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Human Performance Modeling

“When viewed from these perspectives,
human error can be discovered in
thoughtful, detailed models of robust,

successful human performance!”
— Dick Pew (via Steve Deutsch), HEM Workshop
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Modeling Expert Performance

o A powerful way to understand expert
performance Is to:

— represent procedural knowledge, skills, and
Interaction with the context in which behavior
occurs asjoals,methods andelection rules

— achieved with the execution of low-level
perators (I.e., the actual sequence of behaviors
observed during task performance)
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Applied HCI
Cognitive Modeling Tools

 Make computational cognitive modeling
more accessible to non-specialists

 Re-use and automation of modeling
components
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Overview

GOMS and CPM-GOMS

Reusable HCI behavior templates
Automating CPM-GOMS with Apex
Example Model
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GOMS

The Psychology of
Human Computer Interaction
Card, Moran & Newell, 1983

» Goals,Operators, Viethods, and
Selection Rules

* GOMS», Methodology for task analysis and
e MHP prediction/ modeling of human
behavior based on hierarchical goal
decomposition
« CMN-GOMS
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The Psychology of

GOMS

Human Computer Interaction
Card, Moran & Newell, 1983

« GOMS
« MHP »

Ames Research Cenfer

* M odel Human Processor

» separate parallel processors for
perception, cognition, motor

e each with associated cycle times
e.g., cognitive operator 50 ms

eye movement 30 ms
basic motor action 100 ms
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GOMS

The Psychology of
Human Computer Interaction
Card, Moran & Newell, 1983

e GOMS

e MHP
e NGOMSL - Natural Language GOMS
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GOMS

The Psychology of
Human Computer Interaction
Card, Moran & Newell, 1983

e GOMS

« MHP
. CPM-GOMS
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GOMS

The Psychology of
Human Computer Interaction
Card, Moran & Newell, 1983

« Cognitive, Perceptual, M otor

 parallel resource activities,
« GOMS assigned empirically derived times

e MHP e John (1996) - TYPIST

e CPM-GOMS® . Project Ernestine (Gray, John, &
Atwood (1993)

 Templates for HCI behavior
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Reusable Templates

 Package the abundance of data on human
perceptual, cognitive, and motor phenomena into a
set of HCI behavioral primitives, or templates,
(e.g., mousing to a target) that can be directly
Incorporated into models

 Templates reduce the amount of psychology and
modeling methodology required to build models
— Compile the human performance data into templates
— Focus the modeler on task analysis
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Reusable Templates

Cognitive modeling has made wide use of general
performance characteristics

— Fitts's Law

— Vision/perception

— Working memory capacity & latency

— Speaking and reading rates

Some have been incorporated into larger modules
— Keystroke templatqsohn & Gray, 1992; Gray, John, & Atwood, 1993)

— Auditory & verbal temp|ateGJohn & Gray, 1992; Gray, et al., 1993)

— Conversatiorohn & Gray, 1992; Gray, et al., 1993)

— Transcript typingiohn,1996)

— Mouse move-and-click I’OUtiﬂféSray & Boehm-Davis, 2000)
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SLOW
MOVE-CLICK

0
new-cursor-locatio

100 100
perceive perceive-curso
target @ target
50 50 50\ 50 50 -
- START attend- initiate-| / [ verify- attend- | [ verify- | 22— —_—
Initlate-move- target POG target cursor @ | cursor @ l Initiate- END
cursor pOS target target mouseDn
545 (FL 100
move- mouseDn
cursor
30
POG

- from Gray and Boehm-Davis (ZOOEI})
mﬁ.ﬁ}.}f o Cemler
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SLOW
MOVE-CLICK

0
new-cursor-locatio

100 100
perceive1 N perceive-curso
target @ target
50 50 50\ 50 50 845
- START attend- initiate-] / [verify- attend- | [ verify- | | 22— —
Initiate-move- target POG target cursor @ | cursor @ initiate- END
cursor pOS target taraet mouseDn
545 (FL 100
move- mouseDn
cursor \/ \—/
30
POG

operators required
to verify that cursor

- from Gray and Boehm-Davis (ZOOEI}) is in button
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FAST
MOVE-CLICK

new-cursor-locatio

100
perceive-
target

50 50\
initiate- verify-

POG target
pos

50
attend-

START
initiate-move-
cursor

- from Gray and Boehm-Davis (ZOOEI})
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The Apex Architecture

