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Abstract
Three experiments investigated the rolevidual attention inpriming for object
images and their left-right reflections. Objectswibich subjects attendedere visually
primed in boththe sameview and in the left-right reflectediew; ignored objectswere
primed only inthe sameview. The effects of attention (attended Vgnored) andview
(same vs. reflectedyvere strictly additive. These resultssuggestthat two separate
representationsediatehuman object recognition (Hummel &tankiewicz,1996): One
requiresattention but isnvariant withleft-right reflection,while theother can beactivated
automaticallybut is sensitive to left-right reflection.Both representations appear to be
invariant with translation across the visual field.
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The Role of Attention in Priming for Left-Right Reflections of Object Images:
Evidence for a Dual Representation of Object Shape

The humarvisual system recognizes objeatsth remarkablespeed andaccuracy.
A fraction of a second after an image falls on the retina, we know what theisbjédtis is
true even ifthe object is presented innavel viewpoint or is a new member of a familiar
category. Although we are extremely proficient at recognizing objects, we are limited in the
number of objects we can recognize simultaneously Bgsterman, Blickle, Teitelbaum, &
Klatsky, 1988;Ruthruff & Miller, 1995; Treisman &Gelade, 1980). This capacity
limitation suggests that attention plays a critical role in object recognithdmat isthe role
of attention in object recognition? Visual attention is known to influence feature selection
(LaBerge & Brown, 1986,1989), processing speed (Hikosaka, Miyauchi, & Shimojo,1993a,
1993b), andsisual binding (e.g., feature binding [Treisman &elade,1980; Treisman &
Schmidt, 1982; Wolfe, Cave, & Franzel,1989] andpart-relation binding [Enns, 1992;
Logan, 1994]), and each of these is likely to affect object recognititmwever,the role of
attention in binding is especially suggestive. As elaborated shortly, some themigscof
recognition predict that differerkinds of bindingwill result in qualitatively different
representations of objeshape (Hummel &Stankiewicz,1996). We present a series of
experiments exploring the properties of tligual representations generatedré@sponse to
attended and ignored object images.

Object constancy and visual attention

Our capacity to derivainchanging interpretations from highhariableimages is
typically referred to asbject constancy Humanobject constancy takeso forms. The
best known igobustness twariations in viewpoint: Any given object can Yaewed in an
infinity of perspectives, each projecting a different image tordiiaa, but our ability to
recognize an object is largely unaffected by these variatibf@ng apriming paradigm,
Biederman and his colleagubaveshownthat this capacity toignoreimage variations due
to viewpoint atleast partially reflects the perceptual representation of olgleape
(Biederman & Cooper, 1991a; Biederman & Cooper, 1992; Biederman & Gerhardstein,
1993; 1995; but see Tarr & Blilthoff995). The second form obbject constancy is our
ability to classify novelinstances ofamiliar objectclasses: Entering a furnitusdore, we
immediately recognize thehairs as chairs and the tablesta@ses, even if we have never
seenexactly those chairs or tables before. Thapacityunderscoreshe importance of
representation in human object constar@@yr visual system representsbject shape in a
form that is robust—not only tovariations in viewpoint—buglso to variations in an
object’s actual three-dimensional shape.

Theories of object recognitiofall into two primary classesnormalization-based
theories andtructural descriptiortheories. Both classes of theorjg®dict that attention
will play an important role in object recognition. According to normalization-based theories,
objects are represented in a viewpoint-specific for(eath astwo-dimensionalviews).
Objects are recognized in novel viewpoints by means of normalizattmedures—such as
alignment, rotation, owiew interpolation—that bringriewed images into correspondence
with stored views (e.g., Edelman & Weinshall, 1992ggio & Edelman,1990; Olshausen,
Anderson & Van Essen, 1993; Seibert & Waxman, 1993; Tarr & PinH&389, 1990;
Ullman & Basri, 1991; Vetter, Poggio, & Bilthoff, 1994; Skar, 1995 for areview). In
these models, attention would control fmcesseghat perform the normalization. For
example,according to the normalization-based model of Olshausederson and Van
Essen (1993), attention serves to map viewpoint-specific images wew-tike coordinate
space that isnvariant with size and translation. Once mapped into #pgace, the
representediiew is invariant withrespect to the location and size of the origiretinal

imagel
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Structural description theories differ from normalization-based theorigsirthey
emphasize the role of representation (rather than normalizptiocesses) inobject
constancy. These theories assuha objects areepresented in a form#tat is invariant
with some (but not necessariyl) variations in viewpoint (e.gMarr & Nishihara, 1978;
Biederman1987; Dickenson, Pentland & Rosenfeld, 1993; Hummedi€derman,1990;
1992; Hummel & Stankiewicz, 1996; Sutherland, 1979; Winston, 1975)smdan, 1991
for a review). In these models, recognitionnigariant with viewpoint to the extent that the
representation on which it ibased isinvariant with viewpoint. Attentiorenables the
generation of aiew-invariantstructural description from asbject'simage. For example,
the models of Hummel and Biedermét®92) andHummel and Stankiewicz (1996)
represent objects as structural descriptions specifyiigg interrelations among their
volumetric parts (geons). Importantly, the parts and relations are represented independently,
making it necessary tactively—or dynamically—bind parts totheir relations (see
Hummel & Biedermanl1992). There isstrongevidence thabinding independentisual
attributes requiresisual attention (Enng,992;Logan,1994; see also Treisman & Gelade
1980; Wolfeet. al., 1989), suggestingthat attention may b@ecessary fogenerating a
structural descriptions (Hummel &iederman,1992). Accordingly, thesanodels predict
that the visual system will generate a structural description in response to an attegded
but not in response to an ignored image; as a consequence, the representation of an attended
imagewill be morerobust tovariations in viewpointhan the representation of an ignored
image. Thusregardless obne’s perspective on how the humaisual systemachieves
object constancy (e.g., by normalization or structural description), theree@sens to
hypothesize that object constancy will require visual attention.

Importantly, this is not t@aythat attention isiecessary foobject recognition (see
Tipper, 1985; Tipper & Driver 1988; Treisman & DeSheppef,995). Rather, the
hypothesis ighat therepresentations mediating recognitiaiil differ as a function of
whether an object is attended or ignored: Visaal representationactivated inresponse to
an attended objeatill be more robust tovariations in viewpointthan thatactivated in
response to an ignored object. We tested this hypothesis by expglwingle of attention
in priming for left-right reflections of object images.

