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Simulator Motion-Drive Algorithms:
A Designer’s Perspective

Meyer A. Nahon* and Lloyd D. Reid¥
The University of Toronto, Toronto, Ontario, Canada

Changes in the design of software algorithms for generating physical motion in flight simulators have typically
been put forward on the grounds of improved motion cueing. Little attention has been paid to more practical
criteria such as computational cost, ease of adjustment, or evaluation by experienced pilots in a realistic
simulation environment. A comparison of three of the algorithms most commeonly found in the literature has
been performed: classical washout, optimal control, and coordinated adaptive. This consisted of pilot evalua-
tions of these algorithms implemented on a six-degree-of-freedom flight simulator simulating a large transport
aircraft during low-altitude flight and ground maneuvering. This paper presents the results of that study from
the designer’s viewpoint. In it, we contend that, with enough effort, most algorithms can be massaged to
perform reasonably well, and that a more important consideration is the ease with which a given algorithm can
be brought to high performance levels. If this criterion is used, it appears that the classical algorithm is a good
starting point, and that the benefits of an adaptive algorithm can be added gradually to obtain the advantages
conferred by nonlinear filtering and “‘intelligent’’ cost functions.

Nomenclature

Auq = body-axis components of the aircraft
acceleration at the cockpit reference point

aC = intermediate acceleration variable in the
adaptive filters

as;,Sy = inertial components of the simulator
reference-point acceleration and position

Sfaa = body-axis components of the aircraft specific

force at the cockpit reference point
= gravitational acceleration, scalar and as
components in the body and intertial frames
Ly = rotation matrix that transforms vector
components from the simulator reference
frame to the inertial frame

£.84,81

p’ = adaptive coefficients in the coordinated
adaptive algorithm

s = Laplace operator

Ts = transformation matrix from angular velocity
to Euler angle rates

Wi, Wiz

W51, Wy, = filters in the optimal control algorithm

B4,8s = aircraft and simulator Euler angles

Waa = body-axis components of the aircraft angular
velocity

Wyt = filter break frequency and damping ratio

Introduction

HE past 20 years have seen numerous advances in the
field of flight simulation that have resulted in an increas-
ing degree of simulation fidelity and realism. Many of these
advances have been prompted by the increased sophistication
of digital hardware that has enabled, for example, more realis-
tic visual displays and smoother, more accurate control of the
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motion and control-loading subsystems. Also, advances in me-
chanical hardware, such as the use of hydrostatic actuators
and the highly developed synergistic motion-base, have yielded
motion systems with excellent performance characteristics in
the frequency range of interest. The more recent aircraft mod-
els have allowed accurate representation of flight characteris-
tics throughout the flight envelope, whereas computing power
has become available to allow all relevant complexity in a
real-time simulation to be included at a reasonable cost.

At present, one of the primary obstacles to the generation of
realistic motion is the software that transforms aircraft mo-
tions into commanded simulator motion, commonly called the
washout algorithm. The purpose of this software is to present
the pilot with the best possible motion cues within the limited
motion capability of the simulator, throughout the flight en-
velope. As examples of the complexity of this problem, con-
sider that what is “‘best’’ will lead the designer into the field of
human factors, whereas the criterion ‘‘throughout the flight
envelope’” usually leads to some investigation of adaptive soft-
ware. The problem is further complicated by the nondetermin-
istic nature of pilots.

Numerous schemes have been proposed for motion genera-
tion in simulators, beginning with variations on the classical
algorithm,'-3 followed by variations on the adaptive al-
gorithm,*”7 the optimal control approach,’!° the quasiopti-
mum control technique,!! and the subliminal scheme!? among
others. We have attempted to perform an unbiased compari-
son'*15 of the more common techniques in order to choose a
best algorithm for the University of Toronto Institute of Aero-
space Studies (UTIAS) flight research simulator. The simula-
tor was configured to represent a large transport aircraft dur-
ing low-altitude and ground maneuvers and was evaluated by
a group of experienced airline pilots.'® Results of this work
were previously summarized from the human factors’ view-
point!% by presenting the pilots’ evaluations of the various
algorithms tested. The present work complements that sum-
mary by presenting our experience from the designer’s view-
point. Together, the two papers are meant to provide guidance
and practical advice on motion software implementation in
order to allow other people involved in this field to converge
on a best solution more quickly. The results are expected to
apply to the motion simulation of transport aircraft, particu-
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larly when using a six-degree-of-freedom motion-base of the
type used for commercial airline training.

