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> APPLICATION OF A MODIFIED FAST
FOURIER TRANSFORM TO CALCULATE -
HUMAN OPERATOR DESCRIBING FUNCTIONS

By Richard S. Shirley
Electronics Research Center

SUMMARY

A version of the fast Fourier transform (FFT) is used in a
hybrid computer program to permit processing of tracking data to
yield the human operator's describing function almost immediately
after the period of data-taking. The use of the FFT allows the
final calculation time required to process 216 seconds of track-
ing data to be reduced to 3 seconds from the 10 minutes previous-
ly required on the same computer. The algorithm used permits the
bulk of the analysis of the data to be performed while the data
are being taken, and does not require all the data to be present
in core before processing begins.

TABLE OF SYMBOLS

a the index of summation for the additive portion of
the FFT
Ak a constant which weights the sinusoids composing the
system input, see Table I
Axk the real part of the truncated Fourier transform of
x(t) at the frequency Wy s given by
T
jf x(t) cos (wkt) dt
(o}
By the imaginary part of the truncated Fourier transform

of x(t) at the frequency Wy s given by

T

f x(t) sin (u t) dt
(e}
c a subscript referring to the output of the human operator

at the control stick (see Figures 1 and 4)

c(nAt) the data samples taken at the human operator's output



e(nAt)
FFT

Fx(wk)

i(nAt)

Yc(w)

Yp(w)

TABLE OF SYMBOLS (cont'd)

an integer devisable by 4 used to determine the input
frequencies

a subscript referring to the input to the human operator
at the oscilloscope (see Figures 1 and 4)

the data samples taken at the human operator input
Fast Fourier Transform

the truncated Fourier transform of x(t) at the frequency
Wy s given by

T it
f x(t)e I¥t at
A .

a subscript used to denote frequencies between the input
frequencies, equal to 1, 2, 3,...

a subscript referring to the system input (see Flgures 1
and 4)

the system input equals
> A sin (w, nAt)
o1 Kk k

the square root of -1.

a subscript used to denote the input frequencies, equal
to 1, 2, 3,...,14

the data samples taken at the system output

the index of summatlon for the multlpllcatlve portlon of
the FFT

the number of data samples taken, 10,800
the period of data-taking, equal to 216 seconds

the dynamics of the controlled element (see Figures 1
and 4)

the linear portion of the quasi-linear describing function



Y (D, /4) -1

At the time increment between interrupts, and hence the
time between data samples, equals .02 sec

Wy the frequencies of the sinusoids comprising the system
input, see Table I
Wy frequencies between the wk's

®. (w) the cross power spectral density between the human
operator's output and the system input

¢. (w) the cross power spectral density between the human
operator's input and the system input

® _(w) the continuous power spectral density of the human
operator's remnant

INTRODUCTION

Only recently have dynamic models of the human operator
been used effectively in the design of man-vehicle systems. This
is due partially to a lack of understanding of the human operator
and also to the difficulty and expense of experimentally deter-
mining values for the various parameters of existing models.
Improvements in computers and computational techniques are over-
coming these difficulties, and already it is possible to bring
about significant improvements in a man-vehicle system through
the use of pilot models in preliminary design (refs. 1 and 2).
This paper describes a computational technique which reduces
greatly the cost of obtaining values permitting the use of a
current pilot model, i.e., the quasi-linear describing function.

One way to characterize the behavior of a human operator
in a continuous tracking task is by a quasi-linear describing
function, which consists of a linear describing function and a
remnant. The linear describing function is the average frequency
response of the human operator, i.e., his amplitude ratio and
phase as a function of frequency. The remnant, characterized by
a continuous power spectral density, is that portion of the human
operator's output which is not linearly correlated with his in-
put. The total output of the human operator is the sum of the
remnant and the output of the linear describing function* (see
Figure 1).

*Examples of human operator describing functions are shown in
Figures 2 and 3.
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A direct way to measure describing functions in the labora-
tory involves the use of a hybrid computer and the method of
Fourier coefficients. The method of Fourier coefficients has been
extensively investigated and is described in detail (ref. 3). It
will be briefly outlined here for completeness. The human opera-
tor is placed in a control loop, possibly as shown in Figures 1
and 4. The system input, a sum of sinusoids of known amplitude,
phase, and frequency is updated every At seconds; simultaneously,
data are taken at the human operator's input and output. At the
end of T seconds, the sampled values of the human operator's in-
put and output are processed as follows:

At S
Ack = 5 c(nAt) cos (mknAt) (1)
) n=1
B =85S\ Cndt) sin (wnat) 2
ck_Tch sin (@ n (2)
n=1
At
A =.Trzgé(nAt) cos (wknAt)~ (3)
re .
By = Trz; (nAt) sin (@knAt) (4)
n=1
Fc(wk) = Rk ~ chk / (5)
/
Fe(wk) = Bex T 3By (6)
F (w, )
: _ ¢k
Yp(wk) = W ) (7)
1 Bex 1 Bex

Y (w,) = -tan = —— + tan - == (8)
% A, B,
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A + B
ck ck
Y = | ——a 9
ek
1 2
®cc(wh) = 7T |Fc(wh)| (10)
2
o (o) = o (w) |1+Ych(wh) (11)

where the wk's are the input frequencies, and the wh's lie between
the'wk's.

This paper describes how a version of the fast Fourier
transform (FFT) is used to compute human operator describing
functions, or more specifically, how a version of the FFT is used
to solve Egs. (1) through (4), while the data samples, c(nAt) and
e(nAt), are being taken. The FFT is an algorithm which greatly
reduces the time required to calculate the truncated Fourier
transform, or periodogram, of a sampled time signal. The savings
are obtained by replacing calculations which involve trigonometric
functions or multiplications with simple additions. The replace-
ment is accomplished by taking advantage of the symmetries of the
sine and cosine functions, and by further taking advantage of
relationships between the frequencies at which the Fourier analy-
sis is performed.

