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FCOLOGICAL PSYCHOLOGY, 158(3), 1531-161
( upyright O 2006, Lawrence Erlbaum Associates, Inc

The Role of Anxiety in Perceiving
and Realizing Affordances

J. R. (Rob) Pijpers, Raoul R. D. Oudejans,
Frank C. Bakker, and Peter ]. Beek
Institute for Fundamental and Clinical Human Movement Sciences
Vrije Universiteit, Amsterdam, The Netherlands

1
l ].411".,' t"\l\‘ll!llk'i.!* Wwere k*"'Iu!llk TL'-.jt O eXxamine tne I't'lt' Of anxierv in [“‘L’ILt.'!\'lllL.f HLI

realizine affordances in wall climbine. Identical traverses were situated high and low

1) ¢ IIH':E“‘III-_’

wall to manipulate anxiety. In Experiment |, participants judged their

! ! ! _ !
maximal overhead reachability and performed maximal reaches on the climbing wall.

\nxiety was found to reduce both perceived and actual maximal reaching height. In
Experiment 2, participants climbed from right to lett and back again on the high and
low traverses, which now entailed an abundance of holds. Consistent with the reduc-

ion of perceived and actual maximal reaching height found in Experiment 1, anxiety

!
led to the use of more holds. Finally, in Experiment 3, points of light were sequentially

. ! ! 1
projected around the participants while they were climbing to measure attention. As

' ' .
participants detected fewer lights in the high-anxiety condition, it was concluded

] ] ]

that anxiety narrowed attention. In general, the results underscored that the actor’s
emotional state plays an important role in perceiving and realizing atfordances and
that the perception of affordances changes as the accompanying action capabilities

LIl

When anxious, it is often difficult—quite literally—to keep things in perspective,
as is illustrated by anecdoral evidence. In an attempt to conquer K2 (Karakorum
Peak No. 2 in Pakistan: 8,616 m high), mountaineer Ronald Naar was taced with a
small wall of ice. Usually, he would not have had any difficulty overcoming such an
obstacle, but on this particular occasion—according to his own report—he sud-
denly froze with fear, and the ice wall seemed to him more problematical to sur-

mount than the most horrifying key passages he had seen and conquered in his long

— - — SEE—

(Rob) Pypers, Vrije Universiteit, Faculty of Human

) 1081 BT Amsterdam. The Netherlands. E-mail:
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career as a climber (Naar, 1996). Apparently, anxiety prevented Naar from detect-

iny fl]L‘ I't‘]L’\ ANt INnformation *il‘nl tllhllll‘._f T]’!L' COTTCCT S ‘*lllfll"li LO) I]!k' motor I !}‘lk'lll

confronted. [hus, anxiety may aftect perception and, hence, the selection of ac-
(101S.

The anxiety—pertormance relationship has been studied extensively and is one
Ol Il‘n_' MOSTE W hlL"‘. 1N\ k""”'_ﬂl[t_'k] hIIh{ giu‘i‘.llui ITCAs 1 SPX il PSYC I'i* *I‘ wvy (C.V., \\u N J
man & Hardy, 2001).! A number of models have been put forward to describe and
explain the relationship between anxiety and performance, such as the inverted-U
hypothesis (e.g., Woodman & Hardy, 2001; Yerkes & Dodson, 1908), the drive
theory of Hull and Spence (Hull, 1943; Spence & Spence, 1966), Apter’s reversal
theory (Apter, 1982; Kerr, 1997), Hanin’s individualized zone of optimal function-

hesis (e.e.. Hanin, 2000). the multidimensional models (Martens. Vealev.

iIng hypot
Qi}WHfL‘H‘Ik“}S].ilh]FhL'LH“r catastrophe model (Hardy, 1990, 1996). It is be-
yond the scope of this study to describe these models. Moreover, several excellent
overviews of theories on anxiety and performance are available in the literature
(C.0., \ A . :\\L\_‘; L *!I]\[. ! ifk'k‘”ll',if, \_\ KI 1, _x._ I.i['rL'llL" .j\\;._}; 1. ’n HICS,
Landers & Boutcher, 1998; Raglin & Hanin, 2000; Weinberg, 1990 |
Hardy, 2001).

Most important for now is that, despite the evolution of these models, the

[IIL'Ll'l.iIl]“*Hl‘ li[lk{L‘I']"x'Hl;j Tlll. IL] 18{8) 8 i“t".‘x\ku‘ll Inxien .ITI\{ i‘L'E'I"I'T'L; ICC dlIc ‘-IIH

| \TaTel=

poorly understood (e.g., Janelle, 2002; Mullen, Hardy, & Tattersall, 2005), as theo-
rizing in anxiety research remains troubled by the ¢l=~krlkt-~'1k onsistent experimen
tal findings regarding the effect of anxiety on human motor perform

1995; Kleine, 1990). One of the reasons for thi

.I]L_'!':kk' Ol L "1ili\ L~ -!':L"!ah'-\i P PTOAC }1£'“~ 111 PCTtl

l
nore that the etfect of anxiety on performance

. I . - ] 1 !
CESSeS (e.vY.. \ ='r!|l!1~, |~‘Ih"~. }.UIHMJT!I&L 1\-1 1),

understand this mediation, and thus to help
ship between anxiety and human motor pei

l }- wre |
LUSS l'Ht'IITkul IH FOYACT. I.a"-lx‘r-'Ix.II ;‘-u | )

—_

pursuing the latter kind of pproach in the
\Ix!k"*. 11 [LJHT 11l OUr vicw, «q4n t‘\[‘LAIlt‘IH 110

1 i 3
studaving tne influence of the ICTOTr S State
ANECLH O Percepuion and action, even l

rion have been tew and tar berween.

In ecological | aﬁlb!huw (J.]. Gibson,

ACTIVE }"Ix L\il|' Of Information *[”‘L‘x 1Hviny

ties oftered by the environment (also cal . DOSS!
Bhalla & Protfire, 1999: Prottitt, Bhalla, Gossweiler, & Mideg
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of atfordances provides a conceptual framework for understanding the interactions
between actors (humans and other animals) and their environment. It is founded
on the premise that the environment is perceived in action-relevant terms, that is,

in terms of what the actor can do with and in the environment. If the environment

affords a particular action for a particular actor (human or animal), then that actor
possesses certain properties that allow that particular action to take place in the
environment. In ecological PSYC hology, the latter properties are sometimes reterred
to as effectivities (Shaw, Turvey, & Mace, 1982: Turvey, 1992: Turvey & Shaw,
1979). In that account, affordances and effectivities are seen as complementary
dispositional properties, both of which are necessary conditions for the actor—envi-
ronment system to exhibit an action (Turvey, 1992).-

[f an actor is perceiving atfordances while engaged in a particular activity, he or
she must be capable of perceiving the relation between environmental properties
and the properties of his or her own action system. By implication, actions are
“I‘t ui’\ ""‘LJIL'L.!” e, \\ ‘kll'l'L‘H. l"‘)\"“}. !”-\"*“‘). |‘: " L‘.\JI]I[“]L‘, [t"“*llLLL‘\"*“lll\' I'C;It_‘l} ft J 1+|"
jects, people must scale the distance of the object in terms of their effective reach
actions, which are constrained by geometric measures (e.g., arm length, leg length:
see, e.g., Carello, Grosotfsky, Reichel, Solomon, & Turvey, 1989; Mark, 1987; Mark
Cl ;||., l“)"‘-}r; Warren, 1'*).”‘*4, |988). Initial I'tw'.!l‘u'l] Ol .!ti;‘ll'k].illut'ﬁ wWas li“ﬁk'llux' Ol
these “invariable” intrinsic anthropometric body measures such as leg length (War-
ren, 1984), or arm length (Carello et al., 1989). Konczak, Meeuwsen, and Cress
(1992) emphasized that action capabilities are not exclusively detined by anthro-
pometrics, but that most perceptual-motor tasks are also subject to additional
biomechanical constraints such as strength, limb mobility, and joint tlexibility.

They demonstrated that the perception ot atfordances (judgment of climbability of

stairs) needs to be related to observers’ action capabilities, or, in Turvey's (1992)
terminology, effectivities (see also Cesari, Formenti, & Olivato, 2003; Choi &
Mark, 2004: Oudejans, Michaels, Bakker, & Dolné, 1996; Oudejans, Michaels,
Van Dort, & Frissen, 1996; Pepping & Li, 2000).

So tar the role of the actor’s emotional state (i.e., anxiety or fatigue) in perceiv-
ing and realizing affordances has been addressed in only a few studies. Prottitt and
Bhalla (Bhalla & Proffitt, 1999; Proffitt et al., 1995) conducted a series of experi-
ments showing a relation between an actor’s state and the perceived steepness of

hills. They found that as hills are harder to traverse when participants are ex-

) .1”-*le-!|‘.~.&"~ iliui

'O03). For instance,

perties at the level of the

that require complementary

s definition of IH-‘MI.H;IL S l!Hh'l‘

: 1 ! -
OSITION 1IN TS dISCUSSHON, 1r s

nvironment system constitute op-

LM I| state 1n 1'\'.'&#.'1'\][],‘ iNd e 1iL|H_’
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hausted, wearing a heavy backpack, or older, the hills look steeper. It seems that the
capacity to traverse a hill changes the perception of the steepness of the hill despite
the fact that the actual steepness remains the same. Thus, there seems to be a func-
tional adaptation of perception of action possibilities to the actual action capabili-
ties.

TaTs

Pijpers, Oudejans, and Bakker (2005b) confirmed such a relationship for over-

head reachability. which thev found to chanege as a function of exertion. OUn a

climbing wall, participants repeatedly climbed series of trials resulting in increased

levels of exertion. Before and during climbing participants judged their maximum

reaching height, as well as perceived exertion. On a separate day, participants

again climbed a number of trials while performing actual maximum reaches. Per-

1 1 | 1
ceived maximal reaching height appeared to tollow changes in action capabilities:

L]

\V/ I _ | - .

\\ ]]t_'ll (HCTCe Were no « ]].111*_'L“- 1N action t-r}‘ LOHIITICS :}I 1T 1S, NO kli L NIYCS 1 HJIHI
maximal reaching height—no changes in perceived maximal reaching height oc-
curred. vnivwnen the actua maximatl reacnmo g | i '- 111S Ireriecticd
in perceptual changes of maximal reaching heigh

\s far as we know, there is only one previous study that investigated the etfects

-

perception of affordances. Bootsma, Bakker, Van Snippenberg,

of anxiety on the | .

and Tdlohreg (1992) asked participants to judge whether balls that passed latera

Al vdarvingy MII*I NICCS WOETC TCA( Il.il“ . ]]1{1 found that anxien .lliﬂ 181 IIJ]HCH'\_EQI

average judement of maximum reachable distance. However, Bootsma et al. did
not examine whether anxiety had an effect on the actual maximum reaching dis-
tance. | he selected aftordance scaled with a physical characteristic (i.e., maximum
reach, mainly determined by arm lenegth), and was thu ned n
by the anxiety manipulation. However, as a
]“‘L‘I'HHL'IHJ! HL:I-.l]"Hl.iHHI! JH’L.‘&TI\ \H1eCts -‘E;;' 1CLIOT lI 1 “liITiL'M'
* u]t HHYC 1l :?lu ]"L'Iu._'i'“ﬂ-ii OF reachaniences '; 1] :,‘I-'.u‘t'llIl_' D |
["k'uh'\].

[ Elli‘*, 1L SCCINS Iil 1L ads IHH;’ AS [“-II'IIA._!]‘ ‘-I]-"'I H'il IV It *I'.E] POLCNL \ LR
tion capabilities or eftectivities) is not influenced by a state variable
(or fatigue), one would expect that the perception of action possibiliti
Hluenced either. However, when a state variable does induce changes in a partici.
}“HiIiT‘“- ‘t]l V1O 11 POLCTIT II‘ One \.\m'II]\i CXpeCl accompanving « ‘ \nves 1n Tl.n' PCT
ception of the action possibility in question. The first goa this study was
exdamine T|1L' Iu'lL‘ OFf anxiety in PCTCCIVING and I« '.ii:III‘_I ATOrd . By LISINY o
climbing wall we determined perceived and actual maximal overhead reaching
height under difterent anxiety conditions, which were created by placing the same

Y NAL

ul]]llb‘illtf FOUTCS ]]h_‘_}i lihl |t'\‘k 1 IIM' ‘akllll (Cl. le‘;]‘a'ln \ \'ulkit_‘IJIIM N H :Hm'!. LN

Piipers, Oudejans, Holsheimer, & Bakker, 2003). Overhead reaching and ade
|

quately perceiving overhead reachability are important to the performance of daily

| | .
actions (e.g., grasping an item from the highest shelf in the supermarket), as well as

in sports in which, for instance, a ball has to be caught or hit. Adequately perceiv-

] 1

ing overhead reachability is also essential in the task investicated in this study
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sport climbing—in which misperception may lead to falling. In Experiment 1, the
eftect of anxiety on perceived as well as actual maximal reaching height was inves-
tigated to determine whether changes in perceived maximal reaching height were
accompanied by changes in actual maximal reaching height. In Experiment 2, we
L‘.\}"‘IHI‘L‘J wlw{lwr 1[1(1’121%\[ anxien .i!hl I}IU J(uﬂ]lpllll\‘inﬂ u’l'l;illL:L‘H In ["L‘I'L‘L‘i\'L"J
and actual maximal reaching height also atfected participants’ selection of action
possibilities on the climbing wall. Finally, in Experiment 3, we investigated the im-

pact of anxiety on attentional processes on the climbing wall.

EXPERIMENT 1

We expected that at higher levels of anxiety the actual maximal reaching height
would decrease for two reasons. First, changing an individual’s state (i.e., becoming
more anxious) induces changes in movement execution such as higher muscle ten-
sion and jerkier, more rigid, and slower movements (e.g., Beuter & Duda, 1985:
Collins et al., 2001; Mullen & Hardy, 2000; Pijpers et al., 2005; Weinberg, 1978).
Second, reaching out as far as possible involves a chain of submovements such as
stretching out the arm as far as possible; rotations in hips, back, and shoulders;
stretching the legs; and standing on tiptoe; implying that any effect of anxiety on
these submovements, however small, will result in a culmination of errors along an
entire biokinematic chain, which enhances the possibilities tor establishing anxierty
effects on an outcome measure sug h as actual maximal I'L';ithl]_*__' ht‘ﬁjhl (L'f. PJI'II'H.
Jones, & Hardy, 1990; Weinberg, 1990). In view of the theoretical considerations
i"f”L‘I'L'\] 1 Ilu' PICC 'L'k!,l]‘lf'._tq W¢ Tlll'!l‘tk*I CXPCC Ik"kl Il'llll II]L‘ rnxliclul xlk‘tﬁ.’.l“t““ i1 JLHI,Il
maximal reaching height would be accompanied by decreases in perceived maxi-

mal height.

Method

Participants. A total of 12 temale participants, mean age 23.0 years (S1) =
1.21), \l‘llfllIL'k’T_L‘ki (O [‘ltI‘I‘;kll‘.lTL' in the cxperiment. | he [“‘.il’!lti]ﬂll'll*, [or ll]l.‘
greater part university students, had no experience in climbing and were naive with
regard to the purpose of the experiment. They all provided written informed
CONnsent.

[ he Dutch version of the A-Trait scale of the State— Irait Anxiety Inventory
(STAI)? was used as a standard check to measure trait anxiety (Spielberger,
Gorsuch, & Lushene, 1970; Van der Ploeg, Detares, & Spielberger, 1979). The
mean trait anxiety score for the participants was 30.8 (SD = 6.28), and was signifi-

[ he STAI A-Trait scale i1s a selt-report questionnaire that s anxiety proneness—that is, the

SLATC Aanxicetyv mntensity.
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cantly lower than the mean score for Dutch temale college students (M

= 8.4) obtained by Van der Ploeg, Detares, and Spielberger (1980) on a t test be-

tween a sample and a population mean (Thomas & Nelson, 1996), t(11) = 3.83, p

05. The results indicated that the participants had no extraordinary tendency

O IL‘wg‘l‘IlLI (O S1Ttuations ]‘a'rL_L*ii'L‘xi dAS I]]I'L'.!IL*IIIII;j with an L“[a‘\ 110N 1N state anxien

(e.o.. Martens., 1982: Smith, Smoll, & Wiechman. 1998).

Experimental setup. Participants climbed on a vertical climbing wall (width

3

3.5 m, height = 7.0 m; see Figure 1), which was set up in a large experimental

room. | he wall consisted of nine laminate panels with a gray grainy texture for fric-
tion. Holds could be bolted anywhere on the wall at relative distances of 0.24 m in

a horizontal direction. and 0.17 m in a vertical direction. On the wall. rwo identical

horizontal routes (so-called traverses designed by a professional route designer)

were mounted (see Figure 1). Each traverse consisted of six footholds and six hand-
holds of varying size and shape, which were all suitable for novice climbers. The

. ‘ | \ . 2 e g
mean height of Holds 3 and 4 (see Figure 1) of the low traverse (low condition) and

. Y B \

. | 3 i o . ' :
high traverse (high condition) were 0.30 m and 3.60 m, !uu}w;LIixL¢u ll’ullgtihunl~

stoOd on these holds when iudeine maximal reachabilitv: see Procedure.)

1 (4 " 1 1 '

\ ‘Iix'lh Jki;llllr 1‘“L'“HIHR“IIT}IE7L{ (ll]u‘I‘L+k K e !151:Jt2 ~L1‘|'[:l!PL'! J, Was mon ab C

in vertical direction. This hold was used to estimate the upper limit that participants
i 1 1 i

perceived they were able to reach (the dependent variable perceived maximum

reaching height), and that participants could actually reach (the dependent variable

ictual maximal reaching height). T he assessment hold could be moved treely along a
rail, which was placed between the laminate panels of the wall and extended the en-

tire height of the climbing wall (see Figure 1). The assessment hold was connected

]

'\\llit I -.1*;,\« T!l 1w %il[-.l i‘k' PE“R'J Iu!}‘tl” Tlh' ]!t |; i ()] ]1 W1, Rl..l*,‘!t'!lx E l NS WETe Ie-

| 11 Y AN 1 | 1 1 |
moved by covering a part of the climbing wall (0.40 m on both sides of the rail) with

|

black tape. (Post hoc interviews indicated that none of the participants made use of

. , ! ’ L an . . A\ 1 : : = - i
reierence [H"-‘]!u.‘* whenm ILTI:‘_ TIIL'H ISSCOSSINICLHIES. ) M I!L'\ll‘ll‘ T.!| C NNICASUTC WAs ll‘w,‘hl

O INC iw!ii’t'lllt. kllﬂl.lln_p %“L'T‘x\{t'“ T!l

i

i '1' 1 T' i ,
C ASSOSSIent nod *Ihl}{n'[\f*; {SCC FIYUTC ) Altel

each assessment, to determine perceived and actual maximal reaching height. Hold

4 was chosen because it provided a “natural” basis from which the invest
ing action (perceived or actual) took place, especially because reaching
with the left arm (see Procedure).

l0 enable participants to make assessments in the
ladder was used. The stepladder had a small plattorm thart allowed participa
rest after having climbed it and to start the high traverse in the same physical (i.e.,
nontatigued) condition as in the low traverse.

[ he participants wore well-fitting climbing shoes (Enduro 954, La Sportiva).
In both conditions participants wore a climbing harness (Singing Rock). We used
the so-called “top-roping” technique to ensure the safety of the participants.
lop-roping involves “paired” climbing (Skinner & McMullen, 1993), that is, one

end of the rope was tied onto the participant’s harness, and the safety rope ran
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assessment

hold
identical

routes

s v

reaching height

ni ]. ]\*1 uL SUUATES
1 A ’;111'; il dl]d [~1L'IHI~L !]. IiIL'
;. 1"a'|1 .1!|*Tl;j?llL‘I IIII IIHLI% 1

OFf Mmaximum reac ||H'1'-_' !'IL'["_:]”

up around a solid iron bar at the top of the climbing wall, and back to the

ut'ullllk{. l IHH t'I'tJ Of IIIL' safetv r DE 1dan I_IH'HH*__{ll IIIL‘ I“'L‘I;l\' \lk’\lltk‘ Ol IIIC [‘L'ILI\'LT‘\

\arness. (The belayer is the person who manages the safety rope, preventing and

rotecting participants from falling if they lose their grip on the wall.) If properly

applied, using the top-roping technique reduces the risk of a considerable fall to
~CTO),
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State anxiety was assessed by means of the “anxietv thermometer”

Houtman and Bakker (1989). The anxietv thermometer is a 10-cm continuous

L i 1

‘k.llt_' (1 ‘A}Hg li }‘*.H'Th_ 1[‘,1I'il-~ WCIC ;!“*Lk'u_i LO) TAl T!:x i\ Al Xiel I'a_x'l.!i':_'

]

momentinrmnme, ranvyine itom C A\ NOL ANXLOuUS dl

IW'””‘ I] 1*{ T“I”l-h Cdeloss on []u- IC,k]” “x,.t?_

Ii!' Mmoment HIL' \{!\T \NCC ["L‘H\ CCel I[H.‘ ]L"’
measure of the rCpPorte d inxietry. \ 'Hllu‘-\%l‘uu'f
a quick method for measuring state anxiet
tive State Anxiety Inventory-2 (Martens et
Competitive State Anxiety Inventory-Z
WO '-\IIH n O H ilk_‘:‘.. _‘k\tw ', ‘ﬁ}'ila!'[

[ i is
1 1IN 1‘» i.iklil."

SPOrtrester.
height participants were

l].i!lki* O6N CXPericence ‘t"-]Til ?itk' .




ANXIETY AND AFFORDANCES | 39

ing actions having a substantial impact on participants’ estimations of maximal
reaching height (Pijpers et al., in press).

Subsequently, participants were asked to take position on the wall. The assess-
ment lh‘*“ (SE€C }'1:i1I'L‘ “ Wds L‘IIEIL'I' it W L‘I-L'ul T-I'HI]'I JIM.‘H[ [_‘3 1) Jl‘u"\'k‘ HHH : (k{L"
scending assessment) or pulled up from about 1.5 m below Hold 2 (ascending as-
sessment), during which the participants had to verbally indicate when the
assessment hold would just be reachable in the prescribed manner. Participants
Uil![k,i [mne-tune I|1L‘ll' ]'.lm_l‘__rnlk'III‘“ ] TLHII‘!L.I Illk' L‘_\}"L'I‘IIHL'IHL‘I' 1O Move II’IL‘ ASSCSS-
ment hold either up or down until they were confident that the assessment hold
was at the perceived maximal reaching height. Then, by means of the tape mea-
sure, the distance was determined to the nearest millimeter; for accuracy reasons
W¢C -.iik\ AVS I'L_'hi»._i Of1 T]lL' (Apec measurce at ¢ye ]k'\'L‘I. I I‘u_‘ x{L‘.‘"L L‘HJIIIL_‘, ;tlhl l!.‘*-u.‘lh.hllt_' AS-
SeSsments were }‘I‘L‘Hk‘l'lln_\l In ..illa'l'ln LLITES o rder. One trial - ‘Il‘“l‘“[k‘tl of ¢ Jile JL'ML'L'HJ*
ing and one ascending assessment. Consistent with previous research on percep-
tual judgment tasks using the method of limits (e.g., Mark, 1987; Mark, Balliett,
Craver. Douglas. & Fox. 1990: Pufall & Dunbar, 1992). the average of the three de-
‘LL'Ilk,{”l'__f .I‘*Lk'fhh”';_' combinations (i.e , three trials) was used as measure Hf PCI-
ceived maximal reaching height tor a given condition. Participants received no
h't_x{ ) H_L .!i‘-.‘lil Tl'.tq iccuracy ol Tiiu'il ISSCSSINCILS.

Perceptual judgments were made in a similar way high and low on the wall (high

and low conditions were counterbalanced). In each condition participants per-

]
() 10U LIATCC UJOSLOTIULLINY Al 1T ASOUCTI | V! AlS. | culare A1LECT a0l COnul-
tormed thr | ndine and thr ndine trials. Immediately atter h condi
tion participants were asked to rate their feelings of anxiety by means of the anxierty
hermometer. Participants were asked to recall how anxious thev had telt during
thermometer. | |
1 _

the assessments and to record this on the anxietv thermometer scale. This was used

AS IEIL' ANXI1EeTV sCore 1o Tilt} a_~*Ii\]|!?l n 1n \{HL“\TIHH.'

i . » 1
[\_H‘TILI}“..H}T.H WwWere ..wangl | TeCupel 181818 }“vrit'k}u?t .il“t‘-!i! Ik min atter each con-

I

dition. After the two perceptual judgment conditions, participants’ actual maximal

reaching height was determined: In both “actual” conditions, the participant stood

on the footholds (right foot on Hold 3, lett foot on Hold 4), grasped Hold 1 with her

richt hand (see Figure 1), and stretched out as high as possible with her lett hand

while the experimenter positioned the assessment hold in such a way that hanging
onto it was just possible. The height of the assessment hold was measured. This

1 1 1
procedure was repeate e; just as with the perceptual judgments, the mean of
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the (two) assessments was the participants’ maximal reaching height for the condi-
tion in question.

One of the experimenters served as belayer. In the low condition, the belayer
acted so as to ensure that both conditions were similar for the climber. Each partici-
pant was informed before starting the climb in the low condition (mean height of
ll‘ll_' fa"t*lllt"luiﬂ, C.J{ m) TI’HI. L{L”"‘I\‘IL' [hk' I‘*L'I..i‘xt't'. 4 “‘[lL' \Il]‘["l.'u.! ‘“!]k_' should |"‘I‘i.‘.'i|\' I'IL*I’

fall herselt, as the safety procedure would not be effective at that climbing height.

Statistical analysis. The eftect of height (low-anxiety condition, high-
anxiety condition) was tested using one-tailed paired t tests. Effect sizes (ES), indi-
cating how many standard deviations the means under consideration ditfered,
were calculated by taking the ratio of the ditterence between the two means and

the mean within-cell standard deviation ot the means (Mu aux. Bartlett., &

Bennett, 2001; Thomas & Nelson, 1996). Ettect sizes of 0.2 or less, about 0.5, and
S.“\ O MOTC 1eprescent ﬂl'it,i”, )¢ "t]k"." 1{C, and | 184 ui]”k'rk'flkk"‘, respectiny L'i'& L ‘-I'u_'tl.
|USS). \'»\1!‘11.'!1 necessary, two-tactor repeale T MCASUIes 1f'l.'!l.‘a‘i."‘ Of variance
(ANOVASs) were used. Maughly's test of sphericity was used to determine whether

TIHJIL_' WwWere danv v '.i \r10ons 1o \}“":L‘I'hll‘a O The repe iIL'kl MCASUTES. [T VIl 'I.tiln 1S OO0

L llI'I'L‘k]. llu"a WCECIC COTTCL TL'\] .iku‘*lxllll‘_‘ o TEH' } Irl'x!l}‘!-I‘k'Lh E‘I~ W axllll'x‘ ]‘L 1ore u‘lt"t'l*

| 4 ™
mining whether the differences of interest were sienificant (Kinnear & Grav.

TaTa"™e' l

LUUV). Bta ‘*xllll.'.h'-tl H] ) ?‘*“*L'“"““*L'xl !IIL‘ k‘\l"'l 1Hils ‘ vdalldancoece 1) Tilt,' \\k \”\. .\1 TT’Etuit l*w.

S—

) } - ) . .
Pair-wise comparisons using t tests were made using the Bonferroni correction pro-

: : TRTaTR 1
t_l'uiliIk' l}\lIiIlk‘.tI N IHayv, L\ SL .' Ti*h{L'HTH‘. ‘i CCLIC mean xll”L'IL'I!L S WHhen a sioniri-

]

cant main effect was found. The p values that are reported on the basis of this

~. | - | \ 1= . | . ]
I“H‘!l]k'llt*!l! metnoa are 'w,:lkxl 1O T|H' AD ailpbnd Jl_"xk{. S iE} 1L, a5 USUAl, _;" \ llHt"*

. -

smaller than .05 indicate a significant eftect

Results

State anxiety and heart rate. 1o determine whether the anxiety manipu-

[.iH"I} Wdas ""H'«_ki"“'[”[, W Iwk'”i"l'lllk'g! d [ 1red f rest on !T'-*Tli Tila_' ANXI1¢ny ?:Lk'flll MMerel

f l
data and the heart rate data. Participants reported significantly higher anxiety

scores in the high condition (M = 4.5. SD = 2.52) than in the low condition (M

— g ‘t“\l } | ) E I

1.7, SD 1.57), t(11) “1'.”(‘.!' AN o) 1.35. In addition, the mean heart
rate (beats per minute or bpm) was significantly higher in the high condition (M

119.1 bpm, SD = 16.62) than in the low condition (M = 108.9 bpm, SD = 16.97),

—_— 1 \II

f \ £ — " - . -
Hl“ -j-\.I‘}'i ~\.kh\\!:\" x_.f‘-l. !|111*~. ANy | '["HII‘HH&'.!H[II'\'“.ll.lL danipu-
lation of anxiety was successful—that is, in the high condition, participants were
| 1 1 1
more anxious than in the low condition, implying that the high and low conditions

' | ! \
indeed represented high-anxiety and a low-anxiety conditions, respectively.

Actual maximal reaching height. The average actual maximal reaching

height was lower in the high condition than in the low condition (see Table 1). This
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[ABLE 1
Actual Maximal Reaching Height® and Perceived Maximal Reaching
Height® tor the Conditions in Experiment 1

' 4-.“!1* 1

High-Anxiety

M ND

\u,'.l. !| INAX1I i| 1 C Al E':ifi'__' }'IL‘I'-,_'i!'.

1 1
Perceived maximal reaching height

— —

difference was marginally signiticant, t(11) = 1.77,p = .052, ES = 0.20, indicating
that higher levels of anxiety seemed to have aftected participants’ actual maximal

reachinge.

Perceived maximal reaching height. A 2 (Height: low-anxiety condition,
high-anxiety condition) X 3 (Trial: Trial 1-3) repeated measures ANOVA on the
perceived maximal reaching height data (see Table 1) revealed a significant main

effect of height, F(1, 11) = 8.73,p = .013, n° = 0.44, ES = 0.34, indicating that

the average perceived maximal reaching height was significantly lower in the

high-anxiety condition than in the low-anxiety condition. The main effect of trial
and the interaction between height and trial were not statistically significant
(Fs < 1).

