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EXECUTIVE SUMMARY 

This report deals with software programs and analysis relating 

to vehicle ride vibration data. Descriptions of the digitiz

ing procedure, both theoretical and operational, are given. A 

detailed description of the analysis procedures is given, alon~ 

with detailed descriptions of the software. These include both 

flow charts and subroutines. 
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1.0 INTRODUCTION 

The software described in this manual is specifically designed 

to evaluate the 

data. The data consist of vehicle vibrations that are recorded 

in analog form. The data collection system is primarily the 

FRA/ENSCO portable ride quality package. Data are recorded 

with six accelerometers, three of which are linear. Figure 1 

shows the relationship of the measurement axes. 

Vertical 

Yaw 

Longitudinal 

Roll 

Lateral 

Figure 1. Relationship of Measurement Axes 



The data collection system consists of a magentic tape re
corder, a signal conditioning and coding unit, and an accel
erometer package. The accelerometer package details are 
given in Table 1. The signl conditioning and coding unit 
converts the current output of each accelerometer to a pro
portional signal voltage suitable for recording. The unit 
provides metering for signal monitoring and calibration. This 
unit also contains batteries, and associated charging and 
regulator circuits which provide power to the system if AC 
power is not available. The magnetic tape recorder accom
modates eight channels of data. Six channels are used for 
recording accelerometer signals. The seventh channel is 
used for a multiplex recording of two external data signals, 
an internally generated digital annotation, and a reference 
signal. A channel is provided for voice annotation. More 
detail on this instrumentation is given in Appendix F. 

Table 1. Accelerometer Characteristics 

Accelerometer Full Scale 

Vertical ±1 g 

Longitudinal ±1 g 

Lateral ±1 g 

Yaw ±1 rad/sec 2 

Roll ±5 rad/sec 2 

Pitch ±1 rad/sec 2 



The software described in this report is used on the Raytheon 

minicomputer RDS-500 system. This inhouse computer has three 

tape drives, a card reader, a printer/plotter, a disc pack, 

and a teletype. A descriptive flow chart of the system is 

·shown in Figure 2. 
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Figure 2. ENSCO RDS-500 System Configuration 



2.0 DIGITIZING PROCEDURE 

2.1 SOFTWARE 

A procedure for generating a digital tape from the analog data 

has been developed, since the digital form of the data is more 

~onvenient for many applications and is essential for histogram 

analysis. 

In the analog form, the voice channel is used to record infor

mation on existing conditions of the tests. To prevent the 
loss of this information in developing the data, a status bit 

was added to the digitizing data. The status bit is set by 

pressing a message unit button during the data collection pro

cess in response to the presence of information on the voice 

channel of the tapes. The information from the voice channel 

is then written on a test log sheet and identified with 

appropriate message sequence numbers. In this way, the digital 

records were correlated with the test log. 

Each data record of the digital tape contains 128x7 words. 

There are 128 sets of data (called scans) per record. Each 

scan contains seven words. The first word is the status re

cord, while the second through seventh words represent data 

I . from the channels. Each data record is one 16-bit word. The 
format of the status bit is 

0111 1111 1111 normal status (no message) 

1111 1111 1111 message indicator button pressed 

Each data record word is left justified, with bits 0 through 

11 containing digitized data. Bits 12 through 15 are not 

used. The end of each file is indicated by an end-of-file 

number. 



The layout of the digital tape is shown in Figure 3. Within 

a given tape, a file has the format described in Figure 4. 

The file header contains 39 words (16 bits per word) as shown 

in Figure 5. The format of each scan is shown in Figure 6. 

The digitized data represent an analog signal which can vary 

from -10 volts to +10 volts. Since the digitized data are 

represented by 12 bits, the number of discrete states is 212 = 
4,096. Each bin therefore corresponds to a voltage range of 

approximately 5 millivolts. 

In decoding the digitized data, there are several rules to be 

followed. If the first bit is zero, then the voltage is posi

tive, and the magnitude is given by the decimal equivalent of 
the remaining bits divided by 2,048 and multiplied by 10. For 

example: 

0 ,I 1 1 / ,1 1 1 1/ ,I 1 0 1/ 

~ \ T 7 
16 2 Positive 7 X + 15 X 161 + 13 X 16° = 2,045 

Number 

Value = 2,045 
X 10 = 9.985 volts 

2,048 

If the first bit is set, then the voltage is negative, and the 

magnitude is given by the following sequence. First, take the 

complement of the remaining bits, calculate its decimal equiva

lent, and add one. Multiple by 10 and divide by 2,048. For 

example: 

~ ''; 



·l 1 1 1 1 1 1 1 0 1 1 1 

I ' 0 0 0 / -..0 0 0 0 / ,1 0 0 0/ 

t 'V' 

X 167 8 + t Negative 0 X 16 2 + 0 X 161 + 8 Number 

Value = (8 + 1) 
. 1 2,048 

X 10 = 0.0439 volt 
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Status word= 

Channel 1 data= 
Channel 2 data= 
Channel 3 data= 
Channel A data= Repeated 128 times 

'+ 

Channel 5 data= 
Channel 6 data= 

\ v I 

Width = 1 word (Each subdivision = 4 bits) 

Status word: 

(a) '7FFF' means measage indicator not depressed 
(b) 'FFFF' means message indicator was depressed 

Channel (n) data is left justified (i.e., 1 FFFm 1
, 

where the value of m is not used and should be shifted 
out before processing data). 

Channel Signal Scale Factor 

1 Roll 10 volts = 5 rad/sec 

2 Pitch 10 volts = 1 rad/sec 

3 Yaw .10 volts = 1 rad/sec 

4 Vertical 10 volts = 1 G 

5 Longitudinal 10 volts = 1 G 

6 Lateral 10 volts = 1 G 

Figure 6. Layout of File Data Record 
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2.2 PROCEDURE 

For data reduction, the analog data are digitized using a 

128-Hz digitizing rate. A 4-pole filter is used in reducing 

the data. 

The following is a step-by-step description of the procedure 

for digitizing ride quality vibration (analog) data: 

1. Set up the tape recorder, making sure that the correct 
reproduce cards.are inserted. Connect the data cable 
from the tape recorder to the RQ interface panel. Check 
the switchable reproduce knob on the analog recorder. 
It should always be turned to one (1) when digitizing. 

2. Connect the 6 BNC cables from the RQ interface to the 
filter panel. Roll must always be Channel 1. Standard 
channels are: 2-pitch, 3-yaw, 4-longitudinal, 5-verti
cal, 6-lateral: Check electrical power to the filter 
box. This power should always be on. Check rear cable 
from filter box to RQ interface. External switch should 
be up. 

Hardware filters should 
specified by the user. 
for RQ processing. The 
are set as follows: 

be checked for correct settings as 
Red filters should not be used 
filters used are Model ·"2" and 

Bits Frequency (Hz) Bits Frequency (Hz) 

11 400 5 10 
10 200 4 8 

9 100 3 4 
8 80 2 2 
7 40 1 1 
6 20 

The procedure for setting each filter is as follows for 
a 25 Hz filter setting: Determine which bits are to be 
set (in this case, 6, 3, and 1). Reverse the filter and 
note the bit settings (the obverse numbers are not al~ays 
correct). Each bit corresponds to four switches, two on 
each side. Therefore, when counting bits, count each two 
switches as one bit. Turn on the appropriate switches. 
Repeat this procedure for all six channels. 



3. Inside the filter box are gain controls for each of the 
channels. The first two boards (left to right) corre
spond to the first six channels. For a. gain of 1, this 
setting should be "2" (setting "1" for variable gain; 
"3" for gain of 5; "4" for gain of 10). Close the fil
ter box. Turn the switches to filter setting. 

4. Thread the tape through the device, turn the RQ inter
face on, switch the tape speed correlation to "in", and 
turn the volume up. By using both the message units 
and voice annotation, determine the desired section of 
data. (NOTE: Do not turn volume to maximum, since 
noise will be generated onto the data tape.) 

5. To fully check the digitizing results, the following 
options can be selected: 

a. Check sampling frequency in intervalometer (after 
the digitizing program has loaded, start execution 
at location x '0801'). The intervalometer will 
have been set to the sampling interval when the 
TTY requests header information from the operator. 
Place oscilloscope probe on I.C. A-20, Pin 6, 
located on the intervalometer circuit board. The 
indicated pulse separation (negative pulses) will 
be the correct interval (in time). 

b. Check message unit (enter in computer the follow
ing at location zero): 

Read DIN 0,1 
JMP read 

Loc 0000 
Loc 0001 

Contents 0201 
Contents 1000 

Place computer in single-step mode and execute read 
status, jump sequence. The accumulator should con
tain 7FFF16· When the message button is pushed, 
the accumulator should contain FFFF16 for one read 
and r~turn to 7FFF16 upon reading the status again. 

c. Monitor the analog recorder output. Use the oscillo
scope and monitor the voltage output of the analog 
recorder at the output terminals located on the 
front panel of the analog recorder, and at the analog
to-digital converter input termin~ls located in the 
bottom of the end computer rack. Note any offsets 
or saturations in voltage amplitudes. 



d. Monitor the digital-to-analog converter output. 
Load and begin the execution of the digital con
version program using a scratch tape. When the 
program begins writing on the tape, monitor the 
output of the digital-to-analog converter using 
the oscilloscope. Check the data on as many 
channels as are being digitized. Note any off
sets or saturations in output amplitudes. 

6. To load the program, enter the following from the key
board: 

:QUB,DIGITIZE/TIP,,X,Y,Z,l 

where: 

X = number of channels = 6 

Y = digitizing rate = 128-Hz 

Z = number of scans/redord = 128 or 256 

:XX 

After the program is loaded, the program will sit at 
location X '0850'. At this point, do the following: 

Halt the CPU 

Reset the CPU 

Enter X '0801' in PCR 

Press run 

Hang write-enable data tape on unit 0 

Toggle sense switch 0 

The Tektronix will print the program title and ask the 
operator to enter the tape header information. Up to 
70 characters may be entered through the Tektronix in 
the following manner: 

line feed, SX, date, ID, sample rate, etc. return 

7. There are three sense switches used by the digitizing 
routine, as follows: 

Sense Switch 

0 

1 

2 

Position 

Down 
Up 

Down 
Up 

Down 
Up 

Operation 

Program will not digitize 
Digitizing will be initiated 
No operation 
EOF will be written on tape 
No operation 
2 EOF's will be written and 

tape will rewind 



8. To operate, do the following: 

a. Start tape recorder. 

b. Place sense switch "0" up to start. 

c. Place sense switch "0" down to stop. 

d. Toggle switch "1". 

e. Enter new header. 

f. Repeat steps b, c, d and e as often as needed. 

g. On the last file, toggle switch "2" to end process. 



3.0 SOFTWARE ANALYSIS 

3.1 VISUAL EXAMINATION 

Before processing can be done on collected data, the time 

history plots of that data must be visually examined. 

Speed, location, and other reference information from the 

voice channel should be annotated on the charts. The PRQ 

reconstruction unit and a strip chart recorder are required 

to display the raw data. 

In addition, software programs exist to plot time series 

data from the digital data. Based on this presentation of 

the plotted data, segments can be selected for further data 

reduction. 

During the visual examination of the plots, bad data should 

be determined and recorded. This will include bad spots 

on the tape, locations where the package may have been 

touched, and times when the system was temporarily turned 

off. 

3.2 TIME DOMAIN 

In processing the ride quality data, the date must be 

analyzed in the time domain. 

After digitization, the data can be processed to achieve 

• Peak values. 

• Histograms. 

o Probability density functions. 

• Cumulative distribution functions. 

• Standard deviations. 



Figure 7 is a block diagram of the data reduction process. 

A digital high-pass filter (shown in Figure 7) removes any 

bias in the accelerometer data. Appendix C contains a de

scription of the algorithm for implementing the block diagram. 

A bias in the level of the accelerometer output can arise if, 

in the placement of the accelerometer package, the vertical 

axis (with a 1-g biased accelerometer) is not exactly aligned 

with the direction of gravity. In practice, the package 

will never be exactly in position, and all of the linear 

accelerometer signals will have some DC bias. 

In addition, an electronically induced bias from the frequency 

modulating and demodulating processes can exist. If the DC 

bias is not removed, the histograms, cumulative distribution 

functions, and density functions will be offset from the zero 

level of acceleration. 

The histograms for the ride quality data analysis were deve

loped by sorting the digitized data into 200 bins. With the 

range of the input data from the PRQ corresponding to +10 

volts to -10 volts, each bin has a range of 0.1 volt. The 

bins can be numbered in order, with bin 1 covering the range 

-9.9 to -9.8 volts, and bin 200 the range +9.9 to +10.0 volts. 

A vector bi with 200 elements can be used to represent the 

results of the sorting process. The value of the ith element 

of the vector represents the number of times the processed 

data had a value which fell within the ith bin. 

Peak values (i.e., the highest and lowest values of accelera

tion) recorded during a given segment of the test can be 
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Figure 7. Block Diagram for Data Reduction (One Channel) 
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found from vector b .. An alternative method is to present 
1 

the data inanalog form. Two forms of presentation of data 

are described below. One is an estimate of the probability 

density function; the other, an estimate of the cumulative 

probability function. 

The cumulative probability function gives the probability that 

the value of a function will be less than some value X; i.e., 

P(x<X) = Y(X) 

This function can be estimated from the vector bi by the ex

pression 

where M is the total number of samples. 

The probability density function is the derivative of the cumu

lative probability function. The probability density function 

is given by 

where N is the number of bins, M is the total number of samples, 

and SF is the scale factor (acceleration units per 10 volts). 



The abscissa for plotting Yj and Zj is derived from the scale 

factor for a channel by the expression 

X. = -SF + 2 
J (SNF) J. 

where j takes on values from 0 to N (N equals the number of 

bins). 

The mean value and the standard deviation of the distribution 
estimated from vector b. can be calculated along with the 

I 

probability density function and cumulative probability func-

tion. 

The mean value can be estimated by 

N 

ll = 2: 
i=l 

where bi = occurrence vector. 

b· I 

(Xi +Xi-1) 
2M 

The standard deviation can be estimated by taking the positive 

f . 2 . b square root a o variance a , as given y 

2 fM 2 a = (X -11) P(X) dX 
co 

fM X2 P(X) dX 
2 

= -ll 

-co 

= B - ll 
2 

where P(X) is the probability of X. 



The limits on the integral can be changed from -oo to +oo in 
value, corresponding to -10 volts to +10 volts. 

rb x--2 
B = Ja f(X) dX 

where the interval a to b is made up of 200 bins. 

The contribution of any bin will depend on the distribution 
of raw data within the bin. For the purpose of this analysis, 
assume that the raw data are equally distributed within a 
bin. The contribution of the Nth bin is represented by 

X 
= ·1 N x2 

P (X) dX 

XN-1 

= 

= 

= 
b. 

1 

3M 

Since XN - XN-l + 6, the expression can be rewritten as 



w:here !':. = 2 SF 
N 

The variance can be written as 

2 [Jl b. (x~ + ~ + ~:) ]- 2 l 
X. 1 (J = ~ 

M l-1 l-

= B - 2 
~ 

The standard deviation is given by (J. 

Note that the mean value ~ should be zero since the data have 

been high pass filtered, but a value is allowed in this analy-

sis for completeness. 

The digitized acceleration data can be used to generate an 

level of acceleration versus time. The data are effec-

tively condensed in this form so that the averaging effect of 

the process compensates for the rapidly varying characteris

tics of the signal. The results of a given segment of the run 

can then be displayed on a reduced time axis. For example, the 

raw data with frequency components up to 30 Hz require that 1 

second of data corresponds to approximately 1 inch of display. 

With the high-frequency characteristics of the signal removed, 

1 inch can be used to display about 10 seconds of data. The 



characteristics of the digital low-pass filter shown in the 

top row of Figure 7 determine the exact smoothing time of 

the rms. The time constant Tz is related to the corner of 

the low-pass filter by 

which for a 0.5-second value of Tz implies a corner frequency 

of about 0.3 Hz. 

3.3 FREQUENCY DOMAIN 

Power spectral density (PSD) estimates are generated in the 

ride quality data reduction program. The frequency spectrum 

(or PSD) of the acceleration is important in determining the 

quality of the ride. A human is particularly susceptible to 

vibration in the 1- to 8-Hz range. PSD levels in this range 

can normally be related to ride quality. 

The PSD's are generated using a fast Fourier transform (FFT) 

technique and a stacking operation. The FFT is applied to 

each 4-second segment of data, and the resulting spectral 

estimation for each 4-second segment is averaged over the 

entire record. The plots of PSD's are for spectrum level 

versus frequency. The frequency axis is given in a linear 

form and the spectrum level in dB form. The reference level 

for the dB level is 1 g2 (rms)/Hz. A more detailed descrip

tion of the frequency domain processing is given in Appendix 

A. 

In addition, ride quality results are given in terms of ISO 

and Wz criteria. The ISO criteria is given in Appendix A 

and t_he W zmethod in Appendix E. 
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4.0 SOFTWARE PROGRAM 

4.1 DESCRIPTION 

A vehicle vibration software package has been developed ·for 

reducing the data collected with the ride quality instrumenta

tion. The input to this program consists of six channels 

of data per run and is setup in records containing 128 scans 

per second. 

This program takes acceleration data, performs both time and 

frequency domain processing, and outputs the results in a 

format that can easily be placed in a report. 
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4.2 INPUT 

The following input parameters are required for operating the 
data reduction program: 

Data Card No. 

