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ABSTRACT

Objed-based models of visual attention puport to explain why it is easier to process
information within ore objed or perceptua groupthan acosstwo or more groups. Perceptua
groups are generaly defined in terms of Gestalt groupng principles. These models of attention
have been used to explain the phenomenon d cogniti ve tunreling within Heads-Up Displays
(HUDs), onthe assumption that the symbology of a Heads-Up Display (HUD) in a cockpit forms
asingle perceptua groupand the outside scene forms ancther.

Despite extensive empiricd suppat, obed-based models have various shortcomings. In
particular, the use of Gestalt grouping principles to define the notion d objects does not all ow
for an operational measure of what an oljed isto the visual system. Also, the Gestalt principles
do nd allow for a systematic distinction between spatial and oljed-based medanisms of
attention. Finaly, it is generally assumed that Gestalt groupng occurs predtentively, whereas
thereis evidencethat perceptua groupng requires attentional resources.

The propased line of research aimsto develop an acoun of objed-based attention that
does nat rely on these premises. Rather, it is assumed that the st of dividing attention between
objedsrefleds the ast of perceptual organizationitself. A qualitative model based onthis
asumption, cdled the “Inferential Attentional Allocation Model,” isgiven. A number of
experiments are propased to test key aspeds of the model, in particular the dfeds of motion and
top-down knowledge on perceptua organization and attention. It is expeded that the results will
fadlit ate the development of a quantitative model of objed-based attention, based ona
computational charaderization d perceptua organization as inferenceto the best explanation.
Finally, the implications of thisreseach for HUDs with dynamic dements are discussed.
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1. INTRODUCTION

Current theories of visual attention generally fall i nto two groups, spatial vs. oljed-
based. Spatial, or “spatlight” (Posner, 1980 theories of attention are based onthe assumption
that attentionis all ocated to regions of the visual field before any perceptua organization a
caegorization acaurs. Objed-based theories take it as given that attentionis all ocaed to
perceptual groups or objeds rather than undfferentiated regions of the visual field (Lavie &
Driver, 1996. Whil e these acounts are by no means incompatible, they are often assumed to be
rival acourts of visual attention (Driver & Baylis, 1999. This debate is complicaed by the fad
that the notions of objed and perceptual group have not been adequately operationali zed, thus
making it difficult to clealy distinguish between the objed-based and spatli ght hypotheses
(Lavie & Driver, 1996.

The goal of the propaosed reseach isto develop and test a new model of objed-based
attention. This model rests onthe cantral assumption that visual attention and perceptual
organization are concurrent and interadive processes. From this it follows that the processng
cost of perceptua organization (i.e., the processof objea formation) shoud be refleded in how
attentionis allocated in the visual field, resulting in slower or lessacairate processng. Thisisin
oppdaitionto the view that currently prevail sin most objed-based attention reseach, viz., that
attentionis allocated to perceptua groups formed predtentively (Driver & Baylis, 1998
Feldman, 1997. On the standard view, attentionis objed based becaise atention seleds
perceptua groups. On the view | develop below, attentionis objed based becaise it participates
in the processof perceptua organization.

A central limitationin reseach on olped-based attentionis the ladk of areliable,
operational definition d objeds and perceptual groups. This problem was not salient in ealy
experiments on ohed-based attention (Driver & Baylis, 1989 Duncan, 1984 Treisman,
Kahneman & Burkell, 1983 because the “objeds’ used in thase experiments were quite simple,
and contrived to form relatively unambiguous objeds (Figure 1). Thus, the objeds and groups
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Figure 1: Examples of displays used in early research on object-based attention.
(a): Duncan (1984): (b): Treisman et al. (1983)

perceived in these displays were readily accounted for by the principles of perceptual grouping
that were developed by Gestalt psychologists (see Koffka, 1935), which have become the
standard account of pre-attentional grouping for most object-based attention theorists (Driver &
Baylis, 1998). However, the need for better definitions of objects and perceptual groupsis

4



obvious when examining the role of objed-based attentionin more rich and dynamic contexts.
For example, oljed-based attention hes been used to explain the phenomenon d cognitive
tunelli ng, where apil ot focuses on computer-generated instrumentation (cdled a Head-up
display, or HUD) to the point of missng crucia eventsin the outside scene (Fischer, Haines &
Price, 1980. Wickens and Long (1994, 199% have suggested that the HUD and the outside
scenery form two separate perceptual groups. By asuming that attention is objed-based, they
claim that pil ots can attend to the HUD or the scenery, bu not to bah at once, thus explaining
cognitive tunreling. However, one canna simply assume that aHUD is perceived asasingle
objed, or even asa @mherent group d objeds, based onthe Gestalt principles. Figure 2 shows a
typicd HUD. Clealy, the HUD consists of numerous el ements that might not form an oljed.
Thus, the visual displays used in applied research make it clea that a proper definition o
“objeadhood’ isimperative.
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Figure 2: A HUD. Does it look like a single perceptual group?

Motion also poses aspeda chall enge to theories of objed-based attention. Driver and
Baylis (1989 have shown that moving stimuli can hinder performancein an oljed-reagnition
task more than static stimuli that are nea to the target stimuli. In ancther line of reseach, Spelke,
Guthell and Van de Walle (1995 have shown that motion days a aucial role in the development
of objed perceptionin infants. From this it has been assumed that elements are grouped into
objeds and coherent groups by common motion (Valdes-Sosa, Cobo & Pinill a, 1998 Y antis,
1998, aprinciple known as “commonfate” in Gestalt psychadogy. On this view, elements
moving together are grouped together, and static dements, with ndl common motion, are dso
grouped together. However, astudy by McLeod, Driver, Dienes and Crisp (1991 showsthat in a
display consisting of both elements with common motion and static dements, the moving
elements are grouped together, whereas the static dements are not grouped. Thus, it is possble
that scenes are not segregated into moving groups versus gatic groups based oncommon motion.
It might not be the cae that common fate separates elements into distinct objeds asis commonly
thought.

Objed-based models an to acourt for many important aspeds of visual attention.
However, they have not yet been fully developed. The role of the processes of objed perception,



perceptual organization, and spedficdly motion, onattention reed to be further clarified. In the
current research, amoded, cdled the Inferential Attentional Allocation Modd (IAAM), is
propased that better takes into account the known processes of perceptual organization,
espedaly motion and top-down fadors. The main goal of the proposed reseach isto further
refine IAAM andto test its validity in a series of experiments. The arrent research also proposes
to further explore the benefit of applying IAAM to the study of HUDs.

1.1 Some Basic Concepts on Attention

Attentionis afundamental topic in cogniti ve psychology and atopic that has been raised
extensively in human fadors reseach. However, despite the numerous models of attention that
have been proposed over the yeas, thereis dill much confusion as the nature and role of
attention. Clealy, aprimary role for attentionisto seledively enhance the processng of
“privileged” information. But thisis by no meansthe only role. Attention serves to enhance
neural information processng (Stelmadh, Campsall & Herdman, 1997, modu ate motor
resporsesto stimuli (Tipper & Weaver, 199§, maintain working memory (Fernandez-Duque &
Johrson, 1999, and control the sequencing of cognitive operations (Fernandez-Duque &
Johrson, 1999. Attentionalsoisnecessary for the binding of perceptua feduresinto asingle
phenomenal objea (Treisman, 1998 Treisman et al., 1983 Treisman & Gelade, 1980. In
addition, attention al ows an arganism to seled arelevant mental representation d the
environment to guide further adtion (Tipper & Weaver, 1998.

The ontrast between the Treisman (1998 Treisman et a., 1983 Treisman & Gelade,
1980 acount andthe Tipper and Wearer (1998 view isinformative. While both assume that
attention operates on mental representations, Treisman contends that attentionis necessary to
form coherent representations, while Tipper and Weaver assume that attention seleds a given
representation, and take some form of completed representation for granted. Thisill ustrates one
of the fundamental tensionsin the dtention literature: does attention day arolein integrating
perceptual information into coherent representations, or doesit simply seled “pre-formed”
representations for further processng? This has been expressed in the literature in many ways,
the most prominent being the debates on ealy vs. late seledion and onspatia vs. ohjed based
attention. In bah o these debates, orne canp assumes that attentionis required for perceptual
processng; thisisthe cae for the ealy seledion and the spatial models of attention. The other
camp asaumes that some degreeof perceptual processng occurs pre-attentively, and that
attention simply serves the purpose of seleding one of these representations; late seledion and
objed-based attention models tend to fall i nto this caegory.

Not surprisingly, experimental reseach lends sme degreeof suppat to bah camps of
models of attention. In what foll ows, the focus will be on data supparting the spatial, or
“spotlight,” and oljed-based theories of visual attention. While both acourts are useful in
understanding the processng of visual information, oljed-based attention theories play a central
role in the study of dynamic visual environments, bah in the laboratory (Pylyshyn & Storm,
1988 and in applied settings (Wickens & Long, 1995. Thus, the anphasisin this research shall
be on oljed-based attention.

1.2 The Spotlight Model of Attention

The ealiest mechanistic model of attentionis the filter model (Broadbent, 1958,cited in
Fernandez-Duque & Johrnson, 1999. This mode grew mainly out of the gplicaion o
information theory, as developed by Shannon(1938, to research onauditory attention. On this



model, attentionis a cgnitive structure that proteds the system form information owerload by
filtering out information. Some informationis let through the filter for further processng,
whereas everything else is discarded. What isfiltered ou is determined onthe basis of the
physicd charaderistics of the stimulus, before ay kind d conceptual processng takes place
(i.e., before astimulusis caegorized or identified).

Whil e the spatli ght models have been useful in acourting for certain aspeds of auditory
information processng, these models have met with less siccesswhen applied to vision. For
instance it has been shown that using avisua cueto draw a subjed’s attention to a particular
region d adisplay enhances processng of information at that locaion (Posner, 1980. In such
cases, the stimuli to be processed are often the only onesin the display, and there is therefore
nothing else to filter out. Nevertheless resporses are more rapid to cued than to urcued stimuli.
These data caana be acourted for with amodel that simply assumes a passve filtering out of
irredlevant data. Rather, they suggest, that the visual system has the aility to seledively enhance
processng in particular regions of the visual field, much in the way a spatli ght ill uminates a
particular region d adarkened stage. This conception d visual attention came to be known as
the spatlight model (Fernandez-Duque & Johrson, 1999.

1.2.1 Characteristicsof the spotlight model

There ae two versions of the spatlight model, bah of which are based onthe nation that
attention “highlights’ a region d the visua field. Oneversion d thismodel is smilar to the
filter model in that what fall s outside of the dtentional spatlight isassumed na to be processed
(Posner, 1980 see &so Fernandez-Duque & Johrson, 1999. In the seand \ersion, the spatli ght
serves to concentrate dtentional resources to a particular regionin space thereby enhancing
processng at that locaion, bu withou completely eliminating processng of the unattended
regions (Downing & Pinker, 1985 Jonides, 198)).

The spatlight models, however, differ from the filter model in several important respeds.
First, the atentional filter is viewed as a structure through which information must flow. In
contrast, the datentional spatlight is not a structure but rather afunctional enhancement of
information flow. On this view, the spatlight does not passvely block the processng of
extraneous information, rather it adively direds processng resources to the aeawithin the
spatlight (Fernandez-Duque & Johrson, 1999. Sewnd,the spatlight has a spatial dimension
that the filter ladks: the spatlight seleds aregion d space whereas the filter isinsensitive to the
gpatial layout of information. On this model, the latency to respondto two stimuli i ncreases as
the spatial separation between the stimuli i ncreases, becaise the spotlight must travel from oneto
the other (Posner, 1980. These so-cdled “ spatial effeds’ are often considered the marker effed
of the spatlight model. Third, whereas the parameters of the dtentional filter are assumed to be
fixed (Fernandez-Duque & Johrnson, 1999, the spatlight can be controlled. In particular, the
spatlight can be moved to dfferent parts of the visual field and, acording to some spedfic
models, the size and pasbly the shape of the spatlight can be dhanged. Thisflexibility raises
the isaue of what controls the spatlight, which ddn't emerge with the filter model.

In sum, the spatlight models improve on the filter model by introducing the nation o
enhancement of information processng (crucial to cueing data), via medanisms that control
attentional parameters. Most of the ealy spatlight models included the asumption that the
spatlight canna be split between separate regions of space Accordingly, attending to several
regions of spacerequired seria shifts of the spatlight. Later versions of the spatlight model
include the sssumptionthat the atentional spatlight can be split among two or threeregions of



space(Fernandez-Duque & Johnson, 1999.

1.3 Evidence for object-based attention

Objed-based attention is based onthe aumption that attentionis referenced to discrete
objedsinthevisual field. On thisview, it is more difficult to dvide atention ketween two o
more objeds at oncethan to attend asingle objed. Thisis known asthe “objed effed” or the
“objea advantage” in the reseach literature (seeLavie & Driver, 1996. The contrast with the
spatlight model is clea. Whereas on the spatlight model, one would predict that two neaby or
overlapping objeds would attended to as easily as a single objed, onthe objed-based model this
would na be the cae. Asdiscussed below, mourting evidence suppats the ideathat dividing
attention between oljeds resultsin lessefficient processng than attending to asingle objeds. It
shoud be nated that spatlight and oljed-based attention theories are not contradictory but rather
complementary (Lavie & Driver, 1996 Logan, 1996, despite the fad that they have often been
described asrivals (Driver & Baylis, 199§. Nevertheless in many cases the objed-based theory
explains many phenomena better than the spatli ght model does.

1.3.1 Behavioural Evidence from Basic Research

A growing body of experimental evidence suggests that attention is objed-based.
Experiments by Duncan (1984, Treisman et a. (1983, and Baylis and Driver (1992, 1993
Driver & Baylis, 1989 stand ou in thisregard.

Duncan (1984 presented subjeds with two overlapping figures, abox and aline drawn
through it diagonally. The two oljeds could vary with regard to two properties: the box could be
small or large, andit could have agap initsright or itsleft edge; the line was either dotted or
dashed (texture) or tilted to the left or to the right (orientation). The subjeds’ task wasto identify
two attributes at once in ore @ndtionthey were to report on attributes from a single objed
(either the line or the box); in the other, they were to report on ore dtribute from ead ojed. On
the asumption that attention is analogous to a spatlight, it would be expeded that subjeds
performancewould na be dfeded by the distribution o the atributes to be judged aaossthe
objeds, as they share the same location in space However, the results showed that subjeds
identification was more acarate when the two attributes were located onasingle objed
compared to when ore dtribute was located on ore objed and anather attribute was located on
the other objed.