MEII‘I#I'? Innate  General

Skills Skills

Human
Resource
Architecture

Vision Gaze Hands

~ Oagent Level © Human Level O pomain Level @ simulation Level
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The Human Resource
Architecture

e Simulates the activities
of perceptual, cognitive,
and motor processing

. Captures processing | 1 Nfé€ main types of
times and resource resources.
constraints e coghnition

e Vvision/perception
* motor
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The Action Selection Architecture

TASK e
MANAGER ‘1
COGEVENT STREAM

« Implements aeactive TR
plannerthat supports SEEENT ] - 5
— Sketchy plans —_— T —

— Hierarchical task z
decomposition 3
—
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A CMN-GOMS Model

e get money from an ATM

o start with a goal-based hierarchical
decomposition

1 TR
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A CMN-GOMS - abang

— Initiate session

Model of ATM T

— enter4
— enter9
— enter0
— enterl
3 — enter OK
— do transaction
e choose withdraw
e choose account

e enter amount
— enter8
— enter0
— enter correct

e retrieve money
— end session
* enter N0 [more transactions]
* retrieve card
* retrieve receipt

B

L

w
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Hierarchical Task
Decomposition
([r(?cﬂefﬂitzjobanm in PDL

GEepsl( nitak seson )
GEeps2( dotransad on)(wa tior 7%s1)
GEep s3( end sesson ) (wa tior 7s2)

Gep s4( Emna®(wa  tir s ) CMN-GOMS (incomplete)

* do banking

(ocedue — Initiate session
(Ndex ( nitate sesson ) * insertcard
Gep sl( ser tcad )  enter password

- — do transaction
GEep s2( ere passwod ) (wd tir 2s1) ) . _
GEeps3( Emnad(wd  tirs2) ) — end session

ProcedureDescriptionLanguage: the
Apex formalism for writing models
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CPM-GOMS PDL

(orocedure
(ndex (choose wi  thdaw)
GEps2( Emnag (wa  tior 7%s1)

(orocedure

(ndex (choose wi  thdaw)

Gepsl( Bgtmovec likw thdawkey)
GEps2( Emnag (wa  tior 7%s1)
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CPM-GOMS & Templates

e CPM-GOMS joins CMN-GOMS with
MHP-level timing predictions utilizing
resource parallelism for steps at the lowest
levels in the hierarchy

* To create a model of a task like
withdrawing money from an ATM, one
needs to string together the appropriate
templates
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Interleaving Templates

within a template these do
not have logical dependencies,

I new—cursor—locatiod

290

perceive-
target

\

START ] 50
o verify-
initiate-move _
target initiate-
cursor
pos mouseDn
% 10k 100
mouse mouse
_/ -
move DN Up
cursol
30
POG
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Interleaving Templates

I neW—cursor—IocationI

new—cursor—locatiod

290
perceive- 2
target perceive-
target

50 50

) _START attend verify- 2L 50
initiate-mover target target initiate- : TS'[ART verify-

590 / \ P

FL) 100 100

10& 100

mouse | | mouse
Dn Up

mouse mouse FL)
move- Dn Up

cursol moveH

30 FAST MIC — FAST M/C

30

POG

POG
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Interleaving Templates

I neW—cursor—IocationI
new-cursor-location

290
perceive-
target
50
START | |attend = 50 L-,X
initiate-move target initiate- START attend verify- 20
cursor initiate-move target t t initiat
pos mouseDn cursor arge initia eIs
pos mouseDn
590 \
FL) 100 100 182 3
move- mouse | | mouse FL) 10 100
cursol Dn Up move- mglrj]se - mﬁuse
FAST M/C “=] p
30 FAST M/C
30
POG
POG

Initiate move cursor cannot precede the last motor
action with the same hand in the previous operator
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Interleaving Templates

I neW—cursor—IocationI
new-cursor-location

290
perceive- 20 ]
target p?rcen/te—
arge
20 E)X 50 50 \
~ START attend initiate [ |verify- START RO_ 50
initiate-mover target POG target initiate- initiate-move attend verify- o
cursor pos mouseDn ursor target target |n|t|ateIs
pos mouseDr
590 \
FL) 100 100 182 3
move mouse | | mouse FL) 10 100
| Dn Up mouse | | mouse]
curso move-
FAST M/C — e
. FAST M/C
30
POG
POG

last vision action in the previous operator
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Interleaving Templates

I new—cursor—locationl

new-cursor-location

290
. 290
perceive-
target perceive-
target
50 co 50 50 50
START attend verify- attend L oo L L
initiate-mover target tarngt target initiate{y{ initiate- START verify- 50
cursor pos POG | J mouseDn initigte-move target initiate-
cursor pos mouseDn
590
FL) ! &
L) 10 100
move-|—"" 100 100 mouse mouse
curso mouse | | use move- on 1 u
FASTMIC ——— 5N p
30 FAST M/C

POG

POG
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Summary of Interleaving

Procedure

At each boundary between templates, ask...