Previous Work

Before embarking on this motion algorithm comparison, the
literature was reviewed and papers describing numerous tech-
niques and their variants were located. Difficulties were identi-
fied with a number of these, sometimes only with the benefit
of hindsight.

Some of the schemes presented are purely conjectural in that
they present an idea (sometimes intriguing) that was neither
implemented nor evaluated by experienced pilots.%!! Without
these features, the completeness of the study and relevance of
the professed improvements are questionable. This is closely
related to the fact that certain studies concentrate on improv-
ing the shape of a motion or sensation time history. In fact, ‘it
is possible to scrutinize an unending number of time histories
without knowing for certain whether one design is better than
another because the characteristics that are being sought in the
time history have not been pinpointed.’’!! This statement has
been amply verified in our work and is a tribute to the com-
plexity of pilots’ perception of motion.

Some works consider a limited number of degrees of free-
dom®? (often only one or two) or unrealistic motion-base con-
straints. For example, although an available lateral travel of 10
m can permit a realistic coordinated turn simulation,® most
commercial simulators are limited to much less than this.
Thus, for an algorithm to be useful for application to commer-
cial airline simulators capable of very limited six-degree-of-
freedom motion, it should be adapted to those capabilities and
constraints.

Perhaps the most serious limitation of previous comparisons
is the question of how much effort has been invested in ‘‘com-
paring apples with apples.”” As will be discussed later, the
utility of a given scheme can be vastly improved or degraded
by the choice of parameters used. This choice is largely a
trial-and-error process, so that a statement such as ‘‘scheme A
is better than scheme B*’ implicitly assumes that the researcher
has made the effort to bring each scheme to its highest level of
performance. In fact, all that can be claimed is that with the
parameter set chosen, scheme A is better than scheme B, a
statement of greatly reduced significance. For example, al-
though Refs. 3-5 constitute a remarkably complete investiga-
tion of the adaptive algorithm, it is not clear how well the
classical algorithm was adjusted for comparison.

The ease of adjustment of a given scheme was not consid-
ered in any of the articles surveyed. Whereas some algorithms
have the advantage that a given pilot complaint can be reme-
died by a simple adjustment to one or two parameters, other
schemes are relatively opaque and rectification of a probiem
can require many complex iterations of parameter adjustment.
This is important when one considers that the usual process of
a typical training simulator acceptance involves ‘‘flight test-
ing’’ by the airline’s acceptance pilot in conjunction with the
simulator manufacturer’s motion expert. In this process, there
is usually a limited amount of time available to adjust the
washout parameters to satisfy the pilot; and a limited but
easy-to-tune algorithm could yield better results than one with
greater potential that is difficult to adjust.

Finally, the computational cost of more sophisticated
schemes is rarely reported. Since this software must run in real
time, this criterion should also be relevant in the evaluation of
an algorithm.

Description of the Algorithms Tested
The present work investigated the three following tech-
niques: 1) classical washout, 2) optimal control, and 3) coordi-
nated adaptive. A detailed treatment of these was previously
reported, 315 but some of their salient characteristics are given
here for completeness. A comparison of the three techniques
follows the individual descriptions.
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Classical Washout

The classical algorithm is the most widely used in commer-
cial simulators. It is characterized by the empirically deter-
mined combination of linear high- and low-pass filters whose
break frequencies and damping ratios can be adjusted off-line
by trial and error. A flowchart of the classical algorithm imple-
mented in the present work is shown in Fig. 1, and the filter
parameters used in the version with the most favorable pilot
comments (denoted as CW2!6) are given in Table 1. Attention
is drawn to the following points in Fig. 1:

1) The inputs to the algorithm are the three aircraft cockpit
specific forces in body axes, defined as f44 =a44 — g4, and
the three aircraft angular rates.