Visual priming and invariance with left-right reflection

Using apriming paradigm, Biedermaand Cooper (1991a) showdfat some
component of theisual representation mediating object recognitiorinigariant with left-
right reflection. Participantgiewedand namedine drawings of common objects in two
blocks of trials prime block andprobe block). Images displayed duririge probe block
belonged to one of three different conditions: An image was either identicairnage the
participant had named during the prime blodergtica), a left-right reflection of ammage
named in the prime blockeflected, or an image of an object the participant hadnaobed

during the first blockynprimed.2 The dependent measure of primary interest was priming
for images and left-right reflections of images participants had nalmedg the prime

block (operationalized as the differenbetweenresponsetimes to name identical or
reflected images angksponsdimes to nameaunprimed images). Biederman and Cooper
found that object images visually primed their left-right reflectiqust as much athey
visually primed themselves: Thiat visualpriming was completelynvariant with left-right
reflection. This result suggests that the visual representation mediating object recognition is
invariant with left-right reflection (Biederman & Cooper, 1991a). (Or, as elaborated shortly,
acomponent ahis representation is invariant with reflection.) The models of Hummel and
his colleagues accouror this invariance interms of theparts and relationthat comprise

the structural description of an objactage(see Hummel &Biederman,1992). On the
assumption that these representations are activated only in response to attended images (due
to the needor dynamic part-relation binding), these models prettiat attended images
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will prime their left-right reflectionsbut ignored imagewill not (Hummel & Stankiewicz,

1996%.

The basic experimental paradigm was as follows. Tredse grouped into
prime/probe pairs (Figure 1). Orpame trial, two line drawings of common objectsere
displayed on a computer scree@neobject was precued. The participanésk was to
name the cued image (ta&ended primg theywerenot required to respond the other
(theignored prim¢. Each prime display was followed bypeobe display,during which a
single image (@robe appeared on the screen. The participant's task was agaméothe
image. Theprobeimage depicted either the same object as the attguded, the same
object as the ignoreg@rime, or an object thsubject had not previously seen in the
experiment (arunprimed probe). In Experiments 1 and 3, probe imag@gesept for
unprimed probes)vere either identical to theorrespondingprimes, or wereleft-right
reflections of them. Priming is operationalized as the differbatgeen namingesponse
times to primed and unprimgarobe images. In Experiments 1 andat®ended prime
images reliably primed botthemselves and their left-right reflectionslowever,ignored
prime images only primed themselves. Experiment 3 mdpticated Biederman and
Cooper's (1991a) finding by measuring long-term (rattiem short-term) priming.
Experiment 2 served as a contfok nameand conceptpriming, and showedthat a
component of the priming observed in Experiments 1 and 3 was speciisally. Inthis
experiment, identicabrobeswere replacedvith same name, different exemplar NDB
probes--probethathad the same names as tt@respondingprimes, but were different
exemplarswith different 3D shapege.g., if the prime was gt [name:"airplane"], the
SNDE probe would be a Cessna [name: "airplane"]).

Experiment 1

Experiment 1 served as a basic test of whether atteptays a role invisual
priming for left-right reflections of object images. Participants fixated the center of a
computer screen while two line drawings of common objects were displayed simultaneously
on the leftand rightsides ofthe screen. Participantgereinstructed toname, asquickly
and accurately as possible, the objeet appeared within the cueisguare. The cueing
square appeared on the scraest beforethe images and remained on the screen until the
imageswere replacedvith a patternmask. Approximately 3secondsafter the prime
display, the participant viewedpaobe display consisting of a singfeage in the center of
the screen. Again, the task was to name the object as quickly and as accuraishilds.
The probewas either the same as the prime theyjhatdnamed (arattendedprobe), the
same as the prime they hadt ignored (angnored probe), or an image of an object the
subject had not previously seen in the experiment. Probes were presented either in the same
view asthe corresponding primesdentical probes), owere left-right reflections of those
primes (eflectedprobes). The dependent measure of interest is the effect of attention on
priming for identical and left-right reflected probes.

Method

Participants. 28 native English speakensth normal or corrected-to-normal vision
participatedfor credit in introductorypsychology courses #he University of California,
Los Angeles.

Materials. Line drawings of 56 asymmetrical objectsere displayed on a
Macintosh color monitor connected to a Macinttd$fX computer. A progranmwritten in
MacProbe (Aristometrics) controlled the experimeResponsdimes were collectedsing
a dynamic trigger microphone attached to MacProbe Computerinterface Box
(Aristometrics). Subjects sat approximately 100 cm from the display.
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Procedure:Each object was placed into one of seven conditiatisnded-Identical,

Attended-Reflected, Attended-Not-prodedgnored-ldentical, Ignored-Reflectetiynored-
Not-probed, and Unprimed)All objects appeared iall sevenconditions equally often.

The ordering ofthe trials was randomizetbr each participant, as was tipairing of
attended and ignored objects on prime trials. Prime orientation (left facing vs. right facing)
was counterbalanced across participants.

The experimenter reaistructions tothe participant, after which the participant
paraphrasedhe instructions back tdahe experimenter. The participant thexceived 24
practice trials. After the practice phase, the computer displ&yedl of Practice”, and the
participant was asked if he/she had any questions.

Prime displays begawith anunfilled circle (subtending 0.032° ofisual angle) in
the center of the screen. This circle remained on the screen until the parircipaed the
trial with akeypress. After the keypress, theircle was replacedith a filled fixation dot,
which remained on thscreen for 495 ms. White screen was then displayéar 30 ms,
followed by an attentional cueirsggjuare (4.57° on a side) presendgter left or right of
the fixation dot. The center of the cueing box was 4.0° from the center of the séfesn.

75 ms, two line drawings were displayed on the computer screen for 120 mappi2aesd

inside the square (the attended image) and the other appeared on the other side of the screen
(the ignored image). Both imagegre centered 4.0from the center of the screen
(fixation). Following a 30 ms blank screen, a random-line patterskwas displayed on

the screerfor 495 ms. The mask covered the entirgcreen (subtending 15.6° wisual

angle). Toprevent participantfrom moving theireyes tothe fixation square oreither

object, the entirgorime display lastedessthan 200 ms, aduration too brief to permit a
saccade. The participant’s task was to say the name of the cued (attended) object as quickly
and as accurately g®ssibleinto the microphone. Responsdimes wererecorded by the
computer through a voice key attached to a microphone.

Following the prime display, the screen wef blank for 1995 ms. This was
followed by a fixation dot (0.032°) displayed for 495 ms. Following a 30 ms Isienalen,
the probe image was displayed in the center of the screen for 150 mprolbawas either
the attended image, the left-right reflection of the attended image, the ignageithe left-

right reflection of the ignoreinage, or arunprimed imagé. A total of 3015 mselapsed
between the end of the prime display and the beginning of the probe display (495 ms for the
prime mask1995 ms forthe blank scree95 ms forthe probe fixationdot, and 30 ms
blank). Following the probe, a single pattenask (4.57°) appeared the center of the
screen for 495 ms.Participantswere instructed to name thprobe as quickly and as
accurately apossible. After the participant named the probe, the compdigplayed the
names of the attended prime and the probe along with the probe respans®articipants
were allowed toview this feedbackor as long aghey wished,and indicated theyvere
finishedwith akeypress. Athe end ofeachtrial, the experimenteusedthe keyboard to
record theparticipant’'saccuracy on the prime amuiobe displays.The experimenter also
recordedall trigger errors(i.e., when thevoice key did nottrigger, or triggereefore the
subject actually responded).

