
Abstract 
User-Centered Programming by Demonstration is 
an approach that places the needs of people above 
algorithmic constraints and requirements. In this 
paper we present a user-centered programming by 
demonstration project for authoring interactive ro-
botic locomotion style. The style in which a robot 
moves about a space, expressed through its motions, 
can be used for communication. For example, a 
robot could move aggressively in reaction to a 
person’s actions, or alternatively react using careful, 
submissive movements. We present a new demon-
stration interface, algorithm, and evaluation results. 

1 Introduction
It is important to look beyond technical functionality when 
creating robots that enter into people’s everyday spaces: 
successful robot interface design must also consider people’s 
needs and preferences. Robotic programming by demonstra-
tion (PBD) is one such method that enables non-expert peo-
ple to use their natural demonstration abilities to author ro-
botic actions and behaviors (e.g., see [Dinerstein et al., 
2006]). However, ongoing PBD research generally focuses 
on the yet-unsolved learning and algorithm challenges, 
forcing people to work within algorithmic requirements for 
demonstration (see, e.g., [Suay et al., 2012]). We argue that a 
complementary user-centered effort is needed, where the 
primary driver of interaction and algorithm design is user 
requirements; we present one such project in this paper. 
 People care a great deal about style, and design greatly 
impacts interaction experience and satisfaction [Norman, 
2002; Young et al., 2008a]. Style refers not only to physical 
appearance, but also includes how a robot moves. We present 
a PBD system for enabling people to teach interactive lo-
comotion style to robots, their “expressive movement” 
[Gallaher, 1992], for example, how to follow someone po-
litely, or aggressively crowd them. We call this general ap-
proach style-by-demonstration (SBD) to contrast it with the 
more general programming by demonstration. 
 With this user-centered requirement in mind, we devel-
oped a robot-on-a-broomstick tangible interface (Figure 1) 
and novel algorithm for enabling people to teach a robot 
interactive locomotion style, and present the results from an 

experienced-programmer design critique evaluation that 
compared our new approach to traditional programming. 

2 Related Work 
People attribute simple geometric shapes such as triangles 
and circles with intentionality and personalities based solely 
on the style of their movements around a screen (for example, 
[Heider and Simmel, 1944; Tremoulet and Feldman, 2000]). 
Further, much of Disney’s success at creating believable 
characters has been attributed to their focus on a character’s 
movement style [Thomas and Johnston, 1995]. Interactive 
animation has leveraged this, for example, to perform actions 
such as “pick up a glass” or “knock on a door” in a “neutral,” 
“shy,” or “angry” fashion  [Amaya et al., 1996]. Our work 
builds on these past efforts and incorporates interactive 
movement style into robot interaction through SBD. 

Programming by demonstration has been applied to such 
applications as authoring GUI operations [Maulsby et al., 
1989] and interactive animation or robot path planning  
[Dinerstein et al., 2006; Kanda et al., 2006], or for control of 
semi-static animations [Igarashi and Igarashi, 2009]. Other 
methods synthesize from large example databases, requiring 
extensive technical-user pre-processing [Lee and Lee, 2004]. 
For robots, it is more common to teach the goals of specific 
physical tasks [Gribovskaya and Billard, 2008]. Our work is 
unique in that rather than teaching the steps needed for 
achieving a specific goal we instead concentrate on teaching 
the high-level style of interactive behavior. Some robot sys-
tems enable the creation of stylistic and expressive motions 
[Frei et al., 2000; Raffle et al., 2004], but these result in static 
movements only and are not interactive to input. As far as we 
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know there is no previous work on explicitly teaching a robot 
interactive style via demonstration. 

3 Interaction Design 
Our system enables a user to teach an iRobot Roomba robot 
how to interact with a person, via two phases: demonstration 
and generation. A user demonstrates an example of how (in 
what style) the robot should interact with a person moving 
about a space. For demonstration both robot and person path 
are given simultaneously to provide example person move-
ments that the interactive robot should react to (Figure 1). 

