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Often two people must work together physically on a common forces and motions, applied either directly to one another's 
task, such as liftiog and positioning a long board, or, in om model limbs, 01 via a mutually grasped object. 
experimental system, turning a two-handled crank. Such tasks 
involve communication between the people, mediated by the task our motivating of h ' e r  l i b  RwifiQtiO% 
kinematics and dynamics: each person feels forces and motions also involves haptic intemdion between two people. n e  
produced by the other and derives some meaning from them. hands-on interaction between physical therapist and patient 
Tasks may include a degree of competition: the hvo people may involves the wmmunication of muscle tone, force, and motion 
not have exactly the same goal in mind, and must negotiate a to the patient, and the selective delivery of force and motion by 
compromise. Understnuding human-human communication is 
important in designing robots for interaction with humans, and 
for robots that provide powered assistance for humau-human 
tasks (such as physical therapy). 

In this paper we describe early experiments in human-human 
physical interaction, with a 1 dof robot included in order to give 
experimental access to tbe exchange of forces and motions 
between the people. 

We report on Fim' law-like tasks, in which the two people 
cooperate to move a cursor to a common target, or to targets that 
do not completely overlap. Our results suggest that human- 
human physical communication may be a rich area of study. 

Humon-robol-human, human-human, haptic interaction, FHts' law 

I. MOTIVATION 
In numerous contexts, two people share physical tasks, and 

communicate through their physical interaction. Imagine two 
people working together to move a mattress through a doorway 
and up a flight of stairs. Each person is interacting with the 
other person through the object, each with his or her own forces 
and thoughts about where they are going. Similarly, imagine 
people exchanging a glass of water without spilling a drop of it. 
Some airplanes and helicopters have a flight stick that is 
coupled between the pilot and co-pilot. When both the pilot 
and CO-pilot are holding the handles, they are working together 
and communicating through these handles. In each of these 
examples, physical cues are passed kom one person to the 
Other. 

It stands to reason that homo sapiens, a social species, has 
had oppormnity to develop sophisticated ways of sharing a 
physical task, involving communicating with each other 
physically, compromising with respect to task goals, and 
teaching and learning manna1 skills. We expect that a 
signifcant channel of dyad communication should be through 

the therapist. 

These examples suggest basic scientific questions in an area 
which we denote "human-robot-human" (HRH) interaction. 
We are exploring how two people physically cooperate, 
compromise, and guide one another, through force and motion, 
and how machine-generated forces and motions can enter into 
the human-human physical conversation. 

11. RES..4'IEDwORK 

Lifting and moving a table cannot be done individually, so 
people work together to accomplish this task. Takubo et al. [l] 
demonstrate how a robot can assist a person moving a table. 
The human is dominant and leads while the robot emulates a 
Virtual non-holonomic constraint to keep it passively following. 
It is not known how two humans perform this same task. 
Learning how two humans communicate haptically through a 
rigid link will help in creating more intuitive communication 
between a robot and a buman. 

Yanco and Drury [2] discuss many different wmbmtions 
of how humans and rohots can work together. All of their 
classifications are based on one or many humans giving an 
order to one or many robotr and the robots doing the task. 
They do not classify the situation in which there are two 
humans giving an order to a robot that is acting on those same 
humans. 

Klingsport et al. 131 discuss various methods for 
communication between humans and robots, including 
programming commands, listening to natural words, and 
demonstration. They aim to make it as easy and intuitive as 
possible for people to work with a robot. To make it easy, 
human-robot communication in a shared task should follow the 
implicit human-human communication standards, which are 
poorly understd. 

Sallnas and Zhai [4] performed a study with a haptic system 
simulating the handoff of an object. They measured the time it 
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takes to hand off objects within certain targets. Here the two 
people are not physically connected, they feel only the 
sensations the haptic device can simulate. 

Learning a new spolt, such as tennis, is often performed by 
an e x p a  guiding a new student through the motions. Can the 
learning rate be increased if the teacher and student have 
different authority over the intended motion? In one scenario, 
the student will have no influence in the beginning and as his 
skills increase, he will be allowed more control until the 
student has complete control and the teacher has no influence. 
Gillespie et al. [5] demonstrates a student being taught by a 
virmal teacher. The virtual teacher operates much like the 
tennis instructor, moving the student’s hand through a motion, 
while also permitting some feel of the task. In this study, the 
virtual teacher is either present or not - graduated influence is 
not explored. 

Wegner and Zeaman [6] did studies on the effects of 
learning in groups of 2 and 4 compared to doing a task 
individually. They found that working in p u p s  does help in 
learning a task, with the effectiveness decreasing as the sue of 
the group increases. 

