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The tuning of motion base simulators has always been a necessity in achieving reliable 

motion response. Regardless of the scheme used to transform forces and rates into 

hardware motion response the key always remains in a set o f  coefficients. I n  the past i t  

has been necessary to employ a tuning expert and a pilot's subjective opinion of motion to 

tune motion bases. However, developed in 1996, PROTEST sought to simplify the tuning 

process by capturing, in a computer software package, the expertise o f  the motion-tuning 

specialist. 

Designed to work within the UTIAS Flight Simulator Laboratory environment of the 

tirne, PROTEST was found to  tune the simulator to acceptable levels. Since that time 

however, the laboratory hardware and software configuration has changed resulting in the 

need to upgrade PROTEST. 

The goal of this project was to adapt PROTEST to  the current UTTAS Flight 

Simulation laboratory environment and report the steps taken in this document. This work 

identified the primary adaptation requirements to lie in the communication required 

between the PROTEST and host system modules and in incorporating PROTEST components 

into the  host simulator code. 



The above tasks completed t he  entire system w a  tested for the correct response. 

This was achieved by controlling the input t o  the washout f i l ters and observing the  response 

obtained by PROTEST. Once the results were deemed correct a sample tuning procedure 

was ccaried out to illustrate that t he  adaptation was a success. Indeed, this goal was 

fulfi l led in the last of  three test wperiments when the flight conditions obtained were 

deemed satisfactory by the test pilot. 

The outcome of the project hus led to  a functioning version o f  PROTEST and a 

cornprehemive document to  aid any further adaptations of PROTEST. 
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The symbols used throughout th is  document are listed below in the order in which 

they appear. 

f - 
0 

specif ic force 

accelerat ion 

rotation matrix that transforms vector cornponent f rom the 

simulator f rame t o  the inertial frame 

ravity vector expressed in the inertial frame 

Euler angles f o  fmme X [$x, ex, \iixlT 

Laplace operator 

2" order high-pass break frequency and damping ratio 

2" ordeer low-pas break frequency and damping ratio 

order high-pass break frequency 

transformation from anguhr velocity t o  Euler angles rates 

angular rates 

tilt CO-ordination matrix 



The development of high fidelity flight simulators has been a goal of researchers for  

many decades. From the f irst sirnulators with fixed bases to the more sophisticated multi- 

degree of freedom full motion simulators, the goal has always remained to provide the  pilot 

with the most accurate perception of flight. To this end, researchers and designers have 

employed a variety of both software and hardware techniques. These have included reality 

based simulator cockpits and virtual reality visual displays. The increased understanding, 

and hence complexity, of  f light equations and simulations has created the demand fo r  highly 

sophisticated computer models and powerful processors. The increased computing abilities 

have made moving base simulators produce highly reliable motion cues. For these systems, 

computer models are used to represent the response of the a i rcraf t  to  pilot control inputs 

in a given circumstonce. This response takes the form of a set o f  translational specific 

forces and angular rates that represent the motion cues a pilot would experienced under 

' rd '  conditions. Tt is the goal o f  the simulator motion base to  reproduce these motion cues. 

However, because the motion of the sirnulator is constrained by i t s  mechanical limits the 

response from the f l ight equations must be altered to  prevent it f rom attaining its bounds. 

This task is fulfi l led by implementing what is commonly called t h e  washout algorithm. This 



algorithm transforms the aircraft motions into commanded simulator motion [l]. I t s  

performance thus signif icantly impacts the f idelity of the simulator motion. Currently 

there exist a number of washout f i l ter  schemes including. but not limited to, the classical 

algorithm. the adaptive algorithm, the  optimal control approach. quasioptimum control 

technique, and the subliminal scheme. [Il However different these approaches are t o  one 

another, a t  their core is a set of coefficients that determine the behaviour o f  the washout 

filter. To achieve the best possible motion i t  is therefor necessary t o  determine the best 

combination of coefficients. This task. called tuning, has been accomplished by having a 

pilot fly a given manoeuvre and then relaying the fidelity of the motion to a tuning expert 

who modifies the coefficients t o  attempt to  improve the motion. Although i t  has given 

acceptable results, this method introduces the subjectivity of both a pilot and a tuning 

expert. Not  only does this technique not ensure the best possible coefficients have been 

achieved but i t  also prohibits the testing of pilot variability. 

Dr. P. Grant. in his Ph.D. thesis nie bevelopment of a Tuning Poradgrn for F/$ht 

Sjmu/afor Motion Drive A/90rithms, addressed these issues. His research led to the 

development of  PROTEST, expert tuning software fo r  the UTIAS fl ight simulator. This 

software removed the need for an expert tuner by replacing him with a software package. 

Using this package, tuning is accomplished by entering pilot comments into PROTEST that 

then uses a set of  rules to modify the coefficients. Test fl ights are repeated until a 

satisfactory set o f  coefficients is f ound. 

Completed in 1996 Dr. Grant's work has remained unused until now. Recent simulator 

projects have rekindled the need to  tune the UTIAS simulator effectively. However, the 

UTIAS simulator facilities have changed since 1996 and consequently PROEST was not 

configured to function in the new computing environment. 

It is the  task of this thesis t o  describe the method used t o  reconfigure PROTEST to 

function within the computing environment of  the present UTTAS f l ight simulation 

laboratory. A detailed description o f  the original and final configurations will be given as 

well as the reasoning behind each change. The main components of  PROTEST will be 

outlined so that future implementation c m  be achieved more easily. Finally, the results 

from a set o f  tuning experiments will be presented with a description o f  their relevance. 



UTIAS FLIGHT LAB CONFIGURATION 

The task of  re-adapting PROTEST t o  the UTTAS computing environment f i rs t  

requires a comprehensive understanding of the different components o f  t he  simulator 

laboratory and their inherent interdependence. These components include bath hardware 

and software configurations as well as the user interfaces. The implementation o f  PROTEST 

by no rneans impacts every aspect of the simulator configuration; however, a description o f  

the current system as a whoie is given for completeness and future reference. I n  addition. 

a description of t he  system components as they were a t  the  completion o f  PROTEST in 

1996 is given. 

2.1 Hardware 

2.1.1 Simu/utor 
The U T I A S  f l ight simulator is comprised of a OC8 simulator cab mounted on a CA€ 

series 300 motion base. This configuration is used t o  produce six-degree-of-freedom (6 

OoF) synergistic motion driven by six hydraulic actuators. Each actuator has a stroke o f  
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91.4 cm and bore of 8.9 cm. Figure 2.1 gives a picture of the motion basekab q s t e m  a t  

UTIAS. 

2.1.2 Cumpu jing 
The numerous cues required in producing a realistic aircraft simulation and the limited 

computing abilities o f  any single processor have created the need f o r  multiple computing 

*stems. These include the generation of motion, visual and auditory cues as well as user 

control interfaces. Below is a basic description of the functions o f  each computer available 

in the laboratory (a more detailed description is given by Tai [ Z ] ) .  Figure 2.2 gives a 

graphical description of t he  f low of information between cornputers. 

n e  most basic requirement of the simulator is the computing of the  f l ight model. This is 

achieved with an I B M  R I S C  6000 Model 390 Power 2 computer that samples the control 

inputs and salves t he  flight equations using a 6OHz iteration cycle.[Z] Within the 

framework of the CA€ Simulation Management Ut i l i ty (SIMex-PLUS), the various modules 

required to  generate t he  simulation are controlled on this machine. Terminals connected to 

the RISC 6000 (also called VUOT) are used to modify simulation modules and for real-time 

user interfaces. An I n te l  186/03 Single Board Computer (SBC) provides the interface to 

the motion and sound systems from the RISC. A t  the  time of the PROEST development 

the host cornputer was a Perkin-Elmer 3250 computer with i ts  own simulation management 

system. 

The motion of  the simulator is controlled by an analogue control system called the  N1 

cabinet. This system takes the digital inputs from the RISC 6000 and creates the 

appropriate response of the  servo-valves t o  extend the  actuators. [3] 

The inputs for a live simulation are the movements o f  the various control devices in the 

simulator cab. I n  the case o f  a helicopter simulation, these are the collective. pedals, and 

cyclic. A McFadden System Inc. Model 2920 Universal Variable Digital Cockpit Control 

Force Lqading System provides the  longitudinal and lateral cyclic forces. 

The UTIAS laboratory uses virtual reality as i t s  primary source for visual cues. To 

generate the virtual world fo r  the pilot the graphic display is generated using a CA€ 

MaxVue Enhanced 8 Image Generator (16) that sends the images t o  t he  CA€ Fiber-Optic 

Helmet-Mounted Display. Databases are created on two Silicon Graphics Indigo 2 I M P A C T  
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10000 worbtations. The secondary sources of visual cues are the various instrument 

displays provided t o  the  pilot. The current configuration includes options fo r  an Electronic 

Çlight Information System (ERS) and a Head-Up Display (HUD). The former is generated 

by a Silicon Graphics I R I S  3130 workstation ( IREZ)  while the latter is generated by a 

Silicon Graphics 4D/310 workstation ( I R E S ) .  A course map is generated by a Silicon 

Graphics personal I R I S  workstation (HAL). 

The user interface and statirt ics display is run during a simulation on an IBM RISC 

PowerStation 355, which is used for i t s  capability in running the XI1 windowing systems. 

The auditory cues are generated by an E-mu System Inc. E-max digital sampling keyboard 

connected t o  the RISC 6000. Finally a Pofhemus Model 3SF0002 3SPACE FASTRAK 

Magnetic Head Tracker is used t o  track pilot head movement. 

2.2 Software 

There are a nurnber of software routines used to  run the simulator. AS is the case 

for  the hardware, the software is spread over the various cornputers t o  perform each of  

their required tasks. I t  is not the purpose of  this thesis t o  delve into the details of  each of  

these. However, those relevant aspects of the software environment will be discussed in as 

much detail as is necessary. I t  should be noted that the SIMex environment was not 

present a t  the time o f  PROTESTS initial development. As well, the original code that ran on 

the host computer (Perkin Elmer 3250) is no longer available, negating any discussion o f  i ts  

configuration. 

2.2.1 SIMex 
The amount of computing required t o  run the simulator requires software designed to 

manage the  many connections between the various components of the code (herein called 

modules). As mentioned above, this task is fvlf  illed by SIMex-Plus that  manages revision 

control and program integrity. I t  ioads and launches t he  real time programs (also called the 

synchronous module SWCO.exe) and the  non-real time prograrns (asynchronous module 

APOCO.exe). Finally, it sets up the user control program with the initial conditions and the 

start/stop f lags for the simulation. 
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2.2.2 The Bell 205 Fïy-By- Wire Helicopter 
The UTIAS flight simulation laboratory can be configured to represent various 

aircraft. niese include both fixed wing and helicopter simulations. At  the time of 

PROTESTS development the laboratory was predominately simulating fixed wing aircraft, 

specif ically large commercial aircraft. Research demonds. however, have shifted to 

helicopter simulationl with one example being the Bell 205. This section describes the 

software configuration used by the UTIAS flight simulation laboratory at the start  o f  this 

thesis, and as such forms the baseline for  this project. The modifications made ta the code 

wi l l  be discussed in Chapter 5. 

The flight madel used for the Bell 205 helicopter is a modif ied version of the 

ARMCOP cornputer code developed by the National Aeronaotics and Space Administration 

(NASA) and the U.S. Arrny Aviation Systems Command. The simulator code is divided into 

logical modules, each filling a specific task. with some variables shared by al1 modules 

through the common data block (CDB). Those modules relevant to  PROTEST are discussed 

below by stepping through their hierarchy of calls. AS has been mentioned. the simulator 

code can be divided into two categories: real and non-real tirne. Components of PROTEST 

will ultimately appear in both parts, and as such a brief description of relevant modules is in 

order. Figure 2.3 graphically represents the relevant real-time modules in their hierarchy 

and a break down of the three parts of the non-real time module. 

2.22.1 Real- rime 

The module FLGH7FQ serves to cal1 the ARMCOP modei, visual and washout modules. 

These modules work together to  provide the motion and visual cues f o r  the simulation. To 

accomplish this, the modules are run ut 60Hz. The output from the helicopter ARMCOP 

model modules, such as the powertrain and geur modules, provides the input fo r  the WASH 

module. This output takes the form o f  specific forces and angular rates. The WASH 

module then calculates the jack extensions that will drive the simulator. As i ts  name 

indicata the WASH module houses the washout filters. 



2.22.2 Nm-Real The 

The relevant non-real time module is NRT: The module takes the user through a 

number of questions that set up the initial conditions. environment. and variable flags for  

the upcoming run. NRTprovides user control for  'during flight' variable changes such as sky 

caver, timers, freeze, and start/stop toggles. User control for PROTEST will be 

implemented in this module. From the NRTmodule, the SEWASH module that serves t o  

read the coefficients from a data file is called. 





Figure 2.1 UTïAS Flight Research Simulator 
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UTIAS CLASSICAL WASHOUT ALGORITHM 

Stnce the purpose of PROTEST is the tuning of the washout filters, it is crucial to 

have a firrn understanding of how these filters work. Reid and Nahon describe the original 

development of the U X A S  washout fi lters in 'Flight Simulation Motion-Bas Drive 

Algorithrns: Part 1 - Developing and Testing the Equations' [4]. This document provides an 

ln-depth description of the development process of the washout f i l ter equations. An 

improved version of these filter equations exists in the subsequent document, 'Flight 

Simulation Motion-Base Drive Algorithms: Part 2 - selecting the systern parameters' also by 

Reid and Nahon [5]. Grant used this latter version in the initial developrnent o f  PROEST. 

