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1 Introduction

FIRE is a new reasoning engine, designed to support building general-purpose reasoning systems operating over large knowledge bases.  Here are the key features of FIRE’s design:

· FIRE is a federated architecture where reasoning sources are used to provide access to specialized facilities, such as spatial reasoners.  Thus aspects of inference that are best handled procedurally can be integrated smoothly with other kinds of reasoning, including drill-down on underlying assumptions and other truth maintenance services.

· FIRE knowledge bases are hosted on a standard database, rather than being part of a binary image.  This facilitates scaling up, persistent storage, and portability.

· FIRE is designed from the ground up to support analogical processing.  That is, support for analogical mapping (via the Structure-Mapping Engine, SME) and similarity-based retrieval (via MAC/FAC) have been built into the software from the beginning.  For example, drawing an analogy in FIRE is considered to be more primitive than backchaining.  This inverts the usual place that analogical processing is given in reasoning systems, where analogy is treated as an extra, optional add-on that might be invoked when all else fails.  

· FIRE uses a partitioned backchainer.   A well-known problem with reasoning over large knowledge bases is keeping reasoning effective and under control.  A common problem with backchaining in reasoners is that it easily “gets lost” when working in a very large KB.  Partitioned reasoners have received attention recently (cf []), but to date have been focused around using resolution within partitions.  FIRE uses partitioning in its backchainer, in that every call to the backchainer must specify a chainer, a subset of the KB that has been identified as potentially relevant for some class of queries.  Reasoning beyond a specific chainer can in principle be done, but it requires reflection rather than something that is carried out automatically.  (The reflective crossing to another chainer is still under construction.)

FIRE is being created in collaboration with PARC, Inc.  The BDL database that we use to host the knowledge base was created by Bob Cheslow, and the DBEX Lisp layer that provides the s-expression and pattern-matching services on top of it was created by Reinhard Stolle and John Everett (now at AlphaTech).  

2 Overview of FIRE

This section provides a conceptual introduction to FIRE’s facilities, which will provide the foundation needed for understanding the details.  We discuss FIRE’s knowledge base, the idea of reasoners, and reasoning mechanisms in turn.

2.1 FIRE’s Knowledge Base

One important advance made in FIRE’s predecessor, DTE, was the use of a standard database to store the contents of a KB and to support pattern-matching.  Previous attempts to do this either restricted the expressive power of the representation language (e.g., binary relations in [1]) or stored a subset of the information in the database (e.g. storing a few properties of a concept in a database and the rest as a string that had to be loaded when the knowledge was to be used in [9]).  Tom Mostek figured out an encoding that was fully general and reasonably efficient, and thus we were able to use Microsoft Access to store DTE’s knowledge bases.  

FIRE’s KB system improves on DTE’s in two ways.  First, while Microsoft Access had great tools, the transaction testing, security facilities, and ODBC calls caused considerable performance hits over what a simple flat-file database could provide.  Consequently, we now use a streamlined flat-file database built by Bob Cheslow, who has adapted it for our purposes.  Second, the pattern to database table encoding used in DTE wasn’t quite as efficient as it might be, and the pattern directed retrieval facilities were fairly simple and not optimized.  The DBEX system created by Reinhard Stolle and John Everett, with consultation from us, provides a more efficient encoding scheme and quite powerful pattern matching facilities.

Every FIRE-based system uses some knowledge base.  We know of nothing that prevents FIRE systems from using multiple knowledge bases, since all of the APIs provide provisions for specifying the knowledge base explicitly or for switching knowledge bases within a local context.  However, we are hard-pressed to think of an application where one would want that in a single lisp image.  

Other resources can be associated with knowledge bases.  For example, a structural cache is pre-computed and stored with the KB to speed up taxonomic queries.   Data that would be inconvenient or inefficient to store inside the assertion database itself can be stored in a resources directory associated with the KB (e.g., the binary files associated with sketches, including jpeg backgrounds).    

2.2 Reasoners

The working state associated with a system using FIRE is stored in one or more reasoners.  Reasoners include a working memory that stores the assumptions and results specific to a particular session or use of an application (as distinct from the knowledge base, which persists across sessions).  Thus reasoners constitute a locus of activity in FIRE.  Some applications use a single reasoner (e.g., the Case Mapper system for knowledge entry via analogy).  Other applications use multiple reasoners, as a way of keeping different contexts straight (e.g., each sketch in a nuSketch system includes a separate reasoner that holds the results of the visual and conceptual processing on it).  

The working memory in FIRE is implemented using an industrial-strength version of the LTRE from Chapter 10 of [3].  It includes two significant enhancements, both due to John Everett, a discrimination-tree index for data and rule retrieval, and fact garbage collection in the LTMS [2]. 

.  

2.3 Reasoning in FIRE

The only way to build powerful general-purpose efficient reasoners seems to be to organize their operation into layers, where primitive operations are used first to find quick answers, and more complex and extensive reasoning is tightly controlled via reflection.  This section describes how FIRE’s reasoning systems are layered and intended to be used.

The most primitive, low-level query mechanism is ask.  Given a query, ask returns answers to that query.  The number and form of the answers is determined by keyword arguments to ask, which are described in section REF.  Other keyword arguments determine what context the information used is to be drawn from, and rough levels of effort.  Contexts are especially useful in working with cases.  Effort constraints are useful when a sub-query should be restricted to accessing working memory only, or doing KB lookup.  