Treisman et a. (1983 obtained a similar cost in performance when the targetsto be
identified belonged to dfferent objeds. Subjeds were presented with aredangular frame and a
word which were configured in ore of two ways. In ore configuration, the frame and the word
were presented apart (above and below afixation pant) representing two dstinct obeds. Inthe
other, the word was presented within the frame, assumed to form asingle objed. In bah cases
the distance between the outli ne of the frame and the word was 1° of visual angle. The subjeds
task was to read the word and to judge the locaion d agap in the frame. The gap was always
located the same distance from the word. The results clealy showed that performancewas
significantly fadlit ated when the word was presented within the frame (presumably forming a
single perceptual objed) compared to when the word and the frame were separate.

Driver and Baylis (1989 reported a groundbreaking experiment on ohjed-based
attention which was based onevidence previously interpreted as favouring a spaotlight model of
attention. This experiment examined respornse cmpetition where interference of distradorson
target resporse deaeases in relation to increased spatial distance (Eriksen & Eriksen, 1974.



Driver and Bayli s used the Eriksen and Eriksen paradigm (subjeds responcded to a central | etter
locaed in an array of five letters) but grouped the target and dstradors together using common
motion. When the outer |etters moved with the target they interfered more with target
identification than the neaby letters that had remained stationary. This demonstrated hawv a
seamingly spatial effed breaks down when the target and the distradors are grouped together.
Using the perceptual groupng principle of common fate (Koffka, 1939 the distant distradors
were grouped with the target and as such produced more interferencethan dstradors locaed
closer to the target. The spatial models canna acourt for these results, as the basic daim of the
spacebased hypathesisisthat visua attentionis all ocated to contiguous regions in space and
that everything within such aregion gets processd.

Clealy, the hypothesis that attention simply seleds regions of the retinal image and
favours the processng of everything in the seleded regions is unable to acourt for these
experimental results. This has lead reseachers to formulate so-cdl ed oljed-based models of
visual attention. The eseence of these modelsis that attention operates on visua information that
has already undergone some degreeof processng which has organized the retinal image into
objeds or perceptual groups. It has been commonly assumed that the medhanisms which perform
this perceptual organization foll ow the principles of perceptual organization as proposed and
studied by the schod of Gestalt psychology (Kanizsa, 1979 Koffka, 1939, or at the very least
something close to this. The validity of this assumption shall be subsequently reviewed in more
detail; for now, it will sufficeto mention the groupng principles most commonly implicaed in
objed-based attention by writers: groupng by simil arity (elements of adisplay sharing a
common attribute, such as sape or colour, are generaly perceived as being grouped together);
groupng by proximity (elements which are dose to ore ancther are generally perceved as
forming a group); groupng by continuity, completion and closure (elements which orly partly
suggest a complete shape, such as colli nea dashes, the arners of abox, or part of adisk, are
generally perceived as forming the completed shape); and groupng by common fate (elements
which move together are percaved as forming agroup). Treisman et al.’s (1983 and Duncan’'s
(19849 displays san to rely mainly on the principles of completion and closure, whereas the
stimuli used by Driver and Baylis (1989 rely on the principle of common fate.

Subsequent reseach has provided further evidenceto suppat the daim that attentionis
objed-based, in that it is often al ocaed onthe basis of visual information that has undergone
some degreeof perceptual organization. For instance, Goldsmith (1998 showed that visua
seach is easier when feaures are linked to the same objed than when they belong to diff erent
objeds. Similarly, Duncan and Nimmo-Smith (1996 foundthat it is harder for subjedsto
discriminate between feaures that belong to dff erent objeds compared to a situation requiring
discrimination between fedures that belong to asingle objed.

Kramer and Jambson (1991) used avariation d the resporse competition paradigm
(Eriksen & Eriksen, 1974 to test the objed effed in afocused attention task. Subjeds judged
whether the target (aline) was dashed ar dotted whil e ignoring distradors. Distrading lines
(compatible or incompatible with target) were located to the left or right of the target. The
distradors could be grouped acmrding to the Gestalt principles with the target, or they could
form a part of adifferent objed. The distance between the target and the distradors was kept
constant. According to the spacebased models there shoud be no dff erence between the
different condtions, becaise the spatia separation was constant. On the other hand, acording to
the objed-based model there shoud be lessinterference when the distradors belong to a separate
objed. Aspredicted by the objed-based model, the interference from distradors was drasticdly



reduced or eliminated when the distradors and the target belonged to dff erent objeds. Further,
when the incompatible distradors formed part of the same objed as the target, readiontime and
acaracy was sgnificantly reduced compared to when the compatible distradors belonged to the
same objed as the target.

In sum, the resporse competitionthat is produced by distradors canna be explained by
referring to the spatial hypothesis. Groupng the distradors and the target together by colour or
good continuation causes sgnificantly more interferencewith target response than dstradors
that are eaily separated from the target. Spatial distance seansto have noinfluencehere. This
suggests that visual attentionis direded to perceptual objedsin the visual field that are
segmented acording to the Gestalt grouping principles.

Experimental evidence suppating objed-based attention hes
also been adduced from inhibiti on-of-return (IOR) tasks. 10R was
f , originally interpreted as suppating spatial models of attention, as
certain locdions in space a&e prevented from being constantly re-
examined. However, if attention is objed-based then the inhibitory
‘ J medanism shoud be direded towards gructurein the visual field
rather than location. To thisend, recent evidence suggests that IOR
isrelated to perceptual objedsin the visual field rather than spatial
locaion (Tipper, Driver & Weaver, 199)). Jordan and Tipper
Figure 3: A "Kanizsa square’ as (1998 used a static display to examine the diff erence between
used by Jordan & Tipper (1998)  cueing locaion vs. cueing visible objedsin the display. The display
consisted of blad “paanen” (discs with a quadrant missng) and
lines. In ore condtion ohedsformed by ill usory contours (so-cdl ed Kanizsa squares; seeFigure
3) were visible whereas in another condtion nosuch oljedswerevisible. The IOR effed was
much larger when an oljed was cued compared to when orly alocaionwas cued.

Perhaps the most compelli ng evidencefor objed-based attention comes from reseach
donre with moving displays. Aswe have seen, Driver and Baylis (1989 had already shown that
common fate is a powerful groupng principle dfeding attention. Along similar lines, Tipper and
Weaver (1998 caried ou IOR experiments using elements endowed with common motion.
Reseach onlOR with static displays easily lendsitself to a spatial explanation: attending to a
particular location can inhibit attending to the same locaion alittl e whil e later. However, Tipper
and Weaver reasoned that if an organism is to succesdully survive in adynamic and complex
environment, then the IOR phenomenonmust also apply to moving objeds. In this case, it
wouldn't doto inhibit return to a spedfic locaion, kecause, by definition, moving objeds are
changing their location. Thus, it would make sense to exped that an oljed-based IOR
mechanism exists to all ow efficient scanning of moving scenes. Tipper and Weaver’s data does
in fad suggest that there is an oljed-based comporent to IOR, in that subjects were slower to
return attention to a pre-cued moving objed. Whil e their data does not exclude the possbility
that IOR isat least in part location-based as well, it certainly argues for the nation that for
attentionto be dlocated to moving stimuli, it must in some sense be objed-based.

Pylyshyn and Storm (1988 tested the assumption, arising from a spatial model of
attention, that people ae ale to tradk many elements by moving their attentional spatlight from
element to element in rapid successon. They first tested subjeds’ ability to track independently
moving and similar elements within a display of many moving elements. This showed that
people ae aleto succesully tradk abou four or five dementsfor at least 10 seaonds. A
computer simulation d this task was developed using the adual trajedories that were shown to
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subjeds combined with amodel of aspatial spatlight. This sSmulation showed that an attentional
spatlight moving from element to element would na be &le to kee trac of the dements. Thus,
Pylyshyn and Storm concluded that a spatial attention hypothesis canna account for people’s
ability to perform multi ple objed trading.

There ae two ojed-based acouns of how people might perform multi ple tracing of
objeds. One acourt isthat the multiple dements are formed into anorrigid pdygon, with eath
element being one of the vertices of the padygon. On thisview, Yantis (1992 foundthat
tradking performanceis affeded by fadors that fadlit ate the initial formation and maintenance
of aperceptual group d elementsto betradked. Thus, Yantisargues that spedfic dements
within adisplay of similar moving elements are tracked by grouping the dementsinto asingle
“superobjed” (esentially anorrigid pdygon). Thelesspdygontlike the norrigid pdygonis,
the harder the task.

Pylyshyn and his coll eagues have developed a diff erent acaount, which assumes that ead
element being tradked is associated to avisua index, or aFInger of INSTantiation (Pylyshyn,
1989). Onthisview, the ealy visual system attaches indexesto the individual elementsto be
tradked. These indexes provide away for the visual system to pick out spedfic dements of the
visual field by referring to the dements themselves, and nd to any properties of the objeds
(Pylyshyn, 199§. Theseindexes then all ow the rest of the visual system to attend to those
spedfic dements, to tradk them, to identify them, and so on(Schall & Pylyshyn, 1999 Seas &
Pylyshyn, 200Q. Thus, visua indexes are akind d representation a data structure within the
visual system which functionin amanner analogous to li nguistic indexes and demonstratives
(e.g., words sich as “that” or “there”)™.

In sum, the avility to tradk moving objeds appeas to require that attention be objed-
based at least to some degree Spatial models of attention are inadequate for explaining the
experimental evidence obtained from multi ple tradking tasks, as these models would require the
gpatia spatlight to visit eaty moving element in rapid successon. Successve tradking of this
sort would mean that the visual system is able to predict the positions of the moving elements
and to move the dtentional spatlight at a speed that is beyondthe cgpadties of the human visua
system.

1.3.2 Behavioural Evidence from Aviation Psychology

Applied reseach, in particular from the aeaof aviation psychdogy, has $own that
objed-based attentionis a anstruct that has external and el ogicd validity. Furthermore,
objed-based attention has been used to suggest ways in which HUDs can be improved. The
aviation psychology reseach literature thus provides evidencethat objed-based attentionis a
very useful and paverful theory.

Fischer et a. (1980 described a smulator-based experiment where pil ots were required

to perform runway approades flying an aircraft that was equipped with aHUD versus a
traditional Heads Down Display (HDD). It was foundthat some of the pil ots using the HUD
failed to naice unexpeded intrusions on the runway when they were dso required to attend to
eventsin the nea domain (see 4so McCann & Foyle, 1996. Thisfailureto ndicerunway
intrusions was not experienced by pil ots using the HDD. Although the results suggest that the

1 On Yantis's (1992 acourt, attentional enhancement should be observed within the @nfines of the non-rigid
palygon. Seas and Pylyshyn (2000 fail ed to find any such effeds, thus arguing that attention isindexed spedficdly
to the objeds being tracked, and not to regions of the display defined by the objeds, contra Y antis.
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presence of the HUD isresponsible for the degraded performance, the Fischer et a. study was
flawed in that the locaion d the instrumentation (HUD vs. HDD) was confounded with the type
of instrumentation.

Wickens and Long (1994 repeéded the Fischer et a. (1980 experiment but with matched
instrumentation aaossthe HUD and HDD. In contrast to the Fisher et al. findings, pilots using
the HUD were succesgul in ndicing runway intrusions. However, these pil ots were
considerably (2.5 secmnds) slower to respondto intrusions than were pil ots using the HDD. In
sum, bath the Fisher et al. (detedion acaracy) and the Wickens and Long (detedion time)
studies how a disadvantage for HUDs versus HDDs. This disadvantage seemsto arisein
situations where the pil ot has to simultaneously attend to information located onthe HUD and in
the external scene. It shoud be noted that in these studies, the HUD is collim ated to infinity,
meaning that the HUD and the outside scene ae & the same focd distance

The disadvantages of HUDs are further ill ustrated in a study by Foyle, Stanford and
McCann (1991), which required pil ots to control their fli ght-path whil e maintaining a fixed
atitude. Superimpaosing aHUD digital readou of altit ude onto the flight path resulted in
excdlent control of atitude. However, when focusing on altitude, pil ots tended to colli de with
the fli ght-path markers, such as buildings or landmarks. This tradeoff between using the HUD
symbology (digital altitude) and processng of the external scene caana be dtributed to visual
interference or masking: The same HUD symbalogy was presented aaossthe various conditi ons.
Instead, this evidence suggests that when the HUD symbalogy is required for performance, the
symbology attrads the pil ot’ s attention at the st of nat attending to oljed and eventsin the
environment. That is, when focusing attention on o domain, information located onthe other
domain tendto go unndiced. This phenomenon tes been labell ed cognitive tunrelli ng (Martin-
Emerson & Wickens, 1997 Wickens & Long, 1995.

The evidencefor objed-based attention hes led reseachers to claim that the atentional
problems experienced with HUDSs, such as cogniti ve tunelli ng, are due to the nea and far
domains forming separate perceptual groups or objeds. Thisclaim is predicaed onthe nation
that near and far domains differ along one or more of the Gestalt groupng principles. In
particular, the HUD symbology is gationary relative to the pil ot- or aircraft-centric view,
whereas the external sceneisin constant motion. Also, HUD symbology is usually displayed in
auniform colour, which may differ from the various colours of the external scene.

The daim that the nea (HUD) and far (external scene) domains form separate perceptual
groups provides aposshble explanation d cognitive tunrelli ng when combined with the objed-
based hypathesis. On thisview, when pil ots attend to the nea domain, al of the HUD symbals
get processed quickly in parall el while processng of informationin the far domain is delayed.

In additionto providing passble explanations for attentional difficultiesin using HUDSs,
objed-based models of visual attention have dso been used to suggest possble solutions for
these problems. These solutions have generally aimed at improving pilots' ability to integrate
information from the nea and far domains by fusing both damains (or at least some aspeds of
bath) into asingle domain or perceptua group.One way of doing thisisto use cnformal
symboalogy. Broadly spe&king, the definition of conformality used by HUD devel opers refers to
the degreeto which a symbal forms an oljea within the scenery. Theideaisthat a wnformal
symbal shoud serve @ avirtual analog for far domain elements. In ather words, symbology that
isan acarate graphic representation o an adual objed represented in the far domain, a that
forms a one-to-one wrrespondencewith the world is deaned to be conformal (Martin-Emerson
& Wickens, 1997. On thisview, conformal symbology can be avirtual runway overlaying the
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actual runway or a scene-linked symbology where, for example, altitude is represented at the
height of and possibly in actual objectsin the far domain. Non-conformal symbology would be
symbols such as adigital readout of the atitude or airspeed, path guidance information like glide
slope, or localizer symbology (Wickens & Long, 1995). It should be noted that according to this
definition, even traditional HUDs have some conformal symbology (e.g., ahorizon ling). In
constrast, symbols representing V Sl, airspeed, distance, and altitude etc. are usually non-
conformal.

Experiments examining conformal symbology in HUDs have yielded promising results.
For example, research by Foyle, Stanford and McCann (1991; see dso McCann & Foyle, 1994)
has shown that when using conformal symbology pilots are able to maintain atitude and follow a
flight path without significant trade-offsin performance. In these studies, altitude symbology
was rendered conformal by placing the symbology on virtual buildings along the flight path. In
contrast, when the altitude indicator was superimposed onto the path (non-conformal) the task of
maintaining altitude reduced flight path performance.