2) The aircraft specific forces are high-pass filtered to yield
the simulator translational accelerations under the assumption
that low-frequency specific forces would tend to drive the
motion base to its limits. The longitudinal and lateral specific
forces are also passed through low-pass filters, scaled, and
rate-limited to produce pitch and roll tilt angles, respectively.
The purpose of this ‘‘tilt-coordination’’ mechanism is to orient
the gravity vector in the simulator in the same way relative to
the pilot as the low-frequency specific force in the aircraft,
thus allowing sustained aircraft accelerations to be simulated.
Since this trick is not available in the vertical direction, pilots
frequently complain of the lack of sustained changes in vertical
loading (this applies to all the algorithms studied).

3) The aircraft angular motion is high-pass filtered to yield
the high-frequency component of simulator angular motion,
whereas the tilt mechanism described in point 2 supplies the
low-frequency component. An analysis of the frequency re-
sponse of the washout algorithm was performed.* In this
analysis, all scaling and limiting were neglected and small an-
gles assumed. It was found that the overall transfer function
between uncoordinated aircraft pitch or roll motion and the
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Fig.1 Classical algorithm.
Table 1 CW?2 filter characteristics
Filter Order Wn ¢
x translational high-pass 2 2.5 1.0
¥y and z translational high-pass 2 4.0 1.0
All rotational high-pass 1 1.0 —
x translational low-pass 2 5.0 1.0
y translational low-pass 2 8.0 1.0

Second-order high-pass filters of the form s2/(s2 + 2{w,s + w?)
First-order high-pass filters of the form s/(s + w,)
Second-order low-pass filters of the form  «?/(s? + 2{w,s + w?)

Scale factor on all inputs: 0.5
S input limit (all components): 10 m/s?
w44 input limit (all components): 34.4 deg/s

Tilt-rate limit: 3 deg/s
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Table 2 Algorithm comparison

Total number Number
of differential CPU time/ of free
Algorithm equations iteration, ms? parameters Transparency
Classical washout 13 1.0 21 Very good
Optimal control 24 1.3 38 Fair
Coordinated adaptive 38 1.8 64 Fair
#Using a Perkin Elmer 3250 digital computer.
" . ae LIS
Table 3 OC2 filter characteristics® Combined

Weight Pitch/surge Roll/sway Yaw Heave
Ry 0.9 1.0 0.577 0.5
Ry 0.158 0.1 — —
Rdy 0.158 0.1 0.577 0.5
Rdx»n 0.158 6.0 0.577 0.5
Rds3 0.158 6.0 —_ 0.5
On 0.447 5.0 1.0 1.0
Q2 0.894 0.2 — —
Anyy -0.2 —-0.2 -1.0 - 1.0
Anx -1.0 - 0.0001 — —
P 8.0 1.0 0.8 10.0

W2 Wiz
Wi W Wi pitch/ roll/ W
Filter surge sway heave surge sway yaw
Order 4 4 3 5 5 3

2Symbols as defined in Ref. 13.
Scale factor on all inputs: 0.5
a,, input limit (all components): 10 m/s?

corresponding simulator motion was close to unity at all fre- .

quencies. Thus, an uncoordinated aircraft motion such as a
sustained nose-up attitude will manifest itself in the simulator
as a corresponding nose-up attitude through the tilt algorithm.

4) During aircraft yaw and coordinated rotational motions
(such as a coordinated turn), the orientation of the specific
force vector relative to the pilot’s head does not change. Thus,
during these maneuvers, the cross-feed channels remain inac-
tive and only high-frequency rotational motions are simulated.

5) Tilt-rate limiting is a good example of the nonlinearities
that can be introduced to cope with special situations. Since
the angular velocity associated with tilt-coordination is an arti-
fact generated to trick the pilot’s senses, it is important that the
pilot not sense its presence. Thus, an effort is made to limit the
tilt rate to a level below that which the pilot is likely to sense.

