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Abstract—The Hierarchical Segmentation Theory is about
how Human operators process objects, events and actions
through cognitive processes that start from segmentation
external inputs to decision making by the use of the
mathematical formalism developed as Generalized Galois
Lattices Air Control Interfaces are computed on line for
determining the attentional and cognitive levels of complexity
that affect cognitive load (attention and memory) and decision-
making. The complexity and efficiency metrics help making
predictions about the increasing of complexity, and help
designing more safety interfaces for risky management of Air
Control Procedures.

Experimental designs for evaluating how much the
Hierarchical Segmentation Model predicts cognitive load of Air
Traffic controllers [6] includes the measurement of complexity
at different states, the making of simpler situation (changing
attributes of interfaces or number of events to be processed) and
collecting data from change blindness experiments and from
eyes movements

Such methods are adapted for virtual environments and
augmented reality devices for which it is simple to change the
distribution of features over categories. For real world objects,
and human operators that operate on them, the online
computation allows a survey of the complexity level and a
“simplify it first” planning of operations.

Index Terms— Human factors, Air Traffic Control, attention
and decision-making, Cognitive load, Complexity metrics,
Generalized Galois Lattices.
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 . SOLVING INATTENTIONAL BLINDNESS AND COGNITIVE
LOAD OF AIR TRAFFIC CONTROLLERS

he decision-making of air traffic controllers are about
events in which they participate and is under the

dependence of the attention paid to these events and to the
objects (e.g., aircrafts and their attributes) that have attributes
that are changed through the events, subjected to the
distribution of the allocated attention on all objects and
procedures of Air-Traffic Control. Thus the starting point of
Air control is the hierarchical segmentation of air control
events and the grouping and differentiation of objects between
and within events. It follows that certain objects can be
subjected to late or inadequate decision-makings because they
were not processed at the attentional level in an adequate way,
a carelessness that does not come from the own attributes of
events and objects, but of the way attributes are distributed of
the whole sets of events and of objects.

By modeling the distribution of the attributes and the
perceptual groupings of events and of event’ objects that result
from this distribution, we predict attention and cognitive load
with metrics that we derived from Generalized Galois Lattice
[1, 2], a mathematical formalism [3, 4] we adapted for the
modeling of Human Contextual Perception and Categorization
[5, 6, 7], and now to Air Traffic Controlling [8].

We are first evaluating how much the Hierarchical
Segmentation Model predicts cognitive load of Air Traffic
controllers [8]. This includes the measurement of complexity
at different states, the making of simpler situations (changing
attributes of interfaces or number of events to be processed)
and collecting data from change blindness experiments, as in
[9] and from eyes movements. Second step is the on line
measurement of complexity and of efficiency of displays while
Air Controlling. Third step is the conception of an alert
system of how much the controlling is under or above
attention and cognitive load level, and to indicate which of the
events and objects are of the most weight in complexity and
how much less complex would be the whole situation if these
events were to be solved. Fourth step, is about the use of
augmented reality to raise the objects which are likely to be
inattentively masked because of the too weak attention
allowance which is carried to them. Finally, the use of new
devices must be also ensured of the discriminating effect of
virtual indicators, not to introduce new masking effects.

Reducing cognitive load of air traffic controllers
through the modeling of the hierarchical

segmentation of inputs
E. Pinska, C. Tijus, F. Jouen, S. Poitrenaud & E. Zibetti
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I. THE HIERARCHICAL SEGMENTATION OF
SENSORY INFORMATION

To be analyzed, any sensory information processed by the
perceptive mechanisms must be segmented. In the field of
visual perception, various approaches account for processes of
segmentation of information that lead to the internal
representation of the perceived scene. A first approach is the
features integration theory of [10, 11], the model of guided
search [12, 13], and the model based on features localization
[14, 15]. For these features integration based models, the early
processing of information is carried out in two successive
stages, which correspond to the pre-attentive and attentive
stages proposed by [16]. At the first stage the basic features of
objects (shape, color, orientation...) are coded in an
independent and parallel way by specialized but central
processing units. At the second stage, the structural unit of
each object is built, thanks to the synthesis of the separately
coded features, through a hierarchy of categorical features.

