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STJJ1)Y OF IDENI ’1FICATION METHODS ANI) STRUCTUR AL MOD E LING TECHNIQUES
ON fl ’IP IRICAL DATA FROM A MOTION STUDY

D. W. Repperger and A. H. Junker
Aerospace Medical Research Laboratory

Wrig ht—Patterson Air Force Ease , Ohio 45433

Abstract occuring in man—machine systems. This approach has
advantages in the study of identification methods as

A study of three different model order tests is discussed in [15 ,16]. The canonical models chosen here
conducted on empirical data from a motion experiment, satisfy the required properties of controllability, ob—
The parameter estimates obtained from this identifica— servabilit ,- , and identifiability for each value of n
tion scheme are compared to spectra estimates of the (the system order). In addition , the canon ical model
same data, is derived such that the parameters obtained are linear

combinations of the possible sensory inputs to the hu—
The approach presented here utilizes a simple man such as the displayed error signal its deriva—

canonical model which has application in the study of t ives , and a possible integration of this error signal.
man—machine systems. This may be termed a PlO or proportional , integral ,

derivative algorithm as discussed in [8 ,9]. By deter—
Introduction mining which parameters are consistent (and eliminating

those parameters not consistent through a model order
In the app lication of identification methods to test), knowledge of which inputs the human is using In

empirical data [1,2], two problems of primary impor— the tracking task can be obtained . The model order
tance are the choice of a proper canonical model struc— test can , therefore , be used to study the effec t of a
ture and the method to verify the appropriate system parameter (or sensory input) on this identification
order. If the number of parameters necessary to de— procedure which gives insight as to which sensory input
scribe an input—output time series is incorrectly may be used by man. The formulation of the modeling
specified , problems of identifiability occur . Using problem as it fits in the context of manual control is
Fisher ’s definition of the amount of information about next discussed.
a parameter B contained in an observation y(ri), the

Formulation of the. Modeling Probleminformation ob tained from the iden t i f ication procedure
varies inversely with the variance of the parameter 

In the stud y of manual con tr ol problems in whichestimate [3]. Thus an ill posed guess on the correc t
model order and/or  struc ture man ifes ts Itself by paratn— da ta has already been collected there exists several

eter estimates which are inconsistent and the informa — advan tages in studying da ta when model parameters can

tion contained in the measured sample of data is essen’- be expressed in a PlO formulation . The primary i.oti—
vation for such a representation of a human Is in the S

tially lost. This important problem of identifiability
has been studied in the control literature [4,5) and 

quantification of the ability of the human to differen-
tiate (generate lead).also in the Biosciences (61 with the related compsrt—

4 mental modeling problems that occur [7]. Fi gure (la) i l lustrates the man—in—the—loop  prob-
lem considered here. For the purposes of analysis , theThis paper will consider the problem of identifi— 
time series variables that are available for modelingcation and structural modeling of empirical data from 
are illustrated in Figure (lb). Tire displayed errora motion study that has been discussed in the manual 
signal e(t) which is the input to the man is also thecontrol literature [8,9] and has also been studied in

other contexts [10 ,11]. In order to proceed with an input time series to the computer model. The output
time series of the man Is denoted as X (t). The corn—accurate identification analysi s, the four important

steps [12] of experimental design , model structure de— peter model has an output X5(t) based on the structure
tei mination , par ame ter es timation, and model validation of the model assumed and the available data e(t) and
(with the consideration of parameter bias) will he X9(t). This type of modeling is termed output error
conduc ted, because the difference between two time series outputs

are considered . The modeling error is denoted as
The experimental design of the empirical data pre—

and it satisf ies:seirted here involves a man—machine interaction with
motion from a simulator at tnO Aerospace Medical
Research Laboratory. The Input forcing function to ei,i(t) = X ( t )  — X ( t)  (1)

C S

‘I the closed l oop man—machine problem consists of a sum The objective of this identification procedute is to
of sine waves appropriately spaced [11] to appear ran— choose a transfer function H(s) to minimize the output
doci to tht human. Such an input is persistently ex— error loss functional J denoted as:
citing [13] within the modes of interest and also
provides the additional advantage of having availablo 1 N
spectra estimates from Fast Fourier transforms which J N I [e

N
(t
I)1

2 (2)
will be used in the sequel as a comparison to  the i=l
parametric estimation 7rocedure conducted here , where N is the number of samples of data.

The model struc tur e de ter m ina tion pr oblem app lied The choice of the canonical mod el H (~ ) is th e p u —
to empirical data provides the main contribution in mary motivation for the approaoh presented in this
this paper. It Is first necessar to discuss tire iden— paper. It it (s) can be chosen in a manner SUCh that t ii.
t i f i c ~~iion a lgor i thm and the a;~rio r t choice of model hum.in can be char a e te r i z e d  by p ar a m et e r s  u~~ i 1) 1 u.~~I ~fv
s t r uc tu r e .  Of the many po o- i I~l c ch~ icc:~ (141 of idea- the  amount  of d i f f v r e n i i a t f t -a’ or l e ad  geocr a t i o u i  In  a
t i f ~~~a tI o n  al g o r i t h  ~~, t i e  I ~p II d oll fic.i t ion  pro— t r a ck i n g  task , then  tIri ° i ro de l  ha appl icallIm in tile
ee~~ re c o n s i d e red  here  is an output, e r r o r  l e t  s t udy  of manual  c on t r o l  p ro bl ems . F i r s t  t l te  c anon ica l
squi res , Newton— Ilap li~on c on ’. t- i e e c i  ; r  i t it~ wit h a model  w i l l  be t -pec i t  led as f o l l o w s :
canon ica l  f o r m  based on p al m, r ‘. tH’  it p • A
pa~~~r~ot r  iC I’ rdc I chosen of a c O r n .  . 1  form l .n;ed
on ~~~~iori kl ’nlt•d 1- , of model  cu ruet i x  c~~ coastal ’ i v

