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1. Introduction
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- Kuhn, 1970; Kulkarni & Simon, 1988; Dunbar, 1995
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» Basic science
- R TEwRERREIFEORE, BE, BHRLEEES TS
BT 1 ZADBRIZE D D
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- JRATHFSE (Trickett & Trafton, 2007; Christensen & Schunn, 2009)
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» Applied science
- BRREEZVR— N THOOREDORIICE T OET VOBELHIEL TS
[ D FEERIN) 72 iR 22 SR 6D %
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» Basic & applied science (23T anomaly (ZE R 5 NEZ1T 5 D0 ?

1.2. Conceptual simulations
S IR ZDNE LT, R EBUVENRT, DIICHEREERT 2 L
> 3OD 7 =— A1 BH 75 what if” reasoning D% & 5 (Table 1)
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Table 1

Examples of conceptual simulation (CS) from astronomy and spatial transformations (ST) (in italics) from

meteorology

Utterances Code

Explanation

Look at the little sort of, er, sort of intrusion
of the velocity field here... What can it
mean?
In a perfect sort of spider diagram CS

FERIRANA L =L AT 7T LTI
if you looked at the velocity contours without CS continued
any sort of streaming motions, no, what I'm
trying t¢ ¢, L, streaming motion 2372735 72 &
SIreaming vivoveor
you’d probably expect these lines here
[gestures] fo go all the way across, you

know, the = OF{IM ZHEG) D Z E N TFHIS D

CS continued

Scientist looks at image of velocity
contours

Scientist is not looking at a spider
diagram. This is a reference to new
representation (spider diagram)

Reference to transforming
representation (mentally removing
existing streaming motions)

Reference to result (sees what happens)

so that would lead me to believe, based on
this pattern
based on the location of these guys here
we’re going to have good southwesterly flow ST

over these parts g th Carolina @ = D3N T 76 D JE|

location on map_ Wi T
more of a maritime influence here Ipointsl ST
MEDHER S > Lo T
this is going to be high here Ipoints] ST

b lEL D

Looks at upper air map

Looks at upper air map

Looks at different map; mentally adds
southwesterly flow inferred from
upper air map, not marked on current
map

Mentally adds area of maritime
influence (not marked on map)

Mentally adds high (not marked
on map)

Run @ 2 > DO HH
AR
BRI DRBEWEGET D

(Trickett & Trafton, 2007)
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» Cost
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» Benefit

- Bk X %3 (Forbus, 1997)
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Z S OEEITHERIZ basic science & BHEIT 5
- RKLBOEME = REN T L—L2 T — 2B 5B O

- BEOREROMRETHIIRKE O HEE 75
- V3al—yarETAILHANHRET X OBBREHKEICIT DL L AN
45

- FHEESPHFETL2EEICHLTND
Anomaly O #1213 basic scientist (% conceptual simulation ZF|H 3 5724 9

Applied science #1759 NZHEVFEH L2725 D

- BHRIEZEOGT LW S HIRER I LW

BFEIIOMICAHEE S 250 EREZRTOICEILSE D (Trickett, Trafton,
Saner, & Schunn, 2007)

1.2. Spatial transformations

<>

»

<>

>

<>

»

DY 7R B & 2 fh D IR REPALIE AL S E 5 (Table 1)

- Shepard & Metzler, 1971; Bogacz & Trafton, 2005; Hegarty, 1992; St. John,
Cowen, Smallman, & Oonk, 2001; Kosslyn, Sukel, & Bly, 1999; Trafton,
Trickett, & Mintz, 2005
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Spatial transformation
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Conceptual simulation
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2 fE¥H D spatial transformation
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» Comparison - 2 2ODA A—I &+ 5
- Conceptual simulation & pure spatial transformation O[] 5 IZIW\NTA A —
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Basic & applied O 5 CTHEH D

<> ARG
» [#j /' )L— 7T comparison spatial transformation 23 H i 5
» Basic scientist ? J773 conceptual simulation % X Y EH 3%

» Applied science practitioner ? J5 7% pure spatial transformation % X V 3 5%

2. Study 1
2.1. Method
< Dunbar ® in vivo methodology ®F|f (Dunbar, 1995, 1997)
» HxOBREEZITo TV AHIRFEDSHELBIE, ek
» Basic science
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Table 2

Coding of phenomena as anomalous or expected in basic science

Criterion Code Example

Explicit Anomalous  What’s that funky thing....That’s odd

Domain Expected You can see that all the HI is concentrated in the ring

knowledge

Association  Anomalous  You see similar kinds of instrusions along here

Contrast Expected That’s odd...As opposed to these things, which are
just the lower contours down here

Question Anomalous [ still wonder why we don’t see any HI up here in
this sort of northern ring segment?

