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ABSTRACT

This paper investigates how the psychological notion of comfort can be useful in the design of robdic systems. A review of
the eisting study of human comfort, espedally regarding its presence in infants, is conducted with the goal being to
determine the relevant characteristics for mapping it onto the robaics domain. Focus is placed on the identification of the
salient features in the environment that affed the comfort level. Factors involved include aurrent state famili arity, working
conditi ons, the amount and location of avail able resources, etc. As part of our newly developed comfort function theory, the
notion of an oljed as a psychological attachment for a roba is also introduced, as espoused in Bowlby's theory of
attachment. The output spaceof the cmfort function and its dependercy on the comfort level are aralyzed. The results of
the derivation of this comfort function are then presented in terms of the impact they have on robdic behavior. Justification
for the use of the acmfort function in the domain of robdics is presented with relevance for real-world operations. Also, a
transformation of the theoretical discusson into a mathematical framework suitable for implementation within a behavior-
based control system is presented. The paper concludes with results of simulation studies and real roba experiments using
the derived comfort function.
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1. MOTIVATION

We all fed comfortable in some @ses and uncomfortable in others. We act self-confidently, without looking for help from
elsawhere, when we fed comfortable. On the other hand, when we have a strong feding of discomfort, we act with
considerable thoroughness are resistant to explore rew things and new places, and look for support in order to increase our
level of comfort. Our behavior is drongly influenced by our level of comfort. Somehow, the external conditions of the
environment we find ourselves in and our own internal state determine this level of comfort. Moreower, as the pgper shows
later, most of the features that affed the level of comfort are such that they refled our percaved degree of safety in the
current environment and the degree of normal functioning of our internal system. In the first case, these are exogenous
variables and include such things as the degreeof familiarity with a current environmental state and the pleasantnessof past
experiences in this date. In the second case, the variables are endogenous snce they describe the internal state of the
system and include such features as hunger, body temperature, pain, etc. Thus, a comfort level describes bath the internal
needs of a system aswell asthe safety of the surrounding environment.

This paper models a comfort function for use in robaics. But what would an autonomous system gain by having a comfort
function mode? First, atruly autonomous system should be apable of remgnizing itsown internal needs and modifying its
behavior appropriately®®. It cannot and should not act identically when it hasafull fuel tank and a nearly empty one. The
world is not deterministic, however, and we @nnot foresee all the events that may occur to a roba. Many of these
unforeseen situations could be aitical and aroba must act quickly with littl e or no time for deliberation. The internal needs
for aroba can be represented through a level of comfort, and a roba can use it in adjusting its behavior with minimal
delay. This paper studies the dfed comfort has on human behavior and attempts to modd parts of it in a robd. Via the
comfort parameter, the behavior of the behavioral control system is connected to the internal needs of the system.

Seandly, the numerous papers in psychology showed that familiarity with an environment and past experiences in it
drastically affed the behavior of many natural systems™ > & 7. In effed, these features represent the safety of the
environment, and our behavior, espedally exploration behavior, is grongly influenced by the safety of the airrent
environment. The cmfort function refleds the degreeof environmental safety and all ows an autonomous g/stem to quickly
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react in unsafe ewvironments. If aroba is in a roomwhere it was many times before and everything is & the roba dways
saw it previoudly, the roba should act with more @nfidence than if something in the room is sgnificantly different from
the robad’ s expedations or when in a complete novel environment.

Thusthe model of a comfort function is direded toward the increase of the survival chances of the autonomous g/stem. The
comfort function can even be used more generally to drive a system towards maximizing its personal comfort level. Just as
animals ek for a more comfortable state within the cnstraints of their environment and their goals, a robaic system
should also maintain a notion of its own comfort level. A roba should operate in such a way as to achieve its goals while
maintaining the maximum possble level of comfort, and as aresult, increasing its own chances of survival.

2. RELATED WORK

Currently, no work on modeling a comfort function for robds is known to the authors of this pgper. However, as thereis a
substantial research on modeling emotions in robdic systems, it might be worthwhil e to explain how the present work is
different from it.

