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is necessary for a certain level of consistency in the sequence of actions the agent is
taking. Indeed, PRS could be subject to erratic jumping for many reasons, including
its adoption of partial planning, and it continuous scan of the environment.

Partial planning brings the benefit of better reactivity, allowing the imposition of
temporal constraints. It sidesteps the need to wait for a thoroughly worked-out and
validated plan before getting into action. It helps avoid having to abandon plans,

which might occur frequently if plans were very specific.

When a goal has been selected and PRS has committed to a plan (selected
one as the most appropriate), it does not look back, unless significant changes hap-
pen in the environment. And PRS is very vigilant, with the interpreter continuously
attempting to match KAs with any newly acquired beliefs or goals. The system is
able to notice newly applicable KAs after every primitive action it takes. If estimated
necessary, the agent reassesses its current intentions, and plans that were dis-
missed become subject to reconsideration, even though the new options are not
means to any already intended end. PRS plans are interruptible, and can completely
change its focus towards new goals when the situation warrants it.

Bratman's Opportunity Analyser is the component that keeps the agent open to
changes in the environment and proposes new options to pursue the existing plan
and cope with new perceptions. It exists in PRS as metalevel KAs, just as does the
idea of the filter-override mechanism. But a filter override mechanism run in parallel
allows maintaining the equilibrium between the stability of plans (keeping the focus
of the reasoning) and the necessary revocability, given that plans were selected on
the basis of incomplete information (the agent does not live in an idealized world of
perfect information and total predictability). The override mechanism encodes the
agent's sensitivities to problems and opportunities in its environment. An option that
does not survive the compatibility filter may still be subject to consideration if it trig-
gers a filter override. The surviving options are put into a deliberation process that
weights them against one another and, ultimately, the deliberation process produces
new intentions. So, the addition of appropriate metalevel KAs enables the system to
make more informed choices (at the cost of longer decision times).
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There are numerous parallels relating CTS to PRS. In fact, although CTS has
not been conceived with BDI in mind, it really incorporates all of its components and

principles, as | will briefly summarize below.

What CTS knows about the world, its beliefs in BDI parlance, are contained in
various constructs:; States, the Domain Expert, the Learner Model, efc. The Domain
Expert contains static knowledge about the world (domain facts and procedures),
and status of current operation; the Learner Model contains static and dynamic be-
liefs about the learner (facts and inferences); the States in its Behavior Network con-
tain transient beliefs about the world and about the internal operations of the agent;
mid- and long-term memories are also naturally concerned. CTS' Behavior Network
bears much resemblance with PRS Plans Library: Knowledge Areas exist here as
Behaviors, and plans correspond to sequences that embody partial planning with
intermediate goals and partial specification with many generic behaviors that get
specified through deliberation. Goals in CTS may be of various types, with interests
in external actions as well as internal adaptation and operations. Behavior nodes
partially depend on preconditions ("invocation conditions") to fire. The Feeling nodes
represent the global goals the agent may entertain, and incorporate the idea of de-
sires. Indeed, Feelings that are stimulated after an Access Consciousness publica-
tion show the desires of the agent, the goals that may more or less be appropriate to
the situation (indicated by the activation levels). The Behavior that gets selected for
action indicates which sequence and goal the agent has elected, that is, its inten-

tions (held within an intention structure: a stream).

The Behavior Network has parameters that allow balancing the agent's sensi-
tivity to the environment and its stubbornness (how much its Goal nodes drive its
global behavior). The firing threshold for Behaviors nodes allows more or less time
for the energy to reach the ending nodes of longer sequences, giving more or less
time for the agent to "think" through the options. When a Behavior fires, it pushes its
energy forward to the next nodes in the plan, progressively increasing the commit-

ment of the agent to a plan. Just as BDI specifies, sequences (plans) in CTS may be
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interrupted. A State may "turn off" as the result of a change in the environment; it
may also happen following the arrival of an information that turns on a State or
strongly stimulates another Feeling that pours a great amount of energy into another
branch of a plan. CTS' Behavior Network is always listening to new perceptions,
making implicit means-ends analysis. The base-level activation of Behavior nodes,
modified by one of CTS' learning mechanisms, indicates how much the nodes are

theoretically apt at treating a situation and deserve to be selected.

Some more connections exist. CTS Attention mechanism does a job equiva-
lent to the compatibility filters proposed by the BDI theory. Its attention and meta-
cognition codelets serve some of the purposes of the filter-override mechanism and

all of BDI's metalevel. And both have deliberative capabilities.

According to Jiang and Vidal (2006), the main problems about BDI architec-
tures are about finding how to efficiently implement these functions and how to reach
the balance between being committed to and over-committed to one’s intentions.
And, as they stand, BDI architectures ignore the influence of emotions in decision-
making (Jiang and Vidal, 2006). The first two criticisms apply just as well to CTS, at
least until more time is devoted to the elaboration of a clear methodology and crea-
tion of well-defined rules for the instantiation of CTS to a new domain. However,
CTS exhibits here a supplemental feature: its ability to deal with feelings and emo-
tions. Emotions have not been implemented as of now, but they are part of the con-
ceptual model, and have already been implemented in IDA (and redesigned for
LIDA), CTS' mother. They modulate learning and have influence throughout the ar-
chitecture, in many aspects (see Franklin and McCauley, 2004).

CTS adds a few other features to the BDI framework. First, the Feeling nodes
serve in granting the agent with a personality, which allows it to be more or less sen-
sitive to some events, and react with a strength corresponding to such personality.
Second, its Working Memory is central to additional capabilities: CTS deliberative
capabilities are stronger, allowing the building of plans on-the-fly; the meeting of
codelets in Working Memory permits both the learning of regularities, and the emer-

gence of creative solutions. If a new coalition has merit in the situation, it will be se-
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lected by the Attention mechanism and published by the Access Consciousness for
the whole system to use and process. These possibilities are alien to the original BDI
ideas.

So, with CTS, researchers may reap the advantages of BDI with its well known
concepts, and explore new applications that would be hard to take on with only the

native BDI theory.

6.2 COMPARISON OF CTS WITH A COGNITIVE ARCHITECTURE: ACT-R

Understanding what is happening in the head of a human being is a complex
task that needs to be addressed if one is hoping to have his system provide the best
support to the user. Reactive architectures are limited in this respect. There is a lot
going on at the same time in the user's mind: recognizing symbols, memorizing new
information, processing the syntax of instructions, reasoning about events, and much
more. Understanding and following the evolution of each aspect is hard enough, but
having them show a coherent processing that corresponds to the real user is more
than a challenge. This has brought Newell to suggest constructing cognitive architec-
tures such as SOAR (Newell, 1990).

ACT-R is such a cognitive architecture. It describes and implements cognition
at the grain size of laboratory research, and is still able to put the pieces together in
a model of complex cognition (Anderson, 1993, 2004). It provides a potential bridge
between basic cognitive psychology and education (Anderson and Gluck, 2001).
Basic assumptions of ACT theories (ACT* and its evolution, ACT-R%®) are that hu-
man cognition emerges through an interaction between a procedural memory and a
declarative memory, and it unfolds as a sequence of so-called production rules. New
chunks of knowledge are added to declarative memory when goals are achieved.