After demonstration the robot generates real-time inter-
active behavior using the learned reactionary features; the 
person moves freely as before but the robot autonomously 
interacts using the trained movement style (Figure 1). The 
entire behavior derives from the training and includes no 
pre-programmed movements or algorithms. 

3.1 A Broomstick Interface for Teaching Style 
To enable users to focus on demonstration rather than robot 
mechanics, we developed a broomstick attached to an iRobot 
Create disc robot (Figure 1). We could not simply track a 
person’s movements as they would contain motions not re-
producible by the robot. Using a robot replica further en-
capsulates the robot’s movement properties (e.g., cannot 
move sideways, etc.) into a tangible interface that makes the 
properties immediately clear, and ensures that demonstra-
tions are reproducible by the actual robot. The broomstick is 
attached by a two-axis swivel, enabling forward and back-
ward movement as well as turning via twisting or angled 
pushing. After teaching using the broomstick interface, a 
robot enters the space for live interaction (Figure 1). The 
robot and broomstick are tracked using Vicon motion capture 
and communication happens over Bluetooth connections. 

4 Algorithm for Learning Style 
We extended our previous animation-only Puppet Master 
algorithm [Young et al., 2008b] to achieve learning. This 
method forms feature vectors based on the robot’s location in 
relation to the person’s (relative position, orientation, and 
velocity), and searches this space for training data similar to a 
given real-time human-robot situation (Euclidean distance). 
The result is used to generate movement, and the process is 
repeated at 20hz such that the output is a kind of patch-work 
of training data pieces. This is a highly simplified overview 
of the algorithm [Young et al., 2012]. 
 Puppet Master emphasizes the learning and generation of 
movement style. Because of this, it primarily focuses on the 
details (or texture) of movement and does not include any 
explicit process learning. A problem with adapting Puppet 
Master to robots is that the prior system relied on complete 
freedom of movement and did not work with the hard con-
straints and relatively slow response times of robotic motors. 
In particular, while the animation method exaggerated and 
modified movements to maintain locality (e.g., the robot 
being behind the person), a real robot could not, for example, 
be so easily moved at double speed or nudged slightly 
sideways. Such movements are often necessary to compen-
sate for drift, particularly when the robot is reproducing 

training regions with a great deal of movement details (e.g., 
shaking back and forth). 

4.1 Detail and Relative-Position Components of 
Path Generation 

Our proposed solution revolves around a hypothesis that 
interactive robot movement style can be broken into two 
components: the movement texture and the slowly-changing 
position relative to the person. We further note that these two 
components can be separated and handled independently to a 
degree, and that a particular movement detail (such as mov-
ing abruptly to show aggression) will have the same or very 
similar interaction impact over a range of positions relative to 
the human (e.g., immediately behind, 0.5m behind, slightly 
to the side, etc.). 

If we consider these two path components as the high- and 
low-frequency components of the movement path, then it 
illustrates how we can generate output movements as fol-
lows: we can first solve for the low-frequency (relative to 
human position) component, and then superimpose the high 
frequency component (the movement texture) on this path.  

The final challenge of this approach is to construct 
movement in real time interaction to a person’s movements, 
without any pre-processing or path look-ahead available. 

4.2 Motion Generation 
We employed an inverse-kinematics model (basic trigo-
nometry in this case) of our robot to generate both the high 
and low frequency components of movement; this further 
ensured that our calculated target motion is reproducible by 
our particular robot.  
 When provided with a target robot location from Puppet 
Master (x, y, and � with respect to the person), we use the 
model to solve for robot movement commands (velocity and 
turning radius) to move it to that target location (Figure 2a,b). 
This is the low-frequency component of the desired move-
ment as it changes relatively slowly over time. However, the 
robot cannot instantly reach or keep up with the target as it 
moves (from ongoing generation), and the texture (or details) 
are lost as this method prioritizes reaching the target. 

