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ABSTRACT

Many feedback control systems, especially those for complex applications,
involve humans in the control loop. Visual information traditionally has been
presented 1o human controllers who make manual responses (i.e., via keyboard,
Jjoystick, or other interfaces). To expand system bandwidth, other information
channels can be presented to human operators. Kinesthesis, the perception of
body positions and forces, represents an atractive supplemensary form of human-
machine communication, since the limbs (e.g., an operator's hand) can be used
both for input and owtput of information in the control loop. Although psy-
chophysical studies have ed perception of isolated mechanical properties,
limited work has been conducted to study human kinesthetic abilities in the con-
text of control. The research described here assesses judgement of coupled prop-
erties, including the superposition of linear siiffness, damping, and inertia.
Quantitative perception of these properties may depend upon correct models of
the mechanical system with which a user interacts. Similarly, perception of fun-
damental mechanical properties may be influenced by system delays (on the order
of magnitude of human reaction time). This paper describes both an apparatus
Jor undersianding kinesthetic interaction with mechanical systems and an ap-
proach for studving human perception of mechanical properties.

1. INTRODUCTION

Historically, remotely actuated devices, such as teleoperators or telemnanip-
ulators, were controlled by a human operator via cables, linkages, and gears.
The mechanical coupling enabled the operator to move the remote device, as well
as feel any forces acting on it, and thus served as a route for kinesthetic feedback
10 the operator from the remote environment. The development of electrical
servomechanism systems effectively replaced the mechanical coupling by electri-
cal wires, position sensors, and servo-motors, permitting remote manipulators to
be guided from greater, and thus safer, distances. The feedback of forces, how-
ever, was lost, since electrical signals were used to transmit position information
from the operator to the manipulator. In such implementations, it was found that
tasks were more difficult because operators worked solely from visual cues,
without the aid of kinesthetic (force and position) feedback {1]. This deficit was
addressed by installing servo systems acting in the “return” direction, from the
remote device to the human operator. Forces sensed in the remote environment
were simulated by acruators in the operator's control handle, emulating some of
the cues that would be experienced by physically interacting with objects in the
remote location.

Long distance communication, data encryption, and computer pre-pro-
cessing add time delays to kinesthetic feedback. Control theorists have considered
the effects of delays on force feedback in teleoperation, emphasizing the stability
of the telemanipulator, and seldom considering the human operator as part of the
control system. Manual control studies include the human in the control loop, but
consider the overall effect which delays have on the efficiency of task completion,
and on human planning and manipulation strategies. Neither discipline attempts
1o characterize the effect of delays at the interface, as related 1o the transfer of
information to the operator. Work in the field of human faciors determines how
humans perceive kinesthetic inputs, but the effects of time delays are not
addressed. This paper describes an approach, and the development of a testbed,
to better understand kinesthetic feedback. The kinesthetic testbed is being used to
provide preliminary insights into human abilities for bidirectional manual
communication with machines.

Kinesthetic secdback, for the purposes of this research, consists of a linear
combination of three ideal physical components: lLinear stiffness, damping, and
inertia. Many mechanical systems can be described by these components, which
generate resisting forces directly proportional to displacement, velocity, and ac-
celeration, respectively. Previous studies [2,3) have indicated that nonlinear ef-
fects such as static friction are also significant in manual controls, and may have a
detrimental effect on operators' ability to modulate their Itis d
however, that with proper design, such undesirable components can be minimized
in kinesthetic feedback and are not considered in this study.
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Numerous human interface experiments have addressed the use of gauges
and displays. An important area of research has focused on the performance of
aircraft pilots in tracking visual inputs, using various display and control modes.
Comparatively litte has been done, however, in studying other sensory modalities
or providing any general knowledge base for interface design. For commu-
nicating information, sight and sound predominate, yet we use all five senses.
Although not explicitly used as an information channe} in human-machine inter-
action, kinesthesis, which involves the knowledge of the positions of the limbs and
the ability to judge the forces acting upon them, could be used for communication
purposes. For example, while working with 2 manually controlled machine, an
Operator may recognize a problem upon feeling the handwheel suddenly "stick.”
This “sticking" sensation represents kinesthetic feedback and provides an indi-
cation that some part of the process has changed or encountered an obstacle; as a
result, the operator may adjust his control action appropriately.

With modern servo systems there is often no direct mechanical coupling
between the control and the process it affects. Kinesthetic feedback must be ac-
tively generated to feed back the state of the process to the operator; a ser-
vomechanism must produce the “sticking™ sensation in the control when the pro-
cess itself begins to stick. In implementing this feedback, the flexibility of servo-
controlled systems also gives us the liberty to dictate what information is supplied
to the operator. It may not be mechanical information which is fed back, but
perhaps a feature of a chemical process ~ we may choose 1o allow the operator to
“feel” the concentration in a mixer approaching dangerous levels, even though
there is no mechanical resistance in the real system.