1.1s there enough slack time at the end of the first
template to allow any of the cognitive operators
at the beginning of the next template to
Interleave? If so,

2.Are there any logical dependencies preventing a
candidate cognitive operator from interleaving?
If not,

3.Interleave the candidate operator and GOTO 1.
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How to Make a CPM-GOMS Model

IN 5 Hours or More

e Create serial CMN-GOMS model with templates
at bottom of hierarchy

By hand, Copy&Paste the appropriate sequence of
pre-created templates into MacProject®

— ATM task needs 15 templates, about 15 screensful, 10
pages printed out

 Think hard about interleaving at each boundary of
the templates

A HEM Workshop
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How to Make a CPM-GOMS Model
In 5 Hours or More
By hand:

— change duration parameters
— fill In names of operator targets (x)

100/290

perceive

(x)

/so/ 50

attend verify

(x) (x)
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A CPM-GOMS Model of
the ATM Task

mse&t 4 key 9 key Okey lkey = OK
car (fastM/C)  (fastM/C)  (fastM/C) (fastMIC) (fastM/C)

T

-constructing CPM-GOMS models by hand
IS labor-intensive and error prone

(this part of the model took over 6 hours
with MacProject®)
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How Apex does It
IN 5 Minutes or Less

* Implement the CMN in PDL, simply calling
procedures that contain pre-created templates at
the bottom

 Runthe PDL program
* Press the PERT-chart button
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Sherpa

o Graphical interface with multiple view
and interactive capabillities:

e Views:
e runtime
« PDL
e scenario
* objects

* Facilitates process of model construction
and analysis of output
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load simworld

depict simworld

Inspect

View

Trace

| Sherpa (connected tu/nQ/ﬁZmacl 16.arc.nasa.gov) HHE
File APEX Options Help
Sim World: | ATM-CMN-YOURS |
restar‘t\ \”'—va.eu |
play <1 Font: | Dialog ~|IF:|F:
il 4’ i
anSG/ _W Events | NE [v| Hide Null || Terse
[ .
step” || ISV Y|D ¥ | mmmr——m—
P e oL NUM. 15
@ [ HUM&N- 1 AGENT ID: BUTTON-15
D BUTTON= 15 0K - KEY LOCALE #{| 0CALE-1 WORLD}
[ BUTTON- 4 NO-KEY Fus:(ij it
) D MOUSE- 1 MASS: 0.01 .
Slice [ BUTTON- 3 CORRECT-KEY L
; BUTTON- 1 CHECKING- KEY
View B
[ BUTTON- 2 WITHDR& W - KEY
[} MONEY-SLOT- 1 MONEY-5LOT . VI T T 2207
[} CARD-SLOT- 1 CARD-SLOT : {SHHTEU "*{DIIMM\ :u‘r-{ DIIH—\TIHN ::'_Hu}}
[} KEYPAD-1 KEYPAD d 7370
D SCREEM-1 SCREEM 8 (COMPLETED ZE{DUMMY -ACT-3 DURATION 3930})
D INTERFACE-OBJECT-1 ATM : (STARTED #{DUMMY -ACT-<1 DURATION 2839})
[} RIGHT-HAND- 1 ! 10218:
D LEFT-HAND- 1 8l (COMPLETED Z{DUMMY -ACT-4 DURATION 2839})
[ 7§ BUTTON- 14 9-KEY -[END PLAY
- 2.3..}.| ................................................................
lizp: {+ 2 3}
5
%

1 \

Lisp

Listener

|
clear trace make pert chart

View



ATM Data

. EErTETE—— 0 e 2 subjects
| e 200 trials each

Steps:

Insert card (click card slot)
Enter PIN (4901)

Press OK

Select transaction type
(withdraw)

Select account (checking)
Enter amount (80)