6) When we took the worst-case aircraft motion to be a
steady translational acceleration or rotational velocity, third-

order translational and second-order rotational high-pass fil-

ters were shown to be sufficient to return the motion base to
its neutral position.!? If the effects of scaling and limiting are
neglected and small angles are assumed, the longitudinal and
lateral high-pass filters need only be of second order to achieve
this effect.!* Furthermore, since transport aircraft motions are
rarely this severe, lower-order filters are usually sufficient.
Table 1 shows the order of the filters used in the CW2 classical
filter case.'6

Table 2 shows the number of differential equations that
must be solved numerically in real time to implement this
technique. This number bears a close relation to the CPU time
necessary to complete one iteration through this algorithm, as
shown in Table 2. Furthermore, the number of independent
free parameters to be adjusted in this algorithm is shown in
Table 2, as is the authors’ evaluation of its relative ‘‘transpar-
ency.”’ This latter criterion is an indication of how easily the
designer can predict changes in the simulator motion that
would result from a change in one of the free parameters. The
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Fig. 2 Optimal controller algorithm.

primary advantages of the classical algorithm can be summa-
rized as follows:

1) It is mathematically and computationally simple, and
hence computationally cheap.

2) It is relatively transparent to the designer, and therefore
pilot complaints can often be easily rectified.

The principal disadvantage of this scheme is that it uses
linear elements (except for the input limiting and tilt-rate lim-
iting blocks) and so does not fully exploit the simulator capa-
bilities or take into account the nonlinear characteristics of
human motion perception. Because of their fixed parameters,
classical filters must be designed for worst-case maneuversand
often yield minimal motion under more gentle maneuvering.
This disadvantage can be partially offset by including logic to
change the filter characteristics under certain conditions or to
remedy specific complaints.

Optimal Control

The optimal control algorithm used in the present work is an
extension of the time-invariant solution to the optimal control
problem.'®13-13 It js characterized by a systematic combination
of linear filters that is determined by a separate off-line design
algorithm. The design algorithm solves the linear quadratic
optimization problem that results in the optimal form, order,
and characteristics for the filters given the underlying assump-
tions. A flowchart of the optimal control algorithm is shown
in Fig. 2, and the weights used in the best version studied
(denoted as OC2!9) are given in the first part of Table 3. The
following points should be noted in Fig. 2:

1) The inputs to the algorithm are the aircraft body-axis
cockpit accelerations and Euler angles.

2) The aircraft translational accelerations are passed
through W,; to yield simulator translational accelerations. W5,
always takes on the form of a high-pass filter.!3:!4 As well, the
longitudinal and lateral aircraft accelerations are fed through
W1, to yield a component of the simulator Euler angles. In
general, W, has the form of a low-pass filter!®!* so that this
channel fulfills a similar function to tilt-coordination in the
classical algorithm.

3) The aircraft Euler angles are passed through W, to pro-
duce the simulator Euler angles. Wi, tends to have a unity
transfer function in pitch and roll'*!* and acts as a high-pass
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filter in yaw. It is interesting to note that if the effects of
scaling and limiting are neglected, this results in a one-to-one
correspondence between aircraft and simulator pitch and roll
motion in uncoordinated maneuvers. Furthermore, only the
high-frequency component of coordinated pitch or roll ma-
neuvers will be simulated as in the classical algorithm, but
through a different mechanism. For example, a coordinated
turn will produce a lateral acceleration in the aircraft that will
feed through the low-pass W), filter to eventually cancel the
angular motion feeding through W;;.

4) The equations coded in the design program are such that
the filters produced are numerous and of high order. However,
examination of these filters almost always reveals that exten-
sive simplifications can be made. Thus, the cross-feed filters
from angular to translational channels (W#3,) have extremely
small gains over the whole frequency range and so can be
omitted from the reduced version. As well, filters W, in the
pitch and roll channels are found to have unity transfer func-
tions over the frequency range of interest and so are not in-
cluded. The order of the remaining filters can usually be re-
duced by cancelling some roots from the numerators and
denominators of their transfér functions. The second part of
Tab1?63 shows the order of the reduced filters for the OC2
case.

