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S..INT MODEL OF A CHOICE PEACTION TIME PARADIGM
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\\\\\ ' INTRODUCTION

-~

The primary mission of the Air Force Aerospace
Medical Research Laboratory, Systems Research
Branch (AMRL/HEB), is to dcvslep quantitative
techniques, methods and models of operator perfora-
ance and man/machine systems to specify system
deaign criteria and effectiveness. The major
thrust of this development has been through the
use of the Human Engineering Systems Simulator
(HESS)~-composed of an IBM 370 (Model 155)
computer with attached IBM 2250 graphic display
units and extensive softwvare developed by AMRL
and the IBM Corporation.

The HESS has made pos¥ible simulation of
relatively complex activitied such as mujti-
operator remotely-piloted vehicle (RPV) missions,
using live subjecte as operators. Another area
under investigation has been the assessment of
performance {n the operation of a multi-function
keyboard (MFK) within a digital avionics {ramewvork.
See Hoffman (1975) for a more detajied descriprion
of the Digital Avionics Information System (DAIS).

Although man-{n-the-loop rcal-time simylations
are a necesmary part of thig rescarch, they can
be time-consuming and cxpepsiveesespecially vhen
a large number of varjahles are of fnteres( and
nymerous experimental runs are required. A
petentjal solution to thisx problem has been the
development of simulation techniques which model
the operator as well an the system procesucs and
parameters., One of these techniques, called
SAINT (Systems Analysis ot [ntegrated Retworks of
Taske), will be used in this paper.

The objectives of this paper are twotold.
First, it is intended as a Jemonsgration of hew
SAINT can be used to model psveholegical theory.
Once 4 basic msedo] {w constructed, candldate
procesies can he added or deleted and paramcicers
mavy bo varied by simply adding or altering cards
in the basic input deck. In this way test and
developnent of theory can proceed quickly with
minimm cost. The second objective is to serve
48 an {nitial investigation of performance assess~
went setrics, The process tc be modeled here {n
belng stuwdied by AMRL as a Bethod of swesuring
the interaction between & primary task and same
s« ondary loading taak., Succeossful msodeling of
thaie tasks and the cogntitive procewscs underlyting
thos could greatly facilitate the development of
such performance metrict.. apecifically in terms

33¢

of estimating the operator's reserve capacity in
a complex task environment.

SYSTEMS ANALYSIS OF INTEGRATED
NETWORKS OF TASKS (SAINT)

The SAINT modeling technique and computer
program were developed to aid i{n the design and
performance evaluation of complex man/machine
systems, Systems are crested as graphical networks
of task activities with vhich one or more operators
interact. Each task in a network is described as
to how ita perflormance affects the oversll syatem
and how {t is related to nther'tasks within the
system. The graphical operstor/task analysis
systom description {s entered into the SAINT
computer program for automated performance
assessment. FEmployipg Monte Carlo techniques,
SAINT permits the simulation of probabilistic and
condftional task performance descriptions and
precedence relationships. [t also permits the
collection of statistical estimates of aystem
performance. The SAINT prugram {8 capable of
simylating continuous or discrete svstem state
variables and their response to discrete control
task executien. Another major capability of the
program {s the modification of operator and
syatenm characteristics {n response tu systep-
internal or cxternal simulated "events." SAINT
11l (s used in this demonstration (see Seifert,
197%).

THE ITEM RECOGRITION PARADICM

Much of the carlier tesearch into assessing
pilet performance has been accomplished by means
of varjous sceopndary psychomotor tracking tasks,
Whilec motor periormance Is extfemcly {mportant,
the fact remains that a4 great deal of the pliot's
witklead {s composed of iaternal, higher-levei,
cognitive proces:ze.; he has s vast amount of
information to prucess and act upun in the course
of 4 missivn which has an impact on flight
performance. lhe problea has been: How van the
effectn of mental work upon the primary flight
task be meacured {7 the labaratery® The selution
to this probles must also deal with the vbjection
often hoerd fegstdirg secondary tashs used 48
metyics; 1.0.. unlras stringent prioritization of
tash and metric 17 matntained, confounding vill
result., The medrutesent technique, therelore,
should not diarvpr perlormance on the primary
tank.
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One possible approach has been adopted for
investigation by AMRL; this is the use of an iteu
recognition paradigm. Sternberg of Bell Telephone
Laba extended this methodology in the late sixties;
since then well over a hundred experiments have
been done using the technique. Basically, the
procedure consiats cof presenting to the subject a
short list of items to be remembered, Thia is
called the positive or memory or--as we prefer to
label it at AMRL--the critical set. After
preaentation of the critical set a single test
stimulus is presented; the subject must decide as
quickly as possible whether the test item is or
ia not a member of the critical set. He then
depresses one of two response keys which have
been designated in advance as "critical” or “non-
eritical."” The dependent measure i{s the total
reaction time (RT) from onset of the test probe

