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Abstract

The task of retrieving information is becoming increasingly complicated as larger coropa are searched.
Systems that employ single-pass statistical methods often swamp the user with an excessive number
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knowledge bases. Retrieval servers use these augmented feature sets to provide more useful responses
to user queries.
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Chapter 1

Introduction

News editing is an exacting problem. Many factors contribute to making the selection and presen-
tation of timely, relevant information a task as daunting as it is necessary. People want to be kept
informed of events and occurrences that impact them, but at the same time don’t want to wade
through the tens of thousands of news stories available every day to find what they need.

And it’s not just a matter of deciding which stories may be of interest. How much is enough,
and how much is too much is a delicate balance to strike. One Lewinsky story a week might be
interesting. Fifty might not be. A person’s source of news needs to express “what’s new”, rather
than just “what’s happened”. However, if someone has relatives in Algiers, then every story about
a revolution that occurs there may be of interest.

The average person has many interests, that compete for their time. The time one can spend on
the news each day is more or less fixed and decisions must be made regarding what to present, in
what order, and in what way. It requires understanding on the editor’s part as to not only what a
given story is about, but also the context!, how particular story relates to other stories, as well as
how it relates to the reader.

The task of an editor then is to examine the news for a given day and try to find the “meaning”

in it, not only to understand the article, but also to understand the context. What does the reader

12



need to know about? What would the reader like to know about? What is interesting and why?
How many stories on a topic are appropriate? If the answer is not “all of them” then which to keep

and which to discard?

Ad antages of a h man editor

When considering an on-line paper as a primary news source it makes sense to consider what an

editor does, what issues they face, what are their strengths, as well as their weaknesses.

nto a s o rna of the A erican Me ica Association

Not all stories of interest come from the same source. In fact, unless someone’s interests are exactly
focused on a particular publication, they probably will need to consult several sources of information
each day to find what they need. For example, the TV weather report in the morning, the local
newspaper on the bus ride in to work, the radio for the outcome of the afternoon Sox game, and an
on-line news service for stock information. Each of these sources presents information in a different
format and they need to be understood and considered together if stories are being selected from

each of them in order to present a uniform window on the news.

Dear itor

Editors don’t work in isolation. They receive feedback from the community they serve in a number
of ways: letters to the editor; comments from their colleagues; focus and market surveys; advertiser’s
preferences; as well as simple hard numbers such as news stand sales when a particular headline is
run. This feedback allows an editor to better serve the needs of their community.

Note that none of this feedback is actively requested from the readership. Rather, these are
observations that can be made passively, or as a result of the user choosing to comment. There is
something to be said for assuming that if there are no complaints, then something is going right and

need not be modified.

n or oorste

One other aspect of the “real world” editorial process is that the reader does not “wait” while the
editing is done. When one reaches for a paper there is no delay. The fact that a paper may represent
a production cycle of over 24 hours, thousands of person-hours of preparation, and a variety of news
sources is inconsequential. When you want the news, there it is.

This is especially important when contemplating on-line editorial approaches that require signif-

icant time. It may seem obvious, but the right time for an editing system to begin to consider the
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news is not the first time someone asks for a copy of the paper.

The A taTi es

When we type a query into a search engine, we are making a request that such an engine consider
a large number of possible “stories”, select, and present those stories for our consideration. This is
nothing more nor less than an editorial process. Many search engines return results that would be
considered poorly edited. Sometimes they return nothing, without any explanation of what was too
restrictive in the request. Other times they return far too many results, swamping the user with
a plethora of information they must then wade through and cull for themselves. Neither of these
alternatives is particularly attractive to the user.

Little wonder then that most people would be unwilling to accept an on-line newspaper where
the stories were selected by the likes of Alta Vista when they have the opportunity to read one where

the selection is done by human editors.

ont no hat ant

Defining searches is a difficult task. It is even more difficult when trying to define what the search
should be about. One of the reasons a person may subscribe to a paper is that they trust the editors
will provide those pieces of information that they need. An on-line paper will need to give a user
with some reasonable starting point that provides what they need, even if they themselves don’t

know what that is.

ant hat he s got

One role a newspaper fills is that of providing a sense of community and shared world-view. The
conversation started with “Did you see the front page of the paper?” is absent from a world where
each newspaper is custom focused on the individual. The common context provided by a shared
information source is important, for without it people lose the common reference point with which

to discuss what is happening in the world.