1
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arized with respect to the unknown parameter vector 0:
H(s) — a + a s~ + ~~ + —~~ (3)

o 1 2 s
IC — X  o + V X  ( 0 — 0 )  (6)ci si 6 s f  o

where s is the Laplace transform variable. Equa t ion where I Is the iteration number , X o is the nominal
51

(3) is an ideal representation of the man—In—the—loop response due to the parameter 0 and V IC is the gra—
for several reasons. The coefficients a , a1, and 

~2 dient of X with respect to 0. Substituting equation0
represent differentiation (or lead generation) in the
tracking task. Therefore , ins tead of giving heuristic (6) into (5) and solving for the value of 0 which rain—
arguments as to whether the describing function of the irnizes J(e) yields:
man has more lead In one experimen tal condi tion as com-
pared to another , the coeff ic ients a a , and 

~2 
will 

= ~ ‘I-( 
N

o’ 1
quantitatively indicate this fact. Also , the coeffi— ° 

~~ ~~~~~~ 
w(V6*6~)1

’
~

clea t a
3 

allows the considera tion of precogni tive ef-

fects in a quantitative manner. The coefficient e in N

equation (3) is used to generate a third order pole for I I (v0l~~ )
T 
w(y(t~~) — ~~~~ (t ~~) ) ]  (7)

some value of a greater than 10 radians. This allows 1=1

the transfer function H(s) to have a denominator with a
higher order polynomial of s than the numerator and If 0 is updated iteratively with respect to the
hence can be realized using state variables. The form unknown parameter vector , the value of 0* will result
of equation (3) allows the transfer function H(s) to which minimizes J ( e )  of equat ion (5). This result can
have any amount of lead (including up to double differ— be seen to be a modified form of Newton—Raphson [18]
eatiatlon) for frequencies from 0 to a radians. The by writing it as:

amoun t of lead genera tion will depend on the numer ical
values of toe coefficients a , 

~l’ and a
2
. 0k + 1 = 0

k + ~~~~~~ ~~e~k
3

0

Another in terpretation of the transfer  func tion where
H(s) in equation (3) can be seen in Figure (2). In N T
Figure (2) the man is replaced by a parallel processing V

O
J
k 

= —2 1 V ~~ W (y(t1
) — (9a)

channel which describes the input signal e(t) and the 0 is
output signal X (t). The coefficients a , a1, a2 ‘andS 0

N ~T N Ta
3 
indicate with what importance this particular time 

= 2 i: V IC 14 V X + 2 1 V 
2 
~ w

signal is converted or processed into the stick signal k 0 is 0 is 
1=1 ~ is

IC (t). If a >> a and a
2 

>> a
1 

then one would expec ta 2 cx
the signal X (t) to be dominated l-y double differentia— [y(t

1) 
— 

~4 (t i ) 1 (9b)
S X (s)

tion of e(t). On a Bode plot of s one would expect -

E(s) The second term of (9b) approaches zero as X
5
(t) ap—

to see second order lead characteristics. A descrip— proaches y(t) and this modified Newton—Raphson me thod
tion of the Newton—Raphson identification algorithm is is identical to Newton—Raohson (or quasi l inea r iz a t ion )
next presented to illustrate the estimation scheme for If this term approaches zero. Therefore , the in it ial
the determination of parameters. starting points may be the onl y apparent source of dif-

ficulty because the Newton—Raphson method [17] can be
The Newton—Raphson OutpuC Error Identification shown to have quadratic convergence. In any event , the
Algori thm expression given in equation (8) provides a minimum of

J(0) specified in equation (5) which is the objective
With reference to Figure (lb), the system input— of this least squares approach.

output description can be written

The time series implementation of this identifica—
~~ (t) = A ~ (t) + B e(t) + ~(t) (4a) tion procedure will be discussed next . The digital im—8 S
y(t) X (t) X (t) + n(t) (4b) plementation of the time series is presented in the

next section. Appendix A describes the discret~ zat ionwhere ~(t) and ~~(t )  represent , respectively,  noise vec— procedure and the method of obtaining the necessary
tors associated with human induced randomness and un— gradients.
certainty in measurements of th e data. The objective
of th is  i den t i f i ca t ion  procedure is to choosen an est,i Implemen tation of This Identification Procedure

male ~ (t) in such a way to minimize the output error This paper will illustrate a simple manner of im—
loss functional J of equation (2). Let 0 be a vector plemen t ing a P10 type model and , in add it ion , provide ~~~~~of unknown parameters .  14e wish to choose ~ * such that several ways to validate such a model. FI.pu rc (3) ii— ______

J(6*) is minimized. First rewrite J(0) as follows : lustrates the implemcn tati~n procedure used in t h i s
paper which is equivalent to the diagrasi in Figux e (2).