Results: Figure 2 summarizes the priming results of Experiment 1. Triaighatn
either the prime or probe responses were incorrect and trials on which probe réispesise
exceeded 3Fecondswere omittedfrom these calculation$4.15%). Inall conditions,
priming was calculated as the differermween each participant's measponsdime in
the unprimed (baseline) condition and faticipant’'smeanresponsdimes in each of the
other probe conditions.

A 2 (attended vs. ignored) x 2 (identical vs. reflecteitfin participantsanalysis of
variance (ANOVA) revealed a reliable main effect of atten{le{i,27)=50.33, $.001) and



Attention and Reflection 7

view (F(1,27)=7.93, p<.01), but the interaction between atteatiokview did not approach
reliability (F(1,27)=0.23)

Matched pairs t-tests were conducted on each priming condition to detevhiohe
conditions demonstrated primin@e., faster namingresponsesrelative to unprimed
probes). Primingwas reliably greater than zero in the attended-reflected (t(27)=7.35,
p<.001), attended-identical (27)=9.69, _g.001), and ignored-identical conditions
(t(27)=2.14, g.05), but not in the ignored-reflected condition(2{)=0.13, p>.05).
Attended images were primed in both the same and reflected views, but ignoredviriegges
primed only in the sameiew. The difference between the attended-identical attended-
reflected conditions is statistically relial{l§27)=2.96, g.01), as is thelifferencebetween
the ignored-identical and ignored-reflected conditions (t1(27)=24.05p Identicaprobes
enjoyed a similandvantage impriming over reflectedprobes inthe attended and ignored
conditions (~50ms).

Discussion

Experiment lrevealedmore thanl180 ms ofpriming for left-right reflections of
attended images, but no priming for left-right reflections of ignored imalges:ever,both
attended and ignored image®re primed in the sameiew. Like negativepriming for
ignored images (Tipper, 1985; Tipper Briver, 1988; Treisman & DeShepper, 1996), this
result suggests that object recognition may take place in the absence of attdoti@ver,
ignored objectsvereprimed only inthe identicalview, suggestingthat the representation
mediating recognition without attention is sensitive to left-right reflectioRerhaps most
interestingly, the data revealed approximately 50 ms more primingentical probesthan
for reflectedprobes in boththe attended and ignorexbnditions. That is, theeffects of
attention (attended vs. ignored prime) afav (identical vs. reflectegbrobe) were strictly
additive. This pattersuggestghat twoseparaterepresentatiomediate object recognition:
one is invariant with left-right reflection but requires attention, andéisend issensitive to
left-right reflection but does not require attention.

Another interesting aspect of these findingtha theignored imagesvere primed
in the same view even though the prime and probe images appeared in different parts of the
visual field. (Recall that prime images were presented either left or right of fixation whereas
probe images were presented at fixation, and that the prime displays were too fwreiito
eye movements.Evenfor ignoredimages,priming obtains despite translati@cross the
visual field. This suggests that tekame-viewpriming for ignoredimagesdoes notsimply
reflect priming in an early representation of logad., retinotopic) imagéeatures. It also
suggeststhat the visualsystem may achieve invariance withiranslation even without

attentior®. (If attention wererequired to correcfor translation, then we wouldhave
observed no primingpr the ignored images in either the same or reflecteds.) This
result is inconsistenvith Olshausenet. al's (1993) hypothesighat attention serves to
correctfor the location of an image in the visual fiel@therimplications of thisfinding,
including its relation to previoundings (e.g., Ellis, Allport,Humphreys, &Collis, 1989),
are elaborated in the General Discussion.
An important limitation of Experiment 1 is that attention was perfexlyfounded
with naming: Not only did subjects attend to the cued images and ignore the unages,
but they also nametthe cued images and did n@me theuncued images. It is possible,
therefore, that all the priming we observed for left-right reflections in the attended condition
is simply nameand/or concept priming.Perhapsthe visualrepresentationthat mediate
object recognition are completelyewpoint-specific,and onlythe nameand concept are
invariant with left-right reflection. Experiment 2 wadesigned test this possibility. In
particular, it wagdesigned t@rovide an index of how much of the primifgy attended
objects is name or concept priming, and how much is specifically visual priming.
Experiment 1 showethat the attended primed representation is at least partially
sensitive to left-right reflection. This finding is inconsisteith Biederman andCooper’s
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(1991a) findingthat visualpriming is invariant with left-right reflection. An important
difference between Experimentabd Biederman an@ooper’'s studies is ithe duration
between the primand probe displaysExperiment lused a short-termriming paradigm
in which probe displaygollowed each primadisplay with an inter-displaytime of about
three seconds. Biederman and Cooper udedgaterm priming paradigm in which prime
and probe displaywere separated on therder of five to ten minutes. Experiment 3
investigated the effect oprime-probe inter-displaytime on viewpoint-sensitiveversus
viewpoint-invariant priming.

Experiment 2

To measure non-visual priming (and, by subtraction, estimait®l priming) this
experiment replaced the identical-image condition of Experimemtiti a same-name
different exempla(SNDE) condition (following Biederman & Coopef,991a). Here,
probeswere eitherunprimed imagesufiprimed probes, as in Experimerd), left-right
reflections of prime imagesdflectedprobes, as in Experiment 1), or objects gtared the
nameand concept—but not the same 3D shape—with a primede GNDE probes,
instead of thédentical probes inExperimentl). Forexample, if deft-facing grand piano
(name: "piano”) served as a prime image, then a right-facing grand piano would serve as the
reflected probe, an upright piano (harfyf@ano™) would serve as th8NDE probe, and the
image ofsome othemwbject (e.g., get, name: "airplane”) wouldserve as the unprimed
(baseline) probe. If some dfie primingfor reflections of attended objects observed in
Experiment 1 was specificallyisual, then this experimenwill reveal more priming for
reflectedprobesthan for SNDE probes. But if all the priming for left-right reflections
observed in Experiment 1 was simplgme or concept priming, then the reflected and
SNDE probes irthis experimentill show equal amounts of priming (see Biederman &
Cooper, 1991a).

Methods

Participants. 40 native English speakensth normal or corrected-to-normal vision
participatedfor credit in introductorypsychology courses #he University of California,
Los Angeles.