to the activation of one of the keya. The critical

aet can be preaented in one of two procedures,
fixed- or varied-set. The fixed-set procedure
involves preaentation of the critical set for
memorization just once; the subject learns the
ttems and they ave uaed over a long series of
triala. The varied-set procedure, conversely,
changes the critical set atimuli on every trial.
Theoretically, the fixed-aet stimulf are thought
to be stored i{n lcag-term memory, vhile the
varjed-set items must be accessed within a few
seconds after presentation and are therefore
thought to be located in short-term memory.

The subject is encouraged, sometimes by means
of a pay-off schema, to respond as quickly as
possible vhile still maintaining a high level of
accuracy. Typically, the srror ratc {s in the
range of 3-5%, depending upon the nsture of the
stimuli, The item recognition paradigm is racher
unique in thia respect; most other methods of
examining mewory and information processing have
wied accuzacy as the primary measure~-that is,
they have studied the failure te remember. Since
it is 441201t to discern in which part of the
memory storage snd retrieval operations the
failure has occurved, littlo insight into the
neMOry process can be gained. 8y studying
vognitive processes under a condition {n wvhich
memory is functioning succesafully, the ltem
recogrition technique can tnduce some of th~
mechanisas at werk to reveal themselves by
studying the time they require to operate.

RT's ylelded by application of the ltem
recognition technigue are decomposcd and analyred
by assuring the toral RT to coniist of separate,
non-overlapping stages. Theae hypothetical
stages have been ubcd by Smith (1968) 24 a frame-
wark for his reviev of the chotee KT literature
and vere used ax 2 gulde in this Jdemonastration.
Briefly, the stages are: (1) the teat stimulus
ta aensed and then proprocessed (encoded) {n some
manner to put it in a4 suitable format for cumpari-
won with the critical =ot items alresdy In short
term o7 active memory; (11) the reprenentation of
the test ftem 46 compared to the vritical aet
repronentations, one at & time; the output of
this stage §s oither "match™ or "mo-match™;

(111) based on the output ot Stage 11 a binary
“ye»” of "Ro™ (critical or nonecriticel) decision
1% made and the appropilate "left-hand” of

wn

“right-hand" aignal is produced; and (IV) the
actual motor Yesponse occurs. These e-eats are
shown in Figure 1.

STAGE I STAGE I
ST!MULUS STlMULuS ENCODED MEMORY
ENCOCING | RrpRESEN- SEARCH
TATION
STAGE I STAGE IZ

‘MATCH® OR | RESPONSE | "RIGHT HANC'l RESPONSE

*NO- MATCH" | SELECTION OR EXECUTION
“LEFT HAND®

Fig. 1. Theoretical Stages of a Choice
Reaction Time Task (after Smith,
1968)

It ahould be noted here that not all investi-
gators agree with the assumption of non-overlapping
stages; however, a diacussion of this controversy
is beyond the acope of thia paper. Suffice it to
say, a great amount of evidence has been accumulated
supporting the additive~stuge model and it will
be the approach adopted for the development of
this demonstration.

Typically, Sternberg obtains the following
results. When RT is plotted as a function of
critical set size (designated M), curves aimilar
to those in Figure 2 ure the result. RT'a are o
tanear fu.ction of M, with the functions for
critical arnd non-critical responses being parallel
to, and separated from each other by a constant
40 milliscconds (ms); critical RT's are faster,
(Sternberg [1975) has noted that this difference
disappears when & critical test stimulus occurs
with a probability of approximately 0.25.) Some
investigators have obtained a logarithmic RT
function (w.g., Briggs and Blaha, 1969) in which
linear functions result only when M {8 stated as
log; of the critical set size, {n the manner of
the H. information maawure established by Shannon
and Wea 'r (1962)., Kristofferson (1973) has
ahown these discrepancies to be a function of the
fature of the positive set (e.g., vhether the
jtem fu Mol is alwo contafncd as vae uf the (wo
ltemi ten Msleel.p., "nested”) and the amount of
praceice uith the taak.

