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Abstract—In this paper, we deal with the problem that will internal state, they do not mention a way for a user to notice
arise in the near future from robots with a lot of functions. The jts functions. The Theory of Mind [4] also relates to our studly,

problem is that the robot users will have to read thick operation .+ it is difficult to apply the theory to the problem with
manuals. We designed an interaction that allows users to easily .
complicated robots.

notice a robot’s function without reading the manuals. We define ’
Function Awareness as “to notice the relationship between a  In this study we employ a nonverbal way for a robot to
user's action and a robot’s action.” We propose a guideline for express its internal state because it provides independency

designing robot's actions as, "Action Sloping,” which allows a of a specific language and low cost implementations. Some
robot to gradually express its internal state and also allows the (agearches have shown that nonverbal communication provides

user to naturally notice the robot's function by observing its . . .
actions. We designed the concrete robot’s actions for a sweeping_rICh information. Watanabe et al. [S] have argued on the

robot, and the robot changes the velocity of its motion to indicate importance of nonverbal information in the form of head
its internal state according to the distance between the robot and movements, such as nodding, in communications in their

its user. We develop a robot that can perform Action Sloping virtual space. Matsumaru et al. [6] have shown that their

using low-cost infrared sensors and simple rules for actions. mobile robot expresses its direction of movement by a laser
Through experiments, we investigated the users’ behavior and . ) . . .

clarify the problems with the proposed method. pomter_ or an animated eye. Nonver_bal_ mform_ann is an

essential factor for human-robot social interaction [7] and

. INTRODUCTION the instruction methods in which a robot observes human

. . . _actions [8][9]. Therefore, we believe that nonverbal methods

Recently, there has been an increase in research focusing on S : L
re preferable because of their rich information, simplicity,
home robots [1]. For example, an autonomous lawn mower I .
. and no need for additional equipment. In a nonverbal way we
Robomow and an autonomous sweeping robot, Roomba .
. . . can employ a lot of methods, such as LED flushing or beep
have been developed for practical use. It is anticipated tha ) .
s%unds. We employ a robot's movement because Kobayashi

such home robots will become increasingly sophisticated an ,
. . ) ) . et. al [10] have shown that the robot's movement encourages
have multiple functions like conventional home electric appl{'he user to perform a collaborative action in comparison with

ances. However, this will cause a usability problem. A rob%t1e LED flushing and beep sounds

with multiple functions can easily confuse its user because . : . o .
. . ; The important things to consider for achieving the Function
they cannot comprehend all its functions. The user will als .
e T . . wareness are how a robot can make a user easily understand
have difficulties in reading its thick operation manuals upan . :
: . . T ts internal state and the performance of a particular action
introduction to them. Such problems are typically found in the

latest mobile-phones with multiple functions, relating to its function. In this paper, we propogetion

. . ) . Sloping which is where a robot expresses its internal state

Therefore, we propose an interaction design for complicate : \ .
radually according to the user’s posture. The rest of this paper

robots. It allows a user to become naturally aware of : " . . )

) . ) - iS_organized as follows. In Section Il we give an overview of

robot’s function. We call a user’'s awareness of the relat|onshAp . ; ; :

: . ) ; . ction Sloping. In Section Ill our experiments and results are
between the user’'s actions and robot’s actionsFasction

. : resented. We discuss the effects of Action Sloping in Section
Awareness To achieve Function Awareness, we employ

) V. Finally, we make a brief concluding remark and introduce
approach that helps the user become aware of a robot’s fuPucthre work in Section V.
tion through expression of its internal state. There has been ’
some research into human robot interaction; however, there Il. ACTION SLOPING
is no research into Function Awareness. Ono et al. [2] have . . . . \
. . . In this section, we explain a way for users to notice a robot’s
developed a technique for understanding a robot’s internal stgte . . :
. ) ) R Unction without reading the manuals.
by improving the user’s familiarity with the robot. Komatsu [3]

has reported that users can infer a machine’s internal state framrFunction Awareness

its beeps. Although these researches deal with a mac:hine’§Nhen a user purchases home electric appliances or uses a

Lhttp://www.frietndlyrobotics.com/robomow/ machine for the first time, he/s_he rea_ds the operation manu_als
2http://www.irobot.com/ before use to comprehend their functions. However, searching
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for the desired functions and studying how to operate it are (< ))
complicated tasks for the user. Therefore, it is better for the
user to comprehend its functions without reading the manuals. User
The following three step interaction assists a user in under- (b) Robot's positive expression

standing a robot’s function without reading its manuals (Fig.1).

