebcentral.org

* (that weôre aware of)
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SILK Contributors current/past (partial list)

ÅVulcan (Benjamin Grosof, Mark Greaves, Dave Gunning, Peter Clark)

ÅStony Brook Univ. (Michael Kifer, H. Wan, S. Liang, P. Fodor)

ÅRaytheon BBN Technologies (Mike Dean, C. Andersen, B. Benyo, B. Ferguson)

ÅSRI International (Vinay Chaudhri, David Martin, Ken Murray)

ÅCycorp(Keith Goolsbey, Doug Lenat, Jon Curtis)

ÅAutomata (Paul Haley)

ÅTerrance Swift, consultant

ÅSmart Info Flow Technologies (Mark Burstein) 

ÅRichard Fikes, consultant (Stanford Univ.)

ÅTexas Tech Univ. (Michael Gelfond, D. Inclezan)

ÅUniversity of Toronto (Sheila McIlraith, S. Sohrabi, H. Ghaderi) 
ÅOntopriseGmbH (Daniel Hansch, JurgenAngele)

ÅBoeing

ÅUniv. of Texas (Bruce Porter, Ken Barker) 

ÅUniv. of Amsterdam (Bert Bredeweg)

ÅUniv. of Freiburg (Georg Lausen)

ÅUniv. of Michigan (Michael Wellman)

ÅRaphael Volz, consultant 

ÅAcknowledgements to RuleML(Harold Boley, Said Tabet)



Expressiveness òBrittlenessó Areas Targeted 

ÅDefaults/Exceptions/Defeasible(incl. nonmonotonic reasoning, theory revision, argumentation, truth maintenance)

ÅA kinematics problem situation has standard earth gravity, and no air resistance. [physics AP]

ÅA given organism has the anatomy/behavior that is typical/normal for its species, e.g., a bat has 2 wings and flies. [bio AP]

ÅPrice info for an airplane ticket on Alaska Airôs website is accurate and up to date. [e-shopping]  

×Practical reasoning almost always involves a potential for exceptions

ÅHypotheticals
ÅIf Apollo astronaut Joe golfed a ball on the moon, then standard earth gravity would not apply. [negative hypothetical] 

[conflictbetween defaults, resolved by priorityamong them]

ÅIf I had swerved my car 5 seconds later than I did, I would have hit the debris in the left lane with mytire. [counterfactual]

ÅActions and Causality
ÅIf a doorkey is incompletely inserted into the keyhole, turning the key will fail.  [precondition]

ÅDuring the mitotic stage of prometaphase, a cellôs nuclear envelope fragments [biology AP]

ÅAfter a customer submits an order on the website, Amazon will email a confirmation and ship the item. [Event-Condition-
Action (ECA) rule] [policy]

ÅProcesses (i.e., representing and reasoning about processes)
ÅMitosis has five stages; its successful completion results in two cells. [compose] [partial description]

ÅIf Amazon learns that it will take an unexpectedly long time to stock an ordered item, then it emails the customer and offers
to cancel the order without penalty. [exception handling]

ÅA Stillco sensor-based negative feedback thermal regulator is adequate to ensure the overnight vat fermentation of the 
apple mash will proceed within desired bounds of the alcohol concentration parameter. [science-based business process]

Ubiquitous in science, commonsense, business, etc.  All are interrelated.
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ÅCausal process reasoning is a large portion of AP Biology, often requiring multi-
step causal chains and/or multiple grain sizes of description to answer a question.

ÅSeveral such complex examples drawn from exams or textbooks have been 
successfully represented in SILK.   E.g.:  

Å"A researcher treats cells with a chemical that prevents DNA synthesis

from starting.  This treatment traps the cells in which part of the cell cycle?ñ  

The correct answer is:  G1  [which is a sub-phase of interphase] 

Å"In some organisms, mitosis occurs without cytokinesisoccurring.  This will result in: 

a. cells with more than one nucleus

b. cells that are unusually small.

c. cells lacking nuclei.

d. destruction of chromosomes.

e. cell cycles lacking an S phase." 

