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A functional nodel of beam dynamcs has a theoretical basis in elasticity and
nechanics. S mlarly, a functional nodel of man/machine interaction nust have
an underlying theoretical basis for howthe nan and the machi ne respond to their
environnents. | n nost circunstances, control theory provi des an adequate
theoretical nodel for the nechanical system HEforts to adapt this theory to

t he human operator have encountered severe [imtations--especially in unfamliar
or multi-attribute control environments (i.e., energencies or strategic |evel
deci si on naki ng).

If we designed buildings using an el astieity nodel valid over a very narrow

regi on, werwould be careful not to enploy this nodel as a predictor of system
response outside that regi on(otherwse our building mght fall dow). V¢ can
criticizealnost all existing interface design procedures because they assune
(usually inplicitly) that an optinmal control nodel for operator response is valid
over the entire range of control environnents. Therefore, it should not be sur-
prising that perfornance of these systens degrades seriously when exposed to
Situations where this assunption is invalid.

A inportant byproduct of this realizationis that if an explicit nodel of human
response i s not incorporated into a design procedure, an implieit nodel wl| take
its place. Qearly, sonething as critical as operator response shoul d not be
left to default nodel |ing.

Cogni tive psyehol ogi sts have devel oped a general theory for hunan i nfornation
perception, storage, retrieval and nani pul ati on based on the notion of schenata.
e difficulty with nodel |i ng human response usi ng schena theory is that there
is little understanding of the underlying neehani sns of scherma nani pul ati on.
However, in the sane way that it i S not mecessaty to understand the muarces of
nol ecul ar interactions to make predictive theories about naterials behavior, it
can be hoped that we can address hunman response tendanci es based on a macro

| evel schema theory.

The next section highlights the fundanental s of schena theory necessary for

this discussion. The third section addresses how the process of schema sel ection
opti mzation appears to represent a reasonabl e descriptive nodel of operator
response. In the fourth section, this nodel is expanded to provide an anal yti cal
approach to assessing i nterface design.

The result is a structured apprsaeh to addressi ng hunan deci si on making/action
sel ection over a wi de range of operating environnents. S mulation ecan be used
toillumnate the different paths the inferential decisien naker can take given
a particul ar display/contrel format and a given set of status/warning indications.

It is hoped that future work in this areaw Il allowthis medelling/simulation/

anal ysis process to be codified. The result would be a general design procedure
for energency interfaces.
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I ntroducti on to Schenat a

By constraining systemdesign to include a "man in the loop", we are forced
to recogni ze and address the i ssues of non-nornative deci sion naki ng typical
of human response. Schenma theory provides a robust nechani smthrough which
we can address human i nformati on processing. Three structures nust exist for
schena theory to function:

1 Sermantic know edge structures. These are senanti c networ ks between
key variables in a frequently encountered phenonenon.

2. Bpisodic nenory structures. The key features in an experience(as
wel | as connectors between the features and the noderating schenat a)
are retained as episodi c nenory traces.

3. Schena sel ection optimzation. Two |levels of optimzation nust occur:

--The relative costs of delays and potential perception errors
nust be rapidly bal anced when sel ecting the sehema to be used
to structure exogenous dat a.

--The costs of valigdati and determining. the uniqueness. of an
nappar en? ly VaF‘I dQl scggma must S’gn%fol% T i zeg He* re Itslg uged

to generate response scenari 0s.

Senanti c and epi sodi ¢ know edge structures are highly interactive and mutual |y
supportive. Senmantic nenory provides the framework used to encode and recal |

epi sodi c nenory traces. Episodic nenory traces previde experiential richness to
a partially instanti ated schema by all ow ng experience with "simlar” or anal ogous
situations to be brought into the eval uati on.

Wth this approach, we woul d prediet that an operator would deal wth limted
sensory data by reaching into his episodic nenory stores for "representative"

val ues and constraints for unavail abl e variables. This ability to drawfrom

past experiences provides added "context" when evaluating a situation. Conversely,
faded epi sodi c nenory traces cean be "reconstructed" using the inplied contexts

and constraints avail abl e through the senanti c know edge structure.

