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IF Goal buffer U [Schumacher U O O OO0 OO0

AND Aural buffer O [Low-pith|0 O O 0O 0O O

THEN [1JD00D00ODOOQO Vocal buffer 0 OO

2.4. Gradual learning of production rules
ACTRO0O0O0000000OO0OO0OOGQOQ4

L

ooooooooo

*J0000000000000000000

0O000000: 000000000000000

> 00O 1:"000"00000"000"000o00ooon

> 002:"000"00000"000"0000000
*Do0l=[0ooollobol-0ool + [000]02005/03/09 00000

ACT-ROODOODOOOO

> 0000000000 0O0000000O0O0OoOoOQ

> 00000000000000000000000000000
*J00000000000000000000

ggboboobboooobobooobban

L4
L4

ubobooooooooog
ubonooggoogaooaoagoooggoogaooogn

gboboobooboboooobobon

U - m*U,, prior + experiences® Upyperienced
=

m + experiences

m:000 100000000

Ui 000000000000 O00O0O0O0O0O00OO0O0O00O0-2000000000
gbooboooboboboon

experiences: U0 000000000 OO0O0O0OOO0OOOOO0O0O o0
Uepericences: 10 0 0000000000000 O0O00O0O0O0O0O0O0O0O0O00O



2005. 9. 6
oooo

*MO00000000000000000000O00O000o0ooooooDOooOooDnon
O

*DO0 0000 experiencesd 000 Upprieyd 00000

*MOODOO00D0D0000000000 Uspericences 0000000

goobooobobon

Up,prior (t + 1) = Up,prior (t) +a [Uparent(t) - Up,prior(t)]

Upprion(t+1): 000000000 Upprior
Upren?): 100000000000
a: 000000000000000000 0.05

* Upgren' D Uppriy 1000000 U000
[ Uparend®) = Uppriod®]0 t 0000 0000000000000 Uppriord Uparew 1 00 0

0000000OIOOOO00O0O0@(O OO0 (Fig 4)

L

x000000000: 000000000000 Upgen

> Upew=10000

000000000000: 000000000000 Uy

> 000-200000000000000000000000000000000

> 000000000000000 10.1 (Ueperionces  10.1)
*00000000000000 100msecd00 (00000 +00000000)

SO000 (vxxxxxx): 000000000

» 000D0D00000000D0000000000U, 000000000000

> Up0 Uy 00000000000000000000010000000

» 00000000000 U,0000 Uppiny 00000

» 00000000000000000000000

> 0000000000 500000000 Uy, 0000012500000

2.5. Experiment 1 (Schumacher et al., 2001)
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2.6. Experiment 2 (Schumacher et al., 2001)
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2.8. Discussion
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¢ [OODODODODODOO
> [OO000DOO0OO0OO0OODOOOOOOOoOoOoDbOoOoooo
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3.1. From a strong to a weak hierarchyDl D 0 0000000
e Anderson, etal.,, (2004) OO OO QOO
¢ [OUODOUODOO
> O00OO0DOOOOooooo
> 00O00OO0D0OO0OO0OO0ODOOOODOObOObOOobDOn
-0000b0ooooooon
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3.2. Minimizing controld OO0 O O0O000: OOOOODODOO
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e UOOOO0OO0OOLOOOODODOODOOOODLOOOODLDOOOn
*MOoo0bo0ooooooboboobogon

gooog

> [O0O000O0O0bOO00obOoobDOooboOobooOooDo
e [OD0OO0OD0OOOODODOOOOOLOOIODOOOODZ20000000D0
e UOOOO0OO0ODLODOOODDOOODLOOOODLDOOON

ugooog

> UOoO0bobOo0oboobOobOobooobobobOoboobobOobOooboobo
*oooboboooobobooboob

> O0O0O0oOoooboog
e [0ODOODOOOODODODODOOODOODODO
e UOOOOODLODOOODOOODLDOODOOOOOOLDOOODOOOOnO

3.3. The CMU-ASP model and globalresults I O 0 0 0 00000OOO0OOO
e [0O0DODOODOO (Fig 10)

L4
L4
L4

gobooobboobb +00bbooobboooboboon
gbobgbooboobobobooboboboobooooobono
uboboooobobooobbooobooooboboobbooooboboobboooono
*Jooobooboboooboboobobooboboobobooboooooooooooo

e 0000000D0DO000D0O0OD @)+ 000000 (HO

L

Find-and-click-plane: 0000 1000

> UO00O:00000D00bD0O0Ob0ODbO

» Findaplane: OO0 000000

» Clickaplane: 00000000

Check-commercial-profile: 1000 2-1000

oob: boboboooooboboboooboboboooooo
Look foralt: 0O DD DODODO

Look for speed: 1000 OOOO0O
Checkrange: 0 0/000000O00O0O0OOO

Decide commercial: 1000000000

Check-radar-profile: 1000 22000

> UO0O0O:0000000D00O0bL0ObDObDOODbOObUobDObDOOb
»  Select key: "Selectkey"0l 0 O O O