1 

2 

3 

4 

s 

6 

7 

8 

9 

10 

11 

12 

13 

14 

1S 

16 

17 

18 

19 

20 

Parameter 

CDS (SUN for card reader) 
INTAPE (SUN for input tape) 

OUTAPE (SUN for rms output 
tape) 

PTR (SUN for printout) 
SCRFILE (SUN for Cepstrum, 

SF's, and common) 

SCRTAPE (SUN for Cepstrum 
output) 

RECSCANS (Number of scans/ 
record) 

JUST (left or right justified) 

SCANINCR (scan increment) 

LABLCH (channel headings or 
channel units) 

CHANS (channel numbers) 
ISOCHS (ISO channel numbers) 
VRANGE (voltage range) 

SF (volts/engineering units) 
Al, Bl, Cl, Dl (filter con-

stants) 
AA (PSD printout option) 

ACFOPT (ACF option) 
REWIND (rewind option) 
BFILE (beginning file) 

BREC (beginning record) 
EREC (ending record) 
ICARD (supplemental heading) 

Figure 8 is a list of the control cards. 

Format 

IS 
IS 
IS 

IS 
IS 

IS 

IS 

IS 

IS 
3GA2 

9I s 

8Fl0.1 
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IS 
IS 
IS 
IS 

IS 
IS 

40A2 
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4.3 OUTPUT 

The output of this data reduction package consists of 22 

pages of summaries, graphic estimates, and plots. The out

put includes: 

• Probability density estimates and plots. 

• Distribution function estimates and plots. 

• One-third octave band rms levels. 

• The ISO ride quality exposure time for 
the reduced confort criteria. 

• Power spectral density levels and plots. 

• Cepstrum plots for PSD levels. 

• RMS levels. 

The format of the output is given in Appendix A and is explained 

below. 

Pages 1 and 2 describe the probability density estimate. The 

probability density is a function of the number of data loca

tion bins, the total number of samples, and the channel scale 
factor .. Each page has 12 columns, two columns for each channel. 

The first column of each channel gives a specified engineering 

setting which corresponds to an acceleration level. The 

second column of each channel gives the value of the probabi

lity density function which, when multiplied by the width of 

the bin, provides the probability associated with each bin. 

The heading for each of these six channels is an alphanumeric 

input, and it can include both the channel number and a short de
scription of what data were recorded on the channel. The heading 
shown at the top of each page is an alphanumeric input appli

cable to points of interest (such as type of test, date, 



location of test, number of scans, and record numbers). The 
units are g's for linear acceleration channels and radians 
per second/per second for reotational acceleration channels. 
At the end of Page 2, the standard deviation of the six 
channels is given. The standard deviation is given in engineer
ing units (such as g's and radians per second/per second), based 
on the scale factor for each channel. The scale factor relates 
the voltage level to the measured engineering units (g's per 
volt). The data are digitized at a rate of 128Hz, and 1 
second of data is recorded per record. Thus, the number of 
scans (data points) corresponds to the number of records 
multiplied by the digitizing rate. This value is also shown 
at the top of Page 1. 

Pages 3 and 4 contain the distribution function estimate. 
Again, two columns are given for each channel, with the first 
column corresponding to a voltage setting and the second 
column to an estimate of the distribution function. 

For ride quality data analysis, one-third octa~e band filter
ing provides a correspondence to the International Standards 
Organization (ISO) standards for determining the quality of 
the ride. Pages 5 and 6 of the standard ride quality data 
analysis package give the rms acceleration for the filtered 
data. For center frequencies ranging from 1 Hz to 31.5 Hz, 
results are given for longitudinal, lateral, vertical, roll, 
pitch, and yaw accelerations. For each band, the mean is 
reported (expected value - EV) along with the mean plus or 
minus one standard deviation (UB - upper band, LB - lower 
band). 



Power spectral densities are presented on Pages 15 through 
20. The PSD's are developed using a stacking operation and 

the fast Fourier transform, which operates on blocks of data 
containing 512 points. 

varies from 0 to 40 Hz. The y-axis prints out the power 

spectral density (PSD) level in dB relative to 1 g (rms) 
squared per hertz rms. The plots are titled as to which 
channel is represented and what phase of testing is repre
sented. In addition, the rms level, which is computed by 

summing up the PSD levels, is given. 

On the next pages, a time history of the rms acceleration 
level is given for each of the channels. Page 21 gives a 
description of the channels and the scale factors used in 
the plots. Page 22 gives the rms plots, which are useful 
in determining relative amplitudes and an overall profile 

of the parameters being recorded. 

4.4 SUBROUTINES 

The software is divided into various subroutines and are 
flow charted in Appendix G. 



APPENDIX A 

COMPUTER IMPLEMENTATION OF ISO STANDARD 

2531 FOR PROCESSING RIDE VIBRATION DATA 



1.0 INTRODUCTION 

Human response to mechanical vibration is complicated and 

not t.ro 1 1 
'y ""'..&. ..L understood. 

has been investigated for many years, no universally accepted 

method of evaluating ride quality from mechanical vibration 

exists. However, it is generally accepted that man's 

tolerance to vibration is frequency dependent. Many in

vestigators of ride quality have presented their results 

in terms of acceleration amplitude-frequency curves. 

One method of evaluating the ride quality of a vehicle from 

acceleration environmental data is to use the ISO standard 

entitled "Guide for the Evaluation of Human Response to 

Whole-Body Vibration," which presents three criteria for 

evaltiating ride quality: 

e The preservation of working efficiency 
(fatigue-decreased proficiency boundary). 

• The preservation of health or safety 
(exposure limit). 

e The preservation of comfort (reduced
comfort boundary) . 

Based on each criterion, two sets of amplitude-frequency curves 

are defined. One curve is for longitudinal acceleration (foot

to-head direction), and the second is for transverse accelera

tion (back-to-front or side-to-side direction). For each 

amplitude-frequency curve, a set of boundaries is defined and 

denoted by exposure times. The tolerable acceleration level 

increases with decreasing exposure time. The acceleration 

limits for transverse acceleration as a function of frequency 
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for various exposure times (for the fatigue-decreased pro
ficiency criteria) are shown in Figure Al. Similar curves 
for the longitudinal direction are shown in Figure 2A . 

For the set of curves associated with the exposure limit 
criteria, a factor of 2 (or 6 dB) times the values for the 
decreased proficiency criteria shown in the curves is 
introduced. Correspondingly, a factor of 0.315 (or -10 dB) 
is introduced to obtain the set of curves for the reduced
comform criteria. 

These curves are defined for a sinusoidal acceleration 
signal. In practice, this form of acceleration is not 
likely to occur, and one-third octave band filtering is de
fined as the appr~priate method for applying the standard 
to random (broadband) vibration signals. 

The standard is defined over the frequency range from 1 Hz 
to approximately 90 Hz. A set of 20 one-third octave band 
filters is required to cover this frequency band. The one
third octave band filtering provides an rms acceleration 
level for each of the 20 filters. The standard is used to 
convert each rms acceleration level to exposure time. The 
minimum exposure time from the 20 bands is taken as the 
description of the ride. For instance, the reduced-comfort 
cirteria would be used to evaluate a passenger vehicle. 
The ISO standard provides a means of assigning a single 
number (say, 5 hours) to the ride, based on the accelera
tion environment. The exposure time is for a 24-hour period. 



20 

m/s 2 

10 

s.o + 
~ ~-

:.. 2.0 ~ 
. l 
>< r:: 

c:: 
0 .... 
~ 1.0± ... 
u I ~ o.s 

j_ 

0.2 + 
0.1 

1 Min 

z 

1 H ~ 
..c 
-.; 

2.5 H 
0 

4 H 

8 H To Obtain 
- Exposure Limits - 6db Higher 

16 H - Reduced Comfort - lOeb Lower 
Boundary 

1.0 2.0 4.0 8.0 16 40 

Frequency or Center Frequency of Third Octave Band, Hz 

·~ 

~ 
/ 

~~X 

r ' ,-, 
80. 

Figure AI. Transverse Acceleration as a Function of Frequency and 
Exposure Time (Fatigue-Decreased Proficiency Boundary) 



1(5 

8.0 

4.0 

,.... 1 
U') 

~ 

':'Nz.ot 
:= 
0 .... 

-I-..... 

'"' ,... 

" 
-c:; n o I 

0.1 

lgn Peak -----------

~~ ~ 1 Min 

~~ 25 Min 

-............._ -............._ 1 H 

' ~ ~ 
2.5 H -

1:01 ~ .............. 4 H 
Q 

0 ..... 
I ............. 

8 H 

16 H 

1.0 z.o 4.0 8.0 16 

/// 
/ // 

/ // 
/ // 

/ // 
/ 

- exposure limits 6 dB higher 
- reduced comfort 10 dB lower 

boundary 

40 80 
Frequency or Center Frequency of Third Octave Band, Hz 

Figure ZA. Longitudinal Acceleration Limits as a Function of Frequency and 
Exposure Time (Fatigue-Decreased Proficiency Boundary) 



2.0 TECHNICAL APPROACH 

The objective of this effort was to apply the ISO standards 

to ride acceleration data using digital computer techniques. 

The following steps were taken to achieve this goal: 

• Convert the time series data into outputs 
that represent the rms levels of each of 
the 20 ISO bands for each of the three 
directions--vertical, lateral, and longi-
tudinal. · 

• Take each rms level and, depending on its 
orientation (vertical, lateral, or longi
tudinal), find the minimum appropriate 
exposure time as specified by the ISO 
standards. 

• Tabulate the time limits for each band and 
pres~ribe confidence intervals for theN. 
Search the time limits for the minimum time 
and list this information along with the , 
offending frequency band(s) and direction(s) 
of vibration. 

ENSCO's approach to implementing the ISO standards is described 

in the following paragraphs. A straightforward building block 

approach was used, as shown in Figure A3, following the three 

steps listed above. 

2.1 FREQUENCY DIVISION OF DATA 

The analog data are usually low pass filtered at 20 Hz to pre

vent aliasing* prior to being digitized at a sample rate of 

128 values per second. This rate is chosen in anticipation of 

the method that is used to partition the data in the frequency 

domain--the fast Fourier transform (FFT). The FFT operates on 

*Aliasing is a process by which high-frequency signals are 
sampled at an insufficient rate (less than two samples per 
cycle for periodic components) needed for reconstruction. 
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on blocks of data containing 2N consecutive time samples. Here, 
N is an integer and, in this case, is 10(210 = 1,024 samples). 
Thus, each block of data has a duration T of exactly 4 seconds. 

The output of the FFT is a complex array of dimension 1,024. 
This array represents the frequency distribution for the input 
time series. Each complex element of the array resembles the 
output of a narrowband filter centered at frequency (n-l)f

0
, and 

having a bandwidth of (f
0 

= i = 0.25 Hz). This is true for 
n = 2 through n = 512. 

Complex array element n = 1 has a zero imaginary part, and its 
real part is the mean (DC) value of the signal. Complex array 
element n = 513 is the folding frequency for the sample interval 
chosen. Elements 514 through 1,024 contain the so-called nega
tive frequency components and, for the real input process, con
tain no new information. 

2.1.1 PARTITIONING PROCESS 

The ISO standards are concerned with the vibrational energy in 
20 frequency bands centered at one-third octave intervals. 
Each of these bands covers a one-third octave range. The salient 
characteristics of these frequency bands are given as follows: 

• Center frequency: ~ = 10 (m-l)/10, m = 1,2,3, ... 20 m 

Lower cutoff fre- ~~ lO(m - 1.5)/10 • = 
quency: m 

Upper cutoff fre- ~u lO(m - 0.5)/10 • = 
quency: m 

• Bandwidth: 0 = ~u ~~ = 2.32~ m m m m 

These characteristics are summarized in Table Al for each of 
the 20 ISO bands. 



ISO 
Band 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
16 
16 
17 
20 

Table Al. ISO Center Frequency, Cutoff Frequencies, and 
Bandwidths (All Frequencies in Hz) 

Center Lower Upper 
Frequency Frequency Frequency 

(1./Jm) 9, 
Cutoff (1./J~.) Cutoff (1./Jm) 

1. 00 0.89 1.12 
1.26 1.12 1.41 
1. 59 1. 41 1.78 
2.00 1. 78 2.24 
2.51 2.24 2.82 

3.16 2.82 3.55 
3.98 3.55 4.46 
5.01 4.46 5.62 
6.30 5.62 7.07 
7.95 7.07 8.90 

10.0 8.90 11.2 
12.6 11.2 14.1 
15.9 14.1 17.8 
20.0 17.8 22.4 
25.1 22.0 28.2 

31.6 28. 2 35.5 
39.8 35.5 44.6 
50.1 44.6 56.2 

I 
63.0 56.2 70.7 
79.5 70.7 89.0 

----------- ~ L_______---~--~-

Bandwidth 
(om) 

0.232 
0.292 
0.368 
0.463 
0.583 

0.734 
o.924 
1.16 
1. 46 
1. 84 

2.32 
2.92 
3.68 
4.63 
5.83 

7.34 
9.24 

11.6 
14.6 
18.4 



To transform the FFT output to data usable in the ISO standards 
requires two steps: 

• Convert the complex array output into an energy
related variable. 

• Partition these data into the ISO bands. 

The first step is illustrated in Figure A4. Each of the useful 
array elements (n = 5 through n = 358) is multiplied by its 
complex conjugate. The unused array elements are discarded, since 
they lie outside the frequency range of interest or they contain 
redundant information. The resultant is multiplied by a con
stant array C that compensates for the frequency response of the 
accelerometers. This quantity is then multiplied by another 
fixed constant (2/1,024 2) that converts the result into a mean 
square acceleration level. The result is placed in an array 
called W. 

The second step is more difficult and is illustrated in Figure AS. 
This process is called partitioning, and it takes energy that 
is distributed in the linearly uniform frequency bins and redis
tributes the energy into ISO bins that are exponentially spaced. 
The procedure involves straight summing, except where some of 
the bins straddle the ISO band limits. Then the energy is divided 
appropriately between the two adjacent ISO bands. 

2.1.2 FREQUENCY RESPONSE CORRECTION 

In general, the accelerometers that monitor the ride environment 
do not have a flat frequency ·response over the entire ISO range. 
However, these accelerometers are usually of the servo variety. 
Their frequency response characteristics can be described by two 
parameters: the 90° phase shift frequency f , and the damping . 0 
factor. b. 
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The mathematical representation of the response is given by 

f 2 
0 

H(f) = 
-£2 - 2ibf f + f 2 

0 0 

Here, H(f) is the accelerometer frequency response, and f is 

the frequency in hertz. Of primary interest is power response 

which is given by 

4 f - 2(1 -

f 4 
0 

f 4 
0 

The desired correction to the energy data is the inverse of 

this which is given by 

P(f) = jH(f) 1- 2 = 
4 f - 2(1 - + f 4 

0 

f 4 
0 

Correction is effected by evaluating the above for the center 

frequency of the corresponding FFT output bin. Multiplication 

of the above expression with 

bin gives a corrected level. 

be different for each of the 

the indicated energy value of the 

Note that factors f
0 

and b may 

three accelerometer axes. 

2.2 CONVERSION OF ACCELERATION LEVELS TO EXPOSURE TIME 

The implementation of the ISO standards consists of determin-

ing the rms acceleration levels for each of the 20 ISO frequency 

bands in each of the three directions--vertical, lateral and 

longitudinal. These rms levels are the square roots of the 

quantities determined by the partitioning process described in 

the previous section. By using the graphs provided in the ISO 

documentation, these levels can be converted into time intervals. 



The time intervals indicate how long a particular acceleration 

level can be tolerated before the vibration environment becomes 

unacceptable. Three limits of tolerance are defined, and they 

correspond to reduced-comfort boundary, fatigue-decreased pro

ficiency boundary, and the exposure limit. The overall quanti

tative description of the vibration environment is given by 

the smallest value of all of the times so determined. 

The acceleration versus time limit curve appears to be derived 

on the basis of the Stevens-Power Law. We have found that the 

following mathematical expression fits very well when appropri

ate values of t
0 

and q are found: 

where 

a = one of the acceleration levels from one of the 
ISO bands and for one of the three directions 
(a total of 60 are generated) 

a
0 

= the zero time acceleration limit defined for 
each ISO band and for each direction 

t = corresponding exposure time 

= 
Jo.6 for vertical 

1o.48 for lateral and longitudinal 
t

0 
= constant = 

{
1.16 for vertical 

1.31 for lateral and longitudinal 
q = constant = 

= 

a = scaling sensitivity factor and 

= 2.0 to determine the exposure limit 

= 1.0 to determine fatigue-decreased proficiency 
boundary 

= 0.315 to determine reduced-comfort boundary. 



Two special cases of this analytic procedure require attention: 

• .(a.aao) . 1. s The case where less than 1 for 

which t is set equal to 0. 

• Calculated exposure time greater than 24 
hours is not interpreted, since these 
values are not defined in the ISO standard. 

2.3 STATISTICAL CONSIDERATIONS AND CONFIDENCE LIMITS 

The typical vibration environment in a vehicle can be a com
bination of random, periodic, and a third process best described 
as randomly modulated periodic. Superposed on these may be 
events that are neither deterministic nor random. Nor is there 
a guarantee that ~ny of these random processes has stationary 
statistics. In this scenario, the question arises as to how 
reliable the data really are. 