All results from ask are fully justified in the Working Memory’s LTMS.  For example, results derived knowledge base lookup are justified via an assumption of the form


(inKB <fact>)
that is added as part of ask’s processing.  This provides a form of caching, since ask is arranged to first look for answers in the working memory.  

FIRE developers can extend the capabilities of ask via adding reasoning sources to a reasoner.  A reasoning source provides procedural attachments that handle specific queries, based on the predicate involved and what parameters in the query pattern do or do not contain variables that need to be bound.  This allows, for example, authors of spatial reasoning systems to treat a query which asks whether or not a given object is above another one or not quite differently from finding all objects which are above a given object.  

Reasoning sources can be quite simple or complex, depending on the functionality provided.  For example, a simple reasoning source is used to provide access to Lisp’s evaluation facilities, for doing arithmetic.  Analogical processing is implemented through a reasoning source, which brokers the translation between working memory assertions and SME’s internal data structures and the reasoning involved in dynamic case construction.  Reasoning systems can also provide interfaces to external resources: For example, in FIRE’s predecessor system, DTE, a reasoning source was used to provide interoperability to the ArcInfo geographic information system, so that its computational facilities could be harnessed via reasoner queries.  

Reasoning sources are stored with reasoners because they often are implemented using specialized software that maintains considerable state (e.g., spatial reasoners, geographic information systems, analogical processing software) and this state must be directly tied to the correct working memory.  

ask is designed to be a primitive operation, not involving reflection on the part of the reasoning system.  Therefore what ask does when answering a query is presumed to be reasonably bounded.  “Reasonably bounded” does not always mean fast: For example, asking for a comparison of two large analogs of a thousand propositions each, takes time.  But those implementing reasoning sources are supposed to do the best they can to ensure reasonable performance, given the complexity of what they are doing, for each predicate that they provide reasoning services for.  In some cases, this might involve breaking up the computation into several queries, to provide opportunities for the reflective part of the reasoning system to maintain effective control.  

The next level of query mechanism is backchaining, accessed via query.  A query must always be made with respect to a chainer, which is a subset of the knowledge base that constitutes a set of relevant knowledge for some task.  Within a chainer, each term that can be solved for is stored with a pointer to the clauses that can be used to derive it.   Given a query, query uses ask to see if it can be derived immediately.  If it cannot, relevant clauses are retrieved from the chainer, recursively until a result is derived or not.  

Chainers are stored with a knowledge base, since they rely only on the contents of the KB and not on any specific reasoner.  This allows chainers to be shared across reasoners within a FIRE-based system.  Tools are provided for FIRE developers to create their own chainers and store them as a resource with a KB.  We plan to experiment with automatic partitioning algorithms
, but have not had time to do this yet.

Restricting backchaining to within a chainer provides efficiency, since the usual problem of backchainers getting lost in a morass of irrelevant information can be minimized by clever chainer design.  For example, in nuSketch Battlespace, query operating over a knowledge base about how to depict military units is used to construct the specification for how to draw a unit of a specific type, echelon, and side.  Some control information can be embedded in the structure of the chainer; for example, if it does not make sense to back-chain through a particular term in a clause, that clause can simply be left out of that term’s entry in the chainer.  

If a result can only be obtained via reasoning across multiple chainers, then it will not be derivable via a call to query.  This is the price of partitioning.  Reflection is required to combine results across multiple chainers.  We believe that the best implementation strategy for this will be to have failure in back-chaining result in the construction of suggestions for things to prove based on the “fringe” of the search tree, so that these suggestions can be used by the reflective mechanism if the effort is deemed worthwhile.  However, this mechanism has not been implemented yet, in part because the reflective mechanism is still in flux and because the size of the fringe is large, and we suspect it is likely that some pruning heuristics will be required.

The reflective mechanism consists of an agenda which manipulates an and/or graph of goals and tasks.  It is invoked via a call to solve.  In keeping with the layered structure of FIRE, solve starts by using ask to see if the result is immediately derivable.  If it is not, query is called to find suggestions for how to proceed.  Suggestions are basically declarative fragments of knowledge that specify problem solving strategies and plans.  The initial goal given to solve constitutes the root node of the and/or graph.  Each suggestion is instantiated as an OR subnode of a goal node, and are queued on the agenda.  When a suggestion on the agenda is processed, any subgoals representing information that it requires are created as AND subnodes of the suggestion node, and themselves are queued on the agenda.  This process proceeds until either an answer to the goal node is found, or resource bounds are reached.

Items on the agenda can be processed in any order. We plan to provide a declarative mechanism for specifying preferences, analogous to the goal preference statements supported by SOAR, so that FIRE developers can provide pragma information and FIRE applications can tune their behavior via machine learning.  

The solve mechanism produces only one result by default because it is the deliberative layer of the system.  It is the part that is charged with determining whether or not a given solution will be suitable and going back for more solutions if not.  This means that the and/or graph must incrementally produce new solutions, since a solution that satisfies one parent goal might not, for example, satisfy another.  This makes the solve mechanism quite hairy, and we do not have all the bugs out of it at this stage.  Suggestions are welcome.  