However, as has been previously mentioned, the starting point for this project was the 

version of the ARMCOP Bell 205-helicopter simulation code in current use at the UTIAS 

Flight Simulation Laborutory. This version, in this documented called the baseline, o f  code 

uses a slightly modified form of the washout filters. The f i rs t  section of this chapter will 

provide a description of  the washout f i l ters as they existed at the beginning of this 

project. The version of  the algorithm used for PROTEST will then be discussed. Figure 3.1 

and Figure 3.2 give block diagrams of the two different washout f ilter configurations. 
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3.1 Baseline Algorithm 

The baseline algorithm, described by Figure 3.1, was developed to simulate a Bell 205 

helicopter. Although the basic principles behind the washout f i l ters is the sarne as that 

described by Reid and Nahon [5] the implementation is slightly different. Since this was 

the form of the washout filters used at  the beginning of this project it will be described 

f irst. 

3.1. 1 HI@ PUSS Specific Force Channel 
There are three translational specific force channels: surge, sway and heave. Erich 

receives specif ic force input in the sirnulator body frame that represents what the pi lot 

should feel in the cab. This input is f irst limited in order t o  protect the simulator from 

reaching its limits. This limit is typically set a t  rl5m/# for al1 channels with the heave 

channel set at (gc15m/fi. The input to the limiting block is fca with the output being / l m  - - 
This input is then transformed into the inertial frarne from the simulator body frarne using 

the rotation matrix Lr5 The output from this block is swhere, 

ac = L , / l + g ,  (1.1) 

and 

sin #s sin 0, cos y, cos #, sin 0, cos (v, 
cos es cos IV, 

- cos #, sin y, + sin (, sin yl, 1 
I - sin O, 

L - - 1s - 

with @s, dg and y5 repre~enting the Euler angles, as described by Etkin [6], t o  rotate FI 

into FS. oc is then passed through the scaling block and the high pass f ilters. For the surge 

sin (, sin 8, sin y, cos 4, sin 8, sin y, 
cos@, sin yl, 

+ COS & COS (v, - sin @s cos yl, 

and sway channels the filters are second-order and have, in the Laplace domain, the form: 

(1.2) 



while the  heave channel uses a third-order f i l ter  of the form (in the Laplace domain): 

This third-order f i l ter is f ormed by multiplying second and f irst-order filters. Setting 

wmpr to  zero reduces t he  systern to  the  second-order f i l ter  of the form used for  surge and 

sway. The outputs to  the f i l ters are double integrated to  produce Sr which is the  inertial 

displacement o f  the simulator reference point. Althaugh present in the above f i l ter  

equations, the values of the damping coefficients, 5 ,  are implicitly set t o  1 by their omission 

in the computer code. 

3.1.2 HQh-Puss Angulor Rate Chonne/ 
Like the specific force filters there are three angular ra te  channels, roll, pitch and 

yaw. The input into the washout f i l ter system are commanded angular rates thût represent 

what would be f e l t  by the pilot during a normal flight. Equivalently to  the specific forces 

the inputs are limited t o  prevent the actuators from reaching their bounds. For the angular 

rates the limit is 34.4"/s. Following limiting, the angular rates are transformed t o  Euler 

angle rates, with I, given by Etkin (61, such that  

pH = T,& - (1.6) 

where 4 is the input t o  the limiting with, 

oi - =[pi gi ri]* 

= O 

cos es -sin Is 

10 sin (s sec es cos 4, sec es J 

PH-=[& BC PCIT - (1.9) 

I t  should be noted that, as described by Reid and Nahan[5], the following process is only an 

approximation. The total sirnulator Euler angles (those contributed t o  by both the  high and 
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low pass filters) are used to transform 4, which itself is only used in the high-passed 

angular rates. The Euler angle rates are then scaled and independently passed through a 

set of  high pass fi l ters that Vary for each channel. The pitch and roll high pass fi l ters are 

both first-order systems, in the Laplace domain, of the form given below. 

For yaw, however, a second-order filter is used. 

(1.11) 

Unlike the motion in pitch and roll, 

helicopter flight may engender sustoined motion in yaw. A second-order f i l ter  will give the 

simuhtor a greater ability t o  return the sirnulator t o  neutral. The f i l ter takes the form o f  

two first-order f i l ters in cascade, represented in the Laplace domain by, 

F inally, the output from each f ilter is integrated once to give the Euler angles P H  that - 
will be subsequently added to the low-pass filter output Euler angles. 

3. h 3 Low-Pass Specific Force Channel 
The low-pass filters serve to simulate the low frequency surge and sway specific 

forces. This is achieved by crossfeeding the surge and sway to the pitch and roll channels 

respectively. The input to these channels is the limited specific force f 1. The Euler input - 
angles are f i rst  f ound using 

where g i s  (as described by Reid and Nahon 151) 

The components o f  &are then scaled and passed through the low-pass f i l ters to obtain 

PL. These filters are second-order and, in the Laplace domain, take the form: 
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The output of the filters is limited and then integrated. Following the integration 

PL is obtained and its cornponents limited. This limiting is conducted t o  keep the tilt rate - 
below the human perception threshold. A second integration will yield DL. The total - 
Euler rates and angles are f ound by summing the high and low pass fi lter output, yielding: 

Ps = m + P  (1.18) 

3.2 Modifications f o r  the PROTEST Washout Algorithm 

The washout f i l ter algorithm used fo r  PROTEST, although not exactly the same, more 

closely resembles that described by Reid and Nahon [5]. Grant [7] provides an excellent 

explanution of this algorithm as well as the frequency response o f  the difference systems. 

Figure 3.2 is a block diagrarn representation of the washout filters. This section will 

examine the difference between the two algorithms and identify the implications of these 

with respect to  the implernentation of PROTEST which, as is discussed in Chapter 5, 

required the baseline washout filters t o  be converted t o  those originally designed t o  work 

with PROTEST. The washout filters below are thus the version ultimately used with 

PROTEST. 

3.2.1 HM PQSS 5pecific Force Chunnel 
The primary difference between the two filters is the order. The algorithm used fo r  

PROTEST uses third order f ilters for each of the three specific force high pass channels. 

I n  the Laplace domain these are described by: 
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The difference in the order of the f i l ters results in the base code lacking a 

coefficient in the surge and sway channels, ob, and ab,. I n  addition, although the form of 

the second order component is the  same, the original code sets the damping coefficients to 

one, thus eliminating the variability required by PROTEST. The form o f  the equations above 

can be transformed into second order systerns by setting the ob t o  zero, thus achieve the 

form of  the initial code. This option gives the  PROTEST code an additional level o f  

f lexibility. 

3.2.2 Hbh-Pass Angular Rate Channel 
Similarly t o  the translational channels, the algorithm for PROTEST requires the order 

of the pitch and rol l  f i l ters t o  be augmented by one. The form of the yaw f i l ter  remains 

second order but is changed slightly. The three f i l ters in the Laplace domain, as described 

by Grant [7], are 

where fo r  order f ilters, 



and f o r  2nd order fi lters, 

Again. the initial washout algorithm lacks the coefficient, in this case damping, fo r  

the higher order f i l ters in pitch and roll. The initial algorithm uses two f i r s t  order f i l ters in 

cascade whereas the algorithm for PROTEST uses a second order high pass filter. A simple 

equation can be used t o  equate the two sets o f  coefficients. As with the tronsia;ionol 

fi lters, the scaling block is placed prior t o  the transformation matrix. 

3.2.3 Lo w-Poss Speci fk Force Channel 
The presence of  the  scaling block prior to  the CO-ordinate transformation removes 

the need t o  incorporate i t  in the low-pass branch of the washout f i l ter  algorithm. This 

feature is present in the PROTEST version of the code, whereas t he  original code uses a 

di f ferent scaling block in each of the high and low pass filters. The result is the elimination 

of  two variables. 

The PROTEST code places the  tilt-coordination block a f t e r  the low pass f i l ter  

whereas the original code has i t  previous t o  this block. The original code also introduces an 

added integration block that, in the PROTEST algorithm. had been included into the f i l ter  

block. 

3.3 Coefficients 

The importance of t he  wcxshout fi l ter  algorithm diff erences resides primarily in their 

impact on the set of coefficients. Because PROTESTS goal is to  tune the washout 

algorithm. three choices are available. The f i rst  option is to change t he  washout algorithm 

used in the simulator code. The second option is to alter PROTESTS reasoning and logic 

rules t o  reflect the different frequency response. The th i rd  choice is to  develop an 

equivalency systern between the two washout f i l ter  algorithms. The second option involves 

an in depth analysis o f  t he  frequency response and the results t o  be integrated into t he  

PROTEST code. In addition t o  being tirne consuming and clearly beyond the scope o f  this 

work, it demunds a deep knowledge of t h e  PROLO6 hnguage. The last option would ullow the 

washout f i l ter code to  remain in i ts  base %te, which ensures i t s  f idel i ty since it is already 
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known t o  work. However, the PROTEST washout f i l ter  essentially provides a higher level of 

complexity thon the base code and can, by setting certain variables to zero provide the 

same response. 

I t  was thus decided to  replace the baseline simulutor code with one equivalent to  that 

designed f o r  PROTEST. This option presented fewer difficulties and promised exact 

compatibility with the PROTEST code. The aforementioned decision does engender the 

need for  comprehensive testing of the  washout f i l ters to  ensure their proper functioning. 

This testing will be the  topic o f  Chapter 6. Table 3.1 gives the list of coefficients used in 

both the  baseline and PROTEST washout algorithrns. The baseline damping coefficients, 

although present in the baseline theory, are implicitly set to  one in the code. As well, an 

equivalence equation is given for  the high pass yaw coefficients to ref lect  the  slightly 

different nature of the f i l ter equation in the Laplace domain. 



Table 3.1 Coefficient Equivalencies between the baseline and PROTEST washout filters 
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PROTEST 

4.1 Expert Syçtems 

The goal of an expert system, as described by Wal ker e t  al [8], is to  have the problem 

solving capabilities of an expert or. a t  the very least, a high level of performance. This 

statement as i t  applies to  PROTEST suggests that the expert systern tuning performance 

should match that of an expert tuner. I n  other words the final motion characteristics 

obtained from using PROTEST should be as satisfactory. if not more so. than that obtained 

from regular tuning strategies. 

The expert system has the unique ability to  reach the above goal by basing i ts logic. 

to a certain degree, an the knowledge captured from an expert tuner. This information is 

stored in a knowledge base of rules and facts. In the case of PROTEST this knowledge base 

not only encompasses the empirical knowledge from the expert tuner, but also includes 

analytically based rules and facts. Together these form a solid basis for tuning the washout 

filters. Grant presents the complete development of PROTEST s reasoning. [7] 



4.1.1 Tusks for Tuning 
Although an expert system can be applied to a vast number of tasks, PROTEST appiies 

only four distinct tasks: diagnosis, repair, control, and monitoring. The diagnosis algorithm 

is the  f i rs t  step in tuning. I t  is used to analyse data obtained from a test flight, In 

combination with pilot input, t o  hypothesise the correct coefficient to  adjust. I n  the 

second step, repair, PROTEST determines the magnitude of the adjustrnent to f i x  the 

problem while remaining within the specified limits of the simulator. The closed loop nature 

o f  the tuning process (by virtue of pilot input) allows the repair sequence to  be equated to a 

control task. The final task is monitoring. This identifies when tuning should end, when to 

t r y  a secondary coefficient or cycle, and sirnilar such decisions. 

A detailed description of each task, how they are encoded, and e f f  iciency issues are 

presented by Grant 171. 

4.2 Structure o f  PROTEST 

The Expert System requires three software components t o  function. The f i rs t  is the 

code fo r  PROTEST written in PROLOG. I t  includes al1 the rules, logic, and user interface 

described above. The second component is a program called ANALYZE. I t  is used tu 

calculate the required statistics o f  each run and pass i ts results to  PROTEST. The last 

component is the simulator code whose purpose it is to run the flight equations and calculate 

the simulator motion properties via the washout filters, as discussed in previous chapters. 

Figure 4.1 shows the original interconnections of the three components as designed by 

Grant (71. To adapt PROTEST to  the current computing environment of the UTIAS Flight 

Sirnulator Laboratory it will be necessary t o  alter the connection pathways between the 

d i f f  erent components as well as adapt t h e  components themselves. 

I t  is also important t o  acknowledge the presence of the pilot, whose input needs must 

not be forgotten. Any interface changes must provide the user with equivalent or added 

control in the functioning o f  the Expert System. This topic will be discussed in Chapter 5, 

when the adaptation scherne is presented. The current section will discuss the primary 

needs and functions o f  each of the components required by the Expert System. 



4.2.1 PRO TES T Ahorithm 
The PROTEST algorithm component holds the logic and reasoning tools the Expert 

System needs t o  function. As discussed at the beginning of this Chapter this code tries to 

capture in i ts  rules the thought process and procedural aspects o f  a professional tuning 

expert. 