% am refering to version 5.0 of ACT-R in my comparison.
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For instance, if a child sets the goal to add 4 to 3, counts up, and finds 7 as the an-
swer, the goal and the answer are assembled in a knowledge chunk and stored. The
goal can later be retrieved with the associated answer. Chunks may also be formed
from a perception of the environment. Although ACT-R makes use of a subsymbolic
level that models learning and chunks availability following learning and practice, the
architecture treats cognition as a symbolic system. This and the subsymbolic level
do not model the actual neural learning process; they rather model their effects by a
set of equations that characterize these processes. New productions rules can be
formed by compiling solutions found in declarative memory. Production rules can
change the goal state.

The performance of the architecture is both parallel-based and serial-based.
Many modules operate in parallel, with serial internal operations in each. The per-
ceptual layer contains a number of independent modules capable of running in paral-
lel with cognition and with each other. However, each of these modules is doing only
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Figure 36 ACT-R's architecture. Source: Anderson et al., 2004
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one thing at a time. And just as activation levels play an essential role in chunk se-
lection, the next production rule is selected on the basis of the highest utility among
all those that apply to the situation (Lebiere et al., 2004). The utility is a noisy esti-
mate of the probability that if this production is chosen, the current goal will be
achieved. The highest valued production is always selected, but on some trials, one

might randomly be more highly valued than another.

Coordination in the behavior of these modules is achieved through a central
production system. This central production system is not sensitive to most of the
internal activity of these modules; it only responds to the limited amount of informa-
tion that is deposited in the buffers of these modules. It parallels the facts that real
people are not aware of all the information in their visual field but only the object they
are currently attending to; they are not aware of all the information in long-term
memory but only the fact currently retrieved. An example of this limited information
communication is that the whole memory of the agent is not available to the rules,
only of the content of the retrieval buffer, which holds information retrieved from

long-term declarative memory.

The manual buffer is responsible for control of the hands. One of the visual
buffers, associated with the dorsal “where” path of the visual system, keeps track of
locations, while the other, associated with the ventral “what” system, keeps track of
visual objects and their identity. The contents of these buffers can be determined by
rather elaborate systems within the modules. For instance, the contents of the visual
buffers represent the products of complex processes of the visual perception and
attention systems. The goal buffer keeps track of one’s internal state in solving a
problem. This is a special buffer that has links to declarative memory, making some
nodes more accessible than others (Lovett, Reder and Lebiere, 1999), and which
content primarily drives ACT-R. The current goal contains the information in the fo-

cus of attention.

A final word about consciousness in ACT-R framework. Lovett, Reder and Le-
biere (1999) and Taatgen (2006) attempt at clarifying how ACT-R may incorporate

consciousness, and they locate the bridge in declarative memory. The declarative
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memory's nodes above threshold may be considered as accessible to conscious
awareness -- although only what is retrieved and put in the retrieval buffer is view-
able for action selection. That is, the system can be considered “aware” of the con-
tents of all these buffers, i.e., it is aware of the currently attended visual stimulus, it is
aware of the current action that is being taken, it is aware of the current goal, and the
currently active fact in declarative memory. However, in the opinion of Gray,
Schoelles and Myers (2003), its "consciousness capability” is limited since it cannot
model the difference between the implicit, unconscious use of a strategy or acting on

instinct, and the result of the act only later becoming conscious.

From this description, one can establish many parallels between ACT-R's and
CTS's architectures. In fact, there are a lot of similarities: a procedural memory, a
semantic memory, buffers, learning (both procedural and semantic), a rule-based
functioning that considers the context, multiple specialized modules with internal
seriality and with an independence that allows them to run in parallel, competition in
the action selection that takes into account past utility of resources. There is also
both symbolic and sub-symbolic processing, and a cognitive cycle. | could draw a
detailed comparison of the two architectures. In the following subsections | will

mostly limit myself to pointing out major differences.

6.2.1 Comparison of the cognitive cycles

Although the two systems’ cognitive cycles differ considerably and thus one
could suppose that this might incur significant differences in the agents' behavioral
responses, | could identify only one major consequence directly related to the cycles:
the interaction of information coming from the various sources (modules) in working
memory. According to Anderson (Anderson et al., 2004), the cognitive cycle in
ACT-R starts at the point in which the buffers hold representations determined by the
external world and internal modules. Chunks in these buffers are recognized, a pro-

duction fires, and the buffers are then updated for another cycle. Thus, a production
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rule in ACT-R corresponds to a specification of a cycle from the cortex, to the basal
ganglia, and back again.

In CTS, the cycle is more detailed, with eight steps, as described in section 4.2.
One major difference resulting from the cognitive cycles stands in the place and time
that is allowed for information to meet and interact and compete in Working Memory
before the winning structure is selected and fed to modules. ACT-R’s cycle and ar-
chitecture do not allow for such natural, unsupervised interaction that could lead to

spontaneous discovery of new regularities or solutions.

6.2.2 Buffers vs. Working Memory

ACT-R's buffers hold information that goes back and forth between the central
production system and modules. Buffers could be thought of as holding the informa-
tion in the focus of attention. They are checked at every cycle by the production rules
matching system to determine what rule is most appropriate to the context. CTS also
has buffers, but they only play their traditional role of temporary information recepta-
cles for transiting information (i.e. Sensory Buffer, the focus, which holds information
destined to declarative memories, and any buffer peripheral modules may need).
CTS’ Working Memory would be a better related structure to ACT-R’s buffers.

Although it may be tempting to correlate buffers in ACT-R with its working
memory (I certainly am tempted), this is an incorrect assumption according to Chud-
erski et al. (2006). The authors explain that working memory in ACT-R may be de-
fined in two ways: as a subset of highly active elements of declarative memory or as
a process of spreading source activation (i.e. attentional resource) from current goal
to declarative elements strongly linked with that goal. In comparison, while CTS'
Working Memory holds information returned by declarative memories related to the
current context, as is the case in ACT-R, it also welcomes information from other
processes. In that way, it can as well be thought of a corresponding to some of
ACT-R's buffers. Contrary to these buffers, CTS' Working Memory it is not con-

strained, neither as to the type of information it may contain, nor as to the quantity of
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information (as was explained in section 4.1.5, whereas |DA presents the same con-
straints as ACT-R in this respect, LIDA is somewhat relieved from them). CTS' WM
can be described as a physical meeting place for all the information returned by all
modules and of value in the context; "meeting place" is quite an apt description here.
It allows a very interesting phenomenon to happen: creation of spontaneous asso-
ciations between information codelets, eventually leading to new coalitions (kind of
equivalent to chunks); it also permits association of related coalitions during delib-
erations. The unconstrained interaction of the information, which is impossible in
ACT-R, enables the learning of new regularities in the environment. It also allows a
powerful and rich voting mechanism through reinforcement and inhibition between
the information codelets. It could also explain a part of creativity as the unforeseen

association of ideas.

6.2.3 Representation of the context

The variety of buffers in ACT-R, doubled by the goal stack, creates a muilti-
aspectual context. ACT-R can involve a Learner Model just as CTS does to keep
track of the learner as part of the context of decision. In addition, ACT-R keeps an
implicit trace of the context in the activation level of its memory chunks and in the
sub-symbolic equations that compute the utility of the rules.