Servo controls allow great freedom in selecting and modifying the "feel” of
an operator's manual control, provided we have some knowledge of how the
operator will interpret the artificially generated kinesthetic feedback. A prime
example of such an implementation of kinesthetic feedback, and the one which
prompts us to examine kinesthesis and time delays, is bilateral telemanipulation.

Telemanipulators can be concisely described as general purpose, dexterous,
remote-manipulation devices. In bilateral telemanipulation the forces generated
at the control handle (the master manipulator) directly correspond to those sensed
in the remote process (the slave manipulator). There is generally very little
modification of the signals as they pass between the slave and master. However,
the development of affordable and powerful microprocessors in the last decade
has provided many new opportunities for altering the signals as they are fed back
to the human operator. With the increased computing ability, compensation
could be added for small time delays (as incurred due to data encryption or
communication delays), coordinate transformations can be made, and signals
from additional sensors may be incorporated. The latter option is particularly
interesting, in that it may provide a means of translating information into a signa!
that can be more effectively used by the operator.

The flexibility of servo controlled systems allows us to translate informa-
tion from one sensory modality to another, providing cues 1o the operator in a
more ussble form. With digital p ing, the formation b modes
can be defined and selected properties can be enhanced, e.g., for giving light
objects more mass, imposing artificial stiffnesses to help direct the operator, or
possibly imposing nonlinear or conditional effects in the "feel” of the system.

Together, stiffness, damping, and inertia comprise a set of force-displace-
ment relations which can be collectively referred to as the impedance of a given
system. Thus kinesthetic feedback consists of presenting a desired impedance 1o
the human operator. This study examines the process in which the human oper-
stor gathers impedance information (by manipulating a control interface and
subsequently resolving the force felt into stiffness, damping, and inertia compo-
nents.) Specific issues to be addressed include:

1) Strategies in manipulating the human interface control. In particular, how
does the manner in which the control is manipulated affect how well the
physical characteristics can be distinguished and quantified?

2) Acuity and limits of kinesthetic sensing, including stiffness, damping, and
inertia components individually and interacting.



3) Effects of time delays on kinesthetic sensing. How do time delays alter
perception of kinesthetic inputs, and below what threshold do they become
negligible?

Both an apparatus for understanding kinesthetic interaction with mechani-
cal systems and an approach for studying human perception of mechanical prop-
erties are described.

2. BACKGROUND

Research in kinesthetic perception can be sharply divided into two classes:
general psychophysics research and performance evaluation for a specific task.
Psychophysics rescarch has addressed basic human perception. Stevens (4] pro-
vides a survey of studies of the perceptual scaling of a number different phe-
nomena, including loud brigh angular leration, and heaviness.
Perceptual scaling is the process in which the human scales the magnitude of dif-
ferent inputs, vsually based on a power function. Doubling the brightness of a
light, for instance, is perceived as an increase of 2#; quantering the brightness re-
sults in a perceived value of 0.25%, where n is the exponent of the power function.

An example of such work is Clark, Handel, and Kreifeldt's [5) inquiry into
the scaling of mass moment of inertia. To determine the exponent for mass mo-
ment of inertia scaling, a pivoting bar was constructed with holes spaced along its
length from which weights could be hung. Weights were placed at different lo-
cations, and subjects were asked to numerically relate the different configura-
tions. Other work concerning the perception of properties considers the limits of
sensing. Jenkins {6], for example, performed an experiment in which he found
the minimum difference in force which could be resolved in three different
comntrols, i.e., 8 stick, wheel, and pedal.

In contrast to such basic psychophysics research, many studies have been
undertaken to examine human performance in specific types of tracking and ma-
nipulation tasks. The effects of control stick characteristics on an aircraft pilot's
sbility to track a moving target have been the focus of numerous studies. Tele-
manipulation has been examined in the same light, although to a much lesser ex-
tent.

Kriiger [2] addressed the effects of spring force, viscous damping, inertia,
and static friction in a control stick on performance in two-axis compensatory
tracking tasks. The experiment employed & video screen on which subjects were
10 minimize the deviation between a cross pointer and a reference aircraft symbol
during simple simulations of wind gusts. A contro} stick was used for operator
input. Kriiger found that the resistance parameters had little effect on per-
formance, with the exception of spring stiffness, which increased performance
significantly. Howland and Noble {7], however, found that small amounts of
viscous damping also increased performance when a small knob was used as the
control input.