The ig ict re

This thesis examines an approach by which a computer system can develop meaning in a corpus
of news. Beyond developing understanding of the articles, the system will attempt to find context
for each article by examining how it fits into the larger picture of the news. It will consider what
technologies are needed to keep this context current in the face of a changing external world. It will

examine ways in which non-information-retrieval experts can share their understandings with the
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system and act as a source of common sense for it. The goal is to develop a system that can assist,
simplify, and automate the kinds of editorial decisions that a human editor must face and resolve,
doing so in a way that is amenable to testing in an on-line news environment. This system will be
referred to in this paper as ZWrap.

To this end, two prototype systems (MyZWrap and Panorama) have been developed to explore
and evaluate this approach as compared to other existing technologies. It is worthwhile to note at
this point that, in many cases, existing technologies were grafted into the architecture. Since this
thesis is about architecture and organization, it was deemed less than useful to attempt to reinvent
the wheel at every turn. In cases where a particular technology was not readily available, simple
“mock ups” were implemented with the understanding that they could be replaced later with more
efficient or more accurate versions.

The result is a system that is easy to assemble, easy to maintain, easy to improve on, and
performs the task of developing and discovering meaning in a reasonably efficient and interesting

manner.

re cognition

One theme that will arise throughout this work (especially in conjunction with the “at your doorstep”
issue) is the constraint on any system which interacts with users; that is the need for short response
times when a user is waiting. This requirement limits the amount of computation that can be done
while servicing a particular request, and thus would seem to limit the complexity of the understanding
that can be attempted.

ZWrap addresses this by “thinking” about the articles e ore the request arrives. These “thoughts”
are stored with the article, indexed, and can be used to quickly select and process stories. Since
the computationally intensive work has already been performed (e.g., by caching a parsed version
of an article with the article itself) fairly complicated approaches can be employed without forcing

the user to wait for a response.

Thesis Statements

As will be developed in the following chapters, ZWrap seeks to address the development of un-
derstanding using a blackboard system of experts some more traditionally found in the machine
understanding community and some from the statistical information retrieval community. Thus, the

following statements will be made, and shown in the course of this thesis:

1. The blackboard system approach allows for the easy construction of efficient, distributed
machine-understanding systems for developing meaning in large, dynamically evolving cor-

pora such as news.

15



2. Statistical and machine-understanding techniques can inform each other if they share a com-

mon representation that supports such sharing.

Demonstrating the first statement will require addressing the traditional efficiency problems
from which blackboard systems suffer by reformulating the problem in the context of news and by
incorporating some variations to the typical approach. The second statement will be demonstrated

by example of one camp informing the other and vice-versa.

rgani ation
Chapter 1 - Introduction
Chapter 2 - Blackboard Systems/Overall architecture
Chapter 3 - Frames/Data representation and management
Chapter 4 - Dtypes/Networking, distribution, parallel computation
Chapter 5 - Searching and sorting in an augmented database
Chapter 6 - Statistical examinations/Data Mining/Finding new rules
Chapter 7 - User Interface and Presentation
Chapter 8 - Implementation notes
Chapter 9 - Results and Evaluation

Chapter 10 - Conclusion
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Chapter

lac board ste s

ntrod ction

Blackboard systems are an old idea, proposed by Allen Newell in 1962 and used in 1971 on the
Hearsay system for speech-recognition systems. Roughly speaking, a blackboard system is one that
employs a collection of experts that independently look at a blackboard and judge when they have
something worthwhile to add 19 .

The blackboard architecture begins addressing each problem by writing it on the blackboard. A
group of experts sits in front of this blackboard, examining everything on it. There is one piece of
chalk and, when an expert has something to contribute to the understanding of a problem, they
take the chalk and write their observation on the board. Experts are generally not allowed to talk
to each other; all communication is done via the blackboard.

Each of the experts sitting in front of the blackboard is assumed to have a specialized area of
knowledge, but they may make use of observations written on the blackboard by other experts.
Thus, the code necessary to integrate an expert into the system is fairly simple. The expert needs
to be able to read the blackboard, grab the chalk, and write observations on the blackboard. Since
all communication is done via the blackboard, no other inter-expert protocols are necessary.