1) Expressing the robot’s internal state:
the robot expresses its internal state and has the user

take some sort of action. robot: perform negative expression
2) Taking a user's action: s user:  place it near to the robot
the user understands the robot's internal state, and then opot:  perform positive expression

takes an appropriate action accordingly. user:  place it nearer to the robot
3) Performance of a robot’s function: robot:  perform positive expression
the robot performs a function corresponding to the usef’s User:  place it nearer to the robot
action.
According to this interaction, the user can take notice of the
relationship between his/her actions and the robot’s actions.
We define such user awareness of the relationshipuastion
Awareness

Fig. 2. An example of Action Sloping

user: place an object in front of the robot

robot: take it and then put it away (perform function)

Fig. 3. Typical interaction by Action Sloping

case, the robot expresses a negative state when the user places
. ) something like a washed dish to far from a designated point,
The key technology for achieving Function Awareness igg expresses a positive state when the user places it near
how a robot helps a user easily understand its internal stat@esignated point (Fig.2). The robot gradually expresses its
and perform a particular action to trigger a function. Thereforgiate from negative to positive. Once the user observes these
we proposeAction Sloping which is the way for a robot t0 graqual attitude changes, he/she can place the dish closer
express its internal state according to a user’s posture. 1thethe robot. Such action would cause the robot to put it
robot can gradually express a positive or negative internal stalfay. Therefore, the user can perform an appropriate action
by applying Action Sloping. When the user makes an actiQgithout reading the robot’s manual. Figure 3 shows the typical
connecting to a specific robot’s function, the robot expresseg geraction we assume.
positive state as feedback. In contrast, when the user makes an
action connecting to none of the robot’s functions, the rob&t Model of Action Sloping
expresses a negative state. Figure 4 shows a model for Action Sloping. The horizontal
For example, image a housekeeping robot that performsés represents a user’s actions, and the vertical axis represents
specific function, such as putting something away when tlheuser's awareness of a robot’s function. In the conventional
user places it at a certain distance from its sensors. In thigay, represented by the dotted line, a user can notice a robot’s

B. Action Sloping for achieving Function Awareness
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function when he/she makes an action connected to a function
(on the center of the horizontal axis), and he/she cannot notice
the function by performing another action (the horizontal part
of the line) because no feedback occurs. On the other hand,
the proposed way, represented by the solid line, can provide
gradual feedback according to the user’s actions. The line takes Fig. 6. Experimental environment
the form of a slope and, therefore, Action Sloping allows the

user to easily notice the function.

D. Designing Robot Behavior mobile robot on a sweeping task. Next, we investigated users’

We have developed a design method for producing concré?@dions to the sweeping robot.

robqt’s feedback motions according to.Action Sloping. Th& Robot and Environment

motions have a strong dependence on its hardware and tasks. ) i

We focused on some common factors for designing a robot./Ve used a small mobile robot, Kheperall (Fig.5). The robot
Two of them are to express comprehensible positive/negatiiaS €ight infrared proximity and ambient light sensors with
state and to change the motion gradually but clearly frolp {0 @ 100 mm range, a Motorola 68331 (25MHz) processor,
negative to positive. In this paper, we employ speed of motioH2 Kbytes of RAM, 512 Kbytes of flash ROM, and two DC
for expressing its state. The fast motion represents a negafffiShed servo motors with incremental encoders. Its program,

state and a slow motion represents a negative one. The f4gften in C-language, runs on the RAM. We rearranged an

motion can express failure. The user will get a negati\}gfrared sensor and added an infrared sensor with up to an 800

impression from a failure motion and a positive impressidh™ range (SHARP GP2D12) for sensing its overhead.

from a normal one. Figure 6 shows the experimental environment, which had a
The other important design factor is how to assign a gradJit surface (400 mm< 300 mm), a wall surrounding it, and

motion to the user’s action. This factor strongly depends @i obstacle. It simulated an ordinary human work space like

the robot's sensors. The sensor we focus on is an infrard@€skiop. The obstacle corresponded to a pen-holder, remote

sensor. It can obtain the distance between a human body §R#tr0l, etc., and could easily be moved by a participant. It

a robot’s body. It is a cheap sensor and easily obtainable. T an electric light bulb so that the robot could distinguish

robot we assumed performs a specific function when it sendeffom the wall.