Kriiger also obtained what the subjects perceived to be the most effective
parameters for the control stick by allowing them to adjust the values with a
knob. Further, for Kriiger's work and many other tracking experiments, a small
number of subjects were used duc to the large amount of training required before
proficiency in tracking was anained. Significance in the results was achieved by
using several subjects with a large number of runs per subject, as well as em-
ploying several different measurement methods for cross-reference.

Book and Hannema {8] have employed similar methods in analyzing the ef-
fects of friction, natural frequency, and backlash in a two-degree-of-freedom,
unilateral telemanipulator. Performance was not measured in dynamic tracking,
however, but for a rapid, point-to-point positioning task. Subjects were required
to move the end point of the manipulator from one position to within a tolerance
band surrounding & desired position. The perf m were ion
time and position error.

‘The influences of time delays on both tracking and elemanipulation have
been the subject of several studies. Delays are generally recognized as detrimen-
tal 10 performance in both tracking and manipulation, and experiments in single-
axis tracking tasks, such as those performed by Stark [9], concentrate on the im-
provements gained by different tracking modes (pursuit vs. compensatory, for
example), and on the benefits of a predictive preview in the display.

In Stark’s study, the subject was to perform pursuit tracking by attempting
to follow a moving target on a computer display with a cursor, using a pair of
keys on the keyboard as controls. The closed loop gain of the operator in the
tracking system was found to drop as the delay was increased from zero to 0.5 5.
The phase of the closed loop system directly reflected the time delay. Adding a
predictive display which informed the operator of the target's upcoming move-
ments reduced the phase lag, but had little effect on the suppression of operator
gain in the system.

The effects of delays on a specific manipulation task have been evaluated by
Sheridan and Ferrell [10,11). Two separate experiments were performed on a
two-degree-of-freedom manipulator, in which subjects were required to move the
manipulator to an object and grasp it in a parallel-jaw gripper. This was es-
sentially the same task used by Book and Hannema, described above, in that it re-
qQuired positioning from one point to within a tolerance band around another.
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The modification here was that the tolerance banc wus givea by the size of the
opening of the manipulator jaws, not by a set of markings on the table. The ex-
periment was performed with time delays ranging from zero 1o 3.2 s by a small
number of trained subjects. The significant result of Sheridan and Ferrell's work
was the subjects’ conscious development of a "move and wait" strategy. This ex-
periment and one with a more complex task indicated that task pletion times
increased linearly as the delay increased.

A4, q

In summary, previous research has perception and use of
kinesthetic feedback in controls and the effects of delays on tracking and manip-
ulation separately, but the two concepts have yet to be combined. At least pan of
the reason for this is the instability which arises when force feedback is used
under the effects of delays. For long delays (0.5 to 5.0 s) which have been of
concem in the past, kinesthetic feedback has resulted in ble systems, and thus
its effects were superfluous. With the growing use of digital sysiems to imple-
ment manual controls, however, processing and transmission delays on the order
of tens of milliseconds are now being generated. These delays do not always re-
sult in instability, and their effects on kinesthetic feedback are of significant in-
terest .

3. APPARATUS

An apparatus was designed to test human perception of controlled
impedance, and to record subjects’ manipulations of the control interface. Based
on the concept of a computer controlled knob with a programmable impedance,
the system employs DC torque motors and a high speed controller to digitally
simulate mechanical inertias, dampers, and springs. Rotating knobs are used in-
stead of translational devices because of their compactness, and because other
studies have found that human control is generally more exact with rotational
systems [12].

Figure 1: Testing Apparatus

The testbed consists of a 0.96 x 0.36 m cabinet face through which twelve
2.6 cm diameter knobs protrude (Figure 1). Six knobs are attached 10 mechanical
systems and arranged along the top of the box, so that subjects can see the
mechanisms over the top of the face plate (Figure 2). The other six knobs
protrude through a faceplate from inside the cabinet, so subjects cannot ses what
is attached to the other end of their shafts. The visible knobs are linked to
physical masses, dashpots, and springs, while five of the six "hidden” ones are
coupled to computer controlled motors which are used to simulate combinations
of those elements.

The motor-driven knobs are controlled by means of an IBM AT computer.
The overall layout of the system is shown in Figures 3 and 4. The position of the
motor shaft is fed to the computer from an optical encoder through a custom
interface board. The board also derives velocity information from the quadra-
ture frequency, and acceleration is then found by discretely differentiating the
velocity values in software. Proportional position, rate, and acceleration control
are used to generate 8 desired torque value, which is then output through a digi-
tal-to-gnalog converter (DAC) as a command 1o & voltage-to-current converting
amplifier, and fed back to the motor.