I t  is not the mandate of this thesis t o  alter the PROLOC code in anyway since this 

woold require knowledge of the PROLOG language. A basic understanding was gained, 

however, in order t o  comprehend the logic and input/output modules. Figure 4.2 presents 

the lowest level of complexity f o r  the functioning of PROTEST. Figures 4.2 t o  4.7 give five 

progressively deeper levels of code description with subsequent figures describing the 

bolded boxes of the previous figure. I n  these f lowcharts, ellipses indicate the entry and 

exit points, diamonds represent decision points, circles indicate points of input from the 

evaluation pilot, and finally dotted circles outside O diomond indicate a decision point based 

solely on 'raw' information supplied by the pilot (such as a yes o r  no answer). These figures 

give the user a quick reference guide t o  the procedure followed by PROTEST during tuning, 

and should be understood before any tests are run. fdentified in the f i g u r a  are the 

locations o f  pilot required input and the decision blocki employed by PROTEST. They also 

show the termination locations when an error has occurred. An important aspect o f  

PROTEST, of which the user should be aware, is i ts  decision procedure when limiting has 

occurred. I n  this situation, PROTEST f irst tunes to correct the limiting and, only once this 

has been rectified, does it ask for pilot input. This is shown in Figure 4.3, where one can 

see that there are t w o  main branches present: one if limiting has occurred and one where it 

has not. During a tuning run the option is given for  PROTEST to echo i ts  reasoning 

procedure. A sample of such output is presented in Appendix B. Using this output and the 

flowcharts one con determine the steps taken by PROTEST to tune the sirnulator. 

Appendix C provides a brief user manual for PROTEST. I n  a general sense PROTEST 

begins when the initial set of coefficients are sent from ANALYZE. It then goes into 'wait' 

mode while the evaluation pilot completes a run after which it receives statistical data from 

ANALYZE. I f  no limiting has occurred the pilot is prornpted to  identify the PROBLEM using 

a list built into PROTEST. Following this PROTEST generates a corrective set of 



28 CHAPTER 4: PROTEST 

coefficients that are sent back to ANALYZE. Al1 sets of coefficients are updated and 

another run is flown. Appendix A gives a summary of the generai behaviour of PROTEST for 

each given PROBLEM or multiple PROBLEMS. Although exact adjustments are not given. 

this table is useful in predicting (and testing) the response of PROTEST. 

The inputs to PROTEST are f irst the initial set of coefficients and, after each 

subsequent run. the statistics calculated by ANALYZE. The exact nature of these 

statistics is discussed in Section 4.2.2. I t  is important to note the format required by 

PROTEST for incoming data. This necessitates that the data to  be sent as one long data 

string with each item separated by a colon and each group of items by a semicolon. This w i l l  

be discussed further within the context of ANALYZ E. 

4.2.2 ANAL YZE 
The purpose of ANALYZE is to calculate the statistical properties of each run as 

required by PROTEST. These serve to give PROTEST the information i t  uses to perform 

the tuning tasks. Of importance are the absolute displacement of the simulator in each 

degree of freedom, the intensity of the motion on each degree of freedom. the severity of 

any Iimiting, and the importance of each coefficient to a degree of freedom. The 

mathematical derivations of these eqwtions are the subject of  Appendix D in Grant's 

thesis. 

Figure 4.1 shows the relationships ANALYZE has with the other cornponents of the 

Expert System. For adaptation into the new computing environrnent this relationship 

scheme had to be altered. This process is discussed in Chapter 5. This section describes 

the different cornputing tasks assigned to ANALYZE, and how they are f i t ted  into code. 

Figure 4.8 is a flowchart representation of  the original version o f  ANALYZE. Not 

shown in this f lowchart is the f la9 variable assignment that came as a result of options set 

when the executable is run. This allowed the user to identify, when starting ANALYZE, 

what the input and output conditions would be. For example, one such flag set the source 

f o r  input. either live or from a data file. These flags will not be necessary in the adapted 

version of the code since these options are prompted to the user within the run. The first 

step shown in the flow chart is then the initialisation of a counter flag. What ANALYZE 

does is deterrnined to  a large extent by the variable IANLZE whose value is received from 
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the host at  the same time as the specific force and angular rate inputs. This flag, in 

conjunction with the IANLZE-OLD variable, guides ANALYZE through its different stages: 

f irst-run initialisation, regular run progression, and ter mination. Next, ANALYZE sets up 

the ethernet socket ports that will enable communication between cornputers. I t  then 

receives the initial set of coefficients from the host and initialises the filters. To calculate 

the coefficient effectiveness the washout f ilters are run 28 times. Once to obtain the real 

response and 27 times with a small change in each coefficient. I n  the original code this was 

achteved by calling the subroutine partial-ev, the structure of which is shown in Figure 4.9. 

Limit f lags are used to determine if any lirniting has occurred and the total time spent at 

the tirnits. The motion statistics are then calculated via calls to two subroutines: p-stats 

and s-stats. At the end of a run, collected data is normalised and sorted. This is achieved 

by calling a subroutine called pturb. The data is formatted f o r  output to both a f i le and 

communication to the PROTEST modules. The prograrn is put on hold while PROTEST 

calculates the new coefficient set that is returned to ANALYZE. Af ter  updating i ts 

coefficient set ANALYZE forwards the data t o  the host. The option for  another run is 

given and ANALYZE is either run again or the sockets are closed and ANALYZE terminates. 

ANALYZE can thus be divided into two parts: the reul and non-real time components. 

Of relevance t o  the adaptation procedure are those components in each part and their 

communication requirements. Specifically, it is important to be aware of  the statistical 

variables that must be passed to PROTEST since it does not only use the numerical values 

generated by ANALYZE. Instead, ANALYZE produces arrays of characters with matching 

indices. One such array describes the relative displacement, def ined as the ratio of the 

maximum displacement of  a degree of freedom to the sum of the displacements o f  al1 

degrees of freedom. This will constitute an array with the names of each degree of 

freedom and an integer array identifying the order of displacement of each degree of 

freedom. Together the two arrays list the degrees of freedom from the one having had the 

largest displacement to that with the smallest. The same method is used to  produce the 

ordered list o f  degrees o f  freedom for  the sensed motion. For each degree of freedom a 

character array is also generated listing, in order o f  importance to a particdur degree of 

freedom, the name of each coefficient. Following these lists are the actucil displacement 



and partial derivative numerical values. I n  both the previous cases only those coefficients 

used in the calculations are included. If, for example a second order f i l ter is used f o r  

surge, then the  a b x  is not included in the  lists. Fimlly, a character string is transmitted to  

PROTEST indicating if limiting hm occurred and a numerical value representing the  duration 

of that limiting 

4.3 Eihernet 

The communication between computers is achieved using ethernet sockets. These are 

opened and closed using C coded algorithms. The most important o f  these is the 'send-e~c' 

module that sends data to  the Expert System. Table 4.1 gives the list o f  variables that  are 

sent with a description of each. This module. in addition t o  sending the data. formats it in 

the form to  be read by PROTEST. The form requires the data t o  be sent as a single t ex t  

string containing al1 the information. I n  this t ex t  string a colon separates each urray item 

while a semicolon separates every array. This is the format the expert system is designed 

to  receive and produces an error if the format does not conform. 



Table 4.1 Statistical variables passed from ANALYZE t o  PROTEST 

Variable name 
send-msqsock 
cdisp 
idise, 

..-. - . 

[ partial 1 coefficient list of partial derivatives 

Description 
ethernet variable 

displacement arrays 
1 t 

csensed 
isrms 

sensed motion arrays 

1 
iirnit-sirinq 
disp 
II 

tirne-limit 
fnrms 
wnrms 

character strinq inàicatinq iimitinq 
actual displacement numerical values 
partial derivat ive counter 
tirne a t  stops 
normalized numericol values o f  specific force 
and angular rate partials derivatives 
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This chapter describes the way various components of PROTEST and the  simulator 

code were modified so that  they could work together. The previous chapters identified the 

many components of each system and have given a few glimpses into some o f  the changes 

that  are required. The steps involved in obtaining a fully functional system are the topic of 

this chapter. A top down presentation method will be used, starting from the  more global 

changes and working down t o  specific modules. This technique was the one used in 

perforrning the modifications. 

As con be seen from Figure 4.1, PROTEST originally ran on three cornputers: one for 

the PROEST code, one f o r  ANALYZE, and one f o r  the simulator code. This division of 

code was largely due t o  the lack o f  computing power o f  the host cornputer. The requirernent 

of ANALYZE to run the washout aigorithm 28 times per iteration being too demanding for  

the host cornputer. The result was a need f o r  multiple checksums and flags to  ensure 

synchronisation o f  the host washout calculations with those of ANALYZE. The current 

hardware, however, is powerful enough to  run both the simulator software and ANALYZE 

simultaneously. Thus the ethernet communication requirements between ANALYZE and the 



host were eliminated. The added advantage to  this configuration is the rernoval of real-time 

et hernet communication previously required for  PROTEST. 

The consequence of the above decision was the integration of ANALYZE into the host 

code. This task comprises the bulk of the adaptation requirements. This integration 

reguires ANALYZE to  be divided into the real and non-real time components. The module 

called ANALYZE in the adapted configuration now refers only to the non-real time sorting, 

normalisation and communication of data. Figure 5.1 gives a breakdown of the modules that 

were called from ANALYZE in the original configuration while Figure 5.2 identifies how 

these have been divided in the new code. As was discussed earlier, FLGHTEQ resides as a 

module in the rml-t ime code and thus will house ANANLYZE's r d - t i m e  components while 

NRT wi Il cal1 the non-real tirne items. 

5.1 Non-Real Time 

The non-real time module NRT is used t o  provide the user interface, initial conditions 

set up, and post-run control. The baseline code contains a number c f  run options that 

determine flight conditions. These initial conditions do not impact PROTEST but must be 

consistent between runs to  allow the pilot to focus on the changes due to coefficient 

manipulation by PROTEST. Added to the pre-run set up is the option of whether or not 

PROTEST will be run. This flag (variable IPROON) determines i f  the ethernet 

communication is initialised or not. 

During the pre-run set up the SETWASH module is called. This module r a d s  in the 

initial values of  the coefficients. As is discussed in Section 3.3 the number of coefficients 

has changed from the baseiine code. As a consequence the SETWASH file has been 

modified. Figure 5.3 gives a sample of the input file format to  be used. SETWASH 

prompts for input of the initial washout file mme on the f i rs t  run but wi l l  use the data from 

a previous run fo r  every subsequent run. If PROTEST is t o  be run (1PROON:L) ANALYZE is 

called to  initiate ethernet communication with PROTEST by opening sockets. 

Run control gives the user the opportunity to change flight characteristics during a 

run. The option is thus given to start  and stop the collection of data for  PROTEST. This 

flag determines if the washout filters are run once per simulator cycle or twenty eight 



times. I n  this manner data collection can be started when conditrons are stabilised and the 

pilot is ready, and stopped when the appropriate arnount of data h a  been collected. The 

f lag which is toggled is I R A N A L .  

I n  the post run ANALYZE is called agdn using an entry point. I n  this part of ANALYZE 

the obtained data is sorted and normalised, formatted for output, and written to  a file. 

The option is then given to keep the flight results. If they are rejected the user is asked if 

another run should be made. If the results are accepted the data is sent to PROTEST 

which then returns the new coefficient(s). ~ppendix C provides a user rnanual for 

PROTEST. At this point the option is now t o  continue tuning. I f  the answer is 'no' the 

sockets are closed and the current set of coefficients are written to  a user defined file. 

Otherwise the current set of coefficients are written to the default f i le (f inal-coeff .dat) 

for use by the next run. This file is written in the correct format to be read by 

SETWASH. 

The change to FLIGHTEQ involves the addition of calls to  p-stats and s-stats. 

These colis are contingent on the value of I R A N A L ,  which is a f lag set by the user during 

the run to turn data collection on and off. Following the two subroutine calls is an increase 

by 1 of the ANALYZE counter. This value is used by ANALYZE in i ts calculations. 

The bulk of the r d - t i m e  adaptation is found in the WASH module, where a nurnber 

of ANALYZE's components have been moved. Figure 5.4 shows how these components have 

been included in the WASH module. The box containing the term 'WASHOUT represents 

the washout filter calculations as described by Chapter 3. The IRANAL f lag is used again 

to establish the number of times the code wil l  be run: once i f  data collection is not running 

and 28 times otherwise. I n  the former case the washout f i l ter will run normally, bypassing 

al1 the ANALYZE components. I n  the latter case the f i rs t  step is t o  initialise variables and 

arrays. I n  both cases the LHS array is initialised with the washout f i l ter intermediary 

variables so that each subsequent partial derivative run uses the correct data from i ts 

previous time step. nien the f i rst  run is completed that calcula te^ the true f i l ter outputs 

and jack extensions. During this f irst run a number of variables needed by ANALYZE are 



also stored. These include the inertial displacement of the  simulator reference point fo r  

each degree of freedom, the total angular commands for each degree o f  freedom and the 

output simulator specific forces and angular rates. As well, any time spent against the 

limits is added t o  a running sum. Each subsequent run will change one coefficient by a value 

'delta' and run through the washout f i l ters again. A t  the end of  these runs the  difference 

values d f  and dw, which are the differential specific force and angular ra te  respectively, 

are calculated for  the given coefficient and each degree of  freedorn. Control is then 

returned t o  FLGHTTQ. 

5.3 CDB and Include Files 

For variables to be shared amongst modules they must be entered into the CD0 

(cornmon data block). For ease of calling, these variables are generally grouped. with the 

f i rs t  two characters being common t o  the group followed by an underscore. Following this 

pattern the 'ES: group was created for  the Expert System variables. They are 

predominantly those variables used by ANALYZE. The coefficients were also added ta  the 

CD0 in the  MO- group. A number of flags have also been added. Table 5.1 provides the list 

of al1 variables added to the COB. 

Two include files were added t o  the code; esequiv.inc and real-coeffs.inc. They are 

both equivalence files and are given in Figure 5.5 and Figure 5.6. 

5.4 PROTEST 

The only modifications made t o  the  PROTEST code are in the  communication modules, 

where the  computer nome where ANALYZE resides had to  be changed and in the 

manoeuvres list. The former is due t o  the incorporation of ANALYZE in the host computer 

and the  change of  the  host name since the original development of PROTEST. I n  addition a 

line was added a t  both ends of t he  communication t o  write and r a d  the numbers of  bytes 

sent to  ensure complete reception o f  a given message. 

