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Model-Based Cancellation of Biodynamic
Feedthrough Using a Force-Reflecting Joystick

R. Brent Gillespie and Szabolc®&nyi

Abstract—Manual control performance on-board a moving For the class in which the vehicle is under control of the
vehicle is often impeded bybiodynamic feedthrough-the effects interface, a feedback loop is closed through the operator’s
of vehicle motion feeding through the operator’s body to produce body, as the vehicle accelerations produce joystick motions

unintended forces on the control interface. In this paper, we that in t d vehicl ti Oscillati
propose and experimentally verify the use of a motorized control M@t N turn commana venicle motion. OUscillations may appear

interface to cancel the effects of biodynamic feedthrough. The in the human-machine system—oscillations that may grow or
cancellation controller is based on a parametric model fit to become unstable with sufficient loop gain and accumulated

experimental data collected using an accelerometer on the vehicle phase difference. Especially because these oscillations can
and a force sensor on a temporarily immobilized manual control o 5nadize the safe operation of the vehicle, they have attracted

interface. The biodynamic model and system identification ex- ° . ™. L - N
periment are in turn based on a carefully constructed model of significant attention in the literature. For example, oscillations

the coupled vehicle-operator system. The impact of biodynamic @ppearing in the roll behavior of high-performance aircraft
feedthrough and the efficacy of the cancellation controller are have been analyzed in [4]. The dynamics of both motion-

estimated by comparing the performance of 12 human subjects type and force-type joystick interfaces and the associated
using a joystick to carry out a pursuit tracking task on-board 1, man-machine system were analyzed by Hess [4], [5]. Hess

a single-axis motion platform. The crossover model is used as tructed tructural pilot-ai it del t | h
a basis for developing three performance metrics. After first CONStrUcted a structural priot-aircralit model 1o analyze the

confirming the deleterious effects of platform motion, cancellation Foll motion including a biodynamic feedthrough model, and
controllers derived from individually fit biodynamic feedthrough  models of pursuit tracking performance, vestibular feedback,
models were shown to significantly improve performance. With  and manipulator force response. Biodynamic feedthrough also
the cancellation controller active on-board the moving platform, appears in the drive dynamics of powered wheelchairs and
performance levels were almost half-way restored to the levels hydraulic excavators [6], [7]. Biodynamic feedthrough might
demonstrated on the stationary platform. ARG : )
also play a role in inciting or exacerbating another feedback
loop whose stability is often compromised, namely Pilot
Induced Oscillations (PIO). Time delays between the action
and perceived response of the controlled element are at the
|. INTRODUCTION root of PIO, and occasionally the gain or phase margins can
HE performance achievable by a human operator usihg exceeded when the PIO loop is coupled with or disturbed
a manual control interface to track a moving target mayy feedthrough dynamics [8].
be limited by various factors, including the kinematics of the The second class of system in which biodynamic
interface device, its mechanical response, and parameterdeedthrough plays a role does not feature a feedback loop
the associated visual display. The limits of performance in puhrough the operator’s body. In these systems the object being
suit tracking and compensatory tracking have been extensiveipved or steered with the interface is a machine or object
studied, especially in the field of aviation, where the designther than the vehicle. Instead, biodynamic feedthrough may
of the aircraft dynamics and flight controller must take pildoe interpreted as a path by which a disturbance enters the
performance carefully into consideration [1] [2]. A furthetracking loop (the control loop in which the operator acts as
limiting factor arises if the tracking task is performed on-boarcontroller, and the interface and controlled object are plant). As
a moving vehicle. Motions of the vehicle can couple throug¥ehicle passengers increasingly take on manual control tasks
the operator's body and accelerations can induce inertia foraésile on-board ground and air vehicles, the role of biodynamic
that act on the joystick, giving rise to tracking commands quifeedthrough acting as disturbance or detractor from perfor-
outside the intentions of the human operator. The phenomenvance becomes more and more relevant. Especially in modern
of vehicle motion coupling through the operator's body hawilitary operations, manual control input is demanded of crew-
been termediodynamic feedthrougbr vibration feedthrough members while underway. But even the design of interface to
and has been studied extensively; a survey is contained in [Bformatics devices in civilian automobiles requires attention
The systems in which biodynamic feedthrough plays a role the effects of biodynamic feedthrough. This second class of
can be divided into two classes according to whether or reftstem has not been addressed in the literature.
the vehicle itself is under the control of the manual control Various approaches have been proposed to mitigate the
interface. effect of biodynamic feedthrough. Perhaps the most straight-
. : . forward and often effective means is to redesign the kinematics
Manuscript received April 4, 2005 . . -
Both authors are with the Department of Mechanical Engineering, Univé! the interface or configure an arm or handrest to stabilize
sity of Michigan . the hand. A steering wheel, for example, is essentially immune

Index Terms— biodynamic feedthrough, vibration feedthrough,
McRuer’s crossover model, force reflecting interface.
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to translational accelerations whereas the largely translatiomadrk will include the development of physically-based models
displacements of the hand on a joystick make joystick imnd perhaps the use of adaptive cancellation controllers. In
terfaces sensitive to translational accelerations directed pitis paper we address only the second class of systems, in
pendicular to the joystick axis of rotation. Another approacivhich the controlled element is not the vehicle and thus the
involves modifying the mechanical response of the interfatdodynamic feedthrough is a pathway for disturbance to enter
device, such as increasing joystick damping [6] and/or stiffhe tracking loop. Our present experimental results indicate
ness. Also, so-calledhotion sticksare considered more im-that the cancellation controller significantly improves human
mune to biodynamic feedthrough thforce stickgalso called performance in tracking tasks in a moving vehicle.
stiff stickg [3]. Short of interface redesign, signals within In the following, we begin in Section Il by introducing
the system comprising the vehicle, human, and controlled model of the human operator in terms of biodynamic
element (whether or not the controlled element is the vehicledupling through his body and in terms of pursuit tracking
can also be manipulated to mitigate biodynamic feedthrougtontrol performance per the crossover model. In Section 11l we
Gains can be reduced [6] or reduced selectively accordidgvelop the system identification experiment and associated
to frequency content using a filter (although compromisqghrameter fit and present the means of characterizing pursuit
tracking performance often results). Alternatively, a filter catmacking performance. In Section IV we present our experi-
be used to remove that portion of the command signal thatrigental results, grouped under three conditions: (A) stationary
due to biodynamic feedthrough, when such filter is designedhicle, (B) moving vehicle without compensation, and (C)
according to a model of biodynamic feedthrough. Grunwaldioving vehicle with compensation. We end by discussing the
et al[9] demonstrated the utility of such a filter and Verggr merits of the cancellation approach in Section V.
al.extended the approach to an adaptive filter [10].