A second approach corresponds to a synthetic point of
view. Various work highlighted the appearance of groupings
of features at the time of the segmentation of visual
information [17]. Models based on the coexistence of the two
modes of segmentation on the same levels of processing were
recently proposed [18, 19]. Nevertheless, these models meet
all the same difficulty: to integrate, at the same stage of
processing, the production of units of segmentation based on
features that produces a hierarchy of both features and of
objects.

Space representation of color
(low-level dimension)

Space representation of shape
(high-level dimension)

Space representation of bar
(high-level dimension)

Space representation of shape
(high-level dimension)

Fig. 1. The hierarchy of processing of dimensions (color before shape: bars
and geometrical figures) provides a better features integration of dependent

dimensions (color and shape) that for independent dimensions (bars and
shape). Localization is present at all the hierarchical levels of processing.

The Hierarchical Segmentation MODEL (HSM), as a third
approach, which is currently developed in collaboration with
Adam Reeves of the Vision Laboratory of North Eastern
University [9] is a more general and integrative theory: the
extraction and segmentation of perceptual dimensions are
treated on a hierarchical basis, except for the space localization
which is treated with each level of extraction of other
perceptual dimensions. The methods of segmentation of the
values of each dimension (horizontal segmentation on the
whole of the visual field) depend, on the one hand, of the
position in the hierarchy of extraction (the color is processed
before shape, and on the other hand on the Galois lattice
organization of the values of these dimensions. The final
segmentation (vertical, multidimensional segmentation)

results from the superposition in space of each of the
perceptual dimension present in the visual scene.

II. THE HIERARCHICAL SEGMENTATION OF EVENTS
For instance, air traffic controllers are managing actions:

aircrafts operated by individual pilots, moving in different
directions at different altitudes and with different destinations,
without losing track of any, keeping them on course and on
time, and not letting any of them collide, or even violate the
several very strict rules on altitude and distance separation. Air
Traffic Control (ATC) is a complex task that several studies
have investigated [20, 21].

Although people seem to perceive action immediately and
directly, it is actually a complex process. The observer needs
to segment and organize a successive continuous stream of
events into discrete units (i.e. actions).

The result of this segmentation is that people perceive
stream of events as consisting of discrete perceptual units of
actions, each of which is a segment of time at a given location
that is perceived to have a beginning and an end : breakpoint
[22, 23].

Observers segment filmed events sequences at moments of
action definition. For instance, in a film of a hand setting
down a cup, participants generally chose to insert a breakpoint
at the moment when the hand releases the cup [22]. But not
everyone breaks down streams of events into the same series
of discrete actions. The breakdown can be more or less fine-
grained, depending on the subject and the situation. For
instance more participants saw a video, the larger are the
segments into which they divided it (Heft 1996), or the
occurrence of an unexpected or incongruous sequence of events
results in participants operating a finer-grained segmentation
[22, 25].

Nonetheless, it has been established that there is some
degree of between subject coherence in different breakdowns. It
has been found that the units defined by participants asked to
operate a fine segmentation fell loosely within the boundaries
of the larger units defined by participants instructed to identify
gross units [22], As for within subject comparisons, it has
been found that the smaller units participants first identified
nested loosely into the boundaries of the larger units they
identified later 524]. Therefore familiarity is considered a
relevant factor: fine- and coarse-grained segmentations align
more significantly when a videotaped action is familiar
(making a bed, doing the dishes) than when the action is less
familiar (assembling a saxophone, fertilizing house plants)
[23].

In [24], familiarity was acquired through repeated viewing.
In [23], familiarity can be attributed to knowledge structures,
including information about actors’ intentions [26]. In both
cases, acquired knowledge seems to play a role in what these
authors describe as a spontaneous hierarchical effect in on-line
perception. Nevertheless if segmentation can be affected by
top-down effects of knowledge structures, and actors’
intentions, it seems also be based on bottom-up processing of
distinctive sensory characteristics, such as movement features
[26] and objects properties [6]. According [26], movement
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features significantly predicted where participants segmented.
This relationship is stronger when participants identified larger
units than when they identify smaller units, and stronger when
the animations is generated randomly than when they are
generated by goal-directed human activity. According to [6],
the breaking down of streams of events might be generated by
the successive categorization of the objects involved in the
stream of events, accompanied by the successive attribution of
action. Their position is that moments of action definition,
corresponding to breakpoints, are the points at which
categorization intervenes. This categorization, both of objects
and of events, generates inferences through the implication of
categories and is thus responsible for goal attribution and the
emergence of hierarchical structure.