THE VERSION OF THE FFT USED

The version of the FFT used takes advantage only of the
symmetries of the sine and cosine functions. It does not take
advantage of the relationships among the frequencies at which
the Fourier analysis is performed. By not using the complete
version of the FFT, it becomes possible to perform the bulk of
the data-processing during the At seconds between interrupts
while the experiment is still in process. The requirement that
the data be in core before processing, or even that the data fit
in core, is avoided. The following derivation of the algorithm
used will make this point clearer. It should be noted that before
the FFT was used it was not possible to perform the calculations
between interrupts because the computation time required was over
two and a half times greater than that which was available.



It is desired to evaluate Egs. (1) through (4) using a
digital computer. In order to permit the use of the FFT, the
input frequencies, Wy will be restricted to

where the Dy are chosen from 4, 8, 12, 16, etc. The method of

Fourier coefficients further requires that the ratio N/Dyp be an

integer (where N is the number of data samples taken at intervals

At). The derivation for A and B is identical to the deriva-
. . ek ek

tion which follows for A . and B.

Using the identities

sin (9 + 2m)
cos (8 + 2m)

sin 6, and

cos ©

or

sin (kat) sin [(aDk+l)kat] .
a=20,1,2,3,...

cos (kat) = coSs BaDk+-1)kat

permits Egs. (1) and (2) to be rewritten as

D - 8
At k k ,
Ay = T 3 cos (wknAt) ; c[At(n + aDk)ﬂ (12)
n=1 a=0

At D, T By
Box = -—,I—.—Z sin (w nAt) 37
n=1 L a=

C[At (n+ aDk)]] - (13)

0

where Bk = (N/Dk)_—l. The identities

-sin 6, and

sin (6 - m)

cos (6 - m) cos 6



or

-sin (wknAt)

. Dy \|
sin |w, At -5

cos |w, At cos (mknAt)

=
AN
I
o
N
~
]

permit Egs. (12) and (13) to be written as

Dk/2

At
Ack = .T_E cos (mknAt) azo{c[m:(n + aDk)]
n=1 - .

. Dk _
- c [At <n+ -§—+aDk>] } (14)

Dk/Z
B, =4t sin (undt) 3, Je[at(n +ap, ]
ck T T. k — k
— a=0
n=1
. b,
- c|At r1+--2—+aDk (15)
Finally, the identities sin (-6) = -sin 6, cos (-6) = cos 6,
sin (n/2) = cos (m) = 1, and sin (m) = cos (7/2) = 0 permit

Egs. (14) and (15) to be written as

A Tx x
t
Ack = o n§=;1 cos (wknAt) a2=0 {c [At (n + aDk)] -c [At <n + - + aDk>]

D \ D D
- C |:At<—2-]i -n+ aDk>] +c [At(Tk -n+ -?k + aDk>]}
At "k Dy {Px Dk
- 5 }: {c [At(-—z— + aDk>] - c[At<T+ -—2—+ aDk>] (16)
a=0 ’ _



Yie By

D
Bck _ At Z sin (w nAt) }: { [At(n+aDk)] —c[At<n+—2]—<-+ aDk>]
D D D
+ c[At(—?_}i -n+ aDk>] - c[At(Tk -n+ —zk-+ aDk>]}
+éf52 At]—D-15+D -Atkk+D 1
T & T taby)| —elAt 7Ttz tab (17)

where yx = (Dyx/4) -1. Equations (16) and (17) represent the
algorithm used in the hybrid program. The summation over "a" is
performed between interrupts during the experiment and is called
the "additive portion" of the FFT. At the end of the data-taking
period, the summation over n (called the "multlpllcatlve portion"
of the FFT) and the calculation of the human operator s describing
function [using Egs. (8) and (9)], can be performed in less than
three seconds.

The hybrid computer program is written in a Fortran IV lan-
guage which includes hybrid commands. The program is listed in
Appendix A. Table I lists the values of the experimental param-
eters, including those which characterize the system input. Fig-
ure 5 is a flow diagram of the additive portion of the FFT.
Figure 6 shows a flow diagram of the hybrid program, and lists the
time taken by each part of the program, both for the FFT version
and for the version written the old way [directly computing Egs.
(1) through (4)]. As shown in Figure 6, the FFT permits a saving
of nearly ten minutes per run, effectively reducing the run time
to the time required to take the data and print the results.

RESULTS

An initial check of the hybrid program was made by taking
measurements across known filters. The results shown in Figures
7 and 8 are quite accurate, and are repeatable.

Measurements were then taken of the author's tracking per-
formance in a control loop, as shown in Figures 1 and 4. Ten
rung were made with each of the controlled elements, 1/s and
1/s The describing functions shown in Figures 2 and 3 are com-
parable with established results (ref. 3).

10
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TABLE I

PARAMETER VALUES USED FOR THE HYBRID PROGRAM

. By Yk | Bk Wy
volts rad/sec volts rad/sec

1 2 26.18 8 -1. 1.309

2 - .2 15.71 9 1. .8727
3 .2 8.727 10 -1. .5818
4 - .2 6.545 11 1. .4363
5 .2 4,363 12 -1. .2909
6 -1. 2.618 13 1. .1745
7 l. 1.745 14 -1. .1164
At = time between interrupts = .02 sec
Tl = warm-up time before data-taking = 24 sec
T = period of data-taking = 216 sec

14
i(nAt) =

system input = ZAk sin (w, nAt)
k=1 .

No comparison is made between results for the programs with
and without the FFT (on Figures 2, 3, 7, 8) because the results
are identical, as is shown analytically in the derivation of
Egs. (16) and (17). The comparison between the computation times
for the two programs (Figure 6) however, indicates the substan-
tial savings obtained by using the FFT. The only penalty paid
for the reduced computational time is an increase in the com-
plexity of the written Fortran program, as shown in Appendix A.