Since the experts don’t interact with each other except via the blackboard, adding, removing
or changing an expert should have minimal impact on the overall system (although, if one agent
depends on the work of another, it will obviously become impotent if this work is never done). This
allows the development and improvement of experts to be an ongoing process. Additionally, since
the experts don’t need to interact except through the blackboard, they can all “think” about the
problem simultaneously. This opens the possibility of parallelizing the “cognition” process.

From a theoretical standpoint, this architecture allows for the development of a “society of

agents” as suggested by Minsky 34 , with a number of very specialized experts contributing their
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Figure 2-1: On the left, lots of experts, all standing around the same blackboard. They all look at
the blackboard and, when one has something to contribute, they grab the chalk (if it is available)
and write their thoughts down. All communication is done via the blackboard and only one expert
is allowed to write at a time. On the right as you might imagine, this can lead to a lot of frustrated
agents!

observations to a problem in hopes of finding some kind of understanding about it. Each of these
experts can “evolve” independently, new ones can be added at any time, and ones that are found to
be less useful dropped in favor of those more so.

Despite all these benefits, blackboard systems have fallen into disrepute. Perhaps the biggest
difficulty with this architecture is its efficiency. It has been observed that in general, most experts
wait on the actions of another expert. If agent B needs to look at agent A’s observations, until
agent A makes those observations, agent B can do except consume processor cycles looking at the
blackboard and waiting. As a result, a blackboard, especially one with agents working at different
levels of abstraction, tends to become serialized, with agents waiting to operate on a story in a
(relatively) fixed order.

The necessity of a single piece of chalk, with atomic locking on the “grab” and “release” process,
makes writing to the blackboard somewhat expensive, since atomic operations are often quite time
consuming in a multi-process system. Thus, when more than one expert has something to say, a
fight over the chalk ensues. When one expert gets it, the other experts are obligated to reconsider
the blackboard in light of whatever is written before once again trying to make their annotations.
Ultimately, it has been observed that between the serialization due to dependency and the “fighting”
due to the atomic nature of writing, these systems perform less efficiently than many alternative
architectures.

Why is efficiency such an issue, given that a blackboard system can help to reduce development
time, sometimes dramatically? The majority of blackboard systems to date have been in some way
tied to military analysis, evaluation, or planning. Applications such as speech processing 20 , sonar

contact analysis 36 , and fighter-aircraft-intercept evaluation 27 are all cases where there is a single
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or small number of problems being considered, an element of time pressure (necessitating efficient
processing), as well as an environment that does not encourage “in-the-field” modifications. In other
words, the typical blackboard system was being used in an environment where its weaknesses where

highlighted.

lackboards and ews

Developing understanding of news is a problem that shares many elements with traditional black-
board problems. A complex problem is under consideration, where it makes sense for many agents
to work on several different approaches at once. There are, however, a number of key differences
that make news an ideal environment for using blackboards.

In the case of the traditional blackboard, there is a single (or perhaps a small number) of problems
being considered simultaneously. In a single day, the MyZWrap system sees on the order of 10,000
stories. Unlike the military cases, where a single problem might be relevant for only a matter of
minutes or hours, news stories often retain their relevance for days or weeks.

As a result of both the large scale and longer period of relevance in the news domain, the
blackboard architecture can be modified. Instead of several dozen experts standing around a single
blackboard, one can instead imagine a room with thousands of blackboards (see Figure 2-2). Several
dozen experts wander around the room, making observations on each of the problems “in process”.
If a board has an expert standing in front of it, another expert can just pass it by, coming back to
it later, when it is free. If each expert has a different color chalk, then those agents that depend on
the work of others can just visit boards that already have the appropriate colored marks on them.

In short, most all of the problems with the original blackboard architecture either don’t arise or

can be avoided in the case of on-line news systems.

m lementation

The ZWrap approach uses a blackboard architecture for developing its in-frame understanding of
stories. Agents watch a variety of news sources. When a story arrives, a new blackboard is created
and the story is posted on it. Once a blackboard exists, it is then visited by a number of experts.
For simplicity of discussion, these experts will be divided into three “crowds”.

The first crowd of experts examines the stories for purely structural elements. They extract the
headline, the dateline, the author, the body text, the time the story was posted, etc. and place
this information on the blackboard. These experts mitigate the problem of different news sources
providing news having different structures. After these agents have visited, all stories will have more

or less the same story elements broken out and tagged for later agents (e.g., , , ,

19



-_\\\
\
\
\
\
1
1
I
I
!
\ /
N\
N
N,
\\§!