It was suggested in numerous publications that emotions are ore of the mechanisms that help natural systens cope with the
world. As Darwin noted, one of the main functions that emotions carry is to increase the survivability of a system’. The
emotions trigger corresponding reactions in a system in response to critical environmental events. These reactions typically
act in manner that asdsts in surviving the aisis. Often a critical Situation does not allow time for deliberation, and
emotions modulate the behavioral response diredly. Many Al researchers agreethat an autonomous g/stem has to posess
some degree of emotions and a number of emotional inteli gent systems were built® & 12 @9 13 pfeifer  who huilt the
autonomous agents call ed “Fungus eaters’, capable of emulating basic emotions, argues that for the succesul performance
of an autonomous agent requires that it have some emotions®. Moffat et a also argue that emotions are important for
autonomous agents living in an uncertain world with bounded resources’, as emotions are aucia for handling these
limitations. Thiswork actually goes even further and defines a set of emotional requirements that an emotional autonomous
agent should possess One of several properties they define is that emotions dhould react very quickly within a given
environment.

One of the other reasons why emotions appeal to many Al researchers is that they make the system look more natural to
humans, more human-like. Thereis much more in emotions than just an increase of survivability and the performancein a
goal -achievement behavior. According to discrete enotion theory™®, there eists a set of primitive enotions. Their number
varies from one theory to another, but usualy it is asaumed to be from six to twelve. Some of these enotions are: joy,
happiness sadness shame, anger, disgust and fear. Depending on a robad’s task in its world, often the full set of primary
emotions is more than what a roba neels in order to improve its coping with the world strategies. Hence instead of
modeling a full set of primary emotions, the notion of robaic comfort is introduced in this paper. The cmfort level
characterizeswhat aroba fedsregarding its abilit y to cope with the world. The more the roba is sure of its capabiliti es, the
more cmfortable it should fed. In contrast to full emotion modeling the smaller input domain for the comfort function
provides a simpler mechanism for improving roba survival strategy. It also provides a secondary goal to asystem - to try to
maximize its personal comfort level or, in other words, to seek a more mmfortable state. This grategy fits very well within
many existing behavior-based robaic frameworks.

3. PSYCHOLOGICAL MODELS OF COMFORT

There are a number of questions that have to be answered creating a robaic comfort function. Firgt, it is necessary to
identify the input features that affed the cmmfort level. Semnd, the relationship between the comfort level and these
features has to be studied. Third, the range of the comfort function has to be identified. Lastly, the actual relationship
between the omfort level and motor output has to be determined. To answer these questions, the study of psychological
comfort was reviewed. It isimportant to note that the psychological study of comfort that the model in the paper is based
upon does not fully describe the notion of comfort in humans. Comfort as a subjed is too vague and complex, and
moreover, littl e psychological research on this topic was uncovered. Thus, the model presented here is preliminary in the



sense that as comfort is dudied more in psychology their results can be incorporated into the airrently proposed model of
robdic comfort.

One of the main sources of insightsinto the notion of comfort provided the bodk “Distressand Comfort” by Judy Dunn' that
studies comfort and distressin infants. The fact that it was done on infants had its own advantages. In the erly years of a
child it might be easier to reagnize the relationship between the internal and external factors and the degree of comfort or
distress In infants, supposedly, this relationship might be lesscomplicated and less affected by other factors than in adults
whose perception and understanding of theworld are far more developed than in human infants.

3.1. Input domain of the comfort function

Dunn' states that the input features of comfort can be broken into two components. The first component of comfort results
from satisfaction of the infant's primary neals. For example, comfort is most apparent when an infant is provided with
warmth and food immediately after the infant was hungry and cold. All of the input are internal and congtitute the
endogenous component of the mwmfort function.

The second component of the comfort function comes from the external informationof the infant'sworld. It arises from the
interpretation and understanding of the airrent situation. For example, achild in a strange place might fed uncomfortable
than in afamiliar one. On the other hand, if a familiar person (e.g., a parent) is present with the cild, he/she might fed
much more cmfortable. This component is the exogenous component since the information comes from external sources.

Dunn identifies endogenous factors such as hunger, body temperature, pain, and violent or sudden stimulation receved by
any of the infant’s snsors such as eyes, ears, balance and others. It is interesting to note that constant, sow, or rhythmic
changein the stimulation resultsin greater comfort, whereas sudden, unexpeced, or rapid stimulation resuts in discontort.
The abowe list of input features clearly does not present all the possble factors, and should be extended as more studies
bemme avail able.