CTS has similar uses of activation, but in more places. Whereas ACT-R shows
activation only in its declarative memory, CTS maintains its representation of the
environment as the activation of States, the activation of Behavior and Feel-
ing/Desire nodes, as fading coalitions in its Working Memory. |1 would say that CTS
offers a slightly richer representation of the context. When we add the capacity of
CTS' architecture to take into consideration user's affective state and the agent's
own affective state, then we add a dimension that currently overwhelms ACT-R's
architecture. Anderson et al. (2004) are taking into consideration the idea of adding
multiple goal structures.
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6.2.4 Learner's goals vs. Tutor's goals

CTS Feeling nodes allows to clearly separate learner (or more generally,
user's) goals from the tutor's (or more generally, the artificial agent's), and maintain
them simultaneously. The Domain Expert tries to keep track of the operations the
learner is pursuing. The Feeling nodes (in the Behavior Network) represent the vari-
ous global goals the agent may entertain in as a tutor. | do not think ACT-R allows
for such separation of goals.

6.2.5 Information selection

CTS' Working Memory is a pool inspected by the Attention mechanism that se-
lects the most important information at the moment for system-wide publication. Not
everything contributed by modules and other processes is of equal value. In CTS,
the global activation value of a coalition indicates how important that information is,
either intrinsically or with respect to the current situation. So, some things may be
temporarily neglected to the benefit of more urgent or otherwise important informa-
tion, as indicated by the activation of the coalition.

ACT-R functioning realizes something somewhat similar with its goal stack. Al-
though buffers contain only one kit of chunks at a time, previous collections are
called back when a previous goal pops back up on top of the stack. Elements in the
buffers (corresponding to the left-hand side of rules) are not attributed values; there
is only a plain unification taking place. However, expected utility calculations for the
rules achieve the same result. What it just does not permit is the competition of goals

for prioritization.

In ACT-R, the goals in the goal stack (up to version 5.0) all influence the
analysis of the situation by the declarative memory, just as CTS' Feelings and De-
sires do influence the action selection. ACT-R's conflict resolution mechanism (which
analyses at the sub-symbolic level the expected benefit of taking various actions)

leads to the same prioritizing of information as that in CTS because the rule selected
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is chosen partly on the basis of the current value (importance) of the information.
From that point of view, its does a job resembling that of the attention mechanism of
CTS looking over Working Memory. ACT-R conflict resolution may, just as in CTS,
lead to usefully neglecting some information. That will happen when a rule with a
left-hand side not considering some information, computes to a higher expected util-
ity than a rule that integrates more buffers. However, CTS does not need to have
predetermined specific rules that make use of only part of that information to select it
(or ignore it). In CTS, the most globally energized coalition simply is selected and
published, then the various modules decide whether they use it. There is no burden
on a central coordinator and on its designer, leaving each separate module do what-

ever its designer has planned for that information.

What's more, although many coalitions are predetermined by the system de-
signers or learned in the course of the operation, they do not have to be predeter-
mined or exist in declarative memory for their usefulness to be calculated and be
selected; generic rules of association allow on-the-fly coalition formation in working
memory, sometimes building unexpected combinations. If such combination reflects
a regularity, the implicit learning mechanism will eventually learn it as a valuable,
stable coalition, creating a new element for the declarative memory to assimilate. At
that point, ACT-R chunking mechanism resembles CTS' coalition creation process.

6.2.6 Action selection

CTS's Behavior Network is, in part, a rule-based system where States play the
role of the left hand side in a production rule. A State turns on when it recognizes in
a broadcast the information it corresponds to, and in so doing, it serves as precondi-
tions (complete or partial) of the action node. The same State is also the confirma-
tion of the effect of the previous action. This description of the context is relatively
stable (a State has to be turned off, or slowly does so on its own), so the Behavior
Network is always up-to-date with the situation. Then, there is the energy part of the

planning mechanism that complements the "logical" one. States feed Behavior
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nodes with activation, "priming" them and indicating which ones are appropriate to
the context; Feelings do the same, from "atop", indicating the current global goals of
the agent (many may be active at the same time with varying strength), either react-
ing to the environment or to an "internal professional agenda".

ACT-R has some of the same energy mechanism, with current goals giving ac-
tivation to nodes in the declarative memory. The base-level activation, that effects
the learning from experience in CTS, exists only in memory chunks; it nevertheless
also exists for rules but under another appearance, as rules utility calculations.
These subsymbolic processes keep a memory of past outcomes, estimating the cost
(in time) of the operation and the probability of reaching the goal.

What is different in CTS is that the summation of the energy sources in each
Behavior node, combining with the base level activation of each (which reflects past
successes of a Behavior), is somewhat resilient and perpetually shows which is the
most globally appropriate Behavior (one may think of these Behavior nodes as the
candidate immediate goals or, in Baars words, the local goal context). There is no
need to completely reevaluate the whole rule base at every cycle and redo the prob-
ability computations, as ACT-R needs to do. A light iterative update on the activation

values (a summation process) suffices.

6.2.7 Consciousness in ACT-R and CTS

These two systems bear commonalities on awareness and consciousness. In
ACT-R, there is unconscious processing at the subsymbolic level (these processes
are not controlled by the "conscious" rules), and within the various modules. What
modules deposit in their respective buffers is the information that could be thought of
as becoming available to consciousness. | would say that it is brought to the "sys-
tem's" awareness when it is processed by the central production system to produce
a system-level actions (the agent taking an action). | put "system" in quotations
marks because the "system" here is, in fact, only the central processing module, and
not the whole agent, as is the case in CTS processing. The rest of the system is
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made aware of only the effect of the conscious content when new stuff is deposited
in the buffers by the rule.

In CTS, what is selected for becoming conscious is published at /arge, to the
whole system (in the proper sense, this time) so that all the various modules become
aware of it and may process it. ACT-R has a centralized processing of what has

been made "conscious", whilest CTS has a distributed processing of that information.

We can point out two other differences with respect to consciousness. First,
there is nothing in CTS' architecture prohibiting the firing of unconscious actions. For
instance, no central rule is involved in voluntarily, "consciously" updating the buffers.
Another example is that some codelets may have become part of an automated
process and send some requests to a database without recourse to conscious in-
volvement (publication). The information coming back could however be processed
by the perception, eventually bringing the result of the action to consciousness.
ACT-R can only take "conscious", voluntary actions towards the external world.

Second difference, CTS involves multiple levels of analysis and action-taking.
Its metacognitive codelets analyse what is happening in the agent, what success
plans have, find repeating information and temporal patterns. They may react and
ask for the correction of some Behavior. To my knowledge, ACT-R has no specific
mechanism allowing for such metacognition; once the information has been grabbed
by a rule, it will very likely be modified and cannot serve a second pass for metacog-
nitive analysis. Metacognitive rules could fire first and leave buffers untouched, but
they still would not allow for temporal correlations.