N
— ~ (y(t

i) 
— i8 ti)

2w 
The f i r s t step in the imp lem en tat ion  p ro cedure  i~ to

a
i—i determine the prefiltered variables ~(t), ~(t), ~(t),

and /~ e(s)dt by t i le following realizable transfer
where 14 18 a positive weighting coefficient which may °
be cone id er r -d  u n i t y  w i t h o u t  loss of g en e r a l i t y .  The func tions (capital letters indicate Lap l ac e T r a n s f o r m
n ir” i laricy of t h i s  app ro ach  to the  Nel5 t on —Ra p h son  pro— v a r i a b l e s ) :
cedure  w i l l  now be demonst r a t ed  (8 C c  Seli rn -in fo r  a dea— CODEI
c r ip t i o n  of t i re  a p p r o p r i a te  Ne wt or~~Raphs on app roach  i(s) E( s )  ( lOa)

(17]). Ar ; s n l r n e  the response varla 3nl,- X ( t )  can he line—
S

2 ft~ )
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determined by identifying cx , a a a and 03.s o ’ 1’ 2’

(1 + s/cr)
2 (lob)

In this implementation , tire time series e(t) was
delayed by 0.20 seconds , c ( t )  was delayed by 0.12 sea—2

s (lOc ) onds , and e(t) was delayed by 0.04 seconds. The manner
E(s) (1 + s/a) 2 of ach iev ing  these delays was accomplished by s h i f tin g

the real t ime series by an in tegral mu l tiple of the
sampling rate- (.04 seconds). The assumption of dif—

J~~ (t)dt — 1/s (lOd) ferent delays  on the perceptual  variables is perhaps a

E(s) be t t e r  assuapt lon  than  a s ingle , constant  delay on all
four channels. In the case of tracking with a motion
disturbance it is reasonable to assume that information

Equations (lOa—d) are easily implemented by using dig— 
from rates and accelerations may be processed more

ital filter techniques. The identification stage of rapidl y thai-i position information. Since the desirethis impleinentat ion procedure requires the choosing of
cr this paper is to produce a lumped representation ofstate variables so that a , a1, a2, and a

3 
can be ob— 

a huma n , these lags were chosen over four experimental0
tam ed. In the identification procedure , tire following conditions of the motion experiment. Once this model
rela tionship holds: is suf f icien tly valida ted , future work can be done to

investigate the lags of each individual channel and
X ( t )  X ( t )  + X (t )  + X 

3
( t )  + X

54(t) for the different experimental conditions considered$ si s2 s
here.

+ 
~1 

+ 
~2 

+ 
~3 

+ 
~4 A description of the MATS experiment and data

base used for  this stud y is next presented.
To implement these equations choose state variables:

X ( t )  (h a)
sl Figure (4) illustrates a physical diagram of the

MATS. A br ief  descr ip t ion  of this  s imulator  wil l  be
X ( t )  (llb) presented here. A more comp lete descript ion can be

The Mil ti Axis Tracking Simulator (MATS)

s2 
found in [30,31].

- - IC (t )  (llc)
53 . The MAT S simu la tor was used onl y in the roll axis

for this stud y wi th two independent inputs: ~ TARGET
X
4 ~ 

IC (t)  (ild) and 0 DISTURBANCE as indicated in Figure (4). Four$4 modes of tracking were conduc ted:

Then
(1) STATIC DISTURBAtCE

~ Target = 0 with 0 Disturbance + 0 with noL _
= 

0 roll mo t ionI - (12a)
E(s) l+s/a

(2) MOTION DISTURBANCE

• Target = 0 with it Disturbance + 0 with rollX
2
(s) a1 motion(l2b)

i(s) l+ s / cn• (3) TARGET STATIC

,X3
(s) 

= 

a
2 

Targe t 4’ 0 with it Dis turba nce 0 with no

(12c) roll motion
a
E(s) l+s/a

(4) TARGET MOTION

X4(a) 
= 

a • Targe t + 0 wi th it Disturbance = 0 wi th roll
________ _______ motion(12d)

1 + s/a The two inp ut spec tr ums 0 Targe t and ~
- Disturbance

The imp lementation of equations (l2a—d) proceeds as that gave rise to pe r fo rmance  changes as in d i c a t e d  by
were designed based upon apriori guesses of inputs

follows : the BEN optima l control  p i l o t  v e h i c l e  m o d e l .  F igure
(5) is a plot of the two input spectrums . The elfec—

Col [X i, X2~ X3~ x4) — [ a ]  Col Lx 1, X2~ X3~ x4] tive plant dynamics controlled by the subjects was
specif ied by:

+ [ma ma cia cia
3]o’ 1’ 2’

10.0C ( s )  — 
s(l + s/S) (1 + s f20)  

(14)
Col [ (t), ( t ) ,  ~~( t ) ,  1 e (t)dt] (l3a)

The subjects involved In the experim rit wore six
y(t) = X (t) [1 , 1 , 1 , 1] . Col [X 1, X2, X3, X4J college students (male and fcm.ile ) 18—2~ years of age.

liii- sunhj cclxx tracked eac ii of ( lie I x x x i  experIment .11
c o n d it i o nt ;  or li ’~i ,n, - ‘ o d I n  i- xe - I ,  liv w ith (ii,- r u i n s  p it —

(13h) sen i t c i t  In  a r indo in  seq I -Ix - ’ . rho subjects wer e  t o l d
to m i n i m i z e  t u e  fo l  l o w i n g  ~~- exr ,

