39

Forschungsberichte des

Instituts für Phonetik und

Sprachliche Kommunikation der Universität München

(FIPKM) 35 (1997) 39-59Perceiver Eye Motion During Audiovisual Speech PerceptionEric Vatikiotis-Bateson1, Inge-Marie Eigsti2, Sumio Yano3, and Kevin G. Munhall41ATR Human Information Processing Research Laboratories, Kyoto, Japan2University of Rochester, New York3NHK Research Laboratories, Kinuta, Japan4Queen�s University, Kingston, CanadaABSTRACTThe eye movements of subjects were recorded duringaudiovisual presentations of extended monologues.Monologues were presented at different image sizes andwith different levels of acoustic masking noise. Two cleartargets of gaze fixation were identified, the eyes and themouth. Regardless of image size, perceivers of bothJapanese and English gazed more at the mouth as maskingnoise levels increased. However, even at the highest noiselevels and largest image sizes, subjects gazed at the mouthonly about half the time. For the eye target, perceiverstypically gazed at one eye more than the other, and thetendency became stronger at higher noise levels. In theanlaysis of gaze fixation sequences, e.g., left eye to mouthto left eye to right eye, English perceivers displayed morevariety of gaze sequence patterns and persisted in usingthem at higher noise levels than did Japanese perceivers.No segment-level correlations were found between perceivereye motions and phoneme identity of the stimuli.INTRODUCTIONIt is well-known that visual information from the face caninfluence the perception of speech. Examples of visualenhancement are the ability to �read lips� (Jeffers & Barley,1971; Gailey, 1987), and the greater intelligibility ofspeech produced in noise when the speaker�s face is visible(e.g., Summerfield, 1987). Somewhat different phenomenaare manipulations resulting in the �fusion illusion� of theMcGurk effect (McGurk & MacDonald, 1976; Massaro,1987; Munhall, Gribble, Sacco, & Ward, 1996) and theventriloquist effect (e.g., Bertelson & Radeau, 1976). In theMcGurk effect, mismatched visual and acoustic events areintegrated even when the acoustic signal is clear andperceptible. These result in perceptual shifts such as whenauditory /ba/ and visual /ga/ are perceived audiovisually as/da/. The ventriloquist effect entails the perceiverintegrating spatially disparate acoustic and visual events,even when the acoustics are masked by distractor acousticsgenerated at the point of visual origin (Driver, 1996).It is also known that the visual enhancement of speechperception depends primarily on dynamic rather than staticcharacteristics of facial images. For example, Vitkovich &Barber (1994) have demonstrated that the enhancementeffect of visual information deteriorates rapidly as videoframe rates fall below about 16 Hz. Furthermore, thetemporal characteristics of facial motion enhance phoneticperception even when spatial information is very sparse, asdemonstrated by use of dynamic point light displays (e.g.,Rosenblum, Johnson, & Salda�a, 1996; Smeele, 1996).From the speechreading literature one might assume that therelevant visual events for speech perception are located atthe mouth (e.g., Jeffers & Barley, 1971). Indeed, mostengineering efforts to enhance acoustic speech recognitionsystems with visual features have restricted their searchspace to the area of the lips and oral aperture (e.g., Beno�t,Lallouache, Mohamadi, & Abry, 1992; Wolff, Prasad, Stork& Hennecke, 1994). A second underlying assumption of allbranches of speechreading research has been that for bothhuman and machine viewers the sought-after visualparameters should be measured with as much precision aspossible (Beno�t et al., 1992). Both of these assumptionslead to the prediction that perceivers should keep the mouthregion in the fovea as much as possible.Why then do people so often report that they �watch� thespeaker�s eyes during face-to-face conversation? They arereferring to situations that presumably involve morecomplex linguistic and social behavior than what isencountered in a typical perception experiment. Still, it iscurious to assume that perceivers extract precise parameterAuthors note. This paper appears as ATR TechnicalReport TR-203, and is forthcoming in revised form inPerception & Psychophysics. We thank Carol FowlerRobert Port, Philip Rubin, and Yoh’ichi Tohkura for helpfulcriticism and support; Frederique Garcia and ShigeruMukaida for software support of the binning and gazesequence analyses; and Hans Tillmann, Philip Hoole, andthe Institut f�r Phonetik und Sprachliche Kommunikation deUniversit�t M�nchen for generous support and discussionduring a phase of the writing.

40information from a region of the face towards which theymay not foviate or even attend. Of course, perceiverintrospection may be wrong. Alternatively, audiovisualperception may be structured in such a way that preciseattention to perioral structures does not contradict thesubjective impression that the eyes are what perceiversprimarily watch.From such considerations, a number of questions arise abouthow perceivers extract phonetically relevant visualinformation from the time-varying audiovisual behavior ofspeakers. Perhaps perceivers watch both the eyes and themouth; but, if so, how � simultaneously or sequentially?To what extent do perceivers �track� phonetic eventsvisually, and in what temporal domain? Are thephonetically relevant visible structures only those in thevicinity of the mouth, such as the lips, tongue tip and teeth,or is the relevant information less direct and perhapsdistributed over larger regions of the face?In recent examinations of orofacial motion during theproduction of utterances ranging between repetitivenonsense (e.g., /apaw ... apaw ... /) and spontaneoussentences, we have shown that lip shape and motioninformation is distributed over large regions of the face andthat acoustic correlates from remote regions of the face arenot identical to those provided by the shape and motion ofthe lips (Vatikiotis-Bateson & Yehia, 1996). That suchinformation is available to perceivers is no guarantee thatthey actually use it. The purpose of this study is to addressthese questions from the perceivers point of view byexamining the one cogent piece of motor behaviorexhibited by perceivers during audiovisual speechperception; namely, the perceiver�s eye movements. Byexamining the kinematics of eye motion and the location(s)of gaze fixation we may be able to characterize the relevantbehavioral patterns and their susceptibility to linguisticand contextual factors in the audiovisual environment. Thus far perceiver eye movement behavior duringaudiovisual perception tasks has received little attention(Lansing & McConkie, 1994). Researchers have beenconcerned more with the final product of perception thanwith the means by which it is achieved. This is arguably asensible course. For example, perceivers� eye motion maytell us very little about audiovisual perception if all that isrequired for visual enhancement is that the salient regionsof the face fall within a certain angle of view. That is, theactive role of the visuomotor system may be only to pointthe eyes at a speaker�s face. If so, then we will have tocontinue to rely on more traditional identification anddiscrimination tasks for information about audiovisualperception.Another potential problem with using eye movementbehavior to examine perception is that the points of visualfixation and visual attention need not coincide. Forexample, subjects can accurately detect characters in theperiphery of the visual field while fixating on anothertarget (Jacobs & L�vy-Schoen, 1988; also, see Posner,1980). This suggests multiple foci of attention whoserelations with the location of the fovea are quite complex.Finally, non-linguistic factors may also enhance speechintelligibility. For example, visual orientation mayenhance auditory processing as suggested by the increasedintelligibility that occurs when perceivers are allowed toorient to the device (e.g., loudspeaker) conveying theacoustic source (Reisburg, 1987). We have argued that the phonetically relevant visualinformation is largely, if not entirely, the by-product ofgenerating the speech acoustics (Vatikiotis-Bateson,Munhall, Hirayama, Lee & Terzopoulos, 1996). Thespatiotemporal behavior of the vocal tract articulatorsinvolved in sound production � lips, jaw, and tongue �constrain the shape and time-course of visible orofacialbehavior. Indeed, the face below the eyes is the visiblesurface of the vocal tract. Its motion provides visibleattributes of speech production that are coherent andcoextensive even at a segmental level with the speechacoustics (Vatikiotis-Bateson & Yehia, 1996a). In addition,to the extent that we have been able to observe them(Hirayama, Vatiktios-Bateson, Gracco, & Kawato, 1994;Vatikiotis-Bateson & Yehia, 1996b), the underlyingneuromuscular constraints on orofacial motion and speechmotor control are similar to those observed across the fullspectrum of biological movement systems, including theeyes and limbs (Zangemeister & Stark, 1981; Poizner,Bellugi, & Klima, 1990; Kelso, Vatikiotis-Bateson,Saltzman, & Kay, 1985)It is possible then that voluntary eye movements andorofacial motions during speech may provide a commonneuromotor substrate upon which audiovisual speechperception occurs. The purpose of this study is to show thatperceiver eye motion is a fundamental, motoric componentof audiovisual speech perception, and further that it canreveal something useful about the linguistically-relevantevents which comprise the speaker�s orofacial motion.The Present StudyA common way to demonstrate the visual enhancement ofspeech perception has been to manipulate the level ofacoustic masking noise. Intelligibility is maintained betterat higher levels of masking noise when both visual andacoustic cues are available (Sumby & Pollack, 1954).Analysis of audiovisual stimuli in such studies has typicallybeen restricted to sentential utterances or shorter(Summerfield, 1979; MacLeod & Summerfield, 1987;Demorset & Bernstein, 1992). In this study, we chose toexamine longer utterances, scripted as conversationalmonologues, in order to allow longer-term patterns in theeye movement behavior to emerge.Prior to the study reported here, a pilot study (Vatikiotis-Bateson, Eigsti, & Yano, 1994) was run whichdemonstrated that using longer conversational monologues(presented with and without visual stimuli at differentmasking noise levels) produced the expected effects onperceptibility. That is, intelligibility of noise-maskedspeech improved when perceivers could observe thespeaker�s moving face. The pilot study also revealed thatpresentation of a roughly life-sized talking head at a onemeter monitor-to-subject distance made it difficult todistinguish when the subject was gazing at speaker’s mouth,nose, or eyes. For, at that distance and image size, thediameter of the visual fovea (about 1 degree of arc) was onlyone third the distance between the eyes and mouth. Thus,the small shifts of gaze required to move between eyes and