Since PROEST was originally configured to  tune a large transport f ixed wing aircraf t  

the manoeuvre list needed to  be changed t o  accommodate a set better suited t a  

helicopters. This task was achieved by f i rst  replacing the  manoeuvre Mmes in the 



'maneuver-importance.pl' and 'tune-ss-couple.pl' fi les. The second of these files requires 

changing only the list presented t o  the user when manoeuvre selection is made. The 

*maneuvre~irnportance.pI' files however also include the manoeuvre importance descriptor. 

Following Grant's [7] instructions, manoeuvre importance was determined and entered in this 

file. nie 'maneuvre-importance.pl' files are listed in Figure 5.7. 





Table 5.1 Common Data Block Variables added f o r  PROTTST 

1 Var 

I 

/ Washout f i l ter  
1 
I Coefficients 

1 Statistical 
1 Information for 1 ANALYZE 

ible bescription 1 Variable Name l 

High P a s  Roll 

High Pass Pitch 

High Pass Yaw 

MO WPHIHP 
MO ZPHIHP 
MO WTHEHP 
MO ZTHEHP 

. MO WPSIHP 
MO ZPSfHP 

High Pass Surge 
-MO WXHP 
MO ZXHP l 

Low Pass Pitch 

MO WBXHP j 
MO WTHELP 1 
MO ZTHELP I 

High P a s  Sway 

Low Pass Roll 

High Pass Heave 

Gains 

Tilt co-ordination Limits 

True output specific forces 
r rates 

Displacements 

partial derivatives 

Sensitivity root mean square 
values 

MO WYHP 
-MO ZYHP 
MO WBYHP 
MO WPHILP 4 

MO ZPHILP 
, MO WZHP 1 

, MO ZZHP I 

MO WBZHP 
, MO GXHP 
. MO GYHP 
, MO GZHP 
MO GPHIHP l 

. MO GTHEHP I 

MO GPSIHP 1 
, MO FLXMAX 
MO FLYMAX 

1 

l 
f 

, MO WS ORG 
MO FS ORG 

, ES TRANS 
ES ANGL 

, ES DF 
ES DW J 
ES FSRMS 
ES WSRMS 

Max displacements 

Specific forces and angular 
rates root menn sauare 
Coefficient array 
Stats, odof f  f las 
Stats. counter 

.- - 

ES P TRANS 
ES P ANGL 
ES FRMS 
ES WRMS 
ES R COEFF 
ES IRANAL 
ES ICNT 



1 ANALYZE 

[ 1 wash-adj 1 l 
I 
I 

1 
fl Real time ; 
t (w ith some ethernet) ; 
),,,-,-,,,,,---------),,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,-------**--*----------- 

I 

Figure 5.1 Original ANALYZE hierarchy 

I 
I I 

: partialev s-stats 

a) Real time 

Ethemet 
Communication 

b) Non-Real time 

Figure 5.2 Implementation of ANALYZE components 



1 * *********************************************************  
* * 

WASHC . DAT .2 * * 
ROTATION @ SIMULATOR CENTROID * * 

t * 

- - - - - - - - - - - - * * - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

l 
1 0.5 ; GXHP 

2 . 3 3 2 8  ; WXH? 
1.0 ; ZXHP 
0. ; WBXHP 
O .  5 ; GTHEHP 
0.978 ; WTHEHP 
0 .  ; ZTHEHP 

' 0.5 ; GTHELP 
, 5 . 8 3 2  ; WTHELP 
, 1.0 ; ZTHELP 

SWAY - ROLL 
* - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

I 
j - 5  ; GYHP 
j 5.832 ; WYKP 

1. ; ZYHP ~ 
I 

O .  ; WBYHP 
1 0 . 5  ; GPHIHP 
, 7 . 8 2 4  ; WPHIHP 
! 0 .  ; ZPHIHP 

0 . 5  ; GPHILP 
1 2 . 9 1 6  ; WPHILP 1 1. ; ZPHILP 

) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - -  
I 

1 HEAVE 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
i 1 . 2 5  ; GZHP 

3 . 9 1 2  ; WZHP 1 1. ; ZZHP 
i 0 . 1 9 5 6  ; WBZRP 

Figure 5.3 Format o f  Coefficient Input File Format 



- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
YAW 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
ACTUATORS 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
10 ; IPRINTF 
10 ; IPRINTR 
10 ; IPRINTD 
10 ; IPRINTDD 
10 ; IPRINTP 
10 ; IPRZNTV 
10 : IPRfNTA 

Figure 5.3 Format of Coefficient Input File Format cont'd 



Do ICOEFF=1 to 
COEFRUN 

JJ4COEFF- 1 

4 
realorg=reaI-me&(JJ) 

real-coeffs(JJ)=real-coeffs (J)*delta 

WASHOUT 

Calcula te jack 

Calculate 
df and dw 

3. 
real-me* (JJ) 

=realorg 

washout interm. 
wlues to LHS anay 

FLGHTEQ 

Figure 5.4 Wahout Algorithm with integrated ANALYZE components 



EQUIVALENCE 
- - - - - - - - - - -  
EQUIVALENCE (real-coef fs (1) , MowPHIHP) , 

& (real-coef f s (2) , MO-ZPHIHP), 
& (real-coeffs ( 3 )  ,MO-WTHEHP), 
& (real-coeffs(4) ,MO-ZTHEHP) , 
& (real-coeffs ( 5 )  ,MO-WPSIHP) , 
& (real coeffs(6),MO-ZPSIHP), 
& (realcoef ES (7 , MO-WHP) , 

ireaicoeifs id j , MO-ZXHPj , 
(real-coef fs (9) , MO-WBXHP) , 
(real-coeffs(lO),MO-WTHELP) , 
(real-coeffs (11) ,MOo,MO_ZTHELP),ZTHELP), 
(real-~oeffs(l2),MO~WYHP) , 
( xeal-coef f s ( l3 , MOo,MO_ZYHP),ZYHP) , 
( real-coef f s ( l4 ) , MO-WBWP) 
(real-coef f s ( lS 1 , MO-WPHILP) , 
(realdcoeffs(16),MO-ZPHILP) 
(real-coeff s (17) , MOo,Mo_WZHPJ,WZHP) , 
(real coeffs(l8) ,MO-ZZHP), 
( realIcoe f f s ( 19 . MO-WBZHP , 
(xeal-coeffs (20) ,MOo,MObXHe),GXHP) , 
(real-coef fs (21) , MOo,MO_GYHP),GYHP) , 
(real-coef f s ( 2 2 )  , MO-GZHP) , 
(real-coef f s (23) , MOo,MObPHIHF),GPHIHF) , 
(real-coeffs(24) ,MO-GTHEKP) , 
(real coeffs(251 ,MO-GPSIHP), 
(real3oeffs (261 ,MO-FLXMRX) . 

& (real coeffs(27) ,MO FLYMAX) 
L 

Figure 5.5 Realcoeff.inc file 



1 fact (maneuver-importance (quick-stop, , large) 1 . 1 
1 Eact (maneuver-importance (side-step, l ,  large) 1 . 1 1 
] f act (rnaneuver_importance (pedal-turn, ' ' , medium) 1 . I 1 f act (maneuver-importance ( c o l l e c t i v e g u l l ,  ' , small) ) . 1 

I 

Figure 5.7 Maneuvre-importance.pl file 





There are three parts to testing the accuracy of the adaptation of PROTEST. These 

are the testing of the washout filters, the verification of the functioning of PROTEST and 

finally an exarnple tuning run. This chapter will describe the method used fo r  each of these 

and the results obtained. 

6.1 Testing the washout f ilters 

Before any progress can be made in implementing PROTEST the washout filters must 

be ensured to provide the correct response from which statistical data will be drawn for 

PROTEST. This process involves two steps. The f i rst  involves testing the washout f i l ters 

for the correct response to  a step input. For this purpose a test prograrn was written that 

provides the washout filters with a unit step input and then plots the output. The f i rs t  test 

using this program isolated each filter to  test f o r  the correct standard response to a step 

input. Once the correct response was achieved the transformation matrices b and 3 

were added with the step input being first transformed. Again, the code wcs debugged until 

the anticipated response was achieved. The appropriate response was determined by using 

the baseline washout filters that are known to have the correct response. For these two 
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washout filters to  be equivalent the coefficients sets have to  be made to match. This is 

achieved using Table 3.1. For the purpose of these tests al1 the gains were set t o  one. 

Once the washout code was debugged it was integrated into the host code. Again the 

accuracy was tested by comparing the output of the adapted PROTEST washout f i l ters to 

the response of the baseline. To achieve this the option is given ta the user to choose 

which washout to  use for a given run. Both filters are then used with a pre-recorded flight. 

The difference in outputs is presented in Figure 6.1. I n  these figures the degree of 

freedom. in the body frarne, is indicated as x, y and z for the specific forces and p. q and r 

for the angular rates; roll, pitch and yaw. The slight differences can be attributed to the 

variation in coding and the different integration method used. The differences are small 

and do not greatly alter the motion response of the simulator. The response of the 

PROTEST washout f i l ter is thus assumed acceptable and the testing can proceed to the 

next step. 

6.2 Verif ication of S ta t  istical Data 

Once the washout f ilters are known to  respond correctly i t  is necessary to ensure the 

adapted components of PROTEST are working properly. The items of importance are those 

that provide PROTEST with the statistical data it requires to  tune the motion. Using the 

output to the washout filters these values were manually calculated using a Microsoft Excel 

Spreadsheet. Thus the values calculated during a run in PROTEST are cornpared to the 

manually calculated data. Appendix B g i v e  a sample of the information echoed during a 

PROTEST run. I n  addition to  this information a cleurer format of the statistîcal data is 

provided in an additional output file. Figure 6.2 gives a sample o f  this file. 

I n  analysing the statistical values it is important t o  consider the nature of the 

manoeuvre being tuned. Although the magnitude of  the values themselves a t  f i r s t  glance do 

not necessarily Say anything about their accuracy, the order in which these values rank the 

degrees of freedom can provide a f i rst  appreciation o f  accuracy. Since these lists 

represent part of the input t o  PROTEST it is relatively eusy to judge if the correct 

information is being sent. The logic for calculating the statistical data is provided by Grant 



[7] and forms the basis for the manual calculations. I n  al1 cases the  code was debugged 

until the expected results were achieved. 

The first, and easiest, item to check is limiting. For this there are two important 

values, the limit string and the time a t  the limits. The former sends the character string 

'limit-exceeded' when the Iimits have been reached while the lat ter sends the actual time 

spent a t  the limits. Checking if these values are accurate simply rneans timing the limiting 

during a run and ensuring that  this value is the same as that received by PROTEST and that 

the character string is received by PROTEST. Indeed, this method was used to  test 

accuracy and it was determined that the limiting statistical data was functioning correctly. 

Tested next was the translation and angular sirnulator displacement. The time 

histories f o r  the normalised translation displacements and angular displacements fo r  the 

quickstop manoeuvre are given in Figure 6.3 and Figure 6.4. From these plots t he  maximum 

displacement values f o r  each channel could be determined. These values are norrnalised by 

dividing each element by the  single degree of freedom displacement limit o f  the UTIAS 

motion base as described by Grant [7] to  be, 

0 ~ i m  =[0.69m 0.59m O S I m  0.37rad 0.37rad 0.4îrad] (6.1) 

I n  this list the f i rs t  three values represent the x, y and z displacements in the inertial 

frame while the last three the represent the simulator +,B.  and y displacements. 

The order of the degrees of  freedom can then be determined from the magnitude of 

the resulting values. As was mentioned earlier one could obtain qualitative approximation of  

accuracy by f i rs t  looking a t  the ordered list. I t  is evident tha t  the degrees o f  freedom 

most excited during a given manoeuvre should appear at the top o f  the resulting ordered 

list. Similarly, t he  sensed motion is communicated t o  PROTEST in t he  form o f  an ordered 

lis?. The sensed motion is given as the r o o t  mean square of the  output specific forces and 

angular rates. These values are then normalised with respect t o  the human motion 

perception critical amplitudes, described by t r e i g  [9] and given os, 

CA = [0.026 0.026 0.026 0.0059 0.0059 0.0059] - (6.2) 

The f i rst  three elements represent the approximate specif ic force critical amplitude in 

m/s2 while the last three represent the approximate angular ra te  critical amplitude in rad/s. 

Again, it is clear that  the  channel mozt excited during a manoeuvre should appear a t  t he  top 
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of the list. However. attention should be paid t o  the trimmed att i tude of  the aircraf t  that 

may be sustained during the f light and. because of i ts  sustained nature, would appear a t  the 

top of  the  sensed motion list. 

The final, yet rnaybe most important statistic. is the partial derivative results. These 

are obtained when a small change, delta, is made to  each coefficient and its e f fect  on the 

six degrees of freedom is observed. n i e  result is the numerical value of  the ef fect  and an 

ordered list of the importance of each coefficient t o  a particular washout f i l ter. AS with 

the other statistics a qualitative observation of the results can give a good indication of  

their accuracy. For example a degree of freedom will clearly be more sensitive to  those 

coefficient that directly affect i t s  related washout f ilter. I n  addition greater sensitivity 

should be observed in the degree of freedom being excited. To test  this latter point a run 

was performed where only the h a v e  channel was excited. As expected coefficient 

sensitivity was only observed in the  h a v e  channel. A similar test was run where the surge 

channel was excited revealing sensitivity in the  surge and pitch channels. Again, this is an 

expected result due to the t i l t  CO-ordination. Equivalent results were obtained when the 

sway and yaw channels were each individually excited. I t  is clear that i f  a certain channel is 

not excited a change in the coefficients f o r  i t s  related f i l ter  will result in no ef fect  on the 

output. And, i f  no tilt limiting is occurring an increase in these coefficients should also 

result in no change in the outputs. These phenornenon were qualitatively tested with the 

expected result being achieved. 