The RT functions are interpreted as follows.
The y-intercept of the curve containa the total
time for Stages }, 111, snd IV as described
above. The slupe of the line (in ms/item) in
thought te be an indicator of central procesaing
(acmory scanning) rate in Stage !l. Steraberg
interprets the data as cvidence that sewory
scanning i 8 scrial, exhaustive search. It {s
werial (t.e., ftehi (n mcmoty are cheched one-ate
a-tims) rather than parallicl tall {tems cxamined
niBulteonsously), since the criticel and none
ceitical K functions would have been of rero
wlope, parallel 1o the xraxia, {f the latter were
ttuc. The dcan {3 exhative because the two
functions are of the sase slope. 1! the scarch
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NON-CRITICAL

RT
CRITICAL

NUMBER OF ELEMENTS IN

CRITICAL MEMORY SET (M).
Fig. 2. Theoretical RT-Function;
Serisl-Exhaustive Search

had been self-terminating, the critical curve
slope would have been 1/2 the slope of the non-
critical curve, since, on the average, the scan
could be terminated half-vay through the memory
set on critical trials.

THE ITEM RECOCNITION PARADIGH AS A
SECONDARY TASK

Under contract to AMRL, Briggs and his associates

(3riggs, Fisher, Creenburg, Lyons, Paters, and
Shinar, 1971) pucformed the first experiments {n
vhich the item recognition technique vas used as
8 mathod for measuring workload. It {s based on
the widely-accepted assumption that central
processing capacity is finite. Furthermore,
vhenever & primary, first priority task {s being
performed simultaneously with some secordary
task, the measured performance on the second task
will start to deteriorate as the primary task
becomes more difficult, thus indicating greater
demand on central processing space and time.
That §s, this methodology enables one to Beasure
rgserve capacity.

The ability to assess cognitjve workload s of
Teal importance as man/machine systems, such as
{ncreasingly sophisticates ajrcrafe, place
greater and greater dsmands upon the operator.
The ftem recognition secondary task technique is
being applied presently in the DAJS wmanned
simuylation; future plans cal) fer its incospora-
tien tnto a SAINT simulation of generalized
naz/sachine tasks,

APPROACH TO MODELINC THE ITEM
RECOCNITION PARADIGH

Task Duracions

The {our stage representation of a choice
reaction tine taak provides what is easentially a
flow d{agram of a cognitive/paychomotor process.
Eazh of these stages must then be represented in

L1}

sirad et A AL g by e

the SAINT network. (The stages are: (I) Stisulus
Encoding; (I1) Memory Search; (I11I) Response
Selection; and (IV) Response Execution.) The
basic equation to be modeled 1a

RT = [ + II(M) + I1I(PC) + 1V
white
RT = total time from stimulus onjet to
response execution

I = duration of Stage I
11 = duration/iteration product for Stage II
M = number of critical elements in memory set

1I1 = duration of Stage III (depends on both
the criticality of a stimulus aund the
ratio of critical-to-total stimulations,
?C)

PC « ratio of ciitical-to-total stimula:ions
IV = duration of Stage 1V

Table i presents a susmary of the data and
their respective sources which were exploited in
developing the SAINT network. The most directly
applicable data vere provided by Sternberg (1966).
He gave values for 1! and for (RT - 1I). These
values are: 11 is equal to )8 ms per critical
element in the memory set and (RT - I1) is equal
to 370 ms. Kristofferson (1975) employed both
one- and two-choice RT designs in implemsenting
the Sternberg paradign. The single-choice RT
data ave apparently untque' and sfforded us an
opportunity to estimate the duration of Stagr 11l
by {nference. We arbitrarily (lucking any other
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guidance) chose to take the zcan of the intercepts
of the critical and non-criticsl double-response
cases and compared that value to the intercept

for the single-response case. This produced an
estimate for IIl of approximately 50 ms. Sternberg
(1975) pointed out that for equally probable
criticsl and non-critical stimulatioas, the non-
critical response times exceed the critical
responses by spproximatzly 40 ms. Based on the
definition of the process represented by Stage
111, this time difference must be represented in
this response s-=lection phase. Since this
artifact does not manifest itself for unequal
probabilicties of critical and non-criticsl

SYSTEM ATTRIBUTES

In deriving the time estimates rzpresentative
of the item recognition paradige, a total of six
logical blocks were found to be required to
correspond to the four stages. Additionslly, it
was implicitly noted that the model! must take the
sizet of the critical semory set, whether the test
is critical or non-criticsl, and the probability
of & crittzal stimulation into account. These
are modeled 43 system attributes of The network.
(For actual 2xecution of the SAINT computer
model, » fourth system attribute, a rcounter or
the nunber of times Task 2 i{sn reslized during an

stimuli, two distinct representations of Stage
I11 are required in the network. For tha equal
probability case, these representations (tasks)
vill have s mean duration of $0 ms for a crizical

iteration, nust be introduced.) Table J preseits
the system attributes of the SAINT/item recognition ]
paradigm acdel.