Press if correct/not correct?
(correct)

Take cash (click cash slot)
Other Transaction (no)
Take card (click card slot)
Take receipt (click cash slot)
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Well-Practiced Subjects
vs. CPM-GOMS

Late Training

1600 1

1400

1200
'\ A
1000 / \
/ \ —e— Subject 1 99th trial
800 Subject 2 94th trial
\ /\ / \// CPM Modé
600 A i 4
N
\./ v

Time (m=)

400

200

M) 4

T T T T T T
. - — .
E & & & & % ® € ¥ B £ & 55
= v 2 2 2 < = 2 2 o = = =
i i i o = o n i n
fa =+ =g o — = o o o o I fa I
& = & [ i) & i)
- (= S O e - e
o = o o o

Mouse Clicks

-model uses Gray & Boehm-
Davis’ (2000) templates
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GOMS In Apex

e Reactive resource allocation in Apex handles
low-level resource competition

— allows behavior to emerge from a sequence of
pre-defined templates

— automatically interleaves templates

— supports hierarchical task decomposition that
simplifies CPM-GOMS modeling
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Use and Usability Issues with
Computational Cognitive Models

 Problem
— Poor at predicting human behavior in complex tasks
— Human performance data not in a form that can be directly
applied
— Model building time-consuming, complex, error prone (even
for experts)

e Approach

— Implement a useful human performance modeling
methodology to describe expert knowledge and skills

— Reusable templates that incorporate human performance
characteristics

— Software tools that integrate templates into large-scale

models
HEM Workshop
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Summary

o A fast, automatic, consistent integration of model
elements that yields improved prediction

— used predefined CPM-GOMS templates to predict
performance

* A modeling environment with tools to:

g — Inspect models and output

E — trace model activity

U) — analyze and represent model output (pert charts)
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Next Steps

ATC/flight deck applications
MHP, CMN/CPM exploration
More HCI templates
Sim-world creation facilities
Desktops and class-rooms
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Basic PDL Concepts

e procedure: instructions, like a recipe, for
accomplishing a given goal

e step:a separable and distinct “thing to do” as a
part of larger procedure.

o waltfor: represents sequencing information in the
Instructions or recipe. What needs to have
happened already, for the next step to be enabled.

(orocedure

(ndex ( nitate sesdon)

6tep sl ( iser tead)

cep S2 (ertar password) (wa tior 2s1)
GEpsS3( Emnag (wa  tior %s2)
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PDL decomposition ofit Ee sesson

durations
(@ocedue from data
(ndex ( inser tcad)
(ad ik memony)

GEepslda tad vity memoy memoryaddud pn 1021 => 7?4)
Gep s2( Emnag)(wa  tiorcompeed ?3) )

(ocedue
(ndex (ener passwaord)
(ad ik memony)
GEepslda tad vity memoy memoryaddud bn 2428 => 74)
GEep s2( Emnag)(wa  tiorcompeed ?3) )
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Fitts’s Law In PDL

(rocedure

(ndex (movecusa 2age )

(@d iker ghthand)

GEepsl( mouset ime Zaged=>71 Ime)

Geps2@ tad viyr gthand mouse-movead oged Zagd
dug bn % ime => ?a (wa tir 1)

GEp s3( Emnae) (wa  tiorcompeed ?4) )

(ocedure speda I
(ndex ( mouset ime ?oked )

(fits time (pder *mouse?’) ?okjed )

G f* fitsat 100
G f* fitshr 09

@dunf its time (patero )

(et( ©9( bokupurguename ofj*agert)
(@@ b tance (pos pat) (pos of )
6(mn( fistd imensons o )

econd (d imengons o) )))))
(ifobj

(foar¢* fitka( bg@( /d9* fits)d )
(ormatt'b&a : no oljedound~&) )
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HCI and GOMS Modeling

e Interleaving of resources is also critical for GOMS
models that make useful HCI predictions

e The modeling process is:
— labor intensive
— error prone

— requires specialized knowledge of human
cognition and modeling methodologies

— takes engineers out of their domain of expertise

« Modeling will not become a common tool for
engineering development until these obstacles are
overcome
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Changes from KLM

- pria ites for soft-sequencing of low-level operators
o templates

e using resources in parallel
— \8 bon for perception
— me mory for cognition
— rgithand ~ for mousing
— gaze for eye movement
— virtual resources: holding and releasing
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