Recently, it has also been found that hierarchical encoding
contributes to observational learning [27]. Hierarchical
encoding, measured by segmentation patterns facilitates
observational learning by organizing perceived actions into a
representation that can serve as an action plan.

III. THE HSM METRICS OF COMPLEXITY
However, for a natural or artificial cognitive system in a

given state, with the resources that can be allocated to, and a
given task: how to measure the complexity a given set of
objects, a given set of events and how to measure the
difference of complexity of two different sets, two different
situations? We are looking for a measure that bypasses the
processing criteria (an object is complex if its processing is
complex) and take into account the external situation.

First, the HST proposal is that it is necessary to know the
set of internal relevant descriptors that could be applied to the
object, from both the knowledge of the natural or artificial
cognitive system and from the task at hand.

Second, knowing the cognitive system, its sensory inputs
and the corresponding internal relevant descriptors, its
perception of components, the allocated resources, and the task
at hand, one would expect a complexity measure that does not
depend mainly on the number elements, but much more on
the number of different elements, thus on the number of
different operations.

Third, complexity being a matter of degree, we are looking
for metrics of complexity that has the following
characteristics:

- to be independent of the object to be evaluated, in such a
way that different sets can be compared for a given cognitive
system, for instance the content of one image vs. the content
of a speech,

- to be independent of the language to be used, given that
the language can be selected according to the description of the
set, the goal of processing and the operations to be done: for
instance, a simple confident but longer computation could be
better than a more complex but approximate computation,

- to provide a unit of complexity as well as a metrics of
complexity and derived metrics: for instance a metrics that
relates complexity with the number of components and
relations.

Fourth, a model of complexity and its corresponding

metrics should provide insight about how to increase or
decrease complexity since science provides tools for changing
real world objects.

The model of complexity we propose is based on
contextual categorization [5]. Categorization is the basic
mechanism of cognition allowing to associate a same response
to a group of examples, but mainly to differentiate among
examples. Categorization is usually associated to long-term
semantic memory [28]. In opposite, contextual categorization
is the making of categories for the current situation in which
each object, or component, is categorized, which means
grouped and differentiated, according to descriptors in long-
term semantic memory but mainly according to the others
objects, or components that form its context.

The metrics derived from the Hierarchical Segmentation
Model, according to the descriptors (features, properties, rules,
procedures,) applied to objects, or components, is based on of
four types of associations: independence (presence of one
descriptor does not allow us to infer presence of the other),
equivalence (presence of one brings about the presence of the
other and vice-versa), exclusion (presence of one precludes the
presence of the other), implication (presence of one brings
about the presence of the other, though the reverse is not
necessarily true).

These associations are computed in the Generalized
Galois Lattices formalism, STONE, developed by [1, 2]. They
are achieved by creating subcategories and, in doing so,
hierarchies of categories. Hierarchies of categories have a
mathematical formalism labeled Galois Lattices [3, 4]. The On
x Dm Boolean matrix, which indicates whether each of n
objects has or not each of m descriptors, enables the creation
of one hierarchy of categories with transitivity, asymmetry and
reflexivity. The maximum number of categories is either 2n-1,
or m if m < 2n-1, given that each meaningful category should
have at least one descriptor, what renders the "combinatorial
explosion" relative to the number of descriptors. The Galois
Lattice is said to be “generalized” because descriptors are of
various types: features, properties, dimension as well as basic
actions, procedures or tasks. The categories form a lattice
whose complexity depends on the way descriptors are
distributed over objects according to the four types of
association.

The metrics of complexity is derived from the lattice. It
provides a measure of the complexity, of the power, and of the
efficiency of a given real world object: that is a system, a
situation, an organization, but also a task or a procedure by
using operations (goal and action) as descriptor of the object.

Complexity
More the description lattice is composed of categories that

behave differently and/or more are numerous the descriptors
that are necessary, more the object is complex. Unit of
complexity is the one couple category-descriptor. Complexity
is defined by the product of the number of categories by the
number of descriptors: COMP.obj = Nc x Nd

Descriptive Power
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Some descriptors are more useful than other because they
apply to many subcategories. Thus, we can define the
usefulness of a descriptor as its power. What is the power of a
descriptor? A descriptor is all the more powerful that it applies
to a great number of categories (its applicability), given the
total number of potential categories to which it could be
applied.