Discussion

Selt-reported scores indicated that participants felt more anxious in the high con-
dition (anxiety thermometer score: 4.5) than in the low condition (anxiety ther-
mometer score: 1.7). A score of 4.5 on a 10-point scale might be taken to imply that
the anxiety was relatively low. However, a score of 4.5 indicates that participants
telt more anxious than students who are about to enter a written examination
k} {t‘l!ililllill S HJ]\LUI'., lk}\'\"“}], .l‘I”H Ut as anxious as novice lL'.-lLl]L'I'H JLIST l‘t.‘f'til't.‘ cl lk.'t*
ture (Houtman, 1990), and less anxious than youth speed skaters prior to the start
of a 1500 m race at a national championship (Bakker, Vanden Auweele, &
Moormann, 1992). In addition to the subjective experience, heart rate appeared to
be significantly higher when participants were high on the climbing wall than when
they were low on the « |ll]‘tl‘lllu wall. ”HIH. \iL"*Pl[L' IllL' [acl that we selected a low
trait anxious sample of women, the results clearly indicated that the anxiety ma-

nipulation was successtul.
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[ he results showed that in the high-anxiety condition, participants’ actual

maximal reaching height was lower than in the low-anxietv condition. although

e

Ilit‘ JIHL'I'L‘I]\ C JUSI 1.Iila.\| 1O ['L'.H_‘Il IIIL' Y% stenincance ]L'\ t:l. l Ila‘ k}i'L_ [ CASC 1 Itil!.il

maximal reaching height was accompanied by a decrease in perceived maximal

1 J 1
reaching height. This finding is consistent with the theoretical expectation that

the perception of affordances changes only as the accompanying action capabilities

i

change (Bootsma et al., 1992: 1.]. Gibson, 1979/1986). The decrease in actual max-

. l : ] » : . " . \ 3
imal reaching height is also in keeping with anxiety-induced changes in movement
execution, such as more muscle tension and jerkier and slower movements ‘.,l’li}‘k‘l“

et al.. 2003. 2005: Weinbere. 1978: Weinbere & Hunt., |

.'== - LAl THEC ADSOIULE « CICIHILC - c¢en tne iow-anxiety condition and 1
Note that tl bsolute differer betw he low-anxiet ndition | t]

) | ) | |
high-anxiety condition was (only) 2.3 cm for the actual maximal reaching height

| [ l
, T
'

Mihi ;.f‘klilfi‘IT!Wt'}‘tik t:ﬂt'l IHJEKITiLilfa'Jk hif!] | )4 if}IT.} LTﬁHL‘\k'ﬂ 111 DO Cd

= T L] i 1 I'- l ¥ ] = . B = l T % 1 = T 3 I % N
TANYC OVETr WHICH Chnanves dare Fu*[“‘{; L'\}‘L'g’.e.y. | S *:"-.'1]. '\‘- 1OT ACTU 1‘[ 1]

1

1y lia‘lj}lf. LNC VAaluges arce ut*I]Q“.lTJ[“[L LO) }-'~= 1N S| 1TlITL'\*iit'T~' *i'lii!| *ElflIJL.iﬁh .

Values of spinal shrinkage due to circadian variations as well as spinal compression
that are reported in the literature vary from

(see Van Dieén & loussaint, 1993), implying

|.7 m tall persons, the mean height of oui

[!11'*&' EitiIiH‘L'I~ 11 AVeTrage momentary r

1 % 1 1 ;
]H'E_'!i! i Z.0CM due 1o anxiervy can I"L‘u‘-fwl 1CT
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EITI]ILL'Ln I!L:T ;V!!flat}‘ 11 ~1ll\Lka| Ii1k11'I1tr“al!i.:.

DAY ™ ‘Hlllk|é :!!L' Hihl;ﬂllyIlfH WCIC IIliklf WS
.,ftil'-JM“L'I\t'u:x*”lt'rfllkk'l‘f 2.0Cn
JLIC »T1O1 TEMains KkilleltW Ilix' INnxicel
| .
INdaXxiiniadl :L'|LJILI|T ]iti;jYH !]H‘1]L'1x} T
liries. For example, if one perceives a pa
SIIRERIT li-'l'tl.a_ﬂ[lk{ill:'lll“llf 1S NO 1OoNnverre !-«_]1 ih Whol
| 1 | 1 |
"1]I|‘-.'“'LLJI'-."hTI""Il'l.'t .1r'||='1'.l{ili1|' ‘ I'tlmlr!illrli:K'I\_IL'L:T"‘-
) : } I - { | - ] |
¢! In Experiment 2, we addressed this question by examining wh
INITLY 1!I!1j1'“ E!i]‘t reeiIved dand acdl '1! 1A X))
: : :
'.i”txfx'm]}”.ill!x!i“.ifH* ‘t'lk'\_'l'.'fl"‘[.lkfl-'ti'

conseygue 1511. movement behavior.

EXPERIMENT 2

We asked participants to climb a horizontal travers
(low-anxiety condition) and high (high-anxiety condition)

| 1
|t* cnsure 1

iat participants had the opportunity to select more holds than strictly

NeCessarv 1o xl!Hl!“I!lt Lraverse, an JI“H[|;1|IH L I DO : WS H‘t'J Til}‘lH]uhIl:

v 3 rw'. . 1 . S 1\,‘\.'_- !
the traverse (see Figure 2). Previous studies (Pipers et al., Z ), ZUUD) had demon-
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identical routes

strated that a traverse consisting of 11 holds sufficed to climb from left to right on

the same climbing wall. As the same hold could be used multiple times in climbing

a traverse, we operationalized the selection of action possibilities by counting the

number of movements made to climb the traverse. In doing so, we d

between performatory movements and exploratory movements (

istinguished
E.]. Gibson,

PJ\\),llwﬁnrnLntu\ HUPYCHIUHIH.Ha'I}{JH[[lirCJLIIJ Lurhnriutnﬂ.“

moving a hand or toot from one hold to the next to use it as suppor

m‘ ln\l:ll]tjtf.
t for further

climbing actions. Exploratory movements are primarily information gathering
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movements, for example, when a climber wants to explore whether a hold is within
reach. We predicted that the participants would make both more performatory and

more exploratory movements in executing the climbing task in the high-anxiety

§ =

condition than in the low-anxietv condition

Method

Participants. A total ot 12 participants, 6 men and 6 women,’> mean age

' FB

LJ.ovears (\I ) 3'—3:" '\.n'lf”lrk'k'lk'ul Iw{‘ 1 TT1C ] \e 1n T}Ik' L.‘\["L_‘T'TI}H_'IET. \ ne Ol ?I!L'Hl

had participated in Experiment 1. 1 he participants, all college students,

perience in climbing and were naive to the purpose of the experiment.

informed consent.

H‘;L‘ mean rait anxietry score 1on Ifn* 1) Ao

. ] *
and was not sienificantly ditfterent trom the mean
dents (M 1.5D) N.4) obrained by Van dei

tween a sample and a |

l
]!I'\' mean trait anxietrvscore rorthe tem iln i

was nor sieniicantiy diirterent trom T_In_' NG

kik'lit““l\l :-’-'-J~\‘['} H"-'"l;‘\-.”lklk'!-lwi"t"'k'?

B

indicated that the participants had no ext

ACTOSS TNany situantions ‘diTE: 1[]'__'Ii IL"x L.‘I* (O S

Experimental setup. Participants climbed on

| |

used in Experiment 1. Again, two identical horizontal routes were

—

1 Nd lllz,'].;-'i: -'M W 111\55 u]uc*IlHIuIHl:w! 1:11

.j). []]L' HHICAT) ilk"1".fi” O] !}]L‘ lll"l'[]]'ll’]xi"‘i'l T}ix ' W ITAVETrse wds L. 1
|

high-

condition) whereas that of the high traverse was 3.69 m |
[0 enable participants to start climbing in the
ain used.

1 ] | |
As in Experiment |, participants wore well-fitting climbing shoes

harness connected to a climbing rope. The same security procedure

1
ment | was used. All climbs were videotaped using an S-VHS camq

Fate Ol :5*.\ l. {_'] .IIIILH -H‘ITH‘ll.}lel iIlJ OO MON NCHTS ‘.‘aL'Tﬁ‘k]k' *.Iix !

v |
d STOPW itch to determine clim ing time (see Depen L Vdll ¢S section for a det-
inition of this variable)

State and trait anxiety were measured in the same way as in Experiment . We
~.|L'L'|uik'x] NOU 1O Use !’h_'.tH FATC AS a MNCASUre Of state anxien l“k‘k LLISC o lll;ji;:a‘! llu \I'l

!

rate in the high condition is also a reflection of physical strain. Increased climbing

. We
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time in the high-anxiety condition is a consistent and robust finding in studies like

this one (ct. Pijpers et al., 2003, 2005).

Task execution. Participants were instructed to climb as fast and as safely as
possible but it was stressed that the participant’s first goal should be to complete the
climbing task without falling. Each participant was told that a fall would immediately
end the experiment, and that the participant would be excluded from the experi-
ment and subsequent analyses. During the experiment, none of the participants fell.

.\:i‘ INStructions were ogven as to lh W TO ( Iil]'i]" faster or '\\’[]RII I]H|k{*~ (O USC.

Procedure. Participants were tested individually on a single day. They were
informed about the procedure of the experiment, after which participants signed
an informed consent statement. They completed the Dutch version of the STAI
A-Irait scale (Van der Ploeg et al., 1979).

After putting on their climbing shoes and harness, participants practiced climb-
ing on the climbing wall. As the number of holds was more than sufficient to climb
from the right side of the climbing wall to the left side and back again to the right

side, all participants were able to successtully complete the practice task within a

few minutes. As a conseguence, the experimenters were confident that a partici-

pant’s failure to complete the task in either condition was not due to lack of experi-
ence with the task.

After practice, participants were allowed 15 min to recuperate. Three minutes
prior to running each condition, participants were positioned in front of the wall,
either on the tloor or the stepladder, depending on the condition in question. Two
minutes before the climb, participants were asked to indicate how anxious they
were at that moment by IlHlIlL: out an anxiety thermometer to familiarize them-
selves with the thermometer. | hen, PArticipants were connec ted to the safteny rope.
[ he camcorder was switched on and participants were instructed to begin when
ready by ASSUMIN the starting position on the wall. A pParticipant was u‘-llﬂuiL‘l'L'J
to be in the starting position when he or she had placed the right hand on Hold 1,
lett hand on Hold 2, right foot on Hold 3, and left foot on Hold 4 (see Figure 2). As
soon as participants had assumed the starting position in the high condition, the
stepladder was quickly removed. In the low condition, participants were instructed
not to start climbing immediately, but to wait just as long as it would have raken to
relocate the stepladder in the high condition (less than 10 sec). In both conditions
participants started climbing at a sign from one of the experimenters. Participants
resumed the same position after they had climbed the traverse two times. Hence,
participants climbed the traverse from the right to the left (ending with the right
hand on Hold 5, lett hand on Hold 6, right foot on Hold 7, and left foot on Hold 8;
see Figure 2), and back to the right again. Immediately after the climb, the partici-
pants were asked to recall how anxious they had telt during the climb and to record
this on the anxiety thermometer. This anxiety score was used as an anxiety score

tor that climb (and thus. for that condition).
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After a recuperation period of at least .5 hr the procedure was repeated, but now
participants climbed in the other condition (high if they had started low; low if they
had started high). The order of high and low conditions was reversed with each

new participant (balanced over male and female participants).

Dependent variables. For each condition, the following dependent vari-

ables were determined from the videotapes:

.\FH?H;’L'? “f ]"L’]'.l*fﬂ'”hf[f'?'f\ Movements. \.IL'I'I."I\_R‘; AS [I'lk' Ellll’il}_‘lﬁ?' O movements
uitl”“‘;_f \\[11\.]] A I'Illla{ 1\ I'L'[L'.i‘*k'x! .th COntact 1Is I':LMIL' ﬂ‘s]fli .1!'11'7}“'1' lli‘lxl.

which is then used as support.

2. Number of exploratory movements, detined as the number of times a hold was

i |
touched without it being used as support.

Participants’ movements were viewed by two independent raters for accurate

LIL'IL'I'IIHIHHHII Ol T.]It; alk']“t‘lhlk'l]l \.iI'LII"‘Ia'“ LIS ‘!TlL'I;TIn.‘IlL‘J. Hn-n wWds o ECC']

INTCer 'PI‘“k'I'Kk’I Avreemeent I't"__‘.ihll!l':_’ ]‘k‘l'ft*I'I]:.!T- 'V AS W LH AS t\‘\}“h‘! 1OV INIoOovements.

). Climbing time was also registered for each condition; it was detined as the

sum ol Tllt’ LIMce ”'s_'k'\.lt'\.i O ( [IIHI“ the two traverses (from the II':_’IH O the

IL'“. .!le! I".ikl\]. .\H SOOI dS DArticipants 1&'1{.1*&'\] Oone ol I}u* ]:l"'ix!”" 1N the
| |

'
l
1
L
i

starting position, time started. When participants had returned to the

starting position, the time was stopped
Statistical analysis. See Experiment

Results

State anxiety. Participants reported significantly higher anxiety scores in
the high condition (M = 4.8, SD 81) than in the low condition M = 2.2, SD
1.98),t(11) = 5.32, p = .0001, ES 33, indicating that the anxiety manipula-

(1O Was avalin ““HkLL'"“"‘l“].

]

Behavioral variables. lable 2 presents an overview of the results concern-
ing number of performatory movements (hand and foot movements), number of
exploratory movements, and climbing time. The number of pertformatory move-
ments was significantly higher in the high condition than in the low condition,
t(11) = 3.00, p = .006, ES = 1.08. Investigating hand and foot movements sepa-
rately, it appeared that significantly more performatory hand movements were
made in the high condition than in the low condition, t(11) = 3.90,p = .001, ES
.21, as well as signiticantly more performatory foot movements, t(11) = 2.11, p
029, ES = 0.76. Also the number of exploratory movements was significantly
larger in the high condition than in the low condition, t(11) = 2.76, p = .009, ES

1.14. Both the number of exploratory hand movements and the number of ex-
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IABLE 2
Number of Performatory Movements, Number of Exploratory
Movements, and Climbing Time? for the Conditions in Experiment 2

Condition

Anxien

Variable

.\\-H*‘tli‘L'I' O ]‘L‘[Tn‘flll.l[' Y MMoOovements
Hand movements
]'~ WOU movements

Number of exploratory movements
Hand movements

Foot movements

- ]
wiimbme rmnme

ploratory foot movements were higher in the high-anxiety condition than in the

low-anxiety condition, t(11) = 2.47,p = .016, ES = 1.59, and t(11) = 2.80, p =
.OC“). [1*\- = C.-r"-\, l'k""PCL[l\'L'l\'.

[t appeared that climbing time increased signiticantly from 45.8 sec in the low
condition to 78.8 sec in the high condition, t(11) = 5.62, p < .0001, ES = 1.73.
There were large individual differences in climbing time, causing the large stan-
dard deviations. In the low condition, climbing time ranged trom 27 to 69 sec, and

in the hiegh condition trom 54 to 143 sec.

Discussion

As expected, in the high-anxiety condition, the abundance of alternatives to climb

the traverse (provided by more holds) resulted in more movements, both pertor-

matory and exploratory. This indicates that a person’s internal state plays a role in

perceiving and realizing action possibilities: Across anxiety conditions, partici-
pants selected difterent action 8 ssibilities T'I't 88 l[]L‘ [“‘IL‘I]IHI'J of action [ hh”“ili[it.\
atforded by the environment.

In Experiment 1 it was found that changes in perceived and actual maximal
reaching height occurred due to anxiety. These changes may partly account for the
eftects observed in Experiment 2. However, it is questionable whether the difter-
ences in perceived and actual reachability, which were in the order of magnitude of
several centimeters, can fully explain why participants made so many more (per-
formatory and exploratory) movements in the high-anxiety condition than in the

low-anxiety condition. Note that using more holds implies shifts in grasping dis-

tance of (at least) 17 cm, as the holds were 17 cm apart in vertical direction and 24

cm in horizontal direction, whereas changes in perceived and actual abilities were
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“only” a few centimeters. It may be that on top of the changes in perceived and ac-
tual maximal reaching height, anxiety induced changes in participants’ detection
of relevant information for climbing, that is, in attention. Shifts in attention have
been identified as one of the key mechanisms underlying changes (mostly decre-
ments) in performance due to anxiety (Baddeley, 1972; Beilock & Carr, 2001; Jan-
elle, Singer, & Williams, 1999: Landers, Wang, & Courtet, 1985: Liao & Masters,
2002: Mullen et al., 2005; Weltman & Egstrom, 1966; Weltman, Smith, &

Egstrom, 1971). As attentional mechanisms might underlie the anxiety-induced
changes in perception and realization of action possibilities that were found in Ex-

|
]‘t‘li]!]k'!tl* ] (N . a T’!l!kl L"\]‘L‘Tllilk‘lll WdS ( -‘Ti;illk Tk'\! O examine f]lk r¢liation }‘L‘-

]
tween anxietv and attention in the climbine task.

EXPERIMENT 3

l e y o~

. l # 1 L 2 . l W L]
|3\L' Major acCoOunts navie I‘L7L11 “iltlﬂx“HlL_\I!I: [he lirerature o 1t'K;'! 1D CHANYes 1n at-

tention due to anxiety (see Beilock & Carr, 2001: lanelle et al.. 1999: Moran.

atTal 1

Byvrne, & McGlade, 2002). First, Easterbrook’s (1959) cue-utilization theory states
that as one experiences greater anxiety, the attentional field narrows (cf. Bacon,
‘ — 1 203 ; "

1974; Janelle et al., 1999; Williams & Elliott, 1999). As a result, performance on

central tasks will first be facilitated at the expense of performance on peripheral

tasks, as peripheral (irrelevant) information will be blocked. At even higher anxi

o A Ik'\ L'[‘. |[11~ IIII;I]t'llIl_f erfect may [IIHL‘ }‘It1?;'i"T ireention o the mtormartion
sources relevant for the central task, resulting in a decrement in performance on
this central task. Second, performance decrements under stresstul conditions can
also be explained by the notion that anxious people are more easily distracted
(Evsenck, 1992; Janelle et al., 1999). Within the distraction models, it

that some stimuli shift attention awav from task-relevant inforn

| : !
LASK-1] IKWL Vdlll ailt“~,’]1\'IkW“1 k!kw.ILhiHlll; {“iﬁ!&'iffi INCE (See also \Wa*l 15k, L.

I“ﬂiII'Iu‘LIiEI.':[ f].'lkfk'.!“‘l.'k[iﬁ;t"“"“'l”l.' \‘x]”k.iil“t'ill li"le[iJ1E“Tt‘|l‘u|l‘-t‘!!lil‘*‘l Iclringy
| | I | | | T
Uil eirher exrernally (e.o.. crowd noise) or internaliy (C.O.. WOTITIECS) Instead «
INZ ON task execution per se.
_\IT 1 Wltjll originatinye irom an l!lfi?f!ll.1T]-'!.';'f~‘k CSSINE approacn, irrention.
. : : ' : ] |
NATTOWINY .Hlalk]i“TI.h_Thﬁfl.llf NOL necessarty g ONsSIstent 1\1111 N ecological per-

SPCC LIV, Ill - Jf'Lf]k.ll LCTINS, IT[L'!ITIt‘IIJ! HNATTOWINnY 1R~¥{lell!}1;“ll 1111851114 IL NS -I“k'!li!

or nonspecifying information® when anxiety increases. When anxiety increases
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further, one might even start missing task-specific, specifying information, as a re-
sult of which the performance of the main task would be hampered.

Distraction would imply changes in the degree to which useful and less usetul
information draw the actor’s attention. In terms of ecological psychology, there are
changes in the “attensity” of information surrounding the actor, with attensity de-
fined as “a measure of the attraction that an area of information has for a perceiver”
(Michaels & Carello, 1981, p. 71).

Based on the results of Experiments | and 2, one would expect that, of these two
mechanisms, attentional narrowing in particular would play a role high on the

.\

- - ; " : - - I - ... -
climbing wall. Therefore, in Experiment 3, we again asked novices to perform a

climbing task in low-anxiety and high-anxiety conditions. In both conditions, par-
ticipants now simultaneously had to respond as quickly as possible to the appear-
ance of a series of red lights projected on the climbing wall. If, as expected,
attentional narrowing were to occur, participants would focus more on the primary
climbing task and consequently detect tewer projected lights in the high-anxiety
condition than in the low-anxiety condition, or they would at least respond more
slowly to the detected lights if the number of detected lights remained the same. If,
contrary to our expectations, (external) distraction were to prevail (implying en-
hanced susceptibility to peripheral distractors, Williams & Elliott, 1999), one
would expect that, in the high-anxiety condition, participants would detect the
same number or more projected lights with the same or a quicker response time

Fl].lll 1) f]’lL‘ Il*\\*.iI‘;\lk'H U‘*IhIHh‘l”x.

Method

Participants. A total ot 17 participants, 5 men and 12 women, mean age
21.4 vears (SD = 2.42) volunteered to participate in the experiment. The partici-
pants, all college students, had no experience in climbing and were naive to the
purpose of the experiment. None of them had participated in Experiments 1 or 2.
All provided informed consent.

The mean trait anxiety score for the male participants was 28.6 (SD = 4.93)
and was significantly lower than the mean score for Dutch male college students
(M = 36.1, SD = 8.4) obtained by Van der Ploeg et al. (1980) on a t test between a

-

sample and a population mean (Thomas & Nelson, 1996), t(4) = 3.40, p < .05.

[ he mean trait anxiety score for the female participants was 33.8 (SD = 7.52), and

was not significantly different from the mean score tor Dutch female college stu-
LlL'Iih~ {\1 §TT \ND “‘*4 \'.!Ii -.k]L'I l‘|i‘L"_I Cl tl [‘)f‘k\), H,] ) = ].?‘QC. 1S. 'H]L‘ [C-
sults indicated that the participants had no extraordinary predisposition to respond

ACcross many situations with high levels of state anxiety (e.e.. Smith et al.. 1998).

Task execution. Participants were instructed to climb as fast and as safely as
possible; however, their primary goal was to complete the climbing task without

—

falling. They were told that a tall would immediately end the experiment, and that
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the participant would be excluded from the experiment and subsequent analyses.
Participants had to climb the traverse four times—that is, starting at the left side of

the wall, the participants climbed to the right side (Traverse 1), then returned to

.

I]']k‘ IL‘II ‘Ix{l.' ‘..If}i\.'k'f“*t' LE. I‘.tt_'l\ AvA1Nn 1o i!’lt' [I_jflT \lu{r | II' IVCT S :‘T. :E':-xi b 1( I- AVdin

to the left side of the wall (Traverse 4). It was also emphasized that participants

1

should say out loud “Yes” as quickly as possible when they observed a red light that

‘ ' I ) .. : o] | ‘ !
Wds [“I'u“_'t_hn,i Oon the kl”ll NNy ulrll. [ 1T 18 111LS Were II1IHIIH&] Fhat both tasks

11
Welild k"\{“_t”\\ HHI"* reant 1in terms ol l}lL‘ overall ’:'pfi TINANCEe SCOre.,
L l "
] -"llll[lt_' [|:L‘ L'\[‘L‘I'ITIIR'IIT. NONe Ol Fl'lk' [\-I:f!k ‘l ft;il. .\~ YIDISTTUCTIONS Were oiven

with respect to how to climb faster, or which hold

Experimental setup. Participants climbed

' 1 ) ey
used in l,\['t“illl&'ilh | and 2. Again, twi

low and high on the wall. each consistine of {

]‘:-””*- ) ). Il'.'k' HHIC AL i'i'\':"__'ILT 111 !Elk ( q-.Ti!
w-anxiety condition), whereas

|
S s T 1

» CHADIC PAltic]
1. F]|:L' -Tk'l'! |‘i~_i1\: WdsS davialll 1I*~a‘~.i A SUL

l'-'I Tiit[ !‘k'l][‘llk'..!.i [I__'];T \EL'TF\EEIH‘H '.w:

xlilll["lIt‘__f W ]i 11 TE}a VICINILY Ol ?[H Partici]
Wit h‘xt’*la
LI° system con

re foul [“L‘Il{”}u_'l i! POLN
1.3 1-m-high tripod

l 1. .
.. 'tflx{ ¢ 1NOVEed

just the direction of the licht beam and het
climbing wall. With a handle attached to 1
(labeled “ML, i.e., marker licht; see Ficure 4
from the right to the left, making it possible
on the i"-“ltli‘il'.."* back while he o
quently, the ftour peripheral laser pointers

SAMe distances rom the ;

rricipants irrespect
!'::;1]\ L~'Il~ilTlt‘Il. f}n H‘ SVSTCITI Was k]Hu_Ir
beams were adjusted to keep the positions
lxlt'l!fu Il L) Tll-"w' 11 Ii.w i'--'“.\ u‘It\iiTl-*T{.
[ he locations of the peripherally project
the right shoulder (labeled “RS™), lett of the left shoulder (lal
the right hip (labeled “RH"), and left of the left hip (labeled “LI
was connected with a PC. By means of a specially developed software |
(LabVIEW; Version 6.1; National Instruments; Austin, Texas) it was possib
the frequency, duration, and order of light activation of the laser pointers. During
I'l.in"z'wa l nil.\f ‘;, iln'whlu'f Ol I[ln. 'I;‘!’ih PTOJCC T Ol T!:ag x‘ilmf‘ll-:_' wall was SCT AS

follows: RS, RH, LH. and LS. During Traverses 2 and 4 the order was LS. RH.
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4

and RS. Every 3.5 sec a light was proiected on the wall for 500 ms. The windows in
!

the laboratory were blinded so that the light intensity was constant during the test-

ing period. A stickpin microphone (also connected to the computer) with a basic

amplitier was used to pick up the participant’s “Yes” to calculate his or her response
(1me (SeC also I]lL' “L'}"L‘Ih!t'lli Variables section). | [}t‘ *«HI.H\III‘L‘ LllHH ]‘I‘t‘l\'hlL‘ti o
i_‘.'I‘.I]“Ii"|1L|| represceniaton Ol I}"IL' MOMCnts Iti“*k'l‘ POINICrs were “\\“Llltjd () *ilh.l Hif
(and which laser pointer), and participants’ verbal responses to the appearance of

the lights (by means of whimsical bursts in the output signal).
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laser pointer system
laser pointer

N

. participants wore well-fitting climbing shoes and an

As in l‘.\}“-u'!!m-nh | and
integral harness connected to a climbing rope. The same security procedure as in
Experiments | and 2 was used. All climbs were videotaped using an S-VHS cam-
corder (sampling rate of 50 Hz). The camcorder was placed next to the LP system.

State and tr y wer r he same °  Experiment 2
State and trait anxietry were measured in the same way as in Xperiment L.

Procedure. Participants were tested individually on a single day. | he entire
procedure was explained to each participant, and questions concerning the experi-
ment were answered. Participants were then asked to read and sign an informed
consent statement. After each participant had completed the Dutch version of the
STAI A-Trait scale (Van der Ploeg et al., 1979), the microphone was placed, and
the participant put on climbing shoes and a harness. The participant then prac-
ticed the low traverse until he or she was able to climb the traverse two times back

T.: 1111, l llL‘ll Tl‘!t' II'-_JEH“ Wceld ]“IL'*L'I‘HL‘J

and forth. Practice periods lasted about 5 to
on the climbing wall after the participant had taken position on the wall to (a) ta
miliarize the participant with the procedure and (b) make sure that the lights tell
within his or her peripheral visual field, which was the case tor all participants. At-
ter this, participants were allowed to pause for at least 15 min.

Subsequently, the participants’ task was explained in detail: specifically, they
were told that the climbing task had to be carried out as tast and safely as possible,
and that at the same time they had to say out loud “Yes” as quickly as possible each

time they observed a red light. One minute before the climb participants were
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asked to indicate how anxious they were at that moment by completing the anxiety

thermometer, again for the purpose of tamiliarization. The participant was then led
to the climbing wall and connected to the rope. The camcorder was switched on,
and the participant was asked to take position on the wall: The participant placed
the left hand on Hold 1, right hand on Hold 2, left toot on Hold 3, and right foot on
Hold 4 (starting position; see Figure 3). As soon as participants had assumed the
starting position in the high condition, the stepladder was quickly removed. In the
low condition, participants were instructed to not start climbing immediately, but
to wait just as long as it would have taken to reposition the stepladder in the high
condition (less than 10 sec). In both conditions participants started at a sign from
one of the Cﬁﬂ“CTiHILWIICT“.-IW]C\ then climbed the traverse four times.

Immediately atter each condition, participants were asked to recall how anxious
they had felt during climbing and to record this on the anxiety thermometer scale.
This was used as anxiety score tor the condition in question. High and low condi-
(1IONs were Lt‘lII][L"I'}‘LlIJHLL‘\{.

[ he participant was allowed a recuperation period of about 30 min before start-
ing the second condition. No feedback about his or her performance was given.
['he second condition was executed in a similar fashion as the first, but now the
participant climbed in the other condition (low if the participant had started high,

hiegh if he or she had started low).

Dependent variables. For each condition the following dependent variables

were determined:

Number of detected lights, defined as the number of lights observed by the par-
ticipant during climbing.

I{L"‘*}‘i nse rme, « *]‘k‘!]il]t"ll.lllikxi | S TilL' (1nme I‘L‘[\\ CCI1 SW 1[L”llll‘ﬂ_1tﬂ1 d |;IHL‘I’ Ptiil]lk‘l’
and the participant’s verbal response to it.

Climbing time, defined as the time needed to climb the traverse four times.
Climbing time started as soon as the participant had left the starting position and
stopped as soon as the participant had resumed the starting position after climbing

the traverse tour times. Climbing time was determined from the videotape.

Statistical analyses. See Experiment 1.

Results

State anxiety. Participants had significantly higher anxiety scores in the
high condition (M = 5.0, SD = 2.56) than in the low condition (M = 2.4, SD =
2.40),t(16) = 4.23, p = .0003, ES = 1.04. Thus, the manipulation of anxiety was
again successful: participants were more anxious in the high condition than in the

|{ W COI lLi”Il 1.
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Performance on the climbing task. As in our previous studies (Pijpers et

al.. 2003, 2005). the climbing time in the high condition (M = 107.5 sec, SD

27.10) was significantly longer than in the low condition (M = 88.4 sec, SD
16.58), t(16) = 4.66,p = .0001, ES = 0.88. There were large individual difterences

| ' 1 ! . . y -
in climbing time: In the low condition climbine time raneed from 69 to 137 sec.

and in the hieh condition from 73 to 175 sec.

Performance on the light detection task. Due to ditferences in the aver-
e climbing times, the average number of lights that could be detected was 26.9
(SD 6.78) in the high condition and 22.1 (SD 4.15) in the low condition.
Nevertheless, participants detected, on average, significantly fewer lights in the

high condition (M = 3.7, SD = 3.10) than in the low condition (M = 6.5, SD

».47), t(16) 351, p O01, ES = 0.85. To diminish the contounding eftect of
climbing speed, we tirst determined which lights could have been detected by each

the task—rthat is.

—

»

;“.IIHL_I]“.HH, _'\-~ I]h' fastest |‘ HHLI[“.HH T'fL'L'.._IL'.,{ OY secC 1o execute
_|i"'-~|lf l; SCC POl Lraversc T|11‘- [‘.'ul'lul;".t!!f: COuId m |\1IH.1HK }

1ave detectrted tour

lights PET (raversc. IIiL'TL‘IHIA‘. W¢ \{t_‘lt'l‘lltifnx‘. {8 k'.iL}I PArticipani ‘x‘x!HuH e Nts

3

were detected of the tirst four lights that were presented in Traverse |, Traverse 2

Traverse 3, and Traverse 4. Each participant, including the ftastest, could, in princi-

r
— |
j“lk‘. [:.I\L‘ k!t [C( Ia'al TEH"‘&' [irst rour IILIIIT~ ]“!.'1 [ TAVECTSO, flll!‘n ]f‘ 1N [ ‘-I.Ii. \i' -' .IkLUI'Li*

1 | 1 1
ing to this analysis, participants detected significantly tewer lights in the high-anxi-

) ).