Varying the form of the conformal symbology does not seem to diminish the enhanced
performance. McCann and Foyle (1996) and Shelden, Foyle and McCann (1997) have shown
evidence for the same benefit of conformal symbology over non-conformal symbology
regardless of whether the form of the symbology was analog ("clockface") or digital. These
experiments are promising and suggest that the conformal character of the HUD symbol ogy
presumably enables parallel processing of information from the two domains. In accord with an
object-based hypothesis, conformal symbology might allow for the creation of asingle far
domain (or object layer) of information. On this view, performance is enhanced because the
pilot is able to alocate attention to the far domain without the need to switch to the near domain.

In sum, an object-based approach can be useful in assessing the attentional problems
associated with the use of HUDs (i.e., cognitive tunelling). It can also suggest ways of dealing
with these problems (i.e., conformal symbology).

13



2. WHAT IS WRONG WITH RESEARCH ON OBJECT-BASED
ATTENTION

Although experimental evidence suggests that visual attention interads with perceptual
groupng mecdhanisms, there ae problems in interpreting these results. The problemsfall i nto
two caegories. One cdegory concerns the nature of the perceptual groupng phenomenathat are
asuumed to provide the units of objed-based attention. As we have seen, the most common
asumptionisthat these perceptual units can be acourted for with the principles of perceptual
organization from Gestalt psychoogy. We shall see however, that this approad isinadequate.

The other mgjor difficulty is one that could be cdl ed “architedural.” Theories of objed-
based attention generally rely on the assumption that attention and perception are two
independent processes that operate serially and atomicdly (i.e., perceptua grouping must be
complete before atention can be dl ocaed to any part of the retina image). Whil e intuitively
appeding, this view been challenged by a number of experimental results. After reviewing the
problems with Gestalt-type perceptual groupng, the issue of the relationship between perception
and attention is examined.

2.1 Gestalt principles of perceptual organization

Reseachers who endarse objed-based attention generally define an ohjed asa
perceptua group cefined by the principles of perceptual organization establi shed by Gestalt
psychology (seeKoffka 1935 Kanizsa, 1979. This definition has been explicitly suppated by
Baylisand Driver (1989 1992 1993 see 4so Lavie & Driver, 1996, and hes been endarsed by
other researchers (seeWickens & Long, 1994, 199%mong others for applicaionsin aviation
psychaology).

The daim of Gestalt psychadogy is that the human visual system tendsto organize stimuli
into perceptual groups acording to certain principles of spatial organization. A few
representative examples of these principles are: simil arity; proximity; closure; good continuation;
common fate (seeFigures 4 and 5. These principles are motivated by an uncderlying overarching
principle of “figural goodress” or Pragnarz asit iscaled by Gestalt psychdogists. This
principle states that the visual system organizes gimuli so asto form the simplest, most el egant,

oxoxo ** o *ro o 000000
0O X 00X o0 * % * % * %

f ok xox w 000000
0O X 0XO0
00X 0X 0 ** oxok xow 000000
000000

Figure 4: Grouping into columns by similarity

and proximity Figure 5: Grouping by closure

and intuiti vely most satisfying configuration. All the other principles are suppcsed to be
particular instances of this one.

Whil e these principles are useful in describing perceptual groupng phenomena,
particularly in carefull y contrived situations, they have amajor flaw: the principle of Pragnare,
whil e intuiti vely appeding, istoo vague and subjedive to suppat a principled charaderization
of the medhanisms of perceptua organization. Thus, as Pamer (1999 states, the Gestalt
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grouping principles are littl e more than ceteris paribus rules: particular rules apply only in
particular contexts, when they are dealy the only rule that can apply. When two or more
grouping principles are gplicable & once, thereisnoway of predicting a priori which principle
will i n fad determine the configuration the observer sees (though some work has been dore
studying the interadion ketween the various groupgng principles, seeBaylis & Driver, 1992.
Thus, the ultimate determinant of “figural goodress’ isthe observer’s sibjedive experience, and
whichever set of groupng principles correspondto a particular observer’s sibjedive experience
isclamed to explain a particular perceptua configuration.

Gestalt grouping principles are problematic in ather ways, beyondtheir inability to
provide objedive determinants of perceptua groupng. Thefirst isthat they do nd provide a
distinction between perceptual groups and oheds, which could themselves be comprised of
many perceptual groups. Seand,the Gestalt principles do nd allow for a dean separation d so-
cdled “spatial” and “objed-based” effedsin visual attention. It is assumed in spatlight models
that multi ple stimuli are inspeded seridly, and thus the time it takes to attend to multi ple stimuli
isafunction d their spatial separations. Conversely, orne would predict from objed-based
modelsthat if multiple stimuli are locaed within asingle objed or perceptual group,they are
processed in paral e, andthus the time in takes to process gimuli i s independent of their spatial
separations. However, the Gestalt principle of grouping by proximity predicts that the doser
elements are, the more likely they are to be percaved as belonging to asingle group o objed.
Thus, the rapid processng of elements that are dose together could be explained either in terms
of the spatlight model or the objed-based model (Lavie & Driver, 1996.

It is clea that the Gestalt principles per se caina be the basis for areliable, operational
charaderization o the mncept of objed. However, as we have seen, much reseach on oled-
based attention takes for granted that these principles do acourt for the grouping medanisms
that underlie dtention. The mnclusions that have been drawn from much oljed-based attention
reseach must therefore be viewed with some caition. In particular, the results of many
experiments are anbiguous and can dften be interpreted as suppating either spatlight or objea-
based theories. Also, reseach onHUDSs that claims to show that pil ots' performancewas
improved by somehow fusing the nea (HUD) and far (external scene) domains might be re-
interpreted as showing that the performance benefits might be due to some other asped of
objed-based attention. Both of these isaues sall be reviewed shortly.

It isworth nding that only one of the Gestalt principles e&ks to theisaue of objedsin
motion (i.e., the principle of common fate). Similarly, most reseach on vsual attention, oljed-
based or otherwise, has used static (or mostly static) displays. Thisisasignificant limitation for
experimental reseach. Most typicd environments, including HUDs and helmet-mourted
displays (HMDs), are highly dynamic. Thus, the gplicaion d basic reseach on vsual attention
to HUDs will have to involve more reseach on vsual attentionin dynamic displays. We have
already seen afew examples of such work. Theline of reseach propased here will further
explorethisissue aswell.

2.2 How many objects? One, two or more?

As a onsequenceof nat having an operational definition d objedness thereisaladk
principled, ojedive aiteriafor individuating objedsin adisplay. In many experiments, thisis
not a serious isale becaise the displays are so smple that there is no ambiguity as to which
elements dhoud be taken to be objeds. For instance, the displays used by Duncan (1984
consisted ony of abox with adashed line running through it. This display is fairly unambiguods.
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There ae, hovever, examples of reseach where the assumptions as to the number of
objeds being displayed or perceived by the observer are questionable. For instance, Treisman et
al. (1983 constructed dsplays that consisted of aword and a box-shaped frame shown
simultaneously. The frame had agap in ore of its sdes. In ore @ndtion, the word and the frame
did na overlap spatialy; this configurationis most likely perceived astwo oljeds. However, in
the other condtion, the word was displayed inside the frame. In this case, Treisman and her
coll eagues assumed that the display was perceived as asingle (albeit complex) objed. In bah
conditi ons, the distance between the gap in the frame and the word was the same. Sincereadion
times were lowest in the “one objed” condtion, even though there was no change in the distance
between the targets the subjeds had to judge, it was concluded that the overlapping display was
indeed percelved as asingle objed, and that attentionis more eaily all ocated to asingle objed
than to two oljeds. This explanation depends on the assumption that a spatial or spatli ght model
would recessarily predict that readiontime would be afunction d the distance between the
targets. However, it could be the cae that the distance between the centroids of the box and the
word would determine readion times under a spatial model (for more onthis £eDriver & Baylis
1993. Thus, the ssumption that the overlapping display forms asingle objed aso requires a
particular reading of spatial models of visua attention. None of these assumptions are
necessarily warranted.

There ae caes where a onfiguration that appeasto be made up o separate objeds
might be perceived as asingle objed with internal structure. Lavie and Driver (1996 used a
display consisting of two dashed lines interseding at their mid-points and forming an “X”. Each
of these lines was displayed in adifferent colour (red and green). The working assumption was
that ead line would be perceved as an oljed in its own right, and that dividing attention
between bath lineswould produce aperformance ®st that would override any costs due to
spatia separation. This assumption was again suppated by the readion times of the subjeds
performing the experimental task: comparing two elements located onthe same line took less
time than comparing two elements locaed on dff erent lines. However, an experiment by
Herdman, Jarmasz and Johannsdaittir (2000 where bath lines were displayed in the same @lour
suggests that under some drcumstances the two lines are indeeal perceived as two separate
objeds, whilein ather circumstances the two lines appea to be perceived asasingle “X”.

Reseach onapplying objed-based modelsto HUD or HMD environmentsiill ustrates
more vividly how assumptions abou the number of objeds or perceptual groupsin adisplay can
have asignificant pradicd impad. The essumption that has driven much o thisreseach isthat
there ae two relevant perceptual groupingsin aHUD: the nea domain (the instrumentation) and
the far domain (the scenery). Many of the performance problems associated with HUDs have
been explained as difficultiesin dividing attention between bah o these perceptual groups. For
instance, Martin-Emerson and Wickens (1997 examined the differencein the use of HUDs
versus HDDs aaossdifferent visibility levelsin terms of dividing attention between the nea and
far domains. As pilots came in for an approach to land uncbr different visibilit y condti ons they
had to hdd astable dtitude and control lateral and verticd tracking. Flight path guidancewas
superimposed orto the path for the HUD condtion and located below the windshield for the
HDD condtion. The results showed that for the HUD condtion plots were faster to respondto
events within the HUD display and to control altitude when under zero visibility as compared to
full visibility condtions. Infull visibility pil ots attend to the far domain, thereby making it more
difficult to control the dtitude and respondto events occurring in the HUD. However, latera
and erticd tradking errors also deaeased in the full visibility condtion.
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Martin-Emerson and Wickens interpreted these results as showing that pil ots had
difficulty dividing attention between two perceptua “objeds,” that is, the nea and the far
domains. Thisis consistent with an oljed-based hypothesis. According to thisline of reasoning,
in the full visibility condtions, pilots are atending to bah damains, as s1own by the fad that
their performance on tasks requiring information from the far domain improves when this
domain isvisible. Because the far domain is now drawing some &tention away from the nea
domain, plots performancein tasks which require information from the nea domain (i.e., the
HUD) is degraded in full visibility condtions relative to the zero visibility condtions.

However, there is an aternative explanation which also makes use of an oljed-based
attention model. Because pil ots had to maintain their atitude and respondto events within the
nea domain, it isunlikely that they switched attention completely toward the far domain.
Inded, it is possble that the pil ots siccesSully integrated the HUD fli ght-path symbology with
the external environment but experienced dfficulty attending to ather information located in the
HUD. That is, given that the nea domain isitself made up d various ymbdss, the pil ots might
simply have experienced dfficulty in integrating information within a single domain, rather than
difficulty in dviding attention between damains.

As discussed abowe, it has been suggested that conformal symbaology might be used to
reduce ognitive tunreling by fusing the nea and far domains into a single perceptual group.
Foyle, Stanford and McCann (1991), McCann and Foyle (1994 1996 and Shelden, Foyle and
McCann (1997 have studied the dfeds of using conformal symbology in aHUD environment.
Although the results are promising, there were anumber of methoddogica problems with these
experiments. In particular, adding elements onto the fli ght path, whether those dements are
virtual buildings or numbers, increases the number of cues that the pil ot can useto control the
aircraft' sflight path. Accordingly, the enhancement in timesharing the fli ghpath task and the
symbology-based tasks may not be due to areduced requirement to switch attention aaoss
domains. Instead, this enhanced dual-task performance may be dtributed to the reduced load
asociated with controlli ng the arcraft' s flight path when more path cues are present.

In ancther experiment, Martin-Emerson and Wickens (1997 tested the difference
between conformal and norconformal HUDs using symbalogy that differed oy in terms of
path guidanceinformation. Both conditionsincluded nonconformal symbology such as VS,
heading, speed, and distance Inthe conformal condtion, avirtual runway overlaying the acual
runway provided path guidance In the non-conformal condtion, path guidance was represented
by alocdizer and a glide slope, afixed aircraft symba and areferenceline. The subjeds’ task
was to approach to land undr different visibility condtions. The results $rowed that for the non
conformal condtionthere was large variancein lateral tradking errors depending on visibility.

In comparison, when pil ots used the cnformal symbadogy the lateral trading errors were
undfferentiated aaossthe different levels of visibility, thus suggesting that conformal
symbology helps pil ots perform the task equally well in al visibility condtions. Interestingly,
the andtion o symbology type had noeffea on wertica trading errors; thisis not acourted
for in Martin-Emerson and Wickens (1997).

Martin-Emerson and Wickens (1997 concluded that the improvementsin pil ot
performance were due to the conformality of the symbology. However, the objed-based
attention hypaothesis can be gplied to the Martin-Emerson and Wickens results although na
necessarily under the assumption that conformal symbology fuses the two damains into asingle
perceptual group.For example, it could be agued that conformal symbology leadsto better
performance because the symbology forms a wherent objed in and d itself. In acord with the
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objed-based attention hypothesis, a sense of objednesspresumably makesit easier for pil ots to
attend and processinformation within the conformal symbology. That is, the advantage of
conformal symbology may not be due to the nation that the symbaology is integrated into the
external scene, asiscommonly assumed, bu instead attributed to the fadlit ating eff eds of
objed-based attention.

In sum, the ladk of operational criteriafor the enumeration andindividuation d objedsis
amajor problem in reseach on oljed-based attention. The results of much basic and applied
reseach relying on the objed-based framework can be interpreted in a number of ways,
depending on which elements of the display are taken to be objeds, or simply parts of objeds.
Thus, agoal of the proposed reseach isto further develop ogerational criteriafor determining
what counts as an dbjed. Finally, the lac of an adequate definition d objedhoodlealsto
difficultiesin dstinguishing objed-based and spatial fadorsin visual attention, atopic we now
turn to.