41mouth were quite close to the effective dynamic resolutionof the eye-tracking system, approximately 0.5 degrees.In the current study therefore, image size has beenmanipulated as well as noise level across a range from life-size to about five times life-size At the larger image sizes,fixation targets can be reliably distinguished. Indeed, at thelargest image size, the angle of view between the speakers�eyes and mouth is about 11 degrees, somewhat beyond therange of the hyperacute perifovea � 4.2-9.5 degrees(Polyak, 1941; Carpenter, 1988). Thus, in addition toproviding methodological comparison with life-sizeimages, the larger projected images might induce eyemovement patterns from which the relative importance offixating on the eyes or the mouth during audiovisualperception can be determined. If perceivers need the mouthand/or eyes to be in sharp focus, then at larger image sizesthey are more likely to commit to one or the other fixationpoint. At the very least, the unnaturally large separationsbetween eye and mouth targets induced at larger image sizesshould affect either the patterning of eye movementbehavior or the intelligibility results.Finally, by recording data for Japanese and Englishperceivers, the effects on eye movement patterning of quitedifferent linguistic stimuli and perhaps different culturalconstraints concerning direct eye contact can be assessed.Although it is not clear exactly how such culturaldifferences should be characterized or separated fromlinguistic constraints (Sekiyama & Tohkura, 1993), theymay be deeply enough ingrained to affect perceiverresponses to McGurk effect stimuli. Thus, even in thehighly artificial one-way viewing of this experimentalcontext, Japanese perceivers may exhibit habituatedtendencies to look less at the speaker�s eyes or choosedifferent facial landmarks for fixation than their Englishspeaking counterparts.METHODSAudiovisual StimuliTwo stimulus videotapes were made using a digital recordingsystem (Sony Betacam Model BVP-7), one each for aspeaker of standard Japanese (Tokyo) and a speaker ofstandard American English. Each tape showed the head andshoulders of the speaker as he read a series of 32conversational monologues.1 The monologues were 35-45seconds long and were scripted to be plausible within thecontext of a social gathering such as a party.The audio tracks of the monologues were mixed withacoustic masking noise, consisting of multilingual voicesand music recorded at a party, to give 4 levels of maskingnoise, ranging between no noise and high noise. The pilotstudy (Vatikiotis-Bateson et al., 1994) showed a qualitativechange in eye movement patterning when masking noiselevels were so high that the audiovisual stimuli wereunintelligible. For this study therefore, masking noiselevels were set so that the audiovisual stimuli at the highestnoise level would still be somewhat intelligible. The audiore-mix and video were transferred to Super VHS formatvideotape in a pseudo-random order, giving 4 blocks of 8monologues where each block contained 2 monologues ateach of the 4 masking noise levels. Multiple choicequestions were added to the stimulus tape at the end of eachmonologue. The choices consisted of phoneticallycontrastive words and phrases as well as �heard but cannotremember� and �did not hear�.Equipment And Recording ProceduresSubjects were seated 1.3 meters from a 2 by 3 meter back-projection screen. A high quality liquid crystal projector(Sharp XV-S1Z) was used to present stimulus videos at 4image sizes ranging from approximately life-size (scaled toa reference subject-speaker distance of 1 meter ) to about 5times life-size. The average vertical angles subtending thestimulus speakers� eyes and mouth were 5.0, 6.5, 8.4, 10.5degrees for the 4 image sizes (The actual angles between thecenter of each eye and the mouth center were slightlylarger). Image intensity was not adjusted; therefore,intensity as well as sharpness of the image decreased asprojected size increased. Horizontal (x) and vertical (y) motion for both eyes wererecorded using an infrared, corneal edge-detection systemmounted on clear plastic goggles � (Takei Co.; seeYamada, 1993). The spatial resolution of the system wasabout 0.5 degree (<0.87 cm linear). System calibrationconsisted of orienting (DC-offset) and scaling (gain) therange of detected eye positions relative to a grid of LEDs(50 x 50 cm), under computer control during a set oftracking procedures. Twelve bit A/D conversion of the audiotrack and the four channels of eye position data (vertical andhorizontal X 2 eyes) was done at 1000 Hz using a DataTranslation board (DT3382) controlled through a VAX 4000computer.2 As a quick means of identifying gaze locationand checking calibration stability, the eye movement dataand the stimulus video were superimposed on a secondvideotape using a scan converter (Chromatek 9120). After recording, the eye position data were numericallysmoothed at 40 Hz (moving triangular window) and down-sampled from 1000 to 200 Hz. Given that blinks oftenoccur at the onset of gaze location changes (for review, seeGruesser & Landis, 1991; Leigh & Zee, 1991), they wereedited out as smoothly as possible from the horizontal andvertical position data for both eyes.Experiment Design and ProceduresThe experiment protocol consisted of presenting a block of8 conversational monologues at each of the 4 projectedimage sizes. Since speaking typically causes the goggles toshift position thereby destroying the calibration, subjectswere instructed to try to understand the monologues, and toanswer the multiple-choice questions using hand gestures. A calibration trial was recorded at the beginning of each ofthe 4 trial blocks. Subjects were shown a still image of thestimulus speaker’s face projected at the appropriate imagesize. A rectangular frame consisting of two orthogonal setsof parallel lines was superimposed on the still image by asecond projector. Subjects were instructed to fixatesequentially on the four intersections of the projected linesand the speaker’s eyes and mouth (see Figure 1). Also, priorto each trial within a block, subjects traced the fourintersections of the projected frame, but not the eyes and

42mouth. After each trial, subjects answered the multiplechoice questions projected on the screen. SubjectsTen native speakers of English (5) and Japanese (5)participated in the study. The English subjects were notdialectally uniform: 4 American and 1 British. Although notall Japanese subjects were from the Tokyo dialect area, thepreferred Tokyo dialect prevails in schools and the mediaand therefore poses no intelligibility problems. Subjectsreported no hearing or speech problems and all had adequatevision for reading questions from the projection screen.Because of the nature of the eye-tracker, people with contactlenses or particularly large-frame eye-glasses could not beused. RESULTSIn what follows the results of four quite different analysesare presented. First, subject responses to the post-trialmultiple-choice questions were used to gauge the phoneticintelligibility of the stimuli. The pilot study had shownthat subjects tend to give up on the task whenintelligibility is too low (Vatikiotis-Bateson et al., 1994).Therefore, a main concern was to achieve a minimum of 25-30 percent intelligibility. Also, although this was a studyof perceiver eye movement behavior, even the limitedassessment of intelligibility carried out here provides acommon reference with other studies of audiovisualperception. Second, measures of spatial location andvariability were used to determine the principle targets offoveation and to assess the effects of masking noise andimage size on target choice. Third, the data were analyzedfor evidence of sequential patterning in the saccadic shiftsamong the principal targets of foveation. Finally, the eyemotion data for two subjects were analyzed with respect tothe segmental acoustics for evidence of phoneme identityeffects on the eye kinematics.The analyses of eye motion were all based on the horizontaland vertical position data for one eye. Statistical reliabilityof the intelligibility scores and the various spatiotemporalmeasures of eye motion was tested for the two languagegroups using three-way ANOVAs with repeated measures onmasking noise level and image size. Measures for the twotokens of each noise level by image size condition wereaveraged, resulting in 16 cells for analysis. Error bars in thegraph figures denote the standard error of the mean.Stimulus IntelligibilitySubject responses to the post-trial questions were used togauge stimulus intelligibility. These questions consistedentirely of phonetic/lexical identifications, taken from thelatter half of each monologue in order to minimize memoryeffects. Questions provided two or three phonetic choicessuch as �Did the speaker say that the car�s interior was wideor white?�, plus �did not hear� and �heard but do notremember�. Two questions were asked after each monologueand a two point scale was used to grade subject answers aseither right or wrong .Stimulus intelligibility provided a practical means forchecking, post hoc, the distribution of masking noiselevels. In mixing the stimulus tapes, we had two goals: toreduce intelligibility evenly across the four masking noiseconditions, and to ensure that the high noise level wouldmake perception difficult, but not impossible. Because themore natural sounding party noise used in this study was notof constant intensity, simple settings of level even tolong-term average sound pressure levels (SPL) could not betrusted. As reported below, the intelligibility resultsconfirmed that the S/N ratios were adequately adjusted.The effects of masking noise were tested for differentstimulus image sizes. ANOVA showed no effect oflanguage, but there were reliable main effects of noise level(F[3,24] = 60.92; p < .001) and image size (F[3,24] = 9.85; p <.001). Noise level affected intelligibility at each imagesize; as noise level increased, intelligibility dropped. Theinteraction between noise level and image size was alsoreliable (F[9,72] = 3.10; p< .01) and is graphed in Figure 2.The difference between none and low noise conditions istypically small and even reversed for image sizes 2 and 4. The more interesting feature of the interaction is thatintelligibility, which was somewhat greater for image sizes2 and 3, falls off for the medium and high noise levels at thelargest image size, 4. A number of speakers reported afterthe experiment that image size 2, which was about twice thesize of the nearly life-sized image size 1, was the �easiest�to watch.

36 cm Horizontal

46 cm Vertical

Eyes

MouthFigure 1. The two-dimensional position of the left eye isplotted for a pre-block calibration trial (image size 3). Thesubject sequentially fixated on the four corners of aprojected grid, the eyes, and the mouth.

43An inherent limitation in the use of conversationalmonologues as stimuli is the possibility that themonologues themselves are not equally intelligible, whichcould bias the effects of noise level and image size onintelligibility. Appendix A describes an ad hoc perceptionstudy designed to address this possibility. The results showdifferences in intelligibility for 2-3 of the 32 monologuesof each language. However, their distribution over theexperimental conditions in the production study shouldhave cancelled out any consistent effects inherent to themonologues themselves..