The data that are processed are drawn from this environment, 
and are analyzed using the FFT operation, which is essentially 
a form of narrowband filtering. Under these circumstances 
two questions must be resolved: 

• What are the confidence limits of the 
FFT output? 

• What can be done to improve those con
fidence limits? 

2.3.1 THE PROBLEM 

The time signal that describes the ride environment is the com
posite of several different processes, including random and 
periodic deterministic elements. Unfortunately, little is known 
about the true statistical makeup of these signals. However, 
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they depend on a number of diverse sources, such as guideway 

geometry, vehicle su~pension design, vehicle operating charac

teristics, and onboard vibrating equipment. 

Of interest are the periodic and random elements, since these 

represent extrema in estimating time series statistics from 

spectrum theory. For a random series, the spectral ordinate 

is distributed as x2 with one degree of freedom. For this 

case, the standard error is of the order of the spectral 

ordinate itself. For a periodic deterministic process whose 

period is much less than T (4 seconds), the standard error 

is virtually nonexistent. It can be assumed that the actual 

distribution of ride quality spectral coordinates will lie 

somewhere between these two extremes, provided the statistics 

are reasonably stationary. 

It is important to realize that the problem of reliability 

exists with the individual FFT spectral estimators. In parti

tioning the FFT components into the 20 ISO bands, spectral 

estimators are added together. In the case of the low-frequ

ency ISO bands, only a few spectral components (somethimes 

just one) may be used, which means that the problem of 

reliability is undiminished here. For the higher ISO fre

quencies, many spectral estimators are combined to form a new 

ordinate. The standard error of this ordinate, assuming a 

random input process, will be a small fraction of the standard 

error of the individual spectral ordinates. 

2.3.2 METHOD OF SOLUTION 

In the previous section, the standard error of the ISO bands 

was reduced at the higher frequencies where more FFT components 

are combined. There is a general rule that applies to additive 

combinations of indpendent estimators that are governed by the 

same statistical process. This rule states that the standard 



error of the new estimator becomes progressively smaller, 

when compared to t}le individual estimators, as more of these 

estimators are additively combined. This suggests that the 

fluctuation of the uncertainty attributed to· the lower fre

quency ISO tands can be reduced by taking M nonoverlapping 

time records of length T. The ISO mean square levels are 

computed by summing the corresponding estimators and then 

dividing by M. 

In the case where the vibration environment is stationary, 

the uncertainty of the ISO mean square levels is reduced by 
the factor M. More generally, if w is the expected value 

0 

of each FFT-derived spectral ordinate, then the standard error 

for the mean square acceleration in the mth ISO band is given 

by crm as follows: 

w 
0 

Likewise, the standard error of the rms level in the mth ISO 

band is given by a~ as follows: m 

cr ... - 1 
m 

Note that the quantity 4M8m is the time-bandwidth product. This 

formulation is in agreement with the theory of rms metering of 

random signals, where the fluctuation of the meter diminishes as 

the time-bandwidth product is increased. 
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2.3.3 CONFIDENCE LIMITS 

The procedure of combining corresponding sp~ctral ordinates from 

different time records is known as stacking. The stacking pro-

cedure gives ordinates that·have lower levels of fluctuations 

and that approach the actual statistical levels of the stationary 

time series. Nonetheless, there are still some residual fluctu

ation and uncertainty in the results. Therefore, reasonable upper 

and lower confidence bounds must be placed on the ISO time limits 

computed from the rms acceleration levels. 

One method of doing this is to consider the mean square level of 

the mth ISO band, given as pm' from which is computed the expected 

rms level r as m 

r = Fm m 

Then 

~Pm A.u = + Bam m 

1s computed, and 

which are the upper and lower confidence limits of the rms level. 

The constants B and a are chosen to give appropriate levels of 

confidence. At present, B and a are chosen ·arbitrarily to be 
equal to 1. 



Two methods exist for computing a . These are: . m 

• The estimation procedure given above. 

• Use of stacking statistics to generate 
estimates. 

Both options are provided in the algorithm. 

The question arises as to which option should be used for com

puting am; and, given the value for am' what values of S and a 

should be used for computing confidence limits. As mentioned 

previously, statistical theory of the ride quality environment 

is not well established. Also, it is not known how the p ordi-
m 

nates will be distributed. The best that can be done is to 

apply general guidelines from the theory of random variables. 

These are: 

• Where m is small, say 5 or 6, and where the 
statistics are reasonably stationary, a ran
dom process can be assumed as the worst case. 
the p ordinate is then distributed as x2 

m 
with 4Mo degrees of freedom. From this 
assumpti~n, appropriate values of S and a can 
be determined to give appropriate levels of 
confidence (for example, 90 percent, 95 per
cent, 99 percent, etc). 

• Where m is large, say 10 or more, where 
there is a reasonably good sampling of data, 
and where there are no distinctive events, am 
values can be computed from the data without 
worrying about how the data are distributed. 
This is important since the data to be dealt 
with are known to have features which conflict 
with the assumption of randomness. ·These in
clude periodic deterministic components, reso
nant peaks, and events that are not stationary. 



3.0 PROGRAM DESCRIPTION 

This section contains general and detailed descriptions of 

the computer program developed to implement ISO Standard 

2631. This program is called ISO. 

3.1 GENERAL DESCRIPTION 

The ISO program calculates, according to the ISO standard, 

exposure times for three levels of ride evaluation (expo

sure limit, fatigue-decreased proficiency, and reduced 

comfort) from acceleration data (measured in three mutually 

orthogonal directions). The program is designed to accept 

acceleration data for the three directions in digital form. 

The digital data represent the output of accelerometers 

sampled at a 128-Hz rate and antialiasing filters at 20-Hz. 

As illustrated in Figure A6, the program, after initiation 

and parameter setup, transforms each time sample block into 

its frequency and power density spectral representation; 

corrects for accelerometer variations; and regroups and sums 

the power into bands corresponding to the ISO standard bands. 

After processing the selected number of samples, the program 

computes upper and lower confidence limits (plus the minus 

one standard deviation). One of two methods can be selected 

for this computation. Option 1 uses the time and bandwidth, 

and Option 2 used actual data for calculating the standard 

deviation. Finally, the time limits are computed for each 

frequency band and each direction. Both expected values, 

and upper and lower confidence limit values are computed. 

The minimum exposure times for each direction and the ISO 

band in which they occurred are then reported (see Section 

3.2.2). 





3.2 DETAILED DESCRIPTION 

In this section the main program and subroutines are described 

in detail. The program was wiitten for the Raytheon 500, a 

minicomputer with its memory organized in 2,048-word pages. 

As a result, the program is stacked into subroutines that do 

not exceed one page. The dotted lines in Figure A6 indicate 

separate pages which are called subroutines but which are 

actually extensions of the main routine and will discussed as 

such. 

3.2.1 Input 

Input to the program is from cards and magnetic tape. The in

put from the cards defines the natural frequency and damping 

factors for the accelerometer, the output format to be used, 

and information to select the proper records of data from the 

magentic tape. The tape contains the digitized accelerometer 

signals. The tape is organized into files. Each file contains 

a number of records, and each record contains 128 scans. A 

scan is made up of seven 16-bit words. Within a scan, the 

fifth word represents the vertical acceleration, the sixth 

work the longitudinal acceleration, and the seventh word the 

lateral acceleration. Only 12 bits of the 16-bit word are 

used to represent the accelerometer signal. This means that 

the signal is digitized into z12 
= 4,096 states. 

Since the data are digitized at a 128-Hz rate, each record 

represents 1 second of data. The ISO program is designed to 

read in 4 seconds (one block) of data at a time and perform 

the stacking operation for sequential blocks of data. 



3.2.1.1 Card Input 

The first input cnrd defines the natural frequency and damping 
factor of the accelerometers. The first three values represent 
the damping factor of the longitudinal, lateral, and vertical 
accelerometers, respectively. The next three values represent 
the corresponding natural frequencies of. the accelerometers. 
The format of this card is 6Fl2.1. 

The remaining input cards (one per pass of the program) define 
the output options and data to be processed. The format of 
these cards is 4!5, as follows: 

Contents: IOPT, NSKIP, IREC, N 
IOPT = 1 statistics by option 1' minimum printout 

= 3 statistics by option 1' maximum printout 
= 2 statistics by option 2 ' minimum printout 
= 4 statistics by option 2 ' maximum printout 
= 9 stop 

NSKIP =files to skip (e.g., to process file 3, skip 
2 files) 

IREC =blocks to skip (e.g., to process 2nd minute 
of.file, skip 15 records) 

N = blocks to process (15 = 1 minute) 

After each pass of the program, the tape is given a rewind com
mand. A value of IOPT = 9 will stop the program. 

For the input cards, the damping factor for all three acceler
ometers is 0.7, and the natural frequency is 1000Hz. The first 
pass card (Card 2) will allow the first 15 blocks of data on the 
first file to be processed. Card 3 will cause the first 15 
blocks of data to be skipped and allow the next 15 blocks of 
data to be processed. Card 4 will allow the first 30 blocks of 
data to be processed. The fifth card will stop the program. 



Card 1 

Card 2 

Card 3 

Card 4 

0.7 

4 

4 

4 

Card 5 9 

0 

0 

0 

3.2.1.2 Tape Input 

0.7 

0 

15 

0 

15 

15 

30 

0.7 1000 1000 1000 

The data are in 12-bit format converted to accelerometer level 

in g's by the program. 

3.2.1.3 Test Data Input 

If TEST = TRUE is substituted for TEST = FALSE in the program 

listing, test data will be generated to replace the data usually 

read from the tape. The test data consist of a 2-g spike for 

the longitudinal accelerometer signal; a 0.25-g, 1-Hz sine wave 

for the lateral accelerometer signal; and a 0.75-g, 64-Hz sine 

wave for the vertical accelerometer signal. 

3.2.2 Output 

Three forms of output are available from the program. These 

forms are referred to as the ISO debug output, the normal out

put, and the sample output. Each is described below. 

3.2.2.1 ISO Debug Output 

If DEBUG = TRUE is substituted for DEBUG = FALSE in the program, 

intermediate data will be printed out during the execution of 

the program. These data include: 

• Accelerometer correction factors. 

• Band limits and mechanics for grouping 
into ISO bands. 

• Reference acceleration levels for ISO 
bands. 



e Input data. 

• Output of FFT operation. 

• Power levels in ISO bands. 

• Standard deviation computed using time 
bandwidth. 

3.2.2.2 Normal Output 

Normal operation of the program provides for the output to 

include: 

• The rms accelerations (computed in g's and 
in meters per second squared) in three 
directions with expected values and upper 
and lower confidence limit values. 

• The reduced-comfort boundary for all bands 
and directions. 

• The minimum reduced-comfort boundary with 
the band at which it occurred. 

When output Option 3 or 4 is chosen, the data are augmented 

with the exposure times for the fatigue and exposure criteria. 
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APPENDIX B 

SAMPLE OUTPUT 
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D I S T R J B U T. l 0 N F U N C T I 0 N . E S T I M A T E 
FILE07n;'l TEST 2:3A,B t1SG 191-211 COACH 60 t1PH BRL 

FILE 7 TEST 23r"l t"JSG 194-19':3 REC 30:::'-86 
ROLL PITCH Yf=:lt .. J LONG 
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1.00000 
1.00000 
1. C·Xl00 
1. ()(l()()() 
1 • ~lOC·C~iO 
1.00000 
1.00~)(:"'10 
1.0•.X)00 
1.00000 
1.00000 
1 • E}C•·:)OO 
1.0000() 
1. O(~(~~co 
1.00000 
1. o~x·oo 
1. OOL:>2)(J 
l. (l:X)Oc?J 
1. (\)0t)0 
1. oo~x~o 
:l. ()(!(\)() 
1.00000 
1.0COOO 
1. E)(lOOO 

0.01·W8 

-0.00 
0.01 
0.02 
c~. 03 
0.04 
(l.(l5 
0.06 
0.07 
(~). 0:3 
0.0'3 
0.10 
().11 
0.12 
0.13 
0.14 
().15 
0.16 
0.1? 
0.18 
0. 1'3 
0.20 
0.21 
0.22 
0.23 
0.24 
0.25 
0.25 
0 ·;:n 
~ • L- I 

().2:3 
0.2'3 
().30 
0.31 
0.32 
0.33 
0.34 
o.:::::; 
().35 
0.37 
~~.38 
0.39 
0.40 
0.42 
0.44 
0.45 
0.48 
0.50 
\3.52 
0.54 
0.56 
0.58 
0.60 
0.64 
(). 68 
0.72 
0. 71; 
o.::::c) 
(). El·l 
0.88 
0.92 
0.96 
1.00 

PAGE 
0. 51('60 
0. 82f:938 
0.9S9C:.8 
0. 9'03·100 
0. 9'3'33('1 
1. 00C.C'') 
1. 0(1(;()0 
1. EK'C<:'c) 
1. 0('(\'10 
1.00000 
1. ()(:1000 
1. 0()(h)() 
1. 00(100 
1. Ot:\:JO('I 
1. OOC•C:0 
1. 0000() 
1. 0(:l80~) 
1.0\~1000 
1 . (l1)0CX:> 
1.W'COO 
1. 000\)l) 
1. OOC,C\) 
1.oco;Jo 
1.00COO 
1.0\=H.)(ll) 
1.0000\) 
1. OOC~()t) 
1. OC'(\};) 
1. \)()();)\) 
1. 0<)0\)() 
1. EKlCZ):) 
1. 000(}J 
1. (\;)0~:.:)0 
1.00(Xr.) 
1. 00C{"r() 
1 . o~=~\~\.)0 
1 • o~=)~):)O 
1. 0C(.'Cl<) 
1. 0('{'()0 
1. 000()\) 
1.00000 
1.00C09 
1. ()(~)().) 
1. 0('(\00 
1.00000 
1. ~1<)(>00 
1 . ( 1<:J(>,C';() 
1. (),)()00 
1 . 0C~~~~:.j0 
1. 00t~00 
1. c..~·~:::i·~) 
1. 0(;1(~()() 

1.0('080 
1. 200C"3 
1. OCCDO. 
1. OCC<v:) 
1 • OCC•:~'\) 
1. 0\)(\)0 
1. C'l>?'OO 
1.0;X'O·o 
1.0('000 

0. OtlE:O 

f' 

4 
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~G TEST 23A,B t1SG 191-211 COACH 60 MPH BAL 

FIL:i!: 7 TEST 2::JA MSG 194-'1.99 REC 30-86 

ROLL PITCH YA~.J CENTER FREQ ROLL PITCH YAW 
RAD/SEC/:::;EC RAD/SEC/SEC RAD/SEC/SEC RAD/SEC./SEC RAD/SEC/SEC RAD/SEC/SEC 

0.00000 0.00054 0.00323 LB ~Zl. 00430 0.00437 0.000'38 
0.0251'J 0. 00;:::19 (l. OOE.]5 6.3 HZ EIJ 0. OOE:S5 0.00599 (J, (~10133 
0. ()]6f1i o.oo:::os 0. (~():3]8 UB 0.01130 0.00726 ~l. 00160 

0.0(\)00 0.000'35 0.00140 LB 0.00758 0.01172 0.00161 
0.01754 0.0f)2f.3 0. ~)((37:3 8.0 HZ EIJ 0.0253:3 0.01537 0. ~)0205 
0. e:~=:548 0.003[.0 0.0050'3 UB 0.03500 0. 01E:30 C::l. 0(l242 

0.0100'3 0. 0(1252 0.00153 LB 0.0270'3 0.01855 0.00166 
0.024[:2 ~j. 004'31 0.00]15 10.0 HZ El.J 0.0]385 (1. 02:37:3 0.00194 
0. 03:3f.:.2 0.001::)47 0. 0041:::: UB 0. 039•"\:3 o. o:::::c=::o5 0.0021'3 

~ . .-..... ,,-, .... ....., 
• v~::..•c•'"-1 t 0.00440 0.~)0]22 LB 0.04270 0.0SE.B2 0.0025'3 

0.0179'3 (l . ~x:Jr::.:::::s ().00500 12.5 HZ E'J 0.05339 0. 0?17E1 0.00317 
0. ~)2]SI'3 o.o~nB4 o.oos:::o UB 0.05:228 0.08413 0.00356 

c~ .. oos::::::· 0. 0036;~ 0.003!':::6 LB 0.019J4 0.03141 0.00196 
0. ()(j:34Lf O.CH)526 0.00525 16.0 HZ E'.J t1.02547 0.04195 0.00233 
0.0103'3 O.OOE.S1 0.00652 UB 0. 0303'3 0.05034 0.002tA 

0 . (~0.L19::: 0.00179 0.00151 LB 0.0:::::55? 0.00730 0.00356 
0.00627 0. 002[,'3 0.00202 20.0 HZ EU 0. (129E:5 0. OO"::H2 0.00425 
0.007:::::7 '~' . (2J(r335 :0.00242 UB O.OT::so ().(~l:l.114 0.00485 

(1, 00:3··10 0.00199 0.00109 LB 0. 0109:3 0. (~10250 0.00182 
0. OOE.31 0.00271 0.001E:4 25.0 HZ EU 0.01250 0.00311 0.00216 
0.00B25 () . ~Jo::::2:3 0. 002:::::t:. UB ~). Ol:::t=:r; 0.00362 0.00244 

0.00418 O.OCH91 O.OOlOE: LB o.o12::n 0.00192 0.00128 
0. ooc:.2~1 O.C2l0313 0.00152 31.5 HZ ElJ 0. (l1456 0. ()0242· 0.0014~~ 