6.2.8 Summing up

The two architectures have much in common, more than | would have antici-
pated at first. They both rely on a strong commitment to a cognitive approach to the
mind and rest on empirical research, although one must recognize that ACT-R has
an edge with respect to exact correspondence with empirical data. It has been very
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much validated. However, CTS will continue to progress and may reach an equiva-
lent validation status, especially with the continuing work of professors' Franklin and
Baars team on LIDA. CTS may have an edge over ACT-R on some aspects: (a) its
Working Memory allows information to simmer and create unforeseen associations;
(b) this creation of associations may lead to new concepts creation, allowing for the
learning of the environment; (c) its clear separation of the tutoring know-how and of
the user modeling facilitates the independent design and improvement of the two
aspects; (d) its generic processes for information selection in Working Memory allow
for a relatively easy extension of the architecture with complementary modules; (e)
CTS better reproduces at least one aspect of consciousness: it may take uncon-
scious actions on the environment and become conscious of only the results; (f) its
multiple levels of analyses incorporate autonomous metacognitive capabilities; (g)
with its essentially distributed processing, CTS lets behaviors emerge much more
than ACT-R allows with its centralized rules system. It is CTS' fundamental empha-

sis on consciousness mechanisms that grants it many of these advantages.

Which is best? ACT-R gives more control to the designers; CTS incorporates
a multi-level, multi-aspectual analysis of the situation and allows for a more "natural”,

emergent behavior. All in all, it depends on what you are looking for from the system!



Chapter 7

VALIDATION AND EVALUATION

The fundamental goal of this research is to establish the potential of using
Baars' Global Workspace (GW) principles and their implementation in Franklin's ar-
chitecture, IDA (recently extended into LIDA), for building an efficient artificial tutor-
ing agent. So what | need to establish as a proof of concept is the capability of the
GW-based architecture to support valuable tutoring services such as model tracing,
coaching, criticizing, diagnosing, etc. | present in this chapter a more formal evalua-
tion of how well this goal is reached.

71 VALIDATION METHODOLOGY

The method | apply for the validation is an expert analytical evaluation that
compares CTS to three elements:

o the GW theory;

e commentaries from Leo Hartman, a Technologies specialist at the Canadian
Space Agency (CSA), about the needed behaviors for the tutoring agent;

e behaviors, strategies and rules inferred from field observations | made at the

CSA during astronauts’ training to Canadarm2 manipulation.

The analyses for the first point serve to validate CTS as reflecting appropriately
the GW theory; | will simply summarize here the parallels that have been drawn
throughout Chapter 4 and Chapter 6, and offer my opinion about the conformity of
CTS. Being very close to IDA, which raison d’étre is to implement Baars’ theory, it
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seems very unlikely that this target could have been missed. Nevertheless, our own
modifications might have taken CTS out of the realm of direct implementations of

GW theory, and this is something that needs to be assessed.

Mr. Hartman has inspected the model showing the proposed behaviors for
CTS just before construction of the Behavior Network began. His comments were
noted and integrated as much as possible in the appropriate structures of the proto-
type. These expert observations have been complemented by first-hand field obser-
vations of astronauts being trained by professional tutors. | observed the tutors
actions, reactions, initiatives and strategies while | had the privilege of standing next
to the astronauts to note their attitudes and reactions to the tutors instructions and
interventions. The notes obtained from this and from collaboration with Mr. Hartman
yielded many crucial artifacts:

a) a list of valid tutoring behaviors;
b) examples of reactions to be expected from the astronauts;
c) examples of tutoring situations that inspired the proposed scenarios.

The interventions that CTS made while traversing the scenarios presented in
Chapter 5 can now be gauged against what is expected.

The real test will happen when we can submit CTS to "real-world" interactions
with astronauts on tutoring sessions. In its current state, CTS does not include
enough tutoring knowledge, pedagogical strategies, and domain knowledge to offer
valuable tutoring advice in a variety of situations. Only setups corresponding to the

described scenarios can be sustained.
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7.2 RESULTS

725 Validating CTS against the Global Workspace theory

The main idea of the Global Workspace theory is that the brain has a way to al-
low separate, distributed processors (neuronal groups) to share information when
needed, to collaborate and coordinate their efforts. In essence, this theory has ex-
plicit roles for consciousness. Chapter 2 enunciated the principles of Baars’ Global
Workspace (see sections 2.3.2 and 2.3.3) and the functions consciousness plays in
the human mind (see section 2.3.4). | recall them here and show how CTS integrates
them.

Principles:

e The distributed and decentralized nature of processing

In Baars’ GW Theory

The brain is massively parallel, with
a collection of distributed specialized
networks; the processing is widely

In CTS

CTS operates on the basis of collec-
tions of codelets and specialized
modules that work independently

decentralized in any given task. The
detailed work is done by millions of
specialized neural groupings without
specific instructions from some
command centre. Conscious proc-
esses have a great range of possible
contents, but the range of any single
UNCONSCIOUS processor is

limited.

from one another. Codelets are es-
pecially meant to be highly efficient
at processing a simple aspect. How-
ever, there is nothing currently con-
straining codelets complexity;
designers have to do their best to
respect this line of conduct.

Modules operate on the same prem-
ise of specialization, each also ren-
dering a specific service but at a
higher level of organization: tracking
user’s knowledge, user’'s mood, re-
membering user’s psychological pro-
file, memorizing events and
concepts, analyzing user's maneu-
vers, and so on.
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The collaborative and competitive nature processing

In Baars’ GW Theory

InCTS

There is competition between the
multiple sources to become con-
scious.

The various brain regions collaborate
to deal with the situation at hand,
supply information or process what is
published.

There is competition in the Behavior
Network for the selection of the most
relevant Behavior in the current con-
text, just as the Behavior nodes
shunt those that would undo their
preconditions.

There is collaboration from various
modules to lend a hand when they
can help, bringing information or
processing power. Collaboration is
also found between individual
codelets through associations that
create coalitions and that stimulate
other codelets.

Information converges then diverges

In Baars’ GW Theory

InCTS

Global Workspace theory (GW) sug-
gests that conscious experiences
involve widespread distribution of
focal information obtained from mul-
tiple sources converging and orga-
nizing themselves together.

The information parcels are sent
from the various sources to Working
Memory. There, they organize them-
selves in coalitions. Then, the one
selected is broadcast, announced at
large, diverging towards all the sub-
systems.

Recruiting of unconscious resources is due to consciousness

In Baars’ GW Theory

In CTS

Consciousness is needed to trigger a
great number of automatic routines
that make up specific actions.

What comes to Consciousness
brings the modules and various at-
tentional resources to react and ei-
ther send in codelets containing
some information they possess, or
take charge of some aspect of the
situation and contribute to the resolu-
tion.
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Interpretation is related to multiple levels of context

In Baars’ GW Theory

In CTS

Some unconscious networks, called
contexts, shape conscious contents
and strongly influence conscious
processes.

According to Baars, we continually
benefit from a host of mental con-
texts without experiencing them as
objects of conscious experience. As
long as they are successful, contex-
tual predictions give no sign of their
existence (Baars, 1997b, p.116).

Many things in CTS form the context
that brings meaning to what has
been perceived: States, activation of
Feelings and Desires, activation re-
ceived by a Behavior node from con-
nected anterior nodes, links strength,
base-level activation in Behavior
nodes, operation tracking by the
Domain Expert, and analyses by the
various modules of the Learner
Model. They all propose an interpre-
tation of the events and influence
which codelets will start working.

Expectation codelets aiso take an
important role here. They are by na-
ture totally contextual, being emitted
by a Behavior node. If an information
element coming into WM tells of a
mismatch to what it expected, the
codelet puts into WM information
codelet(s) stating its interpretation of
the event. Otherwise, it dies away
when satisfied.