0204060801001234nonelowmediumhighNoise Level

Image Si

I

nt

elligibilit

y

Cor

rect

)Figure 2. Intelligibility scores (percent correct) areplotted across subjects and language and show the effects ofimage size and masking noise level.Where Do Perceivers Gaze DuringAudiovisual Perception?In this section, we describe where perceivers gazed duringthe audiovisual perception task and how their gazepatterning was affected by noise level and image size.Among other things, we wanted to know the extent towhich perceivers need to gaze directly at the mouth in orderto extract phonetically relevant visual information.Specifically, we assessed the effects of masking noise leveland image size on the relative time perceivers spent gazingat the mouth versus the eyes and how often they shiftedtheir gaze to the mouth. Two measures were used to testthis: the relative proportion of a trial that the perceivergazed at the mouth, and the number of saccadic gazetransitions between the eyes and the mouth.The eye position data were assigned to the five bins shownin Figure 3. Bins 1 and 2 denote the regions, left and rightof midline, where the gaze was above the brow line; bins 3and 4 are for the left and right eyes, as seen by theperceiver; and bin 5 includes the lower face region aroundthe mouth. The associated calibration trial for each imagesize and trial-specific corrections were used to determine thevertical midpoint between the stimulus speaker�s eyes andmouth for each trial. The vertical line separating bins 1 and3 from bins 2 and 4 was defined at the horizontal midpointbetween the two eyes.Since less than 1 percent of the position fell in bins 1 and2, all samples falling above the vertical midpointseparating the eye bins from the mouth bin were assigned toa generic eye bin. The proportion of a trial in which thegaze was fixated on the mouth was then calculated for eachcondition by dividing the number of samples in the mouthbin by the total number of samples in the trial. ANOVA ofthis proportion gave a single main effect of noise level(F[3,24] = 5.87; p < .01) and no interactions. As plotted inFigure 4, the proportion of the trial that perceivers gazed atthe mouth increased with noise level. The proportionranged between about 35 percent at the none and low noiselevels and 55 percent at the high noise level.

13452Figure 3. Schematic diagram shows the divisions of theimage into five bins. Bins 1 and 2 divide the area betweenthe hairline and the top of the image along the verticalmidline of the face. The horizontal boundary between bins 3and 4 above and bin 5 below was defined at the midpointbetween the two eyes and the mouth..

none lowmedium high.30.35.40.45.50.55.60.65Noise Level

Proportion Around MouthFigure 4. The proportion of fixations during a trialfalling in the mouth bin is plotted as a function of maskingnoise level.The number of transitions or saccades per trial that occurredbetween the eyes and mouth was easily computed sincesubjects fixated primarily on either the mouth or eyes. Triallength differences were normalized by expressing each

44trial�s number of samples as a fraction of the longest trial.The number of transitions for each trial was then multipliedby the resulting scale factor and analyzed for the effects ofnoise level and image size. Again, there was a main effectonly for noise level (F[3,24] = 5.19, p < .01) in which thenumber of saccades decreased as noise level increased(Figure 5)..

none lowmedium high5678910111213Noise Level

TransitionsFigure 5. Means for the number of gaze transitionsbetween eyes and mouth within a trial are plotted as afunction of noise level.Although duration of gaze fixation was not measureddirectly in this study, these two results afford an indirectestimate; the duration of gaze fixations on the mouth wasabout 3.5 times larger at the highest level of acousticmasking noise than in the acoustically clear condition.That is, as the number of transitions denoting fixationswithin the target regions was halved at the highest noiselevel, the proportion of �time� spent on the mouth wasincreased by 60 percent from .35 to .55 of the trial.When Do Perceivers Gaze At TheMouth?In the following sub-sections, two analyses are presentedwhich were intended to address more temporal aspects of theeye motion. The first describes the patterning of gazefixation sequences for various sequence lengths. The secondanalysis concerns the correlation between the location ofthe perceiver�s gaze at a given point in time and thephonetic content of what the speaker was saying.Patterning of gaze sequences. In this section, thepatterning of gaze sequences evoked as perceivers shiftedtheir gaze among the five facial regions is examined. Sincethis phenomenon has not previously been described for anaudiovisual perception task, the aim here is to addressseveral basic questions: Do perceivers employ identifiablesubsets of the possible gaze sequences? If so, what are they,of what length, and how are they affected by changes in theaudiovisual environment?The eye position data were assigned to the five facial binsshown in Figure 3. However, in order to distinguishtransitions from noise in the vicinity of the boundariesbetween bins, a minimum number of 5 consecutive samplesof the same bin value was required for assignment to thatbin. Using this constraint, the frequencies of all possiblesequence patterns were computed for sequences containing3, 4, 5, 6, and 7 gaze locations. The number of observablepatterns for a given sequence length depends primarily ontrial length and secondarily on the amount of eye motionnoise at bin boundaries. As shown by the followingrelation, the number of possible pattern types (PT) dependson the sequence length (SL) and the number of analysis bins(B).PT = B * (B - 1)(SL - 1) = 5 * 4(2,3,4,5,6)The resulting sets for sequence lengths 3 to 7 contain 80,320, 1280, 5120 and 20,480 possible patterns,Table 1Gaze Sequence Patterns and Pattern Counts As a Function of Gaze Sequence Length (SL) and Language (E, J). Computationsfor all possible patterns are shown at left and for the major patterns (> 1%) at right.

Overall

> 1%

SLConditionE.JE+JPossibleEJE+JTotal3patterns53435880121212count393832277165356030786638934patterns13288154320232124count378930706859333128236154905patterns2521433001280292633count364729186565271823555073776patterns4012184865120272027count351227706282188316993582577patterns56432768020480181420count33842626601011231251237440

45respectively. Since our purpose here was primarilydescriptive and there were obvious differences between thetwo language groups, the data were separated accordingly.Table 1 gives the basic results for each language group as afunction of sequence length. Pattern types and frequencycounts are summarized for the overall data sets on the leftside of the table, and totals for the subset of pattern typesthat accounted for 1 percent or more of the total are givenon the right. The data for this subset of the corpus werefurther analyzed using Chi-Square tests for the effects ofnoise and image size.As shown in the left half of Table 1, perceivers producedonly small subsets of the possible patterns, andcomparison of the language-specific with the �Combined�columns shows that the overlap in pattern sets used by theJapanese and English subjects was large. For example, forsequence length 3, a total of 58 pattern types wereobserved. As was typical throughout the corpus, Englishsubjects produced a greater variety of pattern types than didJapanese subjects � 53 vs. 43. Only 5 pattern types wereunique to the Japanese subjects (on the other hand, 15pattern types were unique to the English subjects). Theoverlap was fairly stable across the different sequencelengths, while the language-specific variety of patternsincreased to almost 2:1 for English vs. Japanese atsequence length 6.The difference in the overall numbers of patterns (count)observed for English and Japanese subjects is consistentwith the longer duration of stimuli for the Englishconditions. While the number of observed pattern types forboth language groups increased with sequence length (andthe total number possible), the subsets becameproportionally smaller since the increase was basicallylinear rather than exponential. In large part, this can beattributed to the low incidence of patterns involving bins 1and 2 above the eyes � less than 1 percent of the positiondata. That is, pattern sequences consisted primarily of thetwo eyes (3, 4) and the mouth (5), resulting in sequencessuch as 3-4-3, 4-5-4-3, 3-5-3-5-3, etc.Indeed, were it not for the occasional instances wheresubjects produced patterns involving one of the foreheadbins, we could recompute the equation above for just thethree eye and mouth bins. The resulting number of possiblepatterns would then be 12, 24, 48, 96, 192 for sequencelengths 3 to 7, respectively. Consideration of the patternsaccounting for 1 percent or more of the total observed,given on the right side of Table 1, would appear to justifysuch a recomputation since these �high frequency� patternsconsisted entirely of gaze shifts between the eyes andmouth. The two shortest sequences, in particular,exhaustively exploit the recomputed set of possiblepatterns when results for the two language groups arecombined. However, the number of observed pattern typesreached a maximum of only 33 at sequence length 5, andthere is less overlap in the pattern sets used by the twolanguages. Furthermore, the two longest sequence lengthsshowed progressively less pattern type variability. The most common pattern types for sequence length 3 areschematized and ranked in Figure 6. This ranking persistedfor all pattern lengths. That is, the most common patternswere repetitive sequences involving transitions between thetwo eyes (e.g., 3-4-3-4, 4-3-4-3-4-3), followed next by apattern involving one of the eyes and the mouth (e.g., 3-5-3-5, 5-3-5-3-5-3). Comparison of means showed noconsistent preference for which of the two targets initiated arepetitive sequence, e.g., 3-5-3-5 vs. 5-3-5-3. In mostcases, means were nearly identical and when they were not,the difference was not predictable. Next most common werepatterns consisting of patterns combining a repetitive eye-eye sequence with a transition to the mouth and perhapsback again, e.g., 3-4-3-5, 4-5-4-3-4-3. The least commonof the high frequency patterns were those tracing the apicesof the eye-mouth triangle in a circular fashion, e.g., 3-4-5-3-4. English subjects consistently displayed a wider varietyof patterns than did the Japanese for all sequence lengthsexcept 3. Finally, the set of common patterns accounted forprogressively less of the total corpus as sequence lengthincreased � i.e., from 93 to 40 percent.