The applicability of a descriptor to categories is defined by
its scope or extension, which means by the number of
categories to which it applies:  EXT.descrip = Nc.descrip

The power of a descriptor reflects the relationship between
its extension and the total number of categories: POW.descrip
= EXT.descrip / Nc

Finally, the power of a description corresponds to the sum
of each description power: POW.obj = ∑ POW.descrip

Efficiency
A description is all the more "efficient" that its complexity

is compensated by its power. We express this efficiency by the
relationship between power and complexity. The efficiency of
a description of an object, EFF.obj = POW.obj / COMP.obj

The value of efficiency of an object reflects its cognitive
complexity: higher is the efficiency value, lesser is the
cognitive cost for processing.

IV. THE HSM PREDICTIONS AIR TRAFFIC CONTROLLERS

As noticed by [29], there is an understandable wish to
measure the complexity of real systems instead than just
models of systems. HCM which is the categorization of
elements according to the others contextual elements is the
computing of the relational links among elements of real
systems according to the distribution of descriptors over the
whole set of elements. This allows metrics for computing
objective complexity and subjective efficiency and methods
for simplifying or complicating the external object at hand.
Such methods are adapted for virtual environments and
augmented reality devices for which it is simple to change the
way features are distributed over categories. For real world
objects, and human operators operating on them, the online
computation allows a survey of the complexity level and a
planning of operations that can be oriented by a “simplify it
first” strategy.

For instance, we would like to know, for a given ATC
procedure, in a given situation, how and what would process
the human controller the two “outside the window” pictures
depicted in figure 2.

As Aircraft parking places is in the procedure (“from look
the picture about where aircrafts are parking” as was given a
novice participant”), HSM predicts the “pop out” of the free
parking place (figure 3-top) as observed with eyes tracking. In
opposite, in figure 3-bottom, HSM predicts more allocation of
attention for the two similar aircrafts.

Fig. 2. The “outside the window” pictures

Fig. 3. Eyes tracking of the two “outside the window” pictures of figure 1,
for one participant having “look the picture about where aircrafts are

parking” statement.
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There is also dynamicity as a property of some external
world objects. For instance, in an external dynamic system,
values of dimensions could change, components can be
deleted, and new components could appear. These changes,
that are not under the control of the cognitive system, could
increase or decrease the complexity of the dynamic system. On
line construction of Generalized Galois Lattices (GGL) allows
the on line evaluation of complexity and the monitoring of
thresholds not to be exceeded. Figure 4 shows four steps in
the evolving GGL of an interface of communication. Such a
online computation of complexity will be used to design an
alert system about situations of exceeding attentional and
cognitive load of Air Traffic Controllers.

STEP 1

STEP 2

STEP 3

STEP 4

Fig. 4. Four steps in a dynamic communication interface and the
corresponding Generalized Galois Lattice with increasing complexity

The hierarchical segmentation for computing complexity in
GGL provides also solution for simplicity. Facing
complexity, usual solution is to reduce the space problem by
deleting components or descriptors.

Hierarchical segmentation theory advocates for carefully
changing the real world object by generalizing the object
features that correspond to descriptors.

For instance, we would like to know, for a given ATC
procedure, in a given situation, how and what would process
the human controller the display depicted in figure 5.

      

Fig. 5. An ATC display (top) and the Eyes tracking of the ATC display  for
one novice participant that put in relation the corresponding features.

V. RUNNING EXPERIMENTS FIRST

According to the HSM, displays used by controllers could
be simplified for ergonomics For instance, [30] used color-
coding as a design intervention meant to mitigate complexity
and aid controllers in safe handling of aircraft. As color
introduced differentiation, more colors should provide more
benefit. This was found for three to six coding colors, but not
for six to nine coding colors, that contribute to errors of
omission. The authors did not provide how they distributed
color to categories of planes. It could be that complexity was
improved. Complexity metrics helps making prediction about
such complexity increasing, and help designing more safety
interfaces of risky management of external objects.