Seriality and the limited capacity of consciousness vs. the parallel uncon-

scious

In Baars’ GW Theory

In CTS

Conscious ideas occur one after
another (serially) (Baars, 1997b,
p.63). There cannot be more than
one idea conscious at a time, but
unconscious processors can operate
in parallel.

In CTS, Consciousness publishes a
single idea (coalition of information)
at a time, although it may be rich.

But lots of processing happens in
parallel, in various modules, and in
each individual codelet (aithough this
parallelism is somewhat simulated,
due to technical restrictions).
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In Baars’ GW Theory

In CTS

The cognitive cycle is an hypothesis
set forth in IDA (Baars and Franklin,
2003) to better explain the multiple
operations happening in the brain.
Moreover, it is organized to preserve
consciousness seriality by putting
conscious broadcast as a specific
step within it. But the cycle is not part
of Baars GW theory in itself. Never-
theless, it has been kept from IDA as
it offers a much better understanding
of the theory and of the brains opera-
tions.

The highly structured and internally consistent nature of conscious ideas

In Baars’ GW Theory

In CTS

Selective attention always involves a
densely coherent stream of events.
We never mix up two streams of
speech with different contents, or
even with different vocal quality. It is
generally true that conscious experi-
ences are internally consistent.

In CTS, percepts are naturally struc-
tured and consistent since the Per-
ception Network has been designed
s0, thus the coalitions that are
formed from them. Coalitions may
evolve and enrich from what is sup-
plied by various modules; rules have
been set to specify how information
codelets may attach, preserving
structure and consistency.

There is a deep level of context that is stable and guides all other processes:

the Self

In Baars’ GW Theory

In CTS

Self refers to the deepest levels of
context: the basic intentions and
expectations we have toward the
world, ourselves and each other. It is
a framework that remains largely

The Self is implemented in part in
CTS’ Feelings and Desires. Partly
formed by innate dispositions, partly
by past experiences and their out-
come, it also exists in the form of
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In Baars’ GW Theory

In CTS

stable across many different life
situations and guides our lives.
Largely unconscious, it nonetheless
profoundly shapes our conscious
thoughts and experiences. Different
levels of self seem to work together.

links and their strength in the BN,
and in base-level activation of the BN
nodes. Innate dispositions are atti-
tudes put in place within the Feelings
(specific sensitivity to some events)
by the system’s designer, or eventu-
ally by auto-adjustment.

Voluntary and involuntary attention

In Baars’ GW Theory

InCTS

Most shifts of attention are not under
moment-to-moment voluntary con-
trol. Mismatch-detection may trigger
our attentional mechanism to direct
the surprising event to conscious-
ness.

But one may willingly decide to priori-
tize some source or some type of
information, in other words, to focus
one's attention to it.

Involuntary attention happens in CTS
in each single cycle from the natural
selection of the most activated coali-
tion in WM, eventually coming from
the action of an expectation codelet
that suddenly puts some strong
piece of information into WM.

Voluntary attention is created with
short-lived attention codelets sent by
a Behavior or by some metacognition
codelet. They will eventually rein-
force a coalition corresponding to
some piece of information they moni-
tor in WM.

Functions of consciousness:

Creating access to unconscious resources

Something put into CTS' Working Memory may be selected by the Spotlight

Manager (the Attention mechanism) and broadcast to all codelets and periph-

eral modules by the Access Consciousness. This is the only way to voluntarily

send information to otherwise unreachable codelets. So, the “unconscious”

resources become aware of the information by its “coming to Consciousness”.
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Prioritizing
The items of information that exist in WM as coalitions (or assemble there)
add their activation (their importance) to the central node of their coalition.
Their importance is key to being selected for broadcasting. Additional activa-
tion may come from an attention codelet that joins a specific coalition, aug-
menting is importance, thus the probability that it will be selected before other
coalitions. The activation level of a coalition is how information is prioritized,

and this is what happens in Working Memory with the competition among coa-
litions.

Using unconscious error-detection and correcting defective perceptions

Some of this error-detection is accomplished by expectation codelets, watch-
ing the outcomes, determining if they corresponds to what was expected. If
there is mismatch, they put an information codelet about their observation into
WM.

Another part of error-detection is made by attention codelets noticing prob-
lematic situations such as when some information element returned by De-
clarative Memory has no relation to the current context. Metacognition
codelets also do error-detection and eventually cause plans editing. One of
them may observe, for instance, that the same plan, or the same strategy, has
been used more than once in the current situation without success, indicative
of the need for a repair in the assumptions of the system or the inference
process. Metacognition codelets are not currently implemented, but are part of
planned additions. The remainder of this function will be accomplished by the
natural “clean-up” function offered by Declarative Memories: the associations
that are returned by the Sparse Distributed Memory (the algorithm used to
create our Transient Episodic Memory) do some fill-in-the-blanks, returning
prototypical or "averaged" information which can be used to replace partial or
corrupted information that it received as input (this kind of behavior is part of
Kanerva’s ideas). An aspect that is not accomplished in our architecture is the

clean-up that normally takes place during perception, giving meaning to the
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stimulus if it can be recognized, or finding the closest match. CTS’ environ-

ment being fixed in nature, we did not need to concern ourselves with this.
Problem-solving and plans editing

Our BN finds the best available way to solve a problem (react to the situation
or act upon what is believed about the future) thanks to the information it itera-
tively receives from the Consciousness publications. This broadcasting organ
also serves to solicit collaboration from peripheral modules so that they send
needed information or do processing required to fix a problematic situation.
For example, the Domain Expert sends the appropriate hint's content so that
CTS may take care of the astronaut’s inactivity. Another form of problem-
solving is the interactive, on-line building of a delivery (presentation) plan,
when CTS is asked by the astronaut to do some teaching on some concept.
Initial design for a BN stream has been made for such a stream; its principles

have been presented in Dubois (2005).

“Soft” plans editing is done, for some part, in deliberations: iterations of publi-
cations-responses supply the needed specifics for the interventions. Plans ed-
iting also comes by the learning in Behavior nodes base-level activation (plans
that do not work get weaker). But stronger plans editing is considered, and
would be implemented in a collection of streams in the BN.

Adapting mental structures for learning

This adaptation refers to the time needed for declarative memory structures to
reshape to accommodate new material. Without consciousness, which cre-
ates a stable and “durable” information, learning would not have the chance to
occur, at least not for very different information. This role is hidden within the
broadcasting in our architecture: learning in declarative memories only hap-
pens from what is broadcast; what is fed to them directly from WM only serves

for the recall of the associations, not for learning anything.
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Reflection, self-monitoring and executive control

Reflection is present in CTS’ deliberations, where the agent becomes aware
of concepts and ideas that show up in its Working Memory from various
sources, including from attention codelets that try to bring up to conscious-
ness things they notice. In some way, it resembles the inner voice that we ex-
perience and use to discuss with ourselves. Self-monitoring is accomplished
by the metacognitive codelets that keep analyzing the agent's functioning. Ex-
ecutive control is present in the Feelings/Desires that drive the BN; it is found
also in the innate attention codelets, and in the orientation of the Attention
mechanism by temporary attention codelets that can be released by the BN to

bias information selection.
Creating the context for understanding

Context is unconscious, but is brought about thanks to the conscious publica-
tions. CTS’ Access Consciousness publishes information that makes all mod-
ules aware of the situation. Traces of this broadcast appear everywhere in the
architecture: as States in the BN, in the statistics updated in the LKM, in the
tracking made by the Domain Expert. These "priming" events influence which
codelets will become active next. Consciousness also creates context by the
coalitions growing complex, that is, include many aspects of the situation: the
context. In this way, when broadcast, a whole context is presented to the lis-
tening codelets and modules.