Factors affeding the exogenous component of comfort are dightly more difficult to characterize. One mgjor factors, as
mentioned abowe, is familiarity — the famili arity with a place a person isin, the familiarity with the people that are around,
the familiarity with the events that are arrently happening. According to Hebb's Discrepancy Theory?, derived for
animals, fear and as a result, discomfort, are evoked by events that are very different or discrepant from previous
experiences. As an extension, Dunn suggests that not only is familiarity with the airrent situation important, but also
whether the past experience with the arrent situation was a pleasant, neutral or unpleasant one'. A well-known state that
consistently brings unpleasant experiences to a person causes drong discomfort by virtue of being in that situation again.
The state as used hereis not necessarily a spatial state, but includes all the relevant environmental characteristics.

Acoording to Stroufe®, an infant brings to the evaluation of any situation a predisposition threshold on whether to react with
pleasure or fear. Thisthreshold is influenced by many factors such as body temperature, familiarity with the people around
and a situation and others as discussed above. One @n suggest that it is equivalent to combining the two components of the
comfort function into one threshold value: the mmfort level.

Research indicates that the mmfort function changes in children with their development’. In the erly stages of life,
immediate dhanges in an infant's physical state play the major role in the overall degreeof comfort. However, as the dild
grows, the cuses for comfort and the degreeto which they affed the dhild usually change. This phenomena, perhaps in
part, can be explained by the growth of familiarity with the world. Asa child develops, more and more of the world beome
familiar to him/her. The situational states where some primary needs are left unsatisfied also beaome more familiar. This
higher degreeof familiarity with a variety of external and internal states causes an overall increase in comfort.

3.2. The objects of attachment or places of the greatest comfort

Bowlby created a theory of attachment® in which he points out that infants asociate cetain individuals with seaurity and
comfort. They use these people as sources of comfort.  In their early years, children want to maintain close proximity to
these people, and the degreeto which they want to maintain this proximity depends on the drcumstances. As Ainsworth
and Bell expresd it>: “the behavioral hallmark of attachment is seeking to gain and to maintain a certain degree of



proximity to the objed of attachment, which ranges from close physical contact under some drcumstances to interaction or
communication across ®me distance under other circumstances.” A good example of an objed of attachment might be a
mother to a child. Very often a child wants to be near his mother in his early years. He uses her as a source of comfort in
dangerous stuations and as a base for further exploration in normal situations. As Ainsworth points out, there is a
difference between the expresson of an attachment and the actual attachment bond. The former may vary depending on the
situation while the later is not dependent on any stimulus but rather describes the true bond between a child and its objed of
attachment. As Bowlby suggested, the strength of an attachment between a baby and its mother is mainly dependent on the
kind of care that the mother gives to her baby*. Thus, every objed of attachment is asociated with an attachment bond
between itsdf and the dild, whereas the force of the attachment is stuationally dependent and is direded toward
decaeasing the distance between the child and its objed of attachment.

The following presents a modification to the above theory. A mother for an infant provides not only a feding of seaurity.
She also provides a source of primary needs fulfillment. An infant gains bath maximum exogenous and maximum
endogenous comfort components by being physically colocated with its mother. It can be viewed as if the ohed of
attachment brings great comfort to an infant. Thus, the force between an ohjed of attachment is a function of several
variables. the attachment bond that corresponds to the ohjed, the level of overall comfort in an individual, and the distance
between the person and the ohjed.

3.3. Therangeof thecomfort function

This sdion attempts to identify some of the dfeds that the comfort level has on human behavior. Note that the identified
effeds only constitute a partial extent to which a comfort affeds a person. In the future, as more psychological data
bemmes avail able, additional effeds can be taken into acoount.

People try to maximize their level of comfort within the mnstraints and goals that they need to achieve. Every state in the
world can have an exogenous comfort component associated with it. When all other properties of states are equal, people
usualy choose a state that brings the highest comfort level. All animalsobviously seek to fulfill their internd needs as well .
An increase in the endogenous component of the cmfort function is ught. Actions are diosen that maximize the
endogenous component of the mmfort given all else being equal.

Attachment behavior can be viewed as a spedfic case. Instead of asociating every state in the world with some exogenous
comfort values and identifying which actions maximize endogenous component of the comfort function, the objeds of
attachments can be used to define those rare states in the world that bring maximum overall comfort. Thus, the arrent
comfort level should affed the magnitude of the attachment force It can be postulated that when comfort is at its
maximum, the attachment force has the lowest possble level, whereas as the comfort level diminishes, leading to strong
discomfort, the attachment forceincreases beacoming one of the dominant forcesin a person's behavior.