'tv condition (M 2.2. SD) | 64) than in the low-anxietv condition (M 4 6.

TaTal B

D = 1.91), t(16) = 4.86, p < .0001, ES = 1.35

| he 16 lights that could have been detected by all participants can be classitied

into lights that were presented in the direction of locomotion (the so-called ahead

-._lL'TL‘L_Ih*!h\, .Ill‘l li'_fi11~ EII 1L Were ]‘I'L'w'ilhxl 11 T OP P SO -._llIa'n_'!- 1) u,Ti';x' SO) L.'tHL'x[

hieh condition) X 2 (Direction of

behind detections). A 2 (Height: low condition,
locomotion: ahead, behind) repeated measures ANOVA on the detection data re-
vealed a significant main eftect of height, F(1, 16) ST,p<.001,ES=1.33,n
060, and a significant main eftect of direction of locom EF(1,16) =41.43,p
.Sk”.)i\ .45, I

lights were detected (M 2.6, SD 1.59) than behind lights (M

7"}

/2. indicating that. on average. sienificantly more ahead

'8.5D)
\C _ } | é

l.'x_ 3). HIL‘ Iinteraction l“L'H\L'L'Il I]L'l‘_,‘lll .!fi,] IreCtion O 1OoCOMOTIoOonNn was not st1nan

7 7)

cant, F(1,. 16) 1.00. b 2

IIIL' AVCTALZC response tme was not signiric ':I'.'!H Jdirerent I"Lik‘u't'!i I N¢ !'t]'-_j!l con

dition (M (4. ms. SD 217.5) and the low condition (M [ {4 ms. SD

242.0).t < 1.

Discussion

Findings generally confirmed the notion of attentional narrowing (Bacon, 1974:
Easterbrook, 1959; see also Murray & Janelle, 2003) in that participants detected

fewer lights in the high-anxiety condition than in the low-anxiety condition. Ap-
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parently, in the high-anxiety condition attention was more narrowly focused on in-
tformation relevant for climbing, whereas information that was less relevant for
climbing at that moment (projected lights) was overlooked.

[t should be noted that under anxiety the reduction in the number of lights de-
tected occurred despite the ftact that in the low-anxiety condition the number of
lights detected was already low (about 25%). In the analyses presented in the pre-
ceding section, which were based on 16 lichts (8 ahead and 8 behind lights), 43% of
the ahead and 15% of the behind lights were detected in the low-anxiety condi-
tion. | his indicates that “merely” climbing on the climbing wall is already attention
consuming. In the high-anxiety condition only 23% ot the ahead lights and 4% ot
the behind lights were detected, showing that almost all of the lights projected be-
hind the climbers were missed and only a fourth of the lights projected in front of
Ilic ( ]lllll‘L'I'- WCIC -L{UIL*L'IUL].

In short, the results point in the direction of attentional narrowing because
more lights went undetected in the high-anxiety condition. However, as Janelle et
. (1999) remarked, the mechanisms of attentional narrowing and distraction
could be operative simultaneously. Instead of focusing on task execution per se
(climbing and detecting lights), participants may have been focusing on internally
distracting stimuli such as worries and negative thoughts (also) leading to the de-
tection of fewer lights. Visual search data may shed more light on the precise
changes that occur under anxiety in visually attending to specific locations on the
climbing wall (ct. Murray & Janelle, 2003; Williams & Elliott, 1999).

GENERAL DISCUSSION

.]. Gibson (1979/1986) suggested that the environment is perceived in actor-rel-
evant terms, that is, in terms of what an actor can do with and in the environ-
ment. In keeping with this notion, research has shown that changes in one’s po-
IL'I!II.il () dCH ]li[]llk'lli_k’ il]L' }‘1‘]'&1']‘"111*]1 of action }‘t*.ﬂwil"illlik'\ (L‘.‘;_{., HlLI”J k&
Prottitt, 1999; Pijpers et al., in press; Proftitt et al., 1995). Based on that idea, we
assumed that changes in the actor’s emotional state that lead !tﬁkllnliuu~ in his
or her action capabilities will also lead to changes in the perception of those ac-
tion possibilities. Perception—action experiments on a climbing wall allowed us to
investigate the influence of the actor’s emotional state—anxiety—on perceiving
and realizing affordances.

IL\rtrHHUIH ] JUHM\N*Hﬁka}IMII Hl\uﬂ\'rquuL\IlﬁﬂlllkﬂlLﬂYcJ JH&IJ(IUJI

maximal reaching height. Subsequently, in Experiment 2 and in line with the re-

sults of Experiment |, anxiety was found to attect the realization of action possibili-
ties, leading to the use of more holds on the same traverse. Experiment 3 particu-
larly provided support for attentional narrowing as an additional underlying
mechanism (on top of the reduction of perceived and actual maximal reaching

height) of the anxiety-induced changes in realizing atfordances, as found in Experi-
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ment 2. Note that grasping holds that are easily within reach rather than at the
maximum of one’s reachability is consistent with attentional narrowing. If atten-
tion narrows, one is bound to grasp those holds that are closer and still within one’s
field of attention. Of course, these results do not discard the possibility that, in Ex-
periment 2, the use of more holds retlects a more conservative and safer climbing
strategy independent of attentional narrowing.

The tindings of Experiments | and 3 indicate that anxiety affects the detection
of information about the action possibilities in the environment, whereas the tind-
ings of Experiment 2 (and Experiment 1) suggest that anxiety constrains the real-
ization of action possibilities. In our view, these tindings suggest how, from an eco-
It‘L’lLll] POINi Of view, Illt‘ ]“t‘l"kL‘l‘[ltlll ‘Ilhl I'u:iiIZ.lIIHI'l Of JHHI'JEIIRLW H‘llelH l"L‘
understood in situations in which emotional processes are in play.

As an entry point to discussing the theoretical implications, it is useful to first
turn to the results of Jiang and colleagues (Jiang & Mark, 1994, Jiang, Mark, An-
derson, & Domm, 1993) on the perception of gap crossability. They found that,
when individuals had to judge whether they could step over a gap, their estimates

of crossable gap width decreased as gap depth increased. This finding seems to refer

to a process similar to that addressed in this study in that increased gap depth led to

increased anxiety, which in turn attected the perception of gap crossing capability.
How CVCI, ]Lill‘;.f and u‘“t.l!ilt* x_ll‘wl“lllk‘\l that CIMOLTI nal PIOCCSSCS WETC Cdausing ll'lL‘
more conservative assessments. | hey attempted to substantiate this claim by
showing that estimates of gap crossing capability critically depended on where ob-
servers directed their gaze. When looking down into the gap, participants tended
to underestimate their capabilities more than when they looked toward the hori-
zon. T his explanation, however, does not preclude the possibility that gaze direc-
tion and emotional processes covaried (ct. Janelle et al., 1999; Murray & Janelle,
2003; Williams & Elliott, 1999; Williams, Vickers, & Rodrigues, 2002), that is,
when participants looked down into the gap, they may have ftelt some fear of the
depth resulting from the increased risk to their safety. When they looked at the ho-
rizon, participants may have felt no fear or less fear. Hence, anxiety might have
played a role in the observed changes in the perception of gap crossability.

In line with previous findings (e.g., Bhalla & Profttitt, 1999; Proffitt et al., 1995),
we once more found support for the intricate relation between the perception and
the realization of action possibilities. An observer who is in a threatening environ.
ment will pick up information about that environment as well as information about
his or her own (emotional) state. The latter will deviate from ordinary feelings, sen-
sations, and so forth, and the observer will behave accordingly. As such, the anxi-
ety-induced bodily and physiological reactions are part and parcel of the properties
of the animal-environment system in which affordances are perceived and real-
ized. Many studies have reported all kinds ot bodily changes under threatening
conditions (e.g., Brooke & Long, 1987; Frijda, 1986; Weinberg & Hunt, 1976).
Given the mutuality of observer and environment, it follows that changes in action

capabilities will be detected, which will affect the individual's perception of
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aftordances. Using a similar serup to that used in this study, Pijpers et al. (2003)
demonstrated considerable and significant increases in blood lactate concentra-
tion and muscle fatigue under anxiety. Evidently, the environment affected the
neuromuscular system and participants accounted for these effects when asked to
judge their maximal reaching height in that environment. Hence, anxiety-induced
changes in action u_;l}“;llﬁl]lliu\ closely Ll‘l_rk”“*["'l"‘”kll..'xl to changes in the perception
and realization of affordances.

In conclusion, an actor’s emotional state affects the perception and realization
of affordances in a manner that is consistent with the changes that accompany this
emotional state, such as changes in attention and actual action capabilities. Rather
than portraying this emotional state as a SPe okv and subjective variable, this once
more emphasizes the intricate relations between actor and environment and per-

tt;}“fit‘li ~_iI‘m] ACT1010.
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Perceiving Affordances of Hockey
Sticks by Dynamic Touch
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['he haptic subsystem of dynamic touch is sensitive to the relation between a held ob-
ject’s distribution of mass and the object’s aftordances. In four experiments partici-
pants used dynamic touch to gauge the suitability of ditferently weighted hockey
sticks for pertorming power (transierring m ximal force) and precision (intercepting
a moving object) actions. Results showed that perceivers could use dynamic touch to
perceive the affordances of the hockey sticks. Perceptual sensitivity to action-rele-
vant object properties was modified when novice participants were given the oppor-
tunity to discover subtle task constraints by actually performing the hockey tasks. Ex-
pert (collegiate-level) hockey players’ ratings retlected attunement to the constraints

that prompted changes in novices' responses.

In daily lite, people frequently hold and manipulate objects such as pens, utensils,

and sports implements (e.g., rackets or hockey sticks). When perceivers hold an
object and use it to perform a given task, they are using muscular effort to over-
come and control the object’s inherent resistance to being moved (i.e., its inertia).
[his type of muscular exertion, in combination with stimulation of mechano-
receptors in the skin and other tissues, has been termed kinesthetic touch (Loomis &
Lederman, 1986) or dynamic touch (J. J. Gibson, 1966). People’s ability to success-
fully perceive object properties such as length and orientation implies that dynamic
hvnkfllﬂulqid‘k'tﬂ registeriny th*ﬂ!mﬂlmlllhtﬂ “PU&I“LW lht“«'tdﬁf(f[”ﬁﬁpcrﬂxw.
Research has shown that perceptions of a hand-held object using dynamic touch

are constrained by the object’s spatial distribution of mass, or, in other words, by the

object’s inertial properties (see Carello & Turvey, 2000, 2004; Turvey, 1996; lur-
vey & Carello, 1995).

\ "i!i,'“[‘*']i.ik'Th - "-E'i' l]Li I .iniu_l!t"‘t'-l 1 \1||1-. i'..h: \. H..'}ll.'\. \1[ h'\%rf\. I‘t__' Yarrment 1I! I‘I““hklli'll":\.
|
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Dynamic touch also allows users of implements to perceive the utility of a

given implement for a given task—in other words, to perceive an implement’s

at,fmJ..mL‘L'w (_l. . Gibson, 1979/1986), or the purposes 1or which the implement
can be used by a given actor (Carello, 2004). A number of studies have investi-
gated the perception of affordances by kinesthetic or dynamic touch (Bingham,
Schmidt, & Rosenblum, 1989; Solomon & Turvey, 1988; Turvey, Shockley, &
Carello, 1999; Wagman & Carello, 2001, 2003; Wagman & Taylor, 2004). The
bulk of recent research on perceiving atfordances by dynamic touch has been fo-
cused on the issue of tool use. Those studies were motivated, in part, by Kreifeldt
and Chuang’s (1979) observation that an object’s moment of inertia (its resis-
(ance to rotational ._iL.LL']t.'I'.iIlHIl} IS an 1mporcant contributor to the “teel” of a
tool. In accordance with that observation, Wagman and Carello (2001) found
that people are sensitive to inertial characteristics of hand-held tools and that
specific higher-order inertial properties (inertia ellipsoid volume, symmetry, and
eigenvector orientation) constrained the perception of a tool’s attordances by dy-
namic touch (see also Pagano & Turvey, 1998). They also demonstrated that
people are able to choose a hand-held object (or identity where to grasp an ob-
ject) to maximize its utility for either hammering or poking tasks. Their partici-
pants designated as the best hammers objects for which the mass concentration
was farthest from TIIL‘ point of grasp and as the best }"t'*l\l.‘! the ODJCCH 1\11[1 !I']&.'
mass concentration closest to the point of grasp. The authors concluded that
people are sensitive to how inertial properties are informative about an object’s
utility.

In subsequent research, Wagman and Carello (2003) tound that participants
1-1||l"'fk't]. l]h‘ll' ( !ll‘lt ¢ Ol grasp position ik.l,f']'\iif"h: LO) IIHU. []11."\ WCIC ILA[HII&'J (O USC
1) “I"lk'kf. ‘ﬂl].i\[‘ POSITION ll't.'lilll'\ ¢ [O I}“lt_‘ I-u AC10N Of an t‘l‘]a‘kfl center of mass)
ittects the rotational inertia ot the object. When power movements were empha-
sized over pPrecision contre |, participants gi !~-]‘-Hi so that the objects’ mass was
concentrated further from the point of grasp. When precision was emphasized,

Srasp positions were hosen that resulted in the objects’ mass b L COTIC entrated
closer to the point of grasp. In a later study, Wagman and Taylor (2004) tound
that task constraints (power vs. precision tasks) and grasp position interactively
influenced the choice of striking location for hand-held objects, and, moreover,
that lllk IIII]II&‘HL ¢ of those [ACTOrs was fk'].Tlt'-.I [O variations in mnerti | kl].il.i'{[k'f"
istics of the objects. Bongers (2001) similarly found that perception ot attord-
ances of hand-held objects by dynamic touch is also constrained by the relation
|‘L"E1\.L'k'!l Tlik' n\l‘tL‘k! ~!Ilul II"IL' LUSCT

['his research used the sport of ice hockey as a context for investigating the

role of dynamic touch in the perception of atfordances of hand-held implements.

Sports such as tennis and hockey require players to use hand-held equipment

while visually attending to aspects of the sport other than the hand-held object.
[ he demands of those sports often require precise positioning of hand-held im-

plements within very narrow temporal limits and wielding the implements in
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such a way as to impart large amounts of force on small targets. Such sports thus
provide an ideal context for investigating the fluidity of dynamic touch in sub-
serving tool use and for investigating the processes of perceptual learning that
are presumably related to skilled tool use (Lockman, 2000). Several studies along
those lines have been conducted regarding users’ perceptions of tennis rackets
(Brody, 2000; Carello, Thuot, Anderson, & Turvey, 1999; Carello, Thuot, &
[urvey, 2000), and have demonstrated that both novices and experts are sensi-
tive to action-relevant racket properties such as the location of the racket’s sweet
SPOL.

[n this study we investigated perceiver sensitivity to the atfordances of hockey
sticks for either power (transterring maximal force to a puck) or precision tasks (pre-
cisely controlling the stick to intercept a small, moving object; cf. Wagman &
Carello, 2001). We manipulated the inertial properties of hockey sticks by weighting
the sticks in different configurations. These manipulations had consequences for
how the sticks were actually suited tor performing power and precision tasks—a pri-
ori, by the laws of mechanics, a bottom-weighted stick allows the user to transfer
more force from the stick to the puck, and a top-weighted stick (by virtue of its rela-
tively lower rotational inertia) is easier to control and maneuver. By analogy, a
sledgehammer is very eftective for hammering but precise control of the weighted
end is difficult when the hammer is grasped at the handle-end; if instead grasped at
the weighted end, the hammer would be easier to control but comparatively ineftec-
tive for hammering.

['he tirst aim of this project was to determine whether perceivers could per-
ceive the affordances of the hockey sticks, that is, whether participants could
produce accurate judgments of the suitability of difterently weighted hockey
sticks for power or precision tasks (Experiment 1). We expected that participants
could perceive the aftordances of a hand-held implement for power and precision
actions—in other words, that their ratings would accurately reflect the utility of
the differently weighted sticks ftor the power and precision tasks (cf. Wagman &
(.I.H'L'”ih :L\Sl ). \ NOA L"I feature of oul {'L‘HL‘.}MEI 1S IILII \.\It‘ldll'l*_’ o I}UL'LU\' ﬂlt.lx 1S
. bimanual action. Two-handed wielding requires coordinating the activities of

the two hands and requires the two hands to function, in a sense, as a single per-

ceptual device, even though the two hands grasp the hockey stick at spatially

distinct points along the stick’s length. Previous research on dynamic touch has
almost exclusively focused on unimanual wielding (typically using smaller ob-
jects). Carello, Shockley, Harrison, Richardson, and Turvey (2003) examined
bimanual wielding, but only in the case when the two hands were used in an
overlapping grasp (one hand on top of the other).

The "‘*L'L*‘Hk{ A1IM was to kIL'IL’I']HHiL‘ T!IL‘ elrects ol PCTC L'[“‘Ill;il-'lllﬂlt"l' L‘T\’}“L‘I'iL‘HL'L'
on affordance perception. More specifically, we were interested in the eftects of
exploratory or information-generating activity (Bingham et al., 1989; Oudejans,
Michaels, Bakker, & Dolné, 1996) and perceptual learning (e.g., E. J. Gibson &

Pick, 2000). In Experiment 2 we hypothesized that actually performing power
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and precision tasks with the hockey sticks would enhance participants’ prefer-
ences for the differently weighted sticks—bottom-weighted sticks would be more

clearly favored for the power task, and top-weighted sticks for the precision task.

3

Experiment 3 was conducted to test an alternative hypothesis that was formu-

.}

lated after obtaining unanticipated results in Experiment 2. Experiment 4 was
conducted to determine the eftects of hockey expertise on perceptual sensitivity
to the suitability of the difterently weighted hockey sticks for power and preci-
sion tasks. Carello et al. (1999) tound that expert tennis players were generally
no more accurate or reliable than novices at identitying the location of a racket’s
or a rod’s sweet spot or at perceiving racket or rod length. However, although i
is the case that the location of a racket’s sweet SPOI LH']\I* to a lesser cxXiens, the

' |
racket’s length) has consequences tor the control of action when using the

racket, the perceptual judgments obtained by Carello et al. were not explicitly
formulated as atfordance judgments, nor were their participants required to rate
the utility or suitability of the rackets or rods for striking a ball. The role of ex-
pertise in perceiving the affordances ot an implement for particular types of tasks
l}lih [CIIALS EIHLIM'\HL \\k L"\l"k_‘kh_ki *- CXpPert ]lt'Li‘\L"‘x II IVCIS '*.\n*!LIu.i |“t; 1{-
tuned to the properties of hockey sticks that reflect the demands of precision ang

POWCET actions 1n the context of ice hockey

EXPERIMENT 1

Previous research has suggested that the perceived aftfordances of a held ol

for hammering and poking are influenced by the object’s mass distribution (e.g.,
Wagman & Carello, 2001, 2003). Those authors found that a poking action was
best served by an object whose mass was concentrated nearest the point of grasp.
In contrast, the best hammer was characterized by a mass concentration furthest
from the point of grasp. In Experiment 1, we determined whether perceptions ot
the tunctionality of a hockey stick would similarly depend on the stick’s mass dis-
tribution. lﬁ.”-l]kllxuilll" wielded the hockey sticks with two hands and then rated
the sticks (which were ‘xn'l'-_f[llk'x{ at different POINTS .i]m'!]:_' their |a_‘l‘.'__‘1i1x\ tor their
suitability for performing either a torcetul movement (power condition) or a pre-
cision maneuver (precision condition). The power-hitting and precision-intercep-
tion conditions were designed to parallel the hammering and poking conditions
employed by Wagman and Carello, in that both hammering and power hitting
emphasize the transter of power and both poking and precision interception re-
quire fine control over the held object and maneuverability. It people are capable
of perceiving the sticks that optimally attord power hitting and precision inter-
ception, then the manipulation of mass distribution should have a systematic et-
fect on participants ratings of the sticks for power and precision tasks: Hockey
sticks with a mass concentration furthest from the point of grasp (greater mo-

| 1
ment of inertia) should be prefterred for exerting force, whereas sticks with a
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mass concentration closest to the point of grasp (lower moment of inertia)
\[h*lllki I“L‘ PCTCCIN ﬁ.'kl AS TNOSH Hlll'IJ!I‘EL' [Or k't*llg{llt_"[iﬂt_{ |ll‘__‘fll]\' LHIHFH“L‘d Or I‘-FL‘L"i*
sion movements. In Experiment 1 we sought to extend the paradigm of Wagman
and colleagues into a new task domain, hockey, and to the case of bimanual per-
ception action in which the two hands functioned as a single }"‘*L‘I‘(L‘]"lll;l] device.
This allowed us in subsequent experiments to address the role of perception—ac-
tion experience in perceiving affordances by dynamic touch, an issue that re-
ceived only scant attention (and vielded null results) in previous research on dy-

AlniC Itlllt.]] ‘illai IE]&' .'illn.*l'\l-_tlkk"* Ol ]! Hlxl’lil_'lki Tt"t"l“- (\\:l;’ﬂhil'l ™ (:lﬁ.‘“t‘. Jk\l:‘[,

b,

Experiment 3).

Method

Participants. Twelve men and one woman participated. They were Uni-
versity of Cincinnati undergraduates enrolled in an introductory psychology
course and they fulfilled a course requirement by participating. They ranged in
age from 18 to 27 vears (M = 20.0 vrs: SD = 3.0 yrs) and averaged 179.4 cm in
height (SD 7.6 cm). One participant reported playing recreational street
hockey on occasion as a child, but was not involved in competitive or organized
hockey. All other participants had no hockey experience whatsoever. The partic-
ipant who played street hockey did not exhibit a distinct pattern of results com-
pared to the other participants, so his data were included in all analyses. Partici-
pants did not have a history of disease or maltunction of their neuromuscular,
vestibular, or skeletal system. Participants in all experiments signed an approved

informed consent document.

Apparatus. Participants held and wielded three differently weighted,

I‘I';_'_}H--}J.lfh.!u!, Nike *._jm st 2 wooden hockey sticks \SCC Figure 1). [ he sticks were

)

162 cm long and were composed of fiberglass-wrapped solid aspen. Two 100 g metal
weights were attached to the shaft of each stick using adhesive at one of three loca-

L1O1)S. \lk"lki”]'_f IIHIL'L' li”]ulllk' 111085 kh“"TI'll"l”]tlll k't"”t]-”l'-}fl‘“\. lHlt‘J[ [L‘\Il]]: ]'t‘\'L‘{!lL‘kI

that the three differently weighted sticks were distinguishable by dvnamic touch.

[ he added weights were placed at locations along the shatt of the sticks that would
have produced approximately equal changes in the location of the center of per-
cussion (CP) of straight, unitormly dense sticks of comparable size to the hockey

sticks. Research has shown that people are haptically sensitive to the location of

re irregularly shaped and were not unitormly
ination of the point of rotation, it was ditfi

T |-*I ii‘.!* TCASOT, :ILf ‘}“a‘x.hiu' PTCCIN estl-

the aims of this Project, we Jdid not ¢ mpute esti
mass location u-ﬁlhi‘.“- s 1N gu tliT.ilI\ ¢ ICTrms (Tm*[‘ .

rather than using Juantiranve \[L"*‘-. FpLors “‘liLll AS 0

11
I'tid -_'!11;‘~»- '].! \-*EHIH;' O svVinmetry.
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f *IN . ] ] | 1 i
the CP of uniformlyv dense wooden rods and of tennis rackets (Carello et al.. 1999:

1 Ta"a’™a

\ ?.lIL’llt‘ et al.. ZUWV).

[0 mask the weight location, low-density foam blocks were taped around all

Il]lL‘L' ["i"L'Illl.iI W k'l'__'l” [i‘t_ IT1ON)S, ey ih”tﬂ ) Ti'a' iLHl.il \\L_']L_'iﬁ ]n. CAt10n, SO '.ll 1
[llk' ‘*lel-w WCILC “-.I‘*-fl.!”\ 1u.lL'IEIlt..!|. ]'.* klkIF]] ircate vl ih;‘ It‘t.i“"ﬂ (1) i‘ilL' ST L.w, WO
pieces of Velcro were adhered to each stick at a position 5.5 cm (left hand) and 59.C

cm (right hand) from the t P end of the stick (i.e., the nonbladed end). | he soft,

HI- M ]” '“*hik' ) 11]'-; \Ii'lk [0 WAS II*-L'J O] I‘Ii]“ UL POSC.

Procedure. | he CXpPeriment was conducted in a large, Oopen room that was

1)

of sufficient size to allow participants to freely swing a hockey stick. Participants
wielded and rated each stick for its suitability for power or precision action with
their eyes closed. In contrast to most previous research on dynamic touch, par
ticipants held and wielded the hockey sticks with two hands. The Velcro strips
indicated the grasp location for the right and lett hands and provided the tactile

*

]
[k‘k\.“" Hl\ necessdary 1o !t‘k 1% IllL' COITCCI el ]‘-"‘Hlt*fi \KII]IHHT [NC Use Of VIsion.

Participants closed their eyes, wielded a given stick for as long as they deemed

L ] L ] I
necessary, and then verbally rated the stick using a 7-point scale from 1 (not at

l] g . ' \ . - " .
all suited to the task) to 7 (ideally suited to the task). Participants were encouragec

|
|

to employ the full range of the rating scale to accurately retlect their perceive

differences in utility amone the sticks tor the given task. T he same scale and ver-

bal rating method were used by Waegman and Carello (2001)

|
[O assess the per-

ceived suitability of rods for power and precision tasks. In later research,
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Wagman and colleagues replaced the verbal rating method with a method that
required participants to choose the location of grasp position (Wagman &
Carello, 2003) or point along the object at which optimal contact with a target
object could be made (Wagman & Taylor, 2004) tor power and precision tasks.
The results of those later studies were consistent with the results obtained using
verbal ratings. In Wagman and Carello (2001), participants tended to rate dis-
tally weighted objects as superior for hammering; in Wagman and Carello (2003)
if participants were asked to grasp an object to use for power hammering they
tended to grasp the object in such a way that the mass of the object was distally
concentrated. These results suggest that the verbal rating method, despite being
somewhat unsophisticated, possesses validity.

In the power condition participants were asked to make judgments of the suit-
ability of each of the three modified hockey sticks tor transferring power to a struck
nl‘*]L‘U. I'lmr 1S, Tin;\ Were LIHLL‘J tO rate I]n‘ HTIuL’H On ll}t.' kIL‘*_,’I‘a,‘L‘ O \\'IliL'll th‘\' (UIIH
swing the stick to generate the most force. For the precision rating task, partici-
pants were asked to rate the sticks on the degree to which they could accurately
maneuver them. They were asked to consider maneuverability when using the
stick’s blade to intercept an object moving past them, and to rate the degree of ease
with which they could maneuver or position the stick’s blade to make a quick and
accurate interception. Participants did not actually use the sticks to perform power

or precision tasks that involved striking another object.

Design and data analysis. Rating condition (power vs. precision) order

was blocked and counterbalanced across participants. The order in which partici-
pants wielded the sticks was randomized within blocks. There were two rating con-
ditions (power and precision) and three mass distribution conditions (mass at the
top, middle, or bottom of the hockey stick), vielding six total conditions. Four repe-
titions per condition yielded 24 trials. Stick ratings were averaged across repeated
trials in each condition for each participant. The two rating conditions (power and
precision) were assessed separ itely using two I'a'[‘ullul-I!lutiw!l!'t.'* analyses of vari-

ANCE E_.\\\ WAS).

Results

Power task. Themeans andstandard deviations of the ratings of the top, mid-
dle, and bottom mass location conditions were, respectively, M = 3.22, SD = 1.33;
M = 5.06,5D = 0.89;and M = 5.39,SD = 1.43. A repeated-measures ANOVA re-

vealed a statistically significant main etfect ot mass location, F(2, 24) = 9.05,p < .01,

Cohen'sfeftectsize (Cohen, 1977) = 0.97. There was a trend for participants to favor
the bottom-weighted stick. Bonterroni-Dunn post hoc comparisons revealed signifi-
cant differences between ratings of the top- and bottom-weighted sticks, p < .001,
.IIIJ I“L‘I\\k‘k‘ll raringes ol I]]L,' | p- ,IIL{ It'llkl-h“r*u L‘i*_!hlt_‘ul \IiL'I-(ﬁ]’ < .DI. I"lll Not l"UH’t'L'L‘H

the middle- and bortom-weighted sticks, p > .05.




170 HOVE, RILEY, SHOCKLEY

Precision task. The means and standard deviations of the ratings for the
top, middle, and bottom mass location conditions were, respectively, M = 6.28, SD

0.70; M 4.03, SD = 142, M = 35.12, SD = 1.20. A repeated-measures
ANOVA revealed a significant main effect of mass location, F(2, 24) = 82.18, p -

001, f = 2.62. Participants preferred the top-weighted stick for the precision task.

\ TR R

All three pair-wise comparisons were significant, p < .001, according to

HHIIYL'I‘IR "I]l-“lllﬂl o ST llt WC [EeSIS.

Discussion

[ he results of Experiment 1 were consistent with the hypothesis that was formu-

ated based on the findings of Wagman and Carello (2001, 2003). Participants

referred the stick with the mass concentrated fturthest away from the point of

:Iﬂlwi" \\Iik']lxIL'frITllll]lT]Q [Ilk' STIC L‘H 1]“L'T]”I}k'“‘ [OT exerting rorce. III CONIrast, [ﬂlf'

| 1

Hxl|“.tlll‘~ ]‘IK‘TL'II'L_\I (e ‘*”kl‘\ kkl[ll d TT1ASS \Iiﬂlt‘[‘ll‘{'it‘ll u*llu._'llil'.ihxl Nnearcest I}]L‘

point or grasp when rating the sticks usefulness for a I“I'n'(lﬂl-.w:f control task.
[hose preterences were in accordance with the actual utility of the difterently
\\L'l'._']iitxi sticks for POWCEI and PICCISIOn tasks the l“‘t'{T_Hlllf‘x\gl'_ji'tft.'d' STIC K Wi IHIL{
allow the user to transter more force from the stick to the puck, and the
top-weighted stick (by virtue of its relatively lower rotational inertia) would be

i

easier to control and maneuver. Even though participants in this investigation
did not have ice hockey playing experience (with the exception of one partici-
P.IIIT ‘x'\[lt" I1'I.1\x'k] I't'klk'.illt*li.illk AS d LII]]\.l]. T];a"‘-‘ WCEIC .il‘ ¢ 1O i-xlt'ltf:f‘\ Tli‘n.' LT1EASS
distribution that would function best under each task condition.