345345345345Figure 6. Overlaid on the schematic face are the mostcommon gaze sequence patterns involving repetitivetransitions between just two targets: eye-eye (3-4-3...) oreye-mouth-eye (3-5-3..., 4-5-4...). The next most commonpatterns are shown below: at the sides, the patterntemplates for repetitive transitions between two targetswith an occasional transitition to the third target are themost common, e.g., 3-4-3-4-5; in the middle is shown theslightly less common pattern entailing successiveclockwise or counter-clockwise sweeping of the threetargets, e.g., 3-4-5-3-4. Table 2 shows pattern frequencies for the different sequencelengths as a function of noise level on the left and imagesize on the right. With regard to noise level effects, therewere fewer patterns at higher noise levels for subjects ofboth languages. This agrees with the inference that gazefixations are fewer and of longer duration at higher noiselevels. Comparing the pattern counts representing 1% ormore of the data for the two language groups, the differences

46between lower and higher noise levels is less extreme forthe Japanese than English perceivers: At lower noiselevels, fewer patterns are elicited for the Japanese; at highernoise levels, fewer patterns are produced by the Englishsubjects.As can be seen in the right half of Table 2, image sizeeffects on pattern frequency did not vary consistently acrossthe four projected images sizes. Furthermore, theinconsistency differed for the two language groups. Thus,for the English group, the highest frequency of patterns waselicited for size 3, the next highest for size 1, the next forsize 2, and the lowest frequency was observed for size 4. Forthe Japanese subjects, the high-to-low frequency countswere obtained for size 2, 4, 3, 1 for sequence lengths 3-5,but 2, 4, 1, 3 for sequence lengths 6 and 7.The pattern-specific frequencies for sequence length 5aretabulated for English and Japanese in Tables 3 and 4,respectively; the other four sequence lengths gave similarresults and are tabulated in Appendix B. The trends infrequency were not uniform across the elicited pattern types.At higher noise levels, the highest frequency patterns,between the two eyes (e.g., 4-3-4-3-4), gave way somewhatto repetitive patterns between one eye and the mouth. Alsothe two language groups differed. For English perceivers,patterns involving the speaker�s left eye (e.g., 5-4-5-4-5)became more frequent, particularly at the middle noise level.For Japanese subjects, the frequency of patterns involvingthe right eye and the mouth (e.g., 3-5-3-5-3) was about thesame at the two higher noise levels as the repetitive eye-eyepatterns.In general, for both language groups, the diversity of highfrequency patterns reduced as noise level increased.However, there was one striking difference between the twolanguage groups in pattern diversity, common to all of thesequence lengths examined. For English subjects there wasa large drop in frequency between the most frequentrepetitive eye-eye patterns and the next most commonpattern type, which initiated a gradual decline in frequencythrough the remaining pattern types. For Japanese subjectshowever, there was a relatively small frequency dropbetween the repetitive eye-eye pattern and the next mostcommon repetitive right eye-mouth pattern, e.g., 3-5-3-5-3. There was then a large reduction in frequency betweenthis and the third most common pattern, from which pointpattern frequencies gradually declined.As with the higher noise levels, the larger image sizeselicited an increase in repetitive eye-mouth gaze shiftpatterns, particularly the patterns involving the right eye(e.g., 3-5-3-5-3), as well as a general increase in patternsinvolving at least one eye-mouth-eye circuit, e.g., 3-4-3-5-3.Phonetic correlates of gaze location. Inattempting to discern a causal link between the audiovisualTable 2Effects of Noise Level and Image Size Condition on Gaze Sequence Pattern Counts as a Function of Sequence Length (SL) andLanguage (E, J).

Overall

> 1%

SLNoiseE.JEJImageEJEJ3None11689151119845 1967630891603Low11769121039894 2812977812971Mid1035773919755 311986931109693High559627483584 49619277488114None112887510667771930592836555Low1138873968831 2774937766903Mid999733859689 311606541053623High524589438526 49258876767425None1089836900657 1895556708475Low1103835804689 2739898644751Mid965695655571 31122616878501High490552359438 48918484886286None1051799655485 1862520504364Low1068797582466 2707859478527Mid935658391435 31084580605310High458516255313 48598112964987None1015762371349 1832486344270Low1034760332337 2679821276377Mid906623252337 31046545366196High429481168228 4827774137408

47stimulus and perceiver eye motion patterning, we tested thepossibility that gaze fixations on the mouth might becorrelated with the visual salience of the phonetic gesturesbeing produced. That is, bilabials, labiodental and alveolarfricatives, and high vowels (spread /i/ and rounded /u/) havestrong visual correlates, which precede the correspondingsegmental acoustics by as much as 150 ms (Calliard et al.,1996). Perceivers could conceivably make use of suchphoneme-specific information to enhance perception.The eye movement data for two subjects (see Footnote 2)were coded for target location and for the identity of thepreceding, current, and following phonetic segment. Acorrelation with a temporal prior segment would suggestprobabilistic prediction of visible oral events basedpresumably on a combination of prior acoustic and visualevents, while correlations with the following segmentwould suggest a more simply reactive visual response. Acorrelation with the current segment could either implyprediction or pretuning of the oculomotor system to reducereaction time (for review, see Carpenter, 1988) or acombination of predictive and reactive phenomena.However, no correlation between eye position and phoneticidentity has been found for any of the comparsions madethus far, p > .1.Characterizing The Details Of EyeMotionIn the preceding sections we examined the proportion oftime perceivers gazed at the mouth and the eye targets, andthe patterning of gaze shifts among them. In this section,several aspects of the eye movement behavior are quantifiedseparately at the eye and mouth targets.Motion at the eyes. As shown above, perceivers spent45-70 percent of each trial gazing at the speaker�s eyes,depending on the masking noise level. Also, the gazesequence results suggest a preference for one eye over theother in repetitive eye-mouth gaze shifts, particularly athigher noise levels and larger image sizes. In this section,this preference is quantified by examining the relativedifference in fixation �time� for the two eyes.Eye position samples were assigned to bins 3 and 4 for thestimulus subject�s right and left eye, respectively (seeFigure 3). The values within each bin were summed andnormalized for trial length differences. The proportion ofTable 3Ranked (see Totals) pattern counts for gaze sequence length five by condition � English.

Noise Level

Image Size

SequenceNoneLowMidHigh1234Total43434901116855121649643324343438811053601166484473114545430354228317425513554545283133262272168118434543635377392139161154543435333753325421011035353571010262454529103343453231251221253618100534343531141519272722953454336282822421341594543433531233185462392535354513102423193515925434523262759233415813453421252692620287813435341171281611242778434353127106171419247435343361911816192217744353428221151214192166453431923147121721136343543192416312142214624345319191486222396034545101321111811197555343524131341361718543543421201011121995134354142211314121410504534510726659251049545438162041713153485353420411793131742534539822242191641Total9008046553597086448784882718

48each trial that perceivers fixated on one eye or the other wascalculated as an absolute difference value. Thus, exactlywhich eye was preferred was not noted. Analysis of therelative difference between eyes gave a main effect of noiselevel (F[3,24] = 6.66, p < .01). There was also an interactionbetween noise level and language (F[3,24] = 4.38, p < .05),which is shown in Figure 7.The figure shows that perceivers gazed predominantly (>70%) at only one of the eyes and that this asymmetricalpreference increased by a few percent at higher noise levels.English and Japanese perceivers differed in which of the twohigher noise level conditions showed the major increase inthe relative difference. For the three noise conditions wheresome masking noise was present, the English subjectsshowed progressively larger relative differences as noiselevel increased. For the Japanese subjects, the relativedifference was highest at the medium noise level.When coupled with the findings that the total gaze durationon the eyes and that the number of transitions decreasedsubstantially at higher noise levels, this result implies thatone eye acted as the predominant pivot point for eye-eyeand eye-mouth transitions. However, the percentageincrease in eye preference asymmetry is quite small. Thissuggests that the asymmetry may be fairly independent ofchanges in gaze duration and saccadic gaze patterning.Motion at the mouth. As discussed in the precedingsections, masking noise level affected both the duration offixations on the mouth target and the patterning of thesaccadic sequences perceivers used to shift their gaze to andfrom the mouth. In this section, we assess the effects ofnoise level and image size more locally by examining theeye movement behavior just in the vicinity of the mouth.The first measure examined assesses the variability of eyeTable 4Ranked pattern counts for gaze sequence length five by condition � Japanese.

Noise Level

Image Size

SequenceNoneLowMidHigh1234Total434341001108576821364710637134343941068978761384910436735353746689493562701112785353573618146245668113261454541726261144141111803434527201715163117157943454222213102228611673435321221291024171364545451318229357911624543421221062318995953434171214141223157575434321158714161385143435191291191915851345431916841614710473534312161181019117473453413138126141313465345391841011215134143534131647618124405353471510741315739435351110144313101339434531110107815114384535310136821016937453431186116141063634545614777148534353458153611214532345358135631113532Total6576895714384757515016282355

0.20.40.60.81.0English

Japanese

Relative Difference

nonelowmediumhigh

Noise Level

Figure 7. Shown is the proportion of fixations on theeyes within a trial attributable to one eye in particular. Therelative difference is plotted as a function of noise level andlanguage.

49motion. In preliminary assessments of these data (e.g.,Vatikiotis-Bateson et al., 1994), we suggested that noiselevel effects on the fine-grained stability of gaze fixationmight reflect changes in visual attention independent ofincreased fixation duration and macroscopic changes insaccadic patterning. The second and third measuresexamined below suggest that this is probably not correct.More probable is that variability within the mouth bin is anartifact of changes in the overall movement behavior. Centroid means were calculated for the data falling withinthe mouth bin (see Figure 3). The per trial mouth centroidserved as the origin for conversion of the sample data fromCartesian (x,y) to polar (r,q) coordinates, where r denotesthe Euclidean distance of a data point from the origin and qthe angular orientation of the data point relative to theorigin. The distance r provides a measure of the sample-by-sample deviation from the centroid for the trial. The sum,Sr, of all r for a given image-noise condition (i.e., acrosstwo trials) gives the average deviation from the centroid,

r ,when normalized for differences in trial length.There was no reliable difference in centroid position for thecondition-specific means. However, ANOVA on the rangeof motion for the mouth-centered data of nine subjects (oneJapanese subject never fixated on the mouth) revealed maineffects of noise level and image size with no interactions.Values of r increased at larger image sizes (F[3,21] = 7.21, p <.01) and decreased at higher noise levels (F[3,21] = 5.09, p <.01). These two effects are plotted together in Figure 8.