Separately, we calculate how the robot can reproduce the 
exact desired path (Figure 2c) by solving for the delta 
movements (changes in direction and location). This main-
tains the high-frequency component, but drift in the robot’s 
imperfect movements means that the robot soon loses its 
low-frequency relative localization. 

Finally, we combine the above two components using a 
weighted average of the resulting robot commands, the ve-
locity and turning radius (Figure 2d). Focusing on the 
high-frequency component results in better texture retention 
but more location drift, and focusing on the low-frequency 
component has the opposite effect. We use a 70/30 
high/low-frequency balance, selected through experimenta-
tion. The intuition is that existing high-frequency robot 
movements which tend to move away from the target loca-
tion are slightly modified to correct their direction (to help 
meet the low-frequency goals), while movements that are 
already directed toward the overall target are generally un-
changed. Although this solution is a compromise between 
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relative position and texture, and neither is perfect, given our 
emphasis on motion style, this is perfectly acceptable as long 
as the desired result is communicated.  

The overall process of how this fits with the Puppet Master 
algorithm is shown in Figure 3. During demonstration, input 
is fed directly into the Puppet Master base algorithm. For 
generation, the Puppet Master output is filtered through the 
kinematic model as a form of frequency analysis, and both 
outputs are weighted to produce the final robot command. 

We believe that this solution is a unique method for fil-
tering a desired movement against robot capabilities while 
focusing on the balance of texture and locomotion, and can 
be used for the general problem of applying unconstrained 
movements to the rigid constraints of real robots. We believe 
that this is not limited to locomotion path only but can be 
applied if a robot system must generate reactive movement in 
an unpredictable context without look-ahead capabilities. 
Our method can be used to generate motion while focusing 
on maintaining style if an inverse kinematics solver is 
available that enables the robot to: a) calculate the closest 
possible fit to reproducing that path and b) calculate the 
shortest-path route to an absolute configuration target. 

5. Experienced-Programmer Design Critique 
We present a design critique that addresses various aspects of 
how our user-centered SBD authoring approach differs from 
more-traditional programming methods. Other evaluation 
questions relating to this system are detailed in related work 
[Young et al., 2013, 2012]. 

We recruited experienced programmers to create interac-
tive robot behaviors both programmatically and using our 
SBD broomstick interface. These participants were qualified 
enough to program interactive behaviors, giving them a 

unique comparison vantage point to provide an analysis of 
the trade-offs and benefits of in comparison to SBD. 

We recruited four experienced programmers from our 
graduate-student lab (3 male, 4 female) who did not have 
prior exposure to our work. We asked the programmers to 
create the same set of stylized robot movement behaviors 
using: 1. Java programming via a provided API, and 2. our 
broomstick SBD tangible interface, where they could re-train 
as much as they wished (Figure 4). Participants were given 
two hours for the programming task, and no time limit was 
enforced for the SBD task. The behaviors were a polite fol-
low (polite), a robot stalking a person (stalker), a robot that is 
happy to see the person (happy), and a robot that is attacking 
a burglar (burglar). 

Given our exploratory goals our aim was to elicit qualita-
tive reflections on participant experiences and opinions: we 
see this as a precursor to direct more formal experiments. As 
such, we encouraged participants to verbally reflect on their 
interaction during the process and conducted a post-study 
semi-structured interview. 

5.1 Results and Discussion 
All participants took the full two hours to program their 
stylized behaviors, and all were able to create their behaviors 
in the time given, although one programmer stated that they 
would require a great deal more time to implement proper 
“nuanced behaviors.” For SBD, the participants took from 14 
to 30 minutes (including reiteration and discussion), and 
noted that they found the SBD broomstick interaction much 
easier than programming. By using the demonstration system 
they “did not have to think technically or analytically,” and 
could more-easily program movement styles. As such “there 
is a huge time-saving potential here.” One reason cited for 
the broomstick's success is that people are very skilled at 