Optimizing the trade-off between organization and flexibility

As long as available plans (in the BN) and solutions work, the optimized un-
conscious processes keep going. If unexpected results happen, though, new
solutions are sought, either within the BN, or through plan repairs and modifi-
cations (not implemented yet in CTS, but feasible). Also, feedback to Behavior
nodes by expectation codelets reinforce successful acts and tend to favor so-
lutions that work. Metacognition codelets (none have been implemented yet)
noticing difficulties (through conscious broadcastings) with a plan may do mi-
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nor plan repairs, or request that deeper analyses be conducted. They may re-
quest that plan reparation streams (not designed, but feasible) be put to work
to adapt the plans.

¢ Recruiting and controlling actions (James' ideomotor theory)

This point resembles the recruiting of resources, but brings the idea that any
idea (internal proposal) for an action that comes to mind (to consciousness) is
acted upon unless it provokes some opposing idea or some counter proposal.
James gives an illustration of not wanting to get out of bed and blocking this
act, until the mind gets wandering about the load of the day and suddenly, one
realizes that he got out of bed, as the automatic morning action. Volition (vol-
untary orientation of actions) has stopped blocking the automatic response to
planning the day while in bed. We have implemented that portion of the ideo-
motor theory with inhibitions in the BN, and with codelets opposing a proposi-
tion during deliberations.

In summary, | conclude that CTS does implement most of Baars’ theory, even

if some aspects are part of future works.

7.2.2 Validating CTS against some behaviors that are expected from a tutor

7.2.21 Indications received from the CSA's specialist

What is expected from CTS has been dictated by an analytical evaluation from
a Canadian Space Agency specialist, Mr. Leo Hartman. He has been presented a
mock-up of the proposed prototype for CTS. His observations have been taken into
account when elaborating the behaviors available to CTS and its user interface.

Comments referring exclusively to the simulator are not presented here, which may
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give a false impression that he commented almost exclusively on the user interface.

Relevant comments can be summarized as:
o Keep text boxes short; do not offer lengthy commentaries.
e Offer a recap after an exercise.
e Use a friendly style; do not use a literary style or to polite preambles.

¢ Do not insist on helping or offering orientation after the astronaut has been
given the option to say “No, thanks!” Do not pursue the intervention to offer

any "very interesting" supplementary tip.

e |f the astronaut says “No, | do not want help”, he really means it. Give him the

chance to express himself about this, and respect his wishes.
e Choice boxes need to be perfectly adapted to the context.

o The astronaut needs to be able to "play" with the Station and examine the

situation from any angle.

7. 25252 Indications inferred from field observations

Field observation of astronauts’ training also gave me many precious indica-
tions on how actual tutors ought to behave, what type of intervention they put for-
ward, and when they chose to remain silent. Four excerpts of the interactions appear
in Appendix D. They illustrate the kind of notes that | took; not all principles enunci-

ated below can be illustrated by this subset. Some of these principles are:
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Table 7-1 Behaviors observed from human tutors at the Canadian Space

Agency.
Behavior observed Related Implementa-
excerpt(s) tion
Feedbacks, even words of encouragement, are 1and 4 In future works
offered in a very calm tone.
When the astronaut pauses for some time, the tu- 3 Implemented,
tor tries to determine the source of the problem. except for
The tutor either has an idea of the problem the "looking at
astronaut locked himself into, or looks at his face to learner's face"
try to evaluate what is happening in his mind, or
asks straight out for clarifications.
When the astronaut moves Canadarm2 too close none Implemented
to a Station’s structure, the tutor does not point it (ina BN
out at the outset, but rather hints at the impending
stream)

problem.
The tutor does not always react when he detects a 2 Implemented
problem. His behavior indicates that he sometimes (see by

¢ i A sce- (with simu-
;\;:Irt\llz;eiz that it would be beneficial to wait before nario 2) liitbd Leamst

9 Model)
When the astronaut makes several trips back-and- none Soon
forth to the scaled-down model of the Space Sta- ; .
tion behind him, the tutor understands that the as- (ng da;::g;on
tronauts has a difficulty with understanding the
current views.
There is plenty of supportive feedback, probably to 4 Implemented
create an immediate reinforcement of good think- (not dem- (ina BN
ing and appropriate maneuvering (implemented but
: : onstrated stream)
not demonstrated in the presented scenarios). (ex- | .
in scenar-

cerpt 4) ios)

There is always recapitulation at the end of an ex-
ercise, pointing out good thinking, well-done ma-
neuvers, and mistakes with suggestions for a
better performance next time.

1

In future works

(required TEM
and more ma-
terial in DE)
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Behavior observed Related Implementa-
excerpt(s) ~ tion
Teaching and tutoring of the astronauts use scaf- none In future works
folding within and over many lessons (tutors pre- (required more
sent gradually more complex concepts and SHEANE Ja
maneuvers that use previously learned material). s ma’t il
in DE)
The coaching offers much help in the first attempts, none In future works
and progrgssuve|y reduces.:_;upport when the astro- (requires LKM,
nauts manifests the capability to do more, or faster, orattariing
without mistake. ol ity
more complex
BN streams)
Manipulating the physical objects is very helpful 3 Implemented
and strongly recommended. (partly (uses a virtual
observ- camera of the
able there) simulator)

7.2.3 Comparison of CTS' performances to CSA's specialist recommendations

and field observations

CTS has been submitted to the scenarios set out in section 5.4. Its reactions

demonstrate that, even in its prototype state, it makes correct use of the strategies

that have been incorporated in it: detecting unwarranted silences or inactivity, using

progressive hinting, and refraining from intervening when it is better not to. Although

humans do that kind of thing all the time, it is not so straightforward to accomplish it

right. Some human tutors talk too much, some offer too much help when they should

just give a few hints. Some intervene all the time, or conversely do not offer enough

support.
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The initial trials of CTS show that it reacts in the expected ways when submit-
ted to the proposed situations. It is able to choose an appropriate action when it de-
tects inactivity on the astronaut's part. For that, it makes use of the cause proposed
by the Learner Model; if it cannot think of a reason for the silence (the sub-modules
of the Learner Model supply no probable cause), and if the idea of intervening does
not get opposed, then it makes an offer for help (Figure 37), which will then be fol-
lowed by choices if the astronaut accepts. Since the LM is still under development, it
has been simulated. But when it becomes available, | am confident that the architec-

ture will process its richer contributions correctly.
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Figure 37 When CTS cannot think of a cause, it simply offers help (if the idea of in-
tervening is not opposed during the deliberation). If the astronaut accepts, then choices
are offered for selecting the help desired.
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CTS also detects incorrect procedures and gives feedback that solicits the as-
tronaut's metacognitive thinking. CTS can choose the appropriate way for giving
feedback among those available: hinting (Figure 38), stating the fact, highlighting the
problematic element on screen, or replaying the last maneuver. Here, again, the
Learner Model has been simulated, but information returned by the stubs has been
properly used by the rest of the architecture.