.0501001502001234

Ra

ng

e

o

ot

io

n

a

t ut

h

Image SizenonelowmediumhighNoise Level

Figure 8. The main effects of noise level and image sizeon the range of motion around the mouth ( r ) are plottedtogether.We believe the increase of r at larger image sizes to be duesimply to the increased size of the mouth target region. Thenoise level effects, on the other hand require furtherinvestigation to see to what extent they are an artifact ofchanges in the overall movement patterning. A first step isto compare the contributions of the horizontal and verticalcomponents of the motion to the overall variability. Thereduced number of saccades between the eyes and mouth andlonger fixation duration at higher noise levels, implies achange in the relative amount of eye position dataassociated with the target-to-target motion. Thus, thereshould be less motion at higher noise levels. Furthermore,since the eye targets are more vertically than horizontallydistant from the mouth, changes in the number of shiftsbetween eyes and mouth should affect the verticalcomponent more.The horizontal component of the motion (x) was computedfor each sample within the mouth bin by subtracting thehorizontal value of the centroid from the raw value ofhorizontal position. Using the mean Euclidian distance r ,the ratio (x/ r ) was derived denoting the proportionalcontribution of horizontal motion. Analysis of varianceyielded no reliable main effects of noise level or image sizeand no reliable interaction between them. However, a post-hoc orthogonal contrast showed a small, but reliable, lineartrend in the effect of noise level (F[1,4] = 4.99, p < .05).There was no effect of image size. As shown in Figure 9,the proportion of the horizontal component, which is thelarger of the two, decreased by about 6 percent as noiselevel increased.

none lowmedium high.56.58.60.62.64.66Noise Level

Horizontal Proportion (x

/

r

)

at MouthFigure 9. The proportional contribution, x/ r , of thehorizontal component (x) to the average distance from thecentroid ( r )is plotted as a function of masking noise levelfor the mouth region.This result is interesting because the overallproportionality of the horizontal and vertical componentsreflects the geometry of the mouth target � i.e., the mouthis about twice as wide as it is high, or 67 and 33 percent,respectively. However, the weak noise level effectcontradicts the prediction that changes in the amount of eyemotion into and out of the mouth target region would have alarger effect on the vertical than the horizontal component.This problem is addressed by a third analysis whichprovides rudimentary evidence that transitions to the mouthfrom one eye arrive in different areas of the horizontallyarrayed mouth target than transitions from the other eye.The mouth bin (see Figure 3) was divided into two halvesalong the vertical midline of the lips.3 Then, absoluterelative differences in the proportion of position datafalling on one side of the mouth or the other were computed.Similar to perceivers� preference to fixate on one eye, apreference was found for one side of the speaker�s mouth.ANOVA showed that the fixation asymmetry increased athigher noise levels (F[3,24] = 11.82, p < .001) and that theeffect was more pronounced at larger image sizes, as shownby the interaction of noise and image size (F[3,24] = 2.61, p <

50.05. Furthermore, eye-mouth transitions usually crossed thevertical midline rather than remain on the same side, asshown by comparison of opposite (.55) and same side (.25)correlations between eye bins and the subdivided mouthbin. That is, a transition from the left eye to the mouthwould usually go to the right side of the mouth. Thus, athigher noise levels, the greater tendency to produce onetype of eye-to-mouth transition could account for theincreased asymmetry shown here as well as the reducedvariability shown above.DISCUSSIONGeneral RemarksIn this study, a number of basic findings have beendemonstrated regarding the eye movement behavior ofJapanese and English perceivers during an audiovisualperception task. Most basic with respect to theexperimental paradigm is the finding that masking noiselevel affected perceiver eye movement behavior at everylevel of analysis: where perceivers gazed, for how long, andin what spatiotemporal order. Image size, on the otherhand, had limited effects on the specific patterning ofsaccade sequences and on intelligibility scores, but noeffects were observed on where subjects gazed or for howlong. A methodolgical benefit of subjects� generalresistance to image size effects is that larger-than-lifeimage sizes can be used to enhance the limited resolution ofstandard infrared eye-tracking systems withoutsubstantially altering subject eye movement behavior.When asked whether or not they found certain image sizeseasier to watch, subjects said they preferred the two middleimage sizes over the smallest and largest image sizes. Basedon this preference, we have used image size 3 in subsequentstudies (e.g., Appendix A; Eigsti, Munhall, Yano, &Vatikiotis-Bateson, 1995). The eyes and the mouth were the primary targets of gazefixation. While not surprising since the video presentationof a talking head puts severe restrictions on the perceivers�field of view, the finding is interesting because perceiverspersistently fixated directly on these targets across a rangeof audiovisual conditions. At the largest image sizes, forexample, the viewing angle between eyes and mouth wasmore than 10.5 degrees, so perceivers could notsimultaneously view both eye and mouth targets within theregion of highest visual acuity (for review, see Carpenter,1991). Nevertheless, foveation occurred on the eye andmouth targets, rather than somewhere between them such asthe nose.Subjects spent a larger proportion of time gazing at theeyes than we would have predicted, particularly at thehighest noise levels where we expected perceivers to fixateon the speaker�s lips. At the lowest noise levels, fixationson the eyes accounted for more than 65 percent of the trialduration. At higher noise levels, gaze fixations shiftedmore to the mouth and the frequency of eye-mouth gazeshifts was halved, but fixation on the eyes still occupied 45percent of the trial. We had assumed the primary function ofinterlocutor eye contact to be sociolinguistic, mediatingturn-taking, sincerity, etc. In a non-interactiveexperimental context such as this, the sociolinguisticfactors attendant to eye contact should be largely irrelevant.We thought it much more likely that subjects would retrieveperceptually relevant visual correlates to the prosody andphonetics from the facial deformation patterns associatedwith jaw and lip motion. So, why did subjects persist infixating so much on the eyes at the highest noise levels?Why not simply fixate on the region around the mouth?There are a number of possible answers we would like to seeinvestigated further.One possibility, which is discussed further in the nextsection, is that eye contact serves some fundamental,structural role in the retrieval of visual information from thevicinity of the mouth. The intelligibility results supportthis to the extent that, at higher noise levels where visualinformation becomes most critical, the integrity of thevisual information began to break down when the anglebetween eyes and mouth reached 8-9 degrees. The onlyindication of an effort by subjects to compensate for thisdifficulty was in the noise level and image size effects onthe frequency of specific patterns of saccadic gaze shiftsbetween the eye and mouth targets. Since the subjects hadno experience with the task prior to the study, we do notknow whether or not subject performance under similarnoise level and image size conditions would improve ifgiven more time. For example, perceivers might furtheradapt their eye movement behavior to optimizeintelligibility, or they might become more adept atretrieving relevant visual information using the samebehavioral strategies � i.e., strategies entailingsubstantial fixations on the eyes, but with better retrievalfrom the visual near periphery.Perceivers showed a distinct preference (70% or more) forone eye over the other, which increased slightly at highernoise levels. Because the relative difference between thetwo eyes was measured as an absolute value for each trial, wecannot report exactly how consistent subjects were in theirchoice of preferred eye across trials. However, it is clearfrom even a cursory examination of the data that perceiversdo vary their choice of preferred eye across trials. Sincethere was also a strong preference for a particular eye in therepetitive eye-mouth gaze sequence patterns, suggesting thepossibility that the preferred eye acts as the pivot for eye-eye and eye-mouth sequences. This issue will be addressed ata later date by examining the trial-specific correlationsbetween preferred eye and preferred eye-mouth transitions.Finally, the lack of correlation between eye motion andsegmental or syllable-sized phonetic events was notsurprising. Among other things, syllable durations in thisstudy were at the cited lower bound for the time needed bythe eye to establish successive fixations, 250-450 ms(Moray. 1993). Fixation durations on the mouth target wereusually long, ranging from several seconds to the entiretrial. Thus, while there is plenty of evidence from this andprevious studies to suggest that perceivers detectphonetically relevant events in the visual stimuli, they donot appear to track or anticipate such events with shifts ofgaze fixation.As with any incursion into a new area of research, hindsightilluminates numerous limitations and peculiarities of theexperimental context used. Two of these in particular areworthy of mention because we have been able to address