2.4 Analogical processing in FIRE

Two of our research hypotheses about how common sense works is that it relies heavily on within-domain analogical reasoning, and that abstract generalizations emerge from a progressive alignment process that uses repeated analogical comparisons.  This motivated building in analogical processing into FIRE in terms of its basic capabilities.  (Currently analogical processing is implemented as a reasoning source, because these facilities represent only a small fraction of what we eventually intend to include, and it is simpler to experiment with changes to sources than hard-wired subroutines in ask.)

The interaction with analogical processing facilities is carried out by using queries expressed in the analogy ontology, a vocabulary of entities and predicates that reifies the concepts of structure-mapping theory [8].  An overview of the concepts in it and how they are used can be found in [7].  The details have changed here and there – for example, constraints on matches are now expressed as part of a match query itself, rather than being specified implicitly in the context surrounding the query.  

Analogical matching is carried out using SME, the Structure-Mapping Engine [3,4].  Each match between a base and target results in the creation of an SME object to represent the match, which is returned as one of the variables bound by the query.  Subsequent queries about this object are be used to extract the mappings and their  correspondences and candidate inferences.  

Similarity-based retrieval is carried out using MAC/FAC  [6].  The contents of case libraries are specified declaratively.   Content vectors are computed on demand, so the first retrieval will include the overhead for computing the content vectors for the descriptions that constitute the case library.  

Cases are specified via terms in queries.  Cases can be stored explicitly, or constructed dynamically based on the contents of the knowledge base and working memory.  The kind of method used to construct the case depends on the functor in the term specifying the case.  FIRE developers can hook in their own case construction methods by extending a generic procedure with new methods.   These methods can use ask and query freely.

A limitation on the current analogy ontology is that it does not exploit SME’s ability to incrementally extend matches when base and target descriptions are extended.  We are still working on this.  

3 Getting started

FIRE requires Allegro Common Lisp, version 6.0 or higher, either for Windows or for Linux.  (The Linux port is new and has not been extensively tested.)  We recommend Allegro 6.2 currently.  The source code tree is contained in a Zip archive.  You’ll need to unpack it into a directory on a hard drive with a couple of hundred MB free (mostly for the KB’s).  We recommend using as the root for the tree <drive>:\qrg.  Edit your startup.cl file to load qrgsetup.lsp, and in that startup file bind the qrg path to wherever you have unpacked everything.  

You will need to create a case sensitive (i.e., Modern) image.  Whether or not you use an ASCII character set image is  your choice, the knowledge base should no longer require that.  If you choose to create an ASCII image, the qrg\utils directory has a file that describes step by step how to do this.  (We have converted to case-sensitive code in QRG to facilitate interfacing with other software and to live more harmoniously with Cyc predicate naming conventions.)  

To load and compile the code the first time, load fire\v1\defsys.lsp and call 


(fire::load-fire :action :load-source)


(with-fresh-load (fire::load-fire :action :compile))
Then kill that lisp, start again, and just call


(fire::load-fire)

in the future.  (If you get upgrades or have extended the system yourself, periodically calling fire::load-fire with the :compile keyword will ensure that everything is running compiled, which is crucial for efficiency.

The rest of this section describes how to test a new FIRE installation and some help on getting started using the system via describing common patterns of usage.

3.1 Testing your FIRE installation or port

Ours is not a perfect world, and so it behooves one to test software once it has been installed, and especially so for research software.  Here is a test you can do to ensure that your FIRE installation (or port to another version of Lisp) is operating appropriately.  This tests determines if the basic database mechanisms and analogy mechanisms are up and running.

1. Ensure you are in the cl-user package at the top level.  (Franz defaults to cg-user, which is suboptimal from our perspective since we are using cl-user as our data package currently, because it simplifies development and debugging.)

2. Load FIRE, using the procedure (hack-fire) that is defined in the defsys file.  This loads the viewers and a set of testing utilities.
3. Run the procedure (shakedown-fire).  You should see output that looks like the following:
cl-user(4): (shakedown-fire)

pening KB...

Loading structural cache....

Warning: make-hash-table size arg 16777215 is not an integer less than

         array-dimension-limit. Using (1- array-dimension-limit) instead.

Done loading structural cache.

; cpu time (non-gc) 30,359 msec user, 594 msec system

; cpu time (gc)     3,828 msec user, 250 msec system

; cpu time (total)  34,187 msec user, 844 msec system

; real time  35,188 msec

; space allocation:

;  14,334,140 cons cells, 180,922,392 other bytes, 648 static bytes

 In <KB: c:\qrg\fire\kbs\qrg-general\qrg-general:open:-1>: 35897 collections, 77269 entities, 60699 microtheories.

        322 relations, 81 functions, 13194 other predicates.

Creating reasoner for testing...

; cpu time (non-gc) 16 msec user, 0 msec system

; cpu time (gc)     0 msec user, 0 msec system

; cpu time (total)  16 msec user, 0 msec system

; real time  15 msec

; space allocation:

;  21,554 cons cells, 132,144 other bytes, 0 static bytes

; cpu time (non-gc) 0 msec user, 0 msec system

; cpu time (gc)     0 msec user, 0 msec system

; cpu time (total)  0 msec user, 0 msec system

; real time  0 msec

; space allocation:

;  8,002 cons cells, 101,096 other bytes, 0 static bytes

No bugs with evaluation subsystem detected.

Testing analogical matching...