Of interest is the possibility of alerting human operators
about which of the component is a significant contributor of
complexity. Such an online survey would have two effects:
first is to make the human operator paying attention to the
less discriminative component: the one s/he should not
correctly process and thus avoiding errors. This could be done
with the underlining of visual properties: for instance having
this component in 3D.
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Second effect, is about planning. If the operator has to act
on components, then acting on the more problematic case,
would simplified the rest of the task at hand. The “simplify
it” based-planning is one human strategy that could aid human
operators dealing with complex problem. For instance, in
figure 6-bottom, the aircrafts that are sources of complexity are
aircrafts a5 and a6 (according to this set of descriptors).The
Hierarchical Model of Segmentation applied to Air Control
makes it possible to predict some of the characteristics of the
processing of the complex visual scenes. The distribution of
the attention to the events and objects are predicted. The
predictions can be checked with the collection of the ocular
movements at the time of air control.

a1 a2 a3 a4 a5 a6
a 1 1 1
d 1 1 1
g 1 1
b 1 1 1 1

a1 a2 a3 a4 a5 a6
a 1 1
d 1 1 1 1
g 1 1
b 1 1 1 1

Fig. 7. . An academic case of simplifying a test interface: changing the
value of one descriptor of one of its component object greatly simplified the
external object. Top: the test-interface with aircrafts and the corresponding
Boolean matrix and Galois Lattice. Bottom: a similar display with a single
change affecting aircraft a4 that reduces complexity.

In addition, in HSM, stream of events is segmented into
discrete, meaningful units. Units are perceived as partonomic
hierarchies: the shorter and longer sequences are organized into
a part-whole structure. These actions sequences also form a
network of inclusion, in which the relationship of shorter
sequences to longer sequences is that of part to whole.
Analysis of action verb usage enabled us to determine that the
part-whole structure shows goal and subgoal structure, HSM
confirming that the hierarchical organization, as Gibson's
(1979) theory predicts, is composed of nesting sequences.  

These predictions are tested in a series of experiments. First
experiment consists in analyzing characteristics of the
controller screens, predicting the ocular course for beginners
and confronting the results of the predictions with the eyes
tracking. Following this first work, others observations are
from change blindness paradigm to measure attention
allocation as predicted by the HSM (figure 6, figure 7).

Then, we will determine the type and the organization of
visual information to provide in situations of augmented
reality. Experiment 3 is designed to study the role of the task
on the ocular course by comparing controllers to which are
allotted different tasks.

The results of experiments 1 and 2 will provide indicators
on the visual indices to provide in augmented reality
interfaces, supporting the discriminability of information
which is likely to be neglected, especially when the mental
load are high, since in this case the controller reduces the
attention paid to certain aircrafts and certain variables.

Experiments 3, 4, 5 and 6 experiments 3 and 4 duplicate
experiments 1 and 2, but in situation of 3D perception, with
the introduction of visual indices (experiment 5 and 6) by
determining the effect of in-depth differences. Experiments 7
and 8, will be from the video data on the realization of tasks
of control, for measuring how much the changes in displays
affects attention to information. This will be done by coupling
a model of analysis of the task (top-down process) with the
hierarchical model of segmentation (bottom-up process).
Experiment 7 relates to the segmentation of the data.
Experiment 8 relates to the integration of the sequences.

 
Fig. 6. Change Blindness Experiments. Change blindness occurs during an

eye movement but also when brief blank field are placed between
alternating displays of scenes, an original and its modified : the change

become extremely difficult to observe except if it corresponds to the object
being processed.

VI. CONCLUSION

HSM has been applied in perception, problem solving and
device conception [1, 31]. Air Traffic Control might the kind
of dynamic system that can be used for online measure of
complexity. Aircrafts, from the controller task point of view,
have descriptors such sector’s control, next to sector’s control,
altitude, groundspeed, heading, climbing, or descending level,
direction and changing direction, clearances, impacted by
weather, and so on. Such systems, with many descriptors, are
somewhat much more complex than the academic cases we
used in this paper for understanding the principles of the
contextual categorization approach. Their Generalized Galois
Lattices need some simplification rules that are going to be
next implemented. For instance, a rule to be implemented is
as follows: in case of multiple inheritances, increase the value
of links to upperclasses that transmit the more of descriptors.
Such a rule, provide which element is responsible for
complexity, and descriptors that are problematic. As
operations on elements are mainly changing the value of
descriptors, the method also provides the operations that
simplify the external object, while keeping the whole
structure.
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