6.3 Tuning Experiment 

Once the  complete expert system was determined to  work a tuning run was 

performed. This run was based on the complete tuning of the washout fi lters. I t  is 

important t o  note that the aircraf t  model used was the Bell 205 ARMCOP in TRC mode. n i e  

TRC mode identifies the flight control method as Translational Rate Cornmand. This 

helicopter rnodel was employed because of  i t s  extended use in the  UTIAS Flight Simulator 

Laboratory. 

A single pilot was used t o  conduct the  experiments. A captain in the Canadian Arrned 

Forces, this individual is a qualified helicopter pilot with many years of  experiuice. He also 



has previous experience with UTIAS Flight Sirnulator including knowledge o f  the washout 

f i l ters and the tuning process. The pilot h m  also logged a number of hours in other fl ight 

simulators. This section will discuss the specifications of the experiment and the  results 

obtained. 

6.3.1 The Manoeuvres 
To  perforrn the tuning four manoeuvres were selected. These are a quickstop, 

sidestep, pedal turn, and collective pull. Grant [7] explains that tuning should proceed from 

the manoeuvre of greatest importance t o  that o f  least importance. He also gives the 

criteria by which importance can be determined. I n  deciding the order o f  tuning i t  is 

important t o  keep in mind the capabilities o f  the simulator. For example, the  manoeuvres 

that  are most demanding on the  motion o f  the simulator, and are hardest t o  tune, should be 

given l a s  importance since obtaining satisfactory tuning is unlikely anyway. This is the case 

for the pedal turn and collective pull that  are both characterised by sustained motion. For 

these reasons the quickstop was tuned f i rst ,  followed by the sidestep, and finaily the pedal 

turn the collective pull. The goal in executing the manoeuvres was to  produce a moderately 

aggressive response. The criteria fo r  the manoeuvres were determined f rom Tai [ 2 ]  and 

the advice of the pilot. The specifications fo r  each manoeuvre are given below. 

The test course for the  four manoeuvres is a recreation o f  the NRC Flight Research 

Laboratory in Ottawa. Tai [2] gives the course Iciyout, which consisted o f  cone markers in 

various formations f o r  different manoeuvres and a number of 20  and 3D objects to  provide 

a better representation of the real environment. 

The quickstop manoeuvre consists in starting from a stabilised position a t  20 ft in 

altitude, accelerating to a nominal airspeed of  30 kt ,  and immediately decelerating to  a 

hover at  a given reference point. AS stated by Tai [ Z ]  the  maximum nose-down att i tude 

should occur imrnediately after initiating the manoeuvre and the peak nose-up pitch attitude 

should occur just before reuching the final stabilised hover. The f l ight begins in a hover 

above a line of cones parallel to  the  x-axis o f  the helicopter. The pilot is instructed t o  fly 

the  lateral manoeuvre keeping the  same heading and while rernaining above a line o f  cones. 

The pilot then must stop on the line o f  cones opposite the initial set. I t  is o f  l i t t le 
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importance which direction the test  flight is conducted. but both directions should be 

exercised during the test. 

The sidestep manoeuvre starts in a stabilised hover a t  20 ft. The pilot is instructed 

to  perform a moderately aggressive lateral translation with a bank angle of approximately 

20'. n i e  aircraft should then be brought back t o  a hover over the finish line of  cones. The 

peak bank angle during deceleration should also be approximately 20". During the manoeuvre 

there should be minimal change in altitude. The manoeuvre was flown starting with the 

aircraf t  on the l e f t  line of cones and flying to  right. 

00th the pedal turn and collective pull were started from a stabilised hover a i  the 

position labelled 'Starting position for hover' a t  an altitude of  20 ft. The former consisted 

in performing a controlled pedal turn a t  an average ra te  of 7O/sec fo r  360°. During this 

manoeuvre there should be no change in altitude. The collective pull consists in climbing a t  a 

ra te  o f  l f t /sec until 100 ft is reoched. stabilising the aircraf t  and descending at  the sarne 

ra te  t o  the starting position. 

6.3.2 Fligh t Tért Procedure 
Each run was begun with a stabiiised hover a t  the designated position. The pilot was 

then reminded o f  the desired manoeuvre t o  be flown and given any special instructions. For 

al1 flights the pilot is required to report on the status of the flight, such as the start and 

finish of  a run. This last point is crucial f o r  the tester t o  know when to  start  and stop the 

statistical components o f  PROTEST. I f  the run hos met the particular f l ight criteria the 

pilot is asked if the run was satisfactory. If this is the case the statistics of the f light are 

sent to  PROTEST for the run evaluation t o  begin. The instructions f o r  PROTEST are given 

in Appendix C. PROTEST will return t he  new coefficients and instruct the pilot to f ly  again. 

The manoeuvre are flown in the order described above, with euch manoeuvre tuned 

independently. 

6.3.3 The Rsu/ts 
The success of the  experiment is determined by whether or not the UTIAS 

simulation of t he  Bell 205 helicopter can be acceptably tuned using PROTEST. This goal is 



characterised by a set of coefficients that produce motion that satisfies the test  ppilot. I t  

is hoped that this level of tuning can be achieved through a minimum number of steps. 

To this end a series of experiments was conducted. The initial and final sets o f  

coefficients are given in Table 6.1. A t  the end of the test  the pilot was satisfied that  the 

motion obtained was acceptable given the physical limits of the UTIAS flight sirnulator. 

However, through the  entire experimentation procedure the pilot complained of jerkiness in 

the rol l  channel. This problem was f i rst  hypothesised as a washout f i l ter tuning issue and 

consequently PROTEST was used to  attempt to  rectify the motion. However, the ultimate 

correction of the 'motion jerkiness' in ro l l  resulted in the suppression of  regular motion 

cueing. I t  appears now that the erroneous motion cue could be a result of  the flight rnodel 

itself and not a tuning problem. The correct tuning of al1 other channels and the successful 

testing of the washout fi lters support this hypothesis. Tuning ail four manoeuvres took 6 

hours with the  most time being spent on the quickstop and sidestep manoeuvres. Appendix 

0 provides the PROEST output fo r  the quickstop manoeuvre. 





Table 6.1 PROTEST Experiment Tuning results 

Coefficient Value 

Pitch 

Yaw 

3 
4 

Surge 

5 
6 

Pitch i o w  pars 

u h p e  

r hpe 

7 
8 

Roll Low Poss 

Gains 

U ~ D W  

C ~ P W  

i 
, 

10 
11 

Heave 

Limi ters 

1.5 
0.0 

u h p x  

6 hpx 

15 

0.513 
0.0 

4.0 
1 .O 

9 1 bx 

0 IPX 

i IPX 

\ 

21 0.5 0.5 

0.303 
1.296 

4.0 1 1.934 

16 
0 IW 

17 1 o h p z  

1 .O 
0.0 
4.0 ' 2.254 1 

4.0 1 1.95 

4 .O 
1.0 
0.0 
0.5 

18 
19 
20 

0.642 
0.0 

1 .O 

T IW 

3.59 
1.0 
0.18 
0.5 

6 ~ D Z  

1 W z  

kx 

1.0 

1.0 1 1.0 



SIM X 4 . F  [MISIS] SIM P [DEGIS] 

4 002 4 004 .- 

rime (sec) Tlme (sec) 

SIM Y4.F [MISIS] SIM Q [DEGIS] 

nme (sec) 

SIM Z 4 . F  [MISIS] SIM R [DEGIS] 

-0004 - -. 13.015 

ïïme (sec) rima (sec) 

Figure 6.1 Specific Force and Angular rate compared output 



Figure 6.2 Sample of Statistical Output File 

1 sorted displacements 
1 pitch 
j surge 

heave 1 roll 
1 sway 

yaw 
sorted sensed motion i surge 

! pitch 
: sway 

1 gain-roll 
, gain-surge 
whp-pitch 

, zhp-surge 
1 whp-surge 
I zlp-surge 
/ wlp-surge 
1 zhp-heave ' gain - heave / whp - heave 
i gain-sway 
! gain-pitch 
: gain-yaw ' whp-roll 

1 whp-yaw 
1 whp-sway 
1 tilt-rate-limit-surge 
1 tilt-rate-limit-sway 1 * *  ~ i ç  # z 
1 gain-sway 
/ gain-pitch 
1 whp-roll 
1 zhp-sway 
j zlp-sway 
j whp - sway 
1 wlp-sway 

l gain-surge whp-pitch 

[ zhp-heave 1 
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whp - heave 
zhp-yaw 

1 zlp-surge 
i whp-yaw 

l 
zhp-surge 
w l p  - surge 
whp - surge 

/ cilt-rate-limit -surge 
i tilt-rate-limit-sway 
I 
j * *  Axis # 3 ' g3i!?-rcll 
1 
gain-heave 
gain-surge 1 whp-pitch 
z hp - heave 

! / whp-heave 
i gain-sway \ 
gain-pitch 
whp - surge 
zhp-çurge 
zlp-surge 
whp - roll 
wlp - surge 
zhp - sway 
zlp-sway 
w i p  - sway 
whp - sway 
gain-yaw 
zhp-yaw 
whp - yaw 
tilt-rate-limit-surge 
tilt-rate-limit-sway 

* *  Mis # 4 
gain-pitch 
gain-sway 
whp- roll 
zlp-sway 
wlp-sway 
+in-roll 
gain-surge 
whp-pitch 
gain-yaw 
zhp - yaw 
whp - yaw 
zlp-surge 
wlp- surge 
whp - surge 
zhp- surge 
whp - sway 
zhp-sway 
whp - heave 
zhp-heave 
gain-heave 
tilt-rate-limit-surge 
tilt rate limit-sway 



I gain-roll 
I 

' 

gain-sway 
whp -yaw 
gain-pitch 
whp-pirch 
gain-surge 
whp-roll 
zlp-sway 
wlp -sway 
zlp-surge 
wlp-surge 
whp -surge 
zhp -surge 
whp -sway 
zhp-sway 
whp - heave 
zhp - heave 
gain-heave 
tilt-rate-limit-surge 
tilt-rate-limit-sway 

* * *  sensed motions ***  
f srms 0.5926664472 

**  Axis # 5 
gain-roll 
whp-pitch 
gain-surge 
zlp-surge 
wlp - surge 
gain- çway 
gain-pitch 
gain- yaw 

q whp- roll 

W S ~ S  0.85739549253-02 0.2450641058E-01 0.9324681596E-03 
*** partial derivatives *** 
* *  fs first **  

,00012 ,03433 . 00033 
.O0430 1.68085 .O2693 

1.01950 .O0263 .O9915 
9.62864 -03358 .49199 

i - 1 n - =t,.~att 
1 --r -1  

zhp-yaw / wlp-sway 
1 whp-yaw 
i ~ ~ P : ~ ~ ~ ~ ~  
1 whp-sway i zhp-sway 
{ whp-heave 
I zhp-heave 
/ gain-heave 
tilt-rate-limit-surge 
tilt-rate-lirnit-sway 
* *  a i s  # 6 1 gain-yaw 

1 zhp-yaw 
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.00001 

.00001 
-01452 
-01768 
.01965 
-00334 
.00624 
.00000 
.00001 
.00000 

e n n n -  . W U U V L  

.00004 

.00185 
-00323 
-00112 

1.59169 
.00140 
.00189 

1.60967 
.00057 
.00052 
.00000 
.00000 

* *  ws first * *  
.00475 
.24250 
.00024 
-00209 
.00002 
.00005 
.00000 
.00000 
.00000 
.00000 
.00000 
.00000 
.00000 
.00000 
,00297 
-00326 
.00000 
.00000 
.00000 
.00026 
.01826 
.00000 
.00033 
-02496 
- 00021 
.00000 
.00000 

*** total motion/chamel ***  
trans 0.6466626376E-01 0.83456030126-02 0.3879805654E-01 
ansular 0.2055826038E-01 0.1526836753 0.1197624719E-02 



- SUQB 

- sway - heave -- 

Figure 6.3 Normalised Translation Displacement Time History for Quicktop Maneuver 

4 3  

rima (sac) 

Figure 6.4 Normalised Angular Displacement Time History for Quickstop Manoeuvre 





CONCLUSIONS AND RECOMMENDATIONS 

Although successful in i t s  task of adapting the original version of  the PROTEST 

Expert System to the current UTIAS Flight Simulafor environment, the experience has led 

to  a number of conclusions and recommendations. Tt has become evident that  PROTEST is 

not, a t  th is point, a self-contained software package tha t  con be incorporated into any 

simulator system. This task requires an in depth knowledge of both the PROTEST software 

and the host code. For this reason i t  would be advantageous to  develop a version of  the 

PROTEST code that has a wider range of  software compatibility. 

Although Appendix C provides a user manual for PROTEST it does not give any 

information on the modification of the Prolog code, nor does it specify how new rules and 

logic can be added. These features could be useful f o r  systems with vastly different 

washout f i l ters  or special features. An exploration into the  method f o r  adding rules would 

be beneficial in the future. 