Materials: The experiment used twaets ofobjects: a set cBNDE pairsand a set
of filler objects (objects with no SNDE counterpart). The conditions in Experimemste?
identical to those of Experiment 1 except that the identical image condition was replaced by
the SNDE condition and théunprobed” conditionswere replacedvith filler objects. In
the SNDE condition, each prime image was pavéd an image of aifferent objectwith
the same name (rather than being paivéld itself, as in the identical imageondition of
Experimentl). Therewere 35pairs of SNDEobjects and 42 filler objectsEach SNDE
object appeared equally often in each offibe probe conditiongi.e., Attended-Reflected,
Attended-SNDE, Ignored-Reflectetjnored-SNDE, and Unprimed).The filler objects
wereused as unprobedbjects (e.g., if the attended prime was probed, then the ignored
image was a filler).

Procedure: The procedure waislentical to that of Experiment 1 except that the
identical condition was replaced with the SNDE condition.

Results: Primingdata areshown in Figure 3. Trials iwhich the prime omprobe
responsesvere incorrect orresponsdimes exceeded 2econdswere omittedfrom the

analysis (11.28 %) The remaining dataere subjected to a 2 (attended ignored) X 2
(SNDE vs. reflected) within participants ANOVA. There was a reliable main effect of
attention (F(1,39)=78.04<001), and a main effect of objagpe, (K1,39)=4.12, p<0.05).
The interaction between attentiamd object type was marginaligliable (F(1,39)=3.59.
p=.065). Post-homatched-pairs t-testevealed thathere was reliably more priming for
reflected probes than SNDE probes in the attended condition (1(39)=4.84) put not in

the ignored conditior{t(39)=0.20). Onaverageattended images primed their left-right
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reflections 65 ms more than they primed their SNDE counterparts. Ignored ipnaged
neither their reflections nor their SNDE counterparts.

Each priming condition was subjected to a matched-pairs t-test to detevhatieer
it revealednon-zero priming(i.e., decreased namingesponseimes relative tounprimed
probes). Primingvas reliably greater than zero loth the attended-SNDE _(1(39)=4.98,
p<.001) and attended-reflected condition89}=7.56, g.001), but it was notreliably
greater than zero in either tlgnored-SNDE (1(39)=0.43) agnored-reflected conditions
(t(39)=0.81).

Discussion

The purpose of this research is to expkbe role of attention iwisual priming for
left-right reflections of object images. Experiment 1 showed attended images prime
their left-right reflections, and Experiment 2 showbdt at least a component tfis
priming (approximately 83ms) is specifically visual. This estimate of visuapriming is
arguablyconservative, as it ipremised on th@ssumptiornthat an objectand itsSNDE
counterpart share no visual attributes (specifically, they do not #teasame object model;
see CoopeBiederman, & Hummell992). Tothe extent that an objeend itsSNDE
counterpart shargisual attributes, thepriming for SNDE probedikely overestimates the
magnitude of non-visual priming; and to the extimat SNDE priming overestimateson-
visual priming, the difference betwe&MNDE and reflected priming underestimatasual
priming. These resulthus provide further evidence that attentigolays an importantole
in building visual representations that are invariant with left-right reflection.

This experimentevealed nadSNDE priming for ignoredimages, suggestingthat
priming for ignored images is specific, not only to viewpoint (left- vs. right-facing), but also
to an object's particular 3D shape. In turn, this result sugggsattention may play a role
in object constancy broadly defined, rather than simply in generalizat@rnviewpoint. In
contrast to thdindings of Tipper (1985), this resultevealed no evidender higher-level
(e.g., conceptual or semantic) priming of ignored objects.

One limitation of Experiments Jand 2 isthat the confounding ofattention and
naming makes it difficult to determine whether it was attention per se or simply nénaing
caused the priming of theiewpoint invariant shape representation:the results of
Experiments 1 and 2 are consistent with both accountsvever,previous studiesuggest
that naming isnot necessary to prime a left-riginvariant representation of shape. For
example, Srinivagl996) used a "“facingudgment (i.e.,'Is the object facing to the left or
right?") duringthe primephase and duringhe probe phase subjectsther named the
objects or made the facing judgment. bisth experimentshe foundleft-right reflection-
invariantpriming. Because Srinivas' subjects did name the objectduring the prime
phase, thesstudies suggeshat naming isnot necessary fgoriming a left-rightinvariant
representation of object shape.

Experiment 3
The purpose of Experiment 3 was twofold. First, it was designed to test whether the

effects observed in Experiments 1 and 2 wordglicate under a differentattention
manipulation: Is attending vs. ignoring, [s&;responsible fothe observed differences in
priming, or is it the case that thmimes' differing positions ithe visual fieldwere also
instrumental in the observed effecthis question is especially importagiven that the
effects of attention selection dependpart, on theease of selectio(Ruthruff & Miller,
1995). Selecting objects on thasis oflocation in the visual field iarguably easier than
selecting overlapping objects on thasisof, say,color (e.g., Tipper,1985). Perhaps this
difference explains our failure to replicate Tipper's finding of high-level prifanggnored
images. The second purpose of Experiment 3 was to helpdesstandvhy our findings
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differ from those of Biederman andooper (1991a). Biederman andCooper found
complete invariance with left-right reflection in visual priming—tisaimages primed their
reflections just as much as they primed themselves.cdByrast,our results showed an
advantagefor same-view priming over reflected-view primingeven in the attended
condition. One plausible explanation for tHifference is that théme betweerour prime
and probe displaysias on theorder ofthree seconds, whereasveralminutes elapsed
between primend probe displays iBiederman ancCooper'sexperiment. It ispossible
that the same-vieywriming effect we observed ghortlived, andthat, under longeprime-
probe delays, we (like Biederman a@doper)will observe complete invariance pniming
for left-right reflections. This seems especially plausgien that,Ellis andAllport (1985;
Ellis et. al., 1989) foundevidencefor short-lived viewpoint-sensitiveéepresentations of
object shape.

The prime displays in Experiment 3 consisted of two superimpalgedts,one red
and one green. Participants selected objects for naming, not based on location (attended and
ignored images were in the same location), but based on color tifelgérticipants named
red objects,and half named greemnes.) Totest the role of prime-probédelay, wealso
added a long-term probe condition to this experiment. Oljeatsverenot immediately
probed(i.e., on the following trial)were probed in a series of trials #te end of the
experiment. Ifour failure to observe complete invarianeg@th left-right reflection in
Experiments 1 and 2 reflects thbort prime-probe delays in thosgperiments, then we
should observe complete invariance in priming with the delayed probes. This explanation of
the distinction betweeaut findings and those dBiederman andCooper thus predicts a
three-way interaction between attention, left-right reflection, and prime-probe delay.