Table 2 shows the number of differential equations that
must be solved numerically to implement this technique, the
execution time for one iterationi, the number of free parame-
ters; and the transparency. The advantages of this technique
can be summarized as follows:

1) The design algorithm includes a vestibular model that
enables it to minimize the pilot’s motion sensation error be-

tween aircraft and simulator, rather than minimizing the mo-

tion error itself. Thus, this method inherently exploits the
features of the modeled human motion-sensing apparatus.

2) The algorithm produces an optimal filter, assuming the
underlying assumptions are reasonable.

3) Adjustment of the algorithm is performed by changing
weights on physically meaningful quantities, rather than by
changing filter coefficierits. This would seem to make the al-
gorithm more transparent by having the design algorithm opti-
mize coefficients while the designer only deals with more iin-
derstandable quantltles

The primary disadvantages of this technique are the follow-
ing:

1) Certain assumptions made in the derivation of the design
algorithm are not applicable to a realistic simulator environ-
ment. Among these are the stochastic aircraft motion and the
decoupled degree-of-freedom assumptions.

2) In practice, adjustment was rarely as straightforward as
anticipated and often required modification of parameters
that seemed urirelated to the problem at hand. Thus, this
scheme was rated as being relatively opaque.

3) Tilt-rate limiting was not included in this algorithm be-
cause it had negative effects on its behavior.!* Because of this
and the fact that the high-frequency gain of the W, filters was
appreciable, significant amounts of high-frequency transla-
tional motion were fed through to the angular channels. This
resulted in simulator motion that was judged much too
sponsive’” by the pilots. _

4) As with the classical scheme, the optimal control scheme
yields fixed-parameter filters that do not exploit the motion
capabilities of the motion base and must be adjusted for worst-
case maneuvers.

Coordinated Adaptive

Adaptive algorithms have received much attention in the
past decade because of their flexibility and ‘‘intelligent” be-
havior. Although various schemes have been proposed, the
present one is based on that developed at NASA Langley.*’
Like classical washout, it is made up of an empirically deter-
mined combination of filters. However, unlike the classical
scheme, some of the filter coefficients are systematically varied
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in real time to minimize a cost function. Figure 3 is a flowchart
of the coordinated adaptive algorithm, and Table 4 gives the
values of the coefficients used in the version that obtained the
most favorable pllot fatings (denoted as AW2!6), It should be
noted that this version of the algorithm received the best over-
all rating of all the algorithms tested.!¢ The following points
aré to be noted in Fig. 3:

1) The inputs to the algorithm are the aircraft cockplt body-
axis specific forces and angular rates, as in the classical al-
gorithm.

2) The aircraft specific forces are passed through hlgh-pass
filters of adaptive gain to yield the simulator translational
accelerations. The longitudinal and lateral specific forces are
also adaptively scaled and fed to the pitch and roll channels,
respectively. Once again, this achieves the same effect as the
tilt-coordination channel of the classical algorithm.

3) The aircraft angular motion is adaptively scaled and
added to the cross-feed components to yield the simulator
angular motion. A frequency-response analysis of these filters
was performed.!* The effects of scaling, limiting, and adaptive
gains were neglected and small angles were assumed. As with
the classical and optimal cases, this algorithm was found to
have an overall unity transfer function between aircraft and
simulator angular motion during uncoordinated pitch or roll
maneuvers.

Table 4 AW?2 filter characteristics®

i=x i=y i=y i=z
¥ ‘1.0 1.0 — —
pi 1.0 1.0 1.0 1.0
Wi 10.0 1500 0.0 2.5
Wa 10.0 15.0 50.0 15.0
Wy 2.5 7.5 1.0 1.5
Wia 1.0 1.0 - -
Wis 500 500 — —
Wi 0.40 1.5 — —
Wi 17.26 17.26 — —
Wis 46.45 20.0 — —
kil 0.36 1.0 0.0 0.625
ki 2.4 4.0 0.1 7.0
ki3 — — — 7.6
Gi 3.5 7.5 20.0 1.0
Gi 0.0058 0.0005 — —
Gis 0.10 0.15 — —
pi1o 1.0 1.0 1.0 1.0
Di2o 0.12 ~0.032 — —
pi3o 1.0 1.0 —_ —
Dillim =01 —0.1 ) - ~0.1

aSymbols as defined in Ref. 13.
Scale factor on all inputs: 0.5
fa4 input limit (all components): 10 m/s?
w,4,4 input limit (all components): 34.4 deg/s
Tilt-rate limits—(pitch) : 3 deg/s