Both Elhajj et al. 171 and Hespanha et al. [8] have explored 
two humans communicating in a teleoperational haptic 
environment over the internet. Barnes and Counsell[9] explore 
these same issues, but in a physically nearby‘location, much 
like Sallnas and Zhai’s setup with the handoff computer 
simulation, [4]. In each of these cases, the two people are not 
physically or rigidly connected. 

Rahman et al. [IO] have worked on modeling the 
impedance characteristics of a human ann showing the 
resistance an arm will apply when it is led through a given 
path. They discuss two humans interacting, but only make 
mention of the fact that one of the humans will be the leader 
and the other will be the follower in a cooperative task 
Rahman et al. [ I l l  then take the characteristics of a human 
response found in their studies and implement the same 
response in a robot. Their aim is to make the robot imitate the 
response of a human when interacting with another human. 

Bruning et al. [12] did a comparison between the 
performance of two people working cooperatively or 
competitively. They found that competition led to fasta 
results. 

Kumar et al. [ 131 shows preliminary studies of a device to 
extend a hand for fine motor work and force scaling. 

111. FITT’SLAW . 
Fitts’ law [14], described in 1954, is an empirical relation 

observing that the performance time for a person to move a 
distance D to a target of sue S varies linearly with the “index 
of difficulty” ID, which is the logarithm of D/S, or 
t = a + b log@/S), where a and b are constants. For a given 
target sue, it takes longer to move a large distance than a small 
distance. It takes longer to move to a small target than to a 
larger target. 

Over its long history, Fitts’ law has proven to be 
remarhbly robust It has been observed in tasks of varying 

I 

number of degrees of freedom and complexity, for instance: 
cursor movement along a l i e  to a target l i e  segment; cursor 
movement in a plane to a target disk, moving a can to a shelf, a 
peg into a hole, stringing beads, and many others [15]. The 
coefficients of Fitts’ law vary from task to task (and to some 
extent h m  person to person), but the linearity in /ogp/$J is 
observed over a wide range of index of difficulty, and over a 
wide variety of tasks. 

Mottet et al. [IS] show that Fitts’ law applies to two people 
moving toward a moving target that is equally hying to reach 
them. An example of this is two people reaching to shake 
hands -person A’s target, person B’s hand, is equally trying to 
grab person A’s hand, which is person B’s target. 

Fitts’ law has been used in many areas of research from 
path tracking [I61 to 3D computer games [I71 to scrolling time 
on a computer [I81 to GUI design [19]. However, Sallnas and 
Zhai [4] and Mottet et al. [IS], are the only experiments we 
have been able to find on Fitts law for more than one person. 

Figure 1. A pursuit task, the simplest experiment we could 
devise to investigate novel effects that might arise in dyadic 
motion control. Two subjects control the motion of a two- 
handled crank, sharing forces and motions. Watching a 
monitor, they move a cursor controlled by the crank into a 
target area as quickly as possible. 

rV. Two PERSON Fms’  LAW 
As an initial foray into human-robot-human interaction, we 

tried to devise the simplest experiment that could reveal novel 
effects that arise in dyadic motion control. We chose a one- 
axis motion configuration in which two subjects participate 
symmetrically. The task was also chosen to be as simple and 
conventional as possible: a one-axis pursuit task of the “Fitts’ 
law” type. 

Our experiment is an extension of the prototypical Fins’ 
law experiment. (Figure I.) Two human subjects complete the 
task together. Each subject views a monitor, which shows a 
cursor and a target region. The CUT~OI moves horizontally 
according to the angle 8 of a two-handled crank. operating in 
the horizontal plane, with the handles held by the subjects, 
sitting opposite each other. When the cursor is successfully 
brought to and held in the target region, the target region moves 
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to a new location. (The motor and the dual monitors will be 
explained later.) 

We wish to determine how people work together and 
communicate physically and, specifically, whether Fitts' law 
describes the performance of two people engaged in a 
physically shared task with a common goal, or a task in which 
the two people have slightly divergent goals. 

In this study, we look at how two individual efforts 
combine. Does Fitts' law hold m e  for two people sharing the 
same task? How does dyadic performance compare to 
individual performance? 

Additionally, we are interested in negotiation and 
compromise through physical communication. Does Fitts' law 
hold true for two people with slightly different tasks in which 
reaching the goal requires coming to a physical compromise 
with each other? 

We performed three experiments: 

Experiment I :  Individual pursuit 
In the fmt experiment, only one subject holds a crank 

handle. Each subject was given four sizes of targets at slightly 
varying distances D to determine each person's individual 
(one-person) Fitts' curve. This experiment reproduces one of 
many classic Fitts' law experiments. 