2.3 The confounding of spatial and object-based factors

McCann, Foyle and Johrston's (1993 finding that resporses to targets were significantly
delayed when a auie was presented in the nontarget domain could be interpreted as showing that
nea (HUD) and far (external scene) domains form separate visual objeds. In acord with the
objed-based attention hypothesis, target responses are slower when the ae occursin the
norntarget domain becaise it takes time to switch attention from one objed (domain) to the other.
However, a caeful review of the McCann, Foyle and Johnston procedure leals to an alternative
explanation. In this experiment, pil ots were required to perform an approach to land. Asthey
approadhed landing, athreeletter cue (“IFR” or “VFR”) appeaed either onthe HUD or onthe
runway (external scene). The aeindicated where to look for atarget among several geometric
symbals that appeaed on bah the HUD symbalogy set and the runway. “IFR” (for instrument
flight rules) indicated that the set of symbolson HUD was relevant. “VFR” (for visual flight
rules) indicaed that the set of symbadslocaed onthe runway was relevant. The pil ots were
required to identify whether one of the symbals (the target) was adiamond @ astop sign: A
landing was al owed orly if the target was a diamond. Four boxes were located on the HUD to
flank either side of the runway and another four boxes were superimpaosed orto the far domain in
asimilar position. The distance between the boxes was equal for bath damains. The three
geometric symbals appeaed in threeof the boxes on ead domain and the e would appea in
the fourth bax on either the nea or the far domain. If the aue gopeared onthe HUD it fill ed the
box in either the bottom left or the bottom right corner. If the aie gopeared onthe runway it
fill ed either the top left or the top right box.

The results srowed that subjeds were significantly slower in respondng to the relevant
target when the target and the aue where located on dff erent domains. For example, when the
“IFR” (indicating that target onthe HUD isthe relevant one) appeaed in the display, pil ots were
faster to respondto the target when it was located onthe HUD than onthe runway.

As noted abowve, the objed-based attention interpretation d the McCann, Foyle and
Johrston (1993 result isthat the nea and far domains form separate visual objeds: It takestime
to switch attention from one objed to the other. However, ancther plausible interpretation is that
the slower resporsesin the aossdomain condtion are due to there being two diff erent types of
cues. The sudden orset of the threelettersis aform of exogenous cueing that immediately draws
attention to that location. In contrast, the interpretation d the threelettersis aform of symbdlic,
or endagenous, cueing: the participants had to interpret the meaning of the threelettersto
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determine the relevant target locaion. Attentional all ocaionis much slower with endogenous
cues than with exogenous cues. Whereas attentional all ocation can occur within 200ms with
exogenous cues (Wright & Ward, 199§, the dlocation d attention with endogenous cues can
require 300ms and longer (Stelmadh € al., 1997 Wright & Ward, 199§. On this view, when
“IFR” was shown onthe HUD, the pil ots would be &leto determine dmost immediately
whether the target onthe HUD was adiamond a stop sign. There would be no reed to interpret
the aseitself. Accordingly, when the symbalic aue cncurred with the dired cue, pil ots were
fast to respond. When the symbalic cue did na concur with the direa cue (adifferent location
of the relevant target was indicated versus the dired cue), then resporses were slow.

The @onclusionreatied by McCann, Foyle and Johnson (1993 would be unequivocdly
valid orly if it werethe cae that the nea and far domains were being processed as two separate
objeds. However, their interpretationis not the only plausible one, which casts doult onthe
asuumption that the visual system isindeed deding with orly two perceptual objedsin this case.
Thus, it isnot so straightforward to explain attentional effedsin HUDs lely in terms of objed-
based attention, particularly when the aiteriafor individuating objedsin adisplay are
ambiguous.

A seoond,andrelated, problem in dff erentiating between spatial and oled-based fadors
concerns the size of the display. In Duncan’s (1984 experiment the display was lessthan 1°.
Thisalowsfor only asmall and pdentialy insignificant variationin spatia distances. It could
therefore be agued that objed-based fadors are only important within an attentional spatli ght.
Similarly with the paradigm used by Treisman et a. (1983, the spatia arearelevant when the
word was presented within the frame was much small er than the aearelevant when the word and
the frame were presented separately. Therefore, the Treisman et al. results might have refleded
the benefit of spatia proximity. Also, the onset of the frame may have exogenously grabbed
attention making it difficult to read the word in the cwndtion where the frame and word were
presented separately.

Spatial fadors other than locaion a separation between targets are dso frequently
confounced with oljed-based fadors. Targets are often so different that the same-objed effea
can betheresult of some atifad (e.g., spatial frequency differences). In Duncan’s (1984
experiments, the two attributes of the line ae avail able & ahigh spatial frequency whereas the
two attributes of the box are available & low spatial frequency. The results may therefore reflea
difficultiesin procesgng or attending to different spatial frequencies. Furthermore, the targets
used and the instructions given dften indicate objeds prior to the adual task. To wit, Duncan’'s
procedure in which subjeds are required to identify the height of abox and the texture of aline
may bias subjedstoward processng the stimuli as objeds.

To summarize, results from both basic and applied reseach on vsua attention show that
objed-based and spatial fadors are often confounded. Thisislargely dueto the fad that models
of attention are not mutually exclusive, asit is metimesimplied in the experimentd lit erature.
Rather, they refled two paralel and complementary systems. Evidence from neuroscience shows
that there aetwo main pathways, one for spatial processng and ore for objed-based processng,
in the visual system (Mishkin et al., 1983. Further, there ae models of attention that integrate
baoth spatial and ohed-based operators of attention (Logan, 1996. Clealy separating these two
attentional systemsin an experimental setting requires valid and reli able operational definitions
of objeds and perceptual groups, which are still I acing. It will be agued below that such
operational definitions will be provided oy when the nation o perceptual organization as
inferenceto the best explanationis applied to oljed-based attention.
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2.4 Does perception really precede attention?

It has traditionall y been assumed that perceptual groupng is pre-attentive (Driver &
Baylis, 1998 Feldman, 1999. On this view, grouping does not require, and happens prior to the
alocaion d, visua attention. This has been ore of the key assumptions of the objed-based
model. For attentionto be dlocated preferentially to oljeds, these objeds must presumably be
made avail able to the atentional system. Asnoted above, the objeds implicaed in visual
attention are usually defined in terms of medanisms of perceptual grouping. Thus, perceptual
groupng isthought to be aprerequisite, logicdly and temporally, to attentional processng.

The view that perceptual grouping is pre-attentive is being chalenged. Mad et al. (1992
report a series of studies in which subjeds were required to focus ona aossin the midde of a
patterned dsplay and report onthe length of the ams of the aoss As a semndary task, subjeds
were required to report on the perceptual grouping in the patterned dsplay. The badkground
patterns consisted of small squares organized either into rows or columns. This was achieved
using groupng by proximity or grouping by colour. Mad et a. foundthat when perticipants
were required to focus onthe aossin the centre of the display, their ability to identify the
groupng pattern, and even to deted any groupng at al, deaeased significantly. The cossand
the badkground ttern occupied the same locaionin the display, in that the aossclealy
overlaid the badkground attern. The displays had an average diameter of approximately 7.6°,
whil e the visual angle of the squaresin the pattern was typicdly 0.37 by 0.37, and the spatial
separation ketween the squares tended to bein the 0.3° to 0.9 range. Thus, it canna be agued
that the patterns were so small that participants were unable to seethem, na that they were so
large that participants were unable to visually integrate the pattern due to drop-off of visual
aauity. What these results suggest isthat it is not enough for agroupng pattern to be foveaed,
but rather that if a pattern is not spedficdly attended, it will not be identified or even deteded.

One might argue that grouping patterns are identified pre-attentively and then
attentionally filtered out by focusing on a particular asped of adisplay. Ben-Av et a. (1992
have looked into whether perceptual grouping requires attentional resources, or whether these
processes are inhibited by attentional mecdhanisms. They employed a dual-task paradigm, in
which participants were required to carry out agroupng pattern identification and/or detedion
task concurrently with a singularity detedion task. The grouping patterns were based on
groupng by proximity and groupng by simil arity of shape. The singularity detedion task
involved deteding the presence of a single predetermined shape which dd na match the shapes
used in the groupng patterns. One task was aways designated as primary, the other as
sendary. The relative performance on ead task was measured as a function d masking at
different stimulus-onset asynchronies (SOAs) and d which task was designated as primary. Ben-
Av et al. foundthat at long SOAS, participants readied opimal performanceon bdah concurrent
tasks, regardlessof which task was primary. However, when singularity detedion was the
primary task, participants’ performance onthe groupng tasks was sgnificantly reduced at short
SOAs. Conversely, when ore of the grouping tasks was primary, performanceon reither task
suff ered significantly at short SOAs. Thus, the results of the experiments where the singularity
detedion was the primary task replicate the findings of Mad et al. (1992, whereas the
experiments where the groupng tasks were primary suggest that focusing attention on o asped
of adisplay is nat enough to interfere with the performance of ancther. Focusing on the grouping
pattern dd na interfere with the task of deteding a singularity, bu focusing onthe singularity
interfered with the detedion o a groupng pattern. These findings undermine the suggestion that
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perceptual grouping happens pre-attentively andis smply filtered ou by focusing attention on
the simil arity, for, by the same reasoning, the singularity shoud also befiltered ou when the
groupng pattern is focused. The more likely explanationis that perceptual groupng doesin fad
require visua attention, whereas sngularity detedion daesn’'t, and might even happen
predtentively. Thus, deliberately focusing attention onthe singularity starves perceptual
groupng of the dtentional resources it neals, whereas focusing on the grouping pattern does not
interfere with singularity detedion, as thistask doesn’t require dtention.

What, if anything, is percaved withou attention? Rock et a. (1992 examined this
guestion. They used a methodthat was smilar to that used in Mad et al. (1992. The main task
was again to determine which arm of a aosswas longer. A number of seandary tasks were
used, including the detedion d asingle stimulusin the badkground,courting the number of
elements presented in the badkground,and identifying some dtribute of asingle dement, such as
its shape or colour. Rock et a. foundthat when subjeds were focusing onthe aoss(i.e., the
primary task) and were expaosed to the badkgroundstimulus for the first time, they were ale
report the number of elementsin the stimulus, as well asreport their colour. However, they were
unable to identify the shape of the dements that were presented. This suggests that afew basic
fedures of visual stimuli, such astheir existence, location, and colour, are processed
predtentively, but that the perception o shape requires attention.

As noted above, much of the research on oljed-based attention relies onthe assumption
that perceptua grouping is apre-requisite for visual attention. Thereis, hovever, much evidence
that undermines this assumption. It shoud be noted that there is anather influential view on
objed-based attention that holds that visual attentionis required for perceptual wholesto be
formed, nd the other way around.Perhaps the best exporent of thisview in recent timesis
Treisman (1980, 1988, 1998In hrief, Treisman suggests that the ealy visual system analyses
stimuli into besic feaures, (e.g., shape, colour, etc.), and that attentionisrequired to hind these
feduresinto asingle percept at aspedfic locaionin space(but seeGoldsmith, 1998 for an
acoun of objed-based feaure integration). Here, attentionis viewed as akind d spatia map
that integrates information from diff erent feaure maps by binding fedures that share the same
locaionin visual space Suppating evidencefor this theory comes from visual seach
experiments, where asingle dement in adisplay is foundmuch more quickly, andin a sense
“pops out,” when it is distinguished from all the other elements by having a unique feaure (e.g.,
it isthe only element with a given colour or shape) than when it is distinguished by aunique
combination d feaures which are foundelsewhere in the display (e.g., many of the dements are
crosses and many of them arered, bu the dement to be detedted isthe only red crossin the
display). Treisman’sinterpretation d these findingsis that when an element is distinguished by a
unique fedure, it is easlly deteded becauseit isthe only element which is associated with the
“map” for that feaure. In contrast, when an element is distinguished by a wmbination o
fedures, it isnat uniquely associated with any given feaure map, and thus it can orly be
distinguished by the visual system by fusing the information from various feaure mapsinto a
perceptual whole & a particular locaion through visual attention.

On Treisman’s (1980, 1988, 199dnterpretation, visua attentionis mainly a spatia
integrator, which daes littl e to explain findings showing that it is easier to attendto asingle
objed than to dvide atention between many. However, Treisman’s theory, along with the other
reseach discussd in this ®dion, remind us that the role of attentionin perception canna be
ignored or underestimated. Likely, attention and perception are mutuall y dependent, at least to
some degree That is, visual perception and attention are likely interadive and concurrent
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processes. On this view, perceptua grouping is not pre-attentive. Rather, the cost of dividing
attention between objects might reflect the cost of organizing a scene into objects and groups
instead of, or in addition to, any costs due to switching attention between objects. The following
section examines evidence that attention and perceptual grouping occur interactively, and
discusses possible implications for an integrated theory of perceptua grouping and object-based
attention.

22



3. TOWARDS AN INTERACTIVE, INCREMENTAL AND INFERENTIAL
MODEL OF PERCEPTION AND ATTENTION

Reseach on oljed-based attentionis generally based onthe foll owing assumptions: (1)
therelation o perceptual organizationto attentionis rial, in that visual stimuli arefirst
organized into groups, then the grouped stimuli are seleded by the atentional system for further
processng; and (2) perceptua organization can be charaderized in terms of Gestalt-type
principles. As noted ealier, these asumptions are inadequate. Gestalt groupng principles are
unable to explain and predict adual grouping performancein al but the simplest cases, and
attention appears to be asinvolved in perceptua grouping and groupng itself isinvolved in
attention. On the Inferential Attentional Allocation Model (IAAM) view, it is argued that the
following claims are more gpropriate base assumptions for the study of objed-based attention:

1.) Attentionand perceptual organization are interadive andincremental processs. As
eat processprogresses, it provides more information to the other process whichin
turn further aids the first processin mutually suppating feedbad loop.

2.) Perceptual organizationis an inferential process whereby the visual system attempts
to (re)construct which threedimensional coherent distal structures that most likely
gaveriseto the proximal stimulus. Under this view, perceptual groupng, and vision
in general, is atype of inferenceto the best explanation (Hoff man, 1998 Palmer,
1999 Pomerantz & Kubow, 1989.

3.) These “explanations,” or representation d physicd objeds, bah guide atentionand
are themselves partly influenced by attentional mecdanisms.

4) It follows, then, that that attention is object-based precisely because it has a
relationship of mutual dependence with the processes of perceptual organization.

These dams refled current opinionin visua objed perception, from the domains of
computational vision (Lowe, 1989, the psychology and psychophysics of visua perception
(Hoffman, 1998 Palmer, 1999, and reuroscience (Grosserg, 1994 Grosderg, Mingolla, &
Ross 1999. Y et they have been largely ignored in oljed-based attention. Nevertheless if these
claims were integrated into theories of objed-based attention, they would all ow these theoriesto
med many of the aiticisms that have been raised against them. The goal of the propaosed
reseach isto show how these daims abou visua attention and perception can be used to further
develop and strengthen oljed-based ac@urts of visua attention.

To flesh ou these daims, two areas of reseach need to be discussed. First, reseachin
the neurology of vision hes yielded models of integrated perceptual organization and attentional
processes. However, these models only briefly touch onthe processes of perceptual grouping
themselves. Therefore, areview of current research on perceptual groupng, which shows that
visionislargely an inferential process isalso required.