2Ther ef o r e , t he var i ab l e  a is ,~u s t  t h e  pr~~f i i t , - r l i g  
+ ~~~C ‘- Score = avariable , t i n , - unknowns are cia as , - - ix ,, and 1

3 crIer plant (1 S)o’ 1
which’ are dot ernx tnc-d from a i x - a s i  square s  id e n t  i i  l ea —

ion a.1 gor l  t h i n .  ‘i he’ Pill ide-nt if ic-i t. i i i  xl xyn r i i  un 18 At  Liii ’ end of - - - x c i i  run  t h e  eubjectu; were told t i r e

3



score , o~ - - r ’ 
and 0.1 o~ lan t ’ 

luc y we’re- instruct— functional of equation (2). In the following sections
t I L e  p we present  th en va l ida t ion  r e s u l t s  and pa rame te r  sensi—

ed to min im ize  the to ta l  Score. When Lieu scores reach— 
~ ~ ~ad asymptotic levels, subject training las assumed to 
V t~~ es 5.

be accompl ished . The experiment was t h ei r run for an 
Two Methods of Model Validationadd i t i ona l  e ight  days and data was collected. the

pe r fo rmance  re su l t s  are sunxa-irized In Tab ie  I for  the The lumped model d e v e l op ed  here was val idated in
eight days of collected data, t he f r eq uency domain and also in the t ime domain.  The

* f i r s t  method of model v a l i d a t i o n  was a comparison of
________ ___________ 

averaged values of spectra plots (Fast Fourier Trans—

I TARe Li I i-~ ~~ CISTUIn 1 VeLI 
— 

T~~~ -, I ~ 
forms)  to avcr-xgcd values of t i n . PID par rmeters In

I ~ °~~‘°~ I i T A L I C  M i I t t O N  STATIC this manner a spec t ra  I d e n t i f i c a t i o n  p rocedure  is corn—
r i —

~ f— - —l— -—
~

-—i— —— - ——— pared to a pa ramet r i c  i d e n t i fi ca t i o n  a l g o r i t h m .  U s i n g

I M e n  I s61 f I 78.6 197 ,0 a Fast  F o u r i e r  Transform program developed at At~~L ,
C (Scorr) 

~~~~~~ —
~

- - ç  
~

-. -

~~
-- 

~~~~~~~~~~~~~~~~~~ ensemble averages of the spec t ra  of the  t ime seriesL~~Ik 1I-ii_ L1111 ~~~~iI j & t I e(t) and X 5(t )  were o bt a i n & d  for  the  fou r  t r a c k i n g

tasks considered here. In addition , tire parametric
plots of Table III were obtained for tine mean valucci

One can se-c from Table I that in the disturbance of the parameters and two additional plots of the mean
mode of operation the effects of motion on performance values of the parameters 1 standard deviation of
were qu i t e  profound . In tIne target mode of operation these parameter values. Since Li i i  d e s c r i b i n g  f u n c t i o n s
the effects ot motion were rIot that pronounced . obtained from the FFT ’s were also p lotted as mean val-

ues ± 1 standard deviation of each spectra estimate ,
Another measure of performance is tile variance of tire two enisorabie plo ts can he overlaid and compared.

the error , error rate , and error acceleration. For
the disturbance input case these variables became the Figure  (6) 1 llustr.rtes tine static disturbance
plan t posi t ion , rate and acceleration with just a plots of the two identification schemes overlaid.
~l8O~ sign change in th is signal. These variables The study in [32] indicated that the t i - n schemes
wer e calcula ted and averaged acr es- s  subjec ts. The re— match best for the case of static disturbance and mo—
suits of these time series answers are displayed in tion d i s t u r b an c e  c o n d i t i o n s .  For the s t a t i c  t a rge t
Table II. and motion target case , the two Identification schemes

match with lees consistency.

TAIIJ,r  Ii In all four cases the u n c e r t a i n t y  envelope obtain-
ed from one standard deviation of the parasxetric plots

~~~~~~~~~~~~~~~~~~~~~~ Th~sruu;~~cr abou t their mean when overlaid w i t h  the  cor responding
81(010th S1/tTIC 110(105 STitTCG envelope ob t a ined  f rom the  s p e c t r a  p 1ot ~~, r e s u l t s  in

4 i-~~~r’ — - — —
~~~~~~ 

- overlap of these enve lopes .  One I n t e r p r e - t a c  ion of t h i n ;

I M~ - x i  6 .90  7 ,0l~ 4 . 2  8.83 r e s u l t  is t h a t  t he e - u n c e r t a in t y  in the  p a r am e t r i c  e s t i —
I t

~C [~~ : O~~ LI lx . it ~~~~~~~~~ mat ion scheme is no worse than the u n c e r t a i n t y  in the
l~ 

I I  ~~~~ I )  I I I  I q~
’
~~ s p e c t ra  e s t i m a t e s

I ~~~ I s n . n i i T ~~/ ~~~~~~~~ 1 .3
I c- Ii — ~ ° __J_ ‘I — I 

— ~~~~~~~ = ~ Thn c seeond mcthod of nxxodcl validation is in t i xc
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- _-_ -~--~L,--- time domain by considering how well tire t ime ser ies  —

X (t) generated from the computer model matches tu e
The numerical values in Table Il are also measures of s
performance which are an important aspect of this experimental t inx e history data X (t). The r a t i o  R
experiment. g iven in equation (16) is a measure of t i n s match .  The

ra t io  considered isParametr ic  Re s u l t s  From the I d e n t i f i c a t i o n  Al g o r i t h m

Using var ious  values of a between 5 and 50 
~~~ ) — ~~ 

1
~~ 

) 1~radians , the i d e nt i f i c a t i o n  scheme was app lied to the 1 1  s i s i
time series data e(t) and X (t )  over the four condi— R I — N (l00~ ) (16)

tions of motion Inputs. Table Ill illustrates the re- — I
sultinig pararnictric values for ci = 20. 1=]