; cpu time (non-gc) 203 msec user, 32 msec system

; cpu time (gc)     0 msec user, 0 msec system

; cpu time (total)  203 msec user, 32 msec system

; real time  359 msec

; space allocation:

;  70,511 cons cells, 616,520 other bytes, 0 static bytes

No analogical matching bugs detected.

Testing similarity-based retrieval...

; cpu time (non-gc) 2,156 msec user, 5,390 msec system

; cpu time (gc)     0 msec user, 0 msec system

; cpu time (total)  2,156 msec user, 5,390 msec system

; real time  50,610 msec

; space allocation:

;  1,267,459 cons cells, 4,966,824 other bytes, 0 static bytes

No similarity-based retrieval bugs detected.

No FIRE problems detected.

t
(This transcript was from a run on a Dell Workstation, 2.8Ghz CPU.)  If that’s what you see, you’ve passed the basic regression test.  If you see any warnings, or get a lisp error, please take them seriously: These tests are so basic that if they don’t work, there is something seriously wrong.  Please see Section 6 for help with specific problems.
3.2 Starting it up

Once you’ve loaded FIRE for a programming session, you need to create a knowledge base.  There are two aspects to this:

1. Creating a knowledge base from scratch using “flat files” that describe the KB contents.

2. Creating a knowledge base in the lisp environment you are working in that refers to a previously created knowledge base on disk.

Creating a KB from flat files rarely needs to be done; that’s the point of having a persistent shared general-purpose KB.  Generally you will be, in essence, opening up a KB by creating a lisp object that serves as a connection to the underlying database system.  To create a kb use


(fire::make-kb ARGUMENTS HERE)

Recall that reasoners are the locus of activity in FIRE, so you’ll also need at least one reasoner.  Here’s how to create a simple reasoner:


(fire::make-reasoner ….)

The file path is the path on your hard drive where the database files are kept, and the file name is the first file name of the files that comprise the database.  (The extensions of the files distinguish them from one another.)  For example, our default database is currently c:\qrg\fire\kbs\qrg-general with file name qrg-general.  

You will typically want to include several sources when you make a reasoner.  Here are versions of the calls that do that:


EXAMPLES HERE

It is best if you encapsulate these calls as part of the code you are developing, so that you don’t have to do this from scratch every time.  

3.3 Shutting it down

It is very important that you close the KB before exiting Lisp, by calling


(fire::close-kb)

If you don’t, it can corrupt the indices of the underlying database which leads to very annoying errors.  (When designing FIRE-based applications, we strongly recommend adding an error handler for desperate circumstances where the Lisp image is going down that closes the KB.)  There is no close operation on reasoners, since these will be GC’ed by the Lisp environment themselves when they are no longer in use.

If you have made changes to the knowledge base’ taxonomic information, you will want to dump an updated version of the genls cache.  One does this by calling

(fire::dump-structural-cache)

We don’t automatically update the dumped cache by default because during development you may have done things to the KB that you really would rather not save.  Automatic dumping is a decision that we believe should be made by systems that use FIRE, not at the level of FIRE itself. 

3.4 Setting up your environment during development

We follow the usual Lisp programming practice of keeping some global variables around in the environment that serve as “registers” for our working state.  Two of the most important ones obviously are


fire::*kb*


fire::*reasoner*

which are set up automatically when you call the procedures for making a KB and for making a reasoner, respectively.  

3.5 Queries

There are several macros and procedures designed for interactive use of FIRE.  We summarize the most useful ones here, with more detail appearing in the API information in the appendix.

(fire:ask-it <query> &key reasoner

                        (context :all)

                        (number :all)

                        (response :pattern)

                        (effort :all))
fire::ask has a large number of parameters to provide a decent amount of control over reasoning.  When interacting, one often just wants sensible defaults.  fire::ask-it is a macro that provides this.  Note that fire::ask-it does evaluate the <query> argument, since backquoted substitutions into a pattern are common.
(fire::q <query> &key  (max-depth 10) (number :all)

                          (max-nodes 10000)

                          (reasoner *reasoner*))

invokes backchaining.  All chainers are used.  The results are saved in the following global variables for easy access:

	cl-user::*results* 
	List of results returned by query.

	cl-user::*bindings* 
	List of bindings lists

	cl-user::*reasons* 
	Support graph for results


We use the rbrowse system as one means of inspecting results.  

(explain-fact <fact>)

provides a simple interface to explore the reasons underlying a conclusion.  Similarly,

(browse-kb)

points your browser to a page for exploring the current knowledge base contents.  For looking at results of analogical matches, 

(browse-current-sme)

displays the details of the last match done in the environment, while
(summarize-current-analogy)
invokes the analogy summarization code on the last match.

4 FIRE subsystems and APIs

4.1 Reasoners

4.2 The Working Memory

The working memory is built using a logic-based tiny rule engine (LTRE).  It uses the LTRE code in [5] as a starting point, so we strongly recommend reading the appropriate chapters to find out in detail how it works if you need to know that.  For scaling up, a discrimination tree is used for indexing, and fact-level garbage collection [2] is supported.  The classic procedures for inspecting beliefs and the reasons underlying them (e.g., fetch, fetch-trues, why?, assumptions-of, informant-of, and the like) are available.  
While the LTRE rule system is also available, with a few exceptions, we strongly advise against using it.  The only exceptions are when there is a very low-level, very automatic kind of response needed to external events.  For example, an LTRE rule is used in nuSketch applications to do certain updates when a glyph is moved or changed.  The problem with using LTRE rules is that they are incompatible with systems whose focus of reasoning changes radically over time, or which must continue to operate for long periods (days, weeks, or months) since rule instances have indefinite extent.  The other reasoning facilities (ask, query, and solve) provide more powerful and more scalable mechanisms than LTRE rules, and should be used instead.