The similarity of the results of this study to those of Wagman and Carello

Y\ 2 A

1 1 1
(ZUU D) stems Hnﬂlli]hflIHaHWWKHiﬁ “HIH!tH[H ()] th‘k*WI‘HﬂH]H* ) ThL [askKs ftor

which the objects were rated. Both Wagman and Carello’s hammering condition

and the power condition of this experiment reflected tasks that maximize the

transter of force using a held object or tool. The poking and precision conditions

both retlected tasks constrained by the directed, precise application ot torce with
a held tool. Both studies demonstrated people’s ability to use dynamic touch to

discriminate objects with reterence to the force and precision control require-

ments of different tasks, based on variations in the objects’ mass distributions.
This study represented an extension of that work by generalizing the experimen-
tal paradigm to two-handed wielding, in which the two hands function as a sin-
ole PCT( L'|‘*Ill_i' device.

| hese results were also consistent with Wagman and Carello’s (2003) results
in that they indicated an object’s resistance to rotation, which depends directly
on the object’s mass distribution, is an informative variable on which to base per
ceptions of the object’s utility for difterent behaviors. In other words, perceptions
Of a Il.tl'nlfl'lk‘I\i H“‘]L'u.l'*w affordances may be based on how I]lL' l\}"in'kl FCSISES [I“IL‘
exploratory wielding actions that perceivers undertake during dynamic touch
(e.g., Carello & Turvey, 2004; Turvey & Carello, 1995; Turvey, 1996). For both

—
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the power and precision conditions the manipulation of mass location produced
SIrony L‘”L'L (S On ll‘n; PCrC L'P[lhli Cpe \Its. PH‘-L‘ k‘l“*t_'l'\'t'kl wl“k‘L'lTlL'iH' Of [llL' I"L'rtl_‘i\'t"kl
affordances of the hockey sticks to the sticks’ rotational inertia is consistent with
previous studies indicating that a wielded object’s affordances have a material
basis in the spatial distribution of the mass of the stick. Therefore, accurate per-
ception of those affordances should also vary as a function of the stick’s mass dis-
tribution.

Whereas participants in this experiment were able ro identify which mass distri-
bution would function best under the power and precision conditions, they were
not given the opportunity to actually perform those actions with the hockey
sticks—thev wielded the sticks, but did not engage them in an actual task-relevant
action. Doing so may serve to fine-tune their ratings. Experiment 2 was designed to
issess whether performing a task-relevant action would intluence |"k'I'L'L‘l\'L‘l'“-' Sensi-

tivity to the sticks’ suitability for power and precision tasks.

EXPERIMENT 2

Experiment 1 demonstrated that participants were able to perceive a hockey
stick’s functionality by virtue of wielding the stick, without actually using the
stick for the intended tasks and despite the fact that all but one participant were
unfamiliar with hockey sticks and lacked hockey playing experience. However, it
is possible that experience using the sticks for power and precision tasks could
serve to fine-tune participants’ responses (ct. Wagman & Carello, 2001). That is,
their perceptu ] CXPCTICICC could be enriched by the Oopportunity to ["‘L‘I'IHFI]I Al
action with the sticks, and thus could lead to a different pattern of postaction re-
sponding when compared to preaction ratings. Using the sticks for power and
precision actions could help participants identify the best mass distribution for

IIIL‘ I.i%!\*. IL'.IthL:. }”‘t:l'll.l}M (O d morge I +HHI]I“:LC~.1 ]‘I'L'IL'I'L‘I]L‘L‘ for the I“UHU]H# ;tlhi

Ti]]\"\\.l_'}‘._thlk'xl sticks tor those respectve rasks. Illlk'lk‘fﬂl'tj. we expected Sronger
eftects of mass distribution following the action phases tor power and precision

l.!*‘lx‘-,

Method

Participants. Nine undergraduate men and 11 undereraduate women at
the University of Cincinnati [‘.il"hu‘.ihxl in this L'xpu'nm’m 1N t‘.\'d];ll]ut tor
course credit. Their ages ranged between 18 and 32 vears (M 19.0 vrs: SD =

3.1 vrs). Thev averaced 172.7 ¢cm tall (SD 1.1 ¢cm). None had anv hockey

}“l,i\'lllf_f L'\PL'HL'Hk B

Apparatus. The same sticks as in Experiment | were used. For the power ac-
Pl l !

tion tasks, participants used the sticks to strike a street hockey puck (111.9 g, 7.6
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cm diameter X 2.5 cm tall) into a block of foam padding (142 cm wide X 181 ¢cm
tall). The foam pad was located approximately 125 ¢m in front ot the puck and
served to absorb the puck’s impact atter a shot. For the precision action tasks, par-
LICIPANTS !Imkl LO INTercept an ud“ltu [ all ik}lgyi LO) r}“tﬂ1x{lﬂlllih .Iiit I”RWIRIIJlIIH COn-

sisted of a pulley wheel that was fixed to a small board and bolted to the laboraton

—

t.tj]l-ll];'. ] '1( SWINnging arm ol 1IIL' [‘Ulla’lll‘.ll‘;i WS o T]\,:!L] WK ‘xl k{tﬁ.\k'l {] { < CII [*.*111_')

that was attached to the center groove of the pulley wheel and adjusted in length to

hane 73 cm from the eround when at its vertical haneing position. A small rubber
|

1

ball (4 cm in diameter) was attached to the end of the dowel and constituted the

tarvet 1o l“‘a_‘ IHM‘IKL'[‘HE{ \\H]’l I}'iL‘ center or 1

1 1 1 3
e f‘ylle'iif !llt'iiarL Lk“x ST1CK. l'::llft' 4

depicts the pendulum and its trajectory.

Procedure. Iilfiikl]ﬂill[w IN Experiment ! engaged in three sCeparate }41.1~u~ [O]
l‘\1i|] IIIL POWCI .III«] PICCISION U*lhi]!it‘!!*«. I hoOs¢ cxperiment }“li,f‘w‘* WETC preaction
FAt1nys, 'IH_' ACT1OT) [“']il.lw‘. .I!‘n.l [‘t'*[;IL[lt'll FAlINYs, l‘.il'!ILIi‘.lllIH ;“a‘l.h *IHH;-.': !Il IIH'L*L'
]“IL!HL'H consecutively for a given iWCIk‘Lﬂ‘fll.” rating task. In Illl'}’lt‘ nd PoOstaction
phases participants performed the same rating tasks, using the same scale, as in Ex-
periment 1. Because the additional experiment phases substantially lengthened
the experiment duration, only two trials per condition (total of 12 rating trials: 3
sticks X two tasks) were conducted.

[ he action phases intervened between the pre- and postaction rating phases.
No performance or rating data were collected during the action phase trials: The

only purpose of the trials was to give participants experience using the hockey

alli._'l\*n () l‘g'I'IHI'IH ACTIONS I't‘lt.'\ AN TO [Ill_' ratringy | i*Ir\‘*. ]:‘k‘t*iliw' I]"IC' ;«.lCtL 18 [‘ILML‘“ ¢~

quired visual guidance, participants completed them with the eyes open. Condi-
tion order (power vs. precision task) was blocked across participants so that halt of

the participants started with the power condition, and half started with the preci-
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sion condition. For the action phase tasks (described following in more detail), par-
cIcipants used each of the sticks to hit .l[‘llLLg ({HN\\LW't;LH]a{iIhili} tﬂ'ilI[UI\LC[“I the
ball swinging on the pendulum (precision condition) five times with each stick. No
explicit feedback about task performance was given to the participant, although
participants could see the results of their actions and thus had a means of gauging
their success using the different sticks for the different tasks. All five repetitions
with a given stick were performed in a single block of trials. Stick order was courn-

terbalanced across participants. A total of 30 action phase trials (2 conditions X 5

I‘t'[\"'”h‘!‘lﬁ % “HLL“*) Werge kt"'IIJHLTL'a].

Action phase tasks. The action phase of the power condition involved hit-
ting the street hockey puck with each of the hockey sticks. The participant’s task
was to hit the puck, which was positioned 96 cm in front of the left foot, into the
large foam pad. Foot placement for the hirting rask was specitied with tape mark-
ings on the tloor; the left and right teet were spaced 45 cm apart. These dimensions
for foot and puck placement represented a comfortable stance for conducting a
slap shot based on the stick length and grip position used in the experiment. Partic-
ipants stood facing in the direction of the puck, oriented so as to hit the puck into
the foam pad.

The action phase of the precision condition involved maneuvering a hockey
stick to intercept the ball at the end of the swinging pendulum. Although the
pendulum-interception task is less representative of hockey tasks such as inter-
LU[Wirnj.!lWIkL thlHl:.iLr*HH | Surtace, Hk‘kl‘*“L*[ln“ Intercepron Li\k hLi}IUHU 1t
was possible to achieve a greater amount of control over the trajectory of an ob-
ject attached to a pendulum than an object sliding across the tloor. Participants
stood with their teet 30 CIn apari while htJJHI!i*Ht Hll|ﬂ:[|ﬂ\iﬁlhitku\ ﬂltkﬂ.
At the beginning of each trial, the participant rested the hockey stick blade on
the floor 70 ¢cm to the right of his or her right foot. A piece of tape on the floor
indicated where to rest the blade. Participants taced the pendulum, which fol-
lowed a path along a perpendicular trajectory 115 ¢cm in front of where the par-
ticipants stood. The pendulum trajectory started from the right and swung to the
left side of the standing participant. At the start of each trial, the experimenter
held the pendulum 114 cm from its vertical hanging position betore letting it tall
and swing. Participants watched the pendulum swing from their right side, pass
through its full range of motion (i.e., a half cycle), and reverse direction back to-

K\.!rklfllx }“HtrTlull“lIWI. lfsr11L1[“4111~ iﬁt':&'[ll*[filLka\iI" ll]Ifll'U]‘l I|1u I‘Jll \\11L11 Illc

pendulum arm was at its vertical position during the second (return) halt-cycle

sO as to arrest the motion of the ball at that point.

Results

Power task. The means and standard deviations of the ratings in the pre-
action phase of the power condition tor the top-, middle-, and bottom-weight lo-
cations, respectively, were M = 3.40, SD = 1.98; M = 5.05, SD = 1.30; and M
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J Top
Z] Middle
B Bottom

Mean Rating

Pre-action Post-action

Experiment Phase

:'*.:"-\, \D .51 (see }‘l;lll‘k‘ ). [.]!']L' POSTACTION ratings [O1 T!ir*w‘ SAINC TOS]
tive conditions were M 4.68, ND 2.16; M 08, SD | .:1“; .¥Ilki M
4.65, SD = 1.90. A repeated-measures ANOVA showed that there was a signifi-

, .
cant interaction between mass location and cxperiment ]"}i.m; \pre- Vs,

"" -ﬁ 5 - -\-\

postaction), F(Z, 38) 4.80, p < .05, { 0.50. Simple-eftects tests indicated

-—

¥ I : 1

that there was a significant main eftect of mass location in the preaction phase of
the experiment, F(2, 38) = 8.85, p < .001, but not in the postaction phase, p

e

05. Bonterroni-Dunn post hoc comparisons performed on the preaction phase

~ t - ] »
data indicated sientficant difterences between the top- and middle-weighted

sticks and between the top- and bottom-weighted sticks (both p < .01). In sum,

the simple-eftects analyses indicated that tor the preaction phase there was a
‘ " .‘ . '.
tendency to prefer the bottom-weighted stick, but the three sticks were rated

very similarly to one another in the postaction phase. In addition, there was

1

significant increase in the rating of the top-weighted stick in

i 10 l ) I i
(19) 2.74, p < .05, but no pre—post change in the ratings of the mid-
|

‘|¢Tt*IH-R\LW;ﬂITLAI \Th_k“- r - Ay, [!.r Drimnmaarnry .\5\1 \\  \ i[“*'fk lx'iiaxi.i
\

, \

stoniicant main ertecrt of mass lm.ilhrn. f'(-f. ) Y. D < AN 1 .09, |*m

[‘Il 1SC, |

\il\ -”i'\l

the interpretation of that effect must be qualitied by the interaction. The main

¢rect ol cxXperiment {‘Ii.?*k' was not signicant, p

Precision task. |he preaction means and standard deviations of the ratings
for the top, middle, and bottom mass locations, respectively, were M = 6.20, SD
0.91; M = 3.83,5D = 1.65;and M = 3.15, SD = 1.81. The postaction ratings o
those respective conditions were M = 5.98,SD = 1.14; M = 4.05, SD = 1.60; and
M .40, SD 1.85. The mean ratings are presented in Figure 4. A re-
peated-measures ANOVA indicated a significant main effect of mass location,

F(Z, 38 30.11, p < .001, f = 1.26, but no significant main ettect of experiment
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"

] Top
7] Middle
B Bottom

Mean Rating

Fre-action Post-action

Experiment Phase

1 l ] | 1
1Ir's 1ndicate | standard error) tor the Precision

1 ;

phase, F < 1, 0.08, nor an interaction between experiment phase and mass lo-
cation, F < 1, f = 0.18. Post hoc Bonterroni-Dunn comparisons indicated signifi-
cant ditferences between the top- and middle-weighted sticks and between the
top- and bottom-weighted sticks, ps < .001. The top-weighted stick was rated

higher regardless of experiment phase.

Discussion

Participants provided ratings of the sticks’ suitability for power and precision ac-
tions before and atter performing power and precision tasks. Results for the preci-

sion condition were similar across pre- and postaction phases. Participants rated

the top-weighted stick most suitable for performing the interception task both be-

fore and after they had an opportunity to perform the interceptive action. It was
predicted that experience gleaned from actually performing the actions for which
participants rated the sticks would enrich participants’ perceptions regarding each
stick’s suitability for performing the precision interception task. Because the pre-
and postaction ratings were so similar, it is possible that participants were able to
accurately identity the best mass distribution for peri rming the I“l‘k'(l\inn Intercep-
tion action before ever engaging in the behavior, based solely on information ob-
tained from wielding the sticks. The added experience and feedback obtained from
the action phase did not significantly attect participants’ ratings. The small etfect
size of experiment phase (f = 0.08) and rather modest eftect size of the experiment
phase X mass location interaction (f = 0.18) observed tor precision ratings appear
to support our conclusion that added experience did not strongly influence partici-
pants ratings.

[ he preaction ratings for the power condition in Experiment 2 and the ratings

obtained in Experiment | were consistent with each other (although the effect size
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for mass location was smaller in Experiment 2)—participants tended to prefer the

bottom-weighted stick when making judgments about suitability for forcetully
striking an object. However, in Experiment 2 the postaction ratings for the power
condition diftfered from the ratings obtained betore participants had the opportu-
nity to perform the power task. In the preaction phase (and in Experiment 1) par-
ticipants preferred the bottom-weighted stick, but in the postaction phase of Ex-
periment 2 participants no longer exhibited a preference for any stick. Moreover,
ratings of the top-weighted stick for the power task were significantly higher in the
postaction phase than in the preaction phase. These results were unexpected; we
ANTIC I[‘.HL‘J IIL!! AllY }‘I't'lL'l'k‘I]L‘L‘ f.i " Fllt_‘ bottom 'x*.L'IL‘IHL'J RIIL'I\ \Ht*l[i-\i lL .HI]}"“!HL‘J
in the postaction phase because the bottom-weighted stick was physically optimal
for exerting force via striking.

A possible explanation for that unanticipated finding is that participants may
have found that making contact with the small puck (7.6 cm diameter X 2.5 c¢m
I.l]l]' I'L‘L|IIH'L\1 A u‘ll*h.]t;l'.i|‘ll_‘ JL‘}_II‘L'L‘ Of aiming or Precision contr '] OVET II]L* ““T_ILI\“*
movement—the power-hitting task may have required an unexpected degree of
precision control for accurate task performance, despite the experimenter’s in-
structions to evaluate the etfectiveness of each stick for transterring force. lo hit a
puck with maximal force, the actor must first be able to aim and maneuver the stick
to make contact with the puck. The experimenter’s observations confirmed that
participants experienced some difficulty hitting the puck (e.g., some participants

|

ad to swing more than once to make contact on a given trial, and some partici-

pants hit the ground with the stick before making contact with the puck). After
performing the puck-hitting task, participants may have produced difterent
postaction ratings in response to precision constraints of the hitting task. Experi-
ment 3 was designed to determine whether the unexpected pattern of responding
in the postaction phase in the power condition was attributable to the precision re-
guirements ol IIIIHII: . [’]I*LLE\ I“iil_[\.

Although the direction of change in the postaction ratings for the power task
was not anticipated, the results clearly demonstrated that participants’ perceptions
Were atiec M'\{ by the ACTION ]“‘l“lkht‘ ( WIIEIL‘ experiment. [ his result is in contrast to the

| ]

1 T i ]
, who did not find any strong eftects of per-

IlE‘.«.I]I:'_j'~ Of \\'.uq'lIillll J”xl { 'klIL‘”t' { LU }

\
]

[Oorminy

| T—

hammering and poking tasks on participants’ ratings of differently
weighted rods. The opportunity to engage in task-specific perception—action was

sufticient to influence perceptions of the hockey sticks’ aftordances.

EXPERIMENT 3

In Experiment 3 the puck was replaced with a large intlatable ball ot sutficient size

| : 1 .
(21.6 cm diameter; 105.4 g) to have eliminated most of the precision aiming re-

quired to make contact with the blade of the hockey stick. We expected, as a result,

that participants would rate the bottom-weighted stick as being most tavorable for
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transferring power to the ball. We expected to replicate the results of Experiment 2

in the precision condition.

Method

Participants. Nine men and six women between the ages of 18 and 40 years
participated in this experiment (M = 21.0 yrs; SD = 5.5 yrs). Participants averaged
174.6 cm tall (SD = 8.6 ¢cm). Participants were University of Cincinnati under-

eraduates who received course credit. None had hockey playing experience.

Apparatus. A rubber ball (21.6 cm diameter; 105.4 g) was used during the

power task in place of the puck used in Experiment 2. All other materials were

identical to those used in Experiment 2.

Procedure. The procedure was identical to that of Experiment 2, with the ex-
ception that instead of making contact with a hockey puck, participants hit the

rubber ball during the power-condition action phase.

Results

Power task. The means and standard deviations of ratings for the top, mid-
dle, and bottom mass locations were, respectively, M = 3.90, SD = 1.86; M =
5.20, SD = 1.15;and M = 5.33, SD = 1.32; in the preaction phase; and, respec-
tively, M = 3.73, SD = 1.77; M =5.00, SD = 1.45; and M = 5.27, SD = 1.41] in
the postaction phase (see Figure 5). There was a significant main effect of mass lo-
cation according to a repeated-measures ANOVA, F(2, 28) =5.07,p < .05, =

0.60, but there was no significant eftect of experiment phase, F < 1, = 0.16, nor

=

L Top
¥4 Middle
B Bottom

-~
-
L]

-

Mean Rating

Pre-action Post-action

Experiment Phase

FIGURE 5 Mean hockey stick ratings (error bars indicate | standard error) for the power con

dition in the pre- and postaction phases of Experiment 3.
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FIGURE 6 Mean hockey stick ratines (error bars i

1~-IL!1H=‘I; 11 TEtL' E"I&.‘- Hhi i‘k“T.iuTlt'H [ll ISCS (OF } XPerin

an interaction between phase and mass position, F < 1, f = 0.06. The mean ratings
for the top- and bottom-weighted sticks differed significantly according to

Bonterroni-Dunn post hoc tests, p < .01.

Precision task. 1he means and standard deviations of ratings for the top,
middle, and bottom mass locations were M = 6.17, SD = 1.52; M = 4.43, SD =

1.02; and M = 3.60, SD = 1.55; respectively, in the preaction phase and M = 6.10,
h\'[) - l.”; \I — 4.(‘1;, \[) — 1.30; ;Ilh_! \1 "*.CT, _\I) — 1.-50; I'k'\]*t:t[l\ UI\, In [hL'

postaction phase (see Figure 6). A repeated-measures ANOVA indicated a signifi-

cant main effect of mass location, F(2, 28) = 23.26,p < .001, f = 1.29, but no sig-

nificant eftect of experiment phase, F < 1, f = 0.20, nor an interaction between
phase and mass position, F < 1, f = 0.18. Bonferroni-Dunn post hoc tests indicated

‘\'\[~‘

that all pair-wise comparisons were significantly different, all ps < .((

Discussion

The results of the precision condition essentially replicated the results of Experi-

ment Z. As predicted, in the power condition, participants rated the bot-
tom-weighted stick highest both before and after hitting the ball with the sticks.
That result stands in contrast to the postaction ratings obtained in Experiment 2,

consistent with the suggestion that hitting a puck does involve a degree of preci-

sion to which participants become sensitive after attempting to hit the puck. The
pattern of ratings in Experiment 3 indicated that participants were able to accu-
rately identify which mass distribution would function best for transferring force to
the ball betore actually using the hockey sticks to perform this action, and, once

given the opportunity to use the sticks for the power action, participants’ initial

patterns of responding did not change significantly.
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The finding that participants with no hockey playing experience responded
differently depending on the size of the object they were asked to strike and on the
opportunity to perform the power-hitting task suggests that amount of hockey play-
iIng experience may be an important determinant of the perceived utility of ditfer-
ently weighted hockey sticks for power and precision tasks. The results obtained

from inexperienced participants in Experiment 2 suggested that their initial per-

ceptions regarding which stick was best suited for transferring power changed once
the participants apparently discovered the difficulty associated with hitting the
small puck. To address the role of hockey playing experience on ratings of the
sticks’ suitability for power and precision tasks, Experiment 4 examined ratings ob-

" . 1
tained from an expert group of collegiate hockey players.

EXPERIMENT 4

The results of the first three experiments showed that participants with no hockey
experience are sensitive to the way that a hockey stick’s mass distribution determines
the stick’s suitability for different actions. The results highlight the ability of the
haptic perceptual system to inform the perceiver about how a held object can be used
(ct. Turvey & Carello, 1995). In the power condition of Experiment 2, participants
gave different ratings of the sticks in the }"thl;lt_”lit'*ll [‘*h;lac relative to the prc;iurinn
phase. The change in ratings in Experiment 2 seems to reflect the participants’ inex-
perience with hitting pucks, which are quite small. The results of Experiment 3, in
which participants struck the large ball during the action phase, are consistent with
the interpretation that in Experiment 2 experience hitting the small puck led partici-
pants to acknowledge a precision requirement for the puck-hitting task.

Another, more direct, way to address the effect of experience level on perceiving
affordances of hockey sticks for power and precision tasks is to obtain ratings from a
aroup of expert hockey players. If experience hitting pucks plays a role in judging a
stick’s effectiveness for a power shot, experts’ preaction ratings should reflect
attunement to precision demands of hitting pucks. Experiment 4a was designed to
address that issue. Members of the men’s varsity ice hockey team at Miami Univer-
sity (Oxford, Ohio) served as the group of expert hockey players. They were ex-
posed to the same experimental conditions as in Experiment 2. It was expected
that in the power condition, the hockey players would prefer the top-weighted
stick, followed linearly by the middle- and then bottom-weighted sticks for both
pre- and postaction ratings. To rule out the possibility that the changes in student

population and experiment location were responsible for any unique findings in

Experiment 4a, a replication of that experiment using Miami University under-
oraduates with no hockey experience was conducted in Experiment 4b. Results of
Experiment 4b were expected to mirror those of Experiment 2 because undergrad-
uates at the University of Cincinnati and Miami University were not expected to

respond differently from one another.
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Method

Participants. Four men between the ages of 20 and 21 years participated in

Experiment 4a (M = 20.8 yrs; SD = 0.5 yrs). They averaged 179.7 cm tall (SD =
2.4 cm). Participants were members of the Miami University Redhawks varsity
men's NCAA Division | ice hockey team, which was ranked in the top 10 nation-

1 Ja'a P g

ally during the 2003-2004 season. Participants averaged 17 years of experience

playing hockey. They were compensated $15 for their participation. In Experiment

4b, nine men and two women between the ages of 18 and 20 years participated (M
19 yrs; SD = 0.6 years). They averaged 179 cm tall (SD = 9 cm). All were un-
dergraduate students at Miami University with no hockey experience and received

course credit in exchange for their participation.

Procedure. For Experiment 4, the same experimental procedure as in Experi-
ment 2 was u'lll["t ) k'gl. with IIIL‘ cxcepton that these t‘Xi‘L‘I'III’lL‘I]h WCETC Ci *Ih'llt[mi in
a laboratory in the Department of Psychology at Miami University. The pendulum
apparatus used in Experiments |1 through 3 was transported to and reassembled in
that laboratory. In addition, after Experiment 4a was completed, the experimenter
asked the hockey players to identity the physical attributes of an ideal hockey stick

and to describe the characteristics of the stick that thev favored for use in games.

Results

Power task. In Experiment 4a (expert participants) the means and standard
deviations of the preaction ratings for the top, middle, and bottom mass locations
WCITC, I'CS ectively, M :1..2:1. SD = 1./1; M ).45,5D = 1.50; and M :“\“*. SD
|.44; and the means and standard deviations for postaction ratings in those respec-
tive conditions were M = 6.00,5SD = 1.41; M =4.25,5D =0.65;and M = 3.13,SD

0.85 (see Figure 7). That pattern of results was ditferent from the results obtained

] Top
4 Middle

l | B Bottom

Mean Rating

FPre-action Post-action

Experiment Phase

FIOGURE 7  Mean hockey stick ratines (error bars indicate | standard error) tor th

| ; : 1 t i
dition in the pre- and postaction phases of Experiment 4a (expert hockey players)

!
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FIGURES Mean hockey stick ratings (error bars indicate | standard error) tfor the power con

dition in the pre- and postaction phases of Experiment 4b (novice participants).

from the novice participants in Experiment 2. A repeated-measures ANOVA re-
vealed a significant main effect of mass location, F(2,6) =8.15,p < .05,f = 1.65, but
nosignificant ettect of experiment phase, F < 1,f = 1.28, norasignificant interaction
between phase and mass position, F < |, f = 0.13. Bonteronni-Dunn comparisons
revealed significant differences between the top and bottom locations, p < 01.

In Experiment 4b (novice participants) the means and standard deviations of the
preaction ratings for the top, middle, and bottom mass locations, respectively, were
M=277,SD =146 M = 5.14,5D = 1.23; and M = 6.36, SD = 0.78; means and
standard deviations of the postaction ratings were M = 3.96, SD = 2.20; M = 5.14,
SD = 1.05;and M = 5.18,SD = 1.94 (see Figure 8). A repeated-measures ANOVA

revealed amain effect of mass location, F(2,20) =9.11,p < .01, f = 0.95. The experi-

ment phase main effect was not significant, F < 1, =0, but there was a significant in-

teraction between mass location and experiment phase, F(Z, 20) =4.81,p < .05,f =

0.69. A tollow -up ANOVA on the preaction ratings revealed a ai,*_:mfiuml eftect of

mass location, F(2, 20) = 25.83, p < .001. Bonferonni-Dunn comparisons showed
significant preaction differences between the top and middle and between the top
and bottom mass locations, ps < .001. A follow-up ANOVA for the postaction phase
did not reveal a significant effect of mass location, p > .05. These analyses indicate
that the eftect of mass location was limited to the preaction i“l]‘lw‘. Paired t tests com-
paring each stick across the pre- and postaction phases for the power condition indi-

cated that the bottom-weighted stick was rated significantly lower in the post- than

in the preaction phase, t(10) = 2.80, p < .05. The decrease in the rating of the
[ '["‘“‘d't_'l*.,'l]lcu.l \IIL'L was not significant, J”xl IIIL'I’L‘ was no ¢ I]Jl]&_{t' N IhL‘ mean r;l[il];_{h

of the middle-weighted stick.

Precision task. In Experiment 4a (expert participants) the means and stan-
dard deviations of the preaction ratings for the top, middle, and bottom mass loca-

tions were, respectively, M = 6.38,SD = 0.63; M = 3.75,5D = 1.26; and M = 2.50,
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FIGURE 9  Mean hockey stick ratings (error bars indicate | standard error) for |

! l
condition in the pre- and postaction phases of Experiment 4a (expert hockey players

SD =0.58; means and standard deviations of the postaction ratings in those respec-
tive conditions were M = 5.63,SD = 1.11; M =3.63,SD=1.11: M = 2.25,SD =
0.50 (see Figure 9). Consistent with the previous two experiments, repeated-mea-
sures ANOVA showed a statistically significant main etfect of mass location, F(2, 6)

= 24.80,p < .001, f = 2.87, but no eftect tfor experimental phase, f = 0.81, noran in-

teraction, F < I, f = 0.49. Bonferonni-Dunn comparisons revealed significant dif-

ferences between the top and middle locations and between the top and bottom loca-

tions, ps < .01.
In Experiment 4b (novice participants) the means and standard deviations of the

ratings for the top, middle, and bottom mass locations, respectively, were M = 6.36,
SD = 1.00; M = 3.82,5D = 1.40; and M = 2.86, SD = 0.81; tor the preaction phase,
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FIGURE 10 Mean hockey stick ratings (error bars indicate | standard error) tor the precision
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and M = 6.46,SD = 0.69;M = 3.96,SD = 1.29; and M = 2.09, SD = 1.24; for the
postaction phase (see Figure 10). A repeated-measures ANOVA revealed a signifi-
cant main effect of mass location, F(2, 20) = 105.38,p < .001, f = 3.25. All possible
Bonferonni-Dunn pair-wise comparisons were significant, p < .001. The interaction
between experimental phase and mass position was not significant, f = 0.49, nor was
there a main eftect of phase, f = 0.44.

Discussion

Experiment 4b, a replication of Experiment 2 using Miami University undergradu-
ates, yielded results similar to those of Experiment 2. These results rule out the pos-
sibility that the pattern of responses obtained from the expert hockey players in Ex-
periment 4a were an artifact of collecting data at a different location.

In Experiment 4a, the expert hockey players preferred the top-weighted stick,
followed by the middle- and then bottom-weighted sticks, tor both pre- and
postaction ratings in both the power and precision conditions. The ratings were
consistent across participants and their ratings were apparently uninfluenced by
performing the action task. Although the relatively large effect size of experiment
phase (f = 1.28 and 0.81 for the power and precision tasks, respectively) indicated
that the nonsignificant results must be treated with caution, trends in the data do
not compromise our interpretation of the results because there was no evidence
that participants changed their ratings differentially across sticks after performing
the action-phase tasks. For the power condition there was a trend to rate all of the
sticks higher after performing the power task, and for the precision condition there
was a trend to rate the sticks lower after performing the interception task.

The hockey players’ precision condition ratings were consistent with the ratings
offered by novices in the previous experiments and in Experiment 4b. Their power
condition ratings differed in important ways, however. In the preaction phase for
the power task, the hockey players seemed to have been influenced by how the
stick’s mass distribution would function for hitting a puck, rather than considering
more abstractly which mass distribution would yield a maximal transfer of force to a
struck object in the absence of a precision requirement. Although there were

trends (associated with large effect sizes) for the hockey players to change their

poOwer lllul prec 1S10N ratingys .LlfIL‘I' }‘t'”t Tmingy [I]L' ;IL‘[h}llfPh;ikL‘ l;lhlw., {l‘n: impwrt;mt

difference between this experiment and Experiment 2 is not the nonsignificant ex-
periment phase effect or Mass Location X Experiment Phase interaction, but the
finding that in the preaction phase the hockey players rated the top-weighted
sticks higher than the bottom weighted sticks.