This variable is cnlculated and the results a n -  d i n ; —
501111 l I T  - o — 11) 

x x l a y -d In Table l\’.
TA n ,  I n  n - i n , ,  nc x ’ - I 1111 , 11 - — - -

Ix ci xi  I I I  II I i  I T i l l  I

In x x x  
— 

1 I I I 
I T  IA I i  I I i 

— 
I 

—— - — - - - - -   
- - P ’ I H n  S1 % T l ; •

— 1

’ 

1 ‘ 
— 

9 1

I / 

I 

~ h____~1 o x  i

In order to ahrow tirat x - ix - Ii 1 111(1( 1 has  e n - I  t h i l l —  - - - - -- - - i rem (Ire r~ n;u l t o  e x l  ‘iahli l\ ice- can  n - i  C I I x , x t  I n n  I C  111.
ity it was veil t d a t e d  ti- en d i l l  re- n t  w i \ - I ; . l i i i -  x x r p n l n ; l -  - -a l i i  p h - n i  n.e l i t  ion I II  t h e -  - -dci o u t  j i l t  I f l x  i t  I t - -
of a veil ida t ion is t o  I x  n o - a / n i  x i  i ’  t h at  rh is I x x n x p x  i , I -

- - - x l i i i l i x . - out  jut c x i  ix ’s i n  I II, t a x - i-n p i i  l i - n i l  dal i .
a i n ~ p I  h i n e i l  mo d e l  e m  a x h x ’q u a  civ 1 , 1 7  e’na x i t  t ine  m ini m in
t h e  t i x c i  i x 1 ~ t~ n k. i I ; c L ’ h  U T  x l i  I x n ; t n ;  w ere - u x , . d  to ix -~~ 

~~ ~~ ~~~~~ ~- x - F I - I t x  n - I l l - i U a ‘— o n -  I lv  i v
I n’r ;’ n h n m x ’  w h i c h  i s r r , m x u - t - r s  (or  1 q 1 1  c)  to l h - - hr ri m ,-in h uxd

st u d y  ciii wir ~~ - i r  p i r a m em x n .  ( - r  , .n , x i , or i 1 s i l l
t h r e  great exi t r. f [oc t  in ri-due lug t i n  o u tp u t  i - r r n r i n ’ s - n  - I I .

* See enlarged tables  1— V I L I  at end of
paper.
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reduce th e  output error loss functional of e quation fo l lows:
(2). For the PID model developed here , the parameter
which in ; most sen s i t ive  wil l  i nd ica te  wh ich of the (1) Assume the human can be represen nt ed by one

p a r a m e t e r .
possible inputs (e(t), e(t), c ( t ) ,  or 10e (t ) d r )  is most (2) Calculate thu loss f u nct i o n a l  

~~ 
of eq ua t ion

important in desc r ib ing  the i r r p u t — ou t p u t  c h a r a ct e n i s —  (2) fo r  one parameter .
tics of the h uma n as a p a r a ll e l  processor of in [o r rn a— (3) Now assume the huma n can be represented by two
tionu .  In t h is mariner sonic ins ight  can be ob ta ined  as parameters  and repea t  the  least squares  pro ce—
to which input sensory variable may be used by tine hu— dure .
man when he is represented by Figure (2). This  resul t  (4) Calculate J for the two parameter case.
is true only dur ing  the s t a t i c  mode of opera t ion .  Du n— 2
log the motion mode of operation add i t i ona l  loops exist (5) Assume the human is represented by 3 para:~e—
in Figure (la) indicat ing ra te  teedback fror s thr e p lant t e r s  and again repeat t ire least squares proce—
to the human. Tile modeling tc’cinnique presented here is dure.
a lumped representation whicin will h ave only real phys— (6) Calculate
ical meaning in the s ta t ic  mode of operation. Once (7) Assume all four parameters characterize the
this approach has beerr sufficiently validated , a more human.
sophisticated version can be used to study the motion (8) Calculate J

4feedback loops.

A Study of Model Order Tests to Investigate Sensory The test in [13) is based on the variable A de—
Inputs to t i l e  h u m an f ined by

In an effort to Investi ga te which sensory inpu ts — N — (17)
are used by Lh x~ huma n in the tracking task , three tests A 

n —
on the correct model order were considered. 2 2 1

where and are values of the loss functional for
Many model ordet tests are available to test sys— n and n parameters , respectively and N is the number

tern structure. The most familiar are , perh aps , the 1 2 
- -Various max—likelihood uniriteness tests on residuals as of input- cnintput pairs of data poInts. The variable A