Method

Participants. 36 native English speakensth normal or corrected-to-normal vision
participatedfor credit in introductorypsychology courses #he University of California,
Los Angeles.

Materials: The materials were theame as thosesed inExperiment 1with the
following exceptions: The primdisplays consisted of a reabject superimposedver a
green object on a blackackground. Probebjectswere drawn in white on a black
background. Attended and ignored primes were paired as in Experiment 1.

Procedure: The procedure wasglentical to that of Experiment 1 excebtat
participants selected objedisr naming according to color. 18 participants named red
objects and 18 named green objects.

Another difference betweeBxperiments 1 and 3 was these of long-term and
immediateprobes inExperiment 3. The long-terprobe displays occurred in a single
block after the prime anihmediateprobe trials. The long-termprobes consisted of the
primed and unprimed imagdsat werenot probed irthe immediatgrobe condition. For
example, if the prime display consisted of an attended jet airplane and an igiam@dand
the immediate probe was a jet airplane, then the piano served as one of the Iqurgpierm
images. The display sequenfmr the long-termprobeswas identical to thedisplay
sequence for the immediate-probe displays. The time between primes and lopgateem
averaged about seven minutes.

Results: Figure 4 showshe pattern of priming observed in themediateprobe
condition. Trialswith incorrect prime oprobe responseand trialswith probe response
times over 3 seconds were omitted from the analysis (12.32%).

A 2 (attended vsignored) X 2(identical vs. reflected) withirsubjectsANOVA
revealed a reliable main effect of attention, (F(1,35)=88.9€204) and view, (f,35)=9.40,
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p<.01). As in Experiment 1, the interactioetween attentioandview did not approach
statistical reliability (F(1,35)=.10).

Each priming condition was subjected to a matched-pairs t-test to detevhatieer
it revealed statistically reliableriming. As beforeall conditionsrevealed reliablgoriming
(attended-LR, 1(35)=7.83, _g.001; attended-ID, (85)=10.02, _p.001; ignored-ID,
1(35)=1.98, p0.056) except the ignored-reflected conditigB85j=0.58, p0.05). Priming
was again reliably greater in the attended-identical condition than in the attended-reflected
condition (t(35)=2.38, 9.05), and reliably greater in the ignored-identical condition than in
the ignored-reflected conditigqi(35)=2.11, g.05). This pattern ofesults isidentical to
that observed in Experiment 1, even though attended and ignored primes were designated by
color rather than location.

Figure 5 summarizes the long-term priming results. Trials on which prime or probe
responses were incorrect and trials on which probe response times exceeded 3ng&eonds
omitted from the analysis (7.32%).

A 2 (attended vsignored) X 2(identical vs. reflected) withirsubjectsANOVA
revealed a reliable main effect of attentif(1,35)=43.37,_$%.001) but not ofview,
(F(1,35)=0.04). The interaction between attentiamd view was notstatistically reliable
(F(1,35)=1.00).

Each priming condition was subjected to a matched-pairs t-test to detevhatieer
it revealed statistically reliablpriming. Priming was observed in the attended-reflected
(t(35)=4.84, g.001) and attended-identica{3b)=5.28, g.001) conditions only (ignored-
identical: t(35)=1.70, p.05; the ignored-reflected35)=1.04, p.05). Matched pairs t-tests
revealed no reliable differences between priming for iderdiocdlreflectedmages, in either
the attended conditiofi(35)=1.04,_p0.05) or the ignored condition(36)=0.39, p0.05).
These data--in particular, the lack of difference between identical and refiechexs under
delayed priming--replicate the complete invarianaéh left-right reflection observed by
Biederman and Cooper.

A 2 (attended vsgnored) X 2(identical vs. reflected) X Zprobe delay: short vs
long) within sugjects ANOVA revealed a main effect of attention (F(1,35)=111.22,p<.01), a
main effect of view (F(1,35)=6.63, p<.05) and amain effect of probe delay
(F(1,35)=13.68,p<.01). Apredicted, theview by delay interaction waslso statistically
reliable (F(1,35)=8.65,p<.05). Furthermore, the attention by delay interaction was also
statistically reliablgF(1,35)=8.65,p<.01).However,the attention byiew interaction was
not statisticallyreliable (F(1,35)=.05). The three-way interaction wadso notstatistically
reliable (F(1,35)=.60).

Discussion

The immediateprobe condition ofExperiment 3 replicated Experiment with
objects selected by color rather than location. Like the results of Experiments 1 and 2, these
resultsprovide further support forthe notionthat object recognition is mediated by two
separate representations, one that requires attention,ibuangnt withleft-right reflection,
and onethat is sensitive to left-right reflectionmsit does notequire attention. Théact
Experiment that 3 replicated Experiment 1 so cleanlygestghat the effecspeaks to the
role of attention,per se, rather than the role of specifaues (such akcation or color)
whereby attentional selection may operate.

The long-termprobe conditiorreplicated Biederman ar@ooper's (1991a) finding
of complete invariance wittteft-right reflection under long prime-probe delayseveral
minutes). Thisthree-way interaction (between attentideft-right reflection,and prime-
probe delay) suggests that the viewpoint-specific priming observed irtheo#itended and
ignored conditions of Experiments 1 and timenediateprobe condition of thigxperiment
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is only short-lived. Bycontrast, the component of the priming thaingariant with left-
right reflection is longer-lasting.

General Discussion

Attention plays an important role in visual perception. Among other things, it serves
to select elements in a scene (LaBerge & Brown, 1986, 1989; Wolfe et. al., 1989), speed the
processing of selected elements (Hikosaka, Miyauchi, & Shimojo, 1993a; 1993b), and bind
visual attributes intogroups (Enns, 1992;Logan, 1994; Treisman &Gelade, 1980).
Theoretical work in object recognition suggests that attestiauld alsglay an important
role in generating object representatidos recognition, either by normalizingiew-like
representations (Olshauset al., 1993), or by enabling the generation @éwpoint-
invariant structural descriptions (Hummel é&Biederman, 1991,1992; Hummel &
Stankiewicz,1996). Consistenwith these predictions, thitndings reported hersuggest
that attention affects thgalitativeproperties of the visual representation of object shape.