National Aeronautics and Space Administration
Electronics Research Center
Cambridge, Massachusetts, November 1968
125-19-01-11-25
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APPENDIX A *

PROGRAM LISTING

11713768 80780 LTIST o T PAGE “NU. 000001
#JOB RSHIRLEY
FUATE IS NOVEMBERTIIE S
*TITLE PROGRAM TO MEASURE THE DESCRIBING FUNCTION USING THE FFT
HFASSTON-T=MT2A2=MT1B+3=MT1IA e
*ASSIGN 5=CR1A, 6=LP1A .
*ASSTON-F=CPFA-————-—-———— - - -
*FORTRAN S»GO

€

C

C-MATN PROGRAM —~-——-—~ - - B i
C
T
C SENSE SWITCH FORMAT

€ DO NOT SET SENSE SWITCHES DURINGCOMPILATION

C SET=SWITCH INs LIGHT ON

C" NOT SET=SWITCH - OUTs LIGHT OFfF - —-——---" = 77 == o s e o m oo s e e e -
¢ .

C = SWITCH NO - ""'i’SET """"" I TTTTTTTTTTTmsoTooooTmomTmm e NO ’T"S'ET'_""”___""': """"""""
C A0 T 23 I 6T I I T I I I IS I I I I I I I I I I R
T 1" D0 ROT READ DATA CARDS — ¥ REAU DATA CARDS AND AL CT—INPUT—
C 2 * DO NOT CALCe. INPUT * CALCe INPUT

G- - someeo---3-% DO NOT PROCESS-DATA-------------=-— *-PROCESSDAFA-—--=-=-=mm—m oo omoo
C 4 % DO NOT USE UNIT 3 TO SAVE DATA * USE UNIT 3 TO SAVE DATA

C - == "5 % DO A DATA-DUMP == —==-————===—= RO -DATA-DYMP-- - - ---m oo
C 6 * DO PUNCH OUT DATA * DO NOT PUNCH OUT DATA

<

C

Cmmmmmmm e e e
C .
oot e e e W RN N~ HOMAN A AR SYSTEM-——----—-
C INPUT ERROR * *  QUTPUT * * QUTPUT
PO ——tE————HUMAN——————ONE VR EEE—————FWo——————
C A RN NN KRN P e s s 4 RN TR NNRR

C SRt OPERATOR AT - DYNAMTCS S
C * - * * * * *

C S mmmmeees I R R L it el s % 8 Sttt Bt d s L R
C * *

| * "

Ie D L S L L N s T2 T IR T ST R SR L TS S
M A S
C

C-FORMAT - STATEMENTS ——--——--—-——----—— - - - --
100 FORMAT {1H193Xy1HK+6X s 8HFREQe (K) s 7XsSHAE (K)» 10X s5SHBE(K) 910X s

0 0 y 0 ¥ ¥ ¥ g 0
101 FORMAT(///+4Xs1HKs6XsBHFREQe (K)»7X s BHAREML(K) 9 TXsBHBREML (K)»7X
""""" 1BHAREMZ K3 T X7 BHBREM 2K 5775 ¢t 153 5ELYSvae Yy~ -
102 FORMAT(1E15.8)
IO FORMAT /77577 54X s TR EXTBMFREQ 1K I TX yEHAR T K r v X s THPHAT tK Y v 8% 5
16HARZ2(K) 99X s THPHA2(K) 9// s CI595E1544))
IO FORMAT I I X T KT O X TN E OOy I SHORE OO ¥ I O WOty S 3 B S
24))
105 - FORMAT--t THIs %Xy T HK 39 Xr 6 HPUTAK Ty XS HE KI5 I EXFEHONEAK Iy XY G HFWOAK J-———————————-——
l9//79(15+4E1544))
106 - FORMAT--ttHT s Xy T HEY S X s 6HPU T s 7 A v 635y L EE S et P - —— sl
107 FORMAT (///+10Xs8HPUTSQ = 9s1E154¢49/910Xs8BHERRSQ = +1E1564910Xs

=% e ] =

25Q = 91E15445/510X»BHTWOSQ = »1E154910X914HTWOSQ/PUTSQ = »1E1544)

15



TTTTTII7I3758 80780 LIST —PAGE RO 000002

108 FORHATI/I/.“X-IHKoGXoBHFREOo(K)11XQ7HREH1(K)9'!.7HREN2(K).//.V

TUI9» 315417
109 FORMAT (10Xs3110)

"'TIU_FURHIT“T77?‘XTSHURTKTT3X‘3H3BT‘T*tX"HﬁCTKT”77?T2XTT37tXTfST#xml:)

'TTT'FORHIT“TTﬂT"?}¢XTTHK‘SX“‘ﬂ'TKT“7T'T19‘215_‘l)
112 FORMAT (///+4X%s23HREMNANT PONER AT ONE = »1E15e45/ 94X

= 9iblJeh])
113 FORMAT (///+4Xs1HK 96XsBHFREQe (K) s 7Xs8HREMAL(K) » TXs8HREMA2(K) s/ /s

TTT5.3E15.,4))
114 FORHAT (///olOX:STHE EOLLOHING REMNANT VALUES ARE CORRECTED FOR TH

208)

T ITS5 FURMAT (6EIU+%)
116 FORMAT (/94Xs8HCONSZ = »1E15.4)

“TII7 FORMAT 177 +4X+ THXESU = 5 IEIS«%+ 10X+ TRXZSW = S1IEI5e%)
C

T DIMENSTON STATEMENTS
COMMON PUT(1080),E(1080)5sONE(.1080)»TWO(1080Q) sKONKsLOP s KANK

sMy » 3 ’ ’
COMMON JA(29)oJB(29)oJC(29)oHS(éBOO)oKL(29)oKLE(29)