The hockey players’ reasons for preferring the top-weighted mass distribution
became apparent once they were asked to clarity their opinion of what makes for an
ideal hockey stick. They all described their preference for a “light” stick, stating
their primary consideration was in terms of being able to control or “stick handle”
the puck. The hockey players furthermore reported that, all other tactors being
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equal, the flex of the stick shaft is more important in determining their perceptions
of a stick’s suitability for maximally transterring force to a puck than the absolute
“bottom-heaviness” of the stick. Future investigations along the lines of this study
should manipulate shatt flexibility because the experts’ judgments of a stick’s suit-
ability for power seem to depend on factors other than (or at least in addition to)
mass distribution. It seems that the question of which variables matter may depend
on the level of hockey expertise of the perceiver—different expertise levels may de-

termine the relative importance of different physical properties of the hockey

sticks. A tool’s performance could be relatively unattected by a particular physical
parameter of the tool if the tool user does not possess the skill or knowledge to ex-
ploit the variable to maximize the benefit of the tool. Expertise, considered as con-
tributing to the action capabilities of the actor, could thus contribute to determin-
ing the aftordances of an object. This hypothesis could hold true in a variety of
tool-use settings, and warrants additional research. The power condition results in
response to the manipulation of mass distribution nevertheless indicated that ex-
pert hockey players are sensitive to the precision constraints involved in hitting
pucks for maximal power.

[1'!1 L'}"‘Th mn ot a IIL'H t Fl“]L'kI“‘* W L‘iL‘IIlI !1.I‘~ ]‘L't'li -~| JOWI O I‘*L‘ TIL\I (O I]lt’ L *|“]L‘L I‘H [T1ASS
distribution (i.e., inertia), rather than simply to the object’s mass, per se (e.g.,
Shockley, Carello, & Turvey, 2004; Shockley, Grocki, Carello, & Turvey, 2001; Tur-
vey et al., 1999). Because the top-weighted stick had the lowest moment of inertia of
lht‘ IIII'CL‘ STIC l-w. It may |Ll\'t' fL'll ]i*_I]'llL'l". la PiaHI'A‘H- | llt_' CONCCIT Ihlll I}]t.' Ilt W I\a‘\ }“lll\"
ers may have been biased roward preferring, above all else, lighter sticks, they were

asked to perform one additional perceptual task after they had participated in all ex-

perimental trials. The players were asked to close their eyes and were subsequently

given each of the three sticks to wield. The experimenter asked them to rank order
the sticks in terms of suitability for pounding a peg into the ground—they were asked
to consider the sticks’ functionality for a power task in a context completely removed
from the game of hockey. All four participants ranked the bottom-weighted stick as
being most suitable to the hammering task, followed by the middle- and then the
top-weighted sticks. Those results, although gathered in a somewhat informal man-
ner, suggested that their ratings for the power condition reflected hockey-specific
task demands, rather than an outright bias for lightweight sticks or an inability to de-

rermine which stick was best suited for absolute force transter

GENERAL DISCUSSION

| he results of these experiments support the notion that people can use the haptic
perceptual subsystem of dynamic touch to perceive how a held object may be used
(i.e., its atfordances; see also Bongers, Smitsman, & Michaels, 2003; Carello, 2004;
Dainoft & Wagman, 2004; Shockley et al., 2004; Shockley et al., 2001; Wagman &

Carello. 2001. 2003: Waeman & Tavilor. 2004). The results moreover indicated
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that it is pﬂhh‘il‘*lc to coordinate the two hands to function as a unitary percep-

tion—action device, responsible for both producing the exploratory wielding ac-
tions and registering the information about the hockey sticks’ atfordances. Experi-
ment | suggested that variations in mass distribution sufficiently differentiated
hockey sticks in terms of their perceived functionality. Experiment 2 sought to de-
termine whether engaging in an action task might further constrain perception of
which mass configuration might function best for power and precision actions. Par-
ticipants were influenced by performing the power task, but not in the manner that

was anticipated. Preaction ratings in Experiment 2 indicated that participants felt

the bottom-weighted stick would, as expected, function best for the power task.
However, after having performed the task those participants apparently realized
that contact with the puck required a considerable degree of precise control and
aiming of the stick—they seem to have discovered that to transfer maximum
power to the puck it was first necessary to precisely aim the stick to contact the
small puck, a task most easily accomplished using the top-weighted stick.

That unanticipated result guided the design of Experiment 3, which was an at-
tempt to resolve the shift in how participants responded in the postaction phase for
the power task. A large inflatable ball replaced the puck used in Experiment 2. The
larger surface area of the ball vastly reduced precision aiming requirements and re-
sulted in a true power-transterring task. The results of Experiment 3 were consistent
with the hypothesis that the small size of the puck was responsible for the unexpected
postaction ratings in Experiment 2. In Experiment 3, participants preferred the bot-
tom-weighted stick for transferring force during both the pre - and postaction phases.
Experiment 4a employed varsity-level hockey players as participants to evaluate the
role of hockey playing experience. The hockey players preferred the top-weighted
mass distribution for both tasks during both pre- and postaction phases.

[t could be argued that participants in our experiment were not perceiving
affordances of the sticks, per se, but rather were mapping variations of mass distri-
bution onto the two response Categories because they assumed there was an L‘.\;["L‘ri-
menter expectation that would dictate such a mapping. That is, participants may
have assumed that variation of mass distribution in one direction was meant to cor-
respond to enhanced suitability for one of the tasks and that variation in the other
direction was meant to correspond to enhanced suitability for the other task. Two
findings suggest that this was unlikely, however. First, in Experiments 1 and 2, for
instance, every participant displayed the same pattern of ratings; no one mapped
the variation of mass distribution in the opposite direction (bottom-heavy better
for precision and top-heavy better for power tasks), which would seem equally
plausible if participants had behaved in a manner suggestive of an expectation ef-
fect of some sort. Sec mJ. the reversal of POWCET o ndition results across the ["'I‘C-;llhl
postaction phases in Experiment 2 is inconsistent with that interpretation. It seems

instead that participants’ responses were based on a more meaningful perceptual

experience than arbitrarily mapping the variation in the sticks’ mass distribution to

the two }“'L‘T';L‘["[Il;ll categories.
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In sum, the results of these experiments highlight three notable characteristics
of haptic perception using the subsystem of dynamic touch: (a) Perceivers can,
within limits, use dynamic touch to perceive affordances; (b) Perceivers can softly
assemble perception—action devices tailored to task demands (Bingham, 1988;
Runeson, 1977)—in this case, a bimanual wield-and-detect device; and (c) Haptic
sensitivity to action-relevant properties of objects seems to be modifiable with ex-
perience. These experiments demonstrated that people are able to judge, with rea-
sonable success, how variations in the mass distribution of hockey sticks would af-
fect their ability to utilize the sticks to perform two different kinds of tasks.

The Role of Experience in Perceiving Affordances
by Dynamic Touch

A novel feature of Experiment 4 in comparison to recent work on perceiving

affordances of tools by dynamic touch (Wagman & Carello, 2001, 2003;
Wagman & Taylor, 2004: but see Carello et al., 1999; Carello et al., 2000) was
that we employed expert tool users as participants. The expert hockey players
identified the top-weighted stick as being the optimal mass configuration for per-
forming both power and precision actions. Novice participants’ preaction ratings
for the power puck-hitting condition differed from the players’ ratings, but after
the novices completed the action phase, their postaction ratings aligned with the
hockey players’ ratings. The opportunity to explore the relation between the feel
of the hockey sticks and the sticks’ actual performance when hitting the pucks
seems to have allowed the novice participants to discover the emergent behav-
ltll".ll CONStraints ass« *L’l.llt‘d \’s'i[h hi[[in_&_’, d r‘-llLl\' T.HI' PDOWCI, lL‘;lahHl_{ II‘IL'IH (O dppar-
ently perceptually “tune in” to the same action constraints that governed the ex-
perts ratings. |he nature of the process underlying this adaptive change in
performance could be a form of perceptual learning related to perceptual
attunement—the process of discovering the information that specifies the
affordance (E. J. Gibson & Pick, 2000; J. J. Gibson, 1966)—or an example of cal-
ibration of responses to an informational variable (Wagman, Shockley, Riley, &
Turvey, 2001; Withagen & Michaels, 2005), or could be due to some other fac-
tor that is not identifiable with perceptual learning. Additional research will be
required to examine those possibilities.

That result also points to the powerful constraining role played oy context and
behavioral goals. Under different task constraints—absiractly considering a stick’s
suitability for power tasks without having used the stick in a specific context versus
considering a stick’s suitability for transferring force to a specitic small object (the
puck)—participants gave different ratings for the differently weighted sticks. This
result provides empirical support for E. J. Gibson and Pick’s (2000) claim that “in a
true tool-using operation, the tool has an affordance in relation to the goal, and

this relation must be perceived” (p. 99).
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Additional Human Factors Implications

Well-designed tools and implements should not only complement the anatomical
and biomechanical characteristics of the user, but also the perceptual characteris-
tics of the user. The possibilities for action afforded by the tool or other artifact
should be perceptually specified to the user (Warren, 1995). Even though it is rec.
ognized that designed artifacts should visually communicate their utility to the user
(Norman, 1988; Zaft, 1995), it is less widely recognized that hand-held artifacts
such as tools should also haptically communicate their utility. This is an important
consideration because perceivers can use dynamic touch (and, presumably, other
haptic subsystems) to perceive the affordances of hand-held tools.

Additional research is needed to determine how tool users learn to identity
the “feel” that indicates whether an object is appropriate or optimal for a given
task. Research along those lines may produce broadly applicable data that could
help product designers and human ftactors specialists develop techniques to facil-
itate the safe and rapid adoption of new or newly designed products, whether
those products are hockey sticks, other sports implements such as golf clubs, or
other types of hand-held tools and products. It may, for instance, prove beneti-
cial to manipulate the density of materials of a hockey stick’s shaft or to place
small weights inside the shaft of the stick to achieve an optimum “maneuverable
feel” to the stick, resulting in a hockey stick that capitalizes on the sensitivity of
dynamic touch to action-relevant properties of held objects. It may also be useful
to produce “novice” and “expert” sticks that differ with respect to their mass dis-
tributions.

Ergonomics guidelines from the National Institute for Occupational Safety and
Health (2004) and the International Labour Organization (Frazer, 1980) suggest
making hand-held tools as light as possible to reduce injury and fatigue associated
with their use. Those are certainly desirable goals. However, those guidelines do
not include consideration of how a tool’s purpose should dictate its distribution of
mass, or of how a tool’s distribution of mass has I"L'I_L'L'r"fll..ll CONSCYUCNCes that may
in turn affect how the tool is used. Given that the results of this study suggest that
hnrl LISCTS dAIc Cd ‘.IHL‘ u‘-f LUSINY ;I‘xll.llmg [Mll(]l o PCICCIVC Lll‘ft‘rl‘d'.lllu_“\ (H’L'L‘ ;llnn

Wagman & Carello, 2001, 2003; Wagman & Taylor, 2004), it may be important to

design tools that *LIPIR'J“\_‘ guide their Proper usc. For instance, a tool ulL‘HlllL‘,'nL'd for

precision use should not have its concentration of mass located at a point distal to

where the tool is grasped. A person may misuse a tool designed in such a way (e.g.,
as a hammer), leading to inefficiency or even to injury. If design constraints make it
unavoidable to eliminate weight near the distal working point of the tool, adding
weight near the handle (in contradiction of ereonomic guidelines to make tools as
light as possible) may discourage improper use of the tool and may also serve to im-
prove actual tool controllability. Understanding how the feel of an implement or
tool communicates its usability can serve as an important constraint on the design

PT{ WCSS.
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We studied relations between eye movements and postural control. In two experi-
ments, participants were asked to shift gaze to follow horizontal oscillation of visual
targets. Postural sway variability was reduced during target oscillation, relative to
sway with a stationary target. Target displacement amplitude was within the range
that normally does not elicit head rotation, and measured head rotation did not in-
crease during target motion. Eve movements made when the eves were closed did not
vield a reduction in body sway (relative to sway when the closed eyes were station-
ary). The amplitude and frequency of eye movements matched the amplitude and
frequency of target motion. The results undermine the view that eye movements and
postural control compete for limited central processing resources, and document a

I

functional integration of postural control with visual performance.

Tasks or behavioral goals that are superordinate to the control of posture may be
termed suprapostural tasks (Stoffregen, Pagulayan, Bardy, & Hettinger, 2000;
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Stoffregen, Smart, Bardy, & Pagulayan, 1999). Suprapostural tasks and postural

control are defined and evaluated in qualitatively different terms. For example,

reading is not evaluated in terms of the position or motion of the body’s center of
mass, the minimization of global optical flow, and so on. Body sway can influence

performance at some suprapostural tasks (e.g., uncontrolled sway can interfere

—

with reading), but performance of suprapostural tasks is measured in difterent

terms (e.g., reading rate or comprehension). In general, values of postural parame-
ters are not informative about suprapostural task performance. For example, a large
excursion of the center of mass might degrade visual performance (e.g., if the per-
son began to fall over), but it could facilitate visual performance (e.g., if the person
leaned to bring the eyes closer to a visual target).

[t is widely understood that suprapostural activity can influence the control of
stance (e.g., Bernstein, 1996; Jeka, 1995; Newell, 1986; Reed, 1988; Slijper &
Latash, 2000; Woollacott & Shumway-Cook, 2002). This effect typically is attrib-
uted to one of two causes. Many suprapostural activities involve motions of the
body or its parts such as occur in reaching, walking, and so on. In such cases,
suprapostural activity will influence posture because these suprapostural activities
tend to aftect the position or motion of the center of mass (e.g., Commissaris &
Toussaint, 1997; Friedli, Hallett, & Simon, 1984; Lee, 1980; Slijper & Latash,
2000). Perturbations of the center of mass are thought to have a direct influence on
|w-~lmyi| control (e.g., Giese, Dijkstra, Schoner, & Gielen, 1996: Nashner &
McCollum, 1985).

Posture can be influenced even when suprapostural activity does not perturb the
center of mass. Postural control is influenced by tasks, such as visual search, verbal re-
action time, and mental arithmetic, that appear to have no mechanical influence on
the position or motion of the center of mass (e.g., Dault, Geurts, Mulder, & Duygens,
2001; Hunter & Hoftman, 2001; Kerr, Condon, & McDonald, 1985; Mayior &
Wing, 1996; Stoftregen et al., 2000; Stoffregen et al., 1999: Teasdale, Bard, LaRue, &
Fleury, 1993). Eftects of this kind have often been interpreted in terms of cognitive
PIroOCessSces such as the J“HLHIHH ot central processing resources (for a review, see
Woollacott & Shumway-Cook, 2002). An alternative interpretation is that posture
might be controlled, in part, so as to facilitate pertformance of suprapostural tasks that
make demands on perceptual performance (Riccio & Stoffregen, 1988), such as
touching (Riley, Stoftregen, Grocki, & Turvey, 1999) and looking (Stoffregen et al.,
2000; Stoftregen et al., 1999). In this study we evaluated the hypothesis that postural
control might be modulated adaptively to facilitate changes in the direction of gaze.
Qur results suggest that postural control actions can be tuned to tacilitate the control
i"tIL ILIHLILW 11 [llL' JII'L‘L (10N Of gaze.

In this article we distinguish between saccadic eye movements that are visually
ouided (i.e., saccades whose success is evaluated in terms of their tendency to
maintain or improve the visibility of objects and events in the environment) and
those that do not depend on visual guidance (e.g., saccades made in the dark or
with the eyes closed). Visually guided eye movements are used to change the direc-

tion of gaze or to shift gaze. Gaze shifts can be accomplished by visually guided eye
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movements, by visually guided head movements (rotations), or by a combination
of these. When the angular change in the direction of gaze is less than 157, shifts in
gaze commonly are achieved without rotation of the head, using only visually
guided saccades (Hallet, 1986). In our experiments experimentally induced shifts
in gaze were always less than 15°. For this reason, in this article the terms changes in

the direction of gaze, shifts in gaze, and visually guided eye movements are equivalent.

CENTRAL COMPETITION OR FUNCTIONAL
INTEGRATION?

A substantial literature has erown up around the idea that there mav be important
} |

relations between the control of posture and the execution of simultaneous

suprapostural tasks. In the typical paradigm, experimenters measure body sway
while standing participants perform a suprapostural task. Sway under these condi-
tions is compared with sway observed during “quiet stance,” that is, without an ex-
plicit suprapostural task. Several studies have reported significant increases in
body sway during performance of an explicit suprapostural task, such as visual
matching (Dault et al., 2001), auditory reaction time (e.g., Lajoie, Teasdale, Bard,
& Fleury, 1993), or mental arithmetic (e.g., Maylor & Wing, 1996; Yardley,
Gardner, Leadbetter, & Lavie, 1999). Researchers have concentrated on under-
standing the increase in body sway that sometimes accompanies tasks of this kind.
These effects have often been interpreted in terms of the competitive allocation of
central processing resources to postura! and suprapostural activities (e.g., Lajoie et
al., 1993; Teasdale et al., 1993) and more generally, between two tasks being per-
formed simultaneously (e.g., Abernethy, 1988; Navon & Gopher, 1979). The gen-
eral idea is that postural and suprapostural activities constitute separate tasks, each
of which draws on a central pool of cognitive processing resources. This view leads
to the general prediction that combination ot postural control with suprapostural
activity should lead to degradation in performance of postural control, of the
suprapostural task, or both.

By contrast, we have argued that postural control can be tuned to support the
achievement of suprapostural activities (Riccio & Stoftregen, 1988; Riley, Mitra,
Stoffrecen. & Turvey. 1997: Rilev et al.. 1999: Stoffregen et al., 2000; Stoffregen et

al.. 1999). Our view suggests that, rather than interacting in a ¢« mpetitive manner,

posture and certain types of suprapostural activity can be integrated so that their si-

multaneous performance need not lead to degradation in either and can, in fact,
lead to improved performance. In the next section, we review the empirical basis

tor this view.

Postural Stabilization of Visual Performance

Stoffregen et al. (2000) measured postural sway while standing participants per-

formed one of two visual tasks. One group of participants looked at a blank target
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(ﬂl!‘liup‘ll!l« WeETre nNot .i“kk'LI tO maintain fixation on a ‘*]"t'\_'lli( }“‘Hil‘-[, LII]L{ SO WE Ie-
fer to this as an inspection task, not a fixation task). A second group of participants
looked at a target covered with text, and were asked to search the text, identifying
;H1xlknllnlllHLjlI]HIJIh;HH ‘ﬁ-.lkitﬁiﬂlhllULiI}irﬂkﬂ IUITUY..[11U [H‘Hllrld.nitﬂl Ol \iwlhll
task was crossed with variation in the distance of IJTLHJP\([!]C'Yiﬂu:” JIlU[Ct*rT‘iTﬂLT*
was held constant across variations in distance). The amplitude of postural sway

was operationalized in terms of the standard deviation of body position. There was

a main effect of suprapostural task on the variability of sway (there was also a main

effect of target distance; cf. Stoftregen et al., 1999). As predicted, during visual
search, the variability of anterior POSterior | \P) sway was signiticantly lower than
during inspection of the blank targets.

['he visual search task used by Stoffregen et al. (2000) required an extended se-

ries of coordinated shifts of gaze (visually guided eye movements), alternating with
brief periods of stationary gaze (fixation). In contrast, the inspection task was toler-
ant of reduced precision in the control of shifting and stationary gaze. Functional
L'll.tl'lL_IL‘H 1IN SWa\ IlIl‘_'IiI l]kl\ - l“k'L'l"l ~‘I"~.;K!I’Hixhi O I.!u]j”.ilt_' lilL‘ O wHII'u'l Of stationary
gaze, of shifting gaze, or boch. In this study, we evaluated the hypothesis that body
sway can be modulated to support changes in the direction of gaze. Following our
earlier research (Riccio & Stoffregen, 1988; Riley et al., 1997; Riley et al., 1999;

) ) A\ 1 1 1
., 2000; Stoffregen et al., 1999), we hypothesized that there would

be a functional relationship between body sway and visually guided eye move-

Stottregen et ;

ments. | his is because the accuracv of such movements can be intluenced bv small

chanees in bodv swav. By contrast. eve movements that are not visually euided
| | | |

(e.0.. eve movements made in the dark. or with eves closed) are not subject to tacil-

itation or disruption by small changes in body sway.

Eye Movements and Body Sway

[ he finding that body sway is reduced during a visual search task (Stoftregen et al.,
2000) raises the possibility of a tunctional relation between body sway and eye
movements: During visual search, body sway might be modulated to tacilitate eve
MOVEMCents II!I.II *IllH FAZC. \.L'I'\ |]ITIL‘ CXIStInyY I\WHH'LII 1S Il‘!L"‘x.IIH [O) I]’ll‘* ISSLUIC.
There is a large literarure on relations between vision and posture (tor partial re-
views, see Warren, 1995, 1998), and there is a laree literature on eve movements
(for a review, see Rayner, 1998), but the overlap between these literatures is small.
[ his is because the majority of studies on eve movements are conducted in the ab-
sence ol [H*~1111J| sway, usingy \kHIIL\{ PAarticipants k\llm!.ttu' ~ld‘|vg Tyk! Ia*lluﬂlxi [C-
straint (either bite bar or chin rest).! This means that studies of eye movements
generally have not considered the consequences of body sway. Similarly, studies re-

latine vision to stance eenerallv have not considered eve movements. Some au-
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thors have suggested that visually controlled eve movements may be relevant to
postural control (e.g., Dault et al., 2001), but very few relevant data have been col-
IL‘L’TL‘Ll.

Of the few studies that have examined eyve movements during unrestrained
stance, most are of doubttul relevance to visual guidance of eye movements, due to
the inclusion of nonoptical factors such as inertial stimulation of the vestibular sys-
tem (induced by voluntary head movements; Steinman & Collewijn, 1980; or by
imposed motion of the body; e.g., Welch, Bridgeman, Williams, & Semmler, 1998)
or muscle vibration (Ivanenko, Grasso, & Lacquaniti, 1999). Skavenski, Hansen,
Steinman, and Winterson (1979) studied eye movements and retinal slip during
unrestrained quiet stance. They instructed participants to fixate a stationary target
at optical infinity. Recordings were made of eye and head position, but there was no
measurement of body motion. As noted earlier, the visual search task used by
Stoffregen et al. (2000) required shifts in gaze. However, these shifts were not the
focus of the study, and there was no controlled manipulation of the direction, fre-
qucncy, or H’l]l’*li[llu.]t.‘ Of gaze HIHI.I&

Researchers who have addressed relations between eye movements and body
sway have tended to predict that sway should increase during eye movement, rela-
tive to sway when the eyes are stationary. There are two motivations for this pre-
diction. One is based on the idea of between-task competition for limited central
processing resources (Hunter & Hoftman, 2001; Maylor & Wing, 1996; Teasdale
et al., 1993), as discussed earlier. On this view, cognitive resources devoted to the
control of eye movements would not be available for the control of stance. Thus,
we might expect an increase in body sway when people use eye movements to, for
example, track the motion of a visible target.

The second reason that sway might increase during eye movement derives from
the concept of saccadic suppression (Oblak, Gregoric, & Gyergyek, 1985; White,
ost, & Leibowitz, 1980). A large database suggests that the pickup of information
from the optic array is suppressed during saccades. If the pickup of information
tfrom the optic array were suspended during saccades, this would be similar to clos-
ing the eyes for an equivalent period. Generally, sway is greater when the eyes are
closed, relative to when they are open (e.g., Edwards, 1946); hence the prediction
of increased sway during visual activities that require saccades.

We know of tour studies that have assessed the eftects of eye movements on body
sway. White et al. (1980) argued that saccadic suppression should lead to increased
sway during eye movements. To test this prediction, they instructed participants to

alternate gaze between two target lights that were separated by 4° of horizontal visual

ctween eve movements and |~'t1'T'I't~‘TIkiII L) hIL'HTIT\

Ny (¢.e., Lurnng \Hl]'! ] ~_llhi, O \\'llil" '}SSC. \\-.IL"

. - - —

f!.;l'li.'___' '*."-,.'.'IL!II*__' Was Tul m.ll‘t.;t'u! ,tlhl IT IS |Hlk.|t\if

i.:.-_' { the Ll 11o0n -l‘l.'T'u\t"L’l'i cVYe movements and
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angle. Participants were required to stand on one leg, and were instructed to fixate
whichever light was illuminated. Three conditions were relevant to this study (in the
other conditions, moving visual scenes were used to simulate the optical conse-
quences of eye movements). In the control condition, only one target light was illu-
minated, producing stationary fixation. In two experimental conditions, the lights
were illuminated alternately at 3 Hz or “aperiodically every few seconds” (p. 622)
_]qllkf t[Lj‘tJI}gIL'JI{ Rﬁllﬁkil‘lL' wadas I]lL' ratio ol Il]k'}‘i\&kL I specira « )| }‘nlkik SWay 1 €XpPcCrl-
mental and control conditions. The hypothesis that saccadic suppression would lead
to an increase in body sway when the eyes were moving was not supported; there was
no difterence in the power spectra of sway between the fixation and saccade condi-
tions. Postural data were obtained using a torce plattform; White et al. did not mea-
sure the position or motion of the eyes or head.

Oblak et al. (1985) also hypothesized that saccadic suppression would lead to
increased body sway when the eyes were moving. Standing participants fixated a

'| 1
stationary tareet. or used saccades to fixate successivelv tareet liechts to the left and

—

N -

1 ]
Nent of center. 1\]!1&11 Were IIhJII1HI.|1k11 ne at 4 TEIHL‘..#!IKWT].i[IILQ al U.)

et al. used electromyography to confirm that participants executed eye move-

|

MEntLs, I“llf T]]L."\ LII\{ HOLU arn ii\:k' lliL‘H' CVe movement ..L].H.i. l};i’, 1 a'}“T !Hlk_ﬂ.l irom a

torce platform were used to compute the mean radius of sway (the root mean

\ ' | 1
square of deviations from the mean position). | he hypothesis that sway would in-
|
crease during eye movements was not supported. On the contrary, during eye

movements T!!L_'H' was a signincant reduction in sway, I'\'[.III\ C (O Sway during sta

l

tionaryv fixation. | hl*Tlh&Hllﬂl\lIHIﬂ:lHlTJ‘P1N it cannot be taken at tace value. | he

main reason is that Oblak et al. did not report the distance or separation of the tar-

ig he amplitud e shifts required to change fixation |
gCct ngnits, or tne ampiuatudce Of az¢ SNIUTS required to cnange nxation petween

lights; thus, we do not know whether the required gaze shifts tended to elicit head
rotation (they did not measure head rotation). Head rotation is a problem for three
[CASOIS. LITNI. 1 IlL;LL'~ | Il“'rt'ui”tlklllltt“ lH;\iyi~T 1TL1 fIH‘IW']U Of eve movements,

]“r?“khlllrthidl!ltt'HihiL “tknﬂlJ,llIUIhLﬁT'ZIJI!uhlLUllﬂIqH~~HILTIH!”TH-M~*T!hk

| 1 ]
head that complicates interpretation of postural measurements. Third, head rota-

. . ' N .
, HT\_'T.IIHiIEI .

tion may bring into play the so-called vestibulo-ocular retlex (e

1

Collewijn, 1980), which could complicate interpretation of both visual and pos-

tural behavior. For these reasons, and because we were interested in relations be-
tween postural control and eye movements, per se, in this study we used motion
stimuli that typically elicit eye movements without head rotation.

Kll‘.lll\.i"\'\ | .l“\l lk.";_"hlhl'll (!tb\':’) .ll“l‘ I'-'llfl\il lllﬁf l\'t "xl\ SWdAay Was \lkk ]t'.i“‘L'\}l uhlf”l'_{
viewing of a moving visual targert (this appeared to be true for healthy participants,
but not tor a group of participants with peripheral vestibular disorders). The reduc-
tion in sway appeared to be concentrated in the medio-lateral (ML) sway axis.

F@thllk.iE\~i Jllkl lJ[:llk]ll Il‘Li‘TL1L\I motion ot IE!&' center ol PTOSSUILC LA \l]‘ ullililiﬁ

stationary fixation, and when participants looked at two targets that were lit alter-

nately. Here again the reduction in bodv swav during eve movements cannot be

taken at face value, tor several reasons. The amplitude of required eye movements
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(20°) was great enough to elicit movements of both the eyes and the head. In addi-
tion, the authors provided no information about the appearance of the visual stim-
uli. They also did not report the number or duration of trials, or inferential statisti-
cal tests on their eftects.

Hunter and Hoffman (2001) measured body sway when participants fixated a sta-
tionary dot, and when they were instructed to shift gaze between several dots that ap-
peared sequentially in difterent locations. Hunter and Hottman measured the posi-
tional variability of the ML component of the COP and found that it was greater in
the sequential condition than during stationary fixation. They interpreted this result
in terms of “interference between the processing of visual information for the task
and for the control of posture” (p. 45). However, two aspects of their methodology
raise questions about the generality of their finding. First, they used heel-to-toe
stance; this is not only unrepresentative of ordinary stance, but was also relatively
novel for their participants, possibly requiring novel and inadequately practiced
compensatory strategies. Second and perhaps more important, their eye movement
condition required shifts in gaze of up to 54°. As noted earlier, when gaze is shifted
more than 15°, eye movements typically are supplemented by rotation of the head
(Hallett, 1986). Thus, in Hunter and Hoffman's study, it is very likely that head
movements were used to fixate the targets (head movements were not measured).
This means that the measured increase in COP variability during eye movements
mayv have been an artifact of the use of head movements to facilitate shifts in gaze be-
tween the widely spaced targets.

This study differs from previous studies in several respects. To increase represen-
tativeness, stance was bipedal, with the feet side by side rather than heel to toe.
The angular displacement of our moving targets was within the range that nor-
mally elicits shifting of gaze without rotation of the head (White et al., 1980). We
\llkl Ii]h }‘L‘x_}lllw‘ IIL‘JLI rotation we rlila_l I-;I'ul (o .iht.‘l' motion of Ihl.,‘ (OTSO, \\'hiLIl \\'HIIH
u‘*II}PIILJ[L' our eftort to understand relations between eye movements and stance.
Unlike any of the studies reviewed here, we directly measured head motion. This
allowed us to determine whether head rotation was used in the presence of moving
visual targets. We also conducted separate analyses of postural motion in the AP
and ML axes (Hunter & Hottman, 2001).