0.00776 0.00399 0.00187 UE 0.01628 0.00283 0.00154 
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~;t! TEST 23A,B MSG 191-211 f:OACH 60 MPH BAL 

FILE 7 TEST 2~:R MSG 194-199 F:EC 30-86 

CaHER FREQ LO:'-!G ~JERT Lf":jT CENTER FREQ LONG VERT LAT 
G'S r:1 ~ ,-. ..:t ;::, G'S G'S G'S G'S 

LB 0.00015 0. GO::l1.11 0.00285 LB 0.00105 0.00236 0.00115 
1.0 HZ EV 0.00(:)46 e21. ~)0281 0. ()04:31 6.3 HZ £t) El. 00133 ~). 00291 0.00137 

LIB 0.00064 0.00]82 0.005:39 UB 0.00156 0.00:3:38 0.00156 

LB 0. 0()0{:~0 ~1.'2100]9 0.000'36 LB 0.00148 0.00492 0.00252 
1.3 HZ El) 0. OCJ~jS•] 0.00311 0.00331 8.0 HZ EU 0. 001!32 0. 006:36 0.00364 

LIB ~'. C:'XlO::kl ~) ~ 0~~'·13:3 o. 0·0H58 LIB 0.00211 0. 00:33~? 0.00449 

LB 0.00049 c:'. ()(~JC-:71 (1.0(71254 LB 0.00171 0.00378 0.00246 
1.5 HZ £1) o. oo·:)?1 0. C043~? 0. 004t;.f, 10.0 HZ EI.J 0.00225 0. \?KHE:r' 0.00314 

UB 0. 0()i)f:7 0.005':)6 0. 0060EI UB 0. (~026:3 0.0C)542 0.00]6'3 

LB 0.00C:H5 0. ~f)c'32 0.0017:3 LB 0.00446 O.OCH02 0.00146 
2.0 HZ El) o. oooc:.? o.oo::::·n 0.00]!::-:.7 12.5 HZ EU 0.0057!3 0.00511 0.00203 

UB 0.00084 0. no:12:S 0. 00•174 UB 0.00685 0.00600 0.0024:3 

LB 0.00034 0.00107 0.0C10E:S LB 0.00342 0.00227 0.00136 
2.5 HZ El) e. oooc,,1 0.00:157 0.001:34 16.0 HZ £1) 0. (~1043:3 0.()0285 0.00167 

UB 0. (h)(}f:3 0. (:1(~) 194 C:l.00169 UB 0. 0Cl516 0.00332 0.l)(ll94 

LB E-1. 0005? 0. 001.(.9 0.00105 LB 0.00182 0.00153 0. 0~3181 
3.1 HZ ElJ 0. ()007[: 0.00225 0. 001~.1 20.0 HZ EIJ 0.00207 0. '~OH::O 0.00207 

UB 0. (})(Y3B 0. (:)0270 0.001::::5 LIB 0. 0022'3 0.00203 0.00230 

L.B 0.0006<:: 0.()0J.18 0. OOOE:'J LB 0.00104 0.00102 0. 0(~112 
4.0 HZ £1) 0.0~3105 0.00"162 0.001:.::!5 25.0 HZ £1) 0.00121 0.00119 0.00129 

UB 0.001:::::5 0.0019? 0.00169 LIB 0.00136 0.00133 0. t-10143 

LB 0.00075 0.00105 0.00094 LB 0.00104 0. 0010:3 0.00105 
5.0 HZ ElJ (l. 0011:::: 0. O~l1:3:3 0.00145 31.5 HZ EU 0.00118 0.00125 0.00117 

UB 0.00149 0.00155 e. c~o1sc~ UB 0.00131 o. e•0140 0.00128 



CENTER FREQ 

LB 
1.0 HZ E~.J 

UB 

LB 
1.3 f-jZ EI-J 

UB 

LB 
1.6 HZ EU 

LIB 

LB 
2.0 HZ cu 

UB 

LB 
2.5 HZ EU 

LIB 

LB 
3.1 HZ EU 

LIB 

LB 
4.0 HZ £!,) 

UB 

LB 
5.0 HZ EIJ 

LIB 

T I M E Lit1ITS - R E D U C E D C 0 M F 0 R T 

11m 

LONG 

24.0 
24.0 
24.0 

24. (1 
24.0 
24.0 

24.0 
c:4.o 
24.(1 

24.0 
2·1. 0 
24.0 

;::4. 0 
24.0 
24.0 

24.0 
24.0 
24.0 

24.0 
24.0 
24.0 

24.0 
24.0 
24.0 

TEST 23A,B nsG 191-211 COACH 60 MPH BRL 

FILE 7 TEST 23R t1SG 194-19'3 REC 30--86 
LRT ~.JERT 

24. (~ 24.0 
16.1 24.0 
11.9 24.0 

24.0 24.0 
22.'3 24.0 
14.8 24.0 

24.0 24.0 
14.5 (~4.0 
10.1 24.0 

24.0 24.0 
20.7 24.(2J 
14.1 2·1-. 0 

24.0 24.0 
24.0 24.0 
24.0 24.0 

24.0 24.0 
24. (1 24.0 
24.0 24.0 

2•1.0 24.0 
24.0 24.0 
24.0 24.0 

24.0 24. (~) 
24.0 24.0 
24.0 24.0 

LONG 

CHiTER FREQ 

6.3 HZ 

8.0 HZ 

10.0 HZ 

12.5 HZ 

16.0 HZ 

20.0 HZ 

25.0 HZ 

31.5 HZ 

r1 rr~IMA 

LAT 

LB 
E~.J 
UB 

LB 
El.J 
LIB 

LB 
EU 
LIB 

LB 
£1) 
LIB 

LB 
£1,) 

LIB 

LB 
£1,) 

UB 

LB 
£1) 

UB 

LB 
g) 
UB 

E><POSLIRE T I r1E C HRS) : 24.0 14.5 

VERT 

11.4 

CENTER FREQ (HZ) : 1.0 1.6 8.0 

LONG 

24.0 
24.0 
24.C2J 

24.0 
24.0 
24.0 

24.0 
24.0 
24.0 

24.0 
24.0 
24.0 

24.0 
24.0 
24.0 

24.0 
24.0 
24. ~'j 

24.0 
24.0 
24.0 

24.0 
24.() 
24.0 

PRGE 7 

LAT VERT 

24.0 24.0 
24.0 24.0 
24.0 24.0 

24.0 17.1 
24.(l 11.4 
24.0 8.9 

24.0 2·1.0 
24.0 23.'3 
24.0 20.1 

24.0 24.0 
24.0 24.(:) 
24.0 -,.-, """'"\ 

c.._:. • ..;t 

c'4.0 24.() 
24.0 24.0 
24.0 24.0 

24.0 24.0 
24.0 24.0 
24.0 24.0 

24.0 24.0 
24.0 24.0 
24.(3 24.0 

24.0 24.0 
24.0 24.0 
24.0 24.0 



FPEQCHZ) 

0.25 
0.50 
0.1'5 
1. ()() 
1.?5 
1.C::O 
~ r::-c 
.l.. !·...J 

2.00 
2.(~'5 
?.S0 
"J .. ;•c 
L• I ._1 

3.CO 
3. ;_::·~; 
:::..'::;o 
3.?5 
4. 0~) 
4.25 
4.50 
4. '/5 
5.00 
c ·::.c ·-·· (._._, 
5.S0 
c . ~·r: 
._,. I-~ 

6.DO 
c.~·s 
c.. ~:~0 
6. ·ls 
?.00 
... ? . :-·'5 
7. t.::.~?J 
....., ·:-c 
(.(._I 

s.eo 
::::. ;~·s 
::::. ~.:.~) 
C• .. _:·c 
L•. I·-' 
':.l.CO 
s~. c7:·s 
':3. L~O 
9. "/~. 

h). C\) 
1(~. 2"5 
10.50 
l'J. 75 
11.00 
li. 25 
:J t. ~-.!:::1 
11. ,..lS 
12.00 
1~.::~. c·s 
12. ~:.o 
12.?5 
13.00 
13.?5 
13.SO 

POLL 

-40.092:3 
-37.021:3 
-2'=3. 9:1.27 
-25.9550 
-::::o. o~110 
-2?.9+::.4 
-27.::::t.47 
-:3]. 20i9 
-37. ::aS?E~ 
-39.11?:::: 
-4().EJ]36 
-43.J'9]4 
-43.1'3'33 
-42.1:]5~~ 
-4:3.41?E: 
-42.9726 
-44. :::~f.:.S'""? 
-44.501(. 
-46.:::::4?:::: 
-45. 1'320 
-4:3. 24·:V3 
-44. Ef..:.~~·J 
-44. <:::?54 
-47. ·~~:~~i:~: 
-47. s~co:~: 
-··1:3. 001:;1 
-41 . ::::::::4:::: . 
-::::::::. (:,((::4 
-:::·3. 2712 
-37. 90~:rl 
-31.7?01 
-31.07e'3 
-33.74:::::3 
· <36. 9.S'JC' 
-::::7.5:341 
-4i. ~:~b?O 
-·42. J~.:.·J:::: 
--40. 9·~~c.~~:. 
-]:3. ~~'31{~ 
-33 • ..:fSC:3 
-32.1017 
-2':::1. 6:344 
-30. j 341 
-:::1. ::::744 
-29. ?1::::-:;: 
-::.:o. t=::·J:::: 
-30.]?-=·1:::: 
-30. C'~!t:=.:3 
-29. ::::s::::s 
-26. Bl..:H) 
-28. 5-4::::2 
-28.9051 
-:::4. =:::=:4:3 
-35.:CE45 

P S D 

PITCH 

-51.52:~5 
-48. 44!32 
-4 7. ~:£.5:3 
-47.15EA 
-47. O']Of.; · 
-42. 6=::'"?0 
-4e. 7D6() 
-40. 9C·r·?r; 
-:39. 6'""?C.:~'3 
-43. '35f..4 
-48.2042 
-·1E:. ?Ell? 
-51.4314 
-51.7745 
-49. E:E:E:.? 
-::;2. :::x,.:n 
-51. oo::::~~ 
-50.1~::og 
·-~0.55C~9 
-51 . 5~~]=:7 
-51.. 7'3'?3 
-49. ::322:~5 
-49. E.•:J.:;4 
--'17.7?11 
-~·1 :3 . 6007 
-4:·;. 2':3:37 
-··i'~ . 2LJ·:n 
-4:::.5A'J2 
-::::~j. f,~·lGl 

-41. 3(':,'36 
-]?. 6E:?8 
-~:s. 9100 
-37 .1']0i~ 
-41.7:]03 
-44. 1"16? 
-4?. :]7(.0 
--'14 . 5::-:E:.;~ 
-4 1 . :::::::::]•:J 
-.:·iO. ':30;~~0 
-~:2. ?1::.'?0 
-]:3 . .. ?:1. :l'3 
-<34. 25~)4 
-::::~;. 5~~;:·t: 
-:::.:5.6075 
-·::::::::. 6502 
-]2 . 5:]•::J:] 
-:35.6?56 
-=::1. ::::::::]2 
-~=··-?. 2]:3!3 
-2;2. '3:::::::::::: 
-24. 51Ct1 
-;::·t; .. OE:6 
-:.::1. 85~::4 
-::::2.9414 

L E V E L S 

Y~l!..J 

-49. o·:l'39 
-·41. EE)74 
-41.0':::146 
-37. ·:)?44 
--42. 7~~·3] 
-4"? .... ?2El3 
-"13. 7~AO 
--42. 6142 
-41. 9:~:57 
-41 . 7::.:54 
-4'3. 0~~:3'3 
-51.11"37 
-54.7024 
-55.1452 
-55 . 1 r·:3::3 
-~3] .. l.'?'32 
-·52. 8C.'2'l 
-5E. 6~;77 
-5::::.7:::7:23 
--5t: .. 4':JS? 
-55 .. t::C:1::.4 
-·57. t:=.:::::-=:6 
-!::;:::: ... ?::.:~oo 
·-t.o.:t~:C;u 
-·[,1. 7::;1'::1 
-!::;"?. ::::17'::1 
-~~/3. ~,.~c·t.B 

- ~;::=: • ~::~ ~~51::. 
-J:C:;r_:: .• =:: 1 OS 
-~;7. '3C~42 
-J:C::s. c.c.61 
-5l]. 1~;'39 
-5'3. ::::tt~.o 
-54. ::.::·:(?:3 
-54.::3t.:.:=::~=:: 
-56 .. ::~:~:;o~; 
-·5E!. ::::E.4:] 
--f,1. 104:: 
-61. :31'::.!f.:, 
-5E: . Jr.::. 11 
a-r::.o. ~:/:J'::J5 
-SE: • ·::.10'3:3 
-55. Z:'E:03 
-55.5A17 
-55 . ..::101B 
-55. :3~~~.] 
--55. tf"?1E: 
-·-5].6'::!(}] 
-51.7070 
-52. ~:;~.:35 
-54.12':]6 
-54.1250 
--56. 5t:74 
-58 .. 7347 

D B 

LONt3 

-50.5700 
-60.1:309 
--~}3. 3617 
-6(). 6523 
-5'3. :::13? 
-!::.E:. ?OE..S 
-s::::. 4'32? 
-60.5171 
-60.9021 
-61. 4t:.·14 
-62. or:.;~c~ 
-5'3. 4'3E:O 
-·61. 9]':714 
-f,1.1]02 
-f,O. 2512 
-·57 .4165 
--59. ']~;:::0 
-59. ]4:~7 
-·5'3. E:Cf?5 
-·.::.:3. 0<105 
--C.() • C~OC~6 
-s:::: . '3f:. 12 
-60. 320''? 
-60.6?02 
-·[,(). f;:.f.:=.:=:g 
-··!::k::. 205:3 
-s::::. t:~~~:;o 
--~;t: .. 9~.::c:o 
--57. B'?O::J 
-·5:3. 2~H~~7 
-s:::: . o·:31 :::: 
-·5'?. 0 /E:4 
- -c::;E: • 1 '3?0 
-S6. 7t::A:l 
-56. ()0~~6 
-r::.o . 20i::. 1 
• -!::::::: • 2r?93 
-59. E.: :1 t:,t; 
-E;fJ. Si?O 
--54. 1::::::::~:3 
-!::;4. '3:~F::6 
-5~4 . 1 ::::~~6 
-!:::·7. s·:r::s 
~-57. 6t:,~:.9 
--55. o~:,'?j 
--5:::. 0[:'~-;~:. 
--sr::.. o::=:1,1 
-54. 5'3':)0 
--~;o. 4514 
- ·-4E.. 74:3:::: 
-·4t:. 4•:J::::::: 
--5() . 2:]5] 
-5~~. 4::::57 
-50 . t::38'3 

VERT 

-54.7182 
-55.3387 
-49.7660 
-45. Ck)72 
-44.756] 
-44. 6:304 
-41.0417 
-4E:. 4G:3'3 
-54.9::::27 
-52. [.'314 
-54. 4'"?24 
-52.1144 
-5(). 6]93 
-51 ... ?t:.E:·3 
-54.1013 
-55. '::1175 
-5:3. 24?1 
-57.6522 
-·57. f..E:3:3 
-60. 7()f39 
-57. 774'3 
-57. E:/?31 
-C'7 ~·-;a,......(.) 