The ontrol of the comfort level on the attachment force magnitude @n also be viewed from a different perspedive. It is
well known that it is very important for any creature in this world bath to find about the world it livesin and to avoid the
world’sdangers. And so it isfor humans. “Balance between exploring the world and maintaining safe contact is obvioudy
one of great importance to the dild.”*. The force of attachment attempts to maintain this balance As comfort level
deaeases, the dangers become stronger since éther the airrent state is unfamiliar, or past experiences that this gate brings
were unpleasant, or some of the aucia primary neals are unsatisfied possbly leading to adysfunction in an organism.

Using the attachment force to control the exploration process correlates with the observation made by Ainsworth’ that a
child uses its mother as a base from which to explore. Ainsworth and Wittig performed a series of experiments in which
one-year old children were left in a new room they had not previoudy encountered. When the ciildren were with their
mothers, they began to explore the room, whereas if 1eft alone they immediately ceased the exploration processand tried to
follow their mothers exit. This demonstrates that as an objed of attachment moves away leaving a child in an unfamiliar
situation, the attachment force on the dild increases and becomes a dominant force in the determination of the dild's
overall behavior.



4. COMPUTATIONAL MODEL

This sdion brings the psychological features described abowve into the world of robdics, starting with the mapping of the
salient features in the comfort function for humans onto autonomous roba systems. Afterwards, the output space of the
comfort function is developed. Finally, a mathematical framework is provided for computing the mmfort level. The
relationship between the input space features and comfort function is not presented in this paper and is currently still under
investigation.

4.1. Input domain of thecomfort function for robots

It isfirst necessary to identify salient features that define the input space for the endogenous and exogenous components of
comfort. The endogenous comfort component in infants is affeded by such internal characteristics as hunger, body
temperature, pain and violent or sudden stimulation recaved by any of the infant’s sensors guch as eyes, ears, balance and
others' as described in the previous ®dion. Most of these factors can be mapped diredly onto corresponding featuresin a
roba’s world. Hunger can be mapped onto the level of energy remaining for the roba. Temperature @n be mapped onto
theinternal temperature of the roba. Pain can be mapped onto the external and internal damage in the robat asa result of a
physical assult, roba actions, or malfunctioning in the roba’s internal circuits. Finally, violent and sudden stimulation
can just be mapped onto the degree of the change in the external stimulation where mnstant, low, or rhythmic changesin
stimulation result in greater endogenous comfort, whereas the sudden, unexpeced, or extreme change in stimulation results
in discomfort. The overall amount of information a roba receves may also play into the stimulation factor. These suggested
factors do not present the complete list of the possble features that affed the endogenous comfort component but are
sufficient for theinitial study.

Similarly, the input features for the exogenous comfort component for infants can be mapped onto the input space for a
robaic autonomous g/stem. The exogenous comfort experienced by a roba should be dependent on the roba’s familiarity
with its current state or situation. A state is not necessarily only a spatial location but contains other relevant situational
context. If the roba is familiar with its current state, then it should know how to respond and should fed comfortable. If
the arrent state is very new to the roba, then it should fed at least somewhat uncomfortable in this date. As with infants,
the past experience should matter. A well-known state that consistently brings unpleasant experiences to the robd (e.g.
damage, failure to achieve goals and etc) should cause strong discomfort in the roba. Idedly, every state in the roba’s
world should be associated with some exogenous comfort level. This comfort level should be a function of all the factors
affeding it such as familiarity with the state, past experiences and any other relevant features. When the robat enters a new
dtate, it asaumes the wrresponding exogenous comfort level. However, as time passs, the exogenous level of comfort
changes. If no negative experience happens whilein this date, the roba's comfort should rise. If the state brings a negative
experience the omfort should dectease, resulting in the nse of overall discomfort.

As the psychological model of comfort suggests, the two components of comfort, exogenous and endogenous, can be
brought together to evaluate a single threshold - the emfort level - that can be used to define robaic comfort-based
behavior. The robadic comfort function can be dependent on ontogenetic development. As the roba “lives’ in its world, it
develops. Not only can it get familiar and colled experiences regarding dfferent world states. A roba can learn, for
example, what are easier and more difficult resources to oltain. If energy for recharging is in abundance in the roba’s
world, then, perhaps, the amount of remaining energy should be less $gnificant to the endogenous comfort component of
the roba than other factors.

4.2. The objects of attachment or places of the greatest comfort for robots

According to attachment theory for infants the objeds of attachment that cause the greatest comfort in infants are usually
people. But what can such oljeds be in the domain of robadics? One posshble answer is that such sources of attachment
might be @aregiving people or certain places where robds can fulfill their neals. At these places, robads can potentially
attain their maximum degreeof comfort. When all their primary needs are fulfill ed, this results in maximum endogenous
comfort. The robds are also in a safe place where they have been many times and experience was always positive. Thus,
they gain a maximum exogenous comfort. This means that the level of overall comfort is at its maximum in such places.