The physical components used for the exposed knobs are simple rotary
springs, rotary and linear dashpots, and inertial disks, combined in various con-
figurations. The unsuitability of available rotational dashpots made it necessary
to use linear (translational) elements. Levers were artached 1o convert their ac-
tion to rotary torques on the knobs, and their range of motion was limited to keep
their action as linear as possible.



Figure 2: Testing Apparatus, top view of mechanical systems

Constraints limiting the design of the experimental hardware included:

1) Human sensory abilities: Although we were concemed with kinesthetic
feedback, we had to contend with human tactile senses as well, which have
8 much higher bandwidth than kinesthesis. Generally, humans can sense
vibration up to several thousand hertz (depending on signal amplitude),
while kinesthesis is limited to a few hundred cycles per second. To Ppro-
duce a convincing simulation of physical systems we had to prevent vi-
bration or other spurious signals over a mechanical bandwidth of several
kilohertz.

2) Daua collection: A means had to be provided for collecting data to quantify
the interaction of human and machine. The simplest measurement was the
subjects’ conscious evaluation of the physical system, which was ac-
complished by having subjects fill in values on & form. However, we also
wanted to record the process by which humans decided on these values.
This was accomplished by recording the controller states at desired inter-
vals.

The motors provide the interface with the test subjects, and need to be
powerful and responsive enough to simulate & reasonable mass-spring-damper
sysiem. Based on preliminary experiments, a steady-state torque capability of at
least 0.2 N-m, and 3 rotor inertia less than 5.0 x 10-5 N-m-s2 were found 1o be
desirable. “Pancake” motors (Ricoh Type 7K00011), with low Coulomb friction,
were selected.

The motors were fited with optical encoders which supply TTL level
quadrature signals at a resolution of 400 counts per revolution. By triggering a
counter at the edges of each quadrature pulse, this resolution is effectively in-
creased by a factor of four, to 1600 counts per revolution. The power amplifier
must use a signal from the computer controller and generate a proportional
torgue in the motor. An analog DC amplifier design was chosen over pulse width
modulation (PWM) for its simplicity in providing closed loop current control to
the motor.

Amplifier and
Intcrfa\cc Board

]

Figure 3: Physical Layout
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In brushed DC motors, the armature resistance tends to vary as the
temperature of the coil changes, and the brushes’ arcing and overlapping of two
commutation zones intermittently reduces motor efficiency. Under a voltage
regulated supply, these effects cause the current through the motor to fluctuate,
and consequently the torque output deviates from the desired value. This devi-
ation is commonly known as torque ripple. By using a voltage-to-current ampli-
fier, we implemented closed loop control of the current supply. Outputting a
voltage leve] from the computer to the amplifier produces a proportional current
through the feedback circuit. This greatly reduces the cogging problem produced
by torque ripple, as ¢ d 10 2 first g ion implementation, which used a
voltage regulating DC amplifier.

The interface between the computer, amplifier, and optical encoder is im-
piemented on a single PC expansion board. The board provides for memory
mapped addressing from the IBM AT bus for three different functions: 1)
Quadrature decoding of optical der signals for d ining motor shaft po-
sition; 2) Velocity computation based on quadrature pulse width; and 3) Latching
and digital to analog conversion of the output command for the amplifier.

The output interface to the amplifier is an AD7545 12-bit multiplying
DAC, which latches data and converts it when a specified memory location is ac-
cessed by the control program. The chip has buffered registers, which latch the
input and thus serve as a zero order hold to maintain the signal berween output
cycles. The twelve bit resolution provides for output precision of approximately
0.001 amps, which corresponds to steps in torque of 4.6x10-5 N-m.

The input circuits function autonomously from the programs running on
the PC, continually monitoring the quadrature signal and updating the registers
which hold position and velocity values. An HCTL-~1000 motor controller chip is
used for position input, counting quadrature edges and maintaining the current
position count in an intemal register. This chip was originally selected becsuse it
can accomplish velocity decoding as well as position, but that capability was been
found to be 100 slow and imprecise for this application. Therefore, a custom cir-
cuixwasdesimedinwhichaGZ.SkHzocciﬂaxmicnseduawkegmmr.md
a set of counters simply count the number of pulses which elapse between
qQuadrature edges. The counter value represents the instantaneous frequency of
the quadrature signal, which is inversely proportional to the actual velocity. The
value is latched after every new measurement, along with the motor's direction of
rotation, so that data are always available whenever the registers are addressed.