Ooti m zi ng Schena Sel ecti on

Limtations in short termnenory dictate that people do not sinply |oad all

avai | abl e sensory data into a nenory buffer and perferm an exhaustive sort of
schemata to determne the best fit. Instead, we expect that a "reasonably
valid" schemais rapidly chosen and used as a franework to organi ze the sensory
data. If a selected schema fails to provide an adequate fit for subsequent
sensory data, it iS rejected in favor of a new schena.

Fromthis, we woul d expect that inhibition of invalid schemata nust play an
inportant role in the initial schena sel ection process. Qherw se, we would be
bonbarded with potentially invalid schenata and have to eonciously sort through
themall. Therefore, the attended features which appear central(and their
apparent senantic connections) nust serve to inhibit all schenata whose vari abl es
or structures do not permt such features.
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Since this sort takes place very rapidly, a hierarchy of the variables in a
schema must exist. This initial sort must compare the " central' sensory
features to schemata with similar central variable constraints.

Based on these (and other) considerations, a "branch and bound” optimization
strategy appears to be an appropriate model for the initial schema selection
optimization proeess. This approach allows'schema selection to be dependent
on both previously attended information and prior decision path. Experiential
and analytical heuristics are used to estimate the schema which " appears™ to
contain the greatest potential for providing a solution. Other heuristics
are used to estimate the uniqueness of the solutions resulting from the use
of that schema.

Before modifying the branch and bound approach to accommodate schema
optimization, it is worthwhile to review the steps in the general algorithm:

1. Partition the solution place into mutually exclusive, collectively
exhaustive sub-spaces.

2. Develop upper bounds (assuming a maximization problem) for each of
the sub-spaces.

3. Test each upper bound solution to determine if it is feasible.

4. If one (or more) feasible solution exists, make the highest
of these the incumbent solution.

5. If any of the following are true, the sub-space is considered
fathomed:

-- subspaces whose upper bound solution is also feasible
-~ sub-spaces with upper'bounds lower than the incumbent solution
-- sub-spaces containing no feasible solutions

Fathomed sub-spaces can be removed from' further consideration.

6. Take either the highest (the most promising) or the most-recent
of the unfathomed sub-spaces (depending on the branching rule
employed) and partition it into smaller sub-spaces.

7. @ back to step 2 and continue until all subspaces are fathomed- -
the incumbent solution at this point will be an optimal solution.

The schema selection algorithm would follow the sane general pattern:

1 The "solution space" is partitioned by activating schemata with
appropriately eonstrained "central™ variables and inhibiting
inappropriate schemata. Within these overlapping sub-spaces simple
cause-effect relationships exist between foeal and peripheral com-
ponents or sub—systems.
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2. (Qonstraints provided by episodic nenory are used to provide "qui ck
-~ access" bounds on the "goodness of fit" of all active' schenata.

3. The best "quick fit" woul d be sel ected as a candi date schena. (king
avail abl e features to partially instantiate the candi date woul d form
atest of it's feasibility (iie., if structural or variable constraints
were viol ated, the schema woul d be fathoned and renoved fromconsi -
derati on.

4. The "stopping rule" for the schenma search al gorithmwoul d be based
on either the difference between the "goodness of fit" of the
partially instantiated candi date schema and ot her active schenata
or the difference between the epi sodi c associ ations activated by

- the partially instantiated candi date and those activated by the

» availabl e features (i.e., inproved "goodness of fit" of the partially
instantiated schema i nhibits activation of alternate schemata while
poer "goodness of -£it" increases' their aetivation).

Wien applied to schena sel ection, branching difficulty can be considered the
nunber of hypot heses whi ch are “candidates™ for interpreting the data. If only
one hypot hesi s recei ves activation fromt he avail abl e (er attended) features,
little or no cognitive effort is required. These unanbi guous hypot hesi s

sel ections shoul d appear "automatic" (i:e., require no cognitive effort).

Conversely, if multiple hypotheses(or no hypothesis) receive activation,
consci ous hypot hesi s sel ecti on nust eceur Since some neans nust exist for
organi zing the avail abl e data. For example, if conscious hypot hesis sel ection
does not take place in an anbi guous situation, the operator will be unable to
nmake "sense” of it and will take no action.