Figure 2-2: With a group of blackboards, experts can wander around and work on whichever black-
board is free.

/

etc.)

The second crowd of agents performs information extraction, parsing, and evaluation on the
uniform story elements extracted above. They perform tasks such as proper-noun identification,
word stemming, date and time spotting, parsing to find references to places, spotting country names,
etc. All of these facts (e.g., the list of stemmed words, the list of proper nouns) are written back
onto the blackboard for the article.

The third crowd uses these derived features to perform high-level augmentation to the stories.
For example, the people spotter looks at the list of proper nouns and decides (through a simple
heuristic) which are people’s names (see Figure 2-3). The geography expert uses a list of rules
applied to the country feature to decide which regions and continents are being discussed in a story.
Also included in this crowd are agents that use even these derived features to produce more features.
For example, the Media Lab agent looks at the feature to see if any are Media Lab professors,
as well as looking for the name MIT Media Lab in the - feature.

Ultimately, this parade of experts takes a story as a monolithic piece of text and transforms it

into a richly annotated story, full of identified high-level features related to story content.

De en enc

A word about dependency is necessary. In Figure 2-3 the Person expert could do no work until the

Proper-Noun expert had visited the article. This could lead to inefficiency if the Person expert kept
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Frame: 1234
BODY:
HEADLINE: Dewy Defeats Truman

PROPER_NOUN:
{Harry S. Truman, New York, ...} <«

\
l

Person expert

Proper Noun expert

Figure 2-3: The proper-noun expert adds a list of the proper nouns found in a story. The person
expert examines this list to identify people’s names and writes them into the story also.

checking frames to see if they had been touched.

MyZWrap deals with this through the use of a dependency scratch space (see Figure 2-4). When
an expert is finished with a set of frames, it notes this in the dependency scratch space. This allows
the other experts to see if it is worth checking the frames or if they should wait.

More complicated dependency, scheduling and control approaches are possible, but by allowing
each expert to choose what its conditions are for running the task of updating experts is simplified.
The expense of this approach is minimal, a small overhead associated with checking the scratch
space more often than strictly necessary. The only issue difficult to check with this scheme is cyclic
dependency of experts, although the fact that none of the agents in the cycle are running is an
indication that this might be an issue.

Additionally, this approach allows experts to run at their own pace, simplifying the scheduling
and allowing experts to easily be changed (since the code that does the scheduling is in the same
place as the code that needs various other experts to be done). As will be discussed later, this
also allows more than one instance of each expert to be running if the computational resources are
available.

Lastly, while the experts conceptually visit one frame at a time, the realities of SQL databases
makes it much more efficient to request groups of articles and then batch the additions ( s
are one of the most costly SQL commands, and as a result many SQL databases implement efficient
batch loading functions). The scratch space approach is amenable to this multi-frame batching

approach.
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Done Scratch Space

Structure: 9283-9938
Person expert > PNoun: 9283-9938
Geo: 90398-9837

Figure 2-4: Before the Person expert operations on a set of frames, it checks the dependency scratch
space to see if the Proper Noun expert has already visited it. This structure supports single instances
of each agent, but can be easily modified to support more.

lackboards s le ased S stems

In some respects, this blackboard approach strongly resembles rule based systems, in that with
ZWrap an expert examines the existing features of a “problem” and if certain conditions are met
adds new features to the problem definition (the Black Board). Thus, it makes sense to consider
if ZWrap will encounter problems similar to those which hamper rule based systems, especially the
issues involved with incorrect or partially correct rules, and the results of chaining large numbers of
rules together.

ZWrap differs from traditional rule based systems in three important ways; “rule” complexity,
bushiness of the “rule” dependency tree and the topology of this tree. The complexity issue is minor,
but in general ZWrap experts may perform much larger amounts of computation in deciding whether
or not to add a new feature, than one might find in a simple first-order-logic-type rule system. This
is a difference more in philosophy than in architecture, since a rule based system could use arbitrarily
complicated rules to achieve their result.

The second difference is in the “bushiness” of the “rule” dependency. ZWrap tries to develop
superficial understanding of a news corpus that may span many topics (e.g., politics, sports, living)
and as a result has a large number of experts that work either on the initial text, or perhaps one or
two levels removed.