Table 3

Coding of phenomena as anomalous or expected in meteorology (indication of anomaly in italics)

Utterance

Anomaly

The old watch had put 35 to 40

saying that it would sustain off of the coast of Greenland

I don’t see that

Discrepancy between previous data
(old watch) and current data

But I guess the ETA kinda has some moisture there too, so

but not quite as much

Discrepancy between models

Hmm, and then the GFS has, has much less Discrepancy between models
Umm, looks like there’s gonna be some precip coming

through a little later in the week
like couple days through
like 42 hr

so maybe there will be some precip in the forecast

unlike what I thought before

Discrepancy between model and
forecaster’s expectation

> NFICEILT, HFE

2.1.1. Coding scheme
2.1.1.1. Inter-rater reliability
> 240D a—K—

2.1.1.2. Anomalies
< Basic science (Table 2)

» 5 ODMHET anomaly & &2 b= 0E N
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- BEIZ anomaly & SN TWAMOFESLR LEESITF LTS
- BREICTMEEY & INTWDHEREXINTH 5 h
- FECELRICEM A RO

» —EH=E Kappa=0.77

< Applied science (Table 3)
> T HXIITRBER D DA
> 2ODFFTANR—, EFANFEHEOTFRNZ—F LA

2.1.1.3. Conceptual simulations
< Anomaly [ZfFFET 5 2 TORGEZ 4354
» Trickett and Trafton (2007) 1235 < conceptual simulation ®43%H
» BEHORFECEZND 3 AT v T OlN
- VAT ARAN=ZALDOH LVRE~DE K
- IR FIETORZOEA~DE K

Table 4
Coding of spatial transformations as ‘‘comparison’” or ‘‘pure’’

Utterance Code

Yeah, OK, so they have precip coming in
48 hr from now
Let me try to go back to GFS
and see what they have
Well, OK, they don’t differ Comparison (two model maps of precipitation
compared)
They have a little bit at 54
even a little bit
and they have that storm passing further to the south Comparison (two model maps)
You also have a 12 max 14,
winds are not supporting that
The next chart has it moving down further to the south ~ Pure (adds representation of high sea area
to current chart, but places it further south
as second chart suggests)
Here’s the low
and here’s the warm front
see it right here

it comes around, comes around, comes around Pure (mentally adds movement to static representation)
it comes around here Pure (mentally adds movement to static representation)
see it dips like that Pure (mentally adds movement to static representation)

that’s exactly what that thing’s doing

You can see the high

See how it’s going here Pure (mentally adds movement to static representation)
And the front’s back in here Pure (mentally adds front to map it is not represented)




>

- ZBlORER~DF K
—#% kappa=0.75

2.1.1.4. Spatial transformations

» Trafton et al. (2006) (Z}:-3< spatial transformation ®/43¥E (Table 4)
SN NZERMIPI72 S O Z DR ORESGE T~ S ' 5
- Pure 1250AA—TYNTOLIERIE (LOA A= ~DFRNR)
- Comparison 2 ODA A —IDHERAZ G T
2.2. Results
> FEERE
-  Basic science 1449 / applied science 2202
» Anomaly &
- Basic science 17 / applied science 25
» Anomaly DR[D 10 DFEEE
> 1 ERSHT
- 2TOHETbasic & applied OMICAE 272X 720 (Fs< 1)
» RAZEK ANOVA
- Anomaly ORij& % X basic & applied
» Conceptual simulation (Fig. 1A)
- Anomaly ®O#j < #% (F(1,7) = 25.88, p<.01)
- Basic scientists > applied science practitioners (F (1, 7) = 8.43, p < .05)
- KHEH (FQ,7) =18.53, p<.01)
» Pure spatial transformations (Fig. 1B)
- Anomaly ®O#f < % (F(1,7) =9.82, p<.05)
- AT OEWRL (FQ,8 =27, p=.14)
- KEFEMZL (FQ,7=3.07,p=.12)
» Comparison spatial transformations (Fig. 1C)
- AEAEEL (F<1
» Comparison spatial transformation (% anomaly & [ZB# L 72
» Basic & applied science D =F A X3— 23 ED X 912 anomaly 2 9 2T Fhe &
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Fig. 1. Mean number (with standard error bars) of conceptual simulations, spatial transformations, and compari-
son spatial transformations before and after each anomaly for applied and basic science.

» Anomaly ®Hi
- CLLDOBRFELRETOHKEZRL bWMEDZRWN
» Anomaly D%
- Basic science  conceptual simulation ®1# f
- Applied science  pure spatial transformation Off ] (GEUVME A 5415)
- Comparison spatial transformation Of# fIX[F U < v 7w

» Conceptual simulation @] (Table 5)
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Table 5

Example of conceptual simulation (CS) used to resolve anomaly in basic science (CS in italics)

Utterances Coding

Explanation

It is conceivably possible that this curve is floating CS
around all over the place, and what they’re
showing is an average (scientist is looking at a
graphical representation [a curve] that represents
the turbulence)

Reference to new representation
(this curve)

so if this thing is really floating around that much, CS continued Reference to transforming
just up and down, and I’'m at the extreme end, and representation
if I average all of this stuff,

then I may actually still get the curve right CS continued Reference to result

(sees what happens)

Table 6

Example of conceptual simulation (CS) used to resolve anomaly in basic science (CS in italics)