In three experiments, participaniewed pairs ofobject imagespne ofwhich they
attended (and named), and the other they ignored. Both attended and ignoredvienages
visually primed in the samdew (Experiments 1 an@). Thiseffect obtained despite the
fact that prime imagewsere viewedoff fixation, whereasprobe imaged wereviewed at
fixation. That is, priming, even for ignored imagesoiBust totranslationacrossthe visual
field (see also Biederman & Coopé&@91l1a). This finding ismportant because ghows
that the observed priming reflecespresentations and/or processt®er than simpldocal
image features. It also suggests that attention may not be needtidaie arepresentation
that isinvariant withtranslationacrossthe visual field. Although attentiomppears to play
little role in discounting location ithe visual field, itdoes enable the visuatystem to
represent objecthape in a mannehat is invariant withleft-right reflection. (Attended
objects were primed in both the same view and the left-right refleei@dwhereas ignored
objectswere primed only inthe sameview.). Experiment 2 showedhat a substantial
component of the primindpr left-right reflections is specificallyisual, rather than just
name or concept priming.

The visualpriming we observetiastwo separate component©ne is shortived
(lasting at least three seconds, bess than five minutes; Experiment3), relatively
viewpoint-sensitivgrobust totranslation [Experiments 1 ard], but affected by reflection
[Experiments 1-3]), and independent of attention (Experimes@s The other is longer
lasting (lasting at leadive minutes; ExperimenB), invariant withboth translation and
reflection,and dependent on attention (it obtafies attended but not ignored images;
Experiments 1, 2, an8l). The effects olviewpointand attentiorwere additive in thehort
prime-probe delay conditions of Experiments 1 anét&nded objects enjoyed the same
amount of short lived same-view priming as ignored objects (about 50 ms).

Additive Effects of Attention and Viewpoint

Attention (attended vsignored) andviewpoint (same vs. reflected) haalditive
effects on priming in the short prime-probe delay conditions of Experiments 1 and 3. This
additivity is important in the context of the theoretical interpretation of the cdimelimgs.
Most generally, isuggestghat the automatic, view-sensitivepresentation of objeshape
is relatively independent of the attention-consuming reflection-invariant representation
(Hummel & Stankiewicz,1996). However,there are at leasivo specific versions of this
interpretation of the additivity.

The account that followsost naturally fromthe usualinterpretation ofadditive
effects is that the data refleptocessesperating on independent parts the system
(Sternberg,1969). Forexample, in thecontext of the current findinggerhaps the
representation that gets primed without attention_(the automatic representation) resides in an
early part of theprocessingstream, while theepresentation thagets primed onlywith
attention (the controlled representation) resides at a later part of the stream. Object memory
resides atthe end of the stream. If wassumethat priming in theearly, automatic
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representation is short-lived antew-sensitive (i.e.because the representatiagiself, is
view-sensitive)whereas priming in théter, controlled representation is longer-lived and
reflection-invariant (i.e.pecause the representationingariant with reflection),then this
model can accourfbr all the findings reported here When animage is attendedoth
representations will be primed. If that image is tmemediatelypresented agaifprobed)
in the same view, then the system will profit from the priming in both representatiovis: It
be faster(by, say 50 ms) t@ctivatethe automatic representatiand itwill also be faster
(by, say, an additiondl00 ms) toactivatethe controlled representation. Tto#al priming
effectwill be 150 ms. Ifthe image wergrobed inthe left-right reflectedview, then the
systemwould profit only fromthe priming in the controlled representation (because the
"wrong" automatic representation has been primed), and the total primingvelfibet 100
ms. Next considewhat will happen to an ignored imageHere, only the automatic
representation will be primed (again by &@). Probingmmediately with thesameimage
will result in 50 ms of total priming, but probinvgth a left-right reflectionwill result in no
priming. The effects of attention amtewpoint would be additive: no priming for the
reflected image without attention; 50 ms of priming for the saewve without attention, 100
for attention without the same view, and 150forssameview plus attention. Moreover, at
long prime-probedelays, primingwill be completely invariant withleft-right reflection
becauseall the (short-lived) automatic viewpoint-sensitive primingll have disappeared
over the delay.

Although this serial model accourfty the findings reportechere, it is limited in
that it cannot accourfbr the findings that motivated thexperiments. Specifically, on the
serial model, the automaticepresentatiordoes notmake any directcontact with object
memory. (Rather, ibnly makescontact with thecontrolled representation, whigkquires
attention to make contact with memory.) The serial model therefore predicts no recognition
in the absence of visual attention, a prediction that is inconsistent with the findings of Tipper
(1985), and Tipper and Driver (1988).

An alternativeaccount of the additivity isuggested by anodel recentlyproposed
by Hummel andStankiewicz(1996). Thismodel differs from the serial model in that it
assumeghat both the automatiand controlled representationsake direct contactvith
object memory. This "parallel" model account®r the finding that recognitiondoes not
require attention, but to a firstapproximation, italso seems tqredict a sub-additive
interaction between attention amewpoint (rather than the observed additivityjflowever,
the parallel model only predicts sub-additivity if we assume that the automatic representation
is primed just as muchithout attention as it is witlattention. (If we do notmake this
assumption, then the "automatic" representatiorpashaps better termed the "semi-
automatic” representation.) fact, according to the Hummel artankiewicz modeleven
the semi-automatic representation profits from visual attention. According todade, the
interaction between attenti@nd viewpointcould be sub-additiveadditive, or eversuper-
additive, depending on the proportion of the semi-automatic representatigettharimed
without attention. The smaller the fraction tigats primedwithout attention, thenore the
interaction should tend toward super-additivity; the greater the fraction, the more the
interaction should tend toward sub-additivity; additivity lies somewhere in the middle. In its
current state, the model predicts an interaction iradaktive tosuper-additive range. In all
other respects, this model accouiaisthe currenfiindings inthe sameway as theserial
model. For example, the parallemodel -- like the serial model -predicts complete
invariance atong prime-probalelays,assuminghat the semi-automatic priming short-
lived.

Attention and Viewpoint in the Hummel and Stankiewicz Model
The reason forthe super-additivity prediction of the Hummel afdankiewicz
model is subtle, but it is worth considering because it relates closely rieataning behind
the prediction that attentioshould be necessary fwime the left-right reflection of an
object's image. Readers who are uninterested in these details can proceed to the next
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section. The Hummel and Stankiewicz modahitivated by twaseemingly contradictory

sets of findings in the object recognition literature. One set of findings suggests that human
object recognition isnediated, ateast inpart, by the activation of atructural description
specifying an object’s parts atioeir interrelationgfor reviews,see Coopeket. al., 1992;
Hummel & Stankiewicz, 1996; Quinlan, 1991); the other suggests that we recognize objects
both automatically and rapidly—arguably faster than it is theoretically possible to generate a
structural description from aobject’'simage (due tothe needfor dynamic binding; see
Hummel & Stankiewicz, 1996). The Hummel and Stankiewicz model resolveasi¢nisna

by recognizing objects on thmasis oftwo independent (but integrated) representations of
object shape.