Experiment 2: Lly-adicpursuit; common target 
In the second experiment, two subjects control the cursor 

together, coupled physically by the two-handled crank 
Although they view separate monitors, the monitors show the 
same cursor and target, so that the subjects are working 
together physically with the same goal. Typical tasks as seen 
by the two subjects are shown in Figure 2. Since the inertia and 
friction of the device are small, there is little to get in the way 
of the haptic communication between the subjects. This 
experiment addresses physical communication with no conflict 
in goal, and in which no physical compromise is required. 

Experiment 3: Dyodicpursuit; differing target 
In the third experiment, two subjects control the cursor 

together, but the target seen by subject A does not entirely 
agree with the target seen by subject B. (Each subject can only 
see hisher own, task.) Figure 3 shows one possible 
configuration. In this case, the two subjects must physically 
communicate and compromise to move the cursor to a position 
where both subjects are satisfied. 

v. EXPERIMENM &'PARATUS & PROTOCOL 
The apparatus is shown in Figure 4. The handles are 

connected via a rigid l i  that can spin freely at the center 
where a direct drive motor is attached (under the table), 
although the motor was not used in the experiments reported 
here. An optical encoder provides the rotational position of the 
bar. The monitors display identical images, but the task for the 
other person is covered up, so that each subject sees only his or 
her own cursor and target. 

distance D 
b 

/ . 
Subject As 
tovk cursor 

Subject R's 
task cursor 

%3 
Figure 2. Identical targets for subjects A and B in experiment 2. 
Subjects physically cooperate to reach the common mutual 
goal. No physical compromise is required. 

S u b j a  A's ( 1 
task 

M Subject B's 
task 

Figure 3. Divergent targets for subjects A and B in experiment 
3. Subjects A and B control a cursor via the motion of the 
crank, but the target regions seen by the two subjects do not 
entirely agree. Thus the subjects must physically 
communicate and compromise in order for both of them to 
achieve their goals. 

Figure 4. Experimental setup with two monitors and two- 
handled crank. The monitors display identical images, but the 
task for the other person is covered up, so that each subject sees 
only his or her own task. 
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On each monitor a cursor, corresponding to the angular 
position of the handle,  is^ presented to show the current 
location. Also shown is a target region. The target changes 
color when the cnrsor is within it. After the subject has held 
the handle in the target zone for one second, a new target will 
appear. The targets vary between one of four sizes: 2.4" (1.3 
cm around the circle at the handle), 5.6O (3.1 cm), 10.4" (5.7 
cm), or 16.8' (9.2 cm) with a distance between targets of 72'i 
8" (30.2 f 4.4 a n ) .  In cases where the targets did not 
completely overlap, there was a minimum of 2.4' (1.3 cm) of 
overlap. 

Each pair of subjects performed two rotations through the 
tasks. For each rotation, subjects did 24 targets individually 
(experiment l), 24 targets together (experiment 2), and 60 
targets together with various overlapping (experiment 3) for a 
total of 216 target matchings each. The fmt experiment forms 
a basis for each person's individual Fitts' law curve. The 
second experiment evaluates the performance of the same two 
subjects, now working in cooperation. The third experiment 
begins to study how physical compromise takes place. Verbal 
communication was not allowed at any point during the 
experiment. The sequence of experiments took ahout 20 
minutes per pair of subjects. 

VI. RESULTS 

We ran these experiments on 4 sets of subjects (8 subjects 
total). This data set is not large, but allows preliminary 
indications to direct future research. For the 8 individual 
subjects, the results (Figure 5 )  show a high correlation to Fitts' 
law (R' = 0.96). Each individual's average results are shown, 
as well as an average across subjects. Results are clustered 
along the ID axis because distance D was always similar, while 
target sue S varied discretely among 4 values. 

Figure 6 shows results when these same subjects worked 
together in dyads. On average, dyads shown identical targets 
were 0.14 seconds faster than individuals. The performance 
data for dyads also obeyed Fitts' law, with somewhat weaker 
correlation. (R' = 0.90). 

When the two subjects have slightly different goals, we 
must clarify what we mean by "target size." It seems 
reasonable that the target sue  S should now be interpreted as 
overlap distance. However, as shown in Figure 7, we do not 
find a Fitts' law type behavior for th is  task. Since, historically, 
a very wide class of tasks have shown Fins' law behavior, even 
for def~t ions  of ID that are quite diverse and task-specific, our 
result is peqlexing. 

VII. DISCUSSION 
These are preliminary experiments, but they have produced 

several interesting results. 