The use of a motorized control interface for cancellation
of biodynamic feedthrough was proposed in [11] and [12]
and further developed and applied in [13] and [14]. In this In this section we develop a mathematical model of the in-
approach, an estimate of the biodynamic feedthrough fortracting human operator and vehicle—a model aimed specif-
acting on the joystick is generated and applied directly toally at capturing the effects of vehicle motion on manual
the interface through the action of a motor coupled to itontrol performance. Naturally, the most interesting part of the
motion. Generation of the cancellation force is accomplishegstem model pertains to the human operator. Our model for
with a controller based on an estimate of the biodynamibe operator has two main sub-models: The first is a descrip-
system transfer function and a measure of vehicle motidion of the mechanics of the operator’s body that is responsible
Ideally the interface itself, as the site at which the forcder transmitting mechanical energy between the vehicle seat
cancel, should respond as if biodynamic feedthrough were @atd the manual control interface. This sub-model, which we
present. As a result, the interface has a different mechanicall the biodynamic model, does not include any volitional
feel to it. Sirouspour and Salcudean [13] [14] describe the usentrol. That is, it does not include human perception or
of a controller whose design is optimized to simultaneousction. The second component of the operator model describes
cancel feedthrough effects and match a desired admittancevalitional response to visual input pertaining to a pursuit
a joystick interface. The investigation covered only the casmcking task. We call this sub-model the volitional tracking
in which the vehicle was the controlled element, and usednedel. The development of the interacting biodynamic and
model of biodynamic feedthrough based on the driving poitriacking sub-models shall become the basis in Section I
impedance of the operator. In a related approach, Reppergetow for the design of a system identification experiment that
[8] has investigated the use of a motorized joystick (hapt&stimates parameters for a biodynamic model and the design
interface) for mitigating PI1O. and experimental verification of a compensating controller

In this paper, we develop a model of biodynamibased on that model.
feedthrough and develop a system identification experiment toTo begin the development of the system model, let us briefly
be used as the basis of a cancellation controller that injeattroduce our experimental apparatus in Figure 1. For now, the
its effort through a motor coupled to the interface devicexperimental apparatus serves our purpose as a convenient, if
The system identification experiment relies on a force sensmmewhat simplified, representative of a ground vehicle. The
integrated into the joystick and its temporary configuratioapparatus will be more fully described in Section I, where
as astiff stickwith a mechanical stop in the form of a pegthe topic will be its use in experiments aimed at verifying the
Then during tracking operation, the peg is removed and thedel and the cancellation of biodynamic feedthrough. Here,
motor is employed as the control actuator. We investigaitesuffices to say that the apparatus is a single-axis motion
the utility of our compensation controller in the context oplatform capable of simulating the lateral motions of a vehicle
a pursuit tracking task, and use the well-known crossovehile an operator attempts to perform a manual control task
model by McRuer [2] to analyze human performance witbn-board that vehicle. The operator is seated in a chair on the
and without the controller in place. We also incorporatglatform and uses his right hand to grasp a joystick mounted on
trials without vehicle motion into our experiment to establisthe platform. Through the joystick, and using visual feedback,
baseline tracking performance by our subjects. Our modbke operator may cause a cursor on a computer screen to
of biodynamic feedthrough is parametric (ARMA) but nofollow a target that moves in an unpredictable fashion. The
based on a multibody dynamics model of the operator. Futusrget following task is modeled after the well-known pursuit

I[l. MODELING THE HUMAN-VEHICLE SYSTEM
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tracking task and is representative of a large family of manuPw the vehicle velocityi, and the joystick velocityi; affect
control tasks that might be undertaken on-board a vehiclkée joystick forcef, and the vehicle forcg;, respectively. The
By adopting pursuit tracking, we are able to draw upofour transfer functions are assembled together in a two-port
well-known models of human performance such as McRuergown inside the dashed box in Figure 2. Note that although
crossover model and certain associated performance metri#d¢ joystick rotates about a horizontal axis, we define the
Our apparatus produces motion in a lateral direction onlgjisplacementz; of the hand as a translational displacement,
for which we draw justification from the observation that biomeasured relative to the platform, since the angular workspace
dynamic feedthrough, when it appears in a real-world vehiclis small < 30°) and the distance from pivot to hand is large
produces motion predominantly in a particular axis and do¢$0 cm).
not seem to depend on coupling between axes. Although outWe use a feedback control model to capture the volitional
apparatus has limited workspace, it can nevertheless be usedations that the operator applies to the joystick in response
induce biodynamic feedthrough since the phenomenon usudily visual input from the screen. As shown in Figure 2, the

involves only small to moderate amplitude oscillations. operator applies a forcég, to the joystickJ in an attempt to
minimize the errorc, between the reference signal and the
Plant output cursor displacement, x, ., outputz,, of the plantP. A transfer functionl’ characterizes

Reference target displacement, x, ~/ / the input-output relationship of this tracking controller. The
/ feedback path from the plant output models visual input

to the operator. The path from, through the blocks m;
. accounts for the effect of vehicle acceleration on the mass of

Joystick displacement, the joystick. Assuming small joystick displacements the
equivalent masst; accounts for the inertia force that acts on

the joystick due to the acceleratidny of the moving vehicle.