.._t I • I I (t~ 

-5?.228'3 
-57. 1•179 
-51.1::::25 
-so. ~:.~~~26 
-Li:3. 2'J57 
-45. ,:.H::.:::::::: 
-47. (~2'94 
-44. 0?7:3 
-'42. ·,:o5:n 
-45.1063 
-4'3.9:122 
-53.1'395 
-55. E:l2(} 
-5S.1517 
-5s. 1·3::::7 
-5:3.15::.::5 
-46. t=;::::·=H 
-47.1906 
-4:3.9466 
-:::.o. ::::s14 
-50. -'1··'l0] 
-49. f.;~;~O 
-49.71:]4 
-53.:1.560 
-51.427:3 
-"1'3.11'36 
-4t: •. 4'397 
-49.?411 
--5]. 25]1 
-56 . c~::::os 
-54.2735 

PAGE 8 

LAT 

-50.4195 
-48.5085 
-43.2426 
-41.2845 
-44.4413 
-42.5064 
-41.5149 
-·~6. 9145 
-52. E:2'30 
-55.77::::0 
-56.5977 
-56.2'342 
-54.5160 
-54.1E55 
-57.0313 
-56.1953 
-5'3. 1t:'35 
-5:3.0G78 
-55.6554 
-57.8303 
-SB.;2275 
-~.38. 2231 
-59.1694 
-60.1573 
-~::3. 1589 
-57. 6'371 
-59.:3586 
-5?.·:::ot:.6 
-57. :=:s::::e 
-~.7. oc·:=:? 
-50.8765 
--50.1('"\8 
-4·3. o::.=:t5 
-4'3. 9588 
-so. 8::::::=:1 
-S4. f.f,r~,g 
-56.(~5-'W 
-SE .. 7E.72 
-51.0751 
-51.272:3. 
-56.5::::59 
-54.3:3'32 
-53. 4t))5 
-53.9771 
-52.5571 
-~.s. ·:1456 
-57. et.·3e 
-59. 22i~6 
-f:.o. 3t::.::::9 
-~;·3 . 1 o::::2 
-5'3.8692 
-59.0:=:11 
-6e.ecss 
-61.0511 



FREOCHZ) 

13. ?~) 
14.00 
H.;·:·~:; 

11.U) 
14. '(l::; 
1s. ~:;:o 
1S.?S 
:ts. ~:;o 
15 ...... :.:3 
H).00 
:lE. ;::~5 
ib" ~~'~ 
16. r;··s 
17.CO 
17. ;-:·c; 
1.-?. ::.l~ 
1-,;.·(s 
H3. (.{) 
1:::!. ::·s 
i.L=::. 1::.(5 
1:3. '"('~~~ 
1'3. C;C~ 
-~ 8 ·:.;C 
.i. ../. '_._) 

19.~.0 
1'::~. '?:; 
20.1,;.o 
(~0. ~::5 
;::~o. •::;o 
2~;;. '"?S 
:~1. C:O 
21 .. :o~; 
21. 1 :~0 
21. ·.:s 
?:~.Ol) 
~~(~. ?5 
22 .. '::·0 
Z~?. '?5 
2:3.00 
2:3.:-?5 
2:3. 1:·0 
2:3 . .-?5 
24. ('0 
?4.?5 
2·1. t:,;() 
2'!. 'iS 
2S.Ci0 
c~s. ;.:·s 
2S.SO 
~~5. 'r5 
26.0C) 
26.Ci5 
26.~.0 
;~s. '}5 
,27. C(~ 

ROLL 

-32. ::::·r;f,0 
-31. f~Ji83 
-3:3. c·~_)9s 
-33. c~2::.b 
-::::7. 010':) 
-36.1.1?() 
-3?. l':J91 
-3?. •iE(::t: 
-40.6914 
-¥). '/065 
-43.4191 
-43. 6]~:5 
-42.2727 
-..:10. ~~s:::~l 
-::.::7. '"?""?98 
-37 .. £:,J.~~t) 
-39. :1. ~3:~j4 
- 3'3 • C'!:J] 1 
-36. (,5'/ 4 
-32. 61':":)'? 
-32.68]~-:f 
-36. ~:.:312 
-35. -:)06'3 
-]8. r_)C:,<!O 
-39.1212 
-35. :::~~19 
-3(;. 9'::JJ.:3 
-4~). ~/"((j.-·t 

-::::::::.2004 
-40. SH4l 
-J·~ .. [:•:=:~.~:) 

-::::::3.0413 
-]E. 7r-;}1·? 
-]9. ??()J 
-4.3. 1c:;:::::0 
-"-12 .. :]'::.?1 
-41.5·D'3 
-40 .... r'..:t:::::=: 

. ·-42. "·i6[tC~ 
-43.EE·15 
-4:3. ]~:c:::::: 
-45. U?C. 
-48.9115 
-47. 1~:;')0::1 
-47. •iCH3 
-48. ~:6()5 
-4S1.1E:t4 
-4'3. ??~~·? 
-51. "{5<"1(. 
-48.6170 
-49.7]28 
-4'J. E-:1 4'3 
-48.6844 
-48.5715 

PITCH 

-2?.8035 
-r.5.1007 
-<='5 . 31 ·:3c; 
-;;:·::;:. 3•100 
-2::::. ::::c::~:-:.:3 
-:~;~::;. E:~)04 

-::::6. 1 ... ·1:.:~:::: 
-35.150~~ 
-::::4. 7.~::~.::;6 
-](::,. 8·:-Y.:;(, 
-::::;. 2~)]1 
-~1,~. 7l:]g 
-:;·:E:. 5'"?;:_:·:3 
_,10. 9::::r:;1 
--'10. o~=y.:::3 
-::::::-::~. 3H)'3 
-4 :t . 9[:~~;() 
-..::1s·i.5:]::.:8 
-'1"1. 7C..:r:.·3 
-•Kl. '3'/!::.8 
-41. 5T:'1 
-45 . ?~-=~c~B 
-~17. ()::Jf: •. ~ 
-~,1. l:~Y~.}~ 

-51 . l'::JE:.S 
-r.::;o . 9~-.c:.o 
-51.6108 
-~~2- 7::::]6 
-52. 7:]E15 
-~:;1. 7:1.?2 
-~·<:: .. 5'"/45 
-~·1. :=:0':30 
-5·4 .. ·::(f?'3 
-54.:J(.C::5 
-!';;::::. 6·11 0 
-':C>1. 7']J.0 
-S:S .. 2•:.1c5 
-~/? . 9;?;:_-·r::, 
-5.·4 . s::::r~;r:; 
-5E .. 21::.00 
-c~·J.2J to 
-~·)5. 9 ~V.:JE: 
-~~6 .. ,.?:.~~··:,:_=: 

-S? .. 3L::]7 
· -~::.7. C:Hc:1 
-~;E: . st:,srr 
-:;'::1. 2~.?(~J 
-5E:. 15:]i3 
-~.8. ]~1~4E: 
-~;·3 .. 0.:t~4 
-'::.S!.10C:.5 
-~:;:::::. 5"114 
-~3?. ::::::549 
-~~::::. ]542 

P S D LE 1JELS 

YRL...J 

-54.0113 
-!::.C'. ·::1[(y;:. 
-54.137'3 
--56 . ~;~_-)fJ£-) 
-s::::. 300:3 
-61 .. o:~::os 
--~::.o. s~::9c, 
-S9. ?l?f., 
-·59. :]046 
-~;c .. ::::..-10':; 
-mS':l., ~~::~:~34 
--60. 24::::0 
--~:.:-=: .. f.~ ... l-31 
--s·::~. ::::c:~co 
-SE:. 7;:.~J4 
-~.:=1 .. o~.::o~; 
-(:.o. ?~i 11 
-·59. ]]:]1 
- ::;4 . J(.f:, 1 
-5::3. ?1;~:] 
-'.::.~3. ?llJ 
--!::,:::: .. [!01':.::1 
-54 .. OZ~63 
--~,:3. ·::.1:]?5 
-~;3 .. 6(1~2 
-55. +lH3 
-54. 1 0'7'3 
-~~?. o·:.j·J~; 

-~;o . .. ?:::~~~9 
-53. 6:1.JC~ 
-5:t.·:::'i:E1 
-··S2. E1 .. ?6~~ 
-r::.F.: .• 107? 
---~.5 .. z~··/92 
-~.;]. r:.~; :l () 
-~:;F:,. 1 0?5 
-.f3i~l • :~::;~~9.] 
- ·~.7. ot:.1:3 
--~.:3. ']J ~!4 
-61. :1'1'51 
-t:.o. ,~c.r:.G 
-5\). 4c.s::3 
-6~~. 6;:.'64 
-61. ~?::1E:t2) 
-f,:l. 0':1(.7 
-6i:: .. ~~;~2~?1'3 
-6(~. 4E342 
-EO. S1::195 
-1;4. 7~JE:,:3 
-f:.c~. 04t:.? 
-62.50E:.S 
--63. OE::07 
-64.1~)25 
-(4.9]72 

D B 

LOI'lG 

--45". 6405 
- ·4!.3. 00~,7 
--4·7. 4E:t:.e 
-·19. 9[:tA 
--~;o. 82~?4 
- s::.~. ;;::.r.=:.o5 
·-s 1 • s~::-::62 
--51. 7~:;41 
--[;:-3. (h)'7'? 
-F;=::. 5t~)~;2 
- ·~~(). 754 7 
-':::.7. 01E:O 
-E:t). ::::::::.=·4 
--s::::. o11? 
-st::,. 3815 
-5F::.1~··1::::6 
-~=/·?. t:010 
-~sr:::. :3:t::::7 
-·5?. ::::•3J7 
-5~~. 19:·:=::8 
-!::,'"? .. ~3?t:: l 
-5'J. '3D~~7 
--6;~. ~:~;6? 
-6:3 .. 18']0 
--62.9081 
-t:.2. 1t:.'31 
--6~·.?. .. 562~3 
-6:]. 9']1(~ 
-EA. E::055 
-6J.1147 
-·6~~ .. ::=:·:J~:J6 
--60. :3·=l37 
-!::;':3 .. ]0'34 
-6:3. 2."3k"l4 
-I:A.1]f.:,6 
-E~::::. 1 ~.::;·:r3 
-~64. 7~~~(_:,:::: 

-6..::1. 4::rr2 
-6~:.. 0]?3 
--t:.c: .. oo•12 
--65 . 7::::::::r:. 
-{;6. 9000 
-65. El~):l~1 
--(:.5. 0019 
-t:A.113? 
-67 .17·'15 
-t:6. S3'::'G 
-5?.9297 
-68.2684 
-64. E:l79 
-65. 5"11)0 
-t:.7 .1Jr:A 
--t:.B. 31.90 
-56. O'C:I::C:!1 

VERT 

-50.4,175 
-49. :::~~(.:5 
-52. ]~~\~~0 
-54.1432 
-5:::1.67 137 
-60. ::::7..:~5 
-56. o:J'-11 
-57. "?E:~;o 
-57. 2::.(-:,(l 
-56.11'31 
-57.0704 
-59. 2r?'30 
-s::::. -46"32 
-60.1015 
-5?.G997 
-S8:31E:5 
-61 . ~j~;E,2 
-~.'3. 7]55 
--s::::. ::::::::10 
-56. Sl~)14 
-e:.o. 04t:.7 
-54.20El5 
-El. ~"?:::::32 
-54. 0~:'29 
-65.4345 
-63.7134 
-G3. 9911 
-64.1J'.:)3 
-t..S.3:10(l 
-EA. 13'3'3 
-61. 1'339 
-61. e:•::::t=.1 
-5'3. 03·1'3 
-G:3.1421 
-t:.:::. Si010 
-EA. O::C:01 
-:::.t:. .. :.:ic=:.:37 
-63.4124 
-E.6.E':)22 
-E.::::. ]0:::,'3 
-E.6. 47·'10 
-57.0!373 
-t: . .s. 4'J51 
-64 • E::~"-::'35 
-64.4151 
-f,6. 27:33 
-t:,(:.. r::.·:?04 
-65.767:3 
-E.9. C:·'142 
-65.]170 
--64. ~:'336 
-66.~:]12 
-69.1'365 
-67.0128 

PAGE 9 

LAT 

-61.6609 
-61.0274 
-61.15:34 
-59.5'739 
-52.5•\53 
-61.4112 
-60.2102 
-50.4123 
-5'3. SH32 
-t:.0. Lt:::~~:s 
-61. 7~)59 
-6:3. C\1.'33 
-60 ..... if:82 
-61 .. 4t!77 
-51.0568 
-E3. 78~:::0 
-E,2. 3628 
-62. ';:.913 
-57. '3=::t)2 
-58.2'J52 
-5:3.3:1.63 
-51. LA? 
-513. 5?97 
-~.·3. ·~ .. ,:'94 
-60. 9\)'31 
-5'3.6]53 
-61.5214 
-61. ::::·:):]2 
-E,l. 27E:2 
-61.3245 
-E.l. OS41 
-~;9. 2~~08 
-5':l.317G 
-62.2175 
-53.5655 
-t=.c~. 2s~;3 

-t:.:3. 97~)4 
-62.5261 
-E.~ .. 72~)6 
-66. t:.2;::s 
-E-4.0516 
-66.1120 
-6E:.5t:.69 
-54. '3l::H 
-E.3. 7513 
-6? .31(?.10 
-(,G. 4?42 
-65.3541 
-b7. 3:3'36 
-54.6E86 
-55 .. 2648 
-6b.OS4t: 
-57.7249 
-67.0579 



FF.'EIJ ( HZ ) 

27.25 
?7.'::~0 
27. *",~s 
~::::::.co 
"':•C; · .. •L 
(._1_1. {__.) 

;:·::-:. r:.o 

~:~: :~::5 
~=·!3. c:·s 
2'3. ~:.o 
2'3.?5 
:::;,:; • (\(J 

:::::0. C'S 
:~:0.£.:,(~ 
:::o. ~{~; 
31.00 
31. ~:·s 
31. r::f) 
::a. ·rs 
::=:2. 00 
::::2.?5 
:32. ~~-.0 
·-=·-=· --.:c 
._!(.._. '·-· 

]].00 
""':! ... ) ·::·c 
,_1._1 • I .•-.J 

J3. ~;o 
:D. ·,·s 
34.00 
]4. ;:~~; 
3'1. ::.o 
34.?5 
3S.CO 
35. ~~~5 
::::s.~C:.o 
·-:·c ... lc 
._,_ • ., I·-' 

3t .. C{:l 
:::::t::.;-:;s 
:::~s. ~0 
:~:c. ~: .. s 
37.C·O 
3?.c·s 
]7.~.0 
37.('5 
:.::::::. Ol-J 
:::n:::. ;-~·s 
~;8.S0 
::::::: . ... /5 
:39. C·O 
39.C:5 
]9.SO 
~:9 ... ?5 
40.GCl 

ROLL 

-48.8'304 
-48. ?~:l_.:.? 
-45.S21:0oJ 
-·'tS. C\l=··l8 
-~ '"1 . ::t:J::J_:. 
-44. f.~:::.:.:::_; 
-4::::- 11~);::: 
~ ·:39. 2:?:::=.::9 
-4 i . 1 '3':3:':, 
-45.7%7 
-~t7. gr:::~;s 

-47.2::::72 
-~S.S217 
--47. ?78G 
-46. 748!::. 
--~"?- 012':? 
-4't.b4'J? 
- ~te .. ~.;~:? 1 
- ... 1E:. '3~);:::4 
-41. 17::::6 
--~4.11'_.'::~ 
--4:'::·.11!::.1 
-L] !:;: • 5'(''? /t 
-4::::. ]C)2:::: 
-4S. t:.U'J'::, 
-4S .. :-.:;~f:,E. 
-4S.5E172 
-+1.'::.Sb!=; 
. 4 ... (. ::: ... ?[.1 
- ~·}s. ·t:::sc· 
-52. 41:3'::3 
-S5. 07~l3 
-S4- f.:::::::~::: 
-E.S. ~·...:lC~('; 
-54. AlC.'~:: 
-~.4 . 81 C!E, 
-~,J.l?g4 
-~.1 - ::...;~:;~~2 

-so. OJ;:··:; 
-~;3. t:.~1S8 

- s:3. S7E.9 
_c:_;1 . .3045 
-51. 5C'f;:,(:) 
-s:::. ~t:~.~=:c. 
-S3. ?':l'/0 
-!::.4 . C···t::.:s 
-54.]708 
-[.~4. 3-49S 
.. s:.::. 9:.:: .. ?0 
-55. OE.OC. 
-5]. 21.B':J 
-51. [,'39'? 

PITCH 

-60.7774 
-58.5:140 
-59. '3~l14 
-61. 't5'l9 
-61. :3]E::3 
- £/J. :::!ll93 
-s·:.1 . s::::r::c. 
-56.2.]::::2 
-57 .17C::;1 
-1~.1. 3G13 
-t.l . oo::H 
·-sE:. •:JOl4 
-51. 3+1'3 
- . ..):3. :3'??:3 
-b1 .. 6::-=;•::r:=: 
-5'3.1?~E3 
-~;:]. s·=.~::::-7 
-6]. ~?lll 
-[,:_::. 402? 
-t.l . 1 E:3'3 
-6~~. 51]9 
-62. [:145 
-c:.;::::·. 6741 
-5;~.34Jl"~ 
-t.4 . o:~~7:::~ 
-~.2. A;::: ... ?2 
-61.3348 
-(>-:t . :3[::~::3 
-6f:.). 2()f::14 
-6:3 . 5~;~::;:3 
-Eo4. r~::0:'_)'3 
-t:.:~:. 3·::~()7 

-b2. 71::.25 
-c:.c=.. :31'31 
-[.5.6?04 
-~=.::; . 1 o:::n 
-F.S. 1203 
-cc; . 2c::::~.:; 
-f::.s. 1:::::c:·6 
-f:.~.;. 1 ~.:~~~7 
--E.]. :::::1.~:? 
-64. ~:;'.=:"3 
-f,6 .. 29r.:.r:. 
-66. r=:·]..-,~·J 
-[,f.:,. 5? 10 
-67. 22:·27 
-b~;. ·:=t·}r.::.2 
-Ei5 . 0~3t::; 4 
-57.::::747 
-E5 .. :3?1J9 
-C5.5S08 
-54.061.6 

P S D LElJELS 

YRl.J 

-64.6064 
-f.:.s. ~;f:.?4 
-64.7770 
-64.41:34 
-(j2 ... ?!:;'37 
-E.r;. l(::·E:5 
-64 .. ""lL::c~:::: 
-66.7024 
-·t:.~..:;. 0454 
-64.9475 
-6-4 . f,q::::B 
-r::.] .. E·::-~93 
-f::,4. :3471 
-Ed. 1 ·::120 
--c:.4. 74Z~:::: 
-6:3. 0L161 
-•?.r4. :::7]:3 
-6]. 51'32 
-f.s. sc~s:3 
-6:3. C~tn:=:1 
-(:.?.:::::::::a::. 
-64.51:34 
-64. •J:·3?6 
-t.:.e .. '"? 4E:2 
-6~.3. 7~t:=::2 
-6E .. 21'38 
-t:.t.. 1177 
·-EC:3. 191=.4 
-C'3. ??:34 
-Eo'J. 1::.340 
-~.:]. ?'/?9 
--E.::J. ::3]42 
-69 ... ?353 
-70.5?21 
-7(). :::0?8 
-59. E~~;::::;:, 
-71. c·£:.78 
-6C-3. ~:~Ci1'3 
--f:.?. ·,·'S4•:J 
--cr:: .. ·~<:.lc~~ 
--G9. 09f.:t 
-C'J. C>i17 
--Ec.::. 6949 
-71. 4?E:~~ 
-6::::.0120 
-69. t:-:32'3 
-(;'] . ~~~~·3B 
--~?0. :::r?:32 
-6'3. C.Sb4 
·-·69. 39::::2 
-6EJ. 32f31 
-65.7068 