Rule based systems (often because of smaller scope) tend to have “deeper” nestings of rules, with
conclusions extending many rules out from the source. In cases where there is some uncertainty
or error in the rules, this results in a quickly decreasing reliability as the chain extends(see 30,

especially the section on MYCIN). Because of its tradeoff towards a broader selection of experts,
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Figure 2-5: Differing topologies for rule based(left) and ZWrap expert based(right) systems.

ZWrap has yet to encounter issues inherent in extensive rule chaining.

Lastly, there is the issue of topology (see Figure 2-5). With a rule based system, any of several
rules may result in the inclusion of a new feature. As a result, if a new feature is added incorrectly,
it is difficult to identify (from examining features) which rule is to blame. This makes the automatic
feature selection (discussed in Section 9.2.1) much more difficult. With ZWrap, each feature is added
only by one expert. Thus, it is possible to evaluate experts using only the information in the frames
themselves (i.e., that information available to the statistical methods).

Taken together, these three points illustrate that while having some similarities to rule based
systems, ZWrap also has some important differences, and these differences help it avoid some of the

issues common to rule based systems.

oncl sion

By moving to a multi-blackboard approach many of the efficiency issues of a traditional blackboard
system are addressed. The simplified development of blackboard systems combined with the oppor-
tunities for parallelism make them ideal candidates for developing meaning in large, evolving text

corpora such as news.
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Chapter

ata e resentation

ntrod ction

The use of a blackboard system for developing understanding simplifies the question of data represen-
tation for the system, as the only well defined representation needed is that of the blackboard. This
representation needs to support several actions efficiently: the reading of a particular blackboard’s
contents; the addition of a note or notes to a given blackboard; and the search of all blackboards for
particular notes, or classes of notes.

The requirements of both flexibility and speed of access argues for the use of frames as the data
storage medium. Frames date back to Minsky 33 who was formalizing an idea that was already
known at the time. A frame is basically a collection of key/value pairs, known as terminals, which
describe a particular object or concept. For example, a frame describing the author might contain
a number of terminals listing my characteristics (see Figure 3-1).

This format has a number of advantages, not the least of which is its flexibility. New key/value

pairs can be added at whim and clients looking for a particular datum can ignore those terminals that

Frame #1234
Name: Daniel Gruhl
Height: 6'2"
Degrees: {SB, MEng}
ISA: #0011(Generic Student)

Figure 3-1: A frame describing the author.
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they do not understand or care about. For example, we can add the terminal _ _

with the value “Cafe Mocha” without impacting the name-listing agent who examines only the
terminal of the frames. For experts, this ability to ignore what they don’t need is important, since
it allows the addition of arbitrary experts to the mix without the need to modify every agent in the
system.

Another advantage to this format is that not all the terminals need be stored if there is an easy
way to generate them. For example, if an expert is looking for the terminal - and it is
missing from a particular frame, then it might use a rule that examines the terminal and does
a conversation to generate the value “186.96 cm”. This is especially important in implementations
where storage space is not unlimited. In the MyZWrap system, the list of stemmed words is indexed
but not stored in the frame. Since it is easy to regenerate, the framestore recreates it from scratch
every time it is requested?.

One issue to consider is how complex a value to allow for the value of each key in a terminal.
The FramerD system 25 allows perhaps the most complex option, an arbitrary Scheme value, thus
providing for everything from lists to procedures to be stored. While granting an enormous amount
of flexibility, if all data is stored as Scheme values then all clients are required to have a Scheme
parser and interpreter available. This is somewhat cumbersome requirement for ZWrap clients, so a
restriction to only string values has been made for the initial implementation .

Another issue is one of allowing sets of values rather than only a single value for each key. In
this case, the advantages outweigh the costs. Set values have no inherit order, which allows for an

efficient underlying data representation. Multiple values are appropriate in cases such as:

ng

that are useful in the ZWrap system, as it is common for multiple s or s to be
mentioned in a story.

One last feature borrowed from FramerD is the use of a universally unique identification number
(called an Object IDentification number or OID) to refer to every frame. This 64-bit number allows
the frame to be referred to in a succinct, unambiguous manner. Since OIDs are never recycled, they
can be used as a “pointer” to a story and it is assured that the story being pointed to will never
change .

In the blackboard context, each blackboard is represented by a frame. Experts examine a frame

to see what observations have been made and make their own observations by adding terminals to it.
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A mechanism exists to allow for locking a blackboard when an expert is looking at it (inherited from
FramerD), thus preventing race conditions that might occur as two experts attempt to simultaneously
modify a frame based on the other’s observations.