Figure 3. The algorithm data-flow and processing, and how Puppet Master connects to the real-time robot data. 
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“understanding changing situations on an instant-to-instant 
basis and [can] essentially make up [their] own behaviors on 
the fly.” However, several programmers pointed out that 
SBD cannot be perfect as they are “at the mercy of the system” 
and their “demonstration is just a small part of the bigger 
thing.” They are “relying on its interpretations of [their] 
intentions, rather than on [their] actual intentions. There is no 
way to directly convey intentions,” for example, they could 
not specify hard constraints such as “stay away from the 
corner.” Thus there is potentially no optimal solution as 
machines cannot understand a person's intentions, only their 
actions, and this interpretation is subjective to the demon-
stration-learning interface and algorithm. We point out, 
however, that people learners suffer from the same problem 
as these robots: people cannot know others' intentions, only 
what can be deduced from interaction. Regardless, this sug-
gests that we should aim to better understand the particular 
biases introduced by any given algorithm, and how this re-
lates to target applications and usage scenarios. 

All programmers were observed to act the characters using 
their entire bodies, making faces, laughing, etc. This latter 
point supports the idea that demonstrating style makes sense 
to people and involves their innate social and emotional 
interaction skills. We believe that the SBD benefits would be 
dramatically stronger for non-programmer users who are not 
otherwise able to create interactive behaviors. 

When asked which they preferred, all articulated a set of 
trade-offs rather than preference, for example, “the pro-
gramming spoke to the scientist in me, and the other, the 
broomstick demonstration, spoke to the non-scientific part of 
me.” The programming approach was touted as being more 
accurate and kept the programmer “in control” in comparison 
with the demonstration. Because of this, one person stated 
that they felt like they had “a lot more power to do something 
creative.” However, control is not easy or complete; one 
programmer noted “when you're programming something 
you have to anticipate ... what kind of situations can come up 
and how [the robot] should react ... that’s not a natural way of 
doing things.” The programmers made statements high-
lighting the difficulty of the programming condition. For 
example, general programming difficulties still exist: it’s 

“hard to debug the program even though I have the simulated 
environment,” “even when I program I don't know exactly 
what is going to happen,” and “when I see problems, I still 
don't know why it happens.” Thus while programming does 
offer control, there is still a great deal of uncertainty. 

Programmers mentioned that by focusing on style during 
programming the “types of things [they were] trying to ex-
press were more nuanced, more complicated behaviors” than 
the “easily expressed things like sine waves” that they are 
used to creating in interactive characters (referring to an 
animation smoothing approach), suggesting that the style 
elements may not be obvious unless emphasized. One noted 
that doing the programming before demonstration high-
lighted the sheer difficulty of the real-time problem, and 
helped them to appreciate the demonstration system. 

One participant pointed out that the inherent inaccuracy of 
the demonstration system is not necessarily a problem, as 
perhaps the broomstick can be used to capture a rough 
behavior and serve as a medium fidelity prototyping method 
for behaviors that can be later programmed more thoroughly. 
Programmers also provided suggestions on how to mix the 
pure demonstration approach with more logical components, 
for example, to enable demonstrators to explicitly specify 
which components are important, or give them 
easy-to-understand variables to tweak when observing the 
result (e.g., as tangible knobs or a hand-held interface). 

6 Conclusion and Future Work 
In this paper we presented the idea of teaching robots inter-
active, stylistic locomotion by demonstration. We detailed 
our technical solution, introduced a novel robot-broomstick 
interface, and presented an evaluation that helped verify the 
applicability and accessibility of our approach in relation to 
traditional programming and provided insight into some of 
the tradeoffs between the approaches. 

SBD provides a new way for people to communicate with 
and program robots. Looking forward, we intend to explore 
this point, and to investigate how SBD interaction and in-
terfaces can be further improved to focus squarely on how 
people will want to teach and explain things to their robots. 

a) Programming test-bench. b) Demonstrate and observe cycle for broomstick SBD. 
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Figure 4. Participants were given two hours with the test bench to program the polite, stalker, happy, and burglar behaviors. Following,
participants used the broomstick SBD interface to create the same behaviors, one at a time. 
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