D B 
LONG 

--66.7565 
-6:3.2001 
-£:,6. 6?::::3 
-6('. C·f~E:4 
-66.·::::~)~2 
--6El. '=~::::::::~3 
-·67. 2016 
--65. 21'34 
-·66. ('v\94 
-·57. 1]0(:) 
-67. 1'::.02 
-·E~5. 29]() 
-·£:.4 • f:o3? 1 
-t:~] . :351 7 
-1:.:.7. 4(?t?..(9 
-64.9225 
-63.8347 
--6i:3 . 2 :l. ::::3 
-67. ()~~.~.6 
-66. 7.~=}13 
-6E:. 5~1::::7 
-E7. 6(~1C~ 
-67. 7::1~5-
--(.'3. 5?41 
-r::.::::. o~.:.·:;r3 
-69. 0"1'13 
- ·EE: . 7.~)9 .. ? 
-70. 4'"?72 
-7(). 9::::;;::? 
-E~3.2]E:O 

-·69.5HH 
-70.0;:'02 
-?0. 41t=.1 
-70. E:941 
-71.6??5 
-E9.5421 
-71.13[:9 
- ·69 . .:·t:=:()•j 
-'('(), 3'?+~ 
-7() . ~.·::;:~~~; 
-69. E:4E::3 
-7(~. :3·~17~1 

-6:3. ?t:\:]1 
-?1. '3•1]5 
-70.6·!4'3 
-72 .. 43:]3 
--71. 3·116 
-71.9331 
·71. 71E:3 
-71.5472 
··69.0+12 
··67. 1520 

VERT 

-66.3212 
-E,?. Ei::31'3 
-57. <1007 
-67.1453 
-65.2522 
--E.8. ?:lEA 
-64. :::a)f:,f::, 
-E.2. O.:i1:3 
-EE .. l:::::os 
-E8. ()757 
-67 . .:1932 
-t:.r:: .. S262 
-65. f·'S2."3 
-63.44]7 
--65.[.:]69 
-(.3.10'33 
-64.6044 
-st.. o:=::'J'3 
-67. E.:::o4 
-67.29:]0 
-6E. t:219 
-67. c:::r,:;,5 
-70.732:3 
-69. ·=.:·:101 
-70.0'303 
-70.00:30 
-?0. 1~)i32 
-69. ~L~'37 
-G::::.::.:H4'3 
-69. 1]6:3 
-69. 52~:4 
-7(j. s;~37 
-71.4677 
-69.754'3 
-70.93H 
-69.1677 
-?o. 4c?91 
-G9.0CA'3 
-(.9. '?'=·71 
-7~) . C~t:08 
-70.692.3 
-6'3. f'[:.to 
-68. 04E:2 
-?0. t=;.6:34 
-70.f..2<t3 
-71. 2E.73 
-71.231:3 
~72. ::.918 
-71. E::33~) 
-72.9121 
-70.::.::715 
-67.209(1 

Pf=IGE 

LAT 

-65.0981 
-57. '3'319 
-t:.s. 0710 
-Gt: •. 3267 
-64. 5(l2'3 
-66.2743 
-t:.s. n·:H 
-615.8-401 
-f,f .. J9U3 
-66.6?03 
-67.5722 
-66.1475 
-E.4. 4379 
-64.72-;'8 
-67.046'3 
-EA. 4c)70 
-65. 1'310 
-68. 7:~;~)5 
-6f:.2720 
-66.6784 
-57.J321 
-G?. SC\)8 
-t:.:3.19?5 
-67. 62E:3 
-67.E:2:=:J 
-70.()3'34 
-59.22.]4 
-69 .. f-459 
-7i). 13'379 
-67.5914 
-71. 2·1:::::5 
-70. 52:=:::3 
-71. 53•=:0 
-73.1050 
-73. 4~.:10 
~7(!. 9~89 
-70. GtY::O 
-6:3. s;=:·:~4 
-E.8.8JS6 
-69.%03 
-70. 23-?2 
-f.,'). '3775 
-68.9250 
-72.1737 
-69.6139 
-71. ::.::c~2:3 
-71.4'384 ...,. ) "'"""")•"",):)·~ 

- I ·-' • ._)._•L- ..l 

-?c:.CH49 
-72.2241 
-E.B . 7t:.:35 
-67.0379 

!" 

10 



V I B R A T I 0 N A N A L Y S ! S S U M M A R Y PAGE 11 
Fil_EO?~~ TEST 23A,B tt=:~c; 191-211 COACH 60 ~1FH BAL 

FILE 7 TE:3T 23A ~1Si:::i 194- 1 '3'3 REC 30-86 

LmiG LAT VERT 
G'S G'S G'S 

STRi·.JDARD DEVIATION (v.010 0.012 0.014 

95 PER CENT LEVEL 0.019 0.024 0.028 

9'J PER CHIT LEUEL 0.027" 0.031 0.038 

HOURS HOURS HOURS 
MIN I MUt1 EXPOSURE TIME C REDUCED COMFORT) 24.000 14.456 11.411 

l...J7 
·'- HZ HZ 

CE:-J':'ER FREQUENCY-BAND 1..000 l.f.<ZlO 8.000 

HOUPS HOU?'3 ~~OURS 
f"~LTERt'"P.TE f·1ETHOD EXPOSURE TIME (REDUCED COMFORT) C'·4. 0L)C~l 6. ::;62 6. ~.::.st::. 



FILE07iili.l TEST 23A,B MSG 191-211 COACH 60 !-1PH BAL 
FILE 7 TEST 23A t'1SG 194-19'3 REC 30-86 

CEPSTRUM PLOT OF Pm~ER SPECTRA 1/3 OCTf~IJE BANDS 

ROLL 
' RAD/SEC/SEC 

PITCH 
RAD/SEC/SEC 

TIME 1 1 1 1 1 1 1 
12 s 1 2 3 4 5 6 7 3 9 0 1 2 3 4 5 6 

~1S 1 1 1 1 1 1 1 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 
I ~ ~ !fi ~ ~ i ~ 6 !!t" ~~ «:"'~~ ~;n Ill 

~ 

TIME 
12 s 

0: ~ r~_~;~'j ~ j J ~ r:~~~-T"~:~~, j 
; :: .. : . ' i f.', ~i ~ f I. ~ .. :. ~~ ->~ 

~ ; ; i :~ : \' . t. ~i 1 . ~ . 
' 

• I' . . 

. • f ~ '""! ;..., I 

~ lj, I ~ j 

' 
~·t: r l .. ~ r . 1' 

' ~ -~ 
; ~, 

n · •· .. ·; c ~J ; ~ I-un ;L 11 f:1 H ~l r-r-c •.. ~ .:,t . ... Q • ,. ~ 
i~ !1 
n r1 ~··1LF.';-,.J; .. I-A c.> ........ ~ 

1 2 3 
f1, ~ ~ 
!/ t 
!.l ; ., 

' Ri ; ~ ., 
j 'i 

~~ ~. ! 
··~ 

n 
~! ... 

: 1 "'I 

:! l 

f' \ .! . 'I 

ti ~ -; :·i u ~; t-~ 

LONG 
G'S 

1 1 1 1 1 1 1 
4 5 6 7 8 9 J 1 2 3 4 5 6 
~~ n f1 

•: I' 

' ; i ; ~ 

: ~ 

t \ 

' ; i :i 
l; d 

'. . ' 

f'1 ~-,, r~ ~~~ r:-'! r"~~.·v.·~! )~ ~? f1 
: ' I I J.i ·~ 

- ~ . .l ' ~ . ~ 
' , :-- •,' 

~ ~ ~' : .j ': ., 

. 1 • : ; ~ 

; ! : :. : i ::: ~.r - . ::! ; i I 
r--14 • J •. l t . .J Jr.:c:Ji 1;.- .• ,., :t _,.; \oi\OJ h:A 

MS 

lr 

I' 

II 

I 
I 
r 

I 

~·~- U q 1 ~ E_: np···--~u:~ ·_-I 

-f. til r~1 ~) l ~ !~ !'] r~ tn · t-1 ~~ ~ 
H
. ~~ ;;; ~q ;;~ hi ~ ~- ~:: 1-'i ~.-';;i :; --; :::: ~.l ~ 

~J ~~~ i>~ ;.~:f ~~ ~ Y."' if'~! ~-·. :· ~ :· ~ . J ~; ~ 
, ' •-·• "' ''·' ·•• P.~ n, ... ] . ' .. ·I , ' . . h.J ,-~ 

t . • t···i j.,. r 4 eo~ _... i•" :. '.1 'I , "": ~-.. c,, ··~ r., ~-~~ •. ,_. JL.~ ·l. · ' •• ~ •. . , .1. ,,., 
:! • .11 t' ~ I• • ... li-d .. ~· t· • ' • ·· 1 11 ·· -~ 

f ~! ~t i1l !!~ ~ 1: ~ ~~ r_··: r1 : _ ::_·: ~~ ~ 
r n f!i ~n m ra [~ ~~l !: A ~ · . ~. :li 1 M i!! 

M ~11 ~ IE ~ ~~ f;~ L.J ~. . . ,.,.H:a Ill U 

VERT 
G'S 

1 1 1 1 1 1 1 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 
fFJ ~''-" ~,.., •-··"' 't'l "'!'l' ·-~ I!] "~ "· .,. ''1 ;)-· "1 ~"'1 !t]l ~ ., It ~i~ Fj':~ ~~ !] iY .l·. T' ~~ tl 
( \ r ::'I .. ; . 1 , \ :- j 

! \ ;~ ; 1 .; ~ L .1• :.H\ '\j . f . r:H:~ 
U 

:; ~ ;' ~ j fj" /1 1·:j ~~j f;-J F : i .': J ~ :J '.'1~ ~---1 
~ . k" ,.. I '1 • "•' : i• " ~- ' • '• I . .I ~ •". ~ "• •... J ~ .. ,J •. J '' ~ •. ~ d ~~.-.! L·,i ,_.·,u.J ".,.,,•-» ~,J !;,il ;, 

----~~~~-~~~ -~~ ~~--

MS 

', 

MS 

II 
,, 

PAGE 12 

YAW 
RAD/SEC/SEC 

1 1 1 1 1 1 1 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 
·~-~~_,F~-~~a~-~~~~q~~~~~ 

....... ·~ (. :I .q ~.j ~-~ .:.:: \"" ~·,..J ~~< l--'! ~- .. .... 1 rtr ~· 

f i 

-~·· \:. 
''!" lo..~ ~' 

;. . ~ :· 

LAT 
G'S 

1 1 1 1 1 1 1 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 
~ fr.l ~9"''1'~ ~~ rn f.;~ 1~ rr"':1~ R ~ f1! 

rr:'r·r·.:;:i'·: · i"t:'H 
il 1 • 1 ~ 1/. 1 • I • 1 • ~ .f 

n ~ . tilt: ; ;',; ':.Utl 
I; .• ~. ~-"~'-·~ ~.:.i ~J U ~.J ,.i :,.J ~J ~.~ iJ ~J i.~ ~ 

MS 

,' 
II 

,~ 

MS 

:i 
II 

II 

I 



ROLL 
:~~-~~ , , , , I , , , , I , , , , ~ 

5.00 ~ 

·-n-q 1 1 1 1 i 1 1 r1 1 1 1 1 1 
1 

-5.0 -2.5 0.0 2.5 5.0 

RRD/SEC/SEC 

LONG I I' 'L! 
I I !I I ' ' ' ' r.:;c Gnl . .LLL.I I 

.::~ r 

j [_ -· ~ "'. ~ 

B.SL I F 
ll I I I ~--. 1'"1 I I I 1 0 O.OQ_ I O.O 0.5 • 

-1.0 -o.s G ·s 

c.~~-

PROBABILITY DENSITY ESTIMATE 
TEST 23A,8 t1SG 1~31-211 CORCH BO t1PH BAL 

FILE 7 TEST 23A t-ISG 194-1~39 fiEC 30-86 

PITCH 
,~~~1 lO.QQ 

7.50_ 

0.0 ~ ,. ' ~ cy...,.., I I I I I 'TTTi I I I I I 'T' 
-1.0 -0.5 0.0 0.5. 1.0 

RAD/SEC/SEC 

VERT 

::rL~ 
2D.OD~ . 

10 .0!]~ 

o.oo..i,., ' I ' ' ' ,Jll ' ' I I ' I ITT 
-1.0 -0.5 0.0 0.5 1.0 

G·c 
.J 

PAGE 13 

YAl~ 
SS.QO_, ' ' ' ' I ' ' ' ' I I ' ' ' ! I I I I I 

0.00 I I L I 
I I F i1 I I I t I I t t I I I. I I I 

-1.0 -0.5 0.0 0.5 1.0 
RAD/SEC/SEC 

11.?5 

o.o'-!... 1_, , 1 , o.o o. ".j....,...,.jlilrl 
5 -Lo -o.5 G ·s 1.0 



L 

, · ROLL 
1.2j--..LL.LJ I I I I I ..LL1. t I I t I I I 

-! 1.003 

'·:1 
~ 0.:.1~ 

. ! [ 0.2S i 

o ool- , -· In 1 1 1 1 1 1 1 1 1 1 ITTrTTT-1 
-s.a -2.5 n.o ?.5 s.o 

RRD/SEC/SEC 

LONG 
1.25_ I ' ' ' ' l..u ' ' I ' ' 'L~ 

1.00 

0.75 -

'·j f 
0

•
00--t-n-n-f'' I I I I I I~-~ 
-1.0 -0.5 o.o 0.5 1.0 

G'S 

DISTRIBUTION FUNCTION ESTIMATE PRGE 14 
TEST 23R .E: t1SG 191-211 COACH 60 11PH E:RL 

FILE 7 TEST 23A t1SG 194-Hl9 REC 30-86 . 

PITCH 
1.25_t I I I I I I I 1--LLL..L.t I I I I I I··-~ 

'·"'"j ;-
0.75.3 1 
:::~ . J 
o .no L""M"" j 

-, . I 'IT"'Til,.--,-,- I I I I I 

-1.0 -0.5 0.0 0.5. 1.0 
RRD/SEC/SEC 

VERT 
1.25_ L.Li..u....LLLI I I I I I I t I 

l.OQ: 

I 0.7c:: 

irTTTTITI 

0.0 0.5 1.0 

G'S 

YAH 
1.25_1 t ' I I l t I I I I I ! I t I I t I I E 

1.0 

Q.OO~ , , , , , , , , ,!, , , , , ,..J 
-1.1] -0.5 0.0 0.5 1.0 

RRD/SEC/SEC: 

l.25_.j. I t I I I LRT I II I I I I ' I Lw 

o.on I ' 1 -1111f1111jiilllllll. 

-1.0 -0.5 0.0 o.s: 1.0 
G·s 



(J') 0 0 
~ . l 

TEST 23A,B t1SG 181·-211 COACH 60 t1PH BAL 
FILE 7 TEST 23A t·1~;G 194-1~19 fiEC 30-88 

ROL_L PAGE 15 

-! 

~' 
( RMS ( 0-40 HZ ) = 0.095 RRD/SEC/SEC 

("\J I ~ 

I -10 .j 
ul ~ W! 