discussed in [19 ,20]. Some of the other methods in— is F distribution with n
2 

— °l’ N 
— n

2 
degrees of free—

elude 121] a test on the least eigenvalue of a struc— dom. For N = 300 pairs c da ta poin ts, if A > 3.09
tural matrix constructed on the input output  time implies the loss functional has dropped significantly
series, stochastic realization algorithms [22), entro— (with 95% probability). If A ~ 3.09, no conclusions
phy estimation nienthods [23], amid an optimization ap— can be drawn.
proach as considered by Bellman [7]. If the empirical
data is already available then some a posteniori meth— Ia a previous study [32) it was determined that
ods to test mod~~1 order include a s tudy of tIne singu— Astrc,m ’s test was sensitive to N, the number of
l a r i t y  of t he  covar la ’ace m at r i x  [2 4 ] ,  Akaike ’ s [25] in i - u t—o u tp m r t  pa i rs .  Using en ipi r ical  data  f rom one ex—
final  pred i ction error me thod , Astrom ’ s F—dis t r ibu t ion  per innent  in each of the four  mot ion modes , the a l So—
test [13 , 27 ,2S] on s i g n i f i c a n t  reduct ion  of the  ou tpu t  r i t hm was app lied for  N= 100 , 200 , and 300 poi n t s .
error loss func t iona l  as parameters  are increased , and Table V l is ts  the values of the loss func t iona l  ob ta in—
an in t e re s t ing  index of parameter consistency measure ed hero.
as used in t ire Bioscience l I te r a t u r e  [ 2 6 ] .  Since a
parametric  scheme was used here in an a pos ter ior i  To extend the results of [32] for various values
manner to s tudy  empir ical da ta , it was decided to corn— of N , Table VI l i s t s  the values of Astrom ’s model order
pare Astrom ’s F — d i s t r i b u tIon test (l .3 ,27,28j to test as app lied to Table V . l’iots of tine loss function
Akaike ’s [25] f inal  p red ic t ion  error method and to re— were also obtained . In order to  examine Ast rom ’ s test .late these results  to the parameter  Consistency meas— the fol lowing values of the Cost func t ion  were compared .
ures as considered in [ 2 6 ] .  Chan at al. [29] have
looked at. the f i r s t  two model order tests from data J(a ) to J(a , a ) to J(a  , a , a
simulated on a compute r .  The approach used m ore d i f —  0 0 1 o 1 2
fers  because It utilizes real world empirical data and 3(a ) to J(a , a2

) to J(a , 
~l’ 

a
2
)

also Fast Fourier Transforms of the data were available In thi s manner we could de term ine if e i ther  a or a
to serve as a basis of comparison to the parametr ic  1 2
methods.  The t h i rd  model order test considered in was the dominan t fac tor in reduc ing  the ou tp xn l error
[26] provides an i n t e r e s t i ng  check on t ine  f i r s t  two loss f u n c t I o n a l .  t igu ree  (7a —eh ) l l lu s t r ;r t e  p l o ts  o f
metnods because it is based on tire a s sumption  that  t Ire t h i s  tes t  f o r  tine four  modes of opera t ion  and f o r
correct model orde~ is the  one t h a t  produces t i r o  mos t N~3OO poin t s .

consis tent  parameter  e s t ima t e s .  In order to measure :-
the consistency of tIme parameter estimates an index [~~~ ~ I T~~of consistency was defitned as tire normal ized  s tandard  ox - - - - - - ~~~~~

- - - 
- - 

-
- - -

i 
. - 

- - 
- .

deviat ion of cacin parameter  being e s t im a t e d  f o r  the  ~ -•~ - — ~~~~~~~~ - 
- I - -

particular assumed orde r Th is nornnallzation is coin— ~~~~~~~ I 
— —

puted by the  r a t i o  of th r e  s t andard  d e v i a t i o n  of cacim ~~~~ . i  - .- - L - ~
-
~~ 

- - - - 
r n ” - .: - 

-

parameter to i ts  mean squar  d value JIm order  to  do— .- -____ _i 
I 

I
terinine s t anda rd  devia t ions  of p a r a m e t e r ’-  e s t i r r i t e s  — - r— — — n 

I —,

are in.’de fo r  d i f f e r e n t  t ime segm ents  of tire t Ix ip l u i c a l  ——-—
i 

—

~~~~ 
— 

It ime series.  
- - - - - -  - H -~~ V~~~~~~ ;’ . I . .  1 - .

J’ho f i r s t  model order  tec t  conducted  l I e n  was — — ---4— 
/Ast ro r i ’s F r ;n t i o  test [13] us ing  a r ep e at ed  i e a - ; t  ~~~~

— - —  
x   - -squares ;npproaci n .  ‘h’he t n -r on r e - p e e l e d  l e a s t  squar e -s t .’ T C - - - - - mean,r timi t t ine  I d e n t i f i ca t i o n  process is  rx - i x e , i l e - d  . .~~~~~

,  - - 
-

st a r t i ng  w i t h  a I i i  n n l  order  I , v I ; t e n  a’md I hen J lncre ,-n s h i I i -  .
‘ 

- - 
/ - 

- - .
-

-
- 

- —- I
th e  order of th i t ’  a y n ; l e m .  F i r  t i n i n ;  c i x x x , i n i c . i l  T I l x x d . - l  t i n t -  

~~~~~~~~~~ - - - - H - - - 
-
S - . 

‘ 
- - 

- 
- -

stops of ti11 rn - p e .r t e - nl l i - nes t 1xjim n r e x ;  &r jn pro n c i i  I n  en as ~~~~~
- — — — —  - . -— - ——  -- -
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Tine f o l l o w i n g  tes ts  were conducted to s tudy  Figures  the Index of c o n s i s t e n c y  increases substantially. I’Iris
( l a — U ) :  can he seen , for  example in the motIon t a rge t  case wIrer —

CASE I — (Target Motion): index (a
0, 

a
1
) — .190

index (a , a1, a
3
) = .75 2

This result  is to be expected because the in tegra t ion
(1) Compare J(a ) to J(a a ) to o 1 parameter  a, (corresponding to an input f  e (t ) d t )  was
(2) J(a ) to J(a , a )o o ~ by far  the most incons is ten t  parameter .  Since t h i s
(3) J(a ) to J(a , a3) t racking task was compensatory in na tu re  with an input

that  wins randomly appearing to the  subjec t s , one we -a id
CASE II — (Target S t a t i c ) :  not expect a memory term such as a

3 
to be r ep resen ta t ive

of a huma n ’s input—output characteristics.