Port 1: trunk-seat‘ ‘Biodynamics Port 2: joystick-hand ‘
Ball screw . ; N
and linear / ; ] 2 l
uides x, , Platform displacement Tf
’ "
. T
X, f, é g
’ Zy . >
Fig. 1. A human operator seated on a single-axis motion platform use sm
a joystick to cause a cursor on the screen to track a target that moves % ; . 1% «
an unpredictable fashion. The translational axis of the motion platform i O % T t - J ,_, ! "
perpendicular to the rotational axis of the joystick, thus both the platform an *_ [ * i s “
hand motions are in the lateral direction.

As mentioned above, we begin by making a distinction

between the passive biodynamics and the active sensorimdiér2- The human operator is modelled as a two-input, two-output system
in which the input velocityts and output forcefs comprising port 1 capture

TunCtion of the human_ operator. The_phrmsive biodynam- the interaction between the trunk and the vehicle seat, while the output force
ics refers to the coupling of mechanical energy across the tvpand input velocity:; comprising port 2 describe the interaction between
mechanical interfaces that exist between the operator’s bdas;{hand and the joystick. The four impedances capture the input-output maps

d th . t The first hanical interf l of the two-port. The transfer functiofi describes how the operator responds
an € environment. € nirst mechanical inter a(?e 1es bt%'the visually observed difference between the reference signaind the
tween the seat and operator’s trunk and the second lies betwgeit outputz,, by imposing a forcef; on the joystickJ. The forcef, enters
the joystick and the operator’s hand. In contrast to the trackiﬁy tracking loop as a disturbance. The foffzeis the biodynamic response

] - of the human operator to the joystick angular velocity and the vehicle

model that captures the sensorimotor function of the operatQliocity ..
the biodynamic model includes only unconscious responses,
perhaps including stretch reflexes. For now, we assume that
the biodynamic model and tracking model superpose. _ ) _

For each mechanical interface, a force and a velocity may fe Modeling the biodynamic system
defined to characterize the interaction. Let the interaction forceTo highlight the role of biodynamic feedthrough as a
fs and common seat/trunk velocity, characterize mechanicaldisturbance to the tracking loop, the block diagram in Figure
interactions between the seat and trunk of the operator anddetay be re-arranged and simplified to arrive at the block
the interaction forcef, and the hand/joystick contact velocitydiagram in Figure 3. Since the vehicle mass is significantly
#; characterize the hand/joystick interactions. Between theseger than the mass of the operator, we model the vehicle as
four variables, there exist four transfer functions. Two drivingan ideal motion source and remove the transfer functions
point impedances, denotéf] ; and Z,,, describe how vehicle and Z;,. The two pathways from vehicle velocity, through
velocity z,, and joystick velocity: ; impact the vehicle forcg, Z,; andsm,; may be combined by defining = f;, + sm;z,
and the joystick forcef,, respectively. The other two transferand by definingd = Z5, /s —m to create the single pathway
functions are through-impedancés, and Z,; that capture from vehicle acceleratiori, through the transfer function
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H shown in Figure 3. Note that the input # is now the then ,

vehicle acceleratiori, . A block diagram manipulation was H(s) = Fy(s) _ F(s) 1)
used to move the driving point impedange, to its position 52Xy (s) 82Xy (s)| #;=0, fi=0

in feedback around the joystick. The role of the vehicle A more complete description of the experiment used to con-
accelerationz, acting through the biodynamic modél is  struct the estimatél(s), using a pegged joystick and an “idle”

now apparent as a disturbance acting on the tracking contgkrator shall be taken up in Section 11l below.
loop.

B. Modeling volitional tracking

In contrast to the biodynamic model, a model of an operator
whose hand on the joystick responds to visual input to cause
a cursor or cross-hairs to track a moving target cannot rely
strictly on biomechanics. Cognitive processes, in particular
visual perception and volitional muscle action are at play in the
transfer function?” that is the controller in the tracking loop.
High-level cognitive processes such as feedforward control or
path planning can be neglected, since the target moves in an
Fig. 3. In this block diagram, biodynamic feedthrough can be recognized gppredictable fashion, has no preview, and must therefor be
a pathway for vehicle acceleratian, to enter as a disturbance in the tracking . . . . .
loop. This block diagram follows from that in Figure 2 after removidg, continually monitored. If there exists a transfer function in
and Z1; under the assumption that the vehicle acts as a motion source d4h& plant (for example an integrator from steering angle to
after definingl = Z21/s —m; and movingZ2: into position as a feedback yehjcle heading, as in the simplest model of driving) then the
loop around the joystick/. L . .

operator must take such behavior into account if he is to have
any success at tracking with such a plant. Fortunately, pursuit

We propose to mitigate the effects of biodynamitracking has been studied extensively and is richly reported in
feedthrough on tracking by injecting an estimq‘fge of the the literature [2]. We have adopted the pursuit tracking task
force f into the tracking loop. We will injectf; through precisely because such models exist, based on experimental
the action of a motor coupled to the joystick such that igbservation of human behavior. The most famous of these
direction opposes that of. Thusfé should cancel the effect models is the “crossover model”, first introduced by McRuer
of biodynamic feedthrough. In Figure 1, the capstan drive thi2].
couples a DC motor inside the joystick box to the joystick is McRuer's crossover model describes the human controller
noted. To produce the estimafg, we assume that a measurdot as an isolated input-output system, but as a member of the
of vehicle acceleratiori:, is available (perhaps through aropen-loop transfer function. The open-loop transfer function,
accelerometer). We further require an estimafe of the under unity gain feedback as in Figure 3, is the cascade of the
biodynamic feedthrough functioil. Insofar that the model controller T', the joystick dynamics, and the plant dynamics
H is accurate, the action of! should reduce the effect of P. Let us denote the feedback interconnection/aéind Z,
vehicle acceleration disturbandg on the tracking loop. together with the integrator as*. Then the crossover model