Summary and Predictions

h l’*thlltr;il CONLre ?*l - 'IHPL'[L“‘* W lll'l SUPTAa h[llllll activity for Iill]l[k‘d LL’HII'@I] PLoOCCSS-
Iﬂ*_{ resources (e.o., -[L*Jnlttlt' Cl l[ ll‘)tH: \\“{u‘i”-.luil[ O T';I'HII]H\'.I\'-'(._\M!I\'. :OOJ),

then there should be degradation in postural control during eye movements that

should be expressed as an increase in body sway (Hunter & Hoftman, 2001). Alter-

natively, if swav is unchanged, then there should be degradation in the accuracy of
eVve movements (e.g., I'L'[.lli\'t' (O eVve movements IILIJL' 1 I|1L' tlI‘HL"I'lL'L' Uf ["H%[lllll|
CONCr« 1] actions). H\' contrast, i I‘ml\ sway 18 I]‘uu_lllllilml (O l.llt.'il'llallc Il]t.‘ ;lL'lliL‘\'L‘f
ment of suprapostural tasks (Stoffregen et al., 2000; Stoftregen et al., 1999), then
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there should be a decrease in sway during visually guided eye movements (relative
to stance during stationary fixation, and relative to stance during eye movements
l|1.il are not \'i*lltt”\' Lfl]iu{L‘k]). I‘L'(Lill“k' accurate L!].III‘_:L"‘ i IIIL‘ JII'L'UI! n Of gaze are
easier when motion of the head and body is reduced. We assume that more precise
control of the eyes is required to change the direction of gaze than to maintain sta-
tionary fixation. Previous studies have not directly contrasted these competing hy-
potheses and have provided ambiguous or inconsistent results. Critically, previous
IL"‘*kZH_k]I has not :iklt‘u{llklltl\ CONUI« 1”&.\] for the o -“Il“lt.' i!ll]llrllk C Ol he ul roration
on gaze control or on measured body sway

In these experiments, participants shifted their gaze between target positions,
moved their (closed) eyes in time to a metronome, and held their eyes steady (dur-
ing fixation of a stationary target, or with eyes closed). We predicted that (a) the

amplitude and frequency of eye movements would match the amplitude and fre-

kllit;i}u. Of tareetr motion tIiLtI 1S, WC I\I‘le]lk I;'.i ‘-"11 1 ]‘“.H!Iul[’ﬂilﬂa Wi ~l_:lx| SUCCL --IH“\

track the dot), (b) during visually guided eye movements, the variability of body
sway would be reduced (relative to sway during tixation of stationary targets); ang
(,k] a]llllll: CVO ( |~ ISUTC, POSTUTC Wi "l_!lkl Not l'; II!I]lit.'EIL t.w.l [“» !}EL' PICSCNCC O ._=!"‘~k'll'._ -
of eye movements. Previous research relating posture to vision has sometimes
found trial effects (e.g., Pagulayan, Havyes, & Stoffregen, 2001). For this reason, in
this study we analyzed the data for possible trial ettects. However, we did not make

AN\ rffkhkfh'““.lLuW” rthd“h‘lTLd cliecCts

EXPERIMENT 1

[ here were four conditions in Experiment 1. In the stationary target condition, par-
ticipants were asked to fixate a stationary target for the duration of each tri
moving target condition, two dots appeared on the screen sequentially and partici-

i“HIi*x\tﬁt'I*Lt&iTml%lHllT|HJH’£JZ&‘H‘.IMI~‘L“‘; !TRE}HkEEUkLT'JLW W =x21~”'h' I AN\

1

given moment. We assumed that viewing of the stationary target would require less

I‘Tkw_iHL'klllllIn‘]t*TT!lL'k'kk‘HIll.i!]\ ICwing ol T}nj moving target. \ 311?}|I~ %.1~I~.RRL'[‘rk”
dicted that body sway variability would be reduced in the moving target condition,
erHIKt%*HH n\\hrh?]uTJfﬂC!thwfHL*H»Yk [htT(HLHTHH:k'ﬁh%?TﬁPﬂiWT”HT(J
lhl~'JLWUTHIHIUH\thIMTQIHELﬂ[tkihiﬁLWL'Hk-KL!M{IHHtJIHIiHLk”dLTtIL*inJ?=‘Ihv
\[“H.dLHIhLl“\LW*tK\kWID‘\UInU[”“,i”I*WMIfIWE:“H I]HN*ELTHLWII“fTru'vkyw.{LI*U.[H
Ilngk|tHinIH*WIIHJ&nHlJIHtH!.}VHTIKH‘JIHH‘ARIL IMMTIHL!LAIIl?yIuLt:tili-Wul”.Htﬂﬁ,

lateral eye movements during eye closure.’ Sway in this condition was compared to a

{ 1 | ST
condition in which the eves were closed and stationarv (closed stationaryv). When

: I :
'T"’" 15'1'.'tl TTih._ YOS L
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the eves are closed, eye movements are not visually guided, that is, eye movements
are not organized or evaluated with respect to targets in the environment, and so
small variations in body sway should not influence such eve movements. A finding
that body sway was influenced by eve movements during eve closure could under-
mine our assertion that the relation between sway and eve movements is functional.
There was not an obvious reduction in cognitive demand in the eves-closed condi-
tion. Thisis because we required participants to move their eyes in time with a metro-
nome, which constrained the timing (but not the direction or amplitude) of eye
movements. | he metronome also had the benefit of ensuring that the frequency of
CVC movements was [I]L' SAINC 111 CYCS-0OPCT ..llh.i L‘\’L‘H'L"t '!‘"\L'xi leI]LlI{Illl]\.

I“"‘L'j‘.ir;tlr..’ measurement ol I]L:hi .!I'l».] LOrsoO P S1T10N ]‘L'I'II]EI[L‘J LS 1O L‘\';llll;lh‘ SCV-
eral hypotheses. First, we could determine whether eye movements influenced
only torso motion or motion of both the torso and head. Second, the collection of
data on head position allowed us to determine whether participants rotated their
heads. Given the small amplitude of gaze change needed, this was unlikely; how-

CVETL 1T was ”H}“UI'IJH[ o x_'\thLHU [.]k' ]“l““l]"‘llll\'.

Method

I)tlrtil“ipt?”fﬁ. }" Wrtecen lllhlt‘?ﬁl'.ulli.llt NHIJUH[H (Omen, Ow omen) f-l"tllﬂ [l'lL‘

University of Cincinnati participated in exchange for course credit. Participants re-

ported no history of disease or malfunction of the vestibular apparatus, or of pos-
tural instability, recurrent dizziness, or falls. Due to apparatus constraints, partici-
pant height was limited to a maximum ot 183 ¢cm. Height ranged between 157.5 cm
and 183 cm (M = 170 cm). Age ranged from 18 to 29 years (M = 20 years). Three
participants had corrected vision (glasses or contacts). Participants were treated in
accordance with the Ethical Principles of Psychologists and Code of Conduct (Ameri-

can Psvchological Association, 1992).

Apparatus. Postural sway wasrecorded using a 6-dt (degrees of freedom) mag-
netic tracking system (Flock of Birds, Ascension Technologies, Inc., Burlington, Ver-
mont). One receiver was attached to a bicycle helmet worn by the participant, while
a second receiver was attached to the skin between the shoulders (approximately at
the seventh cervical vertebra) using cloth medical tape. Each receiver was sampled
at 25 Hz, and the data were stored on a computer tor later analysis. Visual stimuli were
senerated using PsyScope (Cohen, MacWhinney, Flatt, & Provost, 1993), and pre-

sented on a Macintosh G3 computer with a 43 cm Apple Studio Display.

Procedure. The experiment was conducted at the University of Cincinnati.
['he visual target consisted of a filled red circle on a white background. Luminance
of the background was approximately 108.44 cd/m-, and luminance of the target

was approximately 26.07 cd/m-. The contrast ratio was approximately 1:4. Partici-

pants stood with their eyes 100 cm from the display. At this distance, the target cir-
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cles subtended approximately 1.15° of visual angle. In the stationary target condi-
tion, the visual target appeared in the center of the display and remained there for
the duration of the trial. In the moving target condition, the target was presented
In two positions, alternating between positions at 0.583 Hz to produce apparent

motion. | he target first appeared 9.75 cm to the left of the center of the display tor

l

| sec, at which point it disappeared, reappearing approximately 9.75 cm to the

right of the center of the display, where it was again visible for 1 sec (maximum dis-
placement approximately 19.5 cm, subtending 11° of visual angle in the horizontal

plane). The 11° gaze shifts required in the moving target condition were well

—

within the range that typically is accomplished with eye movements alone, that is,

without supporting head movements (Hallet, 1986). Participants were shown an

example of the moving target condition to ensure they fully understood the rask.
ll1l!1u I[HI\]L*JILJIIh1!1 M‘Llhyk[]]h‘hlllji, PArticipants werg IIE*TPJL?kxl (O MOVve

| ]ILﬁII‘ CVCS W !tl]L' | ]]L YV WerIe thit *\Lfk{. Il llL'k WCTIC r~~L\L't} 1O Move | 111_!1' CVES W 1[]1 {I"lt'

SAINC Jdlin ‘llIHk{L' dS 1) [IIL' Moving rareet c ‘I‘:x.%lfii n (they were .l”l*‘,".t‘gi O practice
I

1
!
|

|
t\L“ww_L‘*tLiC\L'IH*”JEIHkﬂilH_HItT'KIUEKIHLIT H'*TH]IH]H‘ Or the moving rareet L*ﬂlah'

tion). Eve movements were paced to the sound of a metronome, which emitted a

tONe evens I_ .I 3 SEL. Ii'TTILli“JIlI* WETC instructed to HIt‘\k‘TI!t'H'L VES ONcCe al L'|L}]

tone, so that a full cycle (i.e., two movements) occurred at a frequency of 0.583 Hz.

| k|

We sought to reproduce the 0.5 Hz used in previous studies, but 0.583 was the low

est frequency that our metronome could produce. This tact dictated the trequency

Of TONES HEll]k'klt“LAIllh‘\llﬂlkl‘”klﬂltﬂ].|TL!.T!Hf?MI‘@Lﬂ Hi'[tt MOVINY taroel ktﬂ]gh-

—

|

tion. In the fourth condition (closed stationary), participants were instructed to

close their eyes but keep them pointing straight ahead.
Each participant performed 12 trials (three in each condition), each of which

.I*[Lx! 0) SeC. ¢ f*fhiilh‘ll *HK{UI WS LL‘HI1TrIf'11A!tkLA’ ACTOSS I“w!TIuI}‘iIi?H. [‘ﬂWlu]'

DYANLS \]H‘IIHL'\ T!H.' Il'lt_'\.mhlk' l]L'llllk'l ‘u\H]i Ih'\.' receiver art it.]lk'ki 1) T]]t_' }“.?L h OF 1L, .\['.'

r\[‘fIlHia¢|!rf JTngllyu!T}lr HvktrHL{IlﬁhrlkaI. Iﬁﬂiiuliﬂihlk wWere i\huxl 1) ~P|Ih|.t;>

" N\ \

proximately 100 cm from the display, with their feet together. ]

'1' ]
he displav was ad-

justed so that the top of the screen was approximately level with the participant’s
eyeheight. In all trials, participants were given the option of letting their arms hang
at their sides, putting their hands in their pockets, or holding their hands clasped in
Iront mﬂt*llwﬁlﬂld ”erI.\x}IhllvkaT r*“!HmWJTEH”akiln“LAIIHVR WCTKC AELinft*kaj“
the same position for each trial, and not to move their hands during trials.

In conformity with University of Cincinnati institutional review board require-

ments, participants were reqguired to sit ind take a break atter the first six CXPCri-

mental trials. This was done to minimize the possibility of fatigue or other adverse
|

IVan. “I-*HI&TJ{IL

side eftects of prolonged stance (Smart, Pagu

Results

The dependent variables were the positional variability of the head and torso in

fore—aft and lateral motion. These were operationalized as the standard deviation




POSTURAL STABILIZATION OF EYE MOVEMENTS 201

of the head and torso displacements, analyzed separately tfor the AP and ML axes.
The independent variable was condition (stationary target, moving target, closed
stationary, closed moving). Separate analyses of variance (ANOVAs) were con-
ducted on AP and ML motion of the head, and on AP and ML motion of the torso.
Summary data (collapsed across trials) are presented in Figure 1. Data from repre-

sentative trials are presented in Figure 2

Torso ML. The main eftect of condition was significant, F(3, 39) = 22.39, p

< .05, partial ¢ = 0.63.% The main etfect of trial was not significant, F(2, 26) =

1.36, p > .05, nor was the Condition X Trial interaction, F(6, 78) < 1, ns. Planned

—

t tests (using a criterion alpha of .0167)° revealed that there was less variability in
the moving target condition (M = 0.216 ¢cm) than in the stationary target condi-
tion (M = 0.294 cm); t(13) = 4.80, p < .0167, as predicted. There was also less
variability in the moving target condition than in the closed moving condition (M
-0.385cm); t(13) = 6.68,p < .0167, as predicted. There was less variability in the
stationary target condition than in the closed stationary condition (M = 0.437
cm); t(13) 3.64, p < .0167, replicating classical eftects (e.g., Edwards, 1946).
Finally, variability in the closed stationary condition did not difter from that in the

Y N\C

L] . Y \I y ™. r "
\h'lt“‘\k'd Movinge uilhlllwn. Hl )) V), .f’ ol I(‘u. ”Hh. llh,‘ lIH]llL‘HL’L‘ Of ¢eve

movements on torso motion occurred only when the eyes were open.

Torso AP. The main effect of conditions was significant, F(3, 39) = 34.07, p

n =y

05, partial n 0.72. The main eftect of trial was not significant, F(2, 26) =

2.49. p > .05, but the Trial X Condition interaction was significant, F(6, 7/8) =

'\

2.39, p < .05, partial n° = 0.16. The Trial X Condition interaction is illustrated in
Figure 3. The interaction seems to indicate that when the eyes were moving, pos-
tural variability followed an inverted U, being greater in Trial 2 than in Trials 1 and
3. When gaze was stationary, postural variability decreased over trials (when the
eyes were open), or was constant over trials (when the eyes were closed). We did
not predict this interaction, and we do not have a clear interpretation of it.
Planned comparisons on the main eftect of conditions revealed that the moving
target condition (M = 0.234 cm) did not differ tfrom the stationary target condi-
Hon, M = 0.237 cm, t(13) = 0.165, p > .0167. The moving target condition was
sienificantly less variable than the closed moving condition, M = 0.337 cm, t(13)
6.51, D - 0167/, as I“!‘L'n.llt_lt‘\{. | he stationan (argcei condition was Hi;_{IHTIL}illll‘s'
less variable than the closed stationary condition, M = 0.363 cm, t(13) = 6.74,p <
0167, replicating classical eftects (e.g., Edwards, 1946; Riley et al., 1997). The
closed stationary condition did not ditter from the closed moving condition, t(13)

pb > .0167.

-l 1][

h |

ny :!';u' 1.'T1.J.l - statistc.
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than during the closed moving condition, M = 0.435 cm, t(13) = 7.08, p < .0167.
In addition. variability of head motion durine the stationary tareet condition was
sienificantly less than during the closed stationary condition, M = 0.511 cm, t(13)

= 3.82, p < .0167, replicating classical eftects (e.g., Edwards, 1946). Finally, ML

head motion during the closed moving condition was not sienificantly different

11(

than during the closed stationary condition, t(13) = 2.26, p > .0167, confirming
our prediction.

Head AP. 1The main effect of condition was significant, F(3. 39) 30,38, p -

05, partial n- = 0.70. The main ettect of trial was significant, F(2, 26) = 4.07, p -
05, partial n- = 0.24, but the Irial X Condition interaction was not significant,
F(6, 78) = 2.09, p > .05. Means and standard deviations for the trials were as fol-
lows: Irial I, M = 0.81 cm, SD = 0.36 cm; Irial 2, M = 0.92 cm, SD = 0.37 cm;
and Irial 3, M = 0.83 cm, SD = 0.33 cm.

Planned comparisons on the main effect of conditions revealed that AP motion
et and stationary (argel condi-

) = 0.575, p > .0167. AP head

of the head did not difter during the moving tar;

I
—
"
.‘

tions, M = 0.281 and 0.266 cm, respectively; t(]

motion during the moving tareet condition was sienificantly reduced relative to

-

the closed moving condition, M = 0.389 cm, t(13) = 5.43, p < .0167. During the
stationary target condition, AP head motion was significantly less than during the
closed stationary condition, M = 0.412 cm, t(13) = 7.83, p < .0167, replicating
classical eftects (e.g., Edwards, 1946). During the closed stationary condition, AP
head motion did not ditter from the closed moving condition, t(13) 1.95, p

A

.C](‘T. }'HLIHL & S| i‘uu_ [ ¢SS OnN Iila' main ¢riect Ol T.II.I] ey L:ilui Iil 1 \l“ MO *Hmf

the head was greater during Trial 2 than during either Trial 1, ¢(55) = 1.99, p < .05,

or Irial 3, t(55) = 2.18, p < .05. Trials 1 and 3 did not ditter, t(55) < 1, ns.

Head rotation. We computed head rotation about the vertical axis. This al-
lowed us to evaluate the possibility that participants used head movements to
maintain gaze on the moving target, rather than (or in addition to) eye move-
ments. Means and standard deviations for the conditions were as follows: station-
ary target, M = 1.08%, SD =1.08"; moving target, M = 1.31°, SD = 1.227; closed
moving, M = 0.48° SD = 0.85% closed stationary, M = 1.24°, SD = 0.45". An
ANOVA revealed that there was not a significant eftect of condition on head rota-

L1010 .H'Hlllhl IIIL‘ '\l_'”l\_.il LNLS, ’("1 ]:h ‘ i\

Discussion

For both the head and torso, sway in the ML axis was reduced when the target
moved, relative to when it was stationary. Sway in the closed moving condition was
less variable than in the closed stationary condition, but this was true only for head
ML. That is, there was an eftect on the head, but not on the torso. Variability of

head motion in the moving target condition was less than in the closed moving
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condition. for both head and torso. in both axes. Finally. there was no difterence

among conditions in the rotation of the head around its vertical axis.

Postural Stabilization of Visually Guided
Eye Movements

The results from Experiment 1 confirmed most of our predictions. Postural sway
variability in the ML axis was reduced when looking at a moving target, relative to
sway when looking at a stationary target. Experiment 1 provides support tor the
claim that the control of posture can be influenced by suprapostural visual tasks.
rHlL.‘ Purposc Hl- [hl*« CXPeriment was O ll]\'L‘HIi}_LlIt-‘ I'L“I;llil"'”‘* I"“L‘H\‘L‘Ul] cVe MNove-
ments and body sway under conditions in which other factors, such as target dis-
tance and the cognitive content of tasks were held constant. Together with the
findings of Oblak et al. (1985), Experiment 1 makes it clear that visually guided eye

movements alone are sufficient to influence the organization of body sway.

Head Rotation

There was no eftect of condition on rotation of the head around its vertical axis.
[hat is, participants did not use head rotation differentially across conditions. This
means that the most likely cause of the postural eftects of target motion is eye

movement per se. [t may be important that the lack of head rotation eftects corre-

sponded with the presence of head and torso etfects in the ML axis, indicating that

the level of fine-tuning of postural changes with respect to the suprapostural task.
These results suggest the possibility that body sway (in the ML axis) might be used
to stabilize eye movements that are less than 117 in amplitude, with head rotation

(perhaps augmented by sway) being used when eye movements exceed 11°.

Eye Movements When the Eyes Were Closed:
Torso Motion

The main purpose of asking participants to move their eyes while they were closed
was to determine whether postural control would be influenced by eye movements
that were not visually guided. In assessing this possibility, the central comparison
was between torso motion with the eyes closed and stationary, and torso motion
with the eves closed and moving. When the eves were closed, there was not a sig-
nificant difference in the variability of torso motion in the eyes-stationary and
eves-moving conditions in either the AP or ML axes. This contrasts with the influ-
ence of eye movements on torso motion when the eyes were open: Visually guided
eye movements produced a reduction in torso motion, but eye movements that did
not rely on visual guidance had no etfect on torso motion. This contrast supports

our argument that the relation between postural sway and eye movements is func-
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tional, that is, that posture is used to facilitate the control of eye movements that
are visually guided.

The variability of torso position was reduced when eye movements were visually
tjlllkL;kl ([Ilt‘l]l~-\'lllLII'IIEJL'I Ltillgllliiil]). TLwl#!l\ C O kklltﬁll I!lL”x were nolt kl]lu‘ kll“Kle
moving condition). This confirms that the ditfferences in torso motion between the
moving target and stationary target conditions were related to the control of the vi-
sual system relative to the visible environment (i.e., to visual performance), and

Nol II*I!IL‘I‘Tt*tﬁiuk"'EtJHL‘I]H*\Lfﬂlk%i[.l‘kﬂ SC.

Eye Movements When the Eyes Were Closed:
Head Motion

|

When the eves were closed eve movements did not influence motion of the torso.

but thev did influence motion of the head. In the ML axis there was a significant

decrease in head motion during the closed movine condition. relative to swav in

the closed stationary condition. his effect confirms that participants actually

modified their behavior in response to our instruction to move the eyes while they

WCOICO ( |-'~t‘11.

The tact that there was an efttect on ML head motion of eve movements when

the eyes were closed was contrary to our prediction. However, the direction of the

effect was contrary to predictions that could be motivated by the idea that postural

1 1 ]
and ocular contr l ur!itl"k'h' OT A IIIHHUJ i“ W1 OF ¢« -'11‘[I.i| !‘I-‘L CSSHNLY TOM LS. ] e

resource competition view can predict reduction in performance of one or both of

two simultaneous tasks and. if the two tasks do not exhaust the available resources.

1 . _ | _ ; ' 1 .
it can predict that performance of the combined rasks will be equivalent to the per-

| )
formance of each task alone. But the resource competition view does not appear t

ofter any basis for predicting that performance of either task will improve whei

thev are combined.

| he reduction in variability of ML head motion during eves-closed eve move-

MCEsS may suoevest some TL'IiIlt‘Il I‘L'[Kht'LW: Elk' I 1N !T]i*!llillxl T]IL' mechanics ol T]IM
l‘LiI]t“Hli'l”[ SVSTC. lln“u\x'\ - P MIIIL'I' IIITQI';‘IVT 1T1010s are }\L“*Ii“[t, Lne HEIL_'I"I‘I&‘I.%
[1ON Arises irom T|Iu [ACH TlLiT 11 []lkf kli“t';ifl OVIIL O 41\’1II~‘11 CVe movements were
paced to the sound of a metronome. In this condition, participants were obliged to
pay attenton to T}lk ~~'11I1k{ Ol Il]L'l]lL‘TTtil11'llnﬁl EIJM{g} k'IE\IkW]I 8! T}rafll OO

!|lk' CVOS. 1 Istening o 1111'Il]t]IIt‘]li‘I]lk'l]l.ik have C 31~Illlllt'¢l.| SUPTAP.

1S i\"““ilﬁ[L '!l.!l TiiLﬁ Ituillx ahl \ 1!1‘i|‘1=}1\ 8 Fu![ 1 1C :t! Motion fac 1il’ 108

cnine to flik' MCtironomee: SsuUc Il‘ill cliect wi %*lki DE TUunc Il~*l|.ll‘ l li-IT 1S, }“.1ITIx I]“.IIiIﬁ

may have engaged in postural stabilization of listening. Additional research will be
required to determine whether changes in ML head motion are related to listening,
O i]lL' HICC ll.llilu S Ol llt‘!l\'l“llfl] CYC TNOVEIMCIILES, O 1O SOmC 1~l|1g‘r CdlISC,

Another interpretation of the condition ettect on ML head motion in the ab-
sence of an eftect on torso motion relaces to the information needed to control eye

' | | '
VY 1L, L) AU e evVe 1OAVY 1AL LI 1M 1ase Wi LIIC THICLHT OO, 1
movements. lo prod m ment in ol th the metr e.

: participants
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needed information about how their eyves were moving. With the eyes closed, such
information was not available visually, and so it seems likely that the required in-
formation would have been obrained proprioceptively, for example, in feedback
from ocular muscles moving the eyes in the medio-lateral direction. The pickup of
such information might be complicated by simultaneous motion of the head in the
same direction: I"I'H]‘I'ln W L’[‘Ii\ e information about head movement \\Ulllu] be irrele-
vant to the eye movement task. For this reason, a reduction in head motion (espe-
cially in the ML axis) may have made it easier for participants to detect the
propriocepuave INnformaton I]L‘L"k_iL'a_i (O eXecute fllk‘ lh‘r\'n'] Ilhl\ *‘*11 moving Ihl.‘il' CVECS

laterally during eye closure. It may be that participants reduced head movement to

I“‘L‘TIUI' }\'I'a_ ciIve {_!Ih! CONLCr« 'r]\ fl‘iL' motron oOf [|1L‘1!' VeSS \HII] respecrt 1o I]’.L‘ metro-
nome. similar to the reduction in head rotation that has been observed during vari-

OLUS lt COMOLoOr Ll‘wix* (€.O., HL'I'(!‘:H; 1”‘--“';3.

EXPERIMENT 2
In Experiment 2, we measured eye movements, using electro-oculography (EOG).
EOG is the only technology that permits measurement of movements when the
eyes are closed as well as when they are open. Our main purpose in Experiment 2
was to confirm that participants moved their eyes when instructed to do so and to
determine the amplitude of eye movements. The conditions and manipulations
were the same as in IL\]“‘L'I'IIHL'IH 1 :IM\ 1( u*lgllil:_‘_’l\, wW¢ I]thL‘ IIH_‘ SATNC [‘I'L‘kllullt*lh

. .
JI‘HIII Ik'[.lllwlh perween !‘H ul\ swav and visu l”‘x *__',’ilh.lul Ve movements.

Method

Participants. Fourteen undergraduates from the University of Minnesota
participated as volunteers; none had participated in Experiment 1. Participants re-
ported no history of disease or malfunction of the vestibular apparatus, or of pos-
tural instability, recurrent dizziness, or falls. We did not restrict participation on the
basis of height. Rather, the height of the display monitor was adjusted individually
for participants. Participants’ height ranged between 152.4 cm and 195 ¢cm (M =
173.1 cm). Age ranged from 19 to 25 years (M = 21 years). Three participants had

t"”!'lt'LT.L"L] VIS1On \L_Zl-.l“*“*t.'“ O contacts).

Apparatus. Displays were created using PsyScope, as in Experiment 1, and

were presented on a color flat screen monitor measuring 50.8 cm diagonally. Eye
position and movement were measured using a standard EOG system (Biopac Sys-
tems, Inc., Goleta, California). The EOG system was positioned immediately to the
}“,il'IlL![“‘i!H‘H I'l'__'IH. I |11- WAS I nme ]“L'L ALISC I]Ik' k.l|‘!a‘*~ connecring II]L' L‘IL'L‘II't "\.IL""* (O
the EOG electronics unit were 114 cm long (this fact is important to our interpre-

ration of some ol T.]lk' ]'i.."‘*llh“)ﬁ ! |‘iL' l'\ ) L'lk'k[l'ﬁl'lll_'\ LUNIT WAs L'HIIHL'L'[L'\J (O a P(
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that sat on a desk on the participant’s left. The cable connecting the electronic unit

to the computer passed in front of the participant. Eye position was sampled at 62.5
H:z. Postural data (head and torso motion) were measured using t!

kkllil t.!t}l NS AYS *.HI]]‘!Uui.I! -;T } {f.

Procedure. |he experiment was conducted at the University of Minnesota.
1 he ¢ nditions 1!1\1}‘Ii*Lk‘giiiIL'\kL‘IL‘T!it" LITIC AS 1 };\i”tﬁ iment |, exe CPU 101 :ilk'1l“k
of the EOG system. Participants were asked to stand with their toes
tloor, so that their eyes were approximately 100 cm from the centes
| he EOG system was calibrated betore each trial, using the meth
l‘ Tl.li.' manufacturel

In conformity with University of Minnes
ments, participants were required to sit a

mental trials. | his was done to minimize t

, .
‘*!Jt' CITECES O Droionged strance (omart ¢t

Results

Postural motion. | he data are sun

ducted separate repeated measure ANOVASs

|
(O] 'ilt']lk't~! :IZLE LOTSO). IU
were conducted. [hese t tests were not indepe:
plied the Bonterroni inequality to adjust the
four t tests were planned, vielding a criterio

lxllillhxi t'l?l!k .

lorso ML. | he main ettect ot condi

. ¥ 1 \ ‘.'_' : ¥ 1S i s I L T 3 1 ."unr
~I'!171 | ] I‘l Vel {-!L main ettect of tral was sientficant (Fieure

) \ . 9

H‘._\-;F'- A ﬁ”-}-ifil!ll] k..".'k};]H'.Tih".t ";:", 1] / II"lEEHiTLf

niticant, F(6, 78) < 1, ns. We did not predict significant main effects

)

tural motion in Experiment 2. The meaning of these eftects is ¢

I NSCUSSION seCction.

l

[\I.Hlllt'k!f LUSES Ik'ix'J]L‘\iT|i=1T Elltﬁl WAas 1S

\IITixﬂz. \1 x\.IhT: aT!i‘Tllt!Iilflllia'xlaiib*fi 1y |
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did not ditter (closed movine M D.138 ecm): (13 1.166. b O]

tionary tareet and closed stationarv conditions also did

1 X |
NOT Jditter (Closed stationan

M = 0.150 cm), t(13) = .897, p > .0167, not replicating classical ettects (e.g., Ed-
wards, 1946; Riley et al., 1997). Finally, variability in the closed stationary condi

L10O]) kllk NoOj x.ll“k'! irom FILH 11} 1IH' t.l*"“*k'~.l Mmovinvy k*'lhll“t"]\. :l] 3) 1::"1 D
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Torso AP. The main effect of condition was significant, F(3, 39) = 4.33,p <

05, partial 02 = 0.25. The main effect of trial was significant (Figure 5), F(Z, 26)

7.26, p < .05, partial n? = 0.36, but the Condition X Trial interaction was not sig-
nificant, F(6, /8) < 1, ns

Planned comparisons on the main effect of condition revealed that motion in

A’

the movine tareet condition, M = 0.178, differed from the stationary target condi-

tion, M = 0.238 cm, t(13) 3,526, p < .0167. Sway in the moving target condi-
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tion did not difter trom the closed movineg condition. M = 0.201 ecm. t(13) = 1.142,

p > .0167. Similarly, sway did not differ in the stationary target and closed station-

Ay Lu"HJH]! nils, not Ik'["[IL.HlIIL', kl-i“‘*“‘ll_ I] cltects, fl! ) ].u.h"‘. _f‘ : .C!“. lklt‘*‘*k'ui

\

stationary M = 0.219 cm). Finally, as predicted, sway in the closed stationary con-

f

dition did not difter from the closed moving condition t(13) = 1.171, p > .0167.

Head ML. |he main eftect of condition was signiticant, F(3, 3Y) = 3.61,p -

\

05, partial n° = 0.22. The main ettect of trial was significant (Figure 5), F(2, 26)

9595, p < .05, partial n- = 0.30; but the Condition X Trial interaction was not sig-

nificant. F(6. 78) < 1. ns
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Planned t tests revealed that, as predicted, variability of head motion during the
moving target condition, M = 0.131 cm, was significantly less than during the sta-
tionary target condition, M = 0.170 cm, t(13) = 3.552, p < .0167. As previously,
variability of head motion during the moving target condition did not differ com-
pared to variability of head motion during the closed moving condition, M = 0.149
cm, t(13) = 1.289, p > .0167. In addition, variability of head motion during the
stationary target condition was not significantly different from that of the closed
stationary condition, M = 0.161 cm, t(13) = .756, p > .0167, again not replicating
classical effects. Finally, ML head motion during the closed moving condition did
not ditfer from that in the closed stationary condition, t(13) = 1.002, p > .0167.