Thi s discussion inplies that anbi guous situations will be predom nated by
"conceptual | y driven processi ng” whil e unanbi guous situations will be pre-
domnated by "data driven processing".' This points out a significant difference
bet ween desi gni ng routine and energency i nterfaces:

-- Routine situations can be effectively control |l ed by providi ng adequat e
sensory input (data driven processi ng predominates).

-- BErergency situations require simuelation of appropriate perceptions of
the situation to al |l ow adequat e response (econceptually driven processing
pr edom nat es) .

Sinceinitial schema selectionis used to encode avail abl e data, while action
sel ection invol ves an irrevocabl e alleeation of resources, we woul d expect

addi tional schenma optimzation testing before actionis allowed. A though

t he i ncunbent schema can be consi dered reasonabl e and feasi bl e after it's accep-
tance as a sensory data framework, it's uniqueness renains to be resol ved.

| n unanbi guous situations, this fathomng of alternate candidates is trival--
there are no alternate candi dates. Therefore, we can expect that these
situations can lead to "slips" when relatively rare alternatives are the
"correct" choice. For exanple, if anindicator "always" inplies a particul ar
action during nermal systemoperation, we can expect "intrusions"™ of that

action during energency operations where the inplications of that indicator
nmay be nore anbi guous.
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This approach asserts that the schema will remain unchanged unless contra-
dictory evidence is found. Since evidence is asserted to be requested for

the purpose of confkrming the current hypothesis, we can expect that an
incorrect hypothesis formed on the basis of weak evidence will be more resis-
tant to change based on new, better data than a hypothesis formed on the basis
of the new data alone. For example, when critical data is unavailable, several
schemata might be selected with equal validity. Exposure to a few non-
critical features contradietory to the intial schema selectionwill likely

result in the operator "explaining away" the new features rather than changing
schemata,

Assessing Interface Design

Although schema theory provides valuable insights, it lacks the computational
structure necessary for quantitative analysis. The branch and bound model for
schema manipulation provides the needed structure but does not include a
systematic means for handling uneertainty “in our knewledge of the interactions
between model parameters or uncertain outcomes.

This shortcoming can be resolved (to some extent) by adopting a modified
decision analysis approach to interface design assessment. Since the structural
models used i n decision analysis share with branch and bound a sequential tree-
like structure, the models should be compatible.

Figure 1 depicts a " status annunciating” display eonfiguration for a simple
oil transport/storage system. Thfs system assumes that the oil source (i.e.,
tankers) is to be unloaded as quickly as possible and that excess pumping
capacity is diverted to temporary oil storage tanks. The valves can be open
or closed, pressures can be zero, low, medium or high and the pump can be set

at off, slow or fast. |If problems develop, they will be annunciated by the
lights at the bottom of the display.

Figure 2 is the abbreviated decision tree which represents a simplified struc-
tural. model for an inferential decision maker. Note that the structural model
follows the same general format outlined in the discussion of schema theory
but excludes all functional details. Figure 3 is a truncated decision tree
which results when this model is applied to the example display format.

The dependence of decision variables on attended information and the heuristic
nature of the hypothesis fermation process causes the "decision' variables to
retain a probabilistic nature. The probabflity asseciated with the selection
of a candidate "decision" depends on the "degree of asseciation" existing
between the candidate and the hypothesis given a particular generating scenario.
This approach is consistent with the aetivation model for schema moderated
behavior presented in the previous section.

At this level of sophistication in the inferential decision model, the assign-
ment of probabilities to the branches of a decision node would be entirely sub-
jective. '"Reasonable" values for these probabilities would be derived from
experience with similar systems, results of pencil and paper or simulator
studies, or from "engineering judgement".
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Additional detail can be incorporated into the nodel by including an "attended
features” branch prior to schema sel ection (as schena theory woul d dictate).

In this way, probability assignments for schema sel ection woul d be conditi onal
on the attended features and/or the centents of short-termnenory immediately
prior to schenma sel ection.

At hough this woul d reduce the subjectivity of the schema sel ection probability
estimates, it greatly increases the conputational difficulty of the probl emby
necessitating the inclusion of a significant nunber of "attended feature"”
branches into the nodel (the number of branches woul d be approxi mately the
number Of observabl e features chosen the size of working nenory at a time —-

a huge nunber for any realistic situation.