Construction of the estimatél relies on data from a States that the open-loop transfer functigy*P has the

system identification test that involves the human subject aff§dUency response, in the region of crossover, of an integrator
measurement of vehicle acceleratinand the hand/joystick With @ certain time delay. The crossover frequencyis that
interaction force under special conditions. This system idenff€duency for which the response has unity or 0dB gain. In
fication step takes place prior to implementation of the canc&¥Mbols, T

lation controller, but using essentially the same hardware. The T(jw)J* (jw)P(jw) = L 2)
production of vehicle acceleratiah, (by virtue of the vehicle Jw

itself) and its measurement with an accelerometer are alreadyere the time delayl; depends on the operator, the type
assumed for the operation of the cancellation controller. & plant and the reference signal. According to the crossover
force (or torque) sensor on the joystick is the new sensarodel, this description of the open-loop transfer function holds
required for the system identification step. A force senstnue in a 1-1.5 decade frequency range centered about the
on the joystick, however, can only measure the total foraeossover frequency [1].

f, which is the sum of the biodynamic forgg, the volitional Such an open-loop transfer function (basically an integrator)
force f;, and the driving point impedance respongg of is simply a good idea, in basic controller design terms. The
the operator (see Figure 3). However, if joystick motion ikigh gain at low frequencies facilitates good tracking of the
prevented, say, by a peg that locks it in a vertical positislower components of the reference signal (with frequencies
during the system identification test, then the impedafige below the crossover frequency). The low gain at high frequen-
will not be excited andf;;, = 0. If further the subject is not cies ensures high frequency noise suppression. Associated with
given any task and asked to not produce any force by volitioan integrator is a 90phase margin, some portion of which
then f, can be assumed small. Under these conditions, awdl be consumed by the pure time delay, another portion
assuming the force and acceleration signals in question adnwhich will remain as net phase margin at the crossover
be represented as linear functions of the Laplace variablefrequency. The integrator, with its gross°90s a suitable
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compromise between performance (which would produce lesslues, we defined a data mattik and a parameter vectér
available phase margin) and stability robustness. What the

human operator evidently does when acting as a controller in _ 5 (n) i(n—4), —f' (n—1,) —f'(n —4)]
. . . . v o R vy L A S

the pursuit tracking task is to choose (or achieve) a crossover_ (Cos -y cay diy ..., da]”

frequencyw, and time-delayZ};, then invert or compensate ~ o ’ (4)

for the plant and joystick dynamics to produce an open-logghere underbars oti, and f; indicate column vectors of
transfer function of an integrator with time delay (as in Edjiscrete data that march back in time by row and arguments
(2)). that indicate shifting of the entire column in discrete time.
Ample experimental evidence reveals that trained humamus the construction of matrit facilitates the least-squares
operators can extract good tracking performance from variogsiution for the parameters contained finusing the well-
plants, yielding open-loop transfer functions in the form dfnown pseudoinverse form
Eq. (2). Values forw, and T; have even been tabulated for o1 T e
various types of reference signal and various types of plant b=(ATA)"A ib(”) )
dynamics, includingk’, K/s, and K/s?, where K is a gain
[1]. In general, the more difficult the task, the lower th(?o
crossover frequency. and the higher the time-delds,;. In
our experiments, we shall adopt a simple plant dynamics: un
gain or P = 1. We shall also propose the use ©f as a

The form of the modelH in Eq. (3), in particular the
urth order and zero relative degree, were chosen based on
observations of the experimental transfer function estimate
WIATLAB function tfe ) constructed from experimental data
performance metric of acceleration and force. Data were collected using white

N h h deled the h f noise to produce motion of the platform, whose acceleratjon
ote that we have modeled the human as a force SOUrGfys measured with an accelerometer, filtered with an analog

notas a motlor_1 Source, thus the JOySt'Ck_ ISa dOUbIe"ntegra%?ﬁti—aliasing filter, and recorded. During this time the platform
and the plant is unity gain. An a!ternanve WO[.JId ha_ve beefje:;l‘ference signal was white noise bandpass filtered to 0.7-
to ”.‘Ode! th? human as a motion source, in which C33Hz. The maximum amplitude accelerations recorded were
Fhe J.OySt'Ck impedance m'.ght have b_een neglect_ed and @%5 g. A human subject sat in the platform chair with their
joystick/plant transfer function would simply be unity. hand grasping the joystick but not performing any task. The
joystick’s angular position was fixed relative to the platform
I1l. METHODS with a snug-fitting steel peg inserted through its structure. A
Two distinct experiments were used in conjunction tloO ad cell in the. Stem of the joystiF: K ;ensitive to shegr f.orces
easured the joystick forcg/, which in turn was anti-alias

construct and test our approach to biodynamic feedthrouﬁtered and recorded. Although platform motion control was

cancella_ltlon. Th_e first is aimed at con;tr_uctmg the madel managed at 1000 Hz, data recording occurred at 100 Hz and
of the biodynamic system, or of determining parameter valugs . )

._The test lasted for 2 minutes. Before processing, the data were
for a model whose form has been assumed. The particular

model we used is a auto-regressive moving average (ARM' w-pass filtered (fifth order Butterworth filtef,=10Hz) and

model. This topic will be taken up in section IlI-A. The secon wn-sampled to 50 Hz. A typical experimental run for a

. : . . .reHoresentative human subject produced the transfer function
experiment is designed to test the efficacy of the Cance”atlgstimate shown in Figure 4 as a swath of dots on the magnitude

controller at improving tracking performance. For the design
. ) . g[alnd phase versus frequency axes. Two peaks separated by a
of the second experiment, we pay particular attention

Q g . :
the choice of the reference signal. Our aim is to choosepgécrhzfcaebgfu E’:\GfoTJZrtr? popr(cejzrr 'rg;gzlmgg?:gd;gé?t’ms: dpeﬁgrgir:jg
reference signal that will maximize the information abou{1 d b p . h - 1ig] de i . |
tracking performance that can be extracted from the data. 'I;‘ﬁloﬁt prohyche ¢ etter fits. Smcg the mﬁgnltu €IS alpl)proxmate yd
topic is discussed in section IlI-B. Finally, subsection IlI- ré[urar:[s tglggiq:te;;f ?r:qnuertlc;a;sp(aafrin%egk()a:;r\);ezt?(;tio?;
presents the protocol used in the first and second experimen?s I bi lative d f h
describing the tasks undertaken by the human subjects. generally across subjects), a relative degree of zero was chosen

for the model.