» ReadAirID: OODOU0O0O0ODOO0ODOODOO

» DecideClass: DO O000OO0D0OO0OO

Enter-Classification: 1000 3000

YV V V V V
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> U0O0O:000Db0OD00O0
»  Select key: Select key 1 0 00 0 O
& Select key:
> 0O00:Selectkey DO0OODOOONO
» FindLabel: 00000000
» Determine Fkey: 100 00000O0OOOO0OO
> PressKey: 000000000

e [ODOODOODO
¢ DUOOODOODODOODODOODO (Retrievalbufferd 00 000OO0O0)
¢ UObO0OOoO0ObObOObDDbDOOO0ObOOOObLbOObDbObOOoObObOOoOnDO
¢ UOobObOOoobObhOO0ObObOOoOobbOOobObObOOoOobbOoonboo
-000gboooooooon

e Anderson,et.al DD DD DODDODODODODO (Figll)
¢ Figllaa JOOOOOOODOOOODOOOOODDOOODOOOOO
¢ Figllb: OOOOODOODODOOOO
¢ U0O0O0OOOODUOUOOOAnderson0O0O0O0OO0OOOODODOOODOOOOOO

3.4. Finding and clicking a planel] 0O 00 10
e [00OOO Find-and-click-plane 0 10 0
¢ 0100:00 FindaplaneOUO QO QOQOOQ
I-: D000 O0000O0O0OO Find-location
1-2: 000000000000 DOO000OO Find-object-attend
1-3: 00 000000000LO0DLO0000bL0bUobOoboDOoOobg Store object
200: ClickaplaneO OO0 QO QOO
2-1: 000000000 b0ob0b000bOn Hand-to-mouse
2.2 0000000000000 Mouse-to-object
2-3: 000obogn

L 2
YV VOV VY

e [0OODODDDODDDDODDODODN Find-object-attend 1 0 0 0 OO

¢ Retrieve-instruction
IF Goalbuffer "0 O OO O"OOOOOO
THEN "OOOOO"OO"ODO"O Retrieval buffer O O O
*MOOOoODOoDoDooooooooooooooooooooooooo

& Implement-attend-location
IF Goalbuffer "0 D OO OO"OOOOOO
AND Retrievalbuffer U O0"O0 000" O 0OD0OD0ODOD0ODODODODODODOODOOOOO
AND Visualbuffer 1"O0 00 O0"0DO0OOOO
THEN OO0OO"OOOO"OOOOVisual buffer 00 0000

e [OOOOODODOO (Fig. 12)
¢ UOODOOODODOOODD
> U0OO0bO0obDOooUoOobOobOobooUU0-boboboooob
¢ O00OOOOObDOOODLObOOODDOOODObOOODDOOODbDObDOODRO
> [0 100: Find-a-plane 01 0 0 -0 200 : Click-a- plane 0 O O
*Perceptual [] Manual [] [] []
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¢ [OODOODODODOOOOD
> 1-100230000000000
*ooobobooobobobooobobo

e [OODODODODODOOOOOOOOOOOOOO
& Retrieve-instruction + Implement-attend-location —
Learned-attend-rule
IF Goal buffer 0 O O O O O [Find-and-click-plane]0] U 0 0O O 0O
AND Visualbuffer U0 D 00000000
THEN OO0OO[@]0O00000O0Visual buffer 0 00000
& Retrieve-instruction + Hand-to-mouse —
Leaned-hand-to-mouse-rule
IF Goal buffer 0 O O O O O [Find-and-click-plane]0] U 0 O O 0O
AND Manualbuffer 0 0 0 OO0 DOOOO
THEN 0O0000OO0OOOO
*MOOODODOOOoOOoOOOOO0OOO O Find-and-click-plane]
*MOODOoDoooooooooooooooooo

e [JODOOODDOOODOO (Fig 13)
¢ [DODODODODODDODDODODODO
> ODO0O00oDOoOoOoobooooo
> ODO000DOO0OO0OO0ODOOoODoDbOOoOoooo
¢ [OODODODODODODODODODODOODOOOOO
»  Find-and-click-plane O 0 00O 0O OO Visual 0 Manual 0 0 0 00O 0O
*MOOooooooooooo
> Manual OO O OO0OOOO0OODOVisualmodule D 20000000000
*Manual 00000000000
*NOoooooooooo
» Manual OO OO0OO0OO0OO0OOOOOOO400000000000
*NO0000OoooooboOooooboooooo