The software for control and data collection is divided into two modules:
an interface shell, written in BASIC, and the real time control software, written
in 8088 assembly language. Together they allow the user to: 1) Model any de-
sired stiffness, damping, and inertia with the motor; 2) Insert transmission delays
in the controller output signal; 3) Save any group of characteristics and settings
to 2 file for later use.; and 3) Collect data on the position, velocity, acceleration,
and torque of the motor and plot it or save it 1o a file for snalysis.

The shell serves as the user interface for the system, taking all the neces-
sary variables and placing them into specific memory locations. The control code
then simply accesses these memory locations for the parameters it needs to com-
mand the motor and gather data. When the user executes the control code from
the shell, it immediately begins governing the motor operation. Data collection
starts when the keyboard is hit, and on the second keyboard strike, the program
stops taking data and exits back to the shell. The interface shell is written in
compiled BASIC because of the language's screen handling capabilities, simple
absolute memory addressing, and the ability to “sub-lsunch” assembly language
code. The program is operated through three menus which contro} program
functions, parameter setting, and plotting.

Vv Vo 1
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Figure 4: Organizational Layout



The major data structures that the shell provides for the control software
are precomputed lookup tables. These allow the controller to map any given in-
put to its appropriate output, thus obviating the need for most real-time calcula-
tion. The tables speed up operation considerably, allowing an update rate of
about 5 kHz. This frequency was found to be above the range in which human
taction can sense small amplitude vibrations, so subjects feel no evidence of the
sctive controller.

The variables placed in memory by the interface shell are used to imple-
ment a standard state feedback regulator. The interface board is polled for posi-
tion and velocity values, and acceleration is estimated using a backward finite
difference approximation. Gains are applied to the position, velocity, and accel-
eration by using the states as offsets into lookup tables, and the resulting com-
mand signal is sent to the interface board for output to the amplifier.

The software implements a first-in-first-out (FIFO) queue so that a time
delay may be inserted into the output channel. The length of the queue deter-
mines the delay. A pair of queues is also used in calculating finite difference ap-
proximations so that both a high update rate and adequate resolution are
maintained. Simple filtering is done by averaging two consecutive acceleration
calculations together, and limit checking is also done to assure smooth operation.

In order to impose a desired impedance with the DC motor, a model of the
motor is first fed forward to cancel its properties of damping and inertia, J and
B. Then the gains K,, C,, and M; are applied in position, velocity, and accelera-
tion feedback as shown in Figure S. The motor is modeled as a linear system.

Motor

Kt R
30 578 e

Figure 5: Control Loop Implementation

By prescribing the desired impedance of the motor, we have effectively
limited the overall design of the controller to two options. Setting a stiffness,
damping, and inertia requires that the controller regulate the force at the inter-
face based on position, velocity, and acceleration. The design given above relies
on an exact model for the system, since it assumes that the mode! parameters can
be used to generate a force at the interface without sensors located there. The fi-
nal force output is essentially open-loop, which results in ervors if the model is
only approximate or its parameters are improperly measured.

Another method of impedance control requires force sensing at the inter-
face, and then closing a force loop around the sensor, as shown in Figure 6. This
method is more robust than the previous one with respect to errors in the system
model, since it explicitly measures the forces at the interface. It has been em-
ployed successfully in a project to implement impedance control of a robot ma-
nipulator {13). Many variations on these architectures are, of course, possible,
but they are generally encompassed by one of these two formulations.

Figure 6: Impedance Control Using Force Feedback
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The method shown in Figure 5 proved to be adequate. The motor perfor-
mance is very nearly linear, and model parameters can be determined relatively
easily.

Motor

Kt _—
s(J s+B) >0

e

Figure 7: Simplified Controller

In the controls analysis, the controller is simplified from that shown in
Figure S, to the one in Figure 7. This is done by subtracting the feed forward
geins from the feedback gains and dividing through by K, so only three gains, K,
C, and M, are necessary to specify the impedance. The translation from Figure 5
to Figure 7 is done by using the following relations:

K C.-B M-
K=k K K

Stability is a primary concen when working with systems which invoive
time delays, and an approximate analysis was undertaken to determine the limit-
ing factors and values for the apparatus discussed here. Three primary sources
of instability that exist in the motor controller are: 1) The quantization and hold
caused by sampling data into the digital system; 2) The lag caused by use of finite
difference calculations; and 3) The intentional lag introduced to study human re-
actions to time delay.

Cs= M=

The model for the electromechanical system used in the test apparaws is
simple, but complications arise in evaluating stability when antempting to include
the buman operator in the model. The impedance of the human arm can vary
with position, excitation frequency, task length, and many other factors, and thus
it is very difficult to model (14, 15).