The continuous traces on the Bode plot in Figure 4 show
A. Identification of the biodynamic system the frequency response of the model fit to the same data. The
model parameters, or coefficients in the difference equation
er(:ére computed using Eq. (5) and this model was excited with
White noise as vehicle acceleration to produce a simulated
joystick force response that in turn was fed into the MATLAB
tfe function.

For the biodynamic model, we assumed a model struct
in the form of a difference equation with constant paramet
¢, (i=0,1,..,4) andd;, (j =1,...,4)

4 4
fin) =) aidn—i)=> d; filn—7), Q)
i=0 J=1 B. System identification of volitional tracking

where the signalg; and #, are represented in discrete time In contrast to the parametric form of the model used for
andn indexes discrete samples. The constantandd; are system identification of the biomechanical subsystem, we
to be determined by fit to experimental data. To re-arrange theed a non-parametric model for the tracking loop. We are
difference equation into a structure useful for fitting parametprimarily interested in an expression of the tracking loop in
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Because the Fourier transform and cross-correlation are

Experimental data and fitted model Iinear operators one may Wfite'

w
o

T T

Exp. data

N
o
T

o, <1>” w D, n (w) - P (Jw
Gijw) = F (j i gij(jl); =T(w) + W(;w))

[
o o
T T

. I e I o (T)dT
1 = T(jw)+ &, (Gw)

20 i i : @)
10 10 which expresses the estimafé as the sum of a describing
function T'(jw) and a remnant or error term. The error term
can be made small if(¢) andn(t) are uncorrelated by using
a maximally long test time. Alternatively, the error term may
. s be minimized by increasing its denominator, or increasing the
_a00} - e ‘," R value of the PSD of the reference signal for the frequency
range of interest. Since the expression in Eq. (7) holds at any
-400 i : 2 frequencyw = wy, an estimate’(jwy,) closest tol'(jwy,) at
10 that frequency can be obtained by exciting the system with
r(t) = Lsin(wy), whereL is a limit set to avoid saturations
Fig. 4. The frequency response of the fortieto the excitationi,, during in the Signalsr( ) or y( ) This observation suggests a test
the system identification test is shown for one subject. The Bode plot of thparadigm in which the frequency respor@es reconstructed
model /1 fitted on the experimental data is shown in a continuous line. from a set of estimates df(jwy,), each taken at a particular
frequencywy. The collection of test frequencies are chosen

o . . to span the frequency range of interest. For the describing
the frequency domain, in particular the magnitude and pha: Snction T the estimates can be made at the same time

response of the open-loop transfer function from the errol(ISin a sum of sinusoids for the inout siandk). If it is
signalz. to the plant outputr,. This form is inspired by the f thg d that is I d i P gnf(t) LTI, th
crossover model. We chose this form in the hope that certai yirther suppose is linear and time invariant (LTI), then

characteristics such as the crossover frequency might becorﬁgperposmon holds and the resulting estimate is not dependent

suitable performance metrics. To maximize the information t@" the particular amplitudes or frequencies chosem ().
be extracted from the data, we paid particular attention to th@he magnitude and phase estimates are available only at each

design of the reference signaj to be tracked. frequencywy, and appear as isolated dots on a Bode plot.
The estimate? is then constructed by fitting or interpolating

Magnitude, [dB]

Phase [deg]

Frequency, [Hz]

n() among these dots.
. ® v This approach has been used in previous work on pursuit
o LT s 70 tracking. It is common practice, in fact, to report the frequency

response of pursuit tracking using isolated points on a Bode
Fig. 5. A generic nonlinear system expressed as the sumdsfsaribing POt [15], [2], [5], [16] and [17].
functionT" and a remnant(t). In the present work, a sum of fifteen sinusoids was used for
the reference signal,.(¢). Even though this signal is periodic,

To introduce the design of a reference sigmalthat best it is random appearing due to its complexity and therefor
facilitates the identification of the open-loop transfer functiosliminates precognitive tracking. Special attention was paid
of the tracking loop, let us consider the generic system showmnthe choice of frequencies and their amplitude, following in
in Figure 5. Let the transfer functio@ from r(t) to y(¢) be part the recommendations in [18]. To ensure that the reference
expressed as the sum of a describing funciicend a remnant signal had zero mean over the 180 second test time, the period
or noise inputz(t). Since we assume that the signgl&) and of each sinusoid was chosen to be an integer ratio of 180. This
n(t) are not measurable, the challenge is to desigh such guarantees that each sinusoid starts and ends at the same phase.
that the best estimaté of T' can be extracted from the signalsAlso, the frequencies of the component sinusoids were chosen

r(t) andy(t). to be relative prime multiples of the fundamental frequency of
Beginning with the cross-correlation functiaf).,(7), de- 0.0055 Hz. Since the crossover frequency for each subject was
fined as expected to lie between 0.1 Hz and 0.6 Hz, the frequencies of

1 P the fifteen sinusoids were distributed evenly (on a logarithmic
Gry(T) = lim — - / r(t + 7)y(t)dt, (6) frequency scale) in the range between 0.01 Hz and 4 Hz. The

6—o0 20 prime multipliers were: 2, 3, 5, 7, 11, 17, 23, 37, 59, 87, 131,

and the autocorrelation functiom,,.(r) defined similarly, 199 310, 467, and 719.