Sir· 1 ~I 
"I --2o. C..Jj 
crl 

~~~ . ~ ' 

~ -30 -~ !~ 
~ ~ w j 
_] -40 -~ 
0 ~ <.n . 
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-50. 
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·v 
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~ ~~ ~~ 
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30 
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u-, z: 0.0 
cc l 

N I ~ 
(_)' -10 "1 uJ 
-~1 

V )J N ~~ 
'"'-ii u, 
i.J_! i I 

cnl J 
;?;I --2o .~ 
o:::' 
csl 3 

l§-3ol 
eLi ~ 

~-40J 
~ j ( \ 

-50.J 

L~~~-, .. '--

TEST 23A.B t1SG 191-211 COACH 60 MPH BRL 
FILE 7 TEST 23R 11SG 184-189 FiEC 30-86 

YR~J 

( Rt1S ( 0-LrO HZ ) = 0. 015 RR0/5EC/5EC ) 

j \ AA 

-60.1 ' ' .\tJ\iY\~~-.---.----r---r~ 
0 10 20 30. 

FREQUENCY (HZ) 

PAGE 17 

1--,-f I I 
40 



c;!_ 0 • 0_, 
cc ~ 

0J I ~ 
-1 -10 -~ 

IN ~ VJji 
81 

--20 "-1 

l ...., 

~ -30.lj 
w 
::=:::-
w _, ,.n 

- -r -· •. 
Cl 
,:_n 
o __ 

TEST 23R .B M'3t:O 191-211 CCACH E;O Mf'H BRL 
FILE 7 TEST 23R t1:3G 19lf-199 f:EC 30-86 

LONG 

RMS ( 0-40 HZ l = 0.009 · 

~ !\ 

PRGE 18 

s·s 

-50.i ~ v \ 
-GO.l--A~L~I .~' ''I' ''I 

0 10 20 30 . 40 

FR.EOUEf\JCY (HZ) 



~ ·o o 
2._ v l cc 

j 
(\J 

I 
-10. 

lf)l ..... 
. ji 
CQI 

I -2o. 
-1 ·~ 
~ -30 -~ 
_j ~ 
LLJ 
> w 
_j -40. 
u 
()J 

(L (' 

-· \f\ 
-60 -~---,-,- v 

0 

TEST 23R,8 MSG 191-211 CORCH 50 MPH 8RL 
FILE 7 TEST 23R t1SG 194-188 REG 30··86 

LRT 

( AMS ( 0-~0 HZ - 0.011 

~~ -~-

G"S ) 

-,-A I I 1-Df>-t~-r----r----r---r--r--.,.----,---,----,.----.----.---.----,-
10 20 30 

FREQUENCY (HZ) 

FRGE 19 

.---r··- I 

40 
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CHANNEL D E F I N I T I 0 N 

ENGINEERING UNITS PER 
UNITS PER CHANNEL t1INOR 

:HANNEL t'1Ui1BER DESCRIPTION COUI'lT RANGE DIVISION 

1 - 1 ROLL (RAD/SEC/SEC ) Rl"lS 2 RECORDS/SEC 0.0024420 0.38 0.025 

2 -- 2 PITCH <RAD/SEC/SEC ) RMS 2 RECO}?DS/SEC 0.0004El84 0.30 0.020 

'J - 3 YAt.J ( RAD/SEC/~;EC ) RI1S 2 RECCIRD~3/SEC 0. 000··~::::84 0.07 0.005 -· 
4 - 4 LDr'·lG ( G'S ) Rt·1S 2 RECORDS/SEC 0.0004E:84 0.07 0.005 

5- s VEPT ( I!)' S ) R~;lS 2 RECfJRDS/SEC 0.0004E384 0.07 0.005 

6- 6 LAT ( G'S ) RMS 2 RECORD:3/SEC 0.0004884 0.07 0.005 
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F I LE0'?~f!J TEST 2:3A, B 1'1SC; 191.-211 COACH 60 MPH BAL PAGE 22 

F I' .E 7 TEST 23A f·1:3G 194-199 REC 3(1-86 

I ----CH 1-------I -----CH 2------ I-·----CH 3-----·- I --------CH 4-------- I ------CH 5----- I -----CH 6-----I 
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APPENDIX C 

DIGITAL ALGORITHMS 

The block diagram for processing the ride quality data 

is defined in terms of transfer function characteristics of contin

uous systems. Since the processing is accomplisl1ed by a digital 

· 1 computer, a numerical algorithm is required instead of this trans-

r -
I 

! fer function. The concept of a digital transfer function and the 

incorporation of an appropriate integration scheme will be used to 

generate a numerical algorithm for transfer functions given in the 

block diagram. 

The techniques described in this appendix are based on an article 

which appeared in the periodical Simulation, August 1968. The 

article was entitled ''Techniques for the Design of Linear Digital 

Simulations." The authors are R. E. Gagne and D. C. Baxter. 

The concept of this technique is related to the Z-transfer method 

used to treat many problems associated with sampled controlled 

sy~tems. 
1 

The digital system input is~ sequence of values (RN). 

Tlns sequence can be represented by the pseudotime signal 

<>0 

Represented 
By ~ RN o (t-Nh) = R(t) 

N=O 

The Laplace transform of R(t) is given by 

L [ R ( t) ] = 2 RN e- sNh 

N=O 

-58-



,_- '; 

___ } 

By introducing the mapping Z = sh e . , this expression becomes 

N=O 

The expression on the right-hand side of the equatjon represents 
the Z-trnnsform of R(t). Note that mapping Z = es 1 maps the 

, negative real half plane of the s-domain into the unit circle. 
· Stability of a transfer function in the Z-domain implies that 

all the poles lie on or inside the unit circle poles. 

For the continuous system in the s-domain, multiplication by s 
is equivalent to differentiation in the time domain. Multipll
cation by Z of the digital function K(Z), is equivalent in the 
time domain of going from 

to 

·as 

R(t) ·= I RN 0 (t- Nh) 

N=O 

the function 

, ro 

R (t) =I RN+l o(t-Nh) 

N=O 
f 

can be seen by 

z Transform 
ro 

R(t) ) I 
N=O 

ro 

RN z -N 

z L RNZ-N =I RNZ-N+l 

2: 
N=O 

N=O 

R z-N+l 
N 

N=O 

OC> , 
R (t) =2: 

N=O 
RN o(t-Nh+h) fort >0 

.. 



' i 

--~J 

which for M = +N-1 

R ... (t) = 2 RM+ 1 o (t-Mh) for t >0 

M=O 

·A shorthand notation for usc in going from the Z-domain to time 
domain is given by 

y(z) 

Z y(z) 

--~y. 
]. 

The concept of a digital transfer function becomes especially 

useful when an integration procedure is defined and used to go 

directly from the continuous transfer function to the numerical 

algorithm. The trapezoidal rule for integration will be used. 

It is given by 
.... 

For integration (i.e., 1/s), the digital transfer function becomes 

bT Z+l 
:: 

2 Z-1 

or in outline form 

1 ). bT Z+l 
s 2 Z-1 

or s > 2 Z-1 
bT Z+l 



I 
! 

~i ~c these terms can be handled algebraically, the numerical 

/algorithm can thus be handled by substitution of 

I ; 
1/{).:Z-1 T Z+l for s in the transfer function of the continuous system. 

'AI ilying the rules for going from the Z-domain to the t-domain 

ttJa first-order sys~ern, we have 

y(s) 

x (s) 
== 

1 

,,,bich in 1 · s· by' 2 Z -1 yields 

1 

rep ac1ng bT Z+l 

lin 
xcz) 

where p = 

1 
2 Z-1 

= bT Z+l +1 

Z+l 
= -------------

-
'2 p (Z-1) + (Z+l) 

s:: p_ Z+1 

1 2 (Z-1) + t (Z+l) 

Z+l 
= ¥ -------------

( 1 +t) z - (1-¥) 

AT ,. 
1 

' This expression can be ,.,ritten 

] ' 

(l+¥)Z~(Z) - j(Z)(l-¥) = ¥ (Z+1)i(Z) 

-



I 
! which in the time domain implies 

or 

~hich in the numerical algorithm for the transfer functiori yields 

j . 

K(S) 

.. 
The algorithm for the block diagram of Figure 10 becomes 

M - b(xi+l X.) xi+l :: a X· + + 
~ ~ 

I 

'V -
xi+l :: xi+l- xi+l 
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1 

' . I 

' 
c J 

Values for the parameters used in Figure 10 may change after 

initial runs, but should have values similar to those given 

below 

1 
Tl n z f = 0.32 sec. 

1T : • m1.n. 

T2 = 0.50 sec. 

hT = h = 0. 01 sec. sampling interval and integration time step. 

-

f 
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j 

1. DESCRIPTION 

APPENDIX D 

PROGRAM REFORM 

This program is used when data digitized at 256 Hz is needed 

for the new ride quality package (VIBES). Data collected in 

the past was digitized at 256 Hz and stored in 256 sample 

records. This program throws away every other point, which 

simulates a 128-Hz digitizing rate and results in a 128-sample 

record (compatible with VIBES). This program will be used 

mainly on ride quality data processed before July 1976. A 

listing of the program is shown in Figure Dl. Control cards 
are listed in Figure D2. 

2. INPUT PARAMETERS AND OPERATION 
. I 

: , Input to the program is one card on an IS format, as follows: 

I 

BREC - beginning record. 

EREC - ending record. 

ISKP - number of files to skip 

- when processing more than one file, add 1 to 

skip rest of last file processed. 
!SHIFT= 0- data are right justified (ride quality). 

# 0 - left shift 4 bits 
NCHANS - Number of channels (7 in ride quality. 

Input Tape - Tape 8 Unit 0 (16) 

, 1 Output Tape - Tape 9 Unit 1 (17) 

Scratch Tape - Tape 10 Unit 0-1 (18) 



PROGRAM PEFORM 
C BPF:C----F l f<'~~T REOJRD 
C EREC----l.A:;r RECUPD 

C I SY.P----NLJr·rm:P OF F l l.ES TO SY.I P, lJHEN PROCESSING MORE THAN ONE 

C FILE ArlO 1 TO FILES TO SKIP TO SKIP ':E·:;r rw LAST FILE 1-'~0CESSED 

ll·rrr:r;EF1 OD(l'f(l, frf.:EC, EPEC, HF'Il.E. f"lLiJC1Wrt 7, 475!, DDf.ITH 

COJ·tt101i/Bl/1HDC3':1!, llJATf'l( 13. 2S6 l. ODATAC7, 128), BHEC, EREC, BFILE 

EQUJ~lF!l.ENCEt l DfiTf'H 1,1), ADATI~( 1, 1 l) 
IAP~0 

CALL POPENCIAP,0.0,0.1,5) 
IFLG~0 

IFILE•l 
600 CONTWUE 

ISTAT:0 
PEADC2.100l BREC,EREC,JSKP.ISHIFT,NCHANS 

100 FOPJ1ATC16!5l 
LENGTH= 2S6:!:NCHAJ~S 
NRECS=1 
II JN:8 
IF<IFLG.EQ.1) ISI<P=1 
IF<IFLG.EQ,1l IFLG=0 
iF<BREC.EQ.O) GO 1u 99 
IF<ISKP.EQ.O) GO TO 21~0 

DO 300 1=1, ISKP 
2 FORMATC391'\2) 

DO 400 J=1,10000 
CALL READT<IDATA.LENGTH,B, ISTATl 

IF(ISTAT.LT.Ol GO TO 300 
400 CONTINUE 
300 CO~ITi NUE 
200 CONTINUE 

CALL READTC!HD,39,8,JSTAT) 
JF<ISTAT)90.10.90 

10 IUN=9 
CALL WRITETC lHD.39.9,JSTATl 
If"( ISTATl90.15.90 

15 IUN:10 
IFCNCHANS.ED.7l GO TO 17 
CALL W~~!TETC !HD, 39,10, !STAT) 
IFC !STAT )90.17·90 

17 IFCBREC-1)99,22.18 
18 DO 20 I =1, BREC-1 

IUN=8 
CALL READT(IDATA.LENGTH,S, !STAT) 

IFC !STAT)90, 20,90 
20 CONTINUE 
22 DO 30 J;BREC.EREC 

!UN=B 
CALL REFrDT ( I DATA, LEt~GTH, 8, I STAT) 

IF< ISTATl90, 25,90 
25 DO 3000 1~=1,2 

IFCNCHANS.EQ.7.AND.N.EQ.2) GO TO 3000 

IUN~Nt8 . 

c 
250 

255 
257 
26 
260 

265 
2? 

2?2 

274 
275 

277 

278 
279 
28 
c 
280 

285 
29 

3000 

30 
35 

'37 
1001 

90 
95 
1000 

99 

DO 28 ,1=2.256,2 
PI CI< UP STATUS WRD t1SG CODE FROM ODD SCAN 

IFCNCHANS-7l250,255,250 
DDATA:JDATACl,J-1) 
GO TO 257 
DDATA:ADJ'lTAC 1, ,J-1) 
IF<DDATAl26.27.27 
IF ( NCHAriS-7) 260, 265, 260 
IDATA(l,Jl=DDATA 
GO TO 27 
ADATA(l,JJ:DDATA 
JSUB:,l/2 
IF C NCHAriS-7 l 272, 27 4, 272 
DDATA= I [)HTf'l ( 1, J l 
GO TO 27!::· 
DDATR=ADATAC1,J) 
ODATAC1oJSUBl=DDATA 
DO 28 K=2•7 
JFCNCHANS-7l277,278,277 
I<SUB=K+CI~-1 l*6 
DDATA=IDATRCKSIJB,J) 
GO TO 27? 
DDATR=ADHrACK,Jl 
ODATACK,JSUBl=DDATA 
CONTINUE 

IF !SHIFT f~Ot·j-ZERO MAKE LEFT SHIFT 4 BITS 

IF<ISHIFTl280.29.280 
DO 285 J<:2,7 
CALL PSL.ACODATACK, 1l, 7, ODATACK, U, 7, 4, 128.C3l 

CALL PWAIT 
COI~TINUE 
CALL WFTfETCODATA.B96, !UN, !STAT) 

JFCISTATl90.3000,90 
CONTiriUE 
NRECS:f~RECS+1 

CONTINUE 
ENDFILE 9 
IFCNCHANS.EQ.7) GO TO 37 
ENDFILE 10 
PRINT 1001, IFILE.NRECS, IHD 

FORMnTC' FILE ',!3,','• IS,' RECS, HD• ',39A2) 

IFILE=IFILE+1 
GO TO 6<)0 
IF< JST(J1')35, 35,95 
PRINT 10(•0, !UN. !STRT,NRECS,JFIL:;: 

FORflAT(' TAPE L~R UNIT ', I2,' CODE• ',z4, 18,' 

*'. !3). 
JFLG=1 
GO TO 35 
RHHND 8 
STOP 
END 

RECS PROCESSED, FILE 

Figure Dl. Program Listing 



:NJ,L :10,3,24 

:RW,4,6,7 

:FG 

Program Reform 

End 

blank 

:I0,3,24,8,16,9,17,10,18,5,30 

:GO, /TIR, (M) 

Data Card 

:XX 

Figure D2. Control Cards for Reform 



APPENDIX E 

Wz METHOD 



BACKGROUND 

Wz RATING OF RIDE QUALITY 
IMPLEMENTATION FOR FRA/AMTRAK PROGRAJ1S 

In 1941, Helberg and Sperling [I] developed a procedure for 
appraising the running qualities of railroad cars. A series 
of experiments was conducted to establish the relationship 

between vibrations and the response of an individual to those 
vibrations. Tests were conducted in a seated position on a 
vibrating table at. frequencies between 1 and 12 Hz and at 
amplitudes up to 1 inch. Participants in the experiments 
were limited to employees of the railroad who had experience 
in vehicle vibrations. A total of 1,800 tests were conducted. 

A formula for computing Wz was derived from these experi
mental results. W was defined as a function of both accel-z 
eration level and frequency. There are several points worth 
noting. First, no distinction was seen between vertical and 
horizontal vibrations. This conclusion was drawn as a result 
of testing, as tests were conducted in both vertical and 
lateral directions. Second, for a given frequency, Wz only 
increases by 23 percent when the acceleration level doubles 
in amplitude. Third, on a 5-point scale, where 1 is an 
excellent ride and 5 a dangerous one, 3 was selected as the 
lower limit for passenger cars. 

In 1968, Sperling [2] wrote a paper which updated the Wz 
method with respect to automatic computation on a railway 
vehicle using more modern methods. He describes how the 
method is used by the German Federal Railway. 



In recent times, several articles have been written concern
ing the Wz method. Pribnow [3] states that the method is 
useful but somewhat coarse. Andrew [4] feels that the method 
is outdated and that poor experimental procedures were used. 
However, he does think that modifications (weighting factors 
and integration over the entire frequency range) have improved 
the method. 

DESCRIPTION 

The W method of rading the ride of a rail vehicle has been z 
widely used in recent decades. This method applies a single 
number to describe the quality of the ride. The instan
taneous acceleration is measured and weighted in the frequency 
domain. This value is squared and averaged over time, after 
which the 6.67th root is taken. This final number if the Wz 
rating. Figure El is a flowchart of the process. The working 
units are cm/sec 2 for acceleration. 

2 6.f 7 

GAIN a·G 2 (a·G) llT Wz --o- ~ (X) - w a (G) 
.. 

T o z 
.. 

Figure El. Flowchart of Wz Method 

In general 

w = 6.67jo.~96 r (G . A)2 dt z 

where 

w z = criterion number 

T = total time of data sampled 
G = weighting function 
A = acceleration level 
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The rating scheme for W is as follows: z 

1 

2 

3 

4 

5 

Condition of Ride 

Excellent 

Good 

Satisfactory 

Car in working order 

Dangerous 

One advantage to the Wz rating process is that a single number 

can be applied which can describe the quality of the ride. 

Another advantage is that the Wz method is weighted in the 

frequency domain and takes into account experimental studies 

involving actual passenger reactions. 

A disagreement between this method and the ISO study involves 

the frequencies dominated by passenger discomfort. In the W z 
method, the frequency band of greatest passenger discomfort 

occurs at 5 Hz for both lateral and vertical accelerations. 

In the ISO standard, the frequency band of greatest passenger 

discomfort occurs at 1 to 2 Hz for the lateral accelerations 

and at 4 to 8 Hz for vertical accelerations. 

An important characteristic of the Wz rating scheme is its 

insensitivity to the acceleration level. For instance, if 

the acceleration level is doubled for a given frequency, the 

Wz rating will only increase by 23 percent. This means that 

the ratings of most present-day vehicles will fall between 

1 and 3. 
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IMPLEMENTATION 

The following parameters were used to implement the Wz method 

into the computer program VIBES: 

G(I) = 

= 

= 

ilF = 

PSD(I) = 

PD(I) = 

= 

= 

= 

Gy(I) = 

an array of frequency-dependent 
gains 

weighted gain (lateral) 

weighted gain (vertical) 

bandwidth (0.25 Hz) of present RQ 
software 

an array of power spectral density 
values (in dB WRT 1 g2 rms/Hz) 

conversion of PSD values to accel
eration as a function of (cm/sec2)2/Hz 