Experiment 2: identical targets 
We observed significantly faster performance for dyads 

than for individuals. Movement of the crank is very easy, so it 
is not credible to us that the additional force capabilities of two 
people would be helpful. We find the result surprising because 
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Figure 5. Results for experiment 1, in which one subject 
operated the crank. Average results are shown, as well as an 
average across subjects. Agreement with Fitts' law is seen. 
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Figure 6. Results for experiment 2, in which two subjects 
operated the crank, and were shown identical target regions. 
Fins law is observed, with an average performance time 
0.14 seconds faster than for individuals. 
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Figure 7. Results for experiment 3, in which two subjects 
operated the crank, and were shown overlapping, but 
different target regions, so that physical compromise was 
required. The performance time does not follow Fitts law. 
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communication and compromise are required; the subjects can 
easily interfere with each other, and indeed some subjects 
repotted frustration in working with a partner. (Our result is 
for a small number of subjects however, so further 
experimental verification and statistical analysis is called for.) 

Some participants reported awareness that they had 
achieved what we will call specialization: one subject would 
take greater responsibility for the initial saccade to move 
toward the target region when it appeared, and the other would 
take greater responsibility for bringing the cursor to a stop 
accurately. 

We suggest a physiologically reasonable (though 
speculative) opportunity for superior performance by a dyad. 
A single person executing the task in OUT preliminary 
experiment would be expected to use the so-called biphasic 
burst pattern of muscle activity, in which an agonist muscle 
burst starts the movement, and is followed by antagonist 
muscle burst to brake the movement and another agonist burst 
to help hold the limb at the fml position [20][21][22][23]. 
These bursts represent careful planning based on prior 
knowledge, rather than feedback received during the task 
[24][25]. Moreover, these patterns represent optimal 
movements that best accomplish the task within rather limiting 
physiological constraints such as the rates at which muscles can 
be tnrned on and off [26][25] and the l i t e d  torque generating 
capacity in different areas of the workspace [27]. 

We hypothesize that when subjects are exposed to a dyadic 
task, they swcialize so that one subject acts as the task‘s 
agonist and the other the antagonist, or as if one person is 
controlling the early phase (launch) and the other is controlling 
the late phase (braking). Consequently, the rate of force onset 
and offset becomes less critical if one person can be ramping 
up while the other is ramping down. Our p r e l i  anecdotal 
evidence suggests this type of specialization. 

Changing &om a one-person to a two-person task makes the 
system redundant, affording a new luxury of choices in how 
control is canied out [ZS]. There is no longer a one-to6ne 
correspondence between dynamics and kinematics [29]. For 
example, in the dyadic tasks of ow preliminary experiment, 
one subject can choose not to perform at all, to help with only 
the braking phase, or to use only elbow flexor muscles. One 
can imagine a variety of possibilities that did not exist in the 
one-person case that are advantagwus. For example, CO- 
contraction strategies similar to those used in parallel robotics 
and in human bimanual control [30] are possible in which both 
people share in a new form of “collaborative co-contraction” to 
stabilize the handle at the target. 

Experiment 3: differing targefs 
The two-persoddiffering-target experiment d m  not seem 

to exhibit Fitts’ law behavior, at least if we consider “target 
size“ S to be the overlap distance, which seems to be the 
natural def~tion. In many cases, the two people would 
overcorrect and bounce back and forth around the target. 

Shergill et al. I311 describe an experiment in which each of 
two subjects perceives that the other is pushing (or hitting) 
harder. In our cooperative task, if each subject feels that the 

other person is pushing harder, this could lead to poor 
performance since’each has an exaggerated perception of the 
other’s intent. If intent could be sensed more acc111iltely, 
possibly by altering the amount of force conducted though the 
haptic interface, then maps the dyadic efficiency could be 
improved. 

VII1.FrmrrcE WORK 
We plan future experiments using the same or an enhanced 

experimental setup, motivated by the prelirmnary results 
discussed here. Our apparatus includes a direct drive motor, 
and strain gages on each handle. These features were not used 
in the experiments reported. In fact, because the crank 
mechanism is so light, the strain gages cannot differentiate the 
forces provided by one subject as opposed to the other. 

Specializatian. 
By using the motor to create a simulated inertia, we can 

separately measure the forces and perhaps the roles of the two 
subjects. We plan to investigate the specialized roles that 
individuals adopt in a dyad, if indeed specialization is what is 
occurring. 

Adapfatian 
There is presumably an adaptation process during which 

subjects Ieam to move together effectively. The question of 
how adaptation takes place is independent of whether 
specialition is a general principle. How fast is the adaptation 
as a naive dyad progresses through early trials together? After 
adapting as a part of one dyad, does a subject adapt more or 
less quickly to a new partner? 

The language ofphysical communication. 
If we can decode the language of physical communication 

between human subjects, we can prove our understanding by 
surreptitiously substituting the motor for the action of one of 
the subjects, and observing if the resulting “cyborg” dyad is 
fully as effective as the human-human dyad A harsher test of 
our understanding is whether we can also substitute the motor 
successfully in place of one subject during the adaptation 
period. 
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