one may divide the cross-correlation spectral density (CSD)The amplitudes of the 15 sinusoids were enveloped with an
®,,(jw) by the power spectral density (PSE@,,(jw) to exponential function of frequency as follows:

obtain an estimaté; for the transfer functiory(jw), where -

P, (jw) and ®,.,.(jw) are the Fourier transforms af,,(7) 2, = 0.75 Z 01401 G (ot 4 ) ®

and ¢,.-(1), respectively. s
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The decay rate-0.14 and the scaling factdd.75 were deter- and transmitted through an interface card by ServoToGo Corp.
mined experimentally so as to keep the cursor inside the scrden ensure that the platform excursions do not exceed its
but utilize much of the available space. Also, attention wasgorkspace, the position reference signal was digitally band-
paid to make sure the signal would contain sufficient energuass filtered to 0.7-2 Hz, as mentioned above. The platform
at high frequencies to impose a suitable tracking challendmndwidth was confirmed to exceed 6Hz. The resulting accel-
The phase angleg; of the sinusoids were randomized beforerations were characterized as 1.6 TnRMS and 7.5 mA
each test to eliminate any use of memory. peak.

Once the fifteen sinusoids were constructed, a code wadlhe joystick has an angular workspacetef0° and features
written to extract the open-loop transfer function of trackinggncoder output with a resolution of 4096 counts per revolution.
G(wi) = Xp(wr)/Xe(wy) for the fifteen angular frequenciesThe joystick is coupled to a 150W DC servo motor (Maxon
k =1, ... 15. The integral in Equation 6 and the FourieRE 040) through a capstan drive. A 15 inch computer monitor
transforms needed to compute the CSD and the PSD weras positioned on fixed ground about 1.5 m in front of the
carried out numerically in MATLAB. subject. White lines 1 mm thick on a black background were
used to draw a square target box of 30 mm width that moved
horizontally on the lower part of the screen according to the
signal z,.(t). White lines were also used to draw a cursor

Human subject tests were used to experimentally verifiy the form of a cross that moved under the control of the
the proposed solution. The subjects carried out a purspiaint outputz,(¢). The vertical position of the joystick placed
tracking task with a motion stick in the motion platformthe cursor in the center of the screen. The plant outigut
under three conditions. First, the subject used the joystick vigas proportional to joystick angular displacement 1 rad=0.6
track a target while the platform remained stationary. Tests$ screen displacement.
under this condition were used to establish baseline trackingl) Performance MetricsTo quantify the success of track-
performance for each subject. Second, the subject used g under the various experimental conditions, three perfor-
joystick to track a target while the platform moved undemance metrics were defined. The first metric is the root-mean
white noise input and without cancellation torque on thgquare average tracking error, denoted RMS. The second,
joystick. Tests under this condition were used to demonstraigiled Dwell Ratio and denoteg,, was defined as the ratio of
tracking performance degradation due to ride motion. In tesife the cursor lay inside the square target relative to the total
under the third and final condition, the subject used thest time. Thigime-on-targedefinition is based on the notion
joystick to track a target while the platform moved undeghat in many applications the target can be hit even if the
white noise input and and while the cancellation controllefiming device does not point exactly at the center. The third
imposed torques on the joystick through the joystick motag the crossover frequencf. in Hz, defined as the frequency
Tests under this third condition were used to determine t@¢ which a line of -20 dB/decade slope fit to the magnitude
extent to which the controller restores tracking performanggquency response estimate crossed the 0dB axis. After the
in a moving environment. fifteen dots were obtained on a frequency domain plot using

Twelve subjects were tested, ten men and two women ageguation 7, a straight line with a slope constrained to -20
22-31. The subject pool did not include the authors. EaeiB/dec was fit to the first eleven points using the method
subject provided informed consent according to University of least squares. The lowest eleven frequencies range up to
Michigan human subject protection policies. Each subject hadHz, which is the typical upper limit of human tracking
several hours of past experience with our apparatus using ge@formance. A small RMS error, a large Dwell Ratio and
joystick for tracking with and without the platform moving.a large crossover frequency are indicative of good tracking
Each subject was given at least three minutes of additio@rformance.
practice time before each test to decrease learning effects. Thg addition to using single numbers that characterize an
three tests were carried out in a randomized order for eagfitire three minute tracking task for each human subject, we
subject to average out the effects of learning and fatigue. TAgo defined two moving averages. The first such average was
subjects were not told when the compensator was on or @féfined for the Dwell Ratio using an indicator function returns
Each subject was buckled up in a seat attached to the platfa§ie whenever the cursor is inside the target box, and zero
using a four-point harness. Each subject grasped the sin@i¢herwise, then averaging this function over a running 10
axis joystick with his or her right hand and were instructegecond window throughout the test. The mean and standard
not to use the elbow rest. deviation of the results obtained for the twelve subjects were

Our experimental apparatus, introduced above in Figure computed and plotted against time for each test condition.
features a 2.24 kW brushless DC servo motor (Koll Morgarhe second moving average was defined for RMS error, also

Goldline B 404-B-A3) that moves the platform on lineacomputed as the average over a running ten second time
guides by means of a ball screw. The platform moves onlyindow.

in the lateral direction, and has #0.15 m workspace. A
high-resolution resolver is integrated into the motor housing
and the motor moves under the control of a position feedback
loop closed within the motor amplifier. This position follower After fitting an individualized biodynamical model to the
is commanded with filtered white noise generated by a RfDaracterization data taken with the pegged joystick, the

C. Human subject test protocol

IV. RESULTS
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tracking performance of each subject was tested under each of Results of twelve system ID tests
three conditions: (A) baseline (stationary platform), (B) mo- _
tion disturbance uncompensated and (C) motion disturbancei 10l
compensated. Results indicate that motion disturbance has &8
significant deleterious effect on tracking performance and that E; ol
compensation significantly reduces that effect. Performance=
was significantly improved with the compensating controller,  -10
but not quite restored to baseline levels. Since the compensat-
ing controller used for each subject was based on a biodynam-
ical model individualized to that subject, we first present and
compare the 12 biodynamical model fits. We then review theg ~50¢
performance differences between the three conditions using: _,q,L
our various performance metrics, including RMS error, Dwell g
Ratio (time on-target), and crossover frequency. 2801