(1) Compare J(a0) to J(a 0, a1
) - r-——

(2) 3(a ) to 3 (a a2 ) — 
L — ________ _ ___ ——-

(3) J(a ) to J(a a 3) 
(

___
~ 

—~ ~L_ f~Th_ _ J ~,2

CASE III  - (Disturbance Motion) f —— — _jT~
,_’r_, 

~~~~~~~~~~~~~~~~ 
‘T ’T 

Tests n 
~~~~~~~~~ 

- 
I

_____ ~~~~~~~~~~~ 
; n r ~~~~[ ; .

i
~~~ 

(1) Compare J(a
0
) to J(a

0, 
a
1) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______

(2) J(a ) to J(a a
2) ~~~~~~ ~~~ H—_~ — _--~~-~---—---—

(3) J(a ) to J(a a
3
) 

_____ 

F I 
— _____

CASE IV — (Disturbance Sta t ic)  ~~~~~~~~~~~~ H
1 ‘ 

~ I4 1
_____ 

I ~~~~~~~ 

--—‘- -----‘--- ---
~ r / I I

~~ E~TiTiTi ,~ H L_
~~~H 

I 
-~

‘.- ‘r l xxi n . .  n .n 
~~~~ 

-~~~ _~ ~~~ I x:n 
~~~~~ 

~1 /~. e  ~;II ~.-3

(1) Compare 3(a ) to J(a , a1
)

(2) 3(a ) to i(a , a2) The last model order test conducted was based on

(3) J(a a ) to J(a a a ) the f i n a l  predict ion error  test  proposed by Akaike [ 2 5 ] .
o ’ 1 o ’ 1’ 2 U sing his procedure , the sui table  model s t ruc tu re  is the

The results of the test appear in TaMe VI. one which minimizes:

N + n ~~2
____ 

(19)

E~~~~iii I~ — , - -  
where again N is the number of input—output pairs of

I - /  I
_ r-k.~~x-::~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ,‘~n~~r ‘. - - ‘~‘~L~ data  poin ts , ci is the order of the system , and c is time

~

- I ~.I - ,,~ ‘ 
~~- - - ~~ - ,~~~ - ~ - _ I , 

est imat ed var iance of the  ( o u t p u t— e r r o r )  noise  process .
I - - ‘ ~~~- - — ~f--~~- — - - —-

~~
- — — Tire method of implement ing  t in s approach Is similar  to

ii n~~1 O I  31.~*i i r,E~ ,. ;o~ - ..I n , . - I .I 1nj - i . !  ; ~~~~ 
th at of tire repeated least squares method previous ly

— --— j - — i --
~~~~ 

— f-— ~~~~~-1 discussed. I n i t i a l ly a f i r s t  order system is considered
0.0! .111 1 0.4 .1.4 n ;.x .

~ 
r .rr.

I
in . ee . i  ;n...;[ a x . .  ; x . n  and then  tire model order is increased one order a t  a

I I I time. The variable 1
2 

in equation (19) is calculated

each time the least squares procedure is repeated. Tine
variable 12 sirould achieve a m in im e rm f o r  t he  correct

8efore any conclusions are drawn as to the donni— system order. One can observe from equation (19) tinat
nan t  input sensory v :r r i ;rb le , the second model order the term N — ci is s trong ly dominated  by N fo r  most ap —
test was conducted , us ing  thu  index of parameter  con— p l i c a ti on s  of data  in win ch a large number of samp les
sistency developed in [ 2 6] ,  whicir is d e f i n e d  by :  are involved.  Thi s  f ac t  was pointed out by Chan [29]

and i n d i c a t e s  tha t  th is  model order tes t  w i l l  be v e r y
M sensitive to tire total nuxinher of data points considered .
I (18) To Stud y t h i s  e f f e c t , tir e va lues  of 12 s- n - r n  c a l c u l a t e d

i l  ii i, fo r  N iD O , 200 , and 300 p o i n m t s .  T h e  r e n n m i l l  s are dis—
played inn Table V l l I .  - - 

where M .. tire number of parameters considered , o~ is - ‘

~

‘

~

“

the s tandard d e v i a t i o n  of t u e  parameter  and rn 1 is t ine  
~ j  I / /

- mean valine of the xr b neol ie t c- value of t in  i s  p ar a m e t e r .   - ‘ n~~~. 
1
. !  !L4_ :~ ~~~~~ 

- - 
~~~~

- 
Accord ing  to t he  t x -- sn  En 17 6 ] ,  t h i s  In dex  of co n s i st e n —  ~I x  I -  x n  -

~ j~
-
~4 .~n-

~~ 2I l2 , : I . /  - 
-

cy is nrrn.-nJ les t  win en t i re  correct  sys tem o r de r  is d e t e r —  ‘  

~~

‘ 

/ ~-H - - -“L V- - - / ‘ .~ :4l~~1.~rI_ ~~ 
mined .  I’ab l c  V I I I  i s t s  t ine  c a l c u l a t i o n s  of th is  index I’ 