1AREM1(15).BREM1(15).AREM2(15).BREM2115)

DIMENSTON AR1(151,AR2(15)sPHAL(15),PHAZ{15) »REMIT151sREM2(15)
DIMENSION AM(15)

DIMENSTON REMAI(15),REMAZ2(15)

C
C
C THE PROGRAM CAN BE RECALLED TO THIS POINT BY IFINITIA AT ANY TIME
¢ OUTTTBY RITYING INTERRUPT 33 AND TYPING A CARRIAGE RETURN 7~

CALL IFINITIA
C
C CONNECT THE CONSOLE L
3 EOM 031120
C
C PUT THE ANALOG COMPUTER INTO IC MOOE

CALL IC
C
C SENSE SWITCH4 DETERMINES IF REWIND 3 OR NOT

IF (SENSE SWITCH&) 98,99
_____ 99 REWIND 3 e

98 CONTINUE ’

C -
C SENSE SWITCH1 DETERMINES IF FREQUENCY AND REGISTER VALUE CARDS ARE
C READ

1F (SENSE SWITCHI) 23,24
C
C SENSE SWITCH2 DETERMINES IF INPUT CALCULATED

23 IF (SENSE SWITCH2) 17426

C
C READ IN 29 FREQUENCIES IN ORDER, HIGH FREQUENCIES FIRST»
(ol TN RADTANS/SECONDs STARTING WITH A REMNANT FREWOENCY AND ALTERNA=
C TING THEREAFTER WITH THE INPUT FREQUENCIES. THE FREQUENCIES MUST
T ‘ALU BE INTEGER MULTIPLES OF 2TPT)/RUNTIMEs AND THE NUMBER OF
C SECONDS PER CYCLE MUST EQUAL 4I(DELTA)» WHERE I IS AN INTEGER AND
T DELTA IS THE TIME BETWEEN DATA POINTS.

24 READ(5+9102) (W(K)sK=1929)

16
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(@)

(e XAKS!

11/13/68 80/78v LIST PAGE NO.

26

20

19

17

WRITE(60111) (KeW(K)sKale29)

READ IN THE REGISTER VALUES FORK THE ALLITIVE PART COF THE FFT
REAV(59109) (JA(K) o JB(K) 9 JCIK)IKS19c9)
WRITE(69110) (JA(K)sJUB(K)»JCIK) 9Ka1929)

INPUT (CALCULATED EVERY DELT)

CONS1 SCALES THE INPUT

CONS1=945

REWIND INPUT TAPE PRIOR TO STORING InPUT

REWIND 1

ONW -SETS THE STARTING TIMc FOR THE INPUTs AND IS NEGATIVE
SO THAT THE HUMAN OPERATOR 15 IN A STEALY-5TATEt TRACKI1KG
CONDITION WHEN THE ONSET CF UATA-TAKING GCCURS

ONW==1080. )

DELT 1S THE TIME INCREMENT BETwbEN INPUT VALUESs AND MUST cQUAL

DELTAy THE TIME INCREMENT BLTWEEN DATA POINTS.

DELT=402 .

THE AM(K) SCALE THE INPUT SINUSOIDS

AM(1)=e2

AM(2)=~e2

AM(3)=e2

AM(4)=~e2

AM(5)=e2

AM{6)=-1,

AM(T7)=1le

AM(B)=-1,

AM{9)=1l.

AM(1l0)=-1.

AM(1l1l)=1.

AM(12)=~—1.

AM(13) =1,

AM(14)==1e

AM(15)=1,

THE INPUT IS CALCULATEL IN BLOCKS OF 549 VALUES AND STURCU On
MAGNETIC TAPt (UNIT 1),

DO 19 J=1»30

VO 1 K=1,540

PUT(K)=0e

ONW=ONW+1e

T=ONWH*DELT

DO 20 L=1s14

PUT(K) =PUT(K)+AM(L)*SIN(T#w(2%L))

CONTINUE

PUT(K)=CCONS1#PUT (K)

CONTINUE

M=1

N=540

CALL BUFFERQUT (1 s1sPUT(M)s 2% (N-M+1)sISTATUS)

CALL GUTOLISTATUS)

CONTINUE

CONT INUE
THE INTERRUPT 15 COUNNECTEDs BUT NOT ENABLED

0060003

17
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CONNECT (409 INTR) ’
EOM 020020
POT =00700000

INITIALIZE FOR THE RUN

ZERO THE BUFFER AREAS
DO 92 K=1,1080
PUTI(K)=0.
E(K)=0e
TWO(K)=0,

92 CONTINUE

ZtRO THe vATA TAPLE
REWIND 2 '
DO 91 K=1,90
N=5640
M=1
CALL BUFFEROUT(251E(M)92%(N=-M+1),ISTATUS)
CALL GOTO(ISTATUS)
. 91 CONTINUE

THE MAGNETIC TAPE UNITS ARE INITIALIZED, UNIT 1 FOR THE INPUT,
AND UNIT 2 FOR THE DATA.