One representation, the Independ8ebnArray (IGA), is a collection ofnits that
represent thehape attributes of an object's pdgeons) andheir interrelations. In the
IGA, every attribute isepresented independently eferyother (i.e., each attributéas its
own unit). This independencgives thelGA considerableflexibility, and permits it to
discount some variations in viewpoint (such as left-right reflection) as a natural consequence
(Hummel & Biederman,1992; Hummel & Stankiewicz, 1996). The cost of the
independence is thatriéquires a mechanisiior actively (dynamically) binding attributes
into collectionscorresponding parts (Hummel 8iederman,1992). If dynamic binding
requires attention (as discussed in the Introduction), then visual attentiald berequired
to generate auseful representation othe IGA. Taken inisolation, the IGA (like the
Hummel & Biederman, 1992, modgbredictsthat object recognitioshouldrequirevisual
attention.

The secondrepresentation, thBubstructure MatriXSSM), is a collection ofunits
that represent geon attributes, not independently, but at each of $ssatiahs in a coarse
coordinate system. (The coordinate system is semi-object-centeredinvariant with
translation andscale,but it sensitive to rotation and left-right reflection.) T&EM (in
contrast to théGA) does notrely on dynamic binding to preserve theouping of shape
attributes intogeons. This function is performed the geons' differing positions in the
coordinate space. As such, the SSM (butim®tGA) can represent an objecsbape in a
manner suitabléor recognition,evenwhen theresources necessary fdynamic binding
(i.e., attention and processing time) are not available. Howeves3hkissensitive to left-
right reflection: The representation ofyaen objectfacing to the left may be completely
different from the representation of the same object facing to the right.

If recognition without attention is mediated by tB8M alone,then primingwithout
attentionshould besensitive to left-right reflectiorfconsistentwith the findings reported
here). If recognition with attention is mediated by both the SSM anifGhethen priming
with attentionshould bepartly invariantwith left-right reflection(also consistent by the
findings reported here)And if priming in theSSM isshort-lived, then primingverlong
prime-probe delays should be completely invariant with left-right refle¢dsobserved by
Biederman and Cooper, 1991, and in Experin3¢nihismodel predicts a super-additive
relationship between attentiorand viewpoint (which thefindings reported here do not
support): Priming for attended images in the same view should be (slightly) greater than the
sum of priming for ignored objects in the same view and priming for attended images in the
reflectedview. The reason for thisprediction has to dowith the relationship between
attention and the SSM.

When an image is first presented to the model, it is initially represédealvhole)
as a pattern of activation on both the IGA and the SSM. If the image is attendedwilien it
eventually besegmented into its parts (following Hummel Biederman, 1992)and each
partwill be represented by its own a pattern looth the IGA and theSSM. Thus, an
attended image with dartswill be represented as a collection 2ifi+2 patternsN+1 on
the IGA (one pattern for each part plus one for the image as a whole) and N+55&Mhe
Ignored imagesire not segmented, so mmored image will be represented by only one
pattern on the IGA and one on the SSM.
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With these details itnand, it is nowposssible toexplain why the model predicts
super-additivity between attenticand viewpoint. Attending to an image activates and
primes N+1 patterns on the IGA ahd1 onthe SSM (atotal of 2N+2 patterns). Ifthat
image is subsequently presented again in the same viewpoint (glftert @noughnterval),
then all 2N+2 primed patternswill facilitate recognition. If the attendedmage Iis
subsequently presented in the left-right reflected view, theN+#ieprimed patterns on the
IGA will facilitate recognition, but the N+1 primed patterns on®&M will not (recallthat
the IGA, but not theSSM, isinvariant with left-right reflection). Ignoring animage will
prime one pattern on the IGA an one on the SSMhafignoredimage ispresentedagain
in the sameview, then thesdwo primed patternswill facilitate recognition. Adding the
priming for an ignored image in the samew (correspondingwo patterns) to the priming
for an attended image in the left-right reflectegw (N+1 patterns) results ithe sum
2+N+1, or N+3. This sum is lesthan the priming obtainetbr attended images in the
same view (2N+2): Attention and viewpoint are super-additive. This analysripletely
linear in that the sources of priming were compared simply by adadémy together. If we
assumehat thesesources ofriming are subjected to a non-linearity in thecesses of
activating arepresentation in memory (thery reasonable assumptidhat leads to the
original prediction of sub-additivity), then the magnitude of the predicted super-additivity
may be reduced substantially. But t#és analysis showshe parallel model of the
automatic (or semi-automatic) and controlled representatioes not necessarifyredict a
sub-additive relationship between attention and viewpoint.

Early vs. late selection

The findings reported here have important implications in the context of the question
of early vs. late selection: Consistent with the late seleui#w our findings(like those of
Tipper and othersyuggesthat we can recognize objects without attending to them. But
consistent with the early selection view, our findings suggest that attention nonetheless plays
an important role in object representation: Although attention does not detereitineran
object will be recognized, it determinesw it will be representefibr recognition.

Properties of the two shape representations

The present experimentsevealed some of the properties of thevisual
representations activatedth attention(the controlledrepresentation) andithout attention
(the automaticrepresentation). We can drdarther insights abouthe nature of the
controlled representation from other experimeiiat have used long-term priming to
investigate the visuatepresentation of shape. (These experimemats inform our
understanding of the controlled representation becausaweshownthat primingfor the
automatic representation is short-lived whereas the prifointhe controlled representation
is longer lasting.) Together, these experimerdsd the experiments reported here are
beginning to paint a picture of the differentetween theshape representatiogenerated
with andwithout attention. Based on suclexperiments, we can infer that the controlled
representation is based on volumetric parts (Biederman & Cooper, 199ihvgrigntwith
scale (Biederman & Cooper, 1992), apassibly invariant with rotation in depth
(Biederman & Gerhardstein, 1993; but see Bilthoff & Edelman, 18&2;1995). Some
of these properties are summarized in Table 1.

The paradigm used in the experiments reported here suggests itself as a tool to help
fill the empty cells of Table 1. An importaguestion concernthe nature of thevisual
primitives used bythe automatic representation. Although the controlled representation
appears to ussimple volumetric parts (e.g., geons), it remains to lenwhether the
automaticrepresentations alseses geon-like primitives. Anotheppen question about
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automatic representation concerns its sensitivity to changes in scale, translation and rotations
in depth. It is important to recognizkat the current experimentpeak tothe role of
attention in generating a representation of shape that is invariant with left-right reflection and
not to the role of attention in compensatiiog all changes inviewpoint. Some models,
such as the Hummel and Stankiewicz model, generate scale- and transiaioantshape
representationwithout attention, whilether modelssuch asthe Olshausen e&l. model,
explicitly implicate attention incompensatingfor these viewpoint changes. Future
experimentswill investigating the role of attention in compensating other viewpoint
changes.