An example of such an objed of attachment might be a home base for a military roba. For a pet roba, such source of
attachment might be its master.

The ohjeds of attachments can be identified for a roba beforehand by a human, or potentially the roba can find it
autonomoudly by exploring the world and monitoring for a state which maximizes its comfort level. The secnd approach
involveslearning the most comfortable placesin roba’sworld.

Either way, every objed of attachment should be assciated with an attachment bond between itsef and the robad. As
Bowlby suggested that the strength of an attachment between a baby and a mother is dependent on the kind of care that the
mother givesto her baby*, the degreeto which a roba feds a bond to a certain objed of attachment is dependent on how its
needs are fulfill ed by that objed and the level of comfort the roba canachievewith that objed.

The attachment function has the same daracter as the one discused in Sedion 3. The more discomfort the roba
experiences, the stronger it should attempt to return to a known comfort source The robad's behavior determines the
proximity to its ojea of attachment. The attachment force is a vedor direded toward the objed of attachment, and the
magnitude of the vedor is a function of (1) the attachment bond that corresponds to the objed, (2) the level of overall
comfort in aroba and (3) the distance ketween the robat and the objed.

4.3. Therangeof therobot comfort function

The dfed of the cmfort level in aroba should be similar to ahuman's. Drawing from psychologica studies each possble
world state is asciated with an exogenous comfort factor, and the roba is biased toward states with the higher. The
comfort level is one of the variables in the attachment behavior. Comfort controls the proximity of the robad to its source of
attachment. Since a high comfort level corresponds to familiar states, the dfead is that the attachment behavior regulates
exploration by controlli ng the distance of the roba to the source of attachment. As the eavironment becmes more and
more familiar and seams safe, the robat increasesits exploration range

4.4, The mathematical framework of themodel

The mathematical formulation of the theory given below is by no means the only one or, perhaps, might not be even
completely corred when considering human comfort. Rather, it presents a mdahematical model that fits into the theoretical
discusgon of the emfort function discussed above. As more mnstraints or factors affeding the cmfort function are
identified in the psychology research the mathematical model may change. But not necessarily as we are really interested in
robaic comfort level representation and not human level.

A mathematical model is given for the relationship of the comfort level and its output. How the input space of the comfort
function is related to the amfort level itsalf is gill currently being investigated. Thus, for this paper, it is assumed that the
value of the mmfort level is determined a priori. Depending on the misson and the eavironment a roba can be more or
lesscomfortable, but its comfort level stays constant throughout itsmisgon in this early work.

The attachment theory does not say that there can be only one attachment ojed and it is commonfor humans to have more
than one such objed. However, most of the time the primary caregiver becomes the first and the most important figure of
attachment for infants. Thus, for now it is sufficient to define the attachment behavior that only works with one ojea of
attachment. Currently this objed is defined by a human for the roba and can be, for example, a home base, a person, or
another roba capable of servicing other robds.

Acoording to attachment theory, the outcome of the attachment behavior is an action direded toward the increase or
maintenance of the proximity with the objed of attachment'’. Thus, at any point of time, the output of the attachment
behavior is a vedor direded toward the objed of attachment. That is, the roba experiences an attractive force toward its
attachment objed. The magnitude of this vedor, on the other hand, varies and, in effed, represents the intensity of the
attachment. Asdescribed in the sedion on the attachment theory the intensity of the attachment is the following function:

A= f(C,a,d), (1)



where A is the intensity of the attachment or the magnitude of the attachment vedor, in other words; C is the overall
comfort level of aroba; a is the attachment bonding quality between the roba and the particular attachment objed in
guestion, and d is the distance ketween the roba and the attachment objed.

The function is defined as the product of the normal attachment maximum level N, quality of attachment o, and the
amplification of the comfort component in the functionby a proximity factor D:

A= N Oo 0D 0¢(C), 2)
The normal attachment maximum level N jus defines the maximum magnitude of the atachment intensity when the objed
of attachment isa normd “mather”, so to speak. All the other factors in the function are normali zed.