The approach here is to rely on the fact that the human generally acts as a
dominant second order system with light damping {16]. The exact location of the
dominant poles is dependent on the activation levels of the muscles in the arm, but
the system is always damped. In fact, during precision movements, McRuer ez al.
[14] indicate that an average tension acting on opposing muscles ordinarily causes
the system to be overdamped. We further presume that the operator will modify
the stiffness of his arm to prevent its resonant frequency from coinciding with
any oscillation frequency generated by the knob. That is, a user will modify the
poles of his arm to avoid instability. This assumption is based on observed
reactions to oscillation in knobs, which subjects tend to stabilize by increasing
tension in the hand and wrist. Under these assumptions, we can view the operator
as an adaptive system which aids in stabilizing the knob with which he interacts.
The critical condition, where the stability margin is least, occurs when the
operator releases the knob, removing his stabilizing input. Evaluating this worst
case provides limits on gains and delays, giving conservative estimates on the
values which may result in instability during interaction with an operator.

The impact of digital sampling is addressed separately from that of long
signal delays in order to simplify the analysis. Traditional discrete systems anal-
ysis methods do not easily lend themselves to the inclusion of large delays since
the resulting z-transforms or discrete state matrices are of very high order. It
seems prudent to first examine the stability of a sampled data model of the
control system, assuming that all states are available for feedback. Without the
influence of the differentiation lags and intentional delays, critical values of the
programmed stiffness, damping, and inertia values K;, C, and M; are on the or-
der of 0.34 ™l 1.2 B and 1.3x10-4 L, respectively. (The desired

maximum values of 0.08 "—_';lmd 0.01 "“'-‘;‘2 for the spring and the damper,

respectively, are much less than these limits, indicating that the contribution of
sample-and-hold effects to instability is very small for the range of values we
wish to implement. But forzprognmmed mass, theory indicates that the full
desired range of 2x104 ’%’— cannot be used. In practice, however, experi-

mentation has found that this parameter can be extended up to the desired limit,
presumably due to the unmodeled effect of Coulomb friction, which helps to
dissipate some of the system's energy and thus keep it stable. The full analysis is
carried out in [17].)




The simple sampled-data system is stable with respect 10 K and C, and the
discussion below indicates that the effects of M on stability are invariant with
delay. In light of this, and the fact that the delays incurred in sampling are small
with respect to those g d during di differentiation, we approximate
the discrete sysiem as a continuous one. Using a continuous transfer function,
Gelays can be incorporated with an exponential term and the stability analyzed by
using Pontryagin's Theorem, as discussed by Thompson [18,19).

The analysis of the system with the large delay which results from the fi-
nite difference calculation of acceleration is contained in [17). The graphical
method suggested by Thompson is very useful in determining the limits of sta-
bility and, for the delay of approximately 15 ms which is incurred in the con-
troller code, the analysis indicates that the system is stable up to a programmed
mass of 1.3x10-3 &%ﬁ This threshold is nearly invariant with the delay.

Referring to Figure 7, an open loop transfer function, G(s), is obtained by
cutting the feedback loop at the motor input. We add & delay term in the accel-
eration feedback, and the resulting open loop transfer function is then:

K
(K + Cs + Ms2e-15)
Gy LK Ce M)
s(s+ v
As the frequency, ® = ;—, becomes large, the open loop transfer function
tends towards

£ M;""".l_t,h_i,.w
On a Nyquist diagram, this would be represented by a circle centered about
the origin, with a radius equal to '-('*J- Stabdility can be assured in this simation
only if the radius of the circle is less than unity. Thus, for any value of %, the
inequality

EjM< 1

must hold. In this system, K, = 0.048 and J = 6.25x10-5, thus requiring that M be
less than

Glw) =

,’c-%%}gi- 1.3x10-2,
This inequality must be true for any delay value, and this condition is the
limiting factor in simulating masses with the controller,

Incorporating a transmission delay into the fezdback Joop results in all
three programmed characteristics — mass, damping, and stiffness — affecting the
systemn stability. The programmed mass is limited by the same factors as discussed
above, but the three different components are interdependent, and stiffness and
damping effects vary with time delay as well. Because of the complex nature of
these interactions, which can be examined by hand using Thompson's method (18,
19], a graphical representation of the stability region is not feasible. For the
system discussed here, stability was tested on a case-by-case basis. .

Stable upper limits for the programmed mass and damping with a S0 ms
transmission delay are about l.3x10-3”%*3md 0.001 22, respectively, when
either component is acting alone. Analysis of a number of cases indicate that
these limits g lly d as the comp are combined. On the other
hand, an examination of delayed position feedback using Pontryagin's criterion
indicates that the system is only stable when stiffness is combined with either
velocity or acceleration feedback, a situation which prohibited the testing for the
effects of delays on perception of a pure stiffness. In addition, the nature of the
effects of K in the graphs used in Thompson's method reveal that it is very much
dependent on the delay involved. .