‘.g_mmmm'mm r
B s L L PTRTRU
By CRE L S j

i stimulation and 90 ms for a non-critical stimuls- TABLE 3. SYSTEX ATTRIBUTES

i tion; {f the probabilities are sufficiently

li unequal, the duration will he 50 ms independent Attridbute Meaning
B8 of the stimulus. This interpretation differs T
i from Steraberg (1975), but fs consistent with the : o Vel Clerigd S8 QLU (5
51 binary decision proce & vepresentad by Stage III. the set of critical stimuli
’. 2 PC, the probability of a
i_ Woddworth wsnd Schlosberg (19%4) provided the critical stimulus

s 4 data used for estimating the duration {(and
?g distribucion) of Stage IV. Under our definition, 3 Counter on execution of
‘f Stage 1V encompasses both nerve conduction and of Task 2
& the resujitan: suscie movement., DLats irom tasks 3 index of criticalisy on

i requiring simple response .o visval stimulation current stimulus
!f‘ suggest that the range of 45 to 55 ms is ressconable

. for this stage.

THE SAINT NETWORK 4

3 The sean durstion of Stage I is estimated by
subtraction. Using the estimates presented
sbove, we have

In order to create a SAINT network model, the
mathesst{cal] model of the ftem recognition
paradigm, developed above, is translated {nto
SAINT symbology. The hasic SAINT entity {s the
task,wvhich is a goal directed activity, consuming
a {inite amount of rime. Tasks may have special
connotationa. ' -ource tash serves to injtiate a
cequence of related activities. A syccessor task
to an activity is cone for which logical on
mathematical relationships have been satisffed.
These relatfonships define the inter-task branching
of the SAINT network.

v
A s o 1 i

A

1% 370-111-1IVe 30-50=-5C = 270 ms

The values developed from the litersture are
used {n the network as srithmetic weans, The
s distridbutions of stage duratjens are estimsted;
) Stages 1 and (I are normally dfstributed, Stage
111 is wefghted by a Camma distribution to
reflect the skevness typically found {n Dsycho-
physieal reaction time data. Stage iV, essentially
physic.ogical, (s untformly distributed. Similarly,
b minima, manima, and standard deviatiors are
. eatlimated. Teble 2 presents a susmary of the
; stages and their respective time diatridutioas.

b ke

A lopieal sequence of tasks §s implicit *a the
four stage model of the item 1ecognition paradige.
The duration of each task and the branching

il
b‘
F
£
E.
£
t

¥ between tashs also fullow from this model, az do
] T B e oY the system attributes. [vo additional taska,
¢ both source tasks, complete the model. OUue 1
& “ ™ T T M s used to gencrate the stimyll and the second
’ - S Dy Buniibe e maise Busm LB facilitates the collection of statiatics vn the i
] 1 hot 0ol 1o iw [ ] task corresponding to Stimslus Encoding (Stage E
9 “ P —— % - " . 1). Tthe completed nctworh iy presented in E
5 Figure V.
E ¢ ] 1 1. Zemme $0(98) W0 PNI0M s
i o1 s o » s e s in sutomating ‘he netvotk, time distribution
. date sets are defincd, syatem attributes ate ]
I v vait e - o " o0 specified and {ntttalized, and tashs are denctibed
T e - . - - as to thelr chavacteristise, informarion assipi-

meuiz. and successor tasks and branching precedure,

Use of the model iz c.ifttated in that only twe

indepradent vatiables need b specified: the E
“ize of the critical ser and the probabdiiity of & }
critical stimylus. 4

S Tosd ) 1o veelited fed Ged-ititicel Stimil The veless n U )
appiy $r ougmaliy piaBaBie Fi11:0] of Romvorltlea] atimell
Toeh 3 ia 10011002 foe 811 c4¥11. 6] s1imn11 and a l8ensical t@
Tosh } (vase P - 33, Pt - 1Y)
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Taet 3.
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OUTPUT OF THE

SAINT/ITEM RECOCGNITION MODEL

Although the network used in the automated
simuiotion Is vacther cimple, the true power of
this wodeling approach reaides in the capability
to rapidly perform and aralyze large numbers of
{teratfions. An fteration, in a very strong
sensq, corresponds to a single trial in an experi-
nent employing live subjects. All model runs
executed in performing the effort reported on in
this paper employed 500 iteraticns.