The correct answer is:  a. [two nuclei form in a cell, but no new cell wall splits the cell]

ÅñSuppose the typical number of chromosomes in a human liver cell was 12. [Notice this is 
counterfactual; there are actually 46].   What would the typical number of chromosomes in a 
human sperm cell be?ò

The correct answer is:  6  [half of the number in the liver and most other organs]  

Complex AP Biology Examples
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SILKõs Goals

ÅAddress fundamental requirements for scaling Semantic Web to 
widely-authored Very Large KBs in business and science that 
answer questions, proactively supply info, and reason powerfully

ÅExpressiveness + Semantics + Scalability
ÅPush the frontier.  Language and system.  

ÅBetter Knowledge Representation (KR)
ÅExpressivepower:  defeasibility, higher-order.  E.g., causal processes in AP Biology. 

ÅPerformancescalability of reasoning, including knowledge updates

ÅMore effective Knowledge Acquisition (KA) 
+By Subject Matter Experts (SMEs), not programmers or knowledge engineers

+Collaborativelyïincorporate large #s of SMEs in KB construction & maintenance
+ Leveraging the Web

ÅBetter KR also for sake of better KA 
ÅWeb knowledge interchange(with merging) for scalability of collaborative KA

ÅThe underlying KR is the target for KA:  òThe KR is the deep UIó

ÅUnderstandability via semantics and expressiveness

ÅRaise abstraction level closer to the userôs natural language and cognition
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ÅNew Extension of LP that is the first to combinekey advanced features 

ÅDefaults+ Higher-Order+ ExternalActions/Events/Queries
Å+ Webized, Frames, Negation (negand naf), Equality, 

Functions, Skolems, Aggregates, Integrity Constraints, Lloyd-Topor, é  

ÅOmni-directionality:  new feature
ÅPermit head disjunction, treat via directionalization.  Handle multi-way conflicts.

ÅMuch broader FOL-sound interchange:  anyclause or universal formula, not just Horn

ÅTransforms knowledge from higher to lower abstraction levels
ÅRaises expressive abstraction level.  Higher is good for knowledge acquisition (KA)

ÅLower is good for reasoning (code reuse, optimization) and knowledge interchange 

ÅTractable computationally ðcomplexity is same as Horn LP
ÅPolynomial  time --similar to relational DBMS  --if thereôs no recursion thru functions

ÅRetains pragmatic quality of LP:  ñintuitionisticò ïlack general ñreasoning by casesò   

ÅUses new argumentationtheoryapproach to defaults
Å~20 ñmeta-ò rules specify debate principles for defeat.  Much easier to implementthan code.

ÅEnables much more expressiveness(e.g., HiLog). Much more efficientwhen updating. 

ÅRIF-SILKdialect extends RIF-BLD (Basic Logic Dialect)

SILKõs KR:Hyper Logic Programs
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ÅKR Language
ÅSyntax:  ASCII presentation syntax, abstract syntax, RIF dialect (RIF-SILK)

ÅSemantics:  model theory, proof theory.  Closely related to the transformations (above).  

ÅKnowledge Interchange
ÅVia load, or query, or event.  E.g., embed a SPARQL query in the body of a rule.  

ÅKR languages:  SPARQL, RDF(S), SQL, ODBC; SILK, RIF, OWL(-RL), Cyc, AURA

ÅReasoning system
ÅBackward inferencingprimarily  -- i.e., query answering

ÅTabling saves and reuses computation from previous subqueries

ÅSupports fast updating and forward inferencing

ÅGood efficiency/scalability of performance

ÅSynergizes 20 years of LP research progress
ÅCourteous defaults and external actions/queries cf. IBM Common Rules, SweetRules

ÅHigher-order cf. HiLog, Common Logic

ÅNegation-As-Failure cf. well founded

ÅPerformance optimizations from DBMS, Prolog, BRMS, AI

ÅExtensive requirements analysis, use cases, benchmarking
ÅUse cases in business policies, ontology mapping, e-commerce, biomed, é

SILKõs KR Approach, continued 
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Defaults (cf. Courteous, with Prioritization)

ÅNegation

ÅPragmatic knowledge/reasoning has potential for exceptions and revision
ÅLearning and science:  may falsify previous hypotheses after observation or communication