Utterances Scientist 1 Coding

Explanation

OK, OK, one of the things that show up in at least
the preliminary models that I did run are
this thing sort of breaks apart and this thing sort of
goes...
so you have a separation of the ring into a, an outer
arm and another arm
so this could be actually be a completely different CS
sort of kinematic population

This could actually, this, these stars could be CS contd
bending inward

While these stars are bending outward CS contd

So you actually have a separation of the two like CS contd
that

That’s where the blob could really be coming from

Reference to new representation
(a completely different sort of
kinematic population)

Reference to transforming representation

Reference to transforming representation
Reference to result

Conclusion regarding anomaly

- EBRT—XICHERD D LWV RBORE [ERT —X I EHTH D
~  Conceptual simulation 179 [EFFT VDT —F ZFH L5 EI N2 |

- WRAHRLENT—Z LITAEbRWn

» Allof (Table 6)
- Anonymous blob ZPfi# L L5 & LTW5
- BN ET A B
- BEOT—XIZEDLE T LIS
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Table 7

Example of applied science practitioner using spatial transformations (ST) (in italics) to resolve anomaly

Utterance Code Explanation

They really want to drive some warm air in there

I just can’t buy that Anomaly Discrepancy between model data and
forecaster’s expectation

What did I do for the 5th?

82

I’m gonna stay with 82 there

even though the thickness now shows it’s in here

the front is back in here somewhere ST Mentally adds front to map (not represented)

you’ve got warm moist air ST Mentally adds weather feature (not represented)

you’ve got the high over here that’s off Bermuda ST Mentally adds high pressure (not represented)

and you got this one in here... ST Mentally adds weather feature (not represented)

...so the temperature, the max temperature’s
going to be pushed down

Resolves anomaly: justifies forecasting lower
temperature than model predicts

» HOWREMAZELWVWE LT,

DAY L TR ERD

- AREMEDH LM L BEMNT TT = 2 EZDL LN TED

» Spatial transformation ™ (Table 7)
- RBRFEFEFETNOT—EREUTRVWERZDZKIEOEMNERLTNS Z &
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— X OFelfElX spatial transformation
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3. Study 2

>

T AN— R & —ERAD D
- [ARROBEEATOLERD D
REAITIRET D
TF A= | & FARORRE
J —BEADJ D720 pure spatial transformation #4179 724 9
- AXNVEREEP LB LR DT
J—EAD NN LD %\ comparison spatial transformation #1795 725 9
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4. Results

>

»

2340 DOFG

23 @ anomaly

- KETH 1oERS<

Anomaly FijD % J5 & OF

—  Conceptual simulation (ZD &b T N72iE NS S (F(1,13) =2.16, p=.17)

- Pure (F<1)& comparison spatial transformation (F(1, 13) =2.88, p=.11)
AR A

IB5 %K ANOVA

Conceptual simulation (Fig. 2A)

- Anomaly Ofi < % (F (1, 13) =3.89, p=.07)

- TX¥AN—h > /—b 2% (F(1,13) =6.48, p<.05)

- KAEEM (FQ, 13) =6.48, p<.05)
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(C) Comparison Spatial Transformations

Fig. 2. Mean number (with standard error bars) of conceptual simulations, spatial transformations, and compari-
son spatial transformations before and after each anomaly for expert and novice applied science practitioners.

» Conceptual simulation ZMEH S5 & L7z, ZHUTT=F A= DG THD

» Pure spatial transformation (Fig. 2B)

- Anomaly O] < % (F(1, 13)=17.35, p<.01)

- ¥ AAS—h > J—b 2 (F(Q1,13) =10.54, p<.01)

- RHER (FQ,13)=17.99, p<.01)
» Anomaly D% IZ=F% Z/3— K DIF 9 2 pure spatial transformation %z H 3 %
» ZDRAA D anomaly DHFNZEITDH X AN~ NOEELR T TH D
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» Comparison spatial transformation (Fig. 2C)
- Anomaly Off < % (7 F(1, 13) = 4.06, p=.06)
- IFAN—F x /- (F<)
- RAEMEMZRL (FQ,13)=2.22, p=.16)
> T 7R END LD, /—E AT anomaly D% comparison spatial
transformation & X Y i 3 2@ m213H 5
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- J—ERX XY comparison spatial transformation % 3 %
» /—t AT anomaly Z#HHT& 5

- Anomaly L L L5 L3580, TOREEMETLZ EIZET TS
» JBREFFFETLETADOEL LN KD EENE AW HRESICRIT TN D

5. General discussion
> B2 ATOREEIZE D 3 OO D anomaly ORRFHI IS 1T D& E| 2~
» Basic scientist Conceptual simulation ®1# H
» Applied science practitioner Pure spatial transformation O {# f
» J—EXR
—  Pure spatial transformation ®HE/JIZ KT 5
- Comparison spatial transformation D f# f
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- Basic science (23 T % spatial transformation 73M# H & 7=
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- Spatial transformation |ZfHADET NV E LY Va2 — LR ET I T 4 v b E
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> BEREOEAFITE S THBRER D
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