(since the data are recorded in g's) 

WZ rating in vertical direction 

WZ rating in lateral direction 

an array of 120 points (see Table 
El) 

G
1 

can be approximated as follows: 

f(Hz) GL 

0.25 0'. 25 

0.50 0 • 43 

0.75 0 • 54 

1.0<£.~8.0 [- (£-5)2/40]+1 

8.0<£.$..30.0 0 • 948£ 

This approximation can be used only if the GL(I) array is not 

compatible with available core space. 



Then: 

J>D (I) = (980.7) 2 * PSD Level (g 2/Hz) for both vertical 
a::1d lateral 

120 
SUMu = o. 896(l\f)) Gy(I) * PDy(I) 

v '"'"'j=l 

1.20 
SUM1 = 0.89f(l\f) 2 G1(I) * PD1 (I) 

j=l 

WZV = SUMy ** 0.15 
~l 

I 
I 
\ 

WZ1 = SUM1 **' 0.15 

The ride can then be rated as follows: 

Wz Rating 

1.0 Excellent 

1.5 Nearly excellent 

2.0 Good 

2.5 Nearly good .. 

i 
' ; 3.0 Satisfactory (upper limit/passenger cars) 

3.5 Barely satisfactory 

4.0 Operable (upper limit/freight cars) 

5.0 Dangerous 
. . . . . . . . ... . . 
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I T .. 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

---~? 
26 .. 

--~-7 __ 

J. ~ "'-''1• ruzl 1..1< ) 

0.25 

0.5 
0.75 

1.00 

1.25 

1.50 

1. 75 

2.00 

2.25 

2.50 

2.75 

3.00 

3.25 

3.50 

3.75 

4.00 

4.25 

4.50 

4.75 

5.00 

5.25 

5.50 

5.75 

6.00 

6.25 

6.50 

6.75 

TABLE EJ. G1 (I) 

'-'L\. ... J ... ~-~ C:'{• 1_.1-) 
r..y rn II T 

0.25 28 7.0 

0.43 29 7.25 

0. 54 30 7~5 

0. 62 31 7.75 

0.68 32 8.0 

0.73 33 8.25 

0. 77 34 8. 5 .. 

0.80 35 8.75 . 

0.83 36 9.0 
0.86 37 9.25 
0.89 38 9.5 

0.90 39 9.75 
0.93 40 10.0 
0.95 41 10.25 

0.96 42 10.5 
0.98 43 10.75 
0.99 44 11.0 

0.99 45 11.25" 

1.0 46 11.5 

1.0 47 11.75 
0.99 48 12.0. 

0.98 49 12~25 

0.97 50 12.5 
0.96 51 12.75" 

0.95 52 13.0. 

0.93 53 13.25. 

0.92 54 13.5 

uL\....LJ J. J.C:I{o \_.l) vL\..LJ 
~. rn II 

.o .90 55 13.75 0.45 

0 .87" 56 14.0 .0 .45 

0.85 57 14.25 0.44 

0.82 58 14.5 0.43 

0.80 59 14.75 0.42 

0 ~ 77" 60 15.0 0.41 

0. 75" 61 15.25 0.41 

0. 72 62 15.5 0.40 I 
0~70 "63 "15.75 0,40 

I . 0.69 64 16.0 0.39 

0.67 65 16~25 0.39 

0.65 66 16.5 0.38 

0.64. 67 16.75 0.37 

0~62 68 17.0 0.36 

I 0.61 • 69 17.25 0.36 

o:6o· . 70 17.5 0.35 

0.58 n· 17.75 0.35 

. 0:57 72 . "18 ~ 0 0.34 

: 0. 56 73 "18~25 o. 34 

o.55· 74 18.50 0.33 

. 0 ~54 : 75 18.75 0.33 

·o :s3 76 19.0 0.32 
. 0. 51. 77 19.25 0.32 

. 0: so 78 19.50 0.31 

0.48 79 19.75 0.31 

0.47. 80 20.0 0.30 

0~46" 81 20.25 0.30 



I Freq. (I) GL I Frea. (I) 
I 

GL (I) 

82 20.5 0.30 109 27~25 0. 21 

83 20.75 0.29 110 27.5 0.21 

84 21.0 0.29 111 27.75 0.21 

85 21.25 0.28 112 28.0 0. 21 

86 21.5 0.28 113 28.25 0.20 

87 21.75 0.27 114 28.5 0.20 

88 22.0 0.27 115 28.75 0.20 

.89 22.25 0.27 116 29.0 0.20 

90 22.5 0.26 117 29.25 0.19 

91 22.75 0.26 118 29.50 0.19 

92 23.0 0.26 119 29.75 0.19 
.93 23.25 0.25 120 30.0 0.19 

94 23.5 0.25 
.. 

:95 23.75 0.24 
.. 

96 24.0 0.24 

:97 24.25 0.24 
.. 
.. 

:98 24.5 . 0. 23 .. 

:99 24.75 : 0. 23 .. 

too 25.0 . 0. 23 

tOl 25.25 . 0. 23 .. 

I toz 25.5 . 0. 23 
) 

103 25.75 . 0. 23 

104 26.0 0. 22 

105 26.25 0.22 

106 26.5 0.22 

:107 26.75 0~ 22 

108 27.0 0.21 
. l 

I 
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COMPARISON OF ISO AND Wz 

In comparing the W method and the alternate ISO standard, 
z 

one must first investigate the weighting function used with 

each method. A comparison of the lateral and vertical 

weighting functions for the ISO criteria is shown in Figure 

E2. Figure E3 shows the same comparison for the Wz rating 

scheme. It can be seen that there are major differences in 

the weighting functions. Figures E4 andES compare the 

weighting functio?s of the two methods. In the vertical 

channel, the two are nearly identical. In the lateral 

directions, there is a notable difference. The greatest 

sensitivity in the ISO standard is in the 1 to 2 Hz range. 

The greatest sensitivity in the Wz method is in the 6 to 8 

Hz range. 

Next, we can make a comparison of the two methods. Figure 

E6 gives a flowchart depicting this comparison. There is, 

in general, no difference in the manner in which the two 

methods are used. However, the two major differences in

volve the shape of the weighting function and the final con

version to exposure time or Wz rating. We can investigate 

a direct comparison of the two methods by plotting the 

results versus A, an intermediate value of rms acceleration. 

hese results are shown in Figure E7. 

Finally, we can make a comparison of the ISO and alternate 

ISO standards. A flowchart is seen in Figure E8. The greatest 

discrepancy occurs in the method of determining the final 

exposure time. In one, the results are summed over all fre

quencies. In the other, there is no summation conducted. 

The exposure time is computed for each frequency, and the 

least exposure time is given for the final criterion. 
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APPENDIX F 

INSTRUMENTATION CAPABILITIES 



In the past, ENSCO had the capability of collecting vehicle 

vibration data using a 6-axis accelerometer package. This 

package provided translational and angular information con

cerning the motion of the vehicle. Each of the two packages 

was completed with tape recorder, coding unit, and accelero

meter package. The major advantage of this system was that 

both angular and linear acceleration data could be collected 

at a specified location in the vehicle. Several disadvant

ages existed. The major disadvantage was that data could 

only be collected at one location in the vehicle. A second 

recorder was required to collect data in two locations, 

either within the vehicle or in two separate vehicles. Addi

tional manpower was also necessary to use a second recording 

system. A second disadvantage was that the angular acceler

ometers required more maintenance than the linear ones and 

were more difficult to examine. Table Fl indicates ENSCO's 

past ride quality instrumentation capabilities. Figure Fl 

illustrates packages 1 or 2. 

Table 1. Previous Instrumentation Capabilities 

System 1: "B" tape recorder 

"B" coding unit 

· System 2: 

"B" 6-axis accelerometers 

Can collect six channels (three 
linear and three angular) at 
one location. 

"C" tape recorder 

"C" coding unit 

"C" 6-axis accelerometers 

Can collect six channels (three 
linear and three angular) at 
one location. 

L 
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As further experience was gained, it was noted that, in 
collecting data on two vehicles at the same time, it would 
be more efficient to collect and record the data on one 
recorder. This would eliminate a second recorder and would 
ignore the angular accelerometers. In this case, only 
translational acceleration data would be collected. This 
was accomplished through the use of a junction box which 
separated the signals. Table F2 summarizes the expanded 
capabilities gained by using a junction box. Figure F2 
illustrates this system. 

Figure Fl. System 1 or 2 

coding - tape 
unit recorder 

I 6 axis 
accelerometers 

one 
location 

capabilities gained by using a junction box. 
illustrates this system. 

Figure 2 

Table FZ. Additional. Capabilities 

System 3: "B" Recorder 
"B" Coding Unit 
"B" Junction Box 
"B" 6-Axis Accelerometers 
"C" 6-Axis Accelerometers 

-with appropriate cabling, is able to· 
collect data (linear only) at two 
locations within a vehicle 

-with appropriate cabling, is able to 
collect data (linear only) at identical 
locations in two different vehicles 

-is not able to collect angular data ............ 
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Figure FZ. System 3 Capabilities 
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Although System 3 is more effiecint, it still required the 
use of two bulky accelerometer systems, each containing 
three angular accelerometers not being used. 

To provide a better system, a set of three (one back-up) 
triaxial accelerometer systems was built. Each triaxial 
package contains three linear accelerometers only. This 
system would replace System 3 by simply replacing accelero
meter packages "B" and "C" with the smaller "D" and "E" 
units, and would provide the expanded capability of two 
fully independent systems. Table F3 defines the various 
configurations that can presently be used in collecting 
data. 

The present inventory of ride quality instrumentation in
cludes the following: 

(2) Tape recorders 

(2) Coding units 
(2) 6-axis accelerometer systems 
(3) Triaxial accelerometer systems 

(2) ·Cables 30 feet long 
(2) Cables 150 feet long 
(2) Cables 6 feet long 

With a large amount of instrumentation and various configura
tions to choose from, it may be difficult at times to select 
the right equipment for a particular test. Table F4 should 
be used when selecting test instrumentation. All the instru
mentation is interchangeable and requires no additional 
calibration. 

In addition, a small protable ride quality meter may be used 
to examine the ride of a vehicle and indicate the resulting 
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Table F3. Various Potential Configurations 

Con fig- Coding JCN Acceler- Two Two 
uration Recorder Unit Box ometer Locations Vehicles 

1 B B None B - No No 

2 ' c c None c - No No 

3 B B B B c Yes Yes 

4 c c c D E Yes Yes 

5 B B B D E Yes Yes 

6 c c c B c Yes Yes 
--- --- --- ---~---- -- --- ------------ -- - --~- --- -- --~ ------ -------



Type of test 
to be conducted 

Collection of 
angular accel-
eration data 
at one location 

Collection of 
linear data 
at two loca-
tions within 
vehicle 

Collection of 
linear data at 
identical loca-. 
tions within 
two different 
vehicles 

Collection of 
linear accel-
eration data 
at one location 

Table F4. Selection of Instrumentation 

PrimarY* 
Configuration 

1 

2 

Length 
of 

Cables (ft) 

6 

6 
: : .' : : : ·. ·, ·. ·. ; . . . . . . 

4 30 

5 30 
. . . ' . . . . . . 

4 150 

5 150 

1 6 

2 6 ..... ' . 

Back-up 
Configuration 

2 

1 
.... 

3 

6 

• 0 ...... 

3 

6 

2 

1 

*See Table F3 for a description of the configurations 
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APPENDIX G 

SOFTWARE FLOW CHARTS 



\ J END 
fECORD 
! i NOT 
! fOUND 

VIBES 

CALL 
VIBCDS 

INITIALIZE 
PARAMETERS 

CALL 

IBSKIP 

CALL 
VIBISO 

CALL 
VIBTD 

TAJ?E 

ERROR 

CALL 
VIBFD 

CALL 
VI BEND 

VIBES is the main calling routine in 
VIBES, the parameters are initialized, 
the data are read, and control is 
given for calling subroutines. 



i 
_j 

" ., 
I 

YES 

REWIND 
TAPES 

1, BEGIN. 
RECORD 

RETURN 

This subroutine skips the 
appropriate number of files 
and records for each data 
segment. 
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VIBTD 

CONVERT DATA 
TO VOLTS 

AND FLOATING 
POINT 

FILTER DATA 
CALL 

VIBFLTR 

COMPUTER BIN 
NO. FOR 
HISTOGRAMS 

STORE IN 
INTEGER 

ARRAY 

FILTER 
SQUARED AC
CELERATION 

DATA 
ALL VIBFLTR 

COMPUTER 
RMS 

VALUES 

RETURN 

This subroutine low 
pass filters the data, 
computes the histo
grams, high pass filters 
the data and computes a 
time series of the rms 
accelerations. 



___ ) 

VIBISO 

SET UP 
ISO 1/3 
OCTAVE 
BANDS 

COMPUTE ISO 
CURVES FOR 
LATERAL AND 

LONGITUDINAL 

COMPUTER 
VERTICAL 

ISO CURVES 

RETURN 

This subroutine sets up 
the one-third octave band 
filters and determines the 
ISO curves for the three 
linear degrees of freedom. 

VIBFD 

SCALE AND 
SET DATA 
IN POWER 

ARRAY 

SEPARATE 
POWER IN 

1/3 OCTAVE 

SUM AND 
SUI\t SQUARE 
POWER FOR 

STATS 

1\'RITE 1/3 
OCTAVE 

BANDS FOR 
CEPSTRUI\1 

RETURN 

This subroutine scales the data 
for use in the power spectral 
densities. 
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I 

1 
I 

VIBFLTR 

FILTER 
DATA 

RETURN 

This subroutine is the filter 
used in the data pro~essing. 

VI BEND 

COMPUTER 
DATA 

CEPSTRUM 
PLOTS 

COPY DATA 
ONTO 

FILE TAPES 
NEXT PROGRAI-.1 

RETURN 

Due to core space, this 
subroutine outputs data on
to a file to be read bv 
the next program. ' 
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VIBESZ 

CALL 
VIBSET 

CALL 
VIBSEL 

CALL 
VIBTDl 

CALL 
VIBFDl 

CALL 
VTBPLFD 

CALL 
IBIS02 

CALL 
VIBSUM 

CALL 
VIBPSCLS 

RETURN 

This subroutine is the main 
program for the second 
phase of the data process
ing and controls the call
ing sequence. 



VIBSET 

READ 
SCRFILE 

READ 
I DATA 

READ 
IB 1 
IB 2 
FB 1 
2, FB 

RETURN 

TAPE 
ERROR 

This subroutine inputs various 
parameters from tape. 

VIBSCLS. 

DETERMINE 
SCALE 

FACTORS 

RETURN 

This subroutine determines 
the scale factorc; nc;e0 
in correlating the data. 



l 

VIBFDl 

COMPUTE MEAN 
& DEVIATION 
IN FREQUENC 

DOMAIN 

PRINT OUT 
RMS DATA 
FOR 1/3 

OCTAVE 
BANDS 

CALL 
VIBFD2 

RETURN 

VIBFDl computes the 
means and deviations 
in the frequency domain 
and prints out the rms 
data in one-third 
octave bands. 

VIBFD2 

DETERMINE 
ISO EXPOSURE 
LIMITS FOR 

REDUCED 
COMFORT 

DETERMINE 
CENTER 

FREQUENCY 
BAND 

PRINT 
EXPOSURE 

TIME & 
FREQUENCY 

RETURN 

VIBFD2 determines the 
ISO exposure limits for 
the reduced comfort 
criteria, determines the 
center frequency band, and 

·prints the results. 



VIBTDl 

COJ\1PUTE 
MEAN & 

DEVIATIONS 
N TIME DOMAI 

PRINT & 
PLOT 

HISTOGRAMS 

PRINT PAGE 
SUBHEADINGS 

CALL VIBPTD 

RETURN 

This subroutine sets up 
parameters for plotting 
probability density and 
distribution function. 

the 
the 
the 

VIBPTD 

SET UP 
CONSTANTS 

& PARAMETERS 
FOR PLOTTING 

CALL 
PLOT 

ROUTINES 

RETURN 

This subroutine n1ots ont 
the probability density 
estimates and the dis
tribution function 
estimates. 



VIBIS02 

COMPUTE 
TIME LIMIT 

BY ALTERNATE 
METHOD 

RETURN 

VIBIS02 computes the time 
limits for the alternate 
ISO method. 

VIBPLFD 

INITIATE 
PLOT 

ROUTINE 

CALL 
PLOT 

ROUTINE 

This routine sets up the param
eters for plotting the PSD's. 



WRITET 

WRITE 
ON 

TAPE 

RETURN 

This subroutine writes 
data on magnetic 
tape. 

READT 

READ 
OFF 
TAPE 

RETURN 

This subroutine reads data 
off magnetic tape. 
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OUTPUT DATA 
FOR 

SCALING RMS 
PLOTS 

CONVERT SF 
TO ENGR. 

UNITS 

VIBPSCLS outputs data for 
scaling the rms plots. 

VIBPLABL 

LABEL 
AXIS 
DRAW 
TICKS 

CALL 
PLOT 

PACKAGE 

This is a general plot 
subroutine. 
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VIBCDS 

READ IN 
INPUT 

PARAMETERS 

PRINT 
INPUT 

PARAMETERS 

RETURN 

This subroutine reads (off 
cards) the input data for 
the program. 

VIBSUM 

COMPUTE 
95 + 99% 

LEVELS 

PRINTOUT 
SUH_t11ARY 

PAGE 

RETURN 

This subroutine computes the 
95% and 99% levels, and prints 
out the summary page. 



VIBPLFD 

INITIATE 
PLOT 

ROUTINE 

CALL 
VIBPLABL 

PLOT OUT 
PSD 

LEVELS 

RETURN 

This subroutine sets up the plot 
parameters for the PSD's. 