The attachment bonding quality (a) should be dependent on the quality of care that the caregiver attachment objed provides
for the roba. Sincethe arrent model is only defined for one such figure of attachment, then we @an make the parameter o
to be non-adaptive but rather configurable by a user. Setting the attachment quality a to 1 corresponds to a “normal
mother” attachment olhjed. Increasing the quality of attachment over 1 corresponds to “over-caring mother”, whereas
decaeasing the quality of attachment below 1 corresponds to “under-caring mother”. A case when the quality of attachment
issetto O, carrespondsto “no-care mother” which resuts in the absenceof attachment behavior in aroba.

The relationship between A and C expressed in the comfort component ¢(C) is drawn from a couple of sources. First, the
work by Feeney and Noller on attachment in adults'® presents the mmfort-seeking intensity as a function of anxiety and
fear. Thefunction isshown to be linear for seaure subjeds of the exriments. Since thiswork models scure robds rather
than inseaure ones, the relationship isalso considered to ke linear. In addition, as Colin®’ points out, there are two levels of
activation for the attachment behavior. There is alow level of activationof the attachment behavior, at which the kehavior
has almost no effed but only monitors the proximity. Thereis also a strong activation level of the attachment behavior, at
which the outcome of this behavior overrides almost completely any other behaviors in the system. Thus, based on these
studies, in Figure 1 we propose one possble form of the relationship between A and C.

Attachment Intensity vs. Overall Comfort Level
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Figure 1. The attachment intensty, A, asafunction of the overall comfortlevel, C. A 1, isthe maximum magnitude of the intensity; <Cy,
Anr> isthe strong activation point for the dtachment system; <C,, A;>isthe low activation point for the system.

Mathematically the relationship can be described asfoll ows:
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where C and C;, define low and high comfort activation level, respedively; and A, and A, are @rresponding intensity
levelsfor the low and high activation levels.

The last factor in the function is D, the proximity factor. It is afunctionof the distance d from the robot tothe attachment
objed. The proposed function is smilar to $(C). When aroba is close enough to the oljed of attachment the proximity
factor should be set to O, in effed zeroing the attachment force since the robd is already nearby its oljea of attachment.
This circle where the attachment force disappears can be @lled a Safe Zone sinceit constitutes a seaure area where a roba
receves that maximum level of comfort. As the roba moves away further from the safe zone the proximity factor grows,
increasing the overall attachment force At some distancethe proximity factor reaches its maximum. The aeabetween the
safe zone and the distance where the proximity factor saturates can be @lled a Comfort Zone. This is the man zone where
a roba operates and its behavior is influenced by the roba’s comfort level along with the distance from the attachment
objed. Outside of the mmfort zone the attachment force is quite large and should be one of the dominant forces in the
robd’soverall behavior forcing it to stay within its comfort zone. The ideais graphically displayed in thefigure 2.

Object of attachment

Comfort Zone

Figure 2. The safe and comfort zones of the robot around he object of attachment. These zones define the proximity factor in the
attachment force function.

Mathematically the function is described bel ow:

ad 0} if d < ds
D:Edi*d—%, if ds<d<d:+0ds, (4)
= 1, if d > ds+d;

The distance of the roba and its objed of attachment is represented by d. The parameter ds is the radius of the safe zone.
The parameter d, isthe size of the emfort zone as shown in thefigure 2.

5. SIMULATIONS

Thefirst part of the sedion goes briefly over the framework and how the comfort model was incorporated within it, whereas
the second part shows the actual results of the simulations. The experiments on real robas are presented in the foll owing
sedion.



5.1. Integration within AURA ar chitecture

The framework chosen for the integration is the MissionLab system?’, which is a version of AuRA?. The overall
architedure is a hybrid of a low-level reactive system with a high-level planning system. The lowest level, where this
research was conducted, consists of sets of primitive behaviors (motor schemas?®). At any point of time, a particular set
(asemblage) of primitive behaviors is chosen to control the roba. Each individual primitive behavior is driven by its
perceptual input (perceptual schema) producing its own motor response.  The responses from each of the active schemas are
added together resulting in an overall behavior output. Thus, each motor control schema produces a vedor to drive the
motor. The weighted sum of the vedors, after normalization, defines the final vedor that is snt to the motor actuator.
Thus, each motor schema dfeds the overall behavior of the roba and the degree of its effed is dependent on the
environment the roba isin.

Within MissionLab, a finite state automata defines the high level plan of a robd’s misgon. Each state in the plan is a
behavioral asemblage with the parameters of the behaviors st depending on the kind of a misgon and environment the
roba isexpected to work in. The transitions between states are triggered by perceptual inputs cdled triggers.