" —

Head AP. The main ettect of condition was significant, F(3, 39) = 3.70, p -

05, partial n¢ = 0.22. The main eftect of trial was significant (Figure 5), F(2, 26) =
:‘

23, p < .05, partial n° = 0.29, but the Trial X Condition interaction was not sig-
nificant, F(6, 78) < 1, ns.
Planned comparisons on the main ettect of condition revealed that AP motion of

the head differed in the moving target and stationary tareet conditions, M = 0.207

and 0.271, respectively; t(13) = 3.524,p < .0167. However, in the moving target and
2 3

closed moving conditions, M = 0.233 cm, AP head motion did not differ, t(13) =

—

1.212, p > .0167. Similarly, in the stationary target and closed stationary condi-
),

h'

tions, M = 0.255 cm, AP head motion did not difter, t(13) = .729,p > .0167, nor did

the closed stationary and closed moving conditions, t(13) = 1.123,p > .0167.

Comparison of Experiments 1 and 2. Our purposes in Experiment 2 were
to show that participants moved their eyes when they were instructed to do so, that
eye movements were similar in amplitude and frequency to the apparent motion of
the visual targets, and to confirm that these effects corresponded to reductions in
the variability of postural sway when participants were shifting their gaze (i.e., in
the moving target condition), relative to sway when gaze was stationary (the sta-
tionary target condition) or when the eyes were closed (the closed stationary and
closed moving conditions). With respect to each of these goals, Experiment 2 was
successtul.

In Experiment Z, sway did not difter when the eyes were closed (llh.‘ closed sta-
tionary condition) relative to when they were open (the stationary target condi-
tion). This deviates from Experiment 1, and from classical findings that sway tends
to increase when the eyes are closed. The absence of this ettect in Experiment 2 is
not directly relevant to the purposes of the experiment, as described here. How-
ever, the failure to replicate this classical effect is puzzling. In an attempt to under-
stand this unusual result, we compared the data tfrom the two experiments, in the
same conditions. For each condition we t.'i'ih{lltlul ilhiL‘|‘L'lldL'll[ [ [CSIS ft\l" L‘ih_ll
body segment (head and torso) in each axis (AP and ML). In the closed stationary
condition, each of the four t tests was significant: head AP, t(13) = -5.07, p <
0167; head ML, t(13) = -7.512, p < .0167; torso AR t(13) = -5.131, p < .0167;
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and torso ML, t(13) = -6.917, p < .0167. In each case, sway in Experiment 2 was

less than in Experiment 1 (compare Figures 1 and 4). This was true also in the

closed moving condition: head AP t(13) = -5.279, p < .0167; head ML, t(13) =

3.01,p < .0167; torso AR t(13) = -5.084, p < .0167; torso ML, t(13) 0.832,p

3

.Cl("?. l.]'lk"“l.' Ik‘*lllT\ [IlJlL‘I[L‘ !ll.!E i1 };.\}‘t'I 1ment 2, swa\s \‘\H]’t 'I'iL‘ CVES x,_l'u H~~:._".~| Was
reduced relative to typical situations (and relative to sway in Experiment 1).

Similar results were obtained in the eyes-open conditions. For the stationary
target condition, there were significant reductions in sway in Experiment 2, rela-

tive to the same condition in Experiment 1, but only in the ML axis: head AE t(13)

1.907, p > .0167; head ML, t(13) 017, p < .0167; torso AR t(13)

[
)

2.124. p -~ .x\[f"T: LOTSO \” 18 ) : h < .016/. For the m Wing rareel

3 - 1
condition, sway in Experiment 2 was reduced relative to Experiment 1, for both the

head and torso, but again only in the ML axis: he
head ML, t(13) 4.866, p < .0167/; torso AL t(13) 419, p > .016/; torso
ML, t(13) 4.763, p < .0167. Overall, our post hoc tests revealed that sway in
Experiment 2 was reduced relative to sway in Experiment 1. We ofter an interpreta-

[1on ol TEH‘\ criect 1n :l.a ["l“‘*t LISSTON SCCUIOTN.

vai m!uiimr. \\u -.,wm|‘-m-;J iuutkl rotation 1}‘-~'~1|T !i‘m ﬂ{ur'lmwi | X1S. Hm il=

It '\‘Lk'xi LIS TO €Y .!ill.xTL' F];t' {\" "“*l“l 10 [I’l 1 I Irticipants iijl 11&'.1\1 MOVENcents, T.!fl'lx'!
than (or in addition to) eye movements, to maintain gaze on the moving

1 ! | 1
.\h:mw AN «I.tluf.rm HIMI 1r10nNs 101 Iln' CONUITIONS were as I-*'{].-'xk-» stanonary tar-

- )] ;

oet. M = 0.60°, SD = 0.217: moving target. M = 0.63°, SD = 0.29”: closed movine.
M = 0.99°. SD = 0.20% closed stationarv M = 0.73°. SD = 0.39°. An ANOVA re-

]

\L',ilL'al ?Il.i! Il“'!k Wdas NOLE a sionicant errect of ¢ 'T'l-LlHl!‘IiHH !H.'.’I.Ll rotation around

the vertical axis, F(3, 123) = 1.04,p > .05

f.mlf{' movements. Due to technical Proopicms, eye movement data were

dropped from three trials in the closed stationary condition, and from seven trials
in the stationary target condition. In the stationary target and closed stationan
conditions participants were instructed not to move their eyes. For these cond

L1ONS, We « alculated IliL' Hi.ll]k]-.rt'x.{ JL‘\ lation of horizontal eve POSITION. For the sta-
tionary target condition, the mean standard deviation of eye position was 4.2°,

1

\kl'nl't'.w (8) Illa { l“LI stat1onan u-IIJHIMH 1T WAS T.k\ _ l]n I}n Moving rareet and
closed moving conditions participants were asked to move their eyes. For these
conditions, we first computed the mean eye position during each fixation (i.e., the
period between successive eye movements), separately tor fixation on the right and
left sides. The difterence in position between the mean left and right positions was
considered to be the amplitude of each individual eye movement. Using these data,
we calculated the mean and standard deviation of eye movement amplitudes for
each trial. In the moving rarget condition, the mean amplitude of eye movements

was 11.2°% and the standard deviation of this mean was 1.5°. In the closed movine
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condition, the mean amplitude of eye movements was 73.6°, and the standard de-
viation of this mean was 9.0

We analyzed the frequency of eye movements. We did this by counting the total
number of eve movements in each trial, and dividing by the duration of the trial.
Across trials and participants, the mean and standard deviation of eye movement
frequency were as follows: moving target condition, M = 0.54 Hz, SD = 0.02 Hz;
closed movement condition, M = 0.54 Hz, SD = 0.02 Hz. On the basis of these
data, we concluded that participants moved their eyes when requested to do so,
and that in the moving target condition they moved them at the same amplitude

and frequency as the visual targets.

Discussion

The eye movement data were supportive of our hypotheses. Participants moved
their eyes when requested, and held them still when requested. Eye movements
closely matched the trequency of stimulus motion, both with visual target motion
(when the eyes were open), and with metronome pace (when they were closed).
\\'[}L'H II']L' CYCS WCTIC OpPCll, he .I:};ill.l]. JIH}"II[HJL‘ Of eye movements t'|tht.,‘|\'
matched the angular amplitude of stimulus motion. When the eyes were closed,
the angular amplitude of eye movements was greater than the instructed ampli-
tude; this result is consistent with findings from previous studies (e.g., Kikukawa &
[aguchi, 1985; Oblak et al., 1985), and suggests that a person’s knowledge of eye
movement amplitude is strongly dependent on visible reterents, rather than being
related to nonvisual referents (e.g., internal coordinate systems).

As in Experiment 1, head rotation was not used with moving visible targets. In
addition, head rotation was not used when participants were instructed to move
their eves in time with the metronome. This is especially interesting given that eye

— S s

Movenents were verny l.ii'LjL' W I!L'It []lL CVES Were ¢ |n-u{. \] - | 1."!“) . dS t‘!]”’*["HHL‘L] O

those in the open movement condition, M = 11.16°. Thus, we can conclude with

" ! " »
some confidence that the differences in sway between moving target and stationary

! 1
tdareel k"!l-hilflt'l‘l“ were not caused |

w differential rotation ot the head around the
vertical axis (i.e., in the plane of target motion).

With respect to the hypotheses that motivated our study, the postural data gen-
erally replicated the findings of Experiment 1. In some cases, the results of Experi-
ment 2 can be seen as having been stronger than in Experiment 1. In Experiment 1,
reductions in sway in the moving target condition were limited to head and torso
maooion in the ML axis. By contrast, in }'.'\I'“L'I'HHCI” 2 such I'L'u.lllLIit "Mls WETIC HI“%L‘I'\'LH.!
for both the ML and AP axes, for both the head and torso. In other cases, eftects in
Experiment 2 can be seen as having been weaker than in Experiment 1. In Experi-
ment 1. sway was reduced during visually euided eyve movements (the moving tar-
oet condition) relative to sway during eve movements that were not visually guided
(the closed moving condition) for both the head and torso in both the ML and AP

AXCS. ]:1\' contrast, 1n ll.\l\'l'mln ni ._ noe «IlLIl I'mllltlltilh Were t‘l"‘*k'r\'l_'k].
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One difterence not related to our hypotheses was that overall sway did not in-
crease when the eves were closed. This most likely reflects caution on the part of

participants, related to the proximity of the EOG apparatus (electronics unit)

and/or the cable connecting the EOG unit to the PC. That is, we believe that par-

ticipants reduced rheir overall sway so as to ensure that they did not bump into the

experimental apparatus. A similar effect was reported by Stottregen et al. (1999),
who compared sway in a large room with sway when participants stood in a small
booth (I m by 0.8 m). In three experiments, they found that sway variability was re-
duced during stance in the booth relative to stance when the booth was absent. By
varying the transparency of the booth walls, they manipulated the motion parallax
and optical velocities created by body sway. Their results showed that the reduc.
tion in sway during stance in the booth was related to the physical size of the booth
rather than to parameters of sway-generated optic tlow, and they suggested thai
the reduction in sway might have arisen from participants’ desire to avoid bumping
into the walls.

A second notable difference was that in Experiment 2 the main effect of tria

was significant for each of our dependent variables. These trial eftects accounted

for large portions of the variance; in some cases, larger than the portion accounted
for by the condition effects. In each of the dependent variables, postural motion in-
creased over trials. We did not predict the trial etfects in either experiment. Trial et-
fects on postural sway in the context of suprapostural tasks have been reported by

. (2001

. (2001), who also did not predict them. These trial eftects may be

Pagulayan et
related to an eftect observed by Stoftregen et al. (2000), who asked participants to
shift their attention from a nearby target to a more distant target (or vice versa) in
the middle of a trial. They tound that sway changed during trials as a function of
fixation distance; sway variability was reduced during fixation of nearby targets,
relative to sway during fixation of more distant targets. The postural change ap-
peared to be functional in that the impact on gaze of a given motion of the body
scales negatively with the distance of tixated targets (for detailed discussion, see

.. 2000: Stoffregen et al.. 1999). We do not claim that the trial et-

Stoftireeen et .
1C( T\t‘l‘\k'l'\.'k‘ui 11 flll‘* “[Hki\ h.l\ ¢ atunction !l I'L'l 110N 1O Visu il [“L'T'Iu ITMMance. } lt W -~
ever. the robust trial ettects observed in this study sugeest that it mav be usetul. in

future research, to analyze for possible trial eftects.

GENERAL DISCUSSION

’ !
n two experiments we found that postural motion of the body was reduced when

) L cl S WOIC 1S ICLUUL TO S - FAC LU TORI0O) | L) 1 LATYCL, TCIAdL1VE LO)
yarticipants were instructed to shift their eaze to tollow a movine tareet. relative t

yodv sway during fixation of stationarv tareets. Eve movements made when the
CVEeS Were Lln*w\i lllhl No L‘HL\I On Motion ol Iéu' LOTSO); I]HIH, II]L' iI‘I”HL‘!‘.L ¢ O Ve
movements on torso motion appeared to be functionally related to visual pertor-

mance. | hese are the major findings of this study and they provide support tor the
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general hypothesis that body sway can be controlled, in part, so as to facilitate the
achievement of suprapostural task goals. In addition, the angular displacement of
visual targets was small enough so that required shifts in gaze could be accom-
plished without supporting head movements, and analysis of data on head motion
confirmed that the head did not rotate differentially during viewing of moving and

stationary targets. We discuss these results following.

Reduced Sway During Eye Movements

In this study, postural motion of the torso (and, in several cases, of the head) was
reduced during visually guided eve movements relative to sway during fixation of a
stationary target. Across two experiments and several manipulations, we never
found an increase in sway during eye movements. Woollacott and Shumway-Cook

(2002) argued that posture is not controlled in an automatic or reflexive manner.

Qur findings are compatible with their position. However, our findings do not fit
comfortably with the most widely accepted interpretation of relations between the
control of posture and suprapostural tasks. Many researchers have assumed that
the control of posture relies on central cognitive processing resources (Dault et al.,
2001; Lajoie et al., 1993; Maylor & Wing, 1996; White et al., 1980; Woollacott &

Shumway-Cook, 2002; Yardley et al., 1999). An implication of this view is that the

combination of postural control with simultaneous suprapostural tasks should pro-

duce competition for these central resources. Presumably, such a view leads to an
interpretation of our experiments as combining a postural control task with an eye
movemendt I;ihl-\', SO Th-_il II]L’ WO f,ihl\% \\'UHH compete for L‘CHH‘;I] ]“l‘tk’u‘*ﬂl]ﬂ [C-
sources. Precisely this interpretation has been offered for a very similar situation
studied by Hunter and Hoffman (2001). The competitive, dual-task view makes
clear predictions about such situations. If the combined central processing demand
of the two tasks exceeds the central processing resources that are available, then
there should be a performance decrement in one or both of the combined tasks. If
the combined central processing demand of the two tasks does not require more
central processing resources than are available, then pertormance of the two tasks
should be unaftected by the combination. This view has no apparent basis for pre-
dicting the result obtained in each of our experiments, in which postural sway was
reduced when participants looked at a moving target, relative to sway during sta-
tionary fixation.

Qur results also directly oppose predictions made by the saccadic suppression
hypothesis (Oblak et al., 1985; White et al., 1980). Saccades may entail the sup-

pression of visual information pickup, but any resulting loss of information about

Al h{\' sway LIL‘;II‘I\' k]t"L."* Not Il...tlk{ tO an increase n |"U.‘-Il!l';l| motion.

The reduction in body sway while viewing a moving target is compatible with a
different view of relations between postural control and suprapostural activity
(RiLL'iU C:\ f’”‘*lt "”I't_‘t_{L'H. Ik)?*i“';). IH :_IL‘HL'i'.!I, w¢e L]i ) NOL VIEW P 1*--[[11';1' L’UI][I'HI AS I“*L‘i]l,‘-_! In

competition for central processing resources with concurrent suprapostural activi-
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ties. T his is because, for many activities, performance of suprapostural tasks may be
influenced by postural motion. Because postural motion can influence the pertfor-

mance of suprapostural tasks, functional integration of postural control with

suprapostural activity would be adaptive. In such circumstances, postural control

would serve a dual function; on one hand, to avoid falling, and on the other hand,
to optimize performance of suprapostural tasks (e.g., Massion, 1992). When the
risk of talling is slight, as is generally the case for healthy adults and was certainly
the case in our experiments, facilitation of suprapostural performance may play a
stronger role in the organization of postural control. This view leads to the predic-
tion that body sway may be reduced when such reductions can tacilitate supra-
postural performance (or, conversely, sway may be increased when such increases
can facilitate suprapostural performance). When we view targets that are in mo-
Ih‘H.I]MfHHkkLWHn‘ltkt'th\UHJUHIH(1¢H,T}H'HiJthﬂ]JHtt’HfHWHHJ]IJI:{IHERH]HII
the fovea) may be compromised by excessive body sway (among other things).
Thus, one way to tacilitate the viewing of moving targets might be to reduce sway.
On this basis, we can predict that sway should be reduced when we look at moving
targets, relative to sway during fixation of stationary targets. The results of each of
our experiments are compatible with this hypothesis.'
Interpretations similar to ours have been ottered by previous researchers, bur on
.iHriJ ho LJ‘[‘It‘U\ld.”Il“I“ﬁXPfklftl“]hl”l!‘.k‘mllk Ul.d.llt)\i\ltﬂlﬂklillxin~
tion in mean radius of sway during visually guided eye movements, which contra-
dicted their prediction of an increase in body sway during eye movements. In inter-
preting their results they suggested “the most logical conclusion is that the

55

oculomotor system requires stabilization of posture to be able to hit the target light

Y /AN . l

(Oblak et al., 1985, p. 125). Similarly, Hunter and Hoftman (2001, p. 46) based
their study on the a priori hypothesis of dual task competition for central process-
ing resources but in light of their tindings suggested a very ditterent post hoc expla
nation: “A secondary task may, I effect, constrain the amount of ac CCPI il‘lL'}WL*N
tural sway.” These post hoc explanations were made on an ad hoc basic (that is,
\\'IT'I&*III AINY MOTIvation [‘t'\* ﬂ]ul IIiL‘ ki.i[.l Al }l.r!lk]’. ] |1L' erfects obsen L'ki i Iil!*

study were predicted a priori, and the predictions were derived from an established

i\ FTh B

l“‘xl\ 8] T}ltt‘fk 1H1kilif~kllrtll {{ ‘l”lltﬂ] I%IIAIR, STLorireeen, Qi I%tﬂilkllkl‘ LIV LS }{!kL_h‘

I FaTaTa

& Stoffregen, 1988; Stottregen et al., 2000; Stoftregen et al., 1999).

sway without interpreti
(tocether with that o
O I‘L*Z S Q) ZUW L ¢t al
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The results of this study, and those of Hunter and Hoffman, Kikukawa and
Taguchi (1985), and Oblak et al., are consistent with the idea that eve movement
control is not limited to the muscles that act on the eyes (e.g., Steinman et al.,
1990), but can extend to muscles acting on the head and torso. The results are also
consistent with |. |. Gibson's (1966) broader assertion that the entire body is part of
[I]L‘ \'i\t:.ll SVSIen. .I-IIL"“{' I'L‘FHIIN T!Ih]u‘l'!lllt‘ IllL‘ [act l}‘l;ll |1 H’f]\'l'llli_', 1S an act,; It 1S sOme-
thing that people do, rather than being merely a response to external stimulation.
-I‘IIL' act Ot lt N ‘lL’lIl*_{ 1.8, 1]11,‘ ~~-Illl“lt CONre ‘| Ol lllL' CVEOS I'L‘l.lll\’t_‘ (O argets Uf i[][k‘rL‘."*[)
can be influenced by movements of a variety of body parts and, as indicated by our

experiments, by movements of the entire body (see also Anderson et al., 2001).

Postural Stabilization of Visually Guided
Eye Movements

The second major finding of our study is that eye movements did not lead to
changes in body sway when the eyes were closed. This finding indicates that body
sway was modulated to support visual performance, and not to support ocular con-
trol, per se. Presumably, eye movements require some level of effort whether the
CYCS Are open or « losed. Whether the same amount of eftort uﬂllld I"*L‘ llL'L'\.lk'\.l for
these two tasks is unclear. On one hand, it might be argued that visually guided eye
movements require greater effort because the viewer must search OutL, [“ILL up, tll"lai
use information about the orientation of the eyes relative to the external environ-
ment, and because even minor errors in eye movements can lead to substantial
degradation in visual performance. On the other hand, it might be argued that
greater ernort wi HIH l“t‘ Hl.'k"n..lL‘k_i (O TNoOve !}lt‘ CYCS allll'lll‘:_'f CVC kll‘“‘*‘“rl_' l”‘L‘L AUISC t’*f‘ lllL‘
novelty of this task. Theories of automatic processing generally argue that tasks re-
quire more cognitive resources when they are novel than when they are well prac-
ticed (e.g., Kahneman, 1973). It is not clear how to determine, a priori, whether
such theories would predict that more resources would be required to move the

eves when they were open or when they were closed. However, we might evaluate

part of the argument by giving participants extensive training at eyes-closed eye
|
‘-

movements. Practice should reduce the eftort required for this type of eye move-
ment. If the dual-task competition view were correct, there should be a decrease in
body sway as PATTICIPANnLS became more }‘I.iu_lix ed al k'\k"*’kll“k'\_l CVC movements.
We would predict that this change would not occur. On the contrary, with long
Practice we would CXpPecCt 1O see the eftect of eyes-closed eye movements on |1L';h..l
motion (the reduction in head movements during eyes-closed eye movements rela-
tive to head movements during stationary eye closure; Experiment 1) disappear as
participants became more skilled at moving the eyes independent of body sway.
\\L h.!\'u‘ “'l]'_i'_:L"‘*IL‘kl Elm[ I'L'klllu LIOTS 11 SWa\ \'.II'I.I|“I|H\ ay ILIK'L' t-;lk. iliI;llL‘\l *\I“lif['w
in gaze in our experiments. We do not claim, however, that gaze stabilization would
always imply reductions in sway. In some cases visual performance might be facili-

tated by increasing the overall magnitude of sway, provided that the increased mo-
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rion served to facilitate gaze. One recent studyv is consistent with this idea.

Ulasauer, Schneider, Jahn, Strupp, and Brandt (2005) measured sway and eye
movements while standing participants looked at moving and stationary targets.
Target motion consisted of sinusoidal horizontal oscillations at 0.33 Hz, 12° ampli-
tude. Stance was heel to toe. The results revealed an increase in RMS sway in the
ML axis when moving targets were presented. This might be interpreted as con-
flicting with our finding that sway variability tended to be reduced when partici-
pants looked at moving targets, but such an interpretation can be questioned.
Glasauer et al. did not evaluate the hypothesis that ML postural oscillations may
have become coupled with the horizontal smooth pursuit movements used to track
the visual targets. However, they presented median data for eye movements and for
ML sway that strongly suggest that coupling occurred. Coupling of ML sway with
lltWIZHIHLJ CVC movements may llJ\k‘l‘vylillHikTPWILiL 'h.ﬂ lﬂ.iilr xuﬂlriﬂlﬂ d)
have facilitated performance in the visual tracking task. Such an eftect would be
consistent with our general hypotheses. It would be interesting to examine links
between gaze and postural control while varying stance (e.g., teet side by side vs.
heel to toe) and while varying the type of eye movements required (saccades vs.

smooth pursuit).

The Role of Cognition
In our experiments, was posture influenced by task-related constraints on the visual

The latter possibility

svstem. or by variations in the cognitive difticulty of tasks.

might seem credible for tasks that require an obvious cognitive component, such as
mental arithmetic (e.g., Yardley et al., 1999), or searching a text for target letters
(L‘E.,ﬁlmﬂlhﬁﬂtltwl.J..:kuﬁol.iWI[IIi\IU**LI(RI”‘“‘L'T!]hf\H]H‘hﬁgix'Hh*\ainaﬂl¥~rr-
ipnnxx]llumln'u\IWfruluuxta.\\lllxunLllwlnlrlya:xaaqu vements it seems to us more rea-
“iﬁlih]V[t'ki‘HtllhIUI]IJIIHFNIHT\'H_I“l“l]“L@ix[xiiﬂ constraints related to the visual
tasks. | he issue could be tested by varying the mental workload of visual tasks inde-
pendently of their “ocular workload,” that is, by independently varying levels of cog-

nitive eftort and ocular stability required for the performance of visual rasks

Shifting Gaze Without Head Rotation

Our measurements of eye position confirm that participants moved their eves, and
that the amplitude of eye movements matched the amplitude of target displace-
ment. The match between eye movement amplitude and target displacement fits
well with our analysis of head rotation around the vertical axis, which showed that
llUJkIIl”.”l”Ilk\J\ NOA IHfhluluLmll‘\Ilh‘\tlnaﬁtiL*fhld\thﬂ IhL‘IJIﬁLWH, I}HIM.KKU
conclude not only that the postural eftects observed in this study were related to
movements of the eyes, but that they were not related to rotation of the head. We
do not suggest that head movements are irrelevant to the influence of postural
control of dynamic gaze. We eliminated head rotation solely because it would tend

1t*1dICTl}h?HtHlt1flht'h*fwﬂ,kilnt]l\\tH”xILi41H\ik.HL‘tHH’UTh1II[m!HIhJUIHLIHk{FUIJ'
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tions between eve movements and stance. When gaze shifts are large enough to
elicit head rotation, we would expect that motion of the torso, head, and eyes are

integrated to optimize visual performance.

CONCLUSION

Woollacott and Shumway-Cook (2002), defined postural control as “the control of
the body’s position in space for the purposes of balance and orientation” ( p. 1).
Presumably, by orientation Woollacott and Shumway-Cook referred to the orienta-
tion of the body. Our research suggests that this detinition may not fully capture
the functional value of postural control. Our results suggest that one function of
postural control is to stabilize the visual system so as to facilitate the accuracy of
small changes in the direction of gaze. Bevond this our results, together with those
of Stoffregen et al. (2000) and Stoffregen et al. (1999), suggest that there may be
movement signatures of the difticulty of ditterent Hlll‘lﬂl[‘l.ﬁilll'.ll tasks.

We asked participants to move their eyes at constant amplitude and frequency.
[t would be interesting to vary the amplitude and/or frequency of eye movements in
the context of postural sway. The integration of eye movements and body sway ob-
served in this study might be intfluenced by the amplitude of eye movements (e.g., a
negative relation between the amplitude of eye movements and the amplitude of
sway), or by eye movement frequency (e.g., a negative relation between the fre-
quency of eye movements and the amplitude of sway). Another area for future re-
search concerns the dynamics of body sway and eye movements. Body sway is peri-
odic motion and in our experiments eye movements were also periodic. Body sway
is known to have characteristics of dynamical systems, such as stable coordination
modes, sudden transitions between modes, critical slowing down, and hysteresis
(e.g., Bardy, Marin, Stoffregen, & Bootsma, 1999; Bardy, Oullier, Bootsma, &

' FaT™al.

FII‘TH'C;IL'H. LUVL: \ )liHlk'I' - il 0072

- 2002). When tollowing the motion of oscillating
rareets. ocular control mav also function as a dvnamical svstem. in which case we

might expect to observe coupling of the dynamics of the postural and ocular sys-

tems (e.g., phase locking). This study suggests that any dynamical coupling of these

systems should be functional, that is, it should facilitate visual performance.
Finally, our experiments were concerned exclusively with shifts in gaze achieved
using saccadic eye movements. Future research should evaluate the hypothesis
that body sway can be modulated to facilitate the performance of continuous

chanees in the direction of gaze (i.e., tracking eve movements).
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Sound Source Perception in a
Iwo-Dimensional Setting:
Comparison of Action and

Nonaction-Based Response Tasks

Michael K. Russell and Amy L. Schneider

Department of Psychology
Washburn University, Topeka, Kansas

Laboratory investigations into auditory spatial perception predominantly involve the

|

1 | f '
manipulation of the sound source along a single dimension. Nonetheless,

N ‘-HTE».I }"]"J.lu Ifl;_"!”H CUS 1N natural

settings exist and vary within a multidimensional
space. Moreover, laboratory investigations in auditon perception typic allv involve
participants performing a1 sk they do not commonly perform in even day situations
(e.o.. maenitude estimation task). | his study served two y41[¢=~=~t-.}'11~l. the ability of
mi'*w{‘. ¢rs o El]x]lb_"k' N '!iI!k] SOUTCE POSITION ACTOSS WO Jltllk‘ll*\h NS WS Juh*l’l]lltuml. 'f';g‘l. -
magnitude estimation and action-based met-

I

ond, a comparison was made
. [‘ | . l | ] — . . . o ] [ o . .
[FICS. Ne results revealed that TCCPiual judgments Wer NOTADIYV MOre accurate

when participants walked to the sound source than when target location was verbally
reported using a combination of feet, inches, and degrees. The tindings of this study
lend additional support to Gibson's (1979/1986) notion that perception and action

ire mutual or coupled terms.

Under everyday circumstances, perceiving—acting organisms are exposed to nu-
merous sound-producing objects that ditfer greatly in their position or location
within three-dimensional space. Sounds vary in distance from the point of observa-
tion. Sounds also vary in azimuth (L\'.,l!lk"il]ﬁlL'l“C11\t3k11 l]lk‘]‘iﬂll[t'ﬂ observation
and the sound source relative to the median plane) and elevation or altitude (i.e.,
the angle or height of a sound source relative to the ground plane). Yet only a small
number of studies have examined the ability ot observers to locate sounds that var-
led in azimuth as well as elevation (e.g., Makous & Middlebrooks, 1990;

ssell, Department ot Psychology, Washburn
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Middlebrooks, 1992: Oldfield & Parker, 1984; Wightman & Kistler, 1989). Like-
wise, only a few studies have examined perception across variations in both sound
source azimuth and sound source distance (e.g., Loomis, Klatzky, Philbeck, &
Golledge, 1998; Loomis, Lippa, Klatzky, & Golledge, 2002; Speigle & Loomis,
1993: Waner & Veraart, 1985).

In those instances when source azimuth and distance were varied, observers
were not equally capable of judging target distance and target location. For exam-

ple, in a study by Loomis et al. (2002; see also Speigle & Loomis, 1993), partici-

pants were required to walk to the source of a sound signal that ranged in distance

R

from approximately 2 to 5 m and varied in azimuth from -90" to +90" (0° being di-
rectly ahead). Whereas judements of target azimuth were nearly veridical, jude-
ments of source distance were consistently imprecise. More specitically, partici-
pants tended to overestimate nearby targets and underestimate distant ones. This
tendency of observers to accurately gauge target azimuth but inaccurately gauge
target distance has also been found when the target was within the reach of the
participant (Wanet & Veraart, 1985) as well as when the target was at greater dis-
tances, 3 to 15 m (Loomis et al., 1998).