(roll) : 2.3 deg/s
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Fig. 3 Coordinated adaptive algorithm.
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4) The pitch and roll channels do not contain explicit high-
pass filters in this algorithm, although their overall behavior
makes it appear as if they do. This is because, unlike the
classical algorithm, the cross-feed channels dre active even
during coordinated rotational motions. Consider, for exami-
ple, a coordinated turn where fu4 =[0 0 —kg]?7. The Ly
transformation will cause a nonzero cross-feed term aC” to
appear. This term will feed into the roll channel and act to
return the simulator roll angle to zero. In the frequency-re-
sponse analysrs,“‘ an explicit equation is derived for this im-
plicit high-pass filter behavior.

5) Tilt-rate limiting is included in the algonthm to try to
keep the cross-feed rates below values that the pilot is likely to
sense. Interestingly, this rate limiting also acts to enhance the
low-pass filter behavior of the cross-feed channels and the
hlgh-pass filter behavior of the pltch and roll channels in coor-
dinated maneuvers.

Table 2 shows the nuimber of differential equatrons to be
solved numerically in the implémentation of this technique,
the CPU time per iteration, the number of free-parameters,
and the transparency. The potential advantages of thls tech-
nique can be summarized as follows:

1) The adaptive characterlstlcs serve to give more reahstlc
motion cues when the simulator is near its neutral position and
only reduce the motion fidelity when the smulator approaches
its limits. In this way, better use is made of the motron system S
capabilities.

2) The cost function to be mmlmrzed is extremely ﬂexrble
Although the one used in the present study was relatively sim-
ple, vestibular models could be 1nc1uded $ and nonquadratlc
functions could be introduiced to vary pénalties in more imag-
inative ways. It coiild be argued that the algorithm can be
imbued with unlimited intélligence through its cost function,
theréby responding in the best p0551ble way throughout the
flight envelope

The primary dlsadvantages of the coordmated adaptive
scheme are the following:

.1 Its behavior is dlfflcult to adjust and so the algorithm is
judged relatively opaque. The structure of the cross-feed chan-
nels is the biggest contributor to these difficulties.

2) Execution time is relatively high due to the large number
of differential equations to bé solved and will increase as more
sophisticated cost functions are introduced.

It should be noted, as well, that the potential exists to make
parameters other than the filter gain adaptive. For example,
adaptive filter break frequencles have been used,” and other
possibilities exist and should be investigated.

Algorithm Comparison ,

Before comparing the dlgorithms, it is useful to summarize
the features that we consrder des1rable in a motion-drive al-
gorithm..

DIt should have the capablhty to achieve good pllot ratmgs
and the potential to achieve excellent ones. The lattér would
involve the following: a) the ability to exploit the nonlinearities
of human motion sensation. by The ability to severely limit
motion -cueing only when the motion base nears its limits. c)
The ability to be adjustable for different pilots. This feature
would be valuable if thie intent is to provide the pilot with-the
motion cués that he or she feels to be the most realistic, rather
than ones that are closest to those in the aircraft. d) The ability
to be adjustable for different flight segments. For example,
since motion requirements tend to be different on the ground
and in the air, the algorithm should change its characteristics
accordingly. ,

2) It should be easy to adjust, ‘which would involve the
following qualities: a) There should be a minimum of free
parameters; b) the effect-of a change in a parameter should be
easy to determine a priori; ¢) parameters should be applied to
physically meaningful quantities; and d) in the ultimate case,
it should be adjustable with no requirement of expertise on the
adjuster’s part to know how the algorithm works.

J. GUIDANCE

3) Fewer differential equations and high execution speéd.

The foregoing requirements often conflict with each other
and compromises must be made.