e 00000D00O0OO (Fig 14)
e 00D:120000/000:160
e 0000DCOOODODDOOOOOOOODOOOOOOOOO

3.5. Learning the location of function keys [0 00 200
e [0ODODODO Select key
¢ U0 Findlabel
I-. 0do0gooobobobooobooboooooo
1-2. Visualbuffer U0 OO0 0O OO0 OO
¢ 00O Determine-F-key
2-1. 000000 boooboboooboboooboboooooboOog @72,715)-Fe
¢ U0 Press-key
3-1. 0db0gboooboobgoooooon

e [ODOODOODODOODODODODOODO
¢ Learned-Find-Track-Manager-rule
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IF "Goal buffer"l [Track Manager 1 0 O [0 00000

THEN  Visual buffer (0 [472,715]0 0 000000000
¢ Learned-Determine-F6-rule

IF Goal buffer U Select key 0 0 0O 00O O

AND Visualbuffer OO0 OO QO QO[472,*]00000000

THEN OO0O0O0O0O FoOOODOO (Manual buffer)

*MOOODO 200000000000000000

*Find label D 0 0 000 Press-key 000000

gogbobooooo
¢ UOobOOOoobODbOObObOObOOoObLbOObObOOO

3.6. Learning to optimize hand movements(] 00 0 30

Od Press-key DD D DDODODODOO
¢ UODODOOOO
¢ OODOOOO

ooooooobo
¢ DODOOOOODODODOOOOODODOOOODODO
¢ DODOO0OOODOOODODOOOOOODODO

Fig. 15: DO0OO0O0OO0OOOO0OOO0OO
¢ UObOOOOObDOODDOOOO3IOoUObObOOOO0nO0OO

» Lefthandonly: OODO0O0O0O0ODOOO0OOO0OOOOODOOOOOOO

> Bothhands: 000000000000 OOOOOOOODO

> Mixed: 000000000 DOO0ODOODOOOOOOOODOOODO
¢ [DOOO0OO0OO0OO0OOODODOOOOOODODOOOODODOOOOOOD
¢ UObO0OOoObObOODbOOOObLbOOObbOOOObObOOoOnDn

3.7. Conclusions

Jdddddddddooooooooooooooooooo

¢ U0 1. 000D0OO0OOO0ODODOOOOOOODOO
Sdddfdddooooooooooooooag

¢ D02 00000O0OO0OOOOOODOOOOO
0000000 (minimal control principle)l O 00 000 O O

ddddodooooooooooo

¢ Schumacher 00 [
» OD00O0O0OoOoOooOooa
» QOdO0OoOoOoOoooad
~ddddddooooaoa

¢ CMU-ASPOO
» OD0000000000000
> (OD0000000000000O00O0O0
-ddoooooooao

gobobooooobad
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¢ EPIC
> [OO0U0bO0o0bOoOobooboooobooobooo
*WooOo:00000b0b0bO0o0obo0oboboboobobo
*OooOoob0o: 0b0oboboooboobobooooo
> QOO0bOOobOOo0obobOoboOoooOobobobOooboDbo
» ErPICOOD0U0O0OO0O0OO0OO0OOODOODOOOOODODOOOOOODODnO
¢ SOAR
> [OOoUoboO0oooooboobooboooboobobooboooboOooD
> [O0oO0bOO0oOoooooooogon

oboooooogo

¢ [OUOOOOOO
> [O0oU0bOO0o0obOoobOobooobooobOoOoboOobooooboboOoboo
> [OO00bOO0OO0oboOoooboooooboog
> (OO0U0bo0o0obOO0oobooobooboooboobooboOoboOoobo

goooboon

¢ UObObOOoobObOOOoOobObOObDbOOOoOobbOOonDbOoOn

¢ [DUOOO0OO0OO0OO0OOODODODOOOODODLDODODOOOODODODODOOD
goobogooooon

¢ DOOO0OO0OOOODODOOOODOODODODOOODODODOOO0

¢ UOobO0OOo0obObOODDOObDDbDOOObObOObDbOOOO0ObObOOObDbOoOobbOOn
uboboooobboooooooaoo

-0boobobuoooboooobooboon
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Problem State
Goal State Buffer Buffer (Parietal) Declarative Module
{(DLPFC) I (Temporal/Hippocampus)

Matching (Striatum) Retrieval Buffer

4| (VLPFC)

Selection (Pallidum)

Execution (Thalamus)

Productions
\J (Basal Ganglia) bﬂ

T

Visual Buffer Manual Buffer
(Parietal) (Motor)
Visual Module Manual Module
(Occipital/Parietal) {Motor/Cerebellum)