51them in a subsequent study. First, the strictly phonetic biasof the post-trial questions could have induced fixationstrategies that skewed the effects of acoustic masking noiseon eye movement behavior. That is, the eye movementbehavior associated with attending to the phonetic detail ofevery word may be quite abnormal. Second, the findingreported in Appendix A that the order of monologuepresentation has effects on intelligibility suggests thatperceiver attention and behavior, particularly with regard tocommunication, unfold continually through time. Suchprocesses probably cannot be suspended in studies of thissort. Both of these factors have been tested in a subsequentstudy. Preliminary results (Eigsti et al., 1995) have shownthat presentation order does not mitigate the masking noiseeffects discussed here. On the other hand, when contrastedwith a social judgment task, phonetic discrimination doesappear to influence the distribution and patterning of gazefixations among the eye and mouth targets.Perceiver Eye Motion And TheProduction Of Audiovisual SpeechThe major implication of the results is that perceiver eyemovement behavior � a largely voluntary, motor event �does have a role in audiovisual speech perception. Ofcourse, the exact contribution of perceiver eye motion tospeech perception remains to be discovered. Furthermore,the fact that perceivers adapted their eye movementbehavior to changes primarily in the acoustic, rather thanthe visual, environment points up the need to determinewhat other concurrent factors influence eye motionbehavior. For example, the basic patterning of theperceiver eye motion observed in this study is essentiallythe same as that elicited by simply looking at a face(Yarbus, 1967). A useful precursor to the tasks ofdistinguishing the morphological and task-specificinfluences on eye behavior and the contribution of eyemovement control on speech perception is to examine thewhat and where of phonetically relevant visual events on aspeaker�s face. In what follows, a preliminary attempt to dothis is made using the results of this study and of relatedstudies aimed at modeling the production of audiovisualbehavior (e.g., Vatikiotis-Bateson et al., 1996; for review,see Munhall and Vatikiotis-Bateson, in press).The results of this study suggest that fine-grained detectionof the perioral structures was not necessary for the visualenhancement effect of the stimulus monologues onperception. This is supported by the failure of subjects tofixate exclusively on the mouth at the higher noise levelsregardless of image size. Gaze fixations on the perioralregion would be required for detailed identification, e.g., oflip shape and oral aperture size, if that is where the phoneticinformation is primarily located. Yet, assuming somephonemes are more visually salient than others, the lack ofcorrelation between gaze location and serial phoneticstructure suggests that eye motion per se was not used tofacilitate the perception of specific phonemes.In some sense, it may be better for perceivers not to foveatecontinuously on the mouth. In standard descriptions of howthe spatially precise fovea and temporally adept peripherycoordinate visual detection (e.g., Carpenter, 1988),changes in the visual field are detected peripherally,followed by saccadic shifts of the fovea to and subsequentfixation on the point of detection. In this way, new(typically moving) objects in the visual environment arefound and identified. Although certain extreme phoneticpostures might be identified from static images � e.g.,pursed lips for a bilabial plosive (/p, b, m/), lip rounding(/u, o/) or spreading (/i, s/), visual information must bedynamic in order to enhance phonetic perceptionsubstantially. For example, Viktovich and Barber (1994)have shown that visual enhancement of speech perceptionbegins to deteriorate at frame rates below 16-17 Hz. In theacoustic domain, Remez and colleagues (Remez. Rubin,Berns, Pardo, & Lang, 1994) have demonstrated thedynamic nature of speech perception by using sine wave re-synthesis to remove the acoustic complexity of the speechsignal while retaining its fine-grained temporal structure.Thus, by foveating primarily on the eyes in audiovisualperception, perioral events might be more accuratelydetected by the temporally acute near periphery. Sincespeech is highly overlearned, perceivers probably knowquite well the audiovisual information they are seeking. Itmay be necessary for them only to detect relevant eventsdynamically and in the right serial order. Furthermore, theacoustic and visual events in speech perception areeffectively simultaneous which may enhance perception bydistributing the identification task across the twotemporally integrated modalities.4 As a result, sufficientinformation about the identity of phonetic events occurringperipherally may be inferred from their timing with respectto other visual and acoustic events and their membership ina closed set of known and, therefore, predictable events.This account of the role of the near periphery on theextraction of phonetic information could be undermined ifsubsequent studies showed that subjects adapt to thepresence of masking noise by further increasing theproportion of time spent gazing at the speaker�s mouth. Forthe time being, however, we hypothesize that phoneticallyrelevant visual information occurs all over the face, not justthe perioral region defined by the lips. This is because themotions of speech articulators such as the lips and jaw,which produce time-varying changes of vocal tract shape(and therefore shapes the acoustic output), simultaneouslyproduce dynamic deformations of the entire face.Recently, the physiology and kinematics of facial motionduring production of realistic speech has been examinedthrough analysis of muscle EMG, facial kinematics, and thespeech acoustics (Vatikiotis-Bateson et al., 1996;Vatikiotis-Bateson & Yehia, 1996a). Three findings arerelevant to this discussion. First, the three-dimensionalshape and motion of the lips (not necessarily the oralaperture) is correlated at better than 95 percent with remoteregions of facial motion, defined by position markers (orvideo analysis) on the upper and lower face and the chin.From this, we conclude that different facial regions offerslargely redundant motion information. Second, the RMSamplitude of the acoustics is equally well recovered (80%)from either perioral or more remote facial regions, but isbetter recovered (89%) by combining the two regions,suggesting that correlates of the segmental acoustics aredistributed non uniformly over the entire face. This issomewhat at odds with the usual effort to extract visual

52phonetic correlates strictly from lip shape and oral aperturesize (e.g., Benoit et al., 1992). Third, modeling of thefacial motion from the time-varying activity of theorofacial muscles provides kinematic estimations of theremote regions of the face that are as good or better thanestimates of the motion around the lips. This finding pointsup the importance of understanding the complex anatomyand physiology of the orofacial system.5 Thus, for example, motion correlates to lip rounding forthe English vowels /u/ and /o/ are visible across the entireface below the eyes. Though individual differences inorofacial anatomy and physiology will insure slightdifferences in the actual facial deformation, we suggest thatthese are exactly the sort of differences to which perceiversrapidly adapt in audiovisual interactions. Whatever theactual physical character of phonetically relevant visualinformation may be, it is not restricted to the perioralaperture. Using the eyes and mouth as fixation pointswithin which potential visual information is redundantlydistributed could eliminate the need for a change offoveation strategy when the angular distance betweenfixation targets is increased. But only up to a point � thatintelligibility in high noise decreased at the largest imagesizes, when perceivers fixated more on the mouth, couldindicate subjects� inability to use the mouth instead of oneof the eyes as the primary anchor for their gaze fixationstrategies. That is, perceivers produce habituated eyemovement patterns that serve both phonetic and higherlevel, sociolinguistic criteria. While these patterns may besufficient in a wide range of environments, includinghighly artificial perception tasks such as ours, they may bedifficult to change.The Effects Of Language On EyeMovement PatterningCoherent language-specific differences in eye movementbehavior appeared only in the analysis of gaze sequences.First, for both groups, the most frequent pattern type afterthe repetitive eye-eye pattern, was a repetitive eye-mouthpattern. However, the Japanese predominantly chose theright eye, while the English chose the left eye. At thispoint, we have no explanation for this difference; it couldbe due to a difference between the two stimulus speakers,such as the amount of head motion or expressive gestures.Second, English perceivers used a greater variety of gazesequence patterns than did the Japanese, and at higher noiselevels the tendency to reduce the variety of patterns wasmore pronounced for the Japanese group. This may be due toa combination of cultural and linguistic differences in thestyle and utility of gaze strategies for the two languagegroups.It is often remarked that Japanese interlocutors tend toavoid direct eye contact, while westerners get nervous if itis absent. Although formal investigations of thisphenomenon appear to be lacking, it is easily observed thatthere are indeed many situations, apparently prescribed bysocial status, gender, and probably other factors, wheremutual eye contact will not be made by Japaneseinterlocutors. However, the failure to achieve mutual eyecontact does not mean that Japanese interlocutors do notwatch each other�s faces and retrieve sociolinguistic or evenphonetic information. Typically, one interlocutor will gazedirectly at the face of the other, while the other lookselsewhere. Sometimes, the listener watches the talker�s facewhile the talker looks elsewhere; other times, the situationis reversed. That is, face-to-face communication amongJapanese interlocutors provides ample opportunity foraudiovisual perception. Only the emphasis on makingmutual eye contact is lacking. Perhaps, the greatervariability in gaze sequence patterns for English perceiversreflects this more demanding sociolinguistic constraint onmutual eye contact among interlocutors, somethingindependent of a strategy for enhancing audiovisualperception. That is, the greater pattern variability did notlead to better intelligibilty results for English subjects.There is however the further possibility that Japanese andEnglish speakers impart different degrees of linguisticallyrelevant visual information. This was pointed out bySekiyama and Tohkura (1993), who compared McGurk-styleaudiovisual tests for English and Japanese. They reportedweaker tendencies for Japanese perceivers to experience theaudiovisual �fusion illusion� when presented with Japanesestimuli than with English stimuli (cf. Massaro, Tsuzaki,Cohen, Gesi, & Heridia, 1993). They suggested that theJapanese phonetic system provides fewer salient visualcorrelates than English, which would lead to fewermismatches in a McGurk paradigm. An importantimplication of the Sekiyama and Tohkura study for theresults of the current study is that audiovisual processingand its associated mechanisms are structured the same acrosscultural and linguistic variations. Differences are minor andbehavioral patterns may be easily altered by changing thestimulus, as in the McGurk study.SUMMARYIn this study, the eye movement behavior of perceiversduring audiovisual speech perception was examined undervariable visual and acoustic conditions. The finding thatperceiver eye motion was particularly sensitive in a varietyof ways to changes in the acoustic environment indicates anactive role of the perceiver�s motor system in the process ofaudiovisual perception. Although a variety of analyseswere presented whose results apparently assessed the fine-grained structure of eye motion, we concluded that noiselevel effects were primarily macroscopic, altering thedistribution of gazes among the eye and mouth targets.Indeed, only the most macroscopic of analyses, that of gazesequence patterns, revealed any difference between the twolanguage groups. From the tendency of perceivers to watchthe speaker�s eyes a good portion of the time, even underpoor acoustic conditions, we speculated that much of thevisual task during audiovisual perception may entaildetecting the occurrence of well-learned, phoneticallycorrelated events. Because these events are well-known, wefurther hypothesized that detection can be achieved awayfrom the fovea and that the task is made easier by thedynamic distribution of phonetic information over theentire face. The manner of that distribution was argued to betime-locked to the acoustics and causally linked to speechmotor control in that the motion of speech articulators suchas the lips, jaw, and even tongue, simultaneouslyconfigures vocal tract and visible orofacial structures.Although many more questions are raised than answered, the