3.1 An interactive model of attention and perceptual grouping

Grossherg and his coll eagues (1994 Grossherg & al., 1999 have synthesized their
reseach onthe neurology of visual perception, visual attention, and search into amodel cdled
the “Spatial and Objed Seach Algorithm” (or SOS agorithm), depicted in Figure 6. The model
consists of five modues. There ae two attentional modues, an “ Objed Reaognition System,”
which is meant to “explicae|...] concepts of objed attention,” and a “Multi plexed Spatial Map,”
which “expli cates concepts of spatial attention” (Grosderg et. a, 1994, p. 476 The other three
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modues are perceptua: a Static Boundary Contour System which extrads edges between

OBJECT MULTIP LEXED
RECOGNITION [% > SPATIAL
SYSTEM MAP

R
CONTOUR SYSTEM SYSTEM

Figure 6: Components of the SOS system (adapted from Grossberg & al., 1994)

regions based onthe static properties of the retinal image, a Feaure Contour System which
deteds surfaces with auniform attribute or conjunction d attributes (e.g., colour, texture, etc.),
and a Motion Boundary Contour System which deteds region boundries (i.e., edges) from
dynamic properties of the retinal image such as optic flow (Gibson, 1979. The system is highly
interadive. The static Boundary Contour System and the Feaure Contour System interad with
the Objed Reaogniti on system to extrad static information abou objeds. The Feaure Contour
System and the motion Boundary Contour System interad with the Multi plexed Spatial Map to
extrad information abou objed motion. The Objed Reaognition System and the Multi plexed
Spatial Map aso interad, thus defining “spatialy invariant ORS [Objed Reaogniti on System]
recognition caegories’” (Grossoerg et al., p. 477figure cation) and controlli ng “visual seach”
(Grosderg et al., p. 477figure cation). Through these interadions, the model acaomplishes four
logicd steps:. (1) aretinotopic map o stimulus feauresis established and providesinpu to the
perceptua organizatiorn/seach system; (2) the retinotopic map is ssgmented into groups by
extrading boundxries (with the Boundary Contour Systems) and surfaces (with the Feaure
Contour System); (3) one of the groups defined in step (2) is sleded for further processng using
the two attentional medanisms; the fadors influencing which group gets sleded include both
stimulus sliency (bottom-up information) and certain target feaures that are being seached for
(top-down information); (4) the groupseleded in step (3) is compared to stored representations
of objedsin order to determine whether the groupis arecognized oljed and/or an ohjed
containing the target feaures. Fail ures at steps (2), (3) or (4) make the system revert to the
previous gep to continue the process This model defines visual seach as a processof
reaursively forming and seleding groups until the target feaureisfound, @ until all posshbiliti es
are exhausted. Note, however, that this algorithm defines alogicd sequenceonly, and daes not
imply atemporal sequencefor information processng in the SOS model.

The SOS modd (Grosserg, 1994 Grossderg & a., 1999 has a number of interesting
and cesirable dharaderistics. Importantly, it integrates objed-based and spatial attentional
processes. Much evidence (seeLogan, 1996and Lavie & Driver, 1996,among others) suggests
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that objed-based and spatial attentional fadors, while distinct, are intimately related. The SOS
model aso shows how attention and perceptual grouping might interad in aparalel and
continuows manner. The authors in fad charaderize the model as a “heterarchy of neural
networks with continuous and asynchronous dynamics,” implying that no “modue” takes
precalence over any other (Grosserg & a., p.478. Thisreconcil es the findings of Rock et al.
(1992, Ma et a. (1992 and Ben-Av et a. (1992, that perceptual groupng canna happen
withou attention, with ojed-based attention studies showing that visual attentionis sensitive to
perceptual organization (e.g., seeDuncan, 1984 Lavie & Driver, 1996 Triesman et a., 1983.
Another important feaure of the SOS model isthat it shows how many diff erent types of
information are simultaneously required in the processes of visual attention and perception. As
we wil seelater, visual perception makes use of many types of information, ranging from
battom-up to top-down fadors. The SOS model identifies four broad types of information: edge
and boundry information, surfaceproperty information, information from motion, and “top-
down,” or conceptual, information. We shall seethat even computational systems that only
perform perceptual grouping require information at least from these various levels. Furthermore,
the SOS model is organized as a number of neural networks working asynchronously andin
paralel. The neural networks use an algorithm based onadaptive resonancetheory (Carpenter &
Grossoerg, 1991 cited in Grosserg & a., 1994, which is closer to the red dynamics of the
cortex than the badkpropagation algorithms gill being used in many conredionist systems.
Perhaps most interestingly, the SOS model is consonant with amodel of perceptual
organization developed independently by Palmer and Rock (1994). Their mode is based on
psychologicd and psychophysicd evidence, as well as considerations onthe “logic” of
perception, withou the benefit of data from neuroscience Nevertheless the Palmer and Rock
(1994 model shares certain feaures with Grosserg' s SOS model. The Palmer and Rock model
(seeFigure 7) has threestages. First, boundries between elements are determined from the
retinal image. Seaond,regions with unform feaures are formed from boundxry information and
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R / Units
Parsing

Figure 7: Flowchart for perceptual organization, from Palmer and Rock (1994, p. 42)



surfaceproperties from the retinal image. Finally, the regions with common groperties are
separated into figure and ground,and the figure regions srve athe “entry level” unitsfor
perceptual organization proper, which consistsin grouping and parsing® the regions of the image
based on \arious types of information (i.e., region properties and top-down information). Note
that the Palmer and Rock model |eares out attentive processes. However, the work of Grosserg
(1994 Grosderg & a., 1999, Ben-Av et al. (1992, Rock et al. (1992, and Madk et al. (1992
suggests that both attention and perceptua groupng occur at the level of processng.
Furthermore, Y antis, writes that “between ealy and hgh-level visionisintermediate or middle-
level vision. Among

the operations at thislevel of the visual system are the processes of perceptual organizationand
attention” (1998, p. 18Y. By assuming that attention and perceptua organization accur at
roughly the same level of visual processng, the Pamer and Rock model can be mapped orto the
SOS model with afairly goodfit despite the omisson d attentional processes. Thefirst “box” in
the Palmer and Rock flowchart, corresponds to Step 1in the SOS algorithm, the second, third,
and fourth baxes in the Palmer and Rock model (edge map, region map, entry level units)
correspondto Step 2 d the SOS algorithm. The perceptual organization boces, with the inferred
attentional processes, would correspondto Step 3. Whatever foll ows these last boxes (i.e., ojed
recognition and identificaion) would be Step 4in the SOS algorithm. Whileit is unclea whether
the Palmer and Rock flowchart is meant to be atemporal model or alogicd one, it is
neverthelessnoteworthy that by starting purely from “logica and empiricd constraints’ (Palmer
& Rock, 1994, p.42, Pamer and Rock foundessentialy the same “modues’ of visual
processng as did Grosserg et al., (1994, starting from neuroscientific evidence

Finally, reseach closer to the domain dof attention also argues for aincremental and
interadive cnception d perception and attention. Di Loll o, Enns, and Rensink (2000 argue that
re-entrant neural conredions (i.e., feedbadk between the various gages of visual processng) are
necessary to acourt for the timeaurse of various masking phenomenain which afigure that
shares alocaionwith another figure withou ocduding it can neverthelessobliterate the
perception d the seandfigure, aslong as the display of the first figure temporall y overlaps and
extends beyondthe display of the seaondfigure. Thisindicaesthat alater image can “erase” an
ealier image from iconic memory before it can be fully processed as afigurein its own right.
This can only happen if perceptual and attentive processes can mutually affed ead ather as well
as affeding “earlier” visual processng more dosely related to the retinal image.

In sum, evidencefrom visual perception shows that attention and perceptual grouping
occur in perallel and interadive ways. This goes against the prevaili ng assumptionsin ojed-
based research that perceptual groupng is pre-attentive, andthat it is a prerequisite for objed-
based attention. These findings do nd invalidate the nation d objed-based attention. Rather,
they suppat the daim made @owve that attention is objed-based because of its relationship of
mutual dependencewith perceptual organization. This claim isthe main assumption uncerlying
the proposed reseach. Thus, an understanding of the mecdhanisms of perceptual organization will
lead to a better understanding of the phenomenon d objed-based attention.

%The focusin research on ohjed-based attention has mainly been on grouping. However, it stands to reason that
parsing could also play arolein “objed formation,” and thusin the deployment of attention.
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3.2 Visual inference

Asnoted previously, Gestalt psychologists attempted to charaderize perceptual
organization puely in terms of certain physicd charaderistics of visua stimuli, onthe
asumption that the human brain was particularly attuned to these dharaderistics. However, these
charaderistics were defined by the vague and utimately subjedive notion d figural goodressor
Pragnarz (Koffka, 1935. The atempt to explain the objedive caises of the phenomenal
experienceof perceptual grouping lead badk in avicious circle to the very phenomenadlogy it
hoped to acourt for.

The fad that the Gestalt psychalogists encourtered this problem points to the central
difficulty in the study of vision, and perceptionin genera. Namely, that visionis neither a purely
objedive nor a purely subjedive phenomenon. Attempts to charaderize visionin puely
subjedive terms (e.g., the structurali st approach of Wilhelm Wund;, which attempted to
introsped the “sensory atoms” that were dl eged to make up perceptions, seePalmer, 1999 have
falled, as have dtemptsto charaderize visionin puely obedive, “organism-free” terms (e.g.,
the emlogicd optics of J.J. Gibson).

The most succesdul approachesto vision are constructivist approades, which recognize
that succesgul visual perception depends both on poperties of the environment and properties of
the visual system, including information gained through experience and learning. All of these
approadhes are in some way indebted to Helmhaoltz' sinsight that visionis largely a processof
“unconscious inference” (Palmer, 1999. On this view, the task of visionisto infer objedsin the
environment and their charaderistics from the image projeded orto the retina. Furthermore, we
generally have no conscious accessof theinferential processand the information it uses (Paimer,
1999. An example of thisin everyday life isthe perception d whole objeds based orly ona
partial view of them. When you seeonly two or threesides of a cadbacard bax, you
automaticdly perceve it asawhaoebox, and nd asjust the threeflaps of cardboard that are
visible to you.

However, the 2-D image avail able to the visual system is ambiguous, in that a particul ar
2-D image orresponds to any number of possble 3-D environments. Thisis known as the
“inverse problem” in vision: how does the visual system “reverse” the projedion o a 3-D
environment onto the 2-D plane of the retinal image so asto “reconstruct” the origina (distal) 3-
D stimulus, or something like it? For instance, why isit that we will perceve awhae box every
time, and nd just threeflaps of cardboard? The constructivist approach suggests that, due to
some combination d innate ailiti es and experience, we quickly learn to “infer” a complete box
from the threeflaps. That is, our visua system “explains’ the retinal image cnsisting of three
flaps as being due to the existence of a mmplete box.

This approach to vision has become the de fado standard in visionreseach, bah when it
comes to studying natural vision systems (seeHoff man, 1998 Palmer, 1999 Pomerantz and
Kubow, 1986 and computer vision (seeKellman & Shipley, 1991 Lowe, 1985 Marr, 1982.
Nevertheless most research on olped-based attention hesignored this approadc to visual
perception. Instead, it refers to Gestalt grouping principles when describing and explaining the
perceptual unitsthat attentionis suppcsed to operate on. Objed-based attention research nealsto
integrate the constructivist approad to perceptual organization. Thefirst step isto get agrasp on
the anstructivist approach. On the view that perceptionisinference, the relevant literature can
be reviewed in terms of the foll owing questions:

» What isinference and what type of inference does the visual system use?
e What are the premises (i.e., the “raw materials’) of visual inference?
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* What rules does visua inference use to get from its premises to arecnstruction d the
world?

* What arethe dharaderistics of avalid visual inference?

* What are the conclusionsthe visua system arrives at — full y integrated oljeds, awhole
scene, etc.?

3.2.1 Thenature of visual inference

Onthe IAAM view, attention and perceptual organization are mutually dependent.
Attentional all ocation shoud in some way refled the processof perceptual organization. To see
how this might be the cae, the inferential nature of perceptua organization must first be
explained.

Inferenceis generall y subdvided into threegeneral areas. deduction, induction and
abduction (Peirce 19311958. In deduction, the soundressof a anclusion always foll ows
strictly from the truth o the premises and the form of the whole agument. The dassc example
is“All men are mortal; Socratesisaman. Therefore, Socratesis mortal.” Aslong as the premises
are true, and they follow certain forms that are known to be valid, the cnclusion d a syllogism
is guaranteed to be true. We can seethat this model is unlikely to be gppropriate for visual
inference The “inverse problem” in vision dscussed ealier shows that visual stimuli are
ambiguous. Thus, the premises that the visual system receves from the environment do nd
provide enowgh information for an interpretation d avisual sceneto belogicaly deduced.

Theterm “induction” is often used to refer to all non-deductive reasoning. However,
strictly spe&ing, induction is atype of reasoning where properties of a subset are generalized to
the whale set in a probabili stic manner. An exampleisapadl: from asmall sample of the
popuation, it is estimated with a cetain degreeof certainty (typicdly 95%, the “nineteen times
out of twenty” we hea of so often) that agiven fradion d the popuationasawhade badks a
cetain pditi cd party, and that another fradion suppats ancther party, and so on.In effed, this
type of reasoning says “Based onthe subset of the popuationwe' ve observed, we're 95% certain
that 30% of the popuation suppats party X; but there's a 5% chancewerewrong.” This sems
amoreredistic acourt of visual processng, given the ambiguous and incompl ete nature of
visual stimuli. A particular type of statisticd inferencethat has been used with some successin
the study of perceptual organizationis Bayesian inference, in which predictions abou the
environment are made on the basis of condtional probabiliti es— i.e., by determining the
likelihoodthat such-and-such isthe cae when a given condtionis fulfill ed. An example of this
would be asystem that determines with alikelihood d 87% that a given configuration o 2-D
elements indicates the presence of atabletop given that it is known the visual system isin fad
looking at some kind d furniture. Bayesian inference has proven to be apowerful tod in
probabili stic dedsion making (many texts present a Bayesian approad to dedsion-making; an
exampleisLindley, 1985 and seans like apromising approac for certain visual processes (see
Lee 1995,among others).

However, induction has two important limitations. Oneisthat is requires quantitative
informationin the form of sample statistics and nunerica probabiliti es. It isnot clea that vision,
or cognitionin general, is a quantitative processin this way. Furthermore, generali zations from
statistica induction do nd go much beyondinitial data. For instance, induction can be used to
infer the likelihoodthat the popuation mean fall s within certain limits, or the likelihoodthat the
sample mean is diff erent from ancther sample mean, bu not much else. Thisisnaot an
appropriate model to explain how threedimensional volumes are reconstructed from partial
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information, as when we perceive a omplete box from only three cadboerd flaps. A more
extreme caeis $hown by our ability to construct ill usory (and sometimesimpaossble) three
dimensional shapes from bladk-and-white line figures, as ®enin Figure 8.