Sincethe output of the mmfort function isabehavior, spedfically, the attachment behavior, the integration into MissionLab
was very natural. The attachment behavior defines an additional schema in the overall behavioral assemblage, called the
Attachment Schema. Figure 3 shows the simple behavioral assemblage for an exploration behavior that includes the
attachment schema.
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Figure 3. The exploration state with the parameter controlli ng the primitive befaviors that constitute the essemblage.

This assemblage mnsists of a number of primitive behaviors. These include the move-to-goal behavior with its weight set
to 0 effedively disabling it; the avoid-obstacle behavior for a robust navigation in a cluttered environment; the wander
behavior which, essentially, defines the exploration processin a random manner; and the attachment behavior with its
weight set to maximum, 1.0. The parameters controlli ng the attachment behavior are level of comfort (set to 1.0 for these
studies), maximum comfort; attachment of quality (set to 1.0 corresponding to normal attachment quality); and whether the
attachment objed exists or doesnot. If the attachment objed does not exist, then the attachment forceis always zero.

5.2. Smulation results

Figure 4 shows runs of 3 minutes of exploration behavior. The attachment objed is the home base located in the center of
the drcle representing the cmfort zone of the robd. Figure 4a shows the run with the attachment behavior disabled (by



setting the attachment objed existence parameter to false). The robd’s exploration is totally random and has no resped for
the proximity to the home base. The roba goes on exploring without first exploring nearby regions. Figure 4b shows the
exploration of the roba with the attachment behavior enabled. The comfort level in this case is %t to 1.0, representing the
state of most comfort for the roba. The roba explores the environment with confidence but concentrates mostly in its
comfort zone. Figure 4c shows a run with attachment behavior enabled and comfort level set to 0.0, a neutral comfort level.
In this case, the roba’s swrity deadeased and its exploration behavior is more biased toward the roba’s objed of
attachment. The roba is lesswilli ng to explore farther areasand instead concentrates on areas close to the safe zone. The
last figure, Figure 4d, shows a run with the attachment behavior enabled and comfort level set to —1.0, maximum
discomfort. In this gate, the roba’s exploration is highly concentrated close to its sfe area, the only areawhere the roba
can fed seare and gain comfort.

Figure 4. Examples of 3 minutesruns of exploration behavior. Theobject of attachment is the home base situated atthe center of the
circle. The circle defines the comfort zone. The figures are: @) no attachment behavior; b) attachment behavior with comfort level set 1.0
(maximum comfort); c) attachment behavior with comfort level setto 0.0 (neutral comfort); d) attachment behavior with confort level
set to -1.0 (maximum discomfort)

Figures 5-7 show datistical analysis of the simulations. Figure 5 shows how the average distance to the objed of
attachment changes as comfort level changeswhen the cmfort zone is st at 20 meers. From the graph it can be seen that

the average distance from the roba to its home base is beyond the comfort zone when the attachment behavior is disabled,
whereas the average distance is within the cmfort zone and increases as comfort level increases when the attachment
behavior is enabled. Similarly, the figure 6 shows the variance of the distances from the roba to its obhjed of attachment.
The varianceis much larger in the ase of the behavior without the attachment schema showing that the exploration process
isnot concentrated within a circle around the ohjea of attachment.



Figure 7 shows the distribution of explored area & a function of distance from the objed of attachment. The graph shows
that the percent of areaexploredclose to the home base (the attachment objed) of the roba without the attachment behavior
islessthan the percent of the explored area with attachment. On the other hand, for the distances beyond the @mfort zone
(20 meters) there is more explored area without the attachment behavior than with it. Also, as the comfort level deaeases,
the near areais explored more thoroughly, reducing the explored area farther away. This dows that as the robad starts the
exploration of the new environment, its comfort level is low since the enwvironment is unfamiliar. As a result, the
exploration is concentrated nearby its home base where it can get quickly into safety. As the environment beaomes more
and more familiar, the comfort level increases and the roba starts exploring farther areas. Thus, the eploration process
dowly grows depending on the perceived hogtility of the environment rather than being puely random as it currently is
when the attachment behavior is disabled.
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Figure5. The average distance from the robot to its object of attachment without the attachment behavior (top horizontal lines) and with
the attachment belavior enaled (bottom non-linea curves) in dbstacle-freg slightly cluttered and significantly cluttered ewironments.
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Figure 6. The variance of the distance from the robot to itsobject of attachment without the attachmentbehavior (top horizontal lines)
and with the attachment behavior endled (bottom non-linea curves) in dostacle-freg slightly cluttered and significantly cluttered
environments.
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Figure7. The percent of explored areaat diff erent distancesfrom the object of attachment after 3 minutes of exploration behavior
without attachment (the least steep curve) and with attachment for comfort level a 1.0, 00 and —10.