ÅDebate and trust:  priorities from authority, reliability, recency

ÅUpdating, merging, change:  increase modularity/reuse in KA/KB lifecycle 

ÅProcess causality:  persistence, indirect ramified effects, interference 

ÅHypotheticals, e.g., counterfactuals

ÅInheritance:  more-specific case overrides more-general case

ÅPolicies, regulations, laws ïthe backbone of society and institutions

ÅNatural language understanding (NLU) aspects:  e.g., co-reference

Higher-Order (cf. Hilogand reification) 

ÅMeta- knowledge and meta- reasoning, generally

ÅOntology mapping, KB translation, KR macros, reflection, NLU aspects 

ÅProvenance, multi-agent belief, modals, many aspects of context

Representational Uses for Defaults and Higher-Order

11/4/2010Copyright 2009 by Vulcan Inc., Benjamin Grosof, Mike Dean, and Michael Kifer.  All Rights Reserved.

Copyright 2010 by Vulcan Inc., Benjamin Grosof, Mike Dean, and Michael Kifer.  All Rights Reserved.



Outline of Part B. Concepts & Foundations

1. Overview of Logical Knowledge Representations

ü Logic Programs (LP) and its relationship to First Order Logic (FOL)

ü Rule-based Ontologies:   Description Logic, Description LP

2. SILKôs Hyper LP:  Putting it all together

3. Basics:  Horn Case; Functions

4. F-Logic, Frame Syntax, Object Oriented Style

5. HiLog, Higher-Order Syntax, Reification, Meta-Reasoning

6. W3C Rule Interchange Format (RIF):  Dialects, Framework

ü Rules in W3C Web Ontology Language (OWL-RL); via RIF

7. NonmonotonicLP:  Defaults, Negation, Priorities, FOL Interchange

ü Semantics for Default Negation

ü Courteous LP, Argumentation Theories

ü Omni-directional Rules, FOL-Soundness, Remedying FOLôs Fragility

8. Procedural Attachments to Actions, Queries, Built-ins, and Events

ü Production/Situated LP, Production Rules

9. Additional Features:  Integrity Constraints, Inheritance, Lloyd-Topor, 
Equality, Skolemization, Aggregation, Datatypes, ñConstraintsò 
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Horn FOL
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¸ The Horn subset of FOL is defined relative to clausalform of FOL

¸ A Horn clause is one in which there is at most one positive literal.

It takes one of the two forms:

1. H B1 é Bm .   A.k.a. a definiteclause / rule

¸ Fact H .     is special case of rule (H ground, m=0)

2. B1 é Bm .             A.k.a. an integrity constraint

where m 0,H and Biôs are atoms.   (An atom = pred(term_1,é,term_k) 

where pred has arity k, and functions may appear in the terms.) 

¸ A definite clause (1.) can be written equivalently as an implication:

¸ Rule :=       H B1 é Bm .   where m 0,  H and Biôs are atoms

head   if      body ;

¸ An integrity constraint (2.) can likewise be written as:

¸ B1 é Bm  .    A.k.a. empty-headrule ( is often omitted).  

For refutation theorem-proving, represent a negated goalas (2.).



Horn LP Syntax and Semantics

ÅHorn LP syntaxis similar to implication form of Horn FOL

ïThe implication connectiveôs semantics are a bit weaker however.  
We will write it as (or as  :- ) instead of . 

ïDeclarativeLP with model-theoretic semantics
ï Same for forward-direction (ñderivationò / ñbottom-upò) and backward-direction 
(ñqueryò / ñtop-downò)  inferencing

ïModel M(P) = a set of (concluded) ground atoms 

ÅWhere P = the set of premise rules

ÅSemantics is defined via the least fixed pointof an operatorTP.       
TP outputs conclusions that are immediately derivable(through some 
rule in P) from an input set of intermediate conclusions Ij.   

ïIj+1 = TP(Ij) ; I0 = (empty set)

Å Ij+1 = {all head atoms of rules whose bodies are satisfied by Ij}  

ïM(P) = LeastFixedPoint(TP)   ; where LFP = the Im such that   Im+1= Im

ïSimple algorithm:  cn{run each rule once} tmshk{quiescence}
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