CTS is also capable of diagnosing a situation. Its primary mechanism for this,
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Figure 38 CTS reacts to an incorrect procedure. Here, the astronaut started moving
Canadarm2 before creating all the necessary views on the three monitors. Admittedly, the
help windows presented could use some polishing with choices like «No», «Why do you
ask?». In any case, if the astronaut does not answer this message by adopting the needed
corrections, CTS presents a more specific hint, then the plain fact, and, if nothing helps, the
appropriate operation. Four levels of hints are the current remediation available.
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the Learner Model, still under development, is complemented by an interactive diag-
nosis sequences found in the Behavior Network. One has been elaborated for diag-
nosing and remediating proximity situations (see Appendix F). It performs quite well,
reorienting the line of questioning and the actions proposed on the basis of the as-
tronaut's answers. The publications (the elected information becoming conscious)

set properly the context in the BN.

These simple evaluations demonstrate CTS capability to take into account
many sources of information, to combine their specialized abilities and prioritize what
occupies its Working Memory. They also demonstrate its ability to choose an action
appropriate to the context, deliberate to adapt the intervention, and even decide
whether it should intervene or remain silent. The agent's resulting behavior emerges

as a natural process that even incorporates intuitive processing.



Chapter 8

CONCLUSIONS AND FUTURE WORK

8.1 CONTRIBUTIONS OF THIS RESEARCH

| believe the results of my research efforts contribute both to cognitive sciences

and to the field of artificial intelligence in education (AIED). In particular, it should be

of interest as:

e

a new implementation of Baars' theory (we completely reimplemented
IDA), presenting at the same time an exploration of other ways to im-

plement Franklin's ideas.

a new cognitive tutor infrastructure with an architecture based on a the-
ory of cognition that incorporates an explicit consciousness mechanism
as its core. It offers an exploratory tool for cognitive scientists (mostly
for philosophers, psychologists, linguists) and an alternative platform for
ITS designers to build cognitive tutors. This is a significant contribution

in AIED field where current cognitive tutors are all based on ACT-R.

a framework for developing other "conscious" cognitive agents with new
insights about how to think about and use a cognitive architecture. This
opens the door for other agents and other applications to make use of
the most powerful adaptive means human kind exhibits: consciousness.
Its modular architecture should be of interest to learning systems de-

signers.
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4. a project that already offered opportunities to many students for learn-
ing, for gaining experience in research and obtaining their diplomas; a

project that offers many open avenues for other researches.

The second point deserves a few lines here, as it has rather been left alone in
my document. Indeed, | find myself very excited at the prospect that ITS designers
may use CTS as a foundation to be completed and extended. The reasons | see for
them doing so is that the architecture offers a powerful holistic approach to analyses,
adaptation and planning. CTS' decision processes and actions can take into account
multiple factors naturally: learner state in its varied facets (knowledge, learning
trends, psychological profile, mood and emotions), tutoring knowledge, and CTS
goals as a proficient tutor that wishes to pursue the objectives of the pedagogical
theory he currently "believes" in. Its parallel processing of all the aspects, their itera-
tive addition through deliberation and their combination in Working Memory make for
a rich decision process that is very flexible, very adaptive. The prioritization accom-
plished by the Attention mechanism helps cut through too various possible actions,

through too much information, and concentrate on what is of paramount importance.

Without the capacity to learn and improve, a tutor may become very annoying
to learners, with unavoidable twitches and irritating personality traits. Happily, CTS
can learn and can adapt to the context. Attention and metacognitive codelets make it
relatively easy to add and refine specific behaviors, even if CTS does not yet have a
full-blown transformation mechanism for its Behavior Network, with only "soft" adap-
tation capabilities. The Feelings can be easily molded to support new attitudes, new
personalities. Its modularity permits the addition of new capabilities that may be de-
veloped and perfected separately, for instance new processing options based on
supplemental pedagogical theories.

When | start elaborating on the potential of the architecture, my mind becomes
on fire and | can easily get carried away. Much work remains to be done, even just to
complete the cognitive architecture and to enrich the pedagogical capabilities, and

even more to reach this architecture's full potential. But | perceive these as very mo-
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tivating prospects. | know | will witness this framework becoming a better tool, and

CTS progressively turning into a convincing interlocutor. | have a strong desire of

offering a cognitively interesting architecture, a framework for powerful agents, and

reusable facilities for new levels of tutoring systems.

Here is a list of works | intend to pursue in the coming months (and years!):

Making CTS application to astronauts training more powerful

Adding more conceptual nodes in the Perception Network (PN) and enrich the

formal grammar accordingly.

Designing exercises that can be used autonomously or as remediation follow-

ing a diagnosis.
Completing the diagnosing streams, and adding new ones.

Elaborating more capabilities in the Behavior Network (BN), such as affective
support, flexible textual interactions, styles and tone for these interactions, a
variety of personalities, and developing the existing prototype's streams. More
pedagogical strategy streams have to be created, with some dedicated to the
delivery of the subject matter. Multiple pedagogical theory streams are also
needed, with capability to take charge when a theory is declared ineffective by
a metacognitive codelet.

Creating the linkage to an ontology of pedagogical theories so that the BN can

be validated while it is being designed or while it auto-adapts.

Augmenting the simulator so that it sends more information and becomes able
to offer more services to CTS (highlighting objects on the monitors or aspects
of the user interface, replaying sequences of actions, presenting exercises
generated on-the-fly by CTS, etc.).

Augmenting the simulator for analysis of the views selected by the astronaut.
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Adaptation capabilities

Implementing metacognitive codelets to modulate, modify and correct the

agent's behaviors.

Adding metacognitive codelets that do analysis for temporal pattern recogni-
tion.

Designing and implementing the capacity for CTS to modify its BN with new
nodes following an analysis by metacognition codelets (for instance).

Adding more concepts and generalization capabilities to the Perception Mod-

ule; examining how LIDA's slipnet capabilities could be inserted.
Adding the Transient Episodic Memory module, currently under development.
Designing and implementing emotion capabilities for CTS.

Adding some user interface widgets that would allow the user to express its
reactions to the latest intervention, or how he now feels about the task (so that

CTS may take appropriate action, pedagogical or affective).

Perception Module

Examining the linkage of the Perception Network to the Declarative Memories.

Tools to make CTS a framework for "conscious” cognitive agents

Preparing specifications and methodologies for the application of the agent to
a new field. For instance, how one does disseminates the expert knowledge
throughout the architecture (in the BN, in the Learner Model (which one could
call more generally User Model), in the Domain Expert, in the attention
codelets of the various types).

Improving the actual BN Editor's capabilities and services (ex.: complete link-

age to CTS actual code, automatic generation of codelets, libraries of reus-
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able codelets), and developing formal and uniform specifications for
codelet/class naming, for usable fields (and their role in the codelet), etc.

¢ Developing a way to automatically create parts of the BN from learning theo-
ries ontologies; this may lead to muiti-strategy tutors that can switch from one

instructional theory to another in the same learning session.

¢ Developing a tool that allows one to see and analyze BN's reactions and state

in correspondence to the conscious broadcasts.
¢ Creating a mechanism that would allow CTS to explain its decisions.

e Augmenting the BN with management features such as specification of per-
sonality profiles (groups of parameters for the Feeling nodes), analysis of
consistency, lists of States with their connections, etc.

o Writing specifications that indicate how and in what form modules receive
publications from the Access Consciousness, how and in what form they are

expected to react and respond.

o Specify an open standard for the Learner Model so that it becomes easy to

connect to existing models or import them.