The résults of the pilot evaluations'® indicate that the pilot
rating of an algorithm depends greatly on how well its parame-
ters have been adjusted. From these results and our experience
in adjusting the algorithms, we believe that given enough ef-
fort, all of the algorithms we studied have the capability to
achieve good ratings. However, the potential to behave nonlin-
early in order to exploit the motion base’s capabilities and
human motion-sensation characteristics would be more easily
included in an adaptive algorithm since the other algorithms
are made up mostly of linear elements. Requirements 1c and
1d could be achieved with any algorithm, although additional
“supervisory’’ software would be required to orchestrate the
parameter changes.

Features 2 and 3 are more clearly a property of the algorlthm
used, and in this respect, Table 2 indicates how each algorithm
rates in terms of complexity, speed, and transparency. In these
areas, the classical algorithm is definitely the most attractive
since it contains the fewest parameters and their effect is rela-
tively clear. Although the optimal control algotithm appears
to fulfill requrrement 2¢, it does not clearly do so. Thus, in
terms of convenience to the designer, the classical algorithm
would be rated highest, whereas the optimal control and coor-
dinated adaptrve algorrthms would rate equally and somewhat
lower.

An 1mportant pomt to note in aIl three algorlthms but

partlcularly in the optimal cortrol and coordinated adaptive
ones, is thadt the cross-feed channels and the placement of the
L,s transformation are responsible for a great deal of realism
in the motion simulation as well as complexity. Thus, it has
been pointed out that these features operate quite differently
and at different locations in each of the three algorithms. It
also appears that the archltecture of the classical algorithm in
this respect is the clearest, without being less effective than that
of the other algorithms.
- In the ideal case of feature 2d, an expert system could be
implemented in which the evaluation pilot or instructor could
enter his or her comments and the algorithm would adjust its
pararieters accordingly. Once again; this would entail addi-
tional higher-level software to calculate and implemerit these
adjustments.

Numerical Implementation

The motion-base drive techniques investigated in the present
work must be implemented numerically in the simulator envi-
ronment. Certain additional problems and considerations are
introduced in this process and the numerical implementation
should be discussed as it affects the accuracy of the results and
the speed with which they are obtained. The present motion-
base drive techniques were coded in FORTRAN on the Perkin
Elmer 3250 32-bit minicomputer that drives the UTIAS flight
research simulator. The 20 Hz simulation update rate results in
a time frame of 50 ms available for all necessary computations,
of which the washout algorithm is only a small part.

The most important nunierical consideration in the washout
algorithm is the numerical integration of the differential equa-
tions involved. Various techniques for doing this were evalu-
ated! with the following conclusions: »

1) The Tustin method was best for linear differential equa-
tions of order three or less and was therefore used in the
classical algorithm.

2) The improved Euler méthod was best suited for higher-
order equations and was chosen for the optimal control al-
gorithm.

3) The second- order Adams-Bashforth method should have
been used for the low-order nonlinear differential equations in
the coordinated adaptive algorithm. However, the 40-50%
increase in CPU time over the Euler method was considered
prohibitive in view of the large number of differential equa-
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tions that needed to be solved. Therefore, the Euler method
was chosen for the coordinated adaptive algorithm.

Use of the coordinated adaptive algorithm results in appre-
ciably larger time lags between control inputs and motion-base
response when step control inputs are used. !¢ It was found that
this is because of the use of an explicit integration method
(Euler) to integrate the coordinated adaptive washout differen-
tial equations. It is therefore suggested that future implemen-
tations use an implicit integration method such as second-or-
der Runge-Kutta to eliminate this problem.

Other steps were taken to speed the execution times of the
algorithms. Certain of these would be performed by a good
optimizing compiler, but were coded explicitly to guarantee
transportability. These were as follows:

1) The number of operations was minimized by combining
certain blocks in the block diagrams. For example, the HP
FILT and double integration were combined into a single set of
equations.'* This was done in all three algorithms where a
high-pass filter was followed by an integrator, thus resulting in
more- efficient and more accurate results. It was found that
when filter equations and integrators were coded separately,
the numerical errors introduced slow drifts in the simulator
position.