Figure 8: Line-drawing figures that elicit the impression of 3-D structures (lllusionWorks, 1997)

The third type of inferenceis generally known as abduction, aterm originally coined by
C. S. Peirce(19311958. Thisform of inferenceis a cdch-all category, groupng any method d
inferencethat doesn't fit the patterns for deduction and statisticd induction. Thisincludes
reasoning using lessformal methods such as analogies and making credive legs from data to
theory (Holyoak & Thagard, 1995, aswell as ortaneously generating hypothesesin arder to
explained olserved fads through what might be cdled “educaed guesses’. Indead, abductionis
generally considered to be synonymous with inferenceto the best explanation, in which
inferences are motivated by adesire to provide the best possble explanation for a phenomenon
(Lipton, 199). Thistermindogy isin line with the way visionis charaderized by many
reseachers (Hoffman, 1998 Leyton, 1994 Pamer, 1999. Intuitively, it ssams more plausible
that the visua system infers threedimensional volumes from the imagesin Figure 8 becaise
such vaumes would best explain the shapes, rather than becaise those volumes are the structures
most plausibly inferred using statisticd induction. Inferenceto the best explanation also seemsto
be the best model for the way humans adually reason, tecause it doesn’t suffer many of the
shortcomings asociated with deduction and induction (Lipton, 199).

One of the cantral claims of the present reseach is that perceptual organizationisaform
of inferenceto the best explanation. But, to justify this claim, inferenceto the best explanation
must first be charaderized. Abductive reasoning happensto be the most poaly charaderized
type of reasoning. Lipton (1997) points out that whil e the term “Inferenceto the best
explanation” has intuitive gped, it has nat so far been adequately defined. It is not enough to
say that perceptioninfers gates of the world that would best explain the proximal stimulus. An
acoun of how these explanations are generated, and d what counts as the “best explanation” is
required. Vision scientists have uncovered a number of rules that govern visua inference
(Hoffman, 1998 Palmer, 1999. These rules might provide abasis for a systematic acourt of
how possble explanations are generated. These rules are examined in sedion 3.2.3 What courts
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asavalid explanationis discussed in sedion 3.2.4 Nevertheless if inferenceto the best
explanationisto be used as amodel for visual inference, then an acourt of inferenceto the best
explanationis necessary. Furthermore, the impli caions of charaderizing vision asinferenceto
the best explanation also need to be examined. Attemptsto buld computerized abductive
reasoning systems have lea to the cmnclusion that abductionis generally intradable
computationaly (Selman & Levesgue, 1999. However, if the visual system is performing
inferenceto the best explanation, this type of inference must somehow be tradable. Further
considerations abou the visual system might elucidate how perception as atype of inferenceto
the best explanation might be computationally tradable.

In summary, ou of the threeforms of inference discussed abowve (deduction, induction
and abduction), abduction kest charaderizes the inferential nature of perceptual organization.
However, even this charaderization leazes many questions abou perceptual organization
unanswered. The following sedions attempt to answer some of these questions. Nevertheless we
can arealy note the advantages that this approach provides over the typicd assumptions that
models of objed-based attention are based on, ramely that grouping is pre-attentive andis
governed hy the Gestalt grouping principles. If perception aganization is based oninferenceto
the best explanation, and the best explanation d most perceptual groupngs can be given in terms
of the physicd stimuli that the groupngs are meant to reconstruct, then we have an ojedive
basis for charaderizing what courts as an oljed and for developing metrics of perceptual
organization. Furthermore, we know intuitively that certain explanations are more difficult to
provide than athers. A charaderization o perceptual organization as abduction shoud therefore
provide anatural acourt of the processng cost involved in organizing avisual sceneinto
objeds and groups. | will argue below that the processng cost of perceptual organizationis an
important index of attentional allocaionin ascene.

3.2.2 The premises of visual inference

It iswell known that reasoning, bah scientific and mundane, starts from at least two
kinds of premises: observational fads and conceptual-theoreticd postulates. Can this asped of
inference be extended to perceptua organization? As mentioned abowve, vision seemsto require
bath batom-up, stimulus driven information (correspondng to fads) and top-down, conceptual
inferences (correspondng to concepts and theories). In the foll owing the nature of the bottom-up
“premises’ of, aswell astherole of general-purpose conceptual informationin, perceptual
organization are discussed. The foll owing sedion examines a particular type of top-down
influenceon vision, vz. therules of visual inference

It is often assumed that the starting point, the “raw data,” as it were, of visua inference
and perceptual organization are lines and edges deteded by spedalized cdlsin the very ealy
stages of the visual system, mainly the retina and the subcorticd visual system (Kosdyn, 1994.
Many computer vision systems are based onthis principle, in that they first attempt to construct a
line-and-edge version d a scene before atempting to arganize it and parseit into individual
objeds (cf. Biederman, 1995 Marr, 1982.

However, Paimer and Rock (1994) argue that regions of uniform connredednessmight be
more natural starting points for visual inference (see &so Pamer 1999. This principle of
perceptual organization (but nat, asthe authors gress of perceptual grouping) states that regions
of an image which share a ommon groperty, such as texture or colour, will tend to be perceived
as constituting aunified element in adisplay. Any resemblanceto the Gestalt principle of
groupng by similarity is only superficial; whereas the principle of similarity claimsto acourt
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for why certain elements are perceved as bel onging together, the principle of uniform
conredednessmakes a daim abou how these dements are formed in the visual system in the
first place In addition to experimental evidence suppat for this notionis adduced from the fad
that computational models for extrading lines and edges from a scene often produce spurious
shape boundiries, whereas algorithms that segment images based onregions with common
attributes generally produce more acarate segmentation and thus provide abetter starting point
for perceptual organization (seePalmer, 1999, pp. 26273,for a mmparison d these
approadies.) Accordingly, as noted above, Pamer and Rock (1994 propose amodel of
perceptual organization wherein organization (i.e., groupng and parsing) do nd occur urtil basic
segmentation d the image, based onthe principle of uniform conrededness has occurred. Once
this has happened, they argue, the visual system can use thisinformation as a basis for groupng
and parsing the dementsin the scene, aswell asinferring the existence of certain oljeds.

Given that visual processng isto alarge degreededicated to inferring which elements
belong together and constitute objeds, or at least coherent whales, it shoud also be expeded that
motionwould play an important role in visual inference Accordingly, research by Spelke,
Guthell and Van de Walle (1995 suggests that children first start individuating el ementsin a
display onthe basis of motion information. Chil dren seem to very quickly develop the
expedation that two elements, even if they appea to belong to different objeds, constitute two
parts of the same objeds if they move in urison and are partly ocduded in away that suggests
that a physicd conredion between the partsis hidden behind the ocduder. Also, chil dren exped
an dbjed which dsappeas behind an ocduder to regopea onthe other side with motionthat is
consistent with the original motion d the dement. Spelke & a.’s experiments suggest that if the
element re-appeas with atrgjedory that is not consistent the original trgjedory (e.g., an element
disappeaing behind the ocduder from the left regopeas on the top edge of the ocduder and
moves upwards), the dhild readstoit asif it were anew objed. Similarly, Yantis (1998 has
shown that apparent motion can induce observers into groupng elements into spedfic patterns,
which change a afunction d the speed of the goparent motion. These data suggest a natural and
logicd extension d the principles of uniform conredednessand simil arity to motion. Indeed, the
Gestalt principle of common fate, which states that el ements saring temporal dynamics will be
grouped together, is esentially atemporal version d groupng by simil arity. However, whilein
principle motion cues and static information shoud bah be equally important for perceptual
organization, in many cases, asin the Spelke ¢ a. (1999 study, motion information seems to
have the aility to override static information. Thus, it is possble that certain types of
information are more important for visual inference

Finally, it would be amistake to ignore the role of conceptual, top-down knowledge in
visual inference Asnoted abowve, the “inverse problem” of visiontell s us that the proximal
stimulus alone is insufficient for aunique reanstruction d the distal
stimulus. Thus, some information, dher than raw sensory information, is
required to constrain passble visual inferences from retinal stimulation. We
can seethisin extreme caes such asfigure, a dasscimage by R. C. James
1 (Figure9). Init, most people initially see anumber of bladk splotchesona
white badground, prhaps representing leaves lying on the ground.Once
people aetold that the image contains adog, they tend to ndicethe dog

rather quickly and will generally be aleto pick it out every time they seethe

Eri%”trﬁegégq%” YoU " image again. In ather words, the knowledge that there is adog in the picture

allows an olserver to construct aunique interpretation d the image that
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would have been impossble otherwise.

Top-down informationis essentia for visionin genera, na just for the perception o
ambiguous displays. If, asit has been suggested, visionis aform of inferenceto the best
explanation, then top-down knowledge is absolutely essential. As note ébowve, inferenceto the
best explanationis considered to be momputationally intradable. Thisis largely due to the fad
that the task of seleding an appropriate set of initial assumptions, which istermed a “suppat
set,” to guide the generation d possble explanationsisitself computationall y intradable.
Conceptua information might provide such a suppat set, thus potentially making inferenceto
the best explanation a omputationall y tracable model for vision.

Much work clealy needs to be done onwhat kinds of top-down information are used by
the visual system, and haow that informationis used. However, even at thisealy stage a
distinction can be made between abstrad, context-freeinformation onthe one hand, and
concrete, context dependent information onthe other. The image of thedog in Figure 9isan
example of the latter. An example of the former type of information might be avery genera
caegory, such as aurfaces, edges, or even oljeds themselves. It might be agued that edges and
surfaces are dready provided by, or at the very least extraded diredly from, the proximal
stimulus, as suggested above. However, Feldman (1999 argues that certain primitive
asumptions, what he cdl s “existential axioms,” are required for an inferential approad to
perceptual organizationto work. Withou these, the problem of assgning a unique (or almost
unique) grouping to a set of initial elements canna be adequately constrained, which is smply
ancther form of the “inverse problem.” Thus, it might be the cae that the visual system starts
with certain innate, very general caegoriesthat are used to constrain visua inference and that
these cdegories are supdemented with athersthat are leant through experience a the individual
develops. The problem of innate knowledge versus experience natwithstanding, some type of
top-down knowledge is neaded to constrain the “inverse problem.”

In sum, the visual system bases its inferences abou what isin the environment on many
different types of information: lines, edges, regions of uniform connededness motion, general
abstrad categories and past experience Top-down informationis required to constrain pcssble
interpretations of bottom-up information, in line with the wnstructivist view described above.
Interestingly, these findings are in agreament with those of Grosserg et a. (1994. Visual
perceptual organization,and visionin general, relies onthe interadion d many diff erent types of
information. The next step isto determine how these types of information are in applied by the
visual systemsto “draw conclusions’ abou what we see adto allocae dtention.

3.2.3 Therulesof visual inference

Inferenceinvaolves the derivation d conclusions from premises aceording to spedfied
rules. Rules are qucial they determine and provide methods for the derivation d valid
conclusions. The relationships between the rules are dso important. In situations where more
than ore rule might apply, there must be some systematic way of dedding which dof the rules will
apply. There must be rules on hav the rules apply.

A necessry step in studying vision as inferenceis the study of the rules of visual
inference Indeed, much research is being carried ou in this diredion, as can be seenin the
excdlent reviews by Pamer (1999 and Hoff man (1998. Whil e reseachers have described a
relatively large number of rules (Hoff man, 1998 ists 35 d them throughou his bookand
suggests that thisisonly afradion d thetotal), there gopeasto be an overall pattern to these
rules. This pattern is siggested by the term “inferenceto the best explanation.” Most of the rules
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of vision seam to be rules for determining the 3-D structure that best explains the proximal
(retinal) stimulus. What courts as the “best” explanation hes yet to be dealy determined
(Lipton, 199). However, in the cae of vision,is sansthat the “best” explanationis determined
by afew general principles, namely the genericity principle (Albert & Hoffman, 1995 Feldman,
1999 andthe principle that certain basic regularities govern the physicd world around s
(Hoffman, 1998.

The genericity principle was propcsed by Albert & Hoff man (1995. This principle states
that the 3-D structure that best explains the proximal stimulusis onethat is as generic &
possble. For instance astraight line in the retinal image wuld be the result of the projedion d a
straight linein 3-D spaceonto the retina, or it could be the result of the projedion o some flat
surface— say adisk — being viewed edgewise. In thefirst case, nochangein viewing angle will
change the perceptionthat the lineisin fad aline. In the secondcase, avery minor tilt in the
angle of the disk would very quickly reved that what looked like alinewasin fad adisk, na a
line. The disk produced the perception d aline only under very spedfic drcumstances, whereas
the line produces the perception d aline under aimost all condtions. That is, it produces the
perception d aline genericdly. Hoff man (1998 therefore gives a number of rules of visua
inferencethat are gpli cations of the genericity principle, such as

* Alwaysinterpret astraight linein animage asastraight linein 3D

» If thetipsof two lines coincide in an image, then aways interpret them as coinciding

in 3D

A number of rules also seem to encode some knowledge éou the basic regul ariti es of
our physica environment (Hoff man, 199§. In many cases, these rules can be subsumed uncer
the likelihood pinciple (Pomerantz & Kubow, 1986, which is sSmply the ideathat perceptual
organization shoud refled likely states of affairsin neture. Thisis smilar to the genericity
principle, although the two principles can conflict, as Hoff man has s1own (1998°. Nevertheless
likelihoodis often avery good explanation for why certain things might be perceived as being
organized in a cetain way. For instance, physicd objedstendto be relatively coherent and solid
mas<es, and thus when a number of elements move in unson, it is natural that they be perceived
as part of the samerigid olject. Thisisthe intuition behind the Gestalt principle of common fate.
In fad, it has been shown that most, if not all, of the principles of perceptual groupng as
described by Gestalt psychadlogists can dften be re-interpreted in terms of the likelihood pinciple
rather than the principle of Pragnarg, often with more aedible results (Pomerantz & Kubow,
1986. Also, basic knowledge @ou gravity and the position d natural li ght sources ansto
play arolein visua inference Elementsin avisual scene arerarely perceved as floating in mid-
air (unlessthe dements are ball oors or other objeds which are naturally foundin the skies),
even if thisrequires the visual system to go against the rules of genericity (seeHoff man, 1998,
p.30,for an example). Similarly, the fad that natural li ght sources are dmost invariably above
the observer’s head leals the visual system to interpret shading in speadfic ways, to the point of
re-organizing an image to make the shading consistent with an elevated source of light. The
visual system aso seans to make use of information abou 3-D structure from depth cues such as
texture gradients, perspedive, and stereo cues, among others (Hoff man, 1998 Pamer, 1999.
Thus, it would seam that visual inferenceis guided to alarge degreeby vast stores of (mostly

3 Both the likelihood and genericity principles have, on the faceof it, clea adaptive value, and are likely the result
of evolutionary presaures on the primate visual system. Such considerations, however, are beyond the scope of this
document.
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tadt) knowledge &ou the physicd properties of the world.