4.3 Knowledge Base API

4.3.1 Setting up KB's

· (MAKE-KB <file path>) creates a new KB in the directory denoted by <file path>.

· (OPEN-KB <file path>) establishes a connection with the KB stored at <file path>, returning a handle to the KB.

· (IN-KB <kb>) binds the default KB (*KB*) to <kb>.

· (WITH-KB <kb> . <expressions>) binds the default KB to <kb>  and evaluates <expressions> in that environment.

· (CLOSE-KB <kb>) closes <kb>, that is, it closes the underlying database associated with it.  Subsequent calls to KB operations will result in errors.

· (CLEAR-KB <kb>) erases the contents of the KB completely.  

· (LOAD-AXIOMS <file> <kb>) loads the axioms in <file>  into <kb>. 

· (DUMP-AXIOMS <file> :KB <kb> :subset <constraints, default is :ALL>)  Creates a file <file>  from the contents of <kb>, based on the subset specified by <constraints>.  The language of constraints will be able to specify specific microtheories, domain theories, or cases.  The default constraint of :ALL means dump the entire KB.  Bookkeeping information is always included in such dumps.  

In the rest of the API procedures, the optional keyword argument :KB denotes the KB to use.  If not supplied, it defaults to *KB*.

4.3.2 Storing and retrieving knowledge

· (STORE <expression>  <kb> )  Stores <expression>  in <kb>,  in whatever context is currently active.  Nature of Contexts still TBD, but some flavor of microtheories/domain theories plus cases will be supported.   Context can be overridden via keywords TBD.  Performs checks to ensure that predicates are defined and that arities are correct.

· (STORE-NO-TESTING <expression>  <kb>) Exactly like STORE, but without tests for predicate definitions and arity.  Intended for use only by programs that are very, very careful!

· (RETRIEVE <pattern> 
 :number <default 1, integer or :ALL>
 :context <default :ALL>) retrieves axioms matching <pattern>  in <kb>  within the specified context <context>.  The number of items returned depends on the :number keyword argument.

· (RETRIEVE-ALL <pattern>) like RETRIEVE, but with :number  = :ALL.  Other specialized versions of RETRIEVE may be defined to take context as a required argument as well, for efficiency, if warrented.

· (RETRIEVE-REFERENCES <exp>) retrieves all axioms that contain <exp> as a subexpression.  This procedure is intended for use in interfaces and browsers, not inner loops of reasoning systems.

4.3.3 Structural queries

Structural queries provide rapid, reflexive inference, based on structural information (isa, genls, argNisa's and so on).  Inheritance is the only supported inference mechanism in these queries.  The intent is that these queries are cheap, and used to help suggest/weed out possibilities for simple questions and as subroutines used in more complex reasoning.

In structural queries, when there is a positive result the second argument is a list of axioms that are the antecedents which support the answer.  This information is intended to be used in TMS justifications and in the construction of argument structure.  These queries all return NIL to indicate a false value.

The structural queries are:

· (INSTANCE-OF? <entity> <collection>)  returns T iff  (isa <entity> <collection>) is either explicitly known in the KB or is derivable from inheritance.  No other reasoning is allowed; 

· (SUBSET-OF? <collection1> <collection2>) returns T iff (genls <collection1> <collection2>) is either explicitly known or is derivable via inheritance.  No other reasoning is allowed.

· (ARITY <predicate>) returns an integer indicating the arity of predicate <predicate>, unless the predicate is n-ary.  If the predicate is n-ary, the value is the symbol :n-ary.

· (ARG-ISA <predicate> <integer or :all>) If the second argument is an integer, returns the collection that the corresponding argument to <predicate>  must be.  (N.B. if the argument is not a member of that collection, then in the case of an attribute or relation the statements must be false.  For functions, it means that the result is undefined.)  If the second argument is the symbol :all,  then a list of collections is returned, one for each argument position.  In the case of n-ary predicates or functions, the list returned contains a single element, the collection that all arguments must be members of.

· (RESULT-ISA <function>) returns the collection that serves as the range of the function <function>.  (N.B. we are assuming that overloading, if it were to be used, does not change the range.  Otherwise, we would have to specify the collection signature of the arguments as well to specify the range.)

· (BOOKKEEPING-DATA <expression>) returns the set of assertions about <expression> that supply bookkeeping information, such as author, timestamps, etc.

· (CONTROL-INFO <expression>) returns an alist of control information about <expression>, such as prefered/forbidden directions of inference.  

4.4 ASK

Ask provides the lowest-level, “reflexive” reasoning facility.  

(ask <query> <reasoner> <context>
             <number> <response> <effort>)

The arguments to ask have the following meanings:
· <query> is the pattern that is being asked about.  

· <reasoner> is the FIRE reasoner which the query is put to.

· <context> is the case or microtheory about which the query is made.  Default is :all, meaning the global environment.