Grant [7] in his recommendations suggests that  a bet ter  front end user interface 

could be developed f o r  PROTEST. This recomrnendation is st i l l  valid. Tt would be an asset 

to  PROTEST to  have a more intuitive front-end interface. 
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I n  terms of the actual usage of PROTEST three recomrnendations con be made. The 

f i rs t  would give the user more control to  be able to redirect PROTEST. The second 

recornmendation is to provide a more robust system in terms of user errors. I n  the current 

form it seems the Prolog code does not allow the user to make a mistake without the run 

having to be repeated. Both the above could be solved by giving the user backtracking 

control. This would take the form of the ability t o  easily return to a previous point in the 

tuning procedure. Finally, it would be an asset to PROTEST to allow the user to Save the run 

at any point in the tuning procedure, not only u t  some predetermined locations. 

Finally the tuning procedure using PROTEST may have revealed a fault in the 

roll/sway flight model. I t  would be interesting to investigate this characteristic of the 

UTIAS ARMCOP model in search of the exact cause of the erroneous motion cues. 

The goal of this project was to  implement, into the current UTIAS computing 

env~ronment, a functioning version of PROTEST. This objective has been achieved and the 

steps in so doing have been presented in this document. I t  is hoped that by reproducing 

these steps in combimtion with customised adaptation, PROTEST can be f i t ted into any 

flight simulator system. 

I t  would now be interesting to conduct experiments where the tuning procedure is 

begun from a number o f  different initial coefficient sets to  investigate the path PROTEST 

will use to arrive a t  a valid set. Also the current configuration will allow pilot variability t o  

be tested. 



This Appendix replicates the coefficient adjustment tables found in Grant's thesis 

[7]. Grant provides a cornprehensive description regarding these adjustments to which the 

reader is referenced if more detail is required. However, the tables provided give the 

information required during regular tuning operations. 



False Cue in Heave or Yaw I 
Liketihood 

1 Adjustment Used 
1 to  Reduce Error 

Source Return to neutral 
L 
1 alse cue 

Cueing Error Source 

Likelihood4 - Only source of false 
CU= on heave ot Y ~ W  destees-of- i 
freedom 

1 u k,,r 1 Source All false cues types 1 Likelihood4 - reduces al1 types ! 
1 

A 

Source: Co-ordinated 
angular input specif ic force 
false cue 

False Cue in Surae o r  Swa 5 
Source: Co-ordinateci 
angular input specif ic force 
false cue 

Source: Ti lt-coordination 
remnant, return to neutral 
specific force false cues 

Source: Tilt-coordination 
angular acceleration specif ic 
force false cue 

Like/ihood4 - very likely source, 
coefficient directly controls false 
cue 

Likelihood4 - very likely source, 
coefficient directly controls false 
cue 

Likelihood4 - very likely source, 
coefficient directly controls false 
cue i f  no tilt-rate limiting 

Likelihood 1 - unli kely source, 
coefficient directly controls false 
cue, but This false cue usually is 
identif ied as motion jerkiness NOT 
as a false cue 

Table A.l Coefficient Adjustrnents for Selected PROBLEMs p] 



1 False Cue in Surcle or Swc 
1 Adjustment Used 

Cueing Error Source ! to Reduce Error 

I 1 remnant, return t o  neutral, 
and tilt-coordinaiton 
acceleration specif ic force 
false cues 

Source Tilt-coordination 
remnant specif ic force false 
cue 

Source. Coordinated angular 
input, return t o  neutral 
specific force false cue 

Source. Return t o  neutral 
false cue 

1. Continued 1 
Li keli hood 

Like/ihood4 - remnant very li kely 
source, coeff icient directly controls 
remnant false cue 

L/ke/ihood4 - very Iikely source, 
coefficient directly controls false 
cue if signif icant t i l t - rate limiting 

Llkelihood3 - coordinated angular 
input very li kely source, coefficient 
controls tronslotional coordination, 
ineffective on typical motion systems 
due to  displacement limitations 

Llkefihoo 2 - unlikely source, 
coefficient directly controls false 
cue 

Table A.1 Coefficient Adjustments for Selected PROBLEMS [7](continued) 



! False Cue in Roll or Pitch 1 

Sourca ti lt-coordination 
angular rate false cue 

Adjustment Used 
to Reduce Error 

Source: Tilt-coordinat ion 
angular rate false cue 

Likelihood4 - very li kely source. 
coefficient direct ly controls false 
cue, if insignif icant t i l t - rate limiting 

Cueing Error Source 

LIkelihood4 - very li kely source, 
coefficient directly controls 
maximum amplitude of false cue 

Li keli hood 

Sourca Tilt-coordination 
angular rate false cue 

I 

LIke/ihood4 - very ii kely source, 
coefficient directly controls false 1 
cue l 

S o u r c ~  Missing high- 
f requency transient cues 

Jerkiness in Heave or Yaw 

L~ke/ihood 3 - only source of 
jerkiness, above coefficient provides 
more direct control 

Source Missing high- 
f requency transient cues 

Source. Tilt-coordination 
angular acceleration specif ic 
force false cue 

Likelihood4 - only source of 
jerkines. coeffcient provida direct 
control 

Likdihood 4 - verly l i kely source, 
coefficient directly controls motion 
jerkiness 

Source. Missing high- 
frequency transient cues 

Source Missing high- 
f requency transient cues 

Sourss Tilt-coordination 
angular acceleration specif ic 
force false cue 

Jerkiness in Surge or Sway 
1 

Likelihood4 - very li kely source of 
jerkiness. coefficient provides 
direct control 

Likelihood3 - very li kely source of 
jer kiness. above coefficient provides 
more direct control 

Likelihood4 - ver ly l i kely source, 
coefficient wil l  directly control 
jer  kiness 

Table A.1 Coefficient Adjustments for  Selected PROBLEMs [7] (continued) 
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1 Motion Jerkiness in Pitch or Roll 

i I l  + 

l " ' Suurcg Missing high- ' Liks/ih;ood3 - vary likaly sourct, Sut 

1 f requency transient cue above provides more direct control 

Adjustment Used 
to Reduce Error 

Cueing Error Source 

Source: Missing high- 
f requency t r~nsient  cue 

i 
Too Srnall Motion Amplitude on Anqular Deqree-of-Freedom 

Likelihood 

Likelihood4 - very li kely source, 
coefficient provides direct control 

l 
I 
1 

Too Small Motion Amplitude on Translational Deqree-of-Freedom 

2 

Too Large Motion Amplitude on Anqular Deqree-of-Freedom 

Likelihood4 - very li kely source of 
motion amplitude PROBLEM 

Likelihood 3 - very li kely source, 
coefficient provides direct control 

I W h p , n p u . h p ~  

1 

! 

! k h ~ l .  h w .  npiu 
, 

1 U %PX. h m .  h p ~  

! 
1 
I 

1 1' WIPX. IW 
t 

1 ~ P X .  hw.  PZ 

-- 

Scaled up high- 
f requency transient cue 

Soufca Missing or scaled 
down high-frequency 
transient cue 

Source. Missing or scaled 
down cues 

l 
- - - -- - 

LiMhood4 - very likely source, 
coefficient provides direct control 

Source. Missing or scaled 
down high-frequency 
transient cue 

Source Missing or scaled 
down high-frequency 
transient cue 
Source Missing or scaled 
down C U ~ C  

Likelihood4 - very likely source. 
coefficient provides direct control 

/ 
Likelihood3 - likely source of motion 
amplitudes PROBLEM 

Likelihood 4 - very li kely source, 
coefficient provides direct control 

Table A.1 Coefficient Adjustments for Selected PROBLEMs [7] (continued) 

Sourca Scaled up cues Likelthood4 - very li kely source. 
coefficient provides direct control 



Too Larqe Motion Amplitude on Translational Deqree-of-Freedom 

I 

i 9 khpx. hpy. hpz 
I 

Adjustment Used 
t o  Reduce Error 

1 fi ~ h p x .  h ~ .  hpz 
l 

/ Source: Scaled down cues 

- -- 

Source: Scaled up high- 
f requency transient cue 

-- pp -- 

Likelihood4 - very li kely source, 
coefficient provides direct control 

Cueing Error Source 

W I ~ X .  IW / Sourcr Scded up high- 
! 
I ' freguency transient cue 
I 

Likelihood 3 - li kely source of mot ion 
amplitudes PROBLEM 

Li kelihood 

Likelihood4 - very li kely source, 
, coefficient provides direct control 

! 
1 Too Short Motion Duration on Heave, Pitch, Roll or  Yaw i 

i W ~ P Z .  hp.. hp<l. hpw 1 Source. High-frequency 1 Likel 'ood4 - very likely source of  
transient missing or scaled 1 cue 

Sourca High-f requency 
transient missing or scaled 
cue 

Duration complaints, coefficient 
provides direct control 

l 
Likelihood3 - very likely source of 1 
buration cornplaints, previous 1 
coefficient provides more direct 1 

Too Long Motion Duration or 

Source: Ti lt-coordination 
rernnant, return t o  neutrai 
false cue 

! 

Source: Tilt-rate remnant 

control 1 
I 

t 

Sourcs rilt-coordination 
remnant 

Surqe or Sway 
Like/iihood4 - very likely source, 
coefficient directly controls false 
cue, if no t i l t - rate limiting 

Likefihood4 - very li kely source, 
coefficient directly controls false 
cue if signif icant t i l t - rate limiting 

Likelihood4 - very likely source, 
coefficient direct ly controls false 
cue 

Table A.1 Coefficient Adjustments for Selected PROBLEMs [7] (continued) 
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Adjustment Used 
to Reduce Error r- Too Short Motion Duration o 

Cueing Error Source 

Source High-f requency 
transient missing or scaled 
cue 

5ource. High-f requency 
transient missing or scaled 
cue 

Li keli hood 

Likelihood4 - very likely source of 
duration complaints, coefficient 
provides direct control 

I 
j 

iike17hood.l- very ii keiy source of 

duration complaints, coefficient 
provides more direct control 

1 I 
i Too Long Motion Duration on Surge or S w y  

I , Unknown PROBLEM in H a v e  or Yaw 
1 

i 17 w ipx, Ip* 
I 

I 
1 
I 

Source: Missing or scaled 
low-frequency transient cues 

Likelihood4 - very likely source, if 
significant t i l t-rate limiting then this 
provides direct control 

Source. Missing or scaled 
low-freguency transient cues 

1 ? kLr 
1 ? h p ~ .  hpw 

1 ? GpZ. h,,~ 

i Unknown PROBLEM in Heave o r x w w  

Likelihood4 - very likely source, if 
not significant t i l t-rate limiting then 
this provides direct control 

I 
- -. 

Unknown PROBLEM in Surqe or Sway 

Source Un known 
Source Unknown 
Sourca Unknown 

? k,, 
? hpx. hpy 

hpx. hpy 1 ? 4 ln, 6 lm 

Table A.1 Coefficient Adjustments for Selected PROBLEMs [7] (concluded) 

Likelihood 4 
L ikelihood 4 
Likelihood 4 

1 1 %., 
! ' ~ h p ( . h m  

[ 1 5 h ~ ,  h m  

Source Unknown 
Source: Unknown 
Sourca Unknown 
Source: Unknown 

Likelihood 4 
Likelihood 4 
Likekhhood 4 
Likelihood 4 

- 

Source: Unknown 
Source. Unknown 
Source. Unknown 

- 

Like/ihood 4 
Likelihood 4 

-7 
Likelihood 4 





SAMPLE PROTEST PRINTOUT 

This appendix gives the output of PROTEST for  the complete tuning o f  motion 

jerkiness in the pitch channel. Also included is a sample of the statistical file produced 

after each run. 



Setprolog 
Yes 

' consulting all-rule-all-couplern.pl ' 
' consulting fuzzy-small-new ' 
** Debüg niles ? (yes or no) 

Yes 

" Maneuver Type: a, b, c, d, or al1 ? 
Quick Stop = a 
Side Step = 5 
Pedal Tum = c 
Collective Pull = d 

You have chosen: a 
" interactive or offiine ? " 

You have chosen: interactive. Please setup host sockets now 

'* restart or new ? *' 
You have chosen: new 

'* created sending socket: handle = 6 " 
" created receiving socket: handle = 8 ** 

Current coefficients: 
L1.5, 0.0, 0.513, 0.0, 4.0, 1.0, 1.934, 0.642, 0.0,2.254, 1.0, 4.0, 1.0, 

0.0, 4.0, 1.0, 4.0, 1.0, 0.0, 0.5, 0.5, 1.0, 0.5, 0.5, 1.0,0.228, 
0.5141 

" Message to pilot " 
Please fiy quick-stop 

" Performing Garbage collection " 

" Getting New Run Data " 