53current study has set out a methodological and conceptualframework for pursuing a better understanding ofaudiovisual perception and its relation with speechproduction.REFERENCESAbry, C., Lallouache, T., & Cathiard, M. (1996). How cancoarticulation models account for speech sensitivity toaudio-visual desynchronization? In D. Stork and M.Hennecke (Eds.), Speechreading by Humans andMachines. (NATO-ASI Series F: Computer and SystemsSciences, vol. 150, pp. 461-471). Berlin: Springer-Verlag.Benoit, C., Lallouache, T., Mohamadi, T., & Abry, C.(1992). A set of French visemes for visual speechsynthesis. In G. Bailly, C. Benoit, & T.R. Sawalis(Eds.), Talking Machines: Theories, Models, andDesigns. pp. 335-348. Amsterdam: Elsevier SciencePublishers.Bertelson, P., & Radeau, M. (1976). Ventriloquism,sensory interaction and response bias: Remarks on thepaper by Choe, Welch, Gilford, and Juola. Perception& Psychophysics, 19(6), 531-535.Carpenter, R.H.S. (1988). Movements of the Eyes.London: Pion Limited (2nd revised ed.).Demorest, M., & Bernstein, L. (1992). Sources ofvariability in speechreading sentences: Ageneralizability analysis. Journal of Speech andHearing Research, 35, 876-891.Eigsti, I.-M., Munhall, K. G., Yano, S., & Vatikiotis-Bateson, E. (1995). Effects of listener expectation oneye movement behavior during audiovisual perception.Journal of the Acoustical Society of America, 97,3286.Leigh, R.J. & Zee, D.S. (1991). Oculomotor disorders. InR.H.S Carpenter (Ed.), Eye movements. Vol. 8 inVision and visual disfunction series. London:Macmillan Press.Gailey, L. (1987). Psychological parameters of lip-readingskill. In R. Dodd & B. Campbell (Eds.), Hearing byeye: The Psychology of lip-reading (pp. 115-141).New Jersey: Lawrence Erlbaum & Associates.Gray, H. (1977). Gray’s anatomy. New York: CrownPublishers. Gruesser, O.J. & Landis, T. (1991). Visual agnosias andother disturbances of visual perception and cognition.Vol. 12 in Vision and visual disfunction series.London: Macmillan Press.Hirayama, M., Vatikiotis-Bateson, E., Gracco, V., &Kawato, M. (1994). Neural network prediction of lipshape from muscle EMG in Japanese speech. In The1994 International Conference on Spoken LanguageProcessing (ICSLP-94), 2 (pp. 587-590). Yokohama,Japan.Jacobs, A., & L�vy-Schoen, A. (1988). Breaking downsaccade latency into central and peripheral processingtimes in a visual dual-task. In G. L�er, U. Lass, & J.Shallo-Hoffman (Eds.), Eye movement research:Physiological and psychological aspects(pp. 267-285). Lewiston, NY: C.J. Hogrefe.Rosenblum, L. D., Johnson, J. A., & Salda�a, H. M.(1996). Visual kinematic information for embellishingspeech in noise. Journal of Speech and HearingResearch, 39, 1159-1170.Kurita, T., Honda, K., Kakita, Y. (1994). A physiologicalmodel for the synthesis of lip articulation. Journal ofthe Acoustical Society of Japan, 50, 465-473 (inJapanese).Lansing, C. R., & McConkie, G. (1994). A new method forspeechreading research: Tracking observer’s eyemovements. Journal of the Academy of RehabilativeAudiology, 27, 25-43.MacLeod, A., & Summerfield, Q. (1987). Quantifying thecontribution of vision to speech perception in noise.British Journal of Audiology, 21, 131-141.MacLeod, A., & Summerfield, Q. (1990). A procedure formeasuring auditory and audiovisual speech-receptionthresholds for sentences in noise: Rationale.evaluation, and recommendations for use. BritishJournal of Audiology, 24, 29-43.Mase, K. & Pentland, A. (1991). Automatic lipreading byoptical-flow analysis. Systems and Computers inJapan, 22, 67-75.Massaro, D. (1987). Speech Perception by Ear and Eye: Aparadigm for psychological inquiry. Hillsdale, NJ:Lawrence Erlbaum Associates.Massaro, D. W., Tsuzaki, M., Cohen, M. M., Gesi, A., &Heridia, R. (1993). Bimodal speech perception: Anexamination across languages. Journal of Phonetics,21, 445-478.McGurk, H. and MacDonald, J. (1976).Hearing lips and seeing voices. Nature, 264, 746-748.Moray, N. (1993). Designing for attention. In Attention:Selection, awareness, and control, a tribute to DonaldBroadbent (pp. 53-72). Oxford: Clarendon Press.Munhall, K. G., & Vatikiotis-Bateson, E. (in press). Themoving face during speech communication. In R.Campbell, B. Dodd, & D. Burnham (Eds.), Hearing byEye, Part 2: The Psychology of Speechreading andaudiovisual speech. London: Taylor & Francis -Psychology Press.Munhall, K. G., Gribble, P., Sacco, L., & Ward, M. (1996).Temporal constraints on the McGurk effect. Perception& Psychophysics, 58(3), 351-362.Poizner, H., Bellugi, U., & Klima, E. (1990). Biologicalfoundations of language: Clues from sign language.Annual Review of Neuroscience, 13, 283-307.Polyak, S.L. (1941). The retina. Chicago: Univ. ChicagoPress.Posner, M.I. (1980). Orienting attention. Quarterly Journalof Experimental Psychology, 32, 3-25.Reisberg, D., McLean, J., and Goldfield, A. (1987). Easyto hear but hard to understand. In B. Dodd and R.Campbell (Eds.), Hearing by Eye: The Psychology ofLipreading, pp. 97-114. New Jersey: LawrenceErlbaum Associates.Schiffman, H. R. (1982). Sensation and perception: Anintegrated approach (2nd ed.). New York: John Wiley &Sons.

54Sekiyama, K., and Tohkura, Y. (1993). Inter-languagedifferences in the influence of visual cues in speechperception. J. of Phonetics, 21, 427-444.Smeele, P. M. T. (1996). Psychology of humanspeechreading. In D. G. Stork & M. E. Hennecke(Eds.), Speechreading by humans and machines (NatoASI Series, Series F: Computers and Systems Sciences)150 (pp. 3-17). Berlin: Springer-Verlag.Sumby, W. H., & Pollack, I. (1954). Visual contribution tospeech intelligibility in noise. Journal of theAcoustical Society of America, 26, 212-215.Summerfield, Q. (1979). Use of visual information forphonetic perception. Phonetics, 36, 314-331.Summerfield, Q. (1987). Some preliminaries to acomprehensive account of audio-visual speechperception. In B. Dodd and R. Campbell (Eds.),Hearing by Eye: The Psychology of Lipreading, pp.3-52. New Jersey: Lawrence Erlbaum Assoc.Vatikiotis-Bateson, E., Eigsti, I. M., & Yano, S. (1994).Listener eye movement behavior during audiovisualperception. Acoustical Society of Japan, 94-3, 679-680.Vatikiotis-Bateson, E., Munhall, K. G., Hirayama, M.,Kasahara, Y., & Yehia, H. (1996). Phsyiology-basedsynthesis of audiovisual speech. In 4th SpeechProduction Seminar: Models and Data, (pp. 241-244).Autrans, France:.Vatikiotis-Bateson, E., Munhall, K. G., Hirayama, M., Lee,Y. C., & Terzopoulos, D. (1996). The dynamics ofaudiovisual behavior in speech. In D. Stork & M.Hennecke (Eds.), Speechreading by humans andmachines (NATO-ASI Series, Series F, Computers andSystems Sciences) 150 (pp. 221-232). Berlin:Springer-Verlag.Vatikiotis-Bateson, E., & Yehia, H. C. (1996).Physiological modeling of facial motion duringspeech. Trans. Tech. Com. Psycho. Physio. Acoust.,H-96(65), 1-8.Vatikiotis-Bateson, E., & Yehia, H. C. (1996).Synthesizing audiovisual speech from physiologicalsignals. In Proceedings Acoustical Society of Americaand Acoustical Society of Japan Third Joint Meeting,(pp. 811-816). 2-6 December, 1996, Honolulu, HI:ASJ.Vitkovich, M. & Barber, P. (1994). Effects of video framerate on subjects’ ability to shadow one of two cometingverbal passages. JSHR, 37, 1204-1210. Waters, K. (1987). A muscle model for animating three-dimensional facial expression. Computer Graphics,21, 17-24.Waters, K. & Terzopoulos, D. (1992). The computersynthesis of expressive faces. PhilosophicalTransactions of the Royal Society of London B, 335,87-93.Wolff, G. J., Prasad, K. V., Stork, D. G., & Hennecke, M.(1994). Lipreading by nerual networks: Visualpreprocessing, learning and sensory integration. In J.D. Cowan, G. Tesauro, & J. Alspector (Eds.), Advancesin neural information processing systems 6 (pp.1027-1034). San Francisco: Morgan Kaufmann.Yamada, M. (1993). Analysis of human visual informationprocessing mechanisms using eye movement. ITE TechRep., 17, 1-10. (in Japanese).Yarbus, A. L. (1967). Eye movements and vision. NewYork: Plenum Press. Zangemeister, W., & Stark, L. (1981). Active headrotations and eye-head coordination. Annals of theNew York Academy of Science, 374, 540-549.FOOTNOTES1 The text was printed on cue cards, located just to the side ofthe camera lens. In order to minimize the effect of thespeaker not looking directly into the lens, a mediumtelephoto was used at a camera-to-subject distance ofapproximately 2.5 meters. In order to increase thenaturalness of the monologue presentation, speakers in asubsequent study (Eigsti et al., 1995) producedextemporaneous monologues while looking directly intothe lens. Although impressionistically more natural, nodiscernible differences between the two styles of deliverywere found in the analyses.2 Due to an oversight, masking noise and speech were mixedon both audio tracks for eight subjects. Only for the lasttwo subjects, where the two tracks were separated and mixedonly for loudspeaker presentation, could the clear speechchannel be digitized simultaneously with eye movement.3 There is a potential problem here, which was analyzedfurther. The eyes form two distinct targets set far enoughapart to prevent masking by undetected drifts in calibration,but the mouth is a single target straddling the midsagittallydefined boundary between the two bins. An apparentasymmetry in fixation patterns could arise even whensubjects fixate on the midline of the speaker�s mouth andthere is a small error in system alignment. This possibilitywas ruled out by coding average fixation position for a trialrelative to the vertical midline using a 7 point scale: -1, -.5,-.1, 0, .1, .5, 1. Average fixations falling on or slightly toone side of midline were coded as –.1; fixations on thecorners of the mouth were assigned –.5; and those not onthe mouth at all were coded as –1. Symmetrical bimodaldistributions were assigned 0, no matter how far off midlineindividual clusters of data were. Similar to the relativedifference results shown in Figure 10, there was aninteraction of noise level and language (F[3,24] = 3.12, p <.05) for coded distance from the midline. Japanese speakersfixated more towards the left corner of the mouth as noiselevel increased. English speakers moved towards the right,but the trend was not consistent for the highest noise level.4 Actually, in the production of obstruents involving thelips such as /p, v, sh ,z/, there are clear visual correlatesthat may precede the acoustics by as much as 150-200 ms(for discussion, see Abry, Cathiard, & Lallouache, 1996). Insuch cases, detection and identification may be primarilyvisual as the acoustics are either delayed and/or difficult toidentify.5 The orofacial musculature is a maze of highlyinterdigitated and usually small fiber-bundles (Gray, 1977).For example, the muscles surrounding the upper and lowerlips, orbicularis oris superior (OOS) and inferior (OOI),