- -L ‘_ f n f ~. _ n  :~~‘ l.
~

-/ H
~~ 

- 
- — :

of c o n s ist e n c y  f o r  t ine  p nr  r n , et r r a  di sp l’iycd iii Table I F- —

lI T f L—~ 
—

~~~~
From I . n b l . ’ V I I  it earn ir e ser ’nr t hat  wh en t lnen p; nr erm— - - 1 - - ~~ -

St e r  I l i n e  I in ched w i t i n  ‘lily at Is r gt oup of p -n I 7/ t t  r 

/ 
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~~~~~~~~~~~ ~ 

—
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A compari soti  of these model order t es t s  i n d i c a t e s  of Exponen t i als ” , Matherxmaticnn l Biosc iences , Vol .
the following: 14 , pp. 45—47 , 1972.

(1) Astroni ’s test  is sc - r m s l t i v e  to N but provides [8] Repperger , U .  W . and A. M . Junker , “P ID (Propor—
the best method to eliminate air inconsistent parameter tional Integral Derivative) Modeling Tc-cinnni qxre s
such as a

3 
as shown in Table VI. App lied to Studies of Motion and Peri phneral hit s—

(2) Tine index of consistency I
i 

s u f f e r s  f r om p lay Ef f ec ts on Human Operator Perforrrmari e” , The
Twelfth Annual Conference on Manual Control , NASAsmall samples and outliers.

(3) Tire coni xoistency index 1
2 

is a good s -xi s it ive  TM X 7 3 , 170 , pp.  703—718 , 1976 .
measure of consistency. This was pointed Out by Chan 

~9) Repperger , U. 14. and A. M. Junker , “Sensitivity
[29). Finally, a discussion of bias in this procedure Analysis of Notion and Peri pineral Display Effects
is conducted to complete a study of these identifica— on Track1~ng i’e r fo rmance”, Tine Twei f t ir  Annual Con—
tion methods. ference on Manual Control , NASA TM X—73 , 170 , pp.

719—729, 1976.A hliscusslon of Bias in This Procedure
[10] Junker. A . M. and C. K. Replogle , “Motion E f f e c t s

A discussion of bias is necessary in any identi— on the Human Operator in a Roll Axis Trackinmg Task” ,
Iicjtion application because of the many sources which AviatIon~ Space , and Enviromental Medicine, Vol.
may cause inaccurate parameter estimates. Bias may 46, pp. 819—822, June , 1975.
occur as a result of tire fin ite size of data (16 ,33], [11] Levison, W. H., S. Baron , and A. M. Junker , Model—noise injection in the data [34), or to the fact that
tine human Is not a passive control system 135] but ling the Effects of Environmental Factors on h uman

Control and Information Processing”, AMRL—TR—76—74,acts in a onanner to inject noise directly into tine
Augus t , 1976.closed loop. The s tudy of bias and a lgor i thms for  es-

timating bias have been obtained by Friedland [36) and [12) Box, G.E.P. and G. M. Jenkins , Time Ser ies An
~j~LLi-n and Sage [37]. More recen tly A~her et al. [39] sis, Forecastii~~ and Con tr ol , hlolden Day, San

has st udied th~- bias problem inn the context of a State Francisco , 1976 (revised e d i t i o n ) .
es t imator  wh ich minay be a t t e m p t i n g  to estimate only a
portion of a known state vector . This problem of bias [13) Ast rom , K. J. and P. Ey kirof f , “System Iden t i f i ca -

tion—A Survey”, Automatica , Vol. 7, pp. 123—i62 ,has been considered in both  time discrete and cont inuous
1971.t4 0 ,4 1] t u n e  equat ions .  In the approach presented

here the e f f e c t  of bias is removed [13] by wh i tening [14) Sage , A. P. and J. I.. Melsa , System I d e n t i f i c a t i o n ,
the  ou tput  e r ro r .  The discrete residuals from tin e Academic Press I n c . ,  New York , 1970.
output  error oro correlated (and the parameter  eat 1—
mates are biased) fo r  low order systems.  Winen tIne [15] Ackermann, J .E .  and R . S .  iiucy, “Canonic al M inimal

Real izat ion of a Matr ix  of Impulse Responsesystem ’s order is increased , the residuals reach the 
Sequences”, Information and Control , Vol. 19, pp.point where they become white and the bias is zero 
224—231, 1971.within the 95% wiri teness tes t .  This is achieved by

using the repeated least squares approacir presented [16) Soderstrom , T . ,  “On the Uni queness of Maximum Like—
here.  A st ron  [13] notes  tha t this approach is one cf lihoed I d e n t i f i c a t i o n” , Au r tc xnna t ica , Vol . 11, pp.
tire ~ix possible me thods of providing for bias free 193—197, 1975.
estimates of parameters  (or whi tern ing  tine residuals of
the output error). [17) Bellma n , R .E .  and R . E .  Kalaba , “Qen a s i l in e a r l z a l  ion

and Nonlinear Boundary—Value Problems”, Annerican
Elsevier Pub. Co., Inc., 1965.

Sumiruonry and Conclusions
(18] Balakrishnan , A .V., “Comnxnunicarion lireory ”, McGraw—

A stud y of model order tes ts  was conducted using Hill Book Co. ,  Inc . ,  1988.
3 available me thods wi th emp ir ical da ta f rom a mot ion

[19) Mebra , K . K . ,  “On the I d e n t i f i c a t i o n  of V a r i a n c e ss tudy.  The canonical model obtained here is validated
and Adaptive Kalrnna n Fi l te r ing” , IEEE_TransactionsIn both the tinno domain and also in the f r e quency on Automat ic  Control , Vol. AC— iS , No. 2 , Apr i l .d omainm .
1970 , pp. 175— 18!i .
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Appendix A

The Discretization Procedure -

Since a continuous differential equation is used ‘~~~ IT -~- - - i  - - I
with discret i- n-measurements , it is necessary to discri’-- ‘-s’- -- 

- - - —

I — —t ize  equat lo r ,  (i  1,- i )  c / I  each san - / p ie  in~c t a n t .  Fo l lowing
Sclrwarz and Fri-d land [38] with tine notation

8 *See enlarged illustrations , fig. 1—6 at end of
paper.
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