[raditionally, investigations into auditory perception have required observers to
provide a verbal report of the location of the auditory target. It has frequently been
the case that participants have been required to report target location in degrees
\C.E., HL'L’_-.UIII & W L']I:k'!. 1YY }1; lilhi*ltﬁ\ & R« "*EEL'H 1995) or meters, centimeters, feet,
or inches (e.g., Butler, Levy, & Nett, 1980; Holt & Thurlow, 1969; Little, Mershon,
& Cox, 1992; Mershon, Ballenger, Little, McMurtry, & Buchanan, 1989; Mershon
& Bowers, 1979; Mershon & King, 1975; Zahorik & Wightman, 2001). Elsewhere,
participants have been required to judge sound position relative to a visually evident
object or reterence point (e.g., Bronkhorst & Houtgast, 1999; Cochran, T hroop, &
Simpson, 1968; Simpson & Stanton, 1973). It has also been customary for partici-
pants to provide a verbal report as to which of a number of visually apparent loud-
%}‘kill\tl'\ Wadas llu' source ol IllL‘ H*lll‘lu_l \C.L£., l“m‘lrmlllll-\ X }“HITIL.I. I”T:‘; Hllflk‘l'.
Humanski, & Musicant, 1990; Coleman, 1962; Gardner, 1969) or which ofa number
of sounds was closer or more distant (e.g., Ashmead, LeRoy, & Odom, 1990;
Barencutt & Ptetter, 1998). Undoubtedly, response measures such as these allow for
a precise evaluation of the accuracy ot observers’ perceptual capabilities. Nonethe-
less, such metrics do not address the perceptual problems and tasks taced by perceiv-
iIng—acting organisms under naturalistic circumstances. Rarely is it the case that an
observer will verbally report the distance of a sound-producing object or judge
whether the sound was closer or more distant than some other object.

Although verbal reports are commonly employed in the study of auditory percep-
tion, a number of studies have made use of an action-based metric. Ashmead, Davis,
and Northington (1995), for example, examined the ability of observers to judge the
location of a sound source that varied in distance from 5 to 19 m from the point of ob-
servation. The task of their participants was to walk to the perceived origin of the

sound. In short, perceptions of distance were nearly veridical. With regard to sound




AUDITORY PERCEPTION ACROSS TWO DIMENSIONS 225

SOUTCES I"‘I‘UXUH.IIL' O [hl; X nt of ¢ ~|““~H vanon, Ht HL‘I]I“"IIIH. \KFHL"‘*[L'TL’I&L ;ll‘h.l .‘\lhltl’--
son (1996) required participants to report whether a sound source was sufficiently
close thatit could be grasped. Judgments of reaching were limited to maximal arm ex-
tension when target distance ranged from 38 to 1 1O ¢m, or to maximal arm extension
plus bending at the hip when target distance ranged from 78 to 150 cm. The findings
revealed that targets at a distance of less than 0.92 times the observer’s arm length
were deemed reachable, whereas targets more distant than 0.92 times observer arm
length were deemed unreachable. Additional studies have likewise found that audi-
tory perceptual judgments tend to be highly accurate when participants are allowed
to use an action-based metric (e.e., Litovsky & Clifton, 1992; Russell & Turvey,
| QOO

When body-neutral and body-reterential perceptual responses have been directly
compared, the results suggest that the latter yields superior perceptual judgments ot

sound source location. Haber, Haber, Penningroth, Novak, and Radeowski (1993)

required participants to judge sound source azimuth using nine pointing methods.
- .I 1 . "
hree of the report measures were body referential (point with nose, chest, or finger).

Two involved an extension of the body (pointing with a short stick or long cane).

Three involved an external instrument (two involved a dial, one involved drawing a
line representative of the angle of the target). The tinal method required participants
to verbally report source position in terms of the hour hand of a clock (with 12 o’clock
I“L'll'lz_i k]j]-klklll\ .i}it‘.iu_]). Hlt‘l!' l]l':a_{lllgﬂ c\ k',ill.‘t..l that illxi‘_f]”L'lH‘“* WCrIe HiLIIUlit.H!HIl\'
more accurate and more consistent when the response task involved a
body-referential metric t.E., the first five FCSpPONsc measures). I‘L'I'tk'P[lLl] CITOIL, Ol
average, was 7.6” tfor the body-referential metrics and 12.7° for the body-neutral met-
rics, a difference of approximately 67%. Loomis et al. (1998) likewise found observers
to be more consistent in their judgments of target distance when they walked to the
sound source than when they verbally reported its distance.

The purpose of this study was twofold. First, the ability of sighted but blind-
folded observers to locate a nearby sound source was examined in light of varia-
tions in target distance and azimuth. Although such variations have been per-
formed previously, this study sought to extend our understanding of auditory
perception across multiple dimensions by using a range of target distances and azi-
muths intermediate to those used previously. The second purpose of this study was
to determine the extent to which perceptual judgments differed as a function of the
response task. Although previous studies have compared various response tasks,
no known study has yet to do so when a sound source is varied in multiple dimen-
sions. Differences between body-centered and body-neutral perceptual responses,

for example, may only be applicable to sound sources varying within a single di-

mension. In this study participants either performed a magnitude estimation task

or walked to the perceived location of the sound source. Assuming the findings of
this study are comparable to previous investigations, participants who actively re-
sponded to the sound should be perceptually more accurate than those who ver-

bally responded.
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METHOD

Participants

A total of 18 undergraduates enrolled in an introductory psychology course partici-
pated in partial fulfillment of a course requirement. An equal number of partici-

pants were assigned to the two conditions (described later). All participants re-

ported having normal, unaided hearing. None had previously participated in an

auditory perception experiment.

Materials

T he sound stimulus consisted of three notes of a 0.7 kHz tone. with a note dura-

tion of 330 ms and an internote interval of 400 ms. Signal amplitude measured

10 ¢cm from the loudspeaker was 74 dB. The stimulus was generated digitally us-

x | : T
ing the software program Cool Edit 2000. A Macintosh iBook computer and ex-

\ a

ternal loudspeaker (Model AD-800, Labtec, Las Vegas, Nevada) were used to

broadcast the sound signal. The loudspeaker was positioned on top of a silently
moving, swinging support arm and had a height of 90 cm relative to the floor.
[ he support arm pivoted about a point 1.85 m to the right ot the observer and
had a range of approximately 180°. Figure 1 contains a schematic of the experi-
mental arrangement.

[ he experimental room was reverberant (i.e., echoic)! and measured 2.93 m in
width, 4.15 m in length, and 3.08 m in height. The walls and ceiling were composed
of standard drywall material (absorption coetficient = 0.20) and the tloor was cov-

ered with linoleum tile (absorption coetficient = 0.03). Reverberation time (RT¢o)

1O] I!1k‘lllk*{ﬂ Wds L.i]Llll.l!CxI [“I‘L'kﬁ.%.j SCL.

During those trials that required the participant to walk to the location of the
sound source, the position of the observer was determined using a sonic measuring
device (Zircon, model DM-S50). The device has a reported accuracy of 99.5% ac-
cording to the manutacturer. An equivalent degree of accuracy was replicated in

the laboratory. Throughout the experiment, all participants wore a blindfold.

Design and Procedure

\ ‘!]Llrflk JI (O Illk‘u'\[“kﬂlllltﬂllill FOON), H]Tt*f!litxl consent was x%yﬂlilIlLAI ~lllul [Vlrllkl*

[ﬁJ11!~ K\\f[t’l]ll]nh HI]]R .ih\lullkxl {0 UIIIILW'IIIL' Yaﬁliﬂll Or action ;n“llth!1=1]L \ \IMEL‘I]]L‘

participant was positioned at the starting location (see Figure 1), instructions were

sCleCted [or three reasons. rirst, indirect or reverberant soun
%i ] .T| i 1 1 i ¥ ol L o ¥ . 1 11 ; ™r l . N
| ET]TIII!!i-I LML) 1R Li .'I J L1 L] '!k.'t! J Tlt 'I]L_
idge the position of a sound source that varied in two
I pPrevi sy x'\L‘l-.‘fauJ “-‘-I.f SCTVETS TYPK l!l'w. CNCOUNICr sol

I "‘kT.H]"‘_'\'fl!':.!II\.*."‘“Tllt't\".:ll' .' -:j-"_'in 1l'x.r1I\1!T'-, 'T'i'uk S
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X-dimension

Y-dimension

e experimental arrangement used in this study, in-

oiven. For the verbal condition, participants were informed that their task was to
verbally report the distance and azimuth of the auditory target relative to their lo-
cation. Distance judgments were reported in feet and inches for the sake of tamil-
jarity with that metric, whereas azimuth was reported in degrees. Participants in
the verbal condition were also informed that targets to the left of their midline
were to be assiegned a negative azimuthal value, and tareets to their right were to be
reported as positive values. Targets believed to be directly ahead (i.e., along the ob-
server’'s midline) were assigned an azimuthal value of zero. For those individuals as-
signed to the action condition, participants were informed that, following the com-
plete broadcast of the sound signal, their task was to walk to the origin of the sound
signal. While the participant was in motion, the support arm and loudspeaker were
manually relocated so as to prevent any collision that might have injured the par-
ticipant and/or provided feedback. Once the participant had reached the tinal lo-
cation, he or she was asked to remain fixed at that point while the position was cal-
culated. The distances traveled in the X and Y dimensions (see Figure 1) were
determined using the sonic measuring device. After the distances were recorded,

the experimenter then guided the blindfolded participant back to the starting

point. For all participants, the starting point was identical and participants were re-

quired to respond only after the sound signal was broadcast in its entirety. Further-

more, all participants were encouraged to be as accurate as possible in their re-
sponses. Once the instructions were given and any questions answered, the
participant was blindfolded and the experiment began.

From the PL'I"‘*PL'L”\'L' of the |‘HH'I‘."L Ipant, the sound source could exist at any of a
LII'LIL‘ number of o SITIONS I'L‘l;lll\'t_' to the POt nt'nlﬁwrx';irml1. }'{t’l\\'t_‘\'L‘T, L‘;H_'h pdl-
ticipant was exposed to only nine target locations (see Table 1). The choice of nine
locations rested on the desire to vary source angle and distance as greatly as possi-

ble given the limitations of the experimental apparatus and the experimental set-
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TABLE 1
[ he Angle® and Distance® for the Nine Sound Source

Locations Used in This Study (See Figure 1)

ting. Each of the nine target locations was randomly presented four times each,
thereby yielding a total of 36 trials. Target location and position were accomplished
by the experimenter manually repositioning the loudspeaker along the support arm
ind/or by pivoting the supporting arm. | he experiment lasted approximately 30 to
45 min. Neither feedback nor practice trials were provided. Participants remained

blindfolded throughout the experiment.

RESULTS

o gain a clear understanding of observer perceptions, the accuracy ot each par-
ticipant's judgments was calculated for each trial separately in terms of both tar-

oet azimuth and target distance. For those in the verbal condition, this was ac-
u*lll[‘"llhllrt{ u.]l"L't_[]\ l‘L‘gLiHHL‘ kll"*I.THLL' JI'IJ I:IITIIJI}] ]ll\,i‘__,’lllL'Il[‘* Were h‘u'-I'LIk'\.l 11
each trial. However, for those in the action condition, the distances the individ-
ual traveled in the X and Y dimension were used to calculate perceived angle
and distance.

For all participants, the mean signed and absolute errors were calculated tor
yoth target distance and target azimuth. Signed error was calculated by taking the

a_]!HL‘I'L‘Hk't' wrween I]It‘ .ILTlLIl |"'H*~II1HH Ol Illk' H"thl SOUrcee ..l!h] 1LS PErcenn k'\l POS1-

tion. Here, a positive signed error value retlected the tendency of participants to

overestimate target distance or, with respect to azimuth, to perceive the target as

being further from the midline than the sound source actually was. In contrast. a
negative siened error score reflected the underestimation of tareet distance or the

tendency to perceive the sound source as closer to the observer’s midline than was
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actually the case. The advantage of using siened error scores is that thev reveal the
extent to which participants underestimated or overestimated target location. One
yotential disadvantage to the use of siened error scores is that the combination of

positive and negative values may provide a false impression of perceptual accuracy.

For example, overestimating target angle by 12 degrees on one trial and underesti-
mating it by 12 degrees on another would yield an average signed error value of
ZCT0O.

Although it is merely possible that signed error scores may not precisely retlect
observer perrormance, absolute error was calculated as w LH .'\}"‘\HIHIL‘ CITOT Wads
calculated by determining the unsigned difference between actual and perceived

sound source position. As with signed error, this was done for each trial and for

each participant. The advantage of absolute error scores is that they reflect the

overall accuracy of observer judgments. However, such scores fail to reveal the di-
rection of that error. For this reason, signed and absolute error scores were calcu-
lated for each participant and for each trial. Following that, the mean performance
of each participant (i.e., averaged across the four exposures) for each sound source
position was determined and analyzed.

[n terms of the perception of sound source angle, a 2 (Condition) X 9 (Target Lo-
cation) analysis of variance (ANOVA) performed on the mean participant perfor-
mance signed error data revealed a significant main effect of observer condition, F(1,
144) = 45.64,p < .0001. Target angle tended to be underestimated by participants in
the action condition (M 3.77°) and overestimated by those in the verbal condi-
tion (M = 4.45°). The accuracy with which participants judged target angle was

- . AAA

Tt\llllxliwkll'\ 'x\l!|'l!.li"_ft'l}naklllw:t.f.h"\l-jr-“ T-}(‘,]** RO, ¥, .[';HL‘IHH“\'.l;ll'*;_‘:t.’l¢II1-

ole was overestimated when the target was to the tar right of the participant (i.e., tar-

get locations 1, 4, and 7) and underestimated otherwise. A Tukey test (p = .05) re-
vealed perceptual error for location 1 (M = 8.11°) to be higher and significantly

different from all other locations, with the exception of locations 2, 4, and 7. It was

also revealed that the perceptual error associated with location 9 (M = —4.58") was
significantly different from that of locations 4 and 7 (Ms = 3.69” and 3.50", respec-
tively). No other PAITWISC COMPAarisons I'L‘.lul]k\i significance. l'ilhlllh IhL‘ rL‘Hlll[H Of
the ANOVA showed that perceptual error varied as a tunction of source location
ﬁllh.i |“.iI'Ih_I[“‘:11H m‘*lhilfin']]. ['i“*. l'}‘“ f‘*._j:. !" . .CCC s L l‘.li_',lll'f; :

A 2 (Condition) X 9 (Target Location) ANOVA on the perceived angle abso-
lute error data vielded a significant main eftect of condition, F(1, 144) = 108.73, p

0001. Generally speaking, individuals in the action condition judged target an-

_—

ole more accuratelv than those in the verbal condition (Ms = 6.04” and 12.55°, re-

spectively). With regard to the main effect of target position, the findings showed
that perceptual error increased as the sound source deviated from the midline of
the observer, F(8, 144) = 9.84, p < .0001. Interestingly, perceptual error was great-
est for location 1, the nearest sound source location (M = 15.60%). A Tukey test (p
set at .05) revealed that location 1 was judged significantly less accurately than all

Hll‘lk'!' It*(.i!i-ﬂr!'l\. f“;]*_j[lill-lﬁallﬂ JIHL'I'L‘IH CS .tlw L'\Ll‘*[k'kl I‘L‘I\'\ CClI IUL';HIHI]H 4 ;ilhl 5 l\1-
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. Verbal
£ Action

J

Nl:.}llﬂl CIrror l_tlL":_'.l'L‘L‘*wl

 / A ] L ]
1 .46 and >.Y5", FCSPCCtn ely). : (V]S ! 5 and J.Y8°, respectively),

e N A A

| ) \ 1 1 _ " =0 1 _ 4 -
and 4 and 2 (Ms 1 1.46" and 6.82°. respectivelv). The two-wav interaction was

.I]*t*l~‘lllixl?n? }Wﬁ SIVTITIC !IiT.['i a X 144) | 1.2 . i : ﬁ\;'I. Ha'a'l'lifift' %-1 OF partici-

|‘*_111[- 11 iiu‘ ACTION p'*lh]]TJHH, PCTC L']“‘lll*il IUAd2ments erred oy IL"“‘ Ti;.m SCVET ia
orees for all but location 9 (M = 9.23°). For those in the verbal condition, percep-
Tll!ll CITOl .H‘]‘tﬂt:t'nl (O TNCTCASC AS I]Ia"*tﬂli?nf SOUTCCE \{k'\l iTLx! irom 'llg" }“k'rkk']‘“
midline.

lr' Ascertaln 5[1&' exXienttow IIIL !] [ATreer dIStance was overestimare .i Or underes-

[

timated, a 2 (Condition) X 9 (lareget Location) ANOVA was conducted

siened error data. The main eftect of condition was found to be sienificant. F(1.

——

144) = 306.40, p < .0001. Target distance was overestimated by participants in the

Y ] 3 1

1C 101 L"’“\]H]'. 18 (\.I V.02 m) and underestim IT'\'-\{ B [Ill"‘*k' i '-'Ill. \ L'I[" |I L*"Iixh'

tion (M .06 m). Perceptual error was also found to be marginally aftected by

VATlations 1n taroed |a'.k.1'.lwl!. f‘(‘\. ]44" I.”-i /) .-._\f.‘. \ llllhm_'u LS i‘{‘ SCL al S.S:"

IL”\'L'JIL'\{ I}'I,I! there L’\I“T.L'u.} a sienicant '\l‘;“&'la_ HOC 1) Il‘tL' crror ol .':I“' HNICC IIIJ'_*‘

3

ments between locations | and 7 (Ms 0.63 and —0.04 meters, respectively). All

|
!

O llk‘f }\1ilfk\ ISC (¢ t'illlx IF1SONS wWere not s1igniricant { 1C INteraction [“L'Ihhx;a'li ( 1'!1kii"

L1O1) Hhi\HHTttiHLJIhWI[J”tJTt*JPr?wwkE:ﬂ;IHHaiIuLH[’ . ;01.\%uJItVrHUUI:H}
Fieure 4, distance judgments were consistently overestimated by those in the ac-
tion condition and consistently underestimated by those in the verbal condition.

1o determine the magnitude of error in distance perception, a 2 (Condition) X
‘)(Iifﬂwllﬂh.ﬂl““‘.\sikx\f\tﬂlflu‘ibﬂﬁhih u[P'IJ!TJ?NT}KTLLW\VduiHEJHLL‘H.M

performed. A significant main effect of condition was obtained, F(1, 144) = 71.47,
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B Verbal

Action

i

Absolute error (meters)

N l ! 1 L] - ‘
p < .0001. Perceprual error by those in the verbal condition was found to be more

than twice as large as those in the action condition (Ms = 1.06 and 0.48, respec-
tively). Neither the main eftect of sound source location nor the two-way interac-
tion were significant (ps > .15). Despite the extent of the ditference in perceptual
error between conditions, the level of performance was tairly consistent across vari-

AC101S 1N M‘lllhi SOUTCC lt caron (see I'ILIHI'&' ).

DISCUSSION

Previous investigations involving the manipulation of source distance and azimuth
ll.l\ - Im‘lllhl [llLI'_IIHL‘Ilh Ol M‘lllhi source azimuth to l"L"uHHL‘ lt'“““‘ Iccurate as IIIL‘
sound source increasingly deviated trom the observer’s midline (e.g., Loomis et al.,

., 2002; Speigle & Loomis, 1993).- Those same studies also

|998: Loomis et
* - ¢ - | l . . . g I !\ . . l\
found the accuracy of azimuth judements to be unattected bv variations in Ob-

server—source distance. With regard to this study, participants in the action condi-

1S study with thost
I_. | l

LAl NAVEe eXaminegd

rance and azimuth have used tareet distances, azimuth SOUNAS, and serrnes n :'.Il‘]\'d!Th ¢t

1 i ' ¥ 1 1 1 1
i TR b r 1 T " ] - | ¥ %N 8 C F Faes . 1 . Y, | R —— R
used 1n this study ¥ . 1Hion sh "Il‘i W LAKCH 1N TNC COMPAUrisons o1 mnmndines CUONAU, IO

e , l .
tions did not report mean participant performance. Instead, the results were graphically rej

only the significance values, slopes, ind INtEercepts of inear iunctons were reported in i
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tion, the condition similar ro that used in prior investigations, judged target azi-
muth with a degree of accuracy unaftected by either a change in actual target
azimuth or observer—source distance. Although numerous methodological difter-
ences between this study and prior investigations preclude an explanation about
the partial disparity in results, the findings of this study suggest that the angular po-
sition of a nearby sound-producing object can be judged with a relatively high de-
gree of accuracy despite notable variations in target azimuth and distance.
Previous studies involving the manipulation ot both source distance and azi-

muth have found judegments of sound source distance to be inexact. It has been

shown, for example, that I‘L'ka'}“[llxll accuracy decreases with an increase in ob-
server—source distance (e.g., Loomis et al., 1998; Loomis et al., 2002). Observers
have also been found to overestimate nearby targets and underestimate more dis-
tant ones (e.g., Loomis et al., 2002; Speigle & Loomis, 1993). Common to those
studies was the lack of an effect of target angle. That is, the accuracy of distance
judgments remained unchanged despite variations in target azimuth. The findings
of this study are in accordance with the findings of previous investigations. More
specifically, the accuracy of distance judgments was found to decrease with an in-
Creasc 1n HIWL‘I'\ CI—SOurce Jlﬂ.lllg C. lﬁkilkl_‘!.\l“k'l _]lhl‘_‘_’ﬂll_‘lﬂ“ WCIC ;ll‘wﬂ I-Htllhl O l“t_‘
equally accurate regardless of whether the sound source was aligned with the ob-
server's midline or not. The fact that perceptual judgments were least accurate
U.I'IL'II [l]k' “t‘i!lh] SOUTCC WS u.hwf.ll'lf Na\ |“k‘ d I‘L‘I]L‘L'[IHH Ol u|*~-cr\'ur ]lL“*l['.l!lL’\'. As
can be imagined, observers may have been hesitant about walking great distances
while blindfolded for ftear of colliding with one of the walls of the experimental

room. Although support does exist tor this notion (e.g., Thomson, 1983), tuture re-

search is undoubtedly required to substantiate this claim.

The primary purpose of this study was to determine the extent to which judg-
ments ol sound source POSITION wWere iftected by the FCSPOTISC task of lllt: observer.
In short, perceptual reports of target azimuth and target distance were significantly
less accurate when a verbal report was provided than when observers actively re-

sponded. More to the point, perceptual error was approximately twice as great

when participants performed a magnitude estimation task than when they simply

walked to the perceived origin of the sound signal. The existence of such large dis-
parities in performance between conditions suggests that it may be advantageous
to allow observers to perform an action-based response rather than a magnitude es-
timation task. In light of the findings of this study, and considering that magnitude
estimation tasks are tI‘Ln_]llL‘ll[I\ used in investigations into auditory h]“;iri;ll percep-
tion, it may be prudent to reconsider the way in which perception is investigated in
II]U laboratory.

The results of this study further sugeest that individuals in the verbal condition
were affected to a ereater deeree by variations in target azimuth, and those in the
assiened condition were affected by changes in target distance. For those in the
verbal condition, targets located to the tar right of the observer were overestimated

by 10° or more: targets to the left were underestimated by 5° or less. Targets located
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aloneg the observer’s midline were overestimated or underestimated by nearlv 4°. In

Lt*IE{TJHT,I|1iIHU Hﬁﬂiﬂllukl[tﬁfl]c Jlet'YlLk‘fhjlfltﬂl HI1\hJFUHIIITLi[ukIT;liﬁtﬂ illu]r %W A -

proximately 57, irrespective of the actual location of the sound source. With regard
to the perception of target distance, participants in the action condition were able
Ik1duuiirdlrbsllh|£r qulH“Y Llrutlw.}{nﬁ\tltﬁy 111 INICTCASC Hlt‘bhtr\uﬂ' M*Hruu‘kh~f

tance IL%la!Lml Il'TLf*l”r IlliiElrkﬂi[kT'kiLW:rLifl‘T-‘H fll‘~[lllld[lt}ll.lll Li‘li{fxl“l.III*‘“L'\\I}l‘

provided verbal reports tended to consistently underestimate target distance by ap-

FNIXHHJFCh ]iIlHTUHFULH\L‘HTJL[HJ]TJTQVTLhﬂ.Hhtﬁi[hiL*LlHiﬂL

[t is clear from the findings of this study that perceptions of sound source loca-
tion are influenced by the way observers report the position of the auditory target.
In this respect, the findings of this study are in accordance with those of previous
investigations (e.g., Haber et al., 1993; Litovsky & Clitton, 1992; Montello, Rich-
ardson, Hegarty, & Provenza, 1999). More important, the findings of this study
further our understanding of the ability of sigchted but blindfolded observers to lo-
cate objects by sound. As stated in the introduction, under everyday circum-
*[JH&EH.TJ{:yP~HI;HWuLjﬂh*H VXNT‘H]J KJFx.JHHﬂ HHdTHJU JHHCIhh*Hh.[‘UﬂWIU
this commonsense observation, the vast majority of investigations into auditon

spatial perception have restricted their study to a single dimension. The few studies

tnat hﬂ\k'(\i““lhhi}KTktP[hﬂ].KT*““\.HW1W~ﬂP Hl~tﬂHLr.iHIHHTh.tHJ-Jh!JHLy
|Li\v11n~4xaxihsu3¢~ JI\hNLlngc~i*t~y\vl|[ianer h «hmde %r HHTUJ MLiTIhc
ichievement of those large distances, in combination with the desire to minimize
sound reverberation, required the use of wide, open spaces. Such settings contrast
notably with the settings typically inhabited by human observers. It is commonly
]i'll." CdSC rll,” IHH]I.!II“‘*, J]'I\l ”'-‘”l“l”]l!”‘* 11 OCCASIOTN, ]ﬁL'I_tk*!\ - .i:hi 1IC1 "-"ﬁ”ll“i l”]‘."
ited regions. Occupying a limited region restricts the distance of a perceptual targe
and results in a nontrivial increase in sound reverberation. As a result of this study,
what is now known is that observers are Cdp W‘L_-*I.ikkliPJIaWR Ilhlgllu;T]ta'}wv~Hlt‘H
of a nearby sound source that varies in azimuth and distance, assuming they are
permitted to act. If, however, observers are required to perform a magnitude esti-
mation task, as is commonly done in psychophysical experiments, it can be ex-
pected that observer judgments of target distance and target azimuth will be ex-
ceedingly inaccurate. In sum, this study has furthered our understanding of the
ability of observers to locate sound-producing objects that vary in multiple dimen-
sions. We now have a first glance at the ability of observers to judge the combina-
tion of source distance and azimuth within a limited space. The findings of this
ﬂlhh hJ\UL”~HI{WLHJUJ~F‘TIhCTHWIIHH&.TLiTILL“U}KH\C[IHJ‘]HJ:HHTHH.HL'i
reflection of the way observers are permitted to respond.

According to Gibson (1979/1986), perception and action should be consid-
ered mutual or reciprocal terms. By mutual or reciprocal, it is meant that consid-
eration of one mandates consideration of the other. “Perception serves behavior,
and behavior is controlled by perception” (Gibson, 1979/1986, p. 223). It is be-
lieved, for example, that an active organism can better accomplish a perceptual

task than can a stationary organism. Such notions are highly applicable to audi-
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tory spatial judgments, particularly those that occur in naturalistic settings. To
determine the origin of a sound-producing object, one could simply provide a
verbal estimate, as is done frequently in auditory perception studies. Under ev-
eryday circumstances, however, both human and nonhuman organisms solve this
task by acting. To become spatially coincident with a sound-producing object, an
observer must first know the direction of the sound. Source direction can be eas-
ily discerned by altering the position of the head so as to minimize the differences
in sound reaching the two ears (i.e., minimize interaural differences). Having
done so, spatial coincidence can be accomplished by moving in such a way that
the intensity of the sound increases. Coincidence exists when signal intensity at
the point of observation is at a maximum level and when no interaural difter-
ences exist. If a particular movement yields an increase in interaural ditferences
or a reduction in signal intensity, then the direction of movement need only be
undone.

Gibson (1979/1986) turther argued that a stationary point of observation
should be considered a “limiting case” or the “null case” (p. 72). Organisms, in nat-
ural settings, are consistently and frequently acting. For this reason, it is believed
that restrictions on observer movement are likely to limit the information that can
be detected, which, in turn, will limit or impair perceptual judgments. With respect
to auditory spatial perception, empirical support exists for this notion. Ashmead et
al. (1995; see also Speigle & Loomis, 1993) found that judgments of target distance
were less accurate for stationary observers than for observers who were walking
during sound broadcast. However, it should be noted that both of these studies
were conducted in outdoor settings. The limited size of most indoor settings, such
as the one used in this study, precludes the use of translating observers. It observers
in this study were permitted to walk during sound broadcast, the number and range
of possible sound source locations would have been dramatically reduced and
would have provided a talse impression of perceptual accuracy. It is also worth not-
ing that limitations on body posture were not imposed on observers while at the
starting [“t*illi. l ]l.tl IS, Jli’llt llIL,II‘l t 1[“‘“~L‘I"~. CTrs werce not Li”t wed to move from lllL‘ start-
ing point during sound broadcast, pivoting of the body, torso, and head were per-
mitted. Changes in body stance (but not location) and head position have been
found to be sufficient to affect perceptual judgments (e.g., Mark, Balliett, Craver,
Douglas, & Fox, 1990) and mav have influenced the judements of those in this
study. Obviously, future research is needed to determine the extent to which such
movements attect _th]!t‘*l'\ sSpatl 1 PCTCCPUION.

}‘I‘HIH A (il}"w*m.illl L‘kl‘!*""_flkfll i\L'T_"‘]\'LT]\'L'* Ill.l*_‘lllllhlk' estimation ]llalt_ll]lt_‘nh

should be considered anomalous. Under evervdav circumstances. observers rarely

report the distance or elevation of a sound source in feet or inches. It is also highly

unlikely that observers will report sound source position in degrees. The finding in
this study of largely erroneous perceptual reports when participants were required
to use such metrics should not be surprising from the ecological perspective. The

fact lhlir PCICCIVINE ACTINEg organisms are I“L'IIL‘I' dl Illalulllﬂ II]L' puﬂliun Of
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sound-producing objects under everyday circumstances than in the laboratory may
require a reconsideration of the way empirical investigations are performed.
[t is further argued here that requiring participants to use an abstract metric to

report target location has led to the erroneous belief that observers are !.II"_’.L‘I‘. 1Cd-

}"\ll"lc Ol HJJ‘_'IHLI SP ili*ll }‘t‘ki[ltil“} [‘\' “'ﬂ'!llh.]. lI'l d review ol ¥l]L' IHL,'E'.!IHI'L.'. .\11»..LHL"

brooks and Green (1991) state that, “The listener’s ability to localize the distance
of a sound source is certainly not very good ... 7 (p. 148). Statements such as these
appear to be correct if one limits consideration to those studies where distance was
]HLiL{L‘ki In feet, ll'lk}h'*. MCELCrs, or centimeters, iIhi W !iL'I'L‘ IHLJIM M Was 1llki*_ft:~..] 18 kik"'
orees. However, when participants judge the position of sound-producing objects
|I-II1_‘;_{ AN ACt illfl"".iw'k{ metric, PCTC L‘[‘HI ll rCpx ires are TI'L'g]Ht_‘HIl'x It*llI'l..i 1O l“‘t‘ !llt_f]'ll\
accurate (e.g., Ashmead et al., 1995; Haber et al. 1993; Rosenblum et al., 1996).
Although abstract metrics are frequently used in the investigation of auditory per-
ception, the findings of this study, as well as other investigations, suggest that it
may be prudent to reconsider that standard. The possibility exists that the use of
such metrics in auditory perceptual studies may yield perceptual reports that tail to

accurately represent or portray the perceprual capabilities of observers.
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