To a large extent, this difficulty can be overcone by elimnating trivial or
redundant branches. However, a nore likely solution woul d be expected to lie

I N adepting a Simul ati on approach to enunerating the effects of various attended
feature conbi nations. Regardl ess, a great deal of anal ysis woul d be required

to assess the inpact of various attended feature conbinati ons on schena sel ecti on.

I n the sinple nodel presented, action selection and infornation request
probability estinmates woul d be based on experience, intuition or the results
of sinple experinments. However, an expanded nodel coul d i ncl ude conditi onal
branches to account for the predictable effects of requested i nfornation on
scherma activation and inhibition. Additional conditional branches could be
included to account for the effects of differing schena fathomng or stopping
rule strategies on i nformation requests and action sel ection.

For exanple, time pressure, experience, environnental distractions and notiva-
tion can all have a reasonably predictabl e influence on these paraneters.
Gondi tional branches can be included to allowfor these variations. As system
reliabilityis allowed to degrade, the dynamc nature of the task is allowed
to increase or tine sharing actigity is increased, additional conditi onal
branches woul d have to be included to account for the effects.

It isinportant to nake a distinction between conputational and theoreti cal
nodel ling difficulty. The advantage of a structural nodel is that explicit
assunptions are nade about the path taken to reach a particul ar deci sion or
event. The constraints inposed by these preconditions nakes it nuch easier
to predict what will happen at that particular point intine. The difficulty
lies in the conputational burden of going through all the possibilities and
estimati ng what w |l happen at each.

Therefore, this approach reduces the theoretical conplexity of the anal ysis
at the cost of increased conputational diffieulty. Fortunately, it is far
easi er to devel op conputational short-cuts and streantined al gorithms to
sol ve these conputational ly nore conplex problens than it is to devel op a
conpr ehensi ve theory about human i nfornation processing.

For exanpl e, a progressive nodel building/sensitivity anal ysi s approach m ght

allowsignificant ''pruning" of redundant or trivial branches before they have
to be explicitly evaluated. This would be accemplished by devel opi ng a sinpl e

59



structural nodel, nmaking "ball park" estinates for the possible branches and
their probabilities and performng a sensitivity anal ysis to determ ne whi ch
branches appear to be nost inportant. Less inportant variabl es woul d be set
at "nominal values" while the conpl exity of the nodel woul d be increased for
the critical variables. @Qldly enough, this is exactly the process that schena
theory predicts takes place in hunan i nf ormati on processi ng.

S mul ation can be used to enunerate decision and event chai ns whi ch present

a significant hazard (hazard is defined as the probability of a decision/event
chain tines the "cost" of the outcong). Addi tional nodel ling effort can be
given to addressing the interaction of the variabl es i n deci sionl event chai ns
representing the greatest hazard.

A the very least, this approach has the benefit of explicitly enunerating the
man/machine/environment intetaction assunptions necessary to design an inter-
face. The conbi nation of formalized structure and simul ation aids the designer
to uncover unintuitive' or insideous sources of operator or systemerror. Know -
edge of biases in human information processing can be used to ferret out poten-
tial "slips" or inferential ertrors whiech woul d-not "beillustrated by an optinal
control or sequential analysis approach. Further, the structure of this approach
nakes it less likely that a designer will assume his own response bi ases in
assessing potential operator response.

The naj or benefit of an approach of this kind is it's useful ness in overcom ng
one of the greatest difficulties(and dangers) in a priori caution and warning
systemdesign-— in order for problens to be clearly and unambiguously annunci at ed,
the possibility of operator uncertainty at all potential decision points nust

be foreseen by the designer.

Prospects for the Future

It is entirely possible that cross-situational consistency in certain categories
of response can be uncovered by a structured approach sueh as the one proposed.
If these consistencies can be codified into either a sinulation or rul e based
system it nay be possible to evaluate interfacesin a fraction of the tine
necessary to "start fromscratch".

Further, if a systemof evaluation can be codified, it can be used to optimze
the design of the interface. This presents the possibility of elevating inter-
face design froma "satisfycing" approach to one where the designer can quanti -
tatively estimate how far the preposed systemdeviates from"optimal™. This
woul d all owhi mto perform"val ue of information" studies to judge how nuch
addi tional expense or research effort is warranted in attenpting to i nprove

t he desi gn.
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