REWIND 1

REWIND ¢

ZERO THE REGISTERS WHERE THt FOURIER COEFFICIENTS ARE TU
Bt CALCULATEUL.
DO 31 K=1,15

AE(K)=0.
BE(K)=0,.
AL(K)=0.
Bl(K)=0.
AZ2(K)=0.
DZ2(K)=0e

AREM1(K)=C,

bREM1(K) =0,

AREMZ(K) =0

BREM2(K) =0
31 CONTINUE

INITIALLIZE FOR Thnt ADDITIVE PART OF THE FFT
DO 10 NOwW=1,29
KLINOW)==1
10 CONTINUE
DO 14 NOW=1,4300
WS (NOW ) =0
14 CONTINUE

INITIALLIZE THE CUUNTERS FUK THE RUN
KRINK IS A& COUNTER TO DETERMINE THt LOCATION FROM wHICH THE
NEXT INPUT VALUE SHOULD bE TAKEN FROi« -
KRINK=0 ,
KONK CCUNTS THE INTERRUPTSs UETERMINES WHEN TmE ONSET OF UATA-

18
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80/80 LIST

KONK=0

KANK 1S THt RALF REGISTcR CUUNTERS

KANK=0
MO DETERMINES WHICH HALF OU ThHc
MO=0

1 70 540

INPUT LuFFER

PAGE NG
IS COMPLETED

iS BcING USED

B 1S A COUNTcR UN THE DATA USED DURING THE DATA-PRUCESSING

B==<1,
LOP IS THE FLAG SET BY

LOP=0

PUTSQ AND £ERRSQ ARE THE
PUTSQ=0.

ERRSQ=0.

ONESQ=0.

TWOSG=Ce

X15u=0.

X25Q=0De

INITIALLIZE
WITH INPUT VALUES
M=
N=5640
CALL
CALL GOTO(ISTATUS)
M=541
N=1080

INTEGRAL SQUARE

INPUT bUFFeR FOR Tmk RuUlvs

lec oy

BUFFERIM(Ls 1o PUT(M) o 2% (N=i"+11415T~TUS)

CALL BUFFERIN(I91sPUTIM) s2c*(N=im+L) s ISTATUD)

CALL GUTO(ISTATUS)

INTR TO END DATA-TAKING

INPUT AiIvD ERROR

FILL vOTHh HALVES

WAIT TO START RUN ON SIGNAL FRUM THE OUPERATOR

PAUSE

CONTINUE
SKS $30000
oRU 5135
GO 70 511
CONTINUE

PUT Trt ANALOOLG COMPUTER INTU COMPUTE mMODL

CALL CUMPUTE

ENABLE THE INTERRUPT

EOUM 031032

CONTINUE

CHECK TO SEE IF IT IS THE END OF DATA-TAKING
IF (LOP«EQesl) GO TO 2

IT IS NOT THt END CF DATA TAKING, WAIT FOR
Go TOo 11

IT IS ThE cho OF DATA TAKINLs GU ON

CONTINUE
TURN OFF THE
EOM 031033

INTERRUPT

PUT THE ANALOG COMPUTER INTU THr HOLD MCuLt

INTERRUPT

0CLQ0>
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22

89

16

CALL HOLD ,
TAKE THE INTEGRAL SQUARE MEASURES

CALL ADL (4+PUTSQsERRSUSONESUS TWOSWUsX15WsX25Q)
PUT THE ANALOG COMPUTER INTU IC MODt

capL 1< :

SENSE SWITCH3 DETERMINES WHETHER TO PROCESS THE DATA AND TYPE
THE RESULTSs OR WHETHER TU RE-INITIALLIZE FOR THE NEXT RUN
IF (SENSE SWITCH3) 17,22

DATA PROCESSING IS DESIREDs GO ON

CONTINUE

THE FOLLOWING SAVES THE LAST 540 DATA POINTS
N=1080

M=541

CALL BUFFEROUT(291sE(M) 2% (N-M+1)sISTAIUS)
CALL GOTO(ISTATUS)

CALL BUFFERQUT(291sONE(M) 2% (N=M+1),ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFERQUT (291 sTWO(M) 2% (N=M+1),ISTATUS)
CALL GOTO(ISTATUS)

THE FOLLOWING PERMITS A TOTAL OR PARTIAL TAPE vUMP
IF (SENSE SWITCHS) 89,90

REWIND 1

REWIND 2

N=540

M=1

CALL BUFFERIN(191sPUTIM) 92%(N-M+1)4+ISTATUS)
CALL GOTO(ISTATUS)

N=1080

M=541

CALL BUFFERIN(1s1sPUTIM) 32%(N-M+1),ISTATUS)
CALL GOTO(ISTATUS)

WRITE(6+106) (JsPUT(J)sJ=1,1080)

GO PAST THE INITIAL SPURIOUS DATA POINTS (CAUSEV bY INTERRUPT
ROUTINE) »

M=1

N=540

D0 16 J=1,3

CALL BUFFERIN(2s19E (M) 9 2% (N-M+1) 9 ISTATUS)
CALL GOTO(ISTATUS)

CONTINUE

NG DETERMINES EXTENT OF THE DUMP

NO=13

DC 88 K=1sNO

CALL SUFFERIN(1s19PUT(M) 2% (N-M+1),1ISTATUS)
CALL GOTC(ISTFATUS)

CALL GUFFERIN(Zy19E(M) 2% (N~-M+1)s[STATUS)
CALL GOTO(ISTATUS)

CALL BUFFERIN(Z29s19ONE(M) 4 2% (N=~1+1) s ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFERIN(Z2s1+TWO(M) 92%(N-M+1)4ISTATUDS)
CALL GOTO(ISTATUS!

L=(K=1)3%#540

000006
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WRITE(65105) ({L+J}»PUT(IILE(JI) sONE(J) 2 THO(J) »Ju1+540)
88 CONTINUE

90

CONTINUE

PROCESS THE DATA FOR 10+800 POINTS

MULTIPLICATIVE PART OF THE FFT USED TO CALCULATE THE FOURIER

COEFFICIENTS

[aTaXalaXa [aXa{aXa)

DEZ'3-1#15927

DO 21 K=1,29,2
NE=(K+1) /2

"TEBI=JBIKY+JA(KY=]T

LEE1=JB(K)+2RJA(K) -1
LEBZ2=JB(K)+2*#JA(K) -]
LEE2=JB(K)+3%JA(K)~1

LEMI=LEEI-JA(K)/2
LEM2=LEE2-JA(K) /2

BREMZ (NE)=0.