something at a certain distance t_)y using mf_rared sensc_)rs.ét_s Behavior of robot

state, expressed by fast/slow motions, is assign to the distance . )

between them, such as in Fig. 2. The robot autonomously swept the floor in the environment.
Therefore, we can design a robot to express its interdhPerformed random turns in front of the wall. It was unable

state by changing its motion speed according to the distari@ecleéan the floor because it was difficult to implement air

between the user and the robot. This method encourages 3fgiration equipment on the small robot. It moved along the
user to perform an action that triggers a robot's function. Side of the obstacle to encourage the user to move it. When the

user moved the obstacle, the robot stopped and expressed its

lIl. EXPERIMENTS internal state by using Action Sloping. It expressed its internal

We performed exploratory experiments to evaluate the effesthte by spinning itself. Figure 7 shows a robot's expression
of Action Sloping. First, we applied Action Sloping to a smalby a change in its spinning speed according to the distance



Layer 1: Obstacle Avoidance

Stop if something is sensed
in front of the robot and it is going forward.
- Stop if something is sensed
behind the robot and it is backing up.
Layer 2: Random Sweeping and Wall Following
- Move forward if the robot senses nothing in front of it.
- Follow the lit object clockwise

if it senses the object on its left.

- Follow the lit object counterclockwise
E' if it senses the object on its right.

Turn clockwise in a range frora0° to 180°

State State State Cooperative . S o
expression expression expression Sweeping if somethlng is sensed on its I‘Ight.
Turn counterclockwise in a range frof®° to 180°
) if something is sensed on its left.
Slow down

Layer 3: Interaction

Fig. 7. State expression by using Action Sloping Expressing a state if a lit object _ _
is moved and the robot is moving along the side of it.

Go straight if something is sensed
Pick U Keep Put down above the robot’s top and_ it is expressing a state.
@ P @ ® Go back and turn clockwise in a range fr&i@° to 180°
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Fig. 8. Cooperative Sweeping The 3rd layer included the state expression by using Action
Sloping and Cooperative Sweeping.
Figure 10 shows snapshots of actual robot’'s behavior. When
. . the obstacle was placed at more than 220 mm from the top
between the obstacle and the sensor on its top. When it sengleﬂ]e robot (4th), it performed the fastest turn (abo@6a°

an object close to its top, it spun slowly. When it sensed t%a” per second). When the obstacle was placed the nearest (20

object far from its top, it spun fast. The spinning expressiorlam from its top) (6th), it performed the slowest turn (about
was performed when the object was placed within a distang%600 roll per 5 secon,ds)

of 20 to 800 mm.
The robot had a specific function. We calledCiboperative D. Method
Sweeping[11]. Cooperative Sweeping was performed When e, nose of the experiment was to investigate partic-

the user placed _the obs_tacle near its top with a range fr?ﬁ%\nts’ reactions to the sweeping robot and to evaluate the
5 to 20 mm. This function epapled the robpt to sweep tnﬁ‘fect of Action Sloping. We explained to the participants that
floor_under the obstacl_e by prlorlty_taklng Whll_e the user helﬁj1e machine was a sweeping robot, it repeated spinning in
It _Flgure 8 shqws th|s_ Cooperat_we Sw_egpmg. It repeat_%nt of a wall, and imagined its path was cleaned, because it
spinning and going straight under it, and finished Cooperatlg uld not perform dust collection. In addition, we asked them
Sweeping when the user put the obstacle closer to its top Wﬂ?‘help it if necessary. '
a range from O to 5 mm and then went elsewhere. At the beginning of the experiment, the robot started au-
tonomous sweeping and then followed the object. The robot
begun to express its internal state when the participant moved
We employed subsumption architecture [12] for ththe object. If the participants did something for it, it changed
behavior-based approach. Figure 9 shows the three-layetleel spin speed or performed the Cooperative Sweeping.
architecture used for the robot. Each layer asynchronouslyWe prepared two robot’s state expressions and three ad-
checks the applicability of behavior and executes it. Thditional explanations. Figure 11 shows the details of the
higher layers suppress the lower layer’s, and the lower layengpressions and the explanations.
have more reactive behavior. The behavior of each layer
consisted of multiple actions. When the system simultaneou$ty Results
obtained multiple outputs, it generally selected the highestFour females and three males in their 20’s to 30's were
layer's action. Each layer had a frequency for action output the participants for these experiments. Table | shows the
smoothly control the robot. We set 5 msec intervals for the lstperimental results. In the figure, “No.” is the participants’
layer, 10 msec for the 2nd layer, and 5 msec for the 3rd layéR, and “State” and “Explanation” are the ways for the robot’s
Obstacle avoidance and interaction occurred most frequensiiate expression and the additional explanation, respectively,

Fig. 9. Subsumption architecture of robot

if something above the robot's top is removed.
% % - Go straight if something is placed close to the robot’s top.
Hand
=l

C. Implementation of robot's behavior



Move along the obstacle 1 State expressions:
‘ S1: A negative expression is represented by a fast spilg
a positive expression is a slow spin.
S2: A negative expression is represented by a stop a
a slow spin; the positive expression is a fast spin.