2) Minimal use was made of subroutlnes and in-line expan-
sion was performed: When subroutines were used, most data
were transformed through COMMON blocks to avoid the
overhead associated with transferring subroutine argument
memory locations. This resulted in faster, albeit less readable
code.

3) Fast operations were used in preference to slower ones.
Integer exponentials were expanded and multiplications by
constants were used rather than divisions by constants.

4) Expressions were factored when possible.

5) Intermediate variables were stored to avoid computlng
expressions more than once.

6) Trigonometric functions were approximated by the first
three terms of their series expansions when it was known that
they would not exceed a limited range.

Alternative Algorithms

As noted in the comparison section, the layout of the classi-
cal algorithm was found to be the most advantageous, whereas
the adaptive algorithm appears to be more amenable to ex-
ploiting the motion-base capabilities. Our work is now di-
rected toward a ‘‘hybrid’’ algorithm with the same layout as
Fig. -1, but with some or all of the filter blocks replaced by
adaptive filters. A similar approach has been proposed!” with
encouraging results. It is envisaged that this algorithm will
combine the best features of the classical and adaptive
schemes. When all the steepest descent slopes are set to zero,
it becomes identical to the classical algorithm and is therefore
easy to adjust to obtain good performance. With further ef-
fort, the adaptiveness of each block can be introduced sepa-
rately and gradually to improve performance

There is considerable challenge in deciding which of the
filter blocks should be made adaptive. Since adding adaptrve-
ness increases the complexity of adjustment, the objective isto
build an algorithm that has a few adaptive filters in the right
places.

The adaptiveness can also be made more intelligent by using
more sophisticated nonlinear, nonquadratic cost functions.
The form of the equations are such that any differentiable cost
function can be used. We are 1nvest1gat1ng high-order displace-
ment penalties in order to give less attenuation to low-ampli-
tude motions and more to high-amplitude ones. If this shows
enough improvement, it could do away with the need for actu-
ator soft-limiting software.

The coordinated adaptive algorithm studied in this report
featured an adaptive gain that varied in real time. It may be
beneficial to replace this or augment it with adaptive break
frequencies’ and/or damping ratios.
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Conclusions

Based on the pilot evaluations and our experience in adjust-
ing these algorithms, it is concluded that all three algorithms
studied could be adjusted to give good performance in terms of
pilot ratings. This is so even though in the tests performed, the
optimal control algorithm fared the worst, whereas a coordi-
nated adaptive algorithm gave the best results. In the authors’
opinion, the coordinated adaptive algorithm shows the most
potential for further improvement because-of its nonlinear
nature that allows greater flexibility. The classwal algorithm
was found to be best in terms of simplicity, ease of adjustment,
and execution spéed and is recommeénded when quick results
are-needed. Finally, although the optimal cotitrol algorithm
could eventually be adjusted to give good results, it.does not
seem to warrant the effort required. That is, if a linear filter is
desired, the classical algorithm is a better compromise.

"The flowchart structure of the classical algorithm is the most
desirable of the three studied. That is, a structure in which
aircraft cockpit specific forces and angular rates are used as
input, and with translational and rotational channels mostly
decoupled. The cross-feed channels should only be active when
it is desired to simulate a translational aircraft motion with a
rotational simulator metion. Tilt-rate limijting is an essential
component of any motion-base drive algorithm: However,
since tilt-coordination angular velog¢ity is an artifact, it must be
kept at levels that the pilot is not likely to sense. The order of
the filters in the classical- algorrthm shown in Table 1 are the
lowest that should be used for transport a1rcraft Lower-order
filters would introduce unacceptable offsets in simulator posi-
tion during certain maneuvers. All numerical integration of
the washout differential equations should be performed with
implicit” methods in order to avoid lags in motion-base re-
sponse to step- -control inputs,

- Certain problems are inherent to flight simulator motion
systems and cannot be resolved with better software. The in-
ability to generate sustained changes in vertical loading and the
difficulty in representing any large-amplitude medium-fre-
quéncy motion are examples of these. Although better soft-
ware may help in these situations, it cannot replace the beneﬁts
of increased physrcal motion capabrllty
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