™ b

External World

Fig. 1. Overview of the ACT-R architecture (adapted from Anderson et al., 2004,

11 5
T+ 0.9

= Utility new rule Los
— Ultility parent rule / 407
- 0.6
0.5
- 0.4
- 0.3
- 0.2
- 0.1

10

Utility
Probability

9 ,
0 50 100 150 200

# recreations and experiences
Fig. 4. Example of gradual introduction of a new production rule. The thin line represents the utility of the parent

rule, and is fixed on 10. The new rule starts with a utility of =20 represented by the thick line (which is initially out-
side the graph’s scale), but eventually approaches its true value of 10.1. The S-shaped curve represents the probabil-

ity (with its axes on the right side of the diagram} that the new rule will win from the parent rule.
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0000000 Aural-Vocal task
0000000 Visual-Manual task
-: 000000000 O0OD
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Fig. 2. Time diagram of expert-level parallel behavior in the Schumacher et al. (2001) Experiment 1 according to
the ACT-R model. Arrows indicate dependencies between steps. Thin-bordered boxes represent steps in the vi-

sual-motor task and thick-bordered boxes in the aural—vocal task.
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Fig. 3. Time diagram of a novice in the Schumacher et al. (2001} Experiment | according to the ACT-E model.
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Visual-manual task

EL-.

e

e

i - e

B P)

—+— Single Task Data
—a—Dual Task Data
———3ingle Task Mode|
—-0-—Dual Task Model

2 3 4 5

Day

Fig. 5a. Results of Experiment 1 of Schumacher et al. (2001), model and data, visual-manual task. Single-task trials
are averages of homogeneous and heterogeneous trials.

0.8 -

0.7

Aural-vocal task

0.5

0.6 -+

0.3

Reaction time (s)

0.2

0.1

0.4 +

=::::.—55:ﬂ

—+—Single Task Data [
—=— Dual Task Data L
-—--—S8ingle Task Model

--o-—Dual Task Model

Day

Fig. 5b. Results of Experiment 1 of Schumacher et al. (2001}, model and data, aural-vocal task. Single-task trials
are averages of homogeneous and heterogeneous trials.
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-g ——— Audit Vocal (data)
i 0,2 ——&—— Visual Motor {data}
01
&
o 0,2 0,4 0.8 a8 1
Stimujus Onset Asynchrony (s}
Fig. 6. Results from Experiment 2 of Schumacher et al. (2001), model and data.

Aural-Vocal task

14 — < — Single (model)
1.2 = 41 = Dual (model) L
\ —&— Single (data)
1 —8— Dl (data)

Fig. 7a. Results of Experiment 3, model and data, aural-vocal task. Single-task trials are averages of homogengous
and heterogeneous trials.

Visual-motor task
1.2 = <0 — Single (model)
= 4 — Dual (modal)
! l\ ———Single (data)
% 08 o. —— Dual (data)
; =
T 06 = ~
1.
0.2
n T L T T 1
2 3 4 & [
Day

Fig. Th. Results of Experiment 3, model and data, visual-motor task. Single-task trials are averages of homoge-
neous and heterogensous trials.



Low Interference

1.2

0\\
a
0.8

0.4

— —0— —Dual data
— —0— —Single data
——+——Dual model

——8—Single model
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o
o
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Fig. 8a. Data and model for 5 participants with no dual-task costs (low interference). Results are averaged over the

two tasks and the two types of single-task trials.

High Interference

— —{0— —Dual data

— —[0— —S8ingle data
——&#—— Dual model
—— Single model|

Reaction time (s)

0.2

Day

Fig. 8b. Data and model for 4 participants with high dual-task costs (high interference). Results are averaged over

the two tasks and the two types of single-task trials.
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Last 0
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Range 4211
Hrg 354
from Cur

Manager Control

Tenck Display
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Fig. 9. The CMU-ASP task.
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Find-and-click-plane
No plane ____fi_n{_jia______C_ligk________>
selected Plane Plane
_pLookfor | | Check | | Decide_{__Jp
speed range commercial
Decide
Class »
Enter Classification » TN
1
'
7
£
—————— >
Instruction
. . Find Determine Press
instruction »—----==-- F =S e - Rae » weak sequence
given Label F key Key ¥ = —CERREEEEE »

Fig. 10. Schematic representation of the instructions for CMU-ASP. Each row of boxes represents a rule set.
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Fig. 14. Average en standard deviation of the point scores for the first five planes.
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Fig. 15. Proportion of right-hand use for function keys. The function keys on the left side of the keyboard are also

included. which are always pressed with the left hand.
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