JST=(JAIK1/21-1

0O 27 JI=1ydsY ‘
TUOU=FLOAT(JY , )
VOU=FLCAT(JA(K) )

SINUS=SIN(DEZ#TOU) )

—— e L s T . o

COSUS=SURTT1.-SINUSH2,] )
AREMI(NE)=AR¢W§£NEJ+(HS(LEBI+JI)+HS(LEE1-JI))lSINUS

CONTINUE

_____ 5T

C

AREM1 (NE)= AREMI(NE)+&5(LEM1)
AREMZ(NE)=AREM2(NE ) +WS(LEM2)
BREM1TNE)SBREMITREY-WSLEETT
BREM2 (NE)=BREM2 (NE)-WS{LEEZ2)
"CTONTINUE

ALCUL HE FOU 0 T CTION
DO 28 K=2528,2

NE=K/2
LEBE=JB(K) =1

LEEE=JB(K)+JA(K) -1
LEB1=JB(K)+JA(K)~1

LEETI=JB(K)+2%JA(K) -1
LEBZ=JB(K)+28JA(K) -1

LEEZ2=JB(KI+3%JA(KY-T
LEME=LEEE~-JA(K) /2

LEMI=LEE1-JA(K} /2
LEM2=LEE2-UA(K) /2

AE(NE)=0,
BE(NE) =0,

21
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Al(NE)=0.

000008

Bl (NE)=0,
A2(NE)=0.

B2(NE)=0.
JST={JA(K)/2)~-1

D0 29 JI=1,JST
UQU=FLOAT(JI)

VOUsFLOAT(JA(K))
TOU=you/vou

SINUSsSIN(DEZ®TOU)
COSYS=SQRT (1 —-SINUSHR2,)

AE(NE)=sAE(NE)+(WS(LEBE+JI)+WS(LEEE~JI))®SINUS
A1 (NE)=ALl(NE}+(WS(LEBl+JI)+WS(LEE1-J]))=SINUS

AZ(NE)=A2(NET+(WSILEB2+JI)+WS(LEEZ2-JI) ) *#SINUS
BE (NE)=BE(NE)+(WS(LEBE+J1)~-WS(LEEE~J]))*#COSUS

BITNE)=B1(NE¥+ (WS (LEBT+JT =WSTLEEI=-JT)) #TOSUS
B2(NE)=B2(NE)+{WS(LEB2+J1)-WS(LEE2-J]))#COSUS

29 CONTINUE

AE(NE)=AE(NE) +WS(LEME)

ATTNE) =AT(NEY+WS(LEMI)
A2 (NE)=A2(NE)+WS(LEM2)

BE(NEY=BE(NEV-WS{LEEE)
B1l(NE)=B1(NE)-WS(LEEL)

T BZ(NEY=BZ(NEY-WS(LEE2)

28 CONTINUE .

2 ¥aTaXs

CALCULATE THE HUMAN OPERATORS DESCRIBING FUNCTTON AND REMNANT

D0 32 K=1514 _
DENOM=AE (K J*AE(K ) +BE (K) #BE (K)

ARITK)=SART( (A1 (K)*AI(K1+B1(K)*Bl(K))/DENOM)
ARZ(K)*SQRT((AZ(K)*AZ(K)+BZ(K)*BZ(K))/DENOM)

allaNa]

180 DEGRESS TO CORRECT FOR THE LOSS OF PHASE INFORMATION

IN THE ARC-TANGENT ROUTINES
IF (PHAl(K)eLTe180e} GO TO 93

PAAITKY=PHAT(K1=360, T

93 IF (PHA2(K)eLT+180e) GO TO 94

PHA2 (K)Y=PHAZ(K) =360,

94 CONTINUVE

32 CONTINUE

[allaNala)

CONS2 SCALES THE REMNANT
CONS2=(DELT)##2/4(PI)T

DELT=.02, T=216
CONS2=1.47E-7

VO 33 K+1»15 .
REM1 (K)=CONS2%# (AREM1{K)#AREM1 (K)+BREM1 (K) #*BREM1 (K) }

ST REMZTRYECONS 2% TAREMZ TK 1 ¥AREMZ TK 1 #BREMZ (K Y ®BRERZ (KT
33 CONTINVE
T~ TRTERPULATE FOR THE REMNANT AT THE TNPUT FREGUENCTES

DO 230 K=1lyl4

22

REMAL (K] =REM1 (K)+(REM1(K+1)=REMI{K) ) ®#(W{Z¥K)-W{Z*¥K-1))7TWIZ¥K+T)~
IW(2#K=-1))
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230

"REMPW2=0.

‘REMA2(K)= REMZ(K)+(REM2(K+1)-REM2(K))*(N(Z*K)-N(Z*K 1))/ (W{2%K+1)-

6000

09

TTIWC2Z#K=10)

CONTINUE

CALCULATE THE REMNANT POWER ~~~~~~——~ 7 o rrrmmrmmmmmmmrmmrmmmmm e

REMPW1=0.

DO 231 K=1ls1l4

231

REMPW1=REMPWI+REMAL(K)* (W( 2¥K-1)-W(Z¥K+1))
REMPW2=REMPW2+REMA2 (K) * (W(2%¥K-1)-W(2#K+1)) .
CONTINUE oottt

WRITE OUT THE FOURIER COEFFICIENTS OF THE SYSTEM ERROR (E)»s THE

ala¥aXa!

(a¥aXa!