" getting message from vuot 
surge:pitch:heave:roIl:sway:yaw;surge:pitch:sway:heave:roll:yaw;;gain-roll:gai 

n-surge:whp-pitch:whp-surge:zhp-surge:gain-heave:zlp-surge:wlp-surge:z 
hp-heave:whp-heave:gain-sway:gain-pitch:gain-yawwhp-roll:zlp-sway:wlp 
-sway:zhp-yaw:whp-yaw:zhp-sway:whp-sway:tiltdrate~limit-surge:tilt~rat 
e~limit-sway;gain-sway:gain-pitch:whp-roll:zhp-sway:zlp-sway:whp-sway: 
w1p-sway:gain-surge:whp-pitch:gain-yaw:gain-rolI:gain-heave:zhp-heave: 
whp-heave:whp-surge:zhp-surge:zhp-yaw:wlp-surge:zlp-surge:whp-yaw:titt 
- rate-limit-surge:tilt~rate~limit-sway;gain-oll:gain-heave:gain-surge 
:whp-pitch:zhp-heave:whp-heave:whp-surge:zhp-surge:gain-sway:gain-pitc 
h:wlp-surge:zlp-surge:whp-roII:zhp-sway:z~p-sway:wlp-sway:whp-sway:gai 
n-yawzhp-yaw:w hp-yaw:tiIt-rateelimit-surge:tiltratedlimit-sway;gain- 
pitch:gain-sway:whp-roll:zlp-sway:wlp-sway:gain-roll:gain-surge:whp-pi 
tch:gain-yaw:zhp-yaw:whp-yaw:wlp-surge:zlp-surgennrhp-surge:zhp-surge:w 
hp-sway:ztip-sway:whp-heave:zhp-heave:gain-heave:tilttelimit-surge: 
tiltdrate~limit-sway;gain-roll:whp-pitch:gain-surge:wlp-surge:zlp-surg 
e:gain-sway:gai~-pitch:gain-yaw:whp-roll:zlp-sway:zhp-yaw:wlp-sway:whp 
-yawnrvhp-surge:zhp-surge:whp-sway:zhp-swaywhp-heave:zhp-heave:gain-he 





then 
motion jerkiness -> adjustrnent - whp - pitch in primary 
adjustment(very, large-ve. [ l  .O, 0.25, 0.04, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.01, 0.41 5936) - whp - pitch 

if hypandtest 
then 

adjustdirection(unknown) in primary 

if adjust-direction(unknown) 
inen 
pilot-inputs(unknown) in primary 

if pilot~inputs(unknown) and not nonrnonotonic_problem and adjustrnent(very, 
large-ve, [1.0,0.25, 0.04, 0.0, 0.0, 0.0, 0.0, 0.0,0.0,0.0, 
0.0, 0.0, 0.01, 0.415936) - whp - pitch 

then 
m-adjustment(very, large-ve, [ l  .O, 0.25, 0.04,0.0,0.0, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.415936) - whp - pitch in primary 

if tune_parameter(whp, pitch) and madjustment(very, large-ve, [l .O, 0.25, 
0.04, 0.0, 0.0, 0.0,0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.415936) 
- whp - pitch and less-thanone(0.415936) 

then 
m-adjustment - whp - pitch and sirnulator-motion - pitch -> adjustment-1 - whp - pitch in primary 
adjustment-1(, medium-ve, [0.0, 0.5, 1 .O, 0.5, 0.0, 0.0,0.0, 0.0,0.0, 

0.0, 0.0, 0.0, O.O],0.542883) - whp - pitch 

if tunegarameter(whp, pitch) 
then 
adjustment-1 - whp - pitch and whp - pitch -> adjustment-2 - whp - pitch 

in primary 
adjustrnent-2(, medium-ve, [0.0, 0.05, 0.635854, 1 .O, 0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch 

if tune_parameter(whp, pitch) 
then 
adjustrnent-2 - whp - pitch and whp-wlp - pitch -> adjustment-3 - whp - 

pitch in prirnary 
adjustment-3(, medium-ve, t0.0, 0.95, 0.635854, 1.0, 0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch 

if maneuver(quick-stop) and maneuver~irnportance(quick~stop, , large) 
th en 
maneuverdimportance(, large, [0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.03, 

0.2, 0.5, 0.8, 0.95, 1.01, 8.80268) in default 

if sirnulator~motion~7,~8,~9,  5.55685) - roll and simulatorrnotion(very~ver 
y, medium, [O, 0,0, 0,0.010578, 1.0,0, 0,0, 0, 0,0, O], 41.5794) - pitch and simulator~rnotion(_10, -1 1, -12,0.285027) - yaw and 
sirnulator~rnotion~13, -14, -1 5,47.5069) - surge and simulator-motion 

(-1 6, -1 7, -1 8, 1.41479) - sway and sirnulator~motion~19,~20, 
21,9.46444) - heave and 105.807 is 5.55685 + 41.5794 + 0.285027 

4 
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+ 47.5069 + 1.41 479 + 9.46444 
then 
total-motion(105.807) in default 

if tunegarameter(whp, pitch) and (whp \= wlp) and (whp \= tilt-rate-limit) 
and ((whp \= gain) or (pitch \= surge) and (pitch \= sway)) and 
total-motion(l05.807) and sirnulator-motion(very_very, medium, 
[O, 0, 0, 0, 0.010578, 1.0, 0, 0, 0, 0, 0, 0, O], 41.5794) - pitch 
and 39.2973 is 41.5794 1 105.807 ' 100.0 

then 
relative-motion(veryryvery, medium, [O, 0, 0, 0, 0.397285, ;.O, O, C, O, 

0, 0, O, O], 39.2973) - whp - pitch in default 

if tunegarameter(whp, pitch) 
then 
maneuver-importance and relative-motion - whp - pitch -> dof-importance - whp - pitch in primary 
dof-importance(, medium, [0.0, 0.03, 0.2, 0.5, 0.8, 1.0, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.01, 3.33663) - whp - pitch 

if tunegarameter(whp, pitch) and tuning-dof(pitch) 
then 
parameter-importance - whp - pitch - pitch and dof-importance - whp - pitch 

-> new-importance - whp - pitch in primary 
new-importance(, medium, [0.0, 0.03, 0.2, 0.5, 0.8, 1 .O, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.01, 3.33663) - whp - pitch 

if hyp-andtest and tune_parameter(whp, pitch) and adjustment-2(, medium-ve, 
[O.O, 0.05, 0.635854, 1.0, 0.2, 0.05, 0.0, 0.0, 0.0, 0.0, 0.0, 
0.0, 0.01, 0.61 1079) - whp - pitch 

then 
adjustment-3(, medium-ve, [0.0,0.05, 0.635854, 1 .O, 0.2,0.05, 0.0,0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed in 
primary 

if tune_parameter(whp, pitch) and adjustment3(, medium-ve, [0.0, 0.05, 
0.635854. 1.0, 0.2, 0.05,0.0, 0.0, 0.0, 0.0, 0.0.0.0, 0.01, 
0.61 1079) - whp - pitch 

then 
adjustrnent-4(, medium-ve, [O.O. 0.05, 0.635854, 1 .O, 0.2,0.05, 0.0,0.0, 

0.0, 0.0, 0.0, 0.0, 0.0],0.611079) - whp - pitch in primary 

if tune_parameter(whp, pitch) and hypand-test and adjustrnent-3(, medium-ve, 
[O.O, 0.05, 0.635854, 1.0,0.2, 0.05, 0.0, 0.0, 0.0, 0.0, 0.0, 
0.0, 0.0),0.611079) - whp - pitch - bypassed 

then 
adjustrnent_4(, medium-ve, [0.0, 0.05, 0.635854, 1 .O, 0.2,0.05, 0.0,0.0, 

0.0,0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed in 
primary 

if tune_pararneter(whp, pitch) and (not totaltuned(whp, pitch, -22, -23) 
or simulato~imit-exceeded) and adjustment-4(, medium-ve, [O.O. 
0.05,0.635854, 1,0,0.2,0.05, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 
0.01, 0.61 1079) - whp - pitch 



then 
adjustment-5(, medium-ve, [0.0, 0.05, 0.635854, 1.0, 0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch in primary 

if tuneqarameter(whp, pitch) and hyp-andtest and (not totaltuned(whp, 
pitch, -24, -25) or simulator-limitexceeded) and adjustment-4(, 
medium-ve, [0.0, 0.05, 0.635854, 1 .O, 0.2, 0.05, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed 

then 
adjustment-5(, medium-ve, [0.0, 0.05, 0.635854, 1 .O, 0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0,0.0, O.Cl], G.611079) - whp - pitch - bypassed in 
primary 

if tuneqarameter(whp, pitch) and (not totaltuned(whp, pitch, -26, -27) 
or simulator-lirnitexceeded) and adjustment-5(, medium-ve, (0.0, 
0.05, 0.635854, 1 .O, 0.2,0.05, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 
0.01, 0.61 1079) - whp - pitch 

then 
adjustment6(, medium-ve, [0.0, 0.05, 0.635854, 1.0,0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch in primary 

if tune_parameter(whp, pitch) and hypandtest and (not totaltuned(whp, 
pitch, -28, -29) or simulator-limitexceeded) and adjustrnent-5(, 
medium-ve, [0.0, 0.05, 0.635854, 1 .O, 0.2, 0.05, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed 

then 
adjustment6(, medium-ve, [0.0, 0.05,0.635854, 1.0,0.2, 0.05, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed in 
primary 

if madjustment(very, large-ve, [1.0, 0.25, 0.04,0.0, 0.0, 0.0. 0.0, 
0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.415936) - whp - pitch and (ess-than- 
one(0.4 1 5936) 

then 
parameter-direction(decrease) in primary 

if parameter-direction(decrease) and tune_parameter(whp, pitch) 
then 
max-adjustment(very, large-ve, [l .O, 0.25, 0.04, 0.0025, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.416273) - whp - pitch in pRmary 

if parameter-direction(decrease) and tunegarameter(whp, pitch) and (whp 
= whp or whp = zhp or whp = tiltrate-limit or whp = wlp) 

then 
current~tuning~direction(increasing~motion) in primary 

if adjustrnent-6(, medium-ve, i0.0, 0.05,0.635854, 1 .O, 0.2.0.05, 0.0, 
0.0,0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch - bypassed 
and not parameter-interactionbypassed and not new-adjustment(30, 
3 1 , 3 2 , 3 3 )  - whp - pitch - bypassed - 

then 
new-adjustment(, medium-ve, [O.O. 0.05, 0.635854, 1.0, 0.2, 0.05,0.0, 

0.0, 0.0, 0.0, 0.0, 0.0, 0.0],0.611079) - whp - pitch - bypassed 
in primary 



if adjustment-6(, medium-ve, t0.0, 0.05,0.635854, 1 .O, 0.2, 0.05, 0.0, 
0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch and not 
parameter-interaction-bypassed and not new-adjustment(34,35, 
- 36, -37) - whp - pitch 

then 
new-adjustment(, medium-ve, [0.0, 0.05, 0.635854, 1.0, 0.2, 0.05, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch in primary 

" suggested adjustment '* : whp DOF: pitch rnuitiply oy: 0.91 1079 

Is this ok (char + retum) or enter new value (float) 
You have chosen: O 
" actual adjustrnent '* : whp DOF: pitch multiply by: 0.61 1079 

Sending Parameter whp-pitch Value = 0.313483 
Sending Parameter null-nuIl Value = 0.0 

" Message to pilot " 
Please fly quick-stop 

" Performing Garbage collection '* 

" Getting New Run Data " 

"* getting message from vuot 
surge:pitch:heave:roil:sway:yaw;surge:pitch:sway:heave:roil:yaw;;gain-roll:whp 

-pitch:gain-surge:zhp-surge:whp-surge:gain-heave:zIp-surge:wlp-surge:z 
hp-heave:whp-heave:gain-sway:gain-pitch:gain-yaw:whp-rolI:zIp-sway:wlp 
-~way:zhp-yaw:whp-yaw:zhp-sway:whp-sway:tilt~rate~limit-surge:til t-rat 
e~limit-sway;gain-sway:gain-pitch:whp-roll:zhp-sway:zlp-sway:whp-sway: 
wlp-sway:whp-pitch:gain-roll:gain-surge:gain-yaw:gain-heave:zhp-heave: 
whp-heave:zhp-surge:zhp-yaw:whp-surge:whp-yaw:wlp-surge:zlp-surge:tilt 
- rate~limit-surge:tiItrate-limit-sway;gain-roll:whp-pitch:gain-surge: 
gain-heave:zhp-heave:whp-heave:zhp-surge:whp-surge:gain-sway:gain-pitc 
h:wlp-surge:zlp-surge:whp-roll:zhp-sway:zlp-sway:whp-sway:wlp-sway:gai 
n-yaw:zhp-yaw:whp-yaw:tilt~rate~limit-surge:tilt~rate~limit-sway;gain- 
pitckgain-sway :wh p-roll :zl p-sway :wl p-sway:ga in-rokwh p-pitckg ain-ya 
w:gain-surge:zhp-yaw:whp-yaw:wlp-surge:zlp-surge:whp-surge:zhp-surge:w 
hp-sway:zhp-swaywhp-heave:zhp-heave:gain-heave:tilt~rate~limit-surge: 
tilt~rate-~imit-sway;gain-roll:whp-pitch:gain-surge:wlp-surge:zlp-surg 
e:gain-sway:gain-pitch:gain-yaw:whp-roll:zhp-yaw:zlp-swaynnrIp-sway:whp 
-yaw:whp-surge:zhp-surge:whp-sway:zhp-sway:whp-heave:zhp-heave:gain-he 
ave:tilt~rate-limit-surge:tilt~rate~limit-sway;gain-yaw:zhp-yaw:gain-r 
oll:gain-sway:whp-pitch:whp-yaw:gain-pitch:gain-surge:whp-roll:zIp-swa 
y:wlp-swaywlp-surge:zlp-surgenrvhp-surge:zhp-surge:whp-sway:zhp-sway:w 
hp-heave:zhp-heave:gain-heave:tilt~rate~limit-surge:tilt~rate~limit-sw 
ay;42.253902:1.31 S877:7.41 O963S.l 12922:39.4l994l:O.I8lO99;O.OOOOOO;O. 
91 5272:0.000000:0.073074:0.074963:0.000000:0.004373:0.860723:0.000408: 
0.OOO0OO:O. 1 O9375:O.OOOOOO:O .O35864:O .O74348:O.OOOOOO:O.O: 1 .O0000 
O:O.Ol5l39:O.OOOOOO:O.l64l93:O.3OO465:O.OOOOOO:O.4WO6l :O.? 98348:O.OOO 