· <number> is either :all, indicating all solutions should be found, or a positive integer, indicating the number of solutions desired. 

· <response> controls the form of solutions returned.  :bindings indicates that the list of variable bindings for each solution should be returned.  :pattern indicates that the returned solutions should be the original pattern, with variable substitutions made.  Otherwise, the value is treated as a new pattern that will be returned, with appropriate substitutions, for each solution.
· <effort> indicates how much work the system should do.  The default is :all, meaning doing everything.  :wm-only means that only the contents of the reasoner’s working memory should be used.  :local-only means that only the local context provided should be accessed, without looking at the global KB.
ask works roughly as follows:
1. Check for already-known facts in the working memory

2. Check the KB

3. If the predicate is a specialized predicate (e.g., structural), use special-purpose methods to handle it.

4. Check sources to see if they can handle it.

When given a context to work in, ask first looks for information in that local context, and then checks with the global environment (i.e., the WM contents and the BaseKB microtheory in the knowledge base).  
4.5 The Eval subsystem

Sometimes it is wise to render unto procedures what is procedural.  Arithmetic operations on numbers, list operations, and closed-world assumptions are all good examples.  FIRE’s Eval subsystem supports this via ASK through a specialized predicate evaluate which takes two arguments, a value and an expression to be evaluated.  When the value is a variable, the result of evaluating the expression is bound to that result.  When the value isn’t a variable, the result of evaluating the expression is compared to the value, and if they are the same the evaluate statement is assumed as true
.  

The functions and relations handled by the Eval subsystem are those which in Cyc are considered evaluatable-functions.   We have only found a small subset useful so far:

· Procedures on sets and lists: LengthOfListFn, CardinalityFn, ListFn, MemberFn, SublistFromToFn, NthInListFn, TheList, TheSet.

· Procedures on numbers: PlusFn, TimesFn, DifferenceFn, QuotientFn, AbsoluteValueFn, ExponentFn, ExpFn, LogFn, MaximumFn, PlusAll
· Higher-level procedures: FunctionToArg
· Non-monotonic predicates: TheClosedRetrievalSetOf.  (Not in Cyc.  Value denotes the construal of set, based on statements explicitly known when the evaluation occurs.  A timestamped CWA is provided for later reasoning about whether or not the construal should be recomputed.

These definitions are provided in evalfns.lsp.  This file is processed by FIRE internal procedures to construct two files, evaluate-handlers and evaluate-axioms, using the procedure (fire::create-fire-default-evaluation-files).  Calling the procedure (fire::reinstall-fire-default-evaluation-info) causes the procedure definitions in evaluate-handlers to be loaded, and for the axioms in evaluate-axioms to be installed in the kb.  
4.6 QUERY

The intended procedural interface is 
(query formula &key (max-depth 10)
                    (number :all)
                    (context :any)
                    (max-nodes 10000)

                    (reasoner *reasoner*)
                    (aggressive-tms? t)

                    (effort :lots))

Query tries all available chainers.   The keyword parameters :number, :context, and :effort are the same as for ask.   The max-nodes limit is for the combined effort across all chainers; once is reached query will return with failure. Context refers to a case or microtheory with respect to which the query is being made.  The :aggressive-tms? parameter controls whether intermediate results are justified in the working memory’s truth maintenance system.  This is on by default, so that intermediate results gleaned from query are available to other parts of the system.  

Like ask, query can take conjunctive formulae as input.  It does not currently support disjunction or negation, however.  

The command-line procedure q is just like query, except that it also installs assertions and justifications for all solutions found into the WM’s TMS, even if the aggressive-tms flag is turned off.  It also sets up global parameters for the binding lists and explanations generated, for convenient debugging.  
4.6.1 Creating chainers

Central to the partitioned consequent reasoning strategy we are following in FIRE is the idea of a chainer.  Backchaining happens freely within a chainer, up to the resource limits imposed by query and its associated procedures.  To work across chainers, reflection is required via solve.    The automatic partitioning of large sets of axioms into useful and efficient subsets is, at this writing, still an interesting research question.   That has not prevented us from using chainers effectively in everyday systems (e.g., automatic composition of military symbols in nuSketch Battlespace).  The facilities described in this section for creating and manipulating chainers both support building such special-purpose reasoning facilities and also provide a platform for experimenting with automatic partitioning schemes.

To be used, a chainer must be available in a reasoner.  To retrieve a chainer, and thereby make it available for reasoning, use 

(fire::get-chainer <chainer-term> <reasoner>)

where <chainer-term> is a term denoting a chainer.  fire::get-chainer will create the chainer from axioms defining it in the KB.  For efficiency, chainers are dumped in a binary format that is saved with the KB, and if there is a current cached chainer, it will be loaded and used instead of creating it anew.  (The second argument to fire::get-chainer can be a KB instead of a reasoner, but then another call will be needed to make the chainer available from the reasoner.)  If you want to use all chainers available in a KB with a reasoner, the procedure

(fire::add-all-chainers-to-reasoner &optional <reasoner> <kb>)

does what you would expect it to.