In contrast to the principle of Pragnarg, the likelihood pinciple potentially provides a
way of obtaining objedive aiteriafor which configurations of two-dimensional elements will be
perceved as objeds. Objeds are perceved when there exists amost likely or most generic three
dimensional interpretation d the proximal stimulus. Furthermore, such an interpretation can be
matched against ared physical structure for validation, urike Gestalt i nterpretations which can
only be matched against the interpretations of other observers. A complete validation d the
likelihoodand genericity principles would require afull “ecologicd survey” to match red-world
3-D structures to the 2-D retinal images to which they most reliably give rise, as Pomerantz and
Kubow (1986 suggest. Nevertheless the “likelihoodapproadh” might provide asolid starting
point for determining how simpler, man- or computer-generated images are organized and
perceved in terms of objeds. We shall return to this matter later on.

Aswe have seen, it appeasthat not all “visua rules’ are equal. Rules abou how gravity
affeds objeds can owverride rules abou the genericity of an image. Similarly, motion appeasto
be &leto owerride static, figural grouping fadors (Driver & Baylis, 1989. It istherefore
necessary to study how the rules themselves are organized and applied. Spedficdly, it must be
determined whether there is a hierarchy for the rules of vision, whether this hierarchy isflexible
or rigid, and haw this hierarchy is enforced. Some insights might be gained form computational
models of rule-governed systems. For instance, the typicd production system uses a number of
methods for ensuring that two conflicting rules do nd fire & once(e.g., rules are gpliedin a
particular sequence) or that the anflict is resolved acording to some other rule (e.g., rules abou
motion might always uppant other rulesin a computer vision system). However, much work is
still required in thisarea The rules we have for vision are till t entative. We have alarge number
of ruleswhich likely interad in ways we still dorit understand, so a production system islikely
not agoodmodel for vision, asis probably true of any system based onafinite set of explicit
rules, for that matter. Furthermore, there still i sn’t an explicit, operational definition o what it is
that visua inference produces asits conclusions. In ather words, we still don't know how to
define what an ojed is.

3.2.4 Validity: What isan object?

Theiswue of the validity of the inferences of the visual system has already been discussed
in part in the sedions oninference— if valid rules are gplied in avalid manner, the mnclusion
shoud be valid. However, this only coversthe internal consistency of the inferences. Vision
must have external vaidity. That is, the visual system must produce amostly veridicd
perception d the environment, which all ows an organism to survive in and regotiate its
environment.

The matter of veridicd perceptionisnot simple. It isnot the cae that visionis veridicd
simply when there is a one-to-one mapping between an “objed” inferred by the visua system
and an oljed in the environment. First of all, it isnot clea that the visual system produces
representations of objeds as output. Second, it is not clea what getsto court as an oljed, either
in the visual system or in the environment.

What does the visual system output? Thisisin fad anill -formed question, kecaise vision
has many functions. At lower levels, vision appeasto perform such tasks as extrading edges
and surfaces from a scene, texture segregation, colour identificaion, etc. At higher levels, it can
be said that vision carries out objed identificaion, oljed recognition, comparison d many
objeds, motion perception, scene organization and parsing, direding adiontowards objedsin

34



the environment, and so on.Accordingly, it is probably more crred to say that the visual system
produces many “outputs,” some of which serve ainpusto further stages of visual processng,
and some of which are used in ather cognitive functions (e.g., planning movements). It might
therefore make sense to restrict the issue of external validity to orly one of the functions or
“modues’ of the visual system. Given that the main goal of this research isto study how
perception and attention interad, and that the dtentional model under considerationis the objed-
based attention mode, it is reasonabl e to focus on the medchanisms of perceptual grouping.

Most objed-based attention reseach assumes that attention interads with perception at,
or perhaps right after, the level of the grouping processes. However, there ae two pdentia
problems with this approad. First, thereisnoreasonin principle to suppcse that attentionis
referenced to perceptual groupngs rather than phenomenal objeds (i.e., parts of the retinal image
that an olserver adually recognized as an oljed). Second,the ommon acourt of what
constitutes a perceptual groupng, based onthe Gestalt principles, isitself inadequate and thus
canna help in determining what type of entity attention adually seleds and operates on.

Thisisfurther refleded in the experimental work of Rock and his coll eagues (Rock & al.,
1992 Ma & al., 19929 and d Ben-Av et al. (1992 which was examined ealier. These
experiments howed that perceptual groupng requires attention. However, perceptual
organization clealy has an effed on visua attention, asis siown by the extensive reseach in
objed-based attention. The results reported by Rock and his coll eagues and by Ben-Av et a. do
not invali date the basic conclusion d reseach on olped-based attention, \iz. that attention can
be dfeded and dreded by perceptual structure. Nevertheless they underscore the difficulty of
adequately defining the “units’ of attention, particularly when these ae defined using the Gestalt
principles.

Part of the problem with defining perceptual groups or unitsisthat it isnat clea that
perceptual organization happens only at one “level” of visua processng. Much research on
objed-based attention uses gimuli that are esentially geometric shapes, when their “objedness’
depends mainly ontheir geometric properties, rather than conceptual properties. However,
objed-based attention might be referenced to oljeds defined by more conceptual information.
For instance, in Figure 9, if attentionis direded to Gestalt-type perceptual groups, or to groups
defined ony by bottom-up properties of the proximal stimulus, then perceving the dog would
not affed how attentionis all ocated in the image. However, it might that the set of spots that are
perceved as adog are dtended to as asingle group, alowing an olserver to processthe
information from the set of spats more quickly. There gopeasto be no experimental evidenceto
help dedde between these daims. Rather, it seams that many researchers have taatly assumed
that such high-level, conceptuall y-driven perceptual organization simply canna play arolein the
alocaion d attention. Presumably, this type of perceptual organization would itself require
attention. Again, thereis noreasonin principle to make this assumption.

Defining an olged isa cmmplex task, even when the definitionis constrained to the
domains of perception and attention. This might be because perceptual objeds might not be
“constructed” at asingle stage of visual processng, bu rather the perceptual representation d an
objed might involve many stages of processng. Thisis aso complicaed by the foll owing fads:
(2) many physicd objeds are mmplex wholes made up d many other elements, which, given
the right context, could be taken as objedsin their own right (e.g., atire from a ca); and (2)
many of the “objeds’ of everyday experience ae not physicd objeds per se, bu rather images
of objeds ontelevision and computer screens, movie screens, and the printed media. These have
no threedimensional properties, and their only physicd attributes are luminance, chrominance,
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contrast, and whatever geometric properties they have. They seam to have objed status
derivatively, in that they present our visual systems with stimuli that are very close to the stimuli
produced by the physicd objeds they represent.

Theinevitable conclusionisthat “objedhood canna be defined in an absolute, context-
independent manner (Smith, 199§. But this does nat mean that there caana be an “objedive”
definition of an oljed. We can take a @e from the éymology of the word “objed”: an ojed is
an oljed for something, asin the phrase “sheisthe objea of my desires.” Thus, oljeadhoodcan
be defined as arelational, but neverthelessred and ohedive, phenomenon.An object is
something that has a relation to a subject. Objects are objects because they are manipulated,
acted upon, and thought about, in certain ways, by a subject.

Animplicaion d therelational view of objedhoodisthat what is taken to be an oljea
depends very much onwhat the subjeds goals are. For instance, if youwant to pick upapop
battle, you take the whole battle & an oljed —including itslabel, cap and contents. If you want
to take the c@ dff, then you also take the ca to be an oljed. If youwant to read the label, then
youtake the label to be an oljed, and so on. Any attempt to link perceptual representations to
physicd objeds must take into acaurt the antext-dependent nature of objeds. Just because a
coherent blob of matter could be an ojed doesn’'t mean it is (seeSmith, 1996. Rather, blobs of
matter can be objeds, bu they dorit redly become objeds urtil some agent interads with them.

We might now bein aposition to start outlining the cnceptsinvalved in “objecdhood a
bit more dealy. Consider the foll owing definitions:

Physical object. A coherent whale (“blob d matter”), which can be more or lessrigid,
that isbeing or could be a¢ed upon @ experienced by asubjed (in operational terms, oljeds are
task-dependent).

Virtual object. A two-dimensional image (computer screen, print, etc.) of aphysicd
objed; it has the same visual stimulus properties as physicd objeds (i.e., physicd and \irtua
objeds areindistinguishable & theretinal image). Virtua objeds are dso dfferentiated and
individuated in terms of the subjed’s adions, goals and desires.

Note that the definitions of these types of objeds, external to the observer, are
neverthelessexpressd in relation to the observer. This might sean to make these objeds less
objedive. However, thisis only true when the word “objedive” is sSmply taken to mean
“independent of the observer,” full stop, asit is often mistakenly understood (this definitionis
often seen in dctionaries, for instance). If we return to the original meaning of “objedive” —
i.e., something that exists as the objed of asubjed’s adions and experiences — then these
definitions make objeds more oljedive. They restore (or rather, bring into sharper focus) to
objeds the property of being something that can be adced upon,manipulated, represented,
experienced by asubjed, predsely becaise they are not the subjed (or rather, they are nat being
treded asthe subjed by the subjed). Admittedly, this topic pushesinto some more acane
aspeds of metaphysics. Nevertheless many authors are wnverging onasimilar view of objeds
and “objedivity” (aprime example is Smith, 1996 see &so Varela, Thompson, & Rosch, 199).
Nevertheless the pradicd consequence of these considerations is that any mecdhanism which
identifies and individuates objeds must do so na only onthe basis of the proximal stimulus
produced by the objed, bu also onthe basis of the use the mecdhanism puts the objed to. Words
and |etters on a page beame objeds to you orly if you read them; otherwise, they are only
squiggdes, locd variations of pigmentation that are properties of a shed of paper.

Perceptual object. A mental or neural representation d aphysicd or virtual objed. Its
purposeisto bind elements of the retinal image together into a phenomenal whole. Perceptual
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objeds are esentialy amental model of the physicd objed or structure which gave rise to the
retinal image. They are inferences as to what physicd objeds best explain the proximal stimulus,
based onthe information avail able to the visual system at agiven time. Thisinformationincludes
various principles relating the retinal image to physicd objeds, such as genericity and
likelihood,as well as knowledge éout what objed might likely be foundin agiven
environment. Note that in the cae of virtual images, the perceptual objed will norethelesstend
to bethat of athreedimensiona objed. In ather words, the perceptual objed is, in thiscase, a
representation d the physicd objed that might have given riseto the virtual objed aswell asthe
retinal image, sincephysicd and virtual objeds giverise to retinal images that are the samein
nature. In eadt case, because the perceptual objed isan inference, it can be ather avalid or
invalid inference perception can be veridicd or nonveridicd (“externa” objeds do nd have
this normative asped to them.) Perceptual objeds are the units of attention. It remainsto be seen
whether the visual system assgns objeadhoodto parts of the retinal image without also al ocating
attention to that obed.

The definition given above does not spedfy the “level” at which the objed exists, in that
it doesn’'t spedfy whether a perceptual objed contains merely structural information and whether
that information corresponds to perts of whales or to whales, or whether it contains conceptual or
semantic information. This omissonis deliberate. There isincreasing converging evidence, from
neuroscience (Churchland, Ramacdhandran & Sejnowski, 1994, from psychoptysics (Di Lollo et
al., 2000 and from cogniti ve psychdogy (Pylyshyn, 2000, that the perception d objedsisnat a
sequential process bu rather an iterative, interadive one. Aswe have seen, Di Lollo et al. have
shown with their “objed substitution” paradigm that the perception o one figure can dsrupt the
perception d another figure withou adually ocduding the other shape, due to the fad that the
figures have overlapping time @urses. This suggests that perceptual objeds are progressvely
built up ower time. However, the gplicaion d conceptual knowledge might nat be mandatory
for perceptual organization and attentional allocaionto occur. Even partia representations of
objeds provide informationto ather parts of the visual system, as Churchland, Ramadhandran
and Sginowski (1994, and Grossherg (1994 Grosserg & a., 1994 argue. Thus, a perceptua
objed that is sleded by attention might be anything from a “surfaceslab” (i.e., aregion d
common surfaceproperties in Grosderg's SOS model) to a segment of an oljed, to awhaoe
objed, to agroup d objeds. The “prodict of the perceptua process” aswe might cdl it, that
guides attention will be diff erent depending nat only on the @nstraints which guide the
formation d the objea (figural information, motion information and prior experience) but also
onthetime curse of visual processng itself. For example, it might be the case that a person's
attentionis cgptured by a shiny doaknob before they are ale to construct a percept of, and
attendto, the whole doar.

In sum, ojed-based attention and perceptual organization can be charaderized in terms
of an inferential processthat integrates threebroad types of information: bottom-up sensory
information, conceptual information about objeds and their properties, and information abou the
goals and expedations of the ayent attending to oljeds. It is expeded that this charaderization
will enable the operational definition o objeadhood, as well as the development of an integrated
model of perceptual organization and oljed-based attention. The following sedion oulines sich
amode and dscusss the isales that till need to be addressed in order to develop the model
more fully.
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4. PROPOSED RESEARCH: GROUNDWORK FOR IAAM

The “receved” view on ohjed-based attentionis that attentionis all ocated to perceptual
groups that are formed pre-attentively. These groups are generally assumed to be formed
acording to the Gestalt groupng principles (Driver & Baylis, 1999. | have agued that these
asumptions are incorred and canna be maintained in the faceof evidence First, thereis
evidencethat perceptual groupngisat least in part a processthat requires attention (Ben-Av &
a., 1992 Madk & a., 1992 Rock & al., 1999. Moreover, thereis neurologicd evidencethat
perceptual and attentional processes operate in parallel at aneural level (Grosderg, 1994
Grossderg & a., 1999. Finaly, perceptua groupng and aganization appeasto be better
explained as an inferential processrather than a processgoverned by the Gestalt principles
(Hoffman, 1998 Palmer, 1999 Pomerantz & Kubow, 1986.

| propase IAAM as an alternative acourt of objed-based attention. On this view,
perceptual organization and attention are cncurrent, mutuall y interadive processes. Attentional
alocaionisafunction d the “effort” required by the visual system to organize avisua stimulus
into groups and oljeds. The objed effed obtains because perceptual organization itself requires
and engages attention. A consequence of this hypothesisis that attentional all ocaion shoud vary
asafunction d the strength and presence of various grouping fadors. The foll owing example
ill ustrates the mntrast between the standard oljed-based attention framework andthe one | am
propasing. Compare the two images in Figure 10: the one onthe left is composed of two
elements that are defined by the principle of uniform connededness(Palmer & Rock, 1999,
whereas the image on the right contains two elements that are defined by the principle of good
continuation (Koffka, 1935.

i ™
\ _/ \ -/
Figure 10: Two groups of circles.