-100

-300 . .
A. Biodynamical model fits 10 10 Frequency, [Hz]
Using the technique based on a least squares fit td,tlaed
fé data presented in the previous section, a biodynamic mo&_’@._ 6. System identification results for‘tvvelve ‘subject_s. The models show
. similar trends, but they can not be substituted with a single, average model.
was constructed for each of the 12 subjects. Values for thel' current solution necessitates the construction of a separate controller for
parameters in the difference equation model locate four zek@sh individual.
and four poles in the discrete z-plane or equivalently, certain
notches and peaks in the frequency domain. Although the fit
was performed using time-domain techniques, here we presesbarate plots, tracking performance is shown for each of the
and compare the frequency responses of the 12 biodynamtitee conditions (A) stationary platform, (B) moving platform
models. Figure 6 shows the frequency response of the d@compensated and (C) moving platform compensated. In
biodynamic models on 12 Bode plots. Each biodynamic modghch of the three plots, the solid line is the reference sigpal
fit features a notch in magnitude between 5 and 8 Hz followeghd the dashed line is the plant outpyt It can be seen in
by a small peak. Because a form with zero relative degrgg) that the operator produces an outpytthat is a delayed
was chosen, the magnitude flattens and phase returns to 188d low-pass filtered version of.. In plots (B) the tracking
at high frequencies. We are most interested in the featufgsformance is noticeably deteriorated by the presence of
that appear in the 0.1-10 Hz range, since this is the frequengitform motion feeding through the biodynamic subsystem. In
range that characterizes human tracking performance and {ioy the compensator has restored tracking performance almost
dynamic feedthrough (crossover frequencies are e>.<pected ik to the level of the stationary platform case (A).
between 0.1 and 1 Hz [1]). The nominal T8thase difference o each condition, the tracking error or difference between
betweeni, and f; is appropriate to our sign conventionpg ;. - angd z, signals was used to compute an average
adopted forz, and f; and Newton's first law (that inertia gryor 4cross the 12 subjects. These average errors are further
forces oppose the direction of acceleration). Note that if ORRocessed using RMS computed over a moving 10 second
uses 10dB to approximate the magnitude at low frequencigs,qow and presented as the thick black line in Figure V-
(which appears in Figure 6 to generally correspond to the B ray shading extends one standard deviation above and
gain) then the biodynamic forcg is moderately small at 3.2 014\, the RMS trace. Comparing plots for the conditions (A),
N per 1 m/$ acceleration or 32 N per g of acceleration. gy and (C) in Figure 8 reveals that platform motion degrades
Note that the b'PdVPam'C model can be expected o ben@ formance and increases variance across the 12 subjects and
function of the subject's body posture, the restraints used, i compensation partially restores that performance but does

configuration of the joystick axis, the joystick length, and thgq, gignificantly decrease the variance across the 12 subjects.
degree of muscle co-contraction adopted by the subject, an igure 9 shows similar moving averages of the Dwell Ratio

tightness of grip. The biodynamic model also reflects su Eme-on-target) for the 12 subjects. The Dwell Ratio is the
effects as the stretch reflex and possibly other reflex loops :

" action of time the cursor lay inside the box-shaped target
but hopefully does not reflect any effects of volitional controrlr lative to the total test time. The traces in Figure 9 indicate

gi%:?eectthtlggeigztrir?w?errﬁ?linr:)s/triiﬁgrr:g)s. on conformance by eatﬁ_e fraction of time that all 12 subjects_ Iocaj[ed their cursors
within target during a 10 second moving window. A Dwell

i Ratio value of 1 is always and O is never on target: higher

B. Tracking Performance Results values indicate better performance. Figures 9 (B) and (C) show
Before presenting summary results and statistics across that platform motion degrades performance while Figure 9 (C)
12 subjects and across the 180 second trial time, let us fighiows again that compensation partially restores performance.
present some time trajectories. Figure 7 shows trajectories of\ote that the traces in Figures 8 and 9 show traces over the
the referencer,.(¢) and plant outputz,(t) for one subject fy|| 180 seconds of test-time per trial, from which trends across
during a typical 20-second period of the 180 second trial. fRe 180 seconds might be inferred, trends such as learning,
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A, No motion B, Motion, no compensation C, Motion, compensation

—Reference —Reference
3 - - -Output 3 - - -Output 3 - - -Output

Tracking signals
Tracking signals
o
Tracking signals
o

_%0 65 70 75 80 _%0 65 70 75 80 _%0 65 70 75 80
Time, [s] Time, [s] Time, [s]

Fig. 7. Twenty seconds of the reference and plant output:;,, signals are shown for a typical subject under the three experimental conditions: (A) stationary
platform (B) moving platform without compensation (C) moving platform with compensation for biodynamic feedthrough.

loss of attention, or fatigue. Performance seems steady for the

most part, with the possible exception of condition (B)-Moving Ve are particularly interested in the nature of the lowpass
platform without compensation, where a slight increaseflier that characterizes the difference between the reference

RMS error and drop in Dwell Ratio over the 180-second tr@nale-(t) and the plant output,(t). A fr_eque(?f)y response
is apparent. We did not, however, evaluate the significanc®!gf Of the closed loop transfer functioAg === can be
this trend. expected to have flat response for low frequencle),-s and by
X (G