_ Explanations:
7 E1l: Do not move the robot.
E2: The robot does not easily get broken.
E3: The robot can sense over its head.

Fig. 11. Details of state expressions and explanations

Finish
Cooperative Sweeping

Mind expression
(slow down)

Fig. 10. Snapshots of robot's behavior Fig. 12.  Snapshots of participant's behavior

outlined in Fig. 11. It shows whether a participant moved the clear purpose; however, the participants seemed to have no
obstacle (MoveObj), placed it on the robot’s top (TopObj), ancbnsciousness of their purpose of action. They just reacted to
noticed the robot’s function, Cooperative Sweeping (Awarehe robot without thinking of how efficient it was. We then
Figure 12 shows participant’'s behavior. took into consideration that the timing is important for users
According to Table I, there was no participant who noticetb perform something associated with their working efficiency.
the function. However, all participants moved the object and aln the experiments we explained to most of them that
few participants placed it on the robot’s top when we explaingkle robot did not break down easily (E2). We added this
to them that it could sense something over it. The actioegplanation because one participant thought the robot break
performed by the participants will provide helpful informatiordown and she fled the room when we explained E1. However,
for the development of Action Sloping. explanation E2 is not preferable for a manual free machine.
We did not conduct officially Kansei evaluations in theéAn interaction design using a failure expression may have the
experiments. However, we obtained several comments frafisadvantage of making a user nervous.
the participants. Some participants felt the robot getting brokenin the case of explaining to them that the robot could sense
when it performed the fast spin. Others felt it careful cleaningbjects above it (E3), two out of three participants placed the
object above the robot. This explanation is also not preferable.
o ) We can deal with this problem by visualizing a sensor on
A. Participants’ reaction it. For example, attaching an eye-like picture near a sensor
In the experiments, there was no participant who noticest having the robot behave autonomously according to the
the Cooperative Sweeping function. We have taken into coodtput of the sensor on its top. The participants without E3
sideration that this result would be caused by the timing ekplanation moved the object to the robot’s sides. We took
the robot’'s state expression. Users often use machines witto consideration that their actions were a result of observing

IV. DISCUSSION



TABLE |
EXPERIMENTAL RESULTS

[ No. | State| Explanation| MoveObj [ TopObj [ Aware |

user will have to read their thick operation manuals. Then, we
designed an interaction where users can easily notice a robot’s
function without reading the manuals. We propose “Function

% 21 = igz mg “8 Awareness”, which is defined as, “to notice the relationship
3 ST [ELEZ Yes No No betw_een_a user’s acyon and a robot’s actlo_n.” We also prop_osed
y\ ST | ELE2 Yes No No a guideline for designing the robot's actions called “Action
5 S1 | E1,E2,E3 Yes Yes No Sloping,” which has a robot gradually express its internal state
6 S2 | EL,E2,E3 Yes No No and encourages a user to naturally notice a robot's function
7 | S2 | ELE2ES Yes Yes No by observing its actions. We designed concrete robot actions

for a sweeping robot, and the robot changed the velocity
of its motion to indicate its internal state according to the
its autonomous behavior, spinning in front of obstacles. fistance between the robot and its user. We developed a robot

we make the robot behave autonomously according to tH@rfor_ming Action Sloping that used onv—cost infrar.ed sensors
output of the sensor on its top, users will notice the sens@prd simple rule's for actions. In experiments, we investigated
without explanation. The most important problem througholf#€ Users’ reactions for the robot and clarified some problems.
the experiments was that the participants were unable ¢ aré now planning different experiments with a different
notice the Cooperative Sweeping function. The function woul@P0t and a different method of expression to confirm the
originally be difficult to notice. It would also be difficult €fféctiveness of Action Sloping.
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V. CONCLUSION

We dealt with the problem that will arise in the near future
from robots with a lot of functions. The problem will be that a