On the right: circles defined by uniform connectedness.
On the left: circles defined by good continuation.

On the typicd objed-based attention model, the size of the objet effed (the adlvantage for
processng within oljeds relative to acossobjeds) shoud be the same for the group onthe | eft
and the group onthe right, since groupng and ohed formationis suppcsed to be pre-attentive.
At most, there might be aprocessng cost associated with grouping the segments on the right into
two circles, which would affed readion timesin an additive manner (Sternberg, 1969. On the
IAAM view, however, there would be adifferencein the size of the objed effed between the
two groups of circles. The group ontheright in Figure 10is presumably more difficult to group
into two circles, rather than ore large group, than the group onthe left. If the visual system hasa
tendency to persist in forming individual objeds, then onthis acournt we can exped that the
objed effed will be stronger for the group onthe right. But if the visual system all ocates more
attentionto oljedsthat are eaily formed, then we can exped the objed effeda to be wesker for
the group onthe right. These diff erences are shown in Figure 11.

A further implicaion d IAAM isthat top-down information days an important role in
moduating attentional al ocation. As noted in sedion 3,what courts as a perceptual objed is
determined in part by a person’s goals and keliefs. For instance, the dements of composite
objedswill only be seen asobjedsif an olserver intends to manipulate those dements, either
physicdly or mentally. Thus, in IAAM the degreeto which the visual system persistsin forming
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Figure 11: Variations in the size of the object effect between solid circle and segmented circle conditions.

Solid lines: solid circles. Dashed lines: segmented circles

Panel a: Standard object-based attention theory Panel b: Revised theory, high motivation to form objects.

Panel c: Revised theory, low motivation form objects
objedsisafunction d top-down constraints. On thisview, if an olserver is motivated to
perceve eab circlein Figure 10 as an ojed initsown right (e.g., by being instructed to doso,
or by performing atask that requires interrogation d global attributes of the drcles, such as sze
or colour), then the disparity between information rocessng within asingle objed and
processng aadossobjedswill be larger for the segmented circles than the solid circles.
Conwversaly, if an observer has no such motivation, a isinstructed to attendto locd feaures of
the drcles (e.g., linewidth or length or the dashes), then the objed effed will be smaller for the
segmented circles. Thiswould yield readiontimes smilar to thoseill ustrated in Figure 11.

The considerations mentioned abowve yield the foll owing constraints on IAAM:

Attentional and perceptual processes soud operatein parale, asin the SOS
model (Grosaman, 1994 Grossman & al., 1999

The dtentional processes soud integrate both spatial and ojed-based operators,
asin the SOS model

The perceptual medhanisms shoud embody a processof “inferenceto the best
explanation” that integrates battom-up and top-down information (Hoff man,
1998 Palmer, 1999

The battom-up information avail able to perception shoud be extraded pre-
attentively acarding to the principles of uniform conredednessand common
region, as propased in the model by Palmer and Rock (1994

Allocaion d attentionto oljeds and perceptua groups soud be afunction bah
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of the eae of groupng and d the motivationfor grouping. That is, more dtention
will be dlocated groups and ohedsthat are difficult to organize, but only if the
observer isin some way motivated to perceive those objeds and groups

» Thedifficulty of organizing the proximal stimulusinto ojeds $oud be
primarily afunction d bottom-up fadors

* Themotivationto perceive cetain groups or objeds rather than athers shoud be
largely afunction d top-down fadors

» Theoutput of this s/stem shoud be mental or neural representations of objeds or
perceptual groups that are readily avail able for processng by other systems, such
as objed-reaognition, dedsion-making, or planning of adion, aswell asfor
further processng by the perceptua systems for more detail ed perceptual
organization.

The model outlined abowve yields two main empirica predictions. First, the size of the
objed effed shoud vary asafunction d the difficulty of organizing the proximal stimulusinto
objeds or groups. Seand,the variation d the size of the objed effed shoud itself be afunction
of top-down fadors which motivate the visual system to organize the proximal stimulus into
particular configurations. The am of the propaosed reseach isto test these predictions
experimentally. Doing so requires further clarificaion d the inferential nature of perceptual
organization. Spedficdly, the functioning of the principles of genericity and likelihood
discussed in sedion 3.2.3 eed to be better understoodin the framework of inferenceto the best
explanation. Also, the nation d “top-down fadors’ neals to be darified. Further review of the
literatures on these topics will doulilessbe of use in this. However, the focus of the propased
reseach is experimental. This requires operational definitions of ease of perceptual organization,
motivation to form certain perceptual organizations, batom-up fadors, and top-down fadors.
Reviewing the literature will help refine these definitions, but the processof operationali zation
occurs mainly in experiments. Thus, amain goal of thisreseachisto develop andrefine
experimental paradigmsto test the empiricd implications of the model given above. Some
preliminary reseach has been caried out in thisregard. After reviewing thiswork, | shall
propase aset of experiments which constitute the framework | will use for testing my model
empiricdly.

4.1 Preliminary research

The literature on perceptual organization and oljed perception (seeHoff man, 1998
Palmer, 1999 suggests threemain fadors that influence perceptua organization: motion, static
groupng principles, and conceptual fadors. On the view propased in this reseach, static fadors
and motion, as bottom-up fadors, determine the processng cost involved perceptual
organization. The conceptual fadors—the top-down fadors — moduate the degreeto which the
visual system persistsin organizing bottom-up elementsinto spedfic objeds and groups. Thus,
static grouping fadors and motion determine how much attention certain perceptual groupings
require, whereas conceptual fadors determine how much attentionis acually al ocaed to thase
groupngs. An experimental paradigm for testing the model objed-based attention oulined above
shoud therefore invalve the ancurrent manipulation d bottom-up grouping fadors (motion and
static grouping cues) on the one hand, and top-down fadors (e.g., instructions to attend to groups
of elements as groups) on the other in afadorial design.

A pilot study onthe interadion ketween the bottom-up fador of common fate (or
common motion; Koffka, 1935 and the top-down fador of attentional focus has been carried ou
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(Jarmasz, Herdman & Johannsdattir, in presg. The typicd paradigm for studying objed-based
attention contrasts performance on comparisons tasks for locd objed attributes (e.g., Size, shape
or colour of individual comporents) within oljeds and acdossobjeds (seeDuncan, 1984 Lavie
& Driver, 1996 Treisman et al., 1983. Jarmasz et al. (in pres9 extended this paradigm in two
ways. First, elements were grouped by common fate rather by the static Gestalt principles.
Seoond, attentional focus was used to moduate grouping effeds.

The cmmbination d common fate and the standard oljed-based attention comparison
task in the Jarmasz et al. study is notable, because existing studies of the dfed of motion on
groupng have not used this type of information processgng task. Pylyshyn and Storm (1988
studied olservers ahility to track independently moving elements. Baylis and Driver (1989
showed that common fate modu ates interference from distradors in aletter recogniti on task.
McLeod, Driver, Dienes and Crisp (1991 examined the dfeds of motion onconjunction search
tasks. The experimental design used by Valdes-Sosa, Coboand Pinill a (1998 most closely
resembles the standard comparison paradigm. In that study, observers saw two groups of dots
defined by common motion and hed to identify two global attributes (diredion d movement of
the group,and speead o the group) for either one or bath groups. However, they were not
required to compare the atributes. Pil ots must regularly compare information from various parts
of their instrumentationin order to fly safely. Thus, thetask in the Jarmasz et al. (in pres9 study
represents information rocessng in the ackpit more acarrately than ather studies that have
studied the dfeds of common fate on attention.

Jarmasz et a. (in pres9 conducted two experiments using the comparison task paradigm
outlined abowe. In the first experiment, 11 participants were instructed to compare the clour of
two dds. The dots appeaed in agroup d moving dots, agroup d static dats, or in two groups
(one static, ore moving) at once Latenciesto trials where both target dots were the same @lour
were significantly lower when they appeaed in the same group (static or moving) than when
they appeaed aaossgroups, by abou 20 milli seconds. No significant diff erences were foundfor
trials where the targets were diff erent (seeFigure 12). Significance was assessed with 95%
within-confidenceintervals caculated using the methodgiven by Loftus and Mason (1994).
This suggests that common fate done is awedk grouping principle, andis consistent with the
hypathesis that wegk groupng fadors lead to asmall objed effed when there is no top-down
inducement to perceve groups as wholes.
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Figure 12: Latencies for Experiment 1, from Jarmasz et al. (in press).

Experiment 2 used the same task and stimuli as Experiment 1, with the following change:
participants were instructed to focus their attention on a particular group of dots for awhole
block of trials. They were to change the group they attended from block to block. It was shown
that reaction times in the comparison task were fastest when both targets were in the group being
attended (see Figures 13 and 14). Thisis consistent with the hypothesis that the size of the object
effect increases when there is inducement from top-down factors to group elements.

The Jarmasz et al. (in press) study successfully established an experimental paradigm
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Figure 13: Latencies from Experiment 2 (Jarmasz et al., in press); focus on moving layer
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combining the standard oljed-based comparison target task and grouping by common fate. It
also provides ome preliminary suppat for the model of objed-based attention | am propasing
here. The Jarmasz et al. paradigm is the framework | will useto test the theory that the objed
effed variesasafunction d both the processng cost of perceptual grouping based on bdtom-up
fadors and the “motivation” to groupelementsinto perticular objeds based ontop-down fadors.
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Figure 14: Latencies from Experiment 2 (Jarmasz et al., in press); focus on static layer

4.2 Logic of proposed experimental research

There ae threemain experimental hypotheses that flow from the model propcsed in
sedion 4.First, elementsin avisual scenethat are difficult to groupinto a mherent objed asa
function d bottom-up fadors require more &tention that elements that are eay to group.
Seoond, more dtentionis avail able to group elements into an oljed when an olserver is
motivated to percave the dements as an oljed by top-down fadors. Third, the difficulty of
perceptual groupng and the motivationto group elementsinto olgeds will i nterad, such that the
visual system will alocae more atentionto elements that are difficult to group oy when the
visual system is motivated to doso.

Attentional all ocationwill be operationalized with two-aternative forced-choice (2AFC)
tasks of the type described in sedion 4.1.The dependent measures will be readion times and
error rates as afunction d the location d the targets being compared. The main comparisons
will be between the dependent measures for targets displayed within asingle objed and targets
displayed aaosstwo or more objeds.

Difficulty in groupng elements based on bdtom-up fadors will be manipulated by
varying the type and strength of static and dynamic groupng fadors used to creae the displays
(for an overview of these fadors, seesedion 3.2.3. The experiments will focus primarily on
common fate and degreeof conredednessbetween elements as the bottom-up fadors, athough
others may be used as well. Common fate was chosen because of its central importancein ojed
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perception as demonstrated by Spelke et al. (1995). Furthemore, it is still unclear how motion
affects performance in the 2AFC task (Jarmasz et al., in press). Degree of connectedness was
chosen because it also plays a central role in object perception. On the view devel oped by Palmer
and Rock (1994), uniform connectedness (e.g., a solid line between elements) is one of the
mechanisms involved in theinitial parsing of an image that occurs before attention and various
grouping principles are applied to avisual stimulus. Thus, grouping by uniform connectedness
should place no demands on attention, whereas grouping by partial connectedness should require
attention.

Motivation to group elementsinto particular objects will be varied by requiring
participants to process groups as wholes before or while they perform the 2AFC task. For
instance, participants might be required to report or inspect aglobal attribute of a group (size,
overall shape, number of elements) before comparing the two target elements. Participants will
also be given varying degrees of control over the movement of groups of elements, viaajoystick
or a head-tracked HMD. It has been suggested that a characteristic feature of objectsis that they
can be interacted with (Smith, 1996). Thus changing the amount of control participants have over
agroup of elements should ater the degree to which the group is seen as an object in its own
right.

Most of the proposed experiments will be at |east two-factor designs, with degree of
grouping difficulty and motivation to group as main factors. In some cases the factors will be
varied between subjects or between experiments for practical reasons.



5. IMPLICATIONS FOR HUDS

Asnoted in theintroduction, HUDs improve performancein many flying tasks, bu they
interfere with information processng under certain condtions. As Fischer et a. (1980 showed,
the presenceof aHUD can prevent the dfedive dlocaion d attention to the outside scenery.
The development of HUDs with head-referenced, moving el ements rai ses the danger of pil ots
attention being captured by an additional layer of information (Herdman el al., 200). A major
goal in HUD design isto display relevant informationto pil otsin such away that attending to the
far domainisnot impaired by the HUD, and that information processng within the HUD is not
adversely affeded by the perceptua charaderistics of the HUD itself, such as attentional capture
by particularly salient parts of the HUD.

Objed-based attention has proven to be useful in the study of information processng
with HUDs. It has been used in order to explain the agnitive tunreling observed with HUDs
(Fischer et a., 198Q Wickens & Long, 1999. It has also been used to improve the design of
HUDs, in the form of conformal symbology (Wickens & Long, 19995. It istherefore expeded
that IAAM will be of benefit in the evaluation and design of advanced dynamic HUDs,
espedally HUDs containing moving elements. The experiments propased above establish an
experimental paradigm for studying objed-based attention effedsin dynamic displays. It isaso
expeded that these experiments will provide some insights into trade-off that HUD designers
might face The grouping fadors that are manipulated in the experiments — motion,
conrededness source of trgedory control, and groupng by concept — likely affed information
processng in dfferent ways. For instance, it might be the cae that groupng by motion aff ord
pil ots enhanced information processng within agroupwithou significantly impairing
information processng between groups; however, further grouping by concept or by
conredednessmight further enhance within-group pocessng while alversely affeding
between-group pocessng. Furthermore, diff erent types of missons might require that
informationin the display be integrated or grouped in dff erent ways; studying how diff erent
groupng fadors affed attentionin dff erent situations might alow HUD designs to be tail ored to
the neads of spedfic missons.

Ultimately, the design and evauation & HUDs would most benefit from systematic,
guantitative tods for predicting the dfeds of spedfic design deasions on attention and
information processng. The commonly-held assumption that objed-based attentionis referenced
to Gestalt groupng principles (Driver & Baylis, 1999 has nat yielded such todls, and | argue
abowve that the Gestalt principles are not suited to quantitative metrics of objednessanyway. It is
much more likely that quantitative measures will result from an approadc that takes perceptual
organizationto be an inferential process and that assumes that the st of computing perceptual
groupngsisrefleded in the dlocaion d attention within and acossgroups. It is expeded that
the theoreticd and experimental work proposed in sedion 4will contribute to the devel opment
of amodel of objed-based attention that will sustain quantitative measures of objedness
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