HUMANS OQUTPUT (ONE), AND OF THE SYSTEM OUTPUT (TWO)«~

WRITE OUT THE FOURIER COEFFICIENTS OF THE REMNANT AT THE HUMANS
OUTPUT (ONE)s AND AT THE SYSTEM OUTPUT (TWO).
WRITE{65101) {(KsW{2%#K~1) »AREM1(K}sBREMI(K)sAREM2(K)»BREM2{K)}sK=1»1

[a¥a¥s)

15)

WELL AS THE SYSTEM OPEN LOOP DESCRIBING FUNCTION AND REMNANT
WRITE(6+108) (KyW{2%#K—=1) yREML(K)sREM2(K)sK=Z1y15) " 7~
WRITE(6+116) CONS2

'WRITE OUT THE HUMAN OPERATORS DESCRIBING FUNCTION AND REMNANT A5 7'

WRITE OUT THE HUMANS REMNANT AT THE INPUT FREGUENTIES
WRITE (65113) (KsW(2%K)sREMAL(K)sREMAZIK)IK=1+14)

WRITE(65103) (KsW(2%K)»ARL(K) sPHAL(K) sAR2(K) sPHAZ(K)sK=1s14) -~
DO 239 K=1»l4 ' ‘ o T
REMALULK)=REMALIK)*{ {1.+AR2(K))*%*2,)

239

240

" WRITE(65114)

REMAZ(KT=REMA2 (K ¥ T (1 +ARZIKINI ¥ *¥ 2 ) ¥ (ART KV ¥#2, 1 /TARZIKT*¥2)
CONTINUE

WRITE(65113) (KsW(2%K)sREMAL(K) sREMA2(K)sK=1s14)
WRITE(65,116) CONS2 ' B
WRITE _OUT THE_ERROR SCORES

ERRSY=ERRSG/PUTSQ
ONESY=0ONESQ/PUTSGQ ’

TWOSY=TWOSQ/PUTSQ o T T
WRITE(65107) (PUTSQsERRSQERRSY sONESQsONESY » TWOSQrTWOSY)

WRITE(65117) X15Q»X25Q TTtmremme

‘PUTSQ PUTSQ/216.

‘ERRSQ=ERRSQ/216,

ONESQ=0ONESQ/216.

TWOSQ=TWOS5Q/216. oo ot T T et
WRITE(6+207) (PUTSQs»ERRSQERRSY»ONESQsONESY » TWOSQ» TWOSY)

WRITE OUT THE REMNANT POWER
WRITE(65112) (REMPW1sREMPW2)

REMPW1=0.
REMPW2=0.

DO 240 K=lr14 e e e e e

REMPW1SREMPW1+REMAL (K)*(W(2#K=1)-W(2#K+1))
REMPW2=REMPW2+REMA2 (K) # (W (2¥K=I)=W(2#K¥1)) "~~~ =
CONTINUE

WRITE(6s112) (REMPW1 yREMPW2)

SENSE SWITCH & DETERMINES WHETHER TO PUNCH OUT THE ANSWERS ON CARDS

23
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35

36

97

521

96
35

200

IF (SENSE SWITCH6) 35,36

PAGE NU.

PUNCH OUT THE DATA ON CARDS»s 14 CARDS WITH AR1+sPHA19ARZ2+PHA2,
REMAls AND REMA2s PLUS 1 CARD WITH PUTSWsERRSWIONESU» TWOSQ

REMPW1,  AND REMPW2.

WRITE(75115) (ARL1(K)sPHAL(K)2AR2(K) sPHA2(K)IREMALIK)IREMAZIK)sK=1

114)

WRITE(75115) (PUTSQsERRSCIONESQsTWOSQIREMPW1 sREMPW2)

CONTINUE

THE FOLLOWING STORES EITHER ONE(M) OR FTWO(M) ON UNIT 3 FOR

LATER PROCESSING FOR THE REMNANT

SENSE SWITCH4 DETERMINES WHETHER TO SAVE ONE(M) OR TWO(M)

1F (SENSE SWITCH4) 95,97

REWIND 2

REWIND 1

M=1

N=540 -

THE FOLLONING 'AVOIDS THE SPURIOUS DATA POINTS
D0 521 K=1,3

CALL BUFFERIN(2s1sTWO(M) $2% (N-M+1) 4 ISTATUS)
CALL GOTO(!STATUS)

CONTINUE

CALL BUFFERIN(151sPUT(M) 42%(N- M+1),ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFERIN(lyl,PUT(M)92*(N-M+1),ISTATUS)
CALL GOTO(ISTATUS)

DO 96 K=1520

CALL BUFFERIN(1s1sPUTI(M) 2% (N=iM+1),ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFERIN(2y15E (M) s2%(N-M+1), ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFERIN(251sONE(M) 2% {(N=- M+l),ISTATUS)
CALL GOTO(ISTATUS)

CALL BUFFZIRIN(251sTWO(M) 32%#(N-r+1),ISTATUS)
CALL GOTO(ISTATUS) ~

CALL BUFFEROUT(3414PUT{M)y2%(N- M+1);XSTATUS)
CALL GCTO(ISTATUS)

CALL BUFFEROUT(3,1,E(M) 92% (N-M+1)s1STATUS)
CALL GCTO(ISTATUS)

CALL BUFFEROUT(341,0ONC{M) 2% (N-M+1),ISTATUS)
CALL GCTO(ISTATUS) '

CALL BUFFEROUT(3,1,TWO(M)»2%* (N-M+1),ISTATUS)
CALL GOTO(ISTATUS)

CONTINVE

CONTINUE

RETURN TO INITIALLIZE FOR THE NEXT RUN
GO TO 17
STOP -

INTERRUPT SUBROUTINE (INTERNAL)
INTR SERVICES THE INTERRUPT
~SUBRQUTINE INTR

00uv010
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KRINK IS THE REGISTER COUNTERs 1 TO 1080
KRINK=KRINK+1
KONK 1$ THE TOTAL COUNTERs 1 ON UP
KONK=KONK+1
KANK 1S THE HALF REGISTER CUUNTERs 1 TO 500
KANK=KANK+]
iF (KONK.GT+1080) GO TO 1