88 APPENDIX 8 

How was the motion this time compared to last time ? 
(Use one of the following Iist) 
(improved nochange worse) 
Enter a hedge (One of the following list) 
(much somewhat) 
Your Kesponse ; 
much improved 
Is this OK (yes or no) 
'* Still tuning motion jerkiness on pitch " 
" Last complaint you made was: very small " 
Enter Term (One of following): 
(large medium small ok exitand-undo) 
Your Response : 
ok motion jerkiness 
1s this OK ? (yes or no) 

" Parameter ldentified as :whp-pitch " 

"' Forward reasoning for primary parameter "' 

" Warning in convert-toset-binary : value < 1 " 
if tune_parameter(whp, pitch) and whp(very-very, very-small, [1 .O, 0, 

O, O, O, O, O, O, O, O, O, O, O], 0.313483) - pitch and (coupled-dof( 
pitch, surge) or surge = pitch) and wlpL38, -39,40, 2.254) - 
surge and 0.1 39079 is 0.31 3483 1 2.254 

then 
whp-wlp(very-very, very-small, [II 0, 0, 0, 0,0, 0,0, 0,0, 0, 0, O], 

0.1 39079) - pitch in default 

if pilot-response([rnuch, improved]) and (improved \= minimized) and (improved 
\= nochange) 

then 
pilot~response(much, improved, [l .O, 0.9801, 0.9409,0.8464, 0.7056,0.49, 

0.25,0.09, 0.0256, 0.0064, 0.0009, 0.0001,0.0], 3.45053) in 
primary 

if not simulator-limit-exceeded and Iast-adjustment(, medium-ve, p.0, 
0.05,0.635854, 1.0, 0.2,0.05, 0.0, 0.0, O.O,O.O, O.O,O.O, 
0-01, 0.61 1079) - whp - pitch and pilot-response([much, improved]) 
and less-thanone(0.611079) 

then 
adjustdirection(reduce) in primary 

if simulator-motion(-41,42,43,4.11292) - roll and simulator-rnotion(-44, 
45,46,39.419S) - pitch and simulator-motion(-47,48,49, 

0.181099) - yaw and simulator-motion(-50, -51,52,42.2539) - 
surge and simulator-motion(53,54,55, 1.31 588) - sway and 
simulator_motion~6,~57,~58, 7.41096) - heave and 94.6947 is 



4.1 1292 + 39.4199 + 0.181099 + 42.2539 + 1.31 588 + 7.41096 
then 
total-motion(94.6947) in default 

if tunegarameter(whp, pitch) and (whp \= wlp) and (whp \= tilt-rate-limit) 
and ((whp \= gain) or (pitch \= surge) and (pitch \= sway)) and 
total-motion(94.6947) and simulator-motion(59,60, 6 1 ,  39.41 99) - pitch and 41.6284 is 39.4199 / 94.6947 ' 100.0 

then 
relative~rnotion(veryryveryl medium, [O, 0, 0, 0, 0.004608, 1 .O, 0, 0, 0, 

0, O, O, O], S i  -5284) - whp - pitch in default 

if tunegarameter(whp, pitch) 
then 
maneuver-importance and relative-motion - whp - pitch -> dof-importance - whp - pitch in primary 
dof-importance(, medium, [0.0, 0.03, 0.2, 0.5, 0.8, 1 .O, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0],3.33663) - whp - pitch 

if tune-parameter(whp, pitch) and tuning-dof(pitch) 
then 
parameter-importance - whp - pitch - pitch and dof-importance - whp - pitch 

-> new-importance - whp - pitch in primary 
new-importance(, medium, [0.0, 0.03, 0.2, 0.5,0.8, 1.0, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.01, 3.33663) - whp - pitch 

if not madjustment(62,63,64, 6 5 )  - whp - pitch and last-adjustment(, 
medium-ve, [0.0, 0.05, 0.635854, 1.0, 0.2,0.05, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.01, 0.61 1079) - whp - pitch and less-thanone(0.611 O 
79) 

then 
parameter-direction(decrease) in primary 

if parameter-direction(decrease) and tune_parameter(whp, pitch) 
then 
maxadjustment(very, large-ve, [1.0, 0.25, 0.04, 0.0025, 0.0, 0.0, 0.0, 

0.0, 0.0, 0.0, 0.0, 0.0, 0.01, 0.416273) - whp - pitch in primary 

if parameter-direction(decrease) and tuneparameter(whp, pitch) and (whp 
= whp or whp = zhp or whp = tilt-rate-lirnit or whp = wlp) 

then 
curent-tuningdirection(increasing_motion) in primary 

if pilot-cornplaint([, ok, motion jerkiness]) and tunejarameter(whp, pitch) 
then 
new-adjustment(very-very, zero, [O, 0, 0.0, 0,0, 1.0, 0.0, 0, 0, 0, 0, 

O], 1 .O) - whp - pitch in primary 

if pilot-cornplaint([, ok, motion jerkiness]) and tune_parameter(whp, pitch) 
and makegred(whp, [very-very, very-srnail, [1.0,0,0, 0,0, 0, 
0, 0, 0,0, 0, 0, O], 0.3134831, whp(very-very, very-small, [1.0, 
O, O, O, O, O, O, O, O, O, O, O, O], 0.313483)) and whp(very-very, 
very-srnall, [1.0,0, 0, 0,0, 0, 0,0,0, 0,0,0,0], 0.313483) - pitch and maneuver(quick-stop) and pilot-axis(pitch) and original-v 



alue(whp, pitch, 0.513) and (0.513 >= 0.313483 and decreasing = 
decreasing or 0.51 3 c 0.31 3483 and decreasing = increasing) 

then 
curent-temp-tuned(wh p, pitch, 0.31 3483, quick-stop, motion jerkiness, 

pilot-axis(pitch), pilot-satisfied, na, decreasing) in primary 

if pilot-cornplaint([, ok, motion jerkiness]) @ prirnary 
then 
stoptuning_parameter in primary 

if {piiotcompiain t([, ok, motion jerkiness] j or pilot-cornplain tok-repiaced) 
and not primary~loop~parameter~interaction~bypassed66) 

then 
no-secondary-tuning in primary 

" suggested adjustment " : whp DOF: pitch multiply by: 1 .O 

1s this ok (char + return) or enter new value (float) 
You have chosen: O 

" actual adjustment ** : whp DOF: pitch rnultiply by: 1 .O 

" finished primary tuning " 

*' Firing STOP CONDITIONS Expert System " 

if not tunegararneter(67, 6 8 )  @ secondary and current-temp-tuned(whp, 
pitch, 0.31 3483, quick-stop, motion jerkiness, pilot-axis(pitch), 
pilot-satisfied, na, decreasing) 

then 
best-temp-tuned(whp, pitch, 0.313483, null, null, nul!, quick-stop, motion j e r  

kiness, pilot-axis(pitch), pilot-satisfied, na, decreasing, null, 
null, null, null, nuIl) in default 

if pilot-cornplaint([, ok, motion jerkiness)) or pilot-cornplaint-ok-replaced 
or bestJernptuned(69, -70, -71, -72, -73, -74, -75, -76, -77, 
pilot-satisfied, -78, -79,-80,81, -82,83,84)  

then 
stop-tuninggroblem in default 

if stop-tuning-problem and best-temptuned(whp, pitch, 0.31 3483, null, 
null, null, quick-stop, motion jerkiness, pilot-axis(pitch), pilot-sa 
tisfied, na, decreasing, null, null, null, null, null) and (pilot-sati 
sfied \= exit-and-undo) 

then 
keep-tuningandelirninate(whp, pitch, 0.313483, null, null, null) in default 

if keep-tuning-andeliminate(whp, pitch, 0.31 3483, null, null, null) and 
not totaljmportance(85,-86,87, -88) - whp - pitch and new-import 
ance(, medium, [O.O,0.03, 0.2, 0.5,0.8, 1.0,0.0, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0],3.33663) - whp - pitch 

then 



new-total-importance(, medium, EO.0, 0.03,0.2, 0.5, 0.8, 1 .O, 0.0,0.0, 
0.0, 0.0, 0.0, 0.0, 0,0],3.33663) - whp - pitch in default 

if keeptuningandeliminate(whp, pitch, 0.313483, null, nult, null) and 
best-ternp-tuned(whp, pitch, 0.313483, null, nuIl, nuIl, quick-stop, 
motion jerkiness, pilot-axis(pitch), pilot-satisfied, na, decreasing, 
null, null, null, null, null) and new-total-importance(, medium, 
fO.0, 0.03, 0.2, 0.5, 0.8, 1.0, 0.0,0.0, 0-0, 0.0, 0.0,0.0, 
0.01, 3.33663) - whp - pitch 

then 
tuned(whp, pitch, 0.31 3483, primary, quick-stop, motion jerkmess, pilot-axis( 

pitch), pilot-satisfied, na, decreasing, na, na, na, na, na, total-imp 
ortance(, medium, [0.0, 0.03,0.2, 0.5,0.8, 1.0, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.01, 3.33663)) in default 

if keep-tuningandeliminate(whp, pitch, 0.31 3483, nuit, nuIl, null) 
then 

tuned-dof(pitch) in default 

if (tuneqarameter(whp, pitch) @ primary or tuneqarameter(whp, pitch) 
@ secondary) and tuned(whp, pitch, 0.31 3483, primary, quick-stop, 
motion jerkiness, pilot-axis(pitch), pilot-satisfied, na, decreasing, 
na, na, na, na, na, total-importance(, medium, i0.0, 0.03, 0.2, 
0.5, 0.8, 1.0, 0.0, 0.0, a.0, 0.0, 0.0, 0.0, O.O], 3.33663)) 

then 
update~number(previously~tuned(whp, pitch, 1 )) in default 

if new-total-importance(, medium, [0.0, 0.03, 0.2, 0.5,0.8, 1.0, 0.0, 
0.0, 0.0, 0.0, 0.0, 0.0, 0.0],3.33663) - whp - pitch and best-temp-t 
uned(whp, pitch, 0.31 3483, null, null, null, quick-stop, motion jerkin 
ess, pilot-axis(pitch), pilot-satisfied, na, decreasing, null, 
null, null, null, null) 

then 
replace-fact(totaltuned(whp, pitch, -89, -go), totaltuned(whp, pitch, 

0.31 3483, total-importance(, medium, [0.0, 0.03, 0.2, 0.5,0.8, 
1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,0.0], 3.33663))) in default 

** ADJUSTMENT ** PARAMETER: whp DOF: pitch multiply by: 1 .O 

'*' retaining tuning and eliminating **" whp-pitch 

" finished tuning current problem " 

~[ontinue], e[xit](saving state), a[bort] 

Enter pitots initials 
Closed Socket Connection, handle = 8 
Closed Socket Connection, handle = 6 





PROTEST USER MANUAL 

This appendix will give the instructions on how t o  use PROEST. T t  does not provide 

any information on Prolog programming o r  how to  add rules to  the tuning dotabase. This 

information can be obtained in Grant 171. These instructions are f o r  the systern as it now 

functions in the UTIAS Flight Simulation Loboratory. 

Host 
1. Load the host code. 
2. Start  the simulation with the 'sirnnrt' command. 
3. Set the desired initial conditions, including the option to run PROTEST. 
4. When prompted choose IRIS5 as the cornputer for  PROTEST. 

The host wi l l  now wait for ethernet communication to be established with IRIS5 and 
PROTEST. Move t o  IRIS5 and follow the directions below. Note that once Prolog is 
started any cornmands entered must end with a period. 

1. On IRIS5 change into the directory with the PROTEST files. 
2. Start  Prolog by typing Prolog (If a log of the run is desired pipe the output t o  a file by 

typing Prolog 1 tee <f ilename 
3. Load the PROTESTcode by typing: consult('protest'). 

f O l lowed by: loadgrotest . 
4. A message will oppear stating that PROTEST files are being loaded. PROTEST will then 

prompt whether or not debugging is required. Choose yes if the output is wanted. 
5. A t  the prompt now type: tune. 



Choose t he  manoeuvre that is being tuned, or type al1 for a complete tuning. 
PROTEST now prompts for an interactive or recorded run. Type the  desire option. 
PROTEST prompts for a new or restarted run. Type: new. if it is the beginning o f  a run 
or type the  file name in quotations t o  continue from a previous run. 
PROTEST will now establish communication with the host computer. The sending socket 
is created f irst. You must press enter when prompted by the host t o  then establish the 
receiving socket. 

10. The initial set  of coefficients is then sent and the pilot is prompted to f l y  a manoeuvre. 

A t  this point t h e  run proceeds normally. The pilot stabilises the aircraft and informs the 
controller when the  manoeuvre begins. The control rnust then start  the data analysis 
procedure by choosing run control option 14. When the manoeuvre is complete the data 
collection is stopped by choosing run control option 15. When the run is complete run 
control option O is chosen. The controller is asked if the run is valid. A yes answer will 
cause data t o  be sent to  PROTEST. A t  this point the controller will return to  IRIS5 and 
proceed will proceed in answering the questions posed by PROTEST. 

1. Choose a PROBLEM from the given list. 
2. Choose t he  appropriate magnitude of the PROBLEM.(Note: the magnitude option that 

appear as an adjective and sign such as 'large+ve' rnust be entered in quotes) 
3. Choose the  degree of freedom for the PROBLEM. 
4, Wait for PROTEST t o  produce the adjusted variable 

Once this complete the adjusted coefficient is sent back to  the host who will ask if tuning 
1s t o  continue and if another run is desired. A t  this point another run can be cornpleted and 
the cycle begins again. Detailed information on how to  use PROEST is given by Grant [7]. 
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