Some findings suggeshat the visualsystem stores one anore canonical (or
preferred) views of each known object. Presumalatych view is canonical is a function
of experience (e.g., Jolicoedr985; Palmer,Rosch & Chase1981; Tarr & Pinker]1989).
Another interesting question concerns whetheratitematicand controlled representations
show different sensitivities to experience. The Hummel and Stankiewicz model pifeaticts
the controlled representatishould be lessensitive to experience (i.eshowing less
“preference” for canonical views) than the automatic representation.

Viewpoint invariance vs. viewpoint sensitivity

There is a long-standindebate in the object recognition community regarding the
extent to which the representations mediating human object recognition are invariant with vs.
sensitive to viewpoin{see Biederman & Gerhardstein, 1995; Tarr & Bulth@®95).
Proponents othe normalization-based approach argjue objects areepresented in a
view-sensitive format, whilgroponents othe structural description approach arghat
objects are represented in a mui@v-invariantformat. There isvidencefor both views
(for reviews see Biederman & Gerhardstein, 19%85; Cooperet. al., 1992; Tarr, 1995).
For example, Biederman and Coo#992) reportedong-term priming results suggesting
that object recognition is scale-invariarBut using asame different paradignBundesen
and Larsen (1975) fountthat peopleresponded fastewhen the to-be-compared objects
were the same size than when they were different sizes, suggesting that object recognition is
scale sensitive. Similarlyising asame-name/different name task, Edisd Allport (1986)
found evidencefor view-sensitivity atshort stimulus onset asynchronies (SOAS) (<2
seconds), but no effects siewpoint atlonger SOAs. In response tthese and other
seemingly inconsistent results, it is not uncommosuggestthat object recognition is
based on more than omepresentation, oneiewpoint sensitive,and the other more
viewpoint invariant/Corballis, 1988Ellis & Allport, 1986; Farah,1992; Jolicoeur,1990).
However, withthe exception of dew studies (Ellis & Allport, 1986; Ellis, et. al., 1989;
Farah, 1992; Tarr & Pinker, 1990) mosttbé evidencdor such adual representation has
been largely indirect because it comes from different experimesisg different
paradigms.

The experiments presented hgm®vide additional direct evidencer multiple
representations of object shape, one mobeist tovariations in viewpointhan the other.
In addition, these experiments demonstrate another important diffdretnegenthese two
forms of visual representation: one requires attention and thedubsrnot. It idempting
to speculate thatome ofthe invariances observed loghersreflect theproperties of the
controlled representationvhile some of the view sensitivities reflect the automatic
representation. If we entertaihis speculation, then we may begin to betiaderstand
some ofthe properties of these representatio®®r example,many demonstrations of
viewpoint sensitivity are based on same/different judgment tasks, in whitmébetween
the target and thprobe isrelatively short (onthe order of seconds) (for eeview see
Cooper, et. al., 1992). Inter-stimulus-intervals of this duratiowdhin the timeframe for
the priming wefound forthe viewpoint-sensitive automatiepresentation. It is therefore
plausible that both the automa#ind controlled representatiomsl manifest themselves in
subject’s performance on such tasks. If either (or both) of these representasemstige
to viewpoint, then such taskswill demonstrateviewpoint sensitivity. By contrast,
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experiments using a long-term priming paradigvith prime-probe delays on treder of
minutes) more often showiewpoint invariance(Biederman & Cooper, 1991a; 1992;
Biederman & Gerhardstein, 1993). In the context of our findings, the lag betwegaimnibe
and probe displays in these experiments is lotigen the implicit memory trace we
observedfor the automatic representation. If the memdrgce for the automatic
representation has dissipated by the time the probe is displayed, then ooelyahyserve
the effects of the more view-invariant representation.

Conclusions

The findings reported heresuggestthat the visualrepresentation generated in
response to an attended object is qualitatively different from that generated in response to an
ignored object. Importantly, recognition takglace inboth cases: Object recognitidioes
not require attention. But the properties of the representati@ismediate recognition
depend substantially on whether the object is attended or ignored.
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Footnotes

11t is important to realize that the predictions made by the Olshausen et al. model
do not necessarily speak to all models that use normalization procedures.

2 There were other conditions as well, but these three are of primary interest in the
context of our current discussion.

3 With respect to the Hummel and Stankiewicz model the prediction about left-right
reflection is particularly clear: an attended image should prime itself and its left-right
reflection whereas an ignored image should prime only itself and not its left-right reflection.

4 "Not-probed" objects are objects that appeared on a prime trial, but that did not
appear on the subsequent probe trial. For example, when subjects were probed with the
ignored prime, the attended object in that condition would be an Attended-Not-probed
object.

5 Although the unprimed image does not have a direction vis. either prime, each
unprimed object was presented facing one direction for half of the subjects and the other
direction for the other half of the subjects.

6 Recently we found direct evidence that the representation generated without
attention is invariant with translation (Stankiewicz & Hummel, 1996).

7 The greater number of ommitted trials in the current experiments relative to those
reported by Biederman and Cooper is due primarily to the nature of the prime display.
Often, participants either could not name the attended prime, or they named the "ignored”
image by mistake. These trials were ommited from analysis.
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Properties of the Controlled and Automatic Representations
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Controlled Representation

Automatic Representation

Requires Attention

Invariant with left-right reflection
(Experiments 1-3; Biederman & Cper, 1991a)
Long-lived priming

(> ~5 minutes)

Invariant with location

(Experiment 1; Biederman & Cooper, 1991a)
Invariant with scale

(Biederman & Cooper ,1992)

Invariant with Depth Rotation

(up to part occlusion)

(Biederman & Gerhardstein ,1993)

Based on volumetric primitives
(Biederman & Cooper ,1991b)

Activated without attention
Sensitive to left-right reflection

Short-lived priming

(> 3 seconds < ~5 minutes)

At least partially invariant with location
Unknown

Unknown

Unknown
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Figure Captions
Figure 1: lllustration of display sequence for Experiment 1.

Figure 2: Priming means and standard errors for Experiment 1 as a function of whether the
object was attended or ignored and whether the object was identical to the prime image or a

left-right (LR) reflection of the prime.

Figure 3: Priming means and standard errors for Experiment 2 as a function of whether the
object was attended or ignored and whether the object was identical to the prime image or

an object having the same name but being a different exemplar (SNDE).

Figure 4. Short-term priming means and standard errors for Experiment 3 as a function of
whether the object was attendedor ignored and whether the object was identical to the prime

image or a left-right (LR) reflection of the prime.

Figure 5: Long-term priming means and standard errors for Experiment 3 as a function of
whether the object was attended or ignored and whether the object was identical to the prime

image or a left-right (LR) reflection of the prime.
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