When analyzing long delays, the approximations made in the discussion
above involve the assumption that the system is continuous in time. The high.m.-
bility shown in the discrete analysis with respect to K and C implies that this is
generally valid for these parameters, and the subsequent analyses reinforce this
by indicating that the instabilities caused by the longer delays limit the choice of
the parameters C, and K much more than the effects of the sampling. The fact
that the influence of the acceleration gain, M, on stability is invariant with delay
allows either a sampled or delayed continuous model 1o be used, since the maxi-
mum critical value of M never varies.

4. PROCEDURE

The method used to evaluate operator interpretation of !ninesthetic feeebucl:
consists of gathering responses from subjects as they guanufy what they "feel
when interacting with the test apparatus. By using 2 microprocessor to control a
motor actuated handle, a large range of characteristics for the human operator
can be presented for evaluation.
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The experimental apparatus simulates the components of inertia, damping.
and stiffness with values in a "comfortable” range, as prescribed by ergonomic
swdies. Drury [20] recommends that torques no greater than 0.5 N-m be re-
quired to turn 30 mm diameter knobs. The controls used in this study are ap-
proximately 25 mm in diameter, and the maximum values of position. velocity,
and acceleration are about 2 rad, 30 "%, and 1000 %, respectively. Calculating

maximum stiffness, damping, and inertia ;rom this data gives maximum values of
0.25 2, 0.017 ™52 and 5x104 “ZE  To allow for combinations of the

components, values of approximately half these were used. In actual tests, the
stiffness was subjectively judged 100 high, and was thus reduced further. The
ranges of simulated properties which were implemented are as follows:

Min | Max.
satoes5F) | 00 [ o0
Dmpmg(!,"g’f-‘) 00 | oo
hm{"-%g) 00 |20x104

Details describing the hardware and software, such as electronic circuit
schematics and program listings, analyses of the control sysiem, as well as the test
protocol for the experiments, and the dats which were collected are not presented
here, but can be found in [17].

Subjects were first read an explanation of the experiment, which included a
definition and discussion of stiffness, damping, and inertia, and several methods
that might be used to determine them. This teaching was added to combat 3
leaming curve which was found in developing strategies for determining the
components. During testing, subjects were also asked to first qualitatively de-
scribe what they felt by drawing a picture using a predefined set of components.
This helped them establish a more complete mental model to which they could
assign values, and also differentiated the modelling process from the perception
of components in the resulting data.

Baseline data on subjects’ abilities to resolve complex mechanical stimuli
into the three basic components, i.e., stiffness, damping, and inertia, were ob-
tained during a first exposure to the test apparatus. Subjects (from the engi-
neering and science fields) were asked to draw a schematic of a Jumped-parame-
ter mode! from a symbol set that was provided prior to numerically assigning
values to the parameters. Simultaneously, the motions the subjects made during
these assessments were recorded.

Later, this procedure was d with selected feedback time delays in
order to evaluate the interaction between delay and subjective parameter estima-
tion. The same group of subjects was used so that comparisons in the undelayed
and delayed cases could be made for single individuals. Thus, despite variations
in perceptual scaling between subjects, general trends were revealed in case-by-
case analyses.

5. RESULTS AND CONCLUSIONS

In the previous sections, we described an apparatus for studying human
interaction with mechanical systems It consisted of a computer controlled state
feedback system for the simulation of mechanical properties at single degree of
freedom rotary interfaces.

The results of studies with a similar, previous prototype apparatus revealed
that human perception of the complex “feel” of an interface during controlled
kinesthetic feedback could not easily be described by the sum of ideal mechanical
components. The wide variability of subjective reports of quantitative estima-
tions of stiffness, damping, and inertia d that imped perception
during "human in the control loop” tasks, especially with delayed feedback, is
more than simple sensory discrimination,

This difference between perception and ion has analogs in other
sensory modalities. In listening to spoken English, if one word terminates in an
“s" sound and a subsequent word begins with an “s” sound, we may perceive the
two sounds even though the spectral components show a broadband frequency
distribution that corresponds to only a single spoken "s” sound. Similarly, in vi-
sion we perceive a fully colored environment even though our sensory organ, the
eye, senses full color in only a narrow region surrounding the point of regard.
We perceive the world through intemal representations that are periodically up-
dated by our roving eyes, rather than directly through our sensory organs used
simply as cameras.

We hypothesize that users' interal representations of mechanical systems
being controlled may affect their perceptions of the properties of the systems.
Accordingly, in the present study, we asked our subjects to record their model of
the mechanical system prior to reporting their quantitative estimates of its com-
ponent values.