The raw facts in a chainer are stored in the knowledge base.  Chainers can be denoted by the function ChainerFn, and the relation chainerContains is used to indicate that a chainer includes a specific fact, e.g., 

(chainerContains (ChainerFn DQAnalysis)

    (implies (and (qprop ?constrained ?constrainer ?source)

                  (dQValueOf ?constrainer IncreasedDQ))

              (positiveDQInfluenceOn ?constrained ?constrainer)))
To create a chainer from knowledge about it in the knowledge base,  use the following procedure:

(fire::create-chainer-from-kb <chainer-term> &key (kb *KB*))

which creates in the KB a chainer based on the axioms constraining <chainer-term>.  
If you are building chainers for some specific application, another useful form to use is:

(fire::create-chainer-from-axioms <title> <axiom list>
    :term <term>)

This procedure creates a chainer denoted by <term> whose axioms include exactly <axiom list>.  When used to create specialized systems, one can think of a chainer as a small Prolog program, optimized to carry out a certain set of reasoning.   For example, 
(fire::create-clause-index-from-axioms 

 "Example of declarative case construction"

 '((implies (and (assertedTermSentences ?concept ?sentence)

                 (operatorFormulas ?op ?sentence)

                 (uninferredSentence 

                   (isa ?op UninterestingPredicate)))

            (caseContainsFact (SimpleCaseFn ?concept) ?sentence))   

   (implies (isa ?pred MetaKnowledgePredicate)

            (isa ?pred UninterestingCasePredicate))

   (implies (isa ?pred BookkeepingPredicate)

            (isa ?pred UninterestingCasePredicate))))

defines the contents of SimpleCaseFn for some concept to be all statements that mention the concept (the assertedTermSentences constraint) whose operator is not an uninteresting predicate.  The other two implications define UninterestingCasePredicate as either a MetaKnowledgePredicate or a BookkeepingPredicate.  Notice the use of uninferredSentence, which is a form of negation by failure.  query is used on its argument, and if it fails then uninferredSentence is considered to have succeeded.  
Sometimes things go wrong.  The following procedures clear out some FIRE caches and thus make debugging easier:
(fire::clear-reasoner-chainers &optional <reasoner>)

(fire::clear-kb-chainers &optional <kb>)

There are several things to note here:

1. <title>, a string,  is a piece of legacy for backward compatibility.   Please use the term keyword instead.   

2. There is currently no testing to ensure that the predicates mentioned in the axioms are actually defined in the KB.  That will obviously change when we start storing them in the KB.  It will also serve as a nice reality check for authors of chainers.

3. One can imagine some very nice facilities for editing chainers incrementally, to simplify rapid prototyping.  Volunteers?

Other procedures for automatically constructing chainers from subsets of the knowledge base can be found in chainer.lsp.  We do not document them here because they have not been extensively tested and are subject to rapid change at this point.

4.6.2 Using chainers effectively

Chainers provide a simple form of modularity.  They enable you to debug sets of axioms independently of each other, and control their composition to do more sophisticated reasoning.  The implementation is designed to provide this same advantage of modularity to learning systems built on top of FIRE, since the contents of a chainer can be specified declaratively.  

It is important to remember that the reasoning services in FIRE form a hierarchy.  ASK may be freely called by QUERY, but not the other way around.  In doing some kinds of complex reasoning, this may mean doing some queries before others, to ensure that information is correctly set up when needed.  This is especially true with closed-world assumptions.  If one is using TheClosedRetrievalSetOf, for example, over statements which need to be computed via a chainer, then one must use QUERY on those patterns first, ensuring that the relevant information will be available in the working memory’s truth maintenance system, and hence accessible via ASK.  (See the file dq-chainer.lsp in fire\v1 for an example involving comparative analysis.)  
4.7 SOLVE

5 Extending FIRE

FIRE is designed to be flexible.  To that end, we have built in considerable support for extending its reasoning abilities.  This section describes what you need to know in order to tinker “under the hood”.

5.1 Adding new quantifiers

FIRE’s federated architecture means that it must carefully analyze query terms, so that the input and result signatures of predicates are respected.  This means that its analysis routines must provide correct information about the predicates they encounter.   One has to tell the system when adding a new quantifier, so that the local variable introduced is treated as a local variable, rather than as a free variable in the expression.  One does this by extending the method fire::introduces-local-variable?, which returns t if a predicate introduces a local variable and nil otherwise.  FIRE already defines this method over standard quantifiers, e.g.,

(defmethod introduces-local-variable? ((pred (eql 'data::forAll))) t)

(defmethod introduces-local-variable? ((pred (eql 'data::thereExists))) t)

It is assumed that the quantifier will introduce a single local variable, and that local variable will be declared as the first argument in the expression.  If you wish to introduce quantifiers that declare multiple local variables at once, or define them in some other location, you will have to modify the code in formulas.lsp more extensively.  

6 Tips, Tricks, Traps, and Troubleshooting

6.1 Problems found during shakedown

Problems are found with the evaluation subsystem

The most likely cause of such problems is that the assertions in the knowledge base that link Lisp handlers to specific evaluatable predicates are out of synch.  The following procedure will handle these problems:

1. (fire::reinstall-fire-default-evaluation-info) 

2. (fire::repopulate-structural-cache)

3. (fire::dump-structural-cache)

The first step clears out the old assertions, installs the new assertions for the handlers and loads the procedures themselves.  The next step recomputes the structural cache, so that its pointers are correct.  The third step saves the updated structural cache; the KB contents changes will be saved when you close the KB, as always.