6. ROBOT RESULTS

The real roba experiments were mnducted on a Nomad 150series roba. The roba has 12 sonar sensors evenly placed
around it. The information from these sensors was the only perceptua input driving the behavior of the roba. The
MissionLab system described abowve provides a simulation environment as well as has a support for real robdic systems
including the Nomad 150robds. Thus, exactly, the same framework as for the simulations was used for the real roba
experiments.

Figure 8. The ewironment for the red robot experiments. The image on the left shows the overall environment. The object of
attachment is the treein the white vase in the center of the picture. The photograph a the right is a close-up owing the robot and its
object of attachment (the treg).

The ewironment for the real roba experiments is $own in Figure 8. The diairs were used to introduce additional
obstacles in the ewironment. The tree in the white vase shown in the canter of the picture represents the ohjed of
attachment for the roba. Each experiment consisted of a five minute run of an exploration behavior. Five minutes of
actual roba time allow for a much smaller amount of exploration than in simulation since simulations are performed at a
significantly faster speed. To help in comparing these results to the simulations given the limited time for each roba run,
the omfort zone was deaeased to 3 meters. When the comfort level was set to 1.0, during the exploration processthe roba
reached asfar asthe tables shown on the right of both photographs. When the mmfort level was set to —1.0, the 10ba never
even reached any of the chairs shown.
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Figure 9. The average distance from the robot to its object of attachment without the attachment behavior (top horizontal line) and with
the attachment betavior endbled (bottom non-linea curve) for red-robot experiments.
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Figure 10. The variance of the distance from the robot to itsobject of attachment without the attachmentbehavior (top horizonta line)
and with the attachment behavior enaled (bottom non-linea curve) for red-robot experiments.

The formal results of the experiments are represented in the figures 9 and 10 As for the simulations, the exploration
behavior without an attachment schema is independent of the comfort level and, as a result, its mean distanceto the objed
of attachment and variance of the distanceare mnstant in the graphs. Whereaswhen the attachment schemais enabled, the
mean distance and variance deaease as the mmfort level decreases.

7. SUMMARY

This paper introduces the notion of comfort into the domain of robaics and shows the benefits of modeling the cmfort
function. Thes kergfits include the ability of a comfort function to permit a robot b adjust its behavior in response to its
internal neals and safety of the airrent environment it isin. It is alsosuggested that, the comfort function canbe used in a
more general sense - to hiasthe behavior of the roba into maximizing its level of comfort.

The proposed model of the comfort function is primarily based on existing research in psychology in related areas.
Spedfically, one of the main sources for the derivation of the model was the study of comfort in infants by Dunn®. In brief,
the proposed model of comfort for robas includes the following concepts: the mmfort level consists of the two components,
exogenous and endogenous. The exogenous comfort component is a level of comfort that is dependent on external stimuli
such as the familiarity with the airrent state and the past experiences in this or similar state. The endogenous comfort
component is a level of comfort that is dependent on internal stimuli such as the level of available resources (e.g. energy),



internal temperature, and the level of normd functioning of the roba. The two components define a single threshold cdled
a comfort level. The behavior of the roba is to attempt to maximize the comfort level while pursuing the achievement of
its designated goal. The paper presents and implements a simplified model that incorporates important phenomena that
was studied etensively in psychology — attachment behavior. The attachment behavior hasbeen shown to be aucial for the
normal development of infants and adults, and therefore there are good reasons to bdieve it to be beneficial to the
performance of robds as well. The paper introduces and conneds two important notions into the field of robdics — the
notion of comfort and the notion of oljeds of attachment. The resultsin bath, simulation and real robd experiments, show
their effed on the behavior of the roba, and in particular, how the exploration processisregulated by the mmfort function.

Future work includes finalizing the mathematical relationship between the input features of the mmfort function and the
level of comfort itself. Also, the extension of the airrent attachment behavior to multiple objeds of attachment might be
very beneficial. The multiple objeds of attachment would allow the roba to travel in its world through these ohjeds of
attachment creating overlapping comfort zones. Finally, addtional analysis of the work in psychology can inspire
additional ideas & to what other input featurescan influerce the comfort level inaroba.
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