55respectively, have no skeletal attachment. Instead, they actas a floating anchor to at least a dozen other muscles thatradiate outward and are associated, for example, withsmiling (risorius), upper lip raising (levator labii superior),lower lip lowering (depressor labii inferior) and protrusion(mentalis). Contraction of OOS and OOI, which brings thelips together, also exerts pull on all the muscles attached tothem. The action of one muscle almost invariably impingeson other muscles, thus distributing the effects of theiractions over a wider range than would be expected fromconsideration of their independent structure � e.g., length,orientation, and primary skeletal attachments. The effectsof muscle action on the posture and motion of faciallandmarks is further diffused once the damped connectivefascia and relatively stiff outer skin layers are considered.APPENDIX AA perception study was conducted to test the possibilitythat the stimulus monologues differed in their inherentintelligibility due, for example, to differences in syntacticstructure, length, or lexical-semantic content. Fortysubjects, 20 Japanese and 20 English, were paid toparticipate. Perceivers of each language were shown thesame monologues as used in the production study, butpresented with only one masking noise level (medium) andat one of the larger image sizes (3). Perceivers for eachlanguage were divided into four groups of five. Monologueswere presented to each group in a different order (theoriginal and three new orders). Subjects were testedindividually or in small groups of three.The effects of monologue and presentation order onintelligibility were analyzed using ANOVA with repeatedmeasures. For each presentation order, responses werepooled for the two monologues of each production-studycondition (16 cells). There were main effects of monologue� English: F[15,240] = 5.37, p < .0001; Japanese: F[15,240] =10.44, p < .0001. For each language, intelligibility scoresfor two or three of the monologue pairs were markedlydifferent from the mean. For both English and Japanese,two deviant pairs fell on opposite sides of the meanintelligibility score. Since these monologue pairs wereassociated with the same noise level conditions (butdifferent image sizes) in the production study, any inherentdifferences in monologue intelligibility would not interactwith the effects of noise level on intelligibility (see TableA1). Also, a third monologue in the Japanese series had amuch lower than average intelligibility score. As this casecorresponded to a no noise condition in the productionstudy, its poor intelligibility would not be a problembecause it would lead to underestimation of the differencebetween noise level conditions.Both language groups showed an interaction of monologueand presentation order � English: F[45,240] = 2.74, p <.0001; Japanese: F[45,240] = 4.40, p < .0001. For Japanese,the main effect of order was not reliable (p > .05) and theinteracttion was due to one presentation order givingintelligibility scores markedly lower than the other three.For English, the main effect of order was reliable (F[3,16] =5.19, p < .02), with mean intelligibility of the fourpresentation orders distributed evenly between 35 and 60percent. This last result is interesting because it suggeststhat relatively long-term differences (on a scale of minutesand hours) in event sequences affect perceiver performancein word identification tasks. Nevertheless, it must beremembered that the intelligibility scores in both this andthe production study were based on identification of only afew words contained within 100-130 word monologues,whose masking noise was not uniform. Even so, thesimilarity of intelligibility scores for the two languagegroups of the production study (Figure 2), and the smallperceptual variability among monologues when tested at aconsistent noise level, suggest that masking noise levelwas the primary determinant of intelligibility in theproduction study.APPENDIX BTables are presented below for sequence lengths 3, 4, 6, and7 (Compare Tables 3-4 in the text). The most common gazeTable A-1Mean monologue intelligibility scores (0-1) for 20 perceivers of English and 20 perceivers of Japanese., Although themonologues were presented at one image size and noise level, the results are tabulated to reflect the way the monologues wereassigned to noise level and image size conditions in the production study.EnglishJapaneseSize 1Size 2Size 3Size 4Size 1Size 2Size 3Size 4None

M 0.430.50.520.510.420.620.660.62 SEM 0.050.040.060.060.060.040.040.04Low

M 0.490.520.410.480.510.680.670.69

0.040.040.060.050.050.040.040.04Mid

M 0.480.430.450.440.620.670.830.44

0.050.040.050.040.040.040.030.04High

M 0.250.570.640.430.660.720.650.63

0.040.040.060.050.050.040.040.03

56sequence patterns are ranked by frequency for each languagegroup as a function of noise level on the left and image sizeon the right.Table B-1Pattern counts for gaze sequence length three ranked by frequency and tabulated by language and noise level (left) and imagesize (right) condition.

Noise Level

Image Size

SequenceNoneLowMidHigh1234TotalEnglish43418721514287205136197936313431882001179518911917711560045490991164888134914035334578759228596110152273353121474353552889922645348366763146478677256543788777136555845125554556678345561135230251435776144184540585720053583283241351773591844534144591720346245161354375038728283937132Total1119103991948389181211097483560Japanese4341681661271181352098714857934316116413112312020997153579353118117130765811112215044153510298118713995108147389454496151297654312919034552603131355944361745343955283320514935155545284341265234302213843539372820174335291244533040223012414128122543393829153143281912135420151912822211566Total8458947555846039716938113078

57Table B-2Pattern counts for gaze sequence length four ranked for frequency by language and condition.

Noise Level

Image Size

SequenceNoneLowMidHigh1234TotalEnglish343412514886761479212868435434312514779661448512464417454540475940429236161864345555752174745642518154544050573241923412179543459585285041632317753436047322134334746160345448425113453253241544543444751641345221148535366172233278594413835356817153430105638134343558402312312540371333534492925122318324211545342931411317274723114435350261713231728381063453292937111126432610635432935204181729248843542334263212027188653452115399101335268454351821214141417196454531011205881614464535128164261418403545812182101191040Total106696885943883676610536763331Japanese3434128132108102101173691274704343121125999093159641194355353888410259377494128333353586731015435728012731443453533241731431916109454521323217452318161025454193031154820151295534325272019183523159134352928181517302320903454283116132432151788435327292012103325208854343128179293016108534532228141810272718823534203214151131271281454323271582526121073453416181117718191862534514267132162319604535122091242019105354538128102141483835431461254141093753541010116213111137Total7778316895265559036237422823

58Table B-3Pattern counts for gaze sequence length six ranked for frequency by language and condition

Noise Level

Image Size

SequenceNoneLowMidHigh1234TotalEnglish343434658547519852663224843434365844446974864302395454542126292020601339645454521212623175912391434543292421220153011765353533995201343917733454342821221191529972353535388418172361368543434242318114142711664343452320185181127106653434323217812151715593434541718194171019125854345419171832211204574543451617192141122754454343191616319122035434353424157481018145043453413171275191964934343520195412101412483453431619755161610474353432215631010141246353434201334414166403434531512671112984043543415168711147395343532167341411837453434131455641215373435431215737121083743435317115387111036Total6555823912555044786052961883Japanese34343480937666671163894315434343748770616110834892925353536554714224486010023235353561507340244852100224434345221713101425111262545454121520635468534545451215187323710523434541711810921511463454341715731611694234343513109108189742543434161375121586415343431111108817105404345431512731412293743435314107651511637454343121065109773334353412123661494334353537101233118103234534310658511942934345388856101032945343477595118428Total4854664353133645273104981699

59Table B-4Pattern counts for gaze sequence length seven ranked for frequency by language and condition

Noise Level

Image Size

SequenceNoneLowMidHigh1234TotalEnglish43434345268393984405222198343434353693043814347241954545454161822181649974545454516192115115172714345434241918117122676235353533262141223010545353535277315102328524343454131314112618541454343412141411251684153434341313687111210404543454141013213815339543454316111217615139345434314101311081463834345431313927813937343534320104377158373434345119124771663654343431112111124145353454345141199715334Total3713322521683442763661371123Japanese434343465796152559327822573434343577261534890277824335353535643643624424588199535353554425935173844911903434345191513812239115545454541213174322574654545459121442615739434345415987918393954343431311741013663543454341311631410183334343531087651475313434543119637112929534343478856118328434343585685117427Total3493373372282703771964081251