The SAINT model permits the collection and
analysis of timing dats at the Individual task
level. Figure & is an example of the graphic
output for all f{terations of Task 2 (Memory
Search). Both histographic and cumulative
representations are output. ! should be noted
that 2000 samples of this task are treated. This
occurs becauns the c¢xanple was drawm from the
{teration of 4 case in vkich there were four
critical stimyly possible and, therefore, tash 2
vas cycled four times In each iteration,
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Fig. 4. Statieties Histogram for Tash ) (M = 4)

Betajled ocutput data are alsa previded (i’
reeded) for jadividual iterationa of the Betvork,
Table &4 through d preacnts such data. e this
.able, the at2e of the cFitlea) aet §i held equal
te fouf clémciis while both cfifical and pon=
critieal ztimali afe studicd AE two probabilizien
ol octuftence. 1B thia fermat, the scquenre i
teask felcince is vaplicitly tecotded and the
didcrete duration for each task velesss semple is
aleo piavided,

TABLE 4.

- - w2 e

DETAILED OUTPUT FOR SINGLE ITERATIONS

(b) Detailed Output
(M=4, PCw=.50)

(a) Detailed Output
(M-4, PC=.50)

Non-Criticial Critical
Task Duration Task Duration

1 272 1 275

2 39 2 i

2 36 2 47

2 33 2 45

2 38 2 41

] 87 S 49
4 S& 6 8
559 543

(d) Detailed Output
(M=4, PC=1.25)

(¢) Detailed Output
(M=4, PC»,25)

Non-Critica: Critical
Task Duration Task Duratfon

1 273 1 275

2 43 2 38

2 40 2 47

2 35 2 45

2 32 2 4t

3l 47 5 54
) Y 6 L
$16 949

Summjry statistic3, over all fterations, ave
also provided for cach task. Table § presents
these data for both probabilities of critical
st{mulus occurrence. Note that these data are
{ndependent of the number of elesents in the
eritical set. This effect {s shown in the number
of samples used In estimating the duration for
Task 2.

TABLE S, SIMMARY RESULTS FOR SUO ITERATIONS
(PC = .25) PC = .80
Yask  Stage .- Hean X

1 Stimuiud Fneroding (27210 {500} 500

N Memory Scatch (IR IN (2000) 2000

3 Responsc Selection  (49)92 (374)25%0
(Non-crtrical)

a Kespoase Faecution (%0)% (374)2%
(Non-eritfcal)

b) Ecaponae Selection {5a)5%0 (126)250
{(Crlrical)

[} Respense Execution  (30)30 {(12¢)25%0

(Critieal)

Figufe 5 presents the most gobetal statement
af the simulation fesults, Kt ja showm as a
1ineatr fuaction ot the alze of the critical
stimulus set. The case depleted ts fof FU cqual
to 0.%, The least squates it far the mean
ceftical stimulue data §s given By the cquation
EY +» 36(M) v V7% ms and for the doA=-critical
stimull Sy KI = Je(M) ¢ &1% mi. lhede equatioas
are th agfcemcat with the data prodyied by
Sternberg (196011925, (The equations for bdoth
cgitical and non-crttical stimulatioas at PC =
0.2% are colinear with the critical stimlua fine
for PC » 0.%, which ;o o agrecacnt with Sternberg
[197%}0)
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Fig. 5. Reaction Time (RT) as a Function

of Set Size (M)

CONCLUSIUNS

1, The two objectives of this SAINT application

wvere satisfied. The use of SAINT modeling
technfques in the context of psychological
theory was demonstrated. Specifically, a
cholce reaction time metric was simulated with
close agreement to the avatlable literature.

. Yo ereatc a network which represcnted the

logle and intereelattonships of the {tem
recognitfon paradigm, jt was necessary to miake
assumpt ions vhich offer promising opportunitics
for experimental conflrmaticn or refutation.

Sccause of the power afforded by the {terative
capability of the model, it appears posuible
to stud; sybtle vartazions of the paradiga
vhich sight have contounding effects if
applied 1n the labevatory.

4. Because of the modular structure of the SAINT
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networh, new data and interprctations can be
readily lacorporated {ate the sodel to improve
its accuracy and seasjrivity.
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