2 1IF (XANK.GE«541) GO TO 3

4 CALL DAL(O,PUT(KRINK))

12 RETURN

1 IF (KONK.GT+11880).GO TO 5
IF (KANKeGE«541) GO TO 6

8 CALL DAL(0sPUT(XRINK))
CALL ADL(QsE(KRINK) yONE (KRINK) s TWOUIKRINK))
ADUITIVE PART UF THE FAST FUURIER TRANSFURM

KL= A COUNTERs O TO (2%JA()#JC(K)-1)

JASHALF. THE NUMBER OF CYCLES PER SECONUL/DIVISOR

Jo=REGISTER START FCR tACH FREGQUENCY

JC=DIVISOR 'JSEC ON RALF THE NUMBER OF SAMPLES PER CYCLE TO GET JA

ADUITIVE PART OF ThE FFT

AOD Trc DATA INTO THE WS(K)
0G 27 K=1+29
23 KLIK)=KiL (K)+1
INK=JA (L) #*JLIK)
IF (KL(K)eGEoJNK) GU TU 32
KLE(K)=KLIK)I/JLEK) + JB(K)
Gu T0 24
352 JRKSZ%#JA(K)*JC(<)
IF(KL(K) eGEaJAK) GO TO 33
KLE(K)I=IKLIK) Z7JCIK) I=JA(K)+IBIK)
GU TD 25
32 kKL{K)=-1
GC TO £3
24 JUs=KLE(K)
Je=KLE(K)I+JA(K)
JF=RLo (L)+2% JA(K)
WSLJID) =WS(JL) +E(KRTNK)
WSl JD) =WS I JE) +ORE(LKRIANK)
aSLJIF) =WSTIF)+TWOIKRINK)
52 TS 26
25 JD=XLE(K)
JE=XLE(KI+JA(K)
JE=KLE (K)+2* JA(K)
WS(JD)=WS({JD)~Z(KRINK)
WS (JE) =%S( JE) ~ONE(KRINK
WS LJFY=WS(JF)~TaO(KRINK)
2o CONTINUZ
27 CONTINUE
RETURN
3 KANK=:
MU=1
N=540
M=1

oou0ll

25
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9 CALL BUFFERIN(1s1sPUT(M) 2% (N=M+1)+ISTATUS)
GO .TO &
T MOZO . e e e
N=1080
_.M=541 S . . e e
KRINK=1
~ GO TO 9
6 KANK=1
. IF (MO+GE.1l) GO TO 10 . - .
Mo=1
N=540 X
M=1 : , :
11 CALL BUFFERIN(151sPUT(M) 2% (N-M+1),ISTATUS)
T EALL BUFFEROUT(Z291E(M)»2% (N=M+1) s ISTATUS)
CALL BUFFEROUT (251 5sONE (M) »2% (N=M+1) 5 ISTATUS)
CALL BUFFEROUT(2,LsTWO(M) 2% (N~-M+1)sISTATUS)-
GO TO 8
10 MO=0
N=1080 e
M=541
KRINK=1
GO 7O 11 .
5 LOP=1
GO TO 12 -
C
c . ; _
SUBROUTINE GOTO (ISTATUS)
T C SUBROUTINE (INTERNAL) TO HANDLE TAPE READ AND WRITES
‘ 7 GO TO (6549595951 ISTATUS
6 GO TO 7 ‘
5 WRITE (1025200)ISTATUS
4 RETURN T T
200 FORMAT ($BUFFERIN STATUS WORD =$,12) ] i
END :
#LOAD X
*DATA
394269908 ) )
264179938 7 T
194634954 _
Lo 307968 ©©© ©t Tt ee e e e
13.089969
Bea7266460 < T ) N T
78539816
645449847 _ —
52359877 . el e
443633230 B B T
3s1415927 . e )
2.6179939 T
241816615
1.,7453292°
1.5707963
e 3689978 e e e _ e
1.06471975 .
87266462 T o T T B T
«72722052 '
«58177642
«52359877 e R e

26
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243633231
«34906585
+29088821
«26179938
+17453292
« 14544410
211635528
+08726646
-~ 4 1 1
6 13 1
e 8 31 1
10 55 I-
12 85 1
~18 121 1
20, 175 1
24 235 I
30 307 1
36 397 1
50 505 1
60 655 1
72 835 1
90 1051 1
50 1321 2
50 1651 3
60 1471 2
60 1801 3
54 1981 4
54 2143 5
50 2305 6
60 2455 6
50 2635 9
60 2785 —9
60 2965 10 e
108 3415 10
90 31¢5 10
90 3739 13
90 4009 20
*FIN

27



APPLICATION OF A MODIFIED FAST
FOURIER TRANSFORM TO CALCULATE
HUMAN OPERATOR DESCRIBING FUNCTION

By Richard S. Shirley
Electronics Research Center
ABSTRACT
A modified fast Fourier transform (FFT) is used in a hybrid
computer program to permit processing of tracking data during a
run to yield the human operator's describing function almost im-

mediately after the data-taking period. The computer processing
time is substantially reduced at no cost in accuracy.
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CONTRACTOR REPORTS: Sciensific and
technical information generated under a NASA
contract of grant and considered an important
contribution to existing knowledge.

Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies,

TECHNOLOGY UTILIZATION

PUBLICATIONS: Information on rechnology |

used by NASA that may be of particular

interest in commercial and other non-aerospace |

applications. Publications include Tech Briefs,
Technology Utitization Reports and Notes,
and Technology Surveys. .
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technical information considered important, published in a foreign language considered | S ‘
complete, and 2 lasting contribution to existing  * ro’merit NASA distribution in English. ¢ < 'y
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‘ " SPECIAL PUBLICATIONS: Information * P R
TECHNICAL NOTES: Information less broad . derived from or of value o NASA activities, ‘-
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