The test apparatus, which consisted of six visible rotary mechanical sysiems
and six rotary interfaces whose mechanisms were hidden, was used in two phases.
Subjects were used as their own controls. First they reported their models and
perceptions for the component values for all twelve systems, none of which had
delayed feedback. In the second phase, although the six visible systems were un-
changed, the hidden systems incorporated delayed feedback in their simulations.

in the first test runs, subject errors in rating the stiffness, damping, and in-
ertia in the knobs were compared to the maximum velocity and frequency at
which they rotated the knobs. A direct correlation was found between their error
in estimating parameters, especially damping, and the frequencies over which
they turned the knob. A plot of subject error against the maximum frequency
used to tun the knob was generated from the data, and is shown in Figure 8.
The straight line represents a least squares fit to the data, with a correlation fac-
tor of -0.697. The plot indicates that the subjects who rotated the knob back and
forth at higher frequencies were betier able to numerically evaluate damping.

Freq. vs Damping £rror
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Figure 8 : Frequency vs. Damping Error

Similar but somewhat weaker comrelations were found for the error in es-
timating inertia, as well. In the d testing procedure, these lations were
pointed out as part of the teaching process, to inform the subjects about the best
methods for evaluating the knobs.

It should be noted that because the knobs had a limited excursion, the sub-
jects generally tumed them back and forth in an oscillatory manner, often nearly
sinusoidally. They usually used a fairly consistent range of angular displacement
throughout the test, and thus higher frequencies transiated into higher velocities
and accelerations, and vice versa.

The results of experiments with time delays showed that the subjects could
be separated into two major groups: those who perceived the delay and attempted
1o attribute it to some addition to the mechanical system, and those who did not
report perceiving the delay. The threshold at which delays were perceived
seemed to vary from subject 1o subject, as well as with the kinesthetic feedback
being provided.

The aforementioned correlation between higher manipulation frequency
and lower error ratings did not extend to the perception of time delays. The
subjects who turned the knobs at & higher frequency or velocity in the revised
protocol did not always perceive the delays more consistently than subjects who
turned the knobs more slowly. The difference was one of perception, not of
evaluation strategy.

With respect 1o the effects of kinesthetic feedback -on subjects’ ability to
detect delays, the data suggests that delays in position feedback are not as readily
identifiable as those in velocity or acceleration feedback. Nine of thirteen sub-
jects perceived the delay in a knob, which was subjected to moderate acceleration
feedback with a 50 ms time delay. However, only 4 noticed the same 50 ms delay
in a knob, where moderate stiffness and light damping were simulated. Simi-
larly, a 20 ms delay was modelied differently by nine of the subjects, while con-
ditions with higher damping were modelled identically to the undelayed systems
by the vast majority of people.

‘The limits on perception of delay may be largely a result of the different
stability margins for position, velocity, and acceleration feedback. As the limits
of stability are approached, the instability often begins to "creep” into the feed-
back in the form of oscillation or cogging, although no objective measure of this
phenomenon was made.

Nearly all of the subjects who added comp s to their to account
for the altered perception induced by delay modelled the effect by including a
spring between the knob and whatever system the controller was simulating. The
natural frequencies of these systems, as determined by the subjects’ rated mass
and stiffness on each knob, exhibited significant variation.

. It should also be noted that because of the lag in the finite difference ap-
proximation of acceleration, there was a 15 ms delay in even the "undelayed"
feedback of acceleration. Two subjects may have noticed this delay, where they
modeled the system with a spring preceding the mass.
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When the subjects did not perceive the transmission delay as an additiona!
mechanical component in the system, they accounted for the physical differences
by adjusting their estimates of the magnitude of stiffness, damping, and irertia.
Although data collected thus far are too sparse to adequately specify the relation-
ship between feedback delay and perceived mechanical impedance, a few patterns
are emerging. With delays between 10 - 50 ms, damping and inertia values are
underestimated, while stiffness values show no trend, i.e., the variance in stiffness
estimation increases without a clear directional bias.

The need to understand how humans perform within the control loop be-
comes more important as the trend toward the use of telerobotic (i.e., computer
mediated telemanipulator) systems in critical situations increases. Kinesthetic
feedback offers an attractive means of increasing communication bandwidth
between machines and bumans. However, in order for kinesthetic feedback to be
practical, it is necessary to understand how humans will interpret simulated me-
chanical environments. This research shows that the same mechanical stimuli
may be perceived differently (qualitatively as well as quantitatively) by different
individuals. Efforis are currently underway to quantify the relationship between
the perception of impedance (stiffness, damping, and inertia, and their interac-
tion) and feedback time delays.
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