When a story enters the system, a frame is allocated and the raw story is entered as the only
terminal, under the key . As experts examine the frame in turn, they add more and more

terminals, each containing additional high-level information about the story. on that blackboard.

Searching

One engineering requirement of the framestore (a persistent database of frames) is that there be
efficient methods for finding both which blackboards have a particular key on them, and which
blackboards have a particular terminal (key/value pair). When is a user is waiting for results,
sequentially scanning several million frames looking for a particular key/value is not a practical

option. Indexing is needed to make large framestores useful.

m lementation

There are several ways one can implement a framestore. The existent one at the inception of ZWrap
was the one developed by the FramerD project. FramerD uses a single file to store all of the frames in
a given contiguous range of OIDs. The first part of the file is filled with offset and length information
for the frames themselves, which are stored as binary “slotmap” dtypes (see Appendix A). When
a frame is to be accessed, the server seeks to the specified point in the file and reads the specified
number of bytes, returning them over the network connection. When a change is made to the frame,
it is rewritten in its entirety at the end of the current data area in the file, and the offset and length
information are updated to indicate the new location and size.

This is an excellent storage approach when the data rarely changes. It runs into problems when
a large number of agents will be adding keys to an existing frame, as each addition will result in the
complete rewrite of the frame. Since the first thing added to the frame is the full text of the article,
this very quickly results in many copies of the full text appearing in the datafile. This overhead can
run to hundreds or thousands of times the size of the frame itself. While disk storage is cheap, it is
not that cheap, so another approach was needed for ZWrap.

Another issue with the FramerD approach was that of indexing. FramerD creates an inverted
dictionary of each unique key/value pair that appears in the store. It returns this list as an unordered
set of oids when queried. Since many searches require some kind of Boolean or set operations on

the indexed values, it is more efficient if this set can be returned in sorted order.
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OID Key Value

1234 NAME Daniel Gruhl
1234 DEGREE | S.B.
1234 DEGREE | M.Eng.

Figure 3-2: SQL table used to store frames. Note, set valued attributes are stored on multiple table
rOwS.

It would be possible to store indices in sorted order in FramerD , but the potential need to resort
each index every time another oid was added could become expensive. This problem is exacerbated
by the fact that, in general, there will be many more inserts to an index than searches on it (e.g.
there will be many more stemmed words added to the list than likely will be searched on).

When not using the FramerD approach, ZWrap employs several different data storage methods
for its framestores, each built on top of a specialized structure that already handles the storage
issues indicated above. Initial work was done using GDBM databases (the GNU implementation of
the Berkeley DBM 21 ). This worked well until database size grew above around 100 megabytes,
at which point internal architecture problems arose from the interaction of GDBM with the file
system, causing speed problems. A switch was made to a filesystem-based storage method with
more efficient file-access strategies. This proved to be successful, but was somewhat brittle and not
terribly portable, as it relied on features of the Linux Ext2 filesystem and did not work as well on
other filesystems.

The final move was to an SQL database to store the data. This technique uses a single table
of the form shown in Figure 3-2 to store the data. Each terminal entry becomes a record in this
database. Set valued attributes are just those where there is more than one row with the same
OID/Key entries. The database itself handles the internal indexing for fast retrieval. As a result,

frames can be selected with:
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key val framestore oid
Searches for which frames have been “touched” by an agent can be done with:
oid framestore key sample oid
and index searches by:

oid framestore key foo

val bar
Adding terminal entries to the database is a matter of:
framestore foo bar

All of these basic operations are ones which SQL databases typically perform efficiently. Since
most platforms have a “tuned” SQL database available, there is no requirement that the framestore
abstraction do so.

It should be noted, however, that an SQL database takes more time to search and retrieve than
the “precomputed” responses of a ramer -style framestore. It makes sense in a production system
to have some method of “migrating” frames out of the SQL database and into a more ramer -like

one once they settle (i.e., when it is unlikely they will change much any more).

oncl sion

Frames are an ideal mechanism for data representation in a blackboard system. They allow experts
to add keys easily and to only examine the parts of the blackboard that are of interest to them.
There exist efficient ways to store and manipulate frames and, with an index mechanism, they can
be efficiently searched and sorted. Their resemblance to ML assures that there will be continuing

work on developing efficient storage mechanisms for them, at least for the foreseeable future.
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