8.2 SCALABILITY OF THE ARCHITECTURE

This point is of interest since | claimed that complexity is the beast to tame
when considering a tutoring agent (or any agent with human capacities, for that mat-
ter). Can CTS' architecture take the load of an ever richer BN? Won't it get bogged
down by many modules sending information? Can it really consider the multiple as-

pects of a situation?

The initial works are encouraging but call for some caution. The BN is, in part,
a rule-based system and, as such, meets the same difficulties of rules complexity.
However, since the analysis is distributed over different specialized structures and

modules, the rules may not need to get as complex. Metacognitive codelets could be
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created to alleviate the need for human designers involvement: they could analyze
CTS performances and its internal operations and then bring changes to the BN,
either on States, or on precondition links, or on effect links, or in the Behavior nodes.

Now, this partial answer may in fact just move the difficulties to a new focus:
how do we reassemble the pieces of more distributed and complex analyses? My
answer to this is that the principles of the architecture, mainly the convergence of the
information to Working Memory and the coalitions creation, assure that the bits and
pieces get together automatically. Each piece of information sent by a module joins

the coalition that stimulated the reaction. So, there can be no confusion there.

So, if the basic mechanisms are designed correctly, CTS should be able to be-
come a multi-talented expert with some social graces too.

8.3 REUSABILITY OF THE ARCHITECTURE

How easy is it to reuse CTS and apply it to another field? How feasible does it
come for ordinary people? | see its reuse as quite feasible, especially when some of
the items enumerated in the "Future works" section will have been accomplished to
facilitate the manipulation of the architecture.

Some of the mechanisms are completely generic: Working Memory, coalitions
creation, selection by the Attention mechanism, broadcasting. Some mechanisms
are generic as a shell but need a field-specific content: the BN structure is generic,
and some of its streams can be reused, especially if they have been designed as
generic Behaviors or as partially specified actions. For instance, the hinting stream
can be reused for any field of application, as it has been created to rely on the Do-
main Expert for the content it will display. But the General Help stream is very field
specific. In future works, | will base the design of the Learner Model on open stan-
dards and look for a generic core that can be extended to correspond to specific
needs.
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8.4 IS THERE A FUTURE FOR THIS FUNCTIONAL APPROACH?

Asking this last question after years of research and development is troubling.
In my opinion, there is a trend towards more biologically-oriented architectures. But
these are further away for general use. It will take good tools that insulate the de-
signers from the intricacies of undecipherable neural networks and "chemical” bonds.
| think CTS-like architectures have a pretty long future ahead of them because they

are accessible to a wider public, being partly symbol-based.

We still do not understand most of the human body functioning. Bio-chemists
still try to unravel some aspects of the myriad of the body's enzymes and other com-
pounds. Neuroscientists are still baffled by much of the brain. Functional and hybrid
architectures have the potential of offering much of the macro-level advantages of
biological mechanisms without waiting for our full understanding of the human body

and mind complexities.
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APPENDIX D
A FEW EXAMPLES TAKEN FROM TUTORING SESSIONS

WITNESSED AT THE CANADIAN SPACE AGENCY

In the following transcripts | made of the coaching sessions on the simulator, |

call the astronaut “A” and the tutor “T".

Excerpt 1

In this interaction, we can see that initial coaching is about basic concepts, and that
the astronaut is tightly conducted through the necessary reasonings. Even if the
astronaut offers a good answer, the tutor takes the opportunity to remind the as-
tronaut of alternatives. Once the goal has been reached to the satisfaction of the
tutor, he makes explicit what was good and well done by the astronaut.

T: On the simulator, T creates three views (one per monitor) and asks A to evaluate
the distance between two specified points (LEE tip and a nearby Space Station
module.

T: After receiving an answer, he asks A «Which view is most useful for the task?»
A: points at one of the monitors.

T: «Good. | like what you did: using your fingers to...»

T: «One other thing you could do is [...]»

A: explains his line of reasoning, why he made that choice.

T: gives other hints about what could have be used.

T: Then, T concludes «Excellent. You used [...] to obtain [...]»
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Excerpt 2: Operating the Portable Computer System (PCS) and the Display and
Control Panel (DCP)

This excerpt shows that there can be quite a bit of “practical theory” presented

during a field training.

—

- -4 > -

: Announces the general content of the session, then presents a detailed overview.
: Describes PCS’ interface, which is the output means for the DCP. He explains
that A has to decide what he wants to appear on the PCS, and where.

: Poses questions about the buttons, and the possible commands that can be cre-
ated here;

: Explains the rules that need to be respected, operations preliminary to operating
cameras. The he asks:

: «Where would you go to see the last system message?»
: presses the appropriate button on the PCS.
: «Excellent»

: explains the content of the evens log, where messages come from (ex. : mes-
sages transferred by the physical equipments, such as ASK, ACCEPTED,
COMPLETED).

: suggests how to keep the log window always visible ; he also points out which
information need always be visible on screen.

: lists the steps to follow, then points with his finger to the next step on the paper
list nearby the right monitor (orienting the astronaut’s first steps in such a proce-
dure)

: asks A to find on the DCP what button would obtain some specific information.
: presents and explains the MSS operations check-list.
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Excerpt 3:

We see here that the tutor may use silence as a mean of letting the astronaut under-
stand what he proposed in incorrect. The tutor may also detect that the astronaut’s
answer is taking time to come, indicative of the need for a helping hand. It also

shows that sometimes, after an exercise, the tutors make jokes.

T : «Now, | would like you to effectuate a rotation of the LEE»

A : suggest a maneuver to accomplish this, but it is incorrect. T remains silent, not
reacting to the answer. The astronaut understands he needs to reevaluate his
answer. But he cannot offer any better way.

T : Not receiving any new suggestion, T brings out a set of arrows representing the
coordinate system, along with a mock-up of Canadarm2’s Hand. A will be able to
see in 3D, in "real" how things look. This seems to enlighten him.

T : After the maneuver is successful, T looks at one of the simulator's monitors show-
ing space and says, very seriously: «Now, for an extra credit, what is the name of the
star at the center of the aim?» Then he starts laughing and says «lt's a joke!». A
starts laughing.
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Excerpt 4: Hinting

Often, the tutor will not come out with the correct answer; he will rather try to suggest
that there is a mistake, or offer a hint to bring the astronaut to understand there is

something missing.

T : «Now, a straight Station Forward in ISSACS.» ISSACS is one of many coordinate
systems used around the Space Station.

: «Easy. A simple X motion.»
: «Right. Now, what would it be in Internal coordinates?»

: suggests an incomplete answer.

=4 > 4 >

: «Feel free to use the axes model.» (Visibly, A really needs to manipulate the
physical model at this point). «Basically, you have to align the Y axis to O.»

-

: «Nicely done. Excellent.»

In summary, we can see that the tutors prefer to use hinting that offering the
right answer straight out. They sometimes use silence as an implicit hint. Sometimes,
just a short bit of theory is plugged at an appropriate moment. And they offer plenty

of feedback, mostly as positive reinforcement.
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THE INTERACTIVE DIAGNOSIS STREAM - MIDDLE PART
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THE INTERACTIVE DIAGNOSIS STREAM - UPPER PART
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