Summary statistics were computed for the RMS error dA§ same token, the open-loop transfer funct A can
Dwell Ratio by condition across the 12 subjects and collap8§geXPected to show higher magnitude at low frequencies.
over the 180 second trial period. The median RMS errors 7O the frequency response under gond|t|ons (B) or (C) COUlq
the three conditions are presented as lines through the miB ngpe_cte_q to see increased amplitude at those f_requenues
of the boxes in the box-and-whisker plot in Figure 10. T ere glgn|f|canten¢rgy feeds th.rough the blodynamlc.syste:-m,
boxes enclose the lower and upper quartiles and the whis ésrgrbmg the tracking loop. Using the methods outlined in

show the range of the data. Similarly, the box-and-whisker p Seon lll above, we extracte(_j the magnl_tude and phase
P - response at a set of 15 frequencies for a particular set of input
in Figure 11 shows the summary statistics for the Dwell Ratig " . : :

soid amplitudes. In accordance with the crossover model,

by conditio_n across the 12 subjepts and collapsed over thev.s'ivgﬁit lines of -20 dB/decade slope to the series of magnitude
second trail period. Differences in RMS error and Dwell RaP@sponse points, using only the first 11 points (those near

by condition are clearly evident in Figures 10 and 11. the resulting crossover frequency). Figure IV-B presents the
frequency response of the transfer functi@rthat relates the

Boxplot of RMS error values across twelve subjects

N — outputz, to the errorz. for a representative subject, for each
09 ! of the conditions. The estimates at each of the 15 frequencies
08 E are shown as dots in both the magnitude and phase plots. For
07 — each condition a line of -20 dB/decade slope was fit to the
06 - first 11 magnitude points, as shown. From those best-fit lines,
05 E the crossover frequencies were determined for each condition.
oal . - In Figure 12 a crossover frequency of 0.4 Hz can be seen for
sl = the stationary platform case in (A), of 0.1 Hz for the moving,
Nomotion - Motion, no comp.  Motion, comp. uncompensated case in (B) and of 0.25 Hz in the moving,

compensated case in (C). This trend (lower crossover with a
Fig. 10. Boxplot of RMS error values across the twelve subjects under figyving platform, but partial restoration with compensation) is
three test conditions typical of all 12 subjects.

Figure 13 presents a box-and-whisker plot of the crossover
frequency values obtained for the twelve subjects under the

Boxplot of dwell ratios across twelve subjects

055 three experimental conditions. The changes in crossover fre-
05 = guency demonstrate tracking performance degradation as a
oast  * result of platform motion and a largely restored tracking
04 performance as a result of compensation.

0% E To analyze statistical significance of the differences by
o3 T condition, multiple-factor analysis of variances (MANOVA)
0022 % was applied to the three performance metrics (RMS error,

Dwell Ratio, and crossover frequency), revealing significant
main effects due to condition and subject, with no significant
Fig. 11. Boxplot of Dwell Ratios across the twelve subjects under the thréateraction effects. Thereafter, Pa"ed t—tes.ts were _a_pp“ed to
test conditions each of the performance metrics comparing conditions (A)

No motion  Motion, no comp. Motion, comp.
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Fig. 12. Open loop transfer function of tracking under the three test conditions
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Boxplot of crossover frequencies across twelve subjects
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TABLE |

MOVING PLATFORM, WITHOUT COMPENSATION

CHANGES IN PERFORMANCE METRICSTRACKING IN MOVING PLATFORM,

Metric A. No motion | B. Motion A p-value

RMS error 4.04 9.62 5.58 | 1.79e-9

T4 0.48 0.23 -0.25 | 1.5e-12

fe, [HZ] 0.25 0.10 -0.15 | 5.67e-7
TABLE Il

WITHOUT AND WITH COMPENSATION

Boxplot of crossover frequencies across the twelve subjects ungder Metric

the three test conditions

B. No comp. | C. Comp. A p-value

RMS error 9.62 7.01 -2.61 | 4.05e-6
T4 0.23 0.31 0.08 | 4.07e-5
fe, [HZ] 0.10 0.14 0.04 | 0.0047

and (B). These results are presented in Table I, showing the
means and difference between the means, and p-values in fapplied to the three performance metrics comparing conditions

columns. Using am level of p = 0.01, the results show (B) and (C) (with motion but without and with compensation,
statistically significant degradation in tracking performanaespectively). These results are presented in Table Il. This
with the addition of platform motion. Paired t-tests were als@able shows that the addition of the compensating controller

10
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significantly improves tracking performance according to all3]
three performance metrics.
[4]
V. DiscussioN ANDCONCLUSIONS

Manual control is significantly more difficult onboard a 5
moving vehicle than on solid ground. Vehicle motion affects
human perception and human action in ways that are depen-
dent on body configuration, on vibration frequency, and or(g
the configuration of the axes of the manual control interface.
We have shown how a model-based controller acting througl?
a motorized joystick can be used to mitigate the effects o
vehicle motion on manual control. We developed our model
for biodynamic feedthrough based on a careful considerati
of the operator’s body as a two-port between the seat and ﬁhgé
joystick handle. Even if the vehicle is assumed to act like
a perfect motion source on the operator’s body, two transfié]
functions are still at play: a through-impedance relating vehicl
motion to joystick force and the driving-point impedance of
the operator’s body as seen by the joystick. These were [
considered in the design of a system identification experiment
aimed at producing a model suitable for cancellation of
biodynamic feedthrough. (1]

Results indicate that the cancellation controller performs
quite well. Performance differences were also noticeable [i@]
the experimental subjects. In post-experiment interviews, the
subjects indicated that they felt comfortable with the compen-
sating controller, that they felt its action in the feel of the
joystick but did not find it distracting, and that they trusted #L3]
to help improve their performance.

The objective of our future work is to compare the pei14]
formance improvement offered by a motorized joystick to
improvement available from other means, including changgs;
to body configuration and degrees of freedom available in the
manual interface, use of an armrest or other constraint, and
of a model-based filter rather than controller acting througvh
a motor. We are also interested in using structures for the
biodynamic feedthrough function that are based on muItiboW ]
dynamic models of the human operator. We expect that sygh
models might be more capable of extrapolation or of predicting
the relative merits of various mitigating approaches. Current
work that will be reported in a subsequent paper is focused on
the sister class of systems, in which biodynamic feedthrough
closes a loop between the vehicle and joystick.
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