Problems are found with analogical matching
Dehydrated copies of SME are stored in the tests subdirectory; comparing the current comparison against the latest known good one is an excellent way to figure out these problems.  Use of rbrowse::browse-sme is strongly recommended.  
6.2 Problems on getting set up

Problems in opening a new knowledge base:

· If you get an error that mentions something about being unable to connect to a file, it is very likely that some or all of the files in the KB are marked as read-only.  (This is the default when checking files out of SourceSafe, for instance.)  Clearing read protection from all of them, and all of the materials in the resources directory should clear up the problem.

· Exiting Lisp without closing the KB after building it.  The index files are not updated or built until the KB is closed, so if you don't close a KB after you build it, the KB is, for all practical purposes, empty, since no data can be located within it.

You get a method not found error when calling fire:ask:  Please make sure that you have opened a knowledge base and have created a reasoner.  Having forgotten one or both of these steps is the primary cause of such errors.

There are missing predicates, or fire::structural-cache-stats returns very low numbers for relations or functions:  The most likely problem is that your structural cache is out of synch or corrupted.  Call 

(fire::repopulate-structural-cache)

 to rebuild the basic structural cache information from the KB contents.  Then call


(fire::perform-offline-structural-inferences)

to derive structural properties of predicates.  Look over the errors it points out, since those need to be fixed before you use statements involving those predicates in analogical reasoning.  Once you are happy with the state of the KB, call


(fire::dump-structural-cache)

to save the state of the structural cache for future use.

When you recomputed the structural cache, there are a large number of KB errors flagged.    Your version of the KB may be out of date, since structural cache errors tend to be fixed as soon as they are spotted.  Try getting the latest KB and structural cache from SourceSafe.
You added knowledge to the KB, but it isn’t there anymore after getting an update from SourceSafe: Periodically we rebuild the KB from scratch, using flat files that define the contents.  If you didn’t edit one of those files, or included your changes in a file that isn’t part of the build process for that KB, it will not show up in the next version.  (We are contemplating a transcript mechanism for propagating such changes, but again, we suspect that this will appear in an optional higher-level layer on top of FIRE.)
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Appendix A: Knowledge-Base Integrity Issues

The BDL database that we use to host the knowledge-bases is designed to be a very fast and lean database.  However, some robustness was sacrificed to gain speed.  In particular, database indices are not updated after each transaction; instead they are updated only when the database is closed.  So if your application is terminated without closing the knowledge-base, the database indices can be left in a corrupted state if your application had written to the knowledge-base in that particular session.

Since this scenario is not at all beyond the realm of the possible, FIRE exposes some functionality for detecting and fixing corrupted index files:

· fire:make-kb takes a keyword argument called :corruption-check?.  If non-nil, an error of type dbc:db-corrupt-error will be signaled if the knowledge-base had not been closed properly in a session where data was written to it.  The default value is nil (meaning don’t check for corruption), but only because of backwards-compatibility concerns.  It’s recommended that any new FIRE application make use of the corruption check.

· (fire:rebuild-kb-indices <kb-path> <kb-name> &key force-all?) is used to rebuild the index files for a given knowledge-base.  If force-all? is nil, then only those index files that have been flagged as corrupt will be rebuilt; if non-nil, all the index files for that knowledge-base will be rebuilt.  The default value of force-all? is nil.  This operation can take several hours (depending on the size of the knowledge-base, and how many index files are corrupted).  Furthermore, the threading model of BDL is such that, when running this command, all threads in your application’s process are frozen; so even running rebuild-kb-indices in its own thread will not be enough to keep your user-interface updating.  Essentially your application and the user-interface screen updates will be on hold while the indices are being rebuilt.

· (fire:reset-kb-integrity-flags <kb-path> <kb-name>) can be used if you don’t want to rebuild the index files, but rather just want to reset the flags that mark the index files as corrupt.  This will allow you to open the knowledge-base, but it does not fix any corruption that might lurk within.  This can be used to provide your users with a temporary measure, with the intention that they will then later rebuild the indices in full.

A typical usage scenario of the above database integrity functions is as follows:

· The application attempts to open the knowledge-base using fire:make-kb with :corruption-check? enabled.

· If an error of type dbc:db-corrupt-error is signaled, then prompt the user, giving them the choice to either ignore this error and continue (making it clear that the knowledge-base is potentially corrupt and may lead to erroneous behavior), or rebuild the corrupt indices (letting the user know this could take several hours).

· If the user chooses to rebuild the indices, call fire:rebuild-kb-indices with force-all? set to nil (this will make use of the integrity flags to rebuild only those indices that are corrupt).

· If the user chooses to ignore the problem, call fire:reset-kb-integrity-flags, thus allowing your application to open the knowledge-base and continue.  Note that resetting the integrity flags will cause FIRE to lose the information marking which indices are corrupt, so subsequent calls to fire:rebuild-kb-indices should be called with force-all? enabled.  (Note: if you give the user the option of ignoring the problem, it is recommended that you also give them some means of later rebuilding the indices.)

� � HYPERLINK "http://www-formal.stanford.edu/eyal/decomp/" ��http://www-formal.stanford.edu/eyal/decomp/� 


� If the values do not match, via the Lisp EQUAL predicate, the ASK fails.  We do not install the failed evaluation in the working memory as false.  
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