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ABSTRA CT

Access to visual information b y blind and visually impaired p ersons is often

ac hiev ed through its man ual translation in to tactile form. This con v ersion is a time-

consuming e�ort in v olving the use of glue, string, scissors, cardb oard and other craft

materials, tracing pap er and marking p ens, or computer-aided dra wing pac k ages, to

pro duce a tangible represen tation of the original image. Although w orth while, suc h

an approac h is neither timely nor easily repro ducible, and clearly necessitates the

in v olv emen t of a sp ecially skilled sigh ted individual in the pro cess.

Computers excel at displa ying information via m ultiple media, including the

CDR OM and ubiquitous In ternet. This omnipresence of the computer in ev eryda y

life pro vides ready a v ailabilit y to a m yriad of graphical, textual and auditory infor-

mation for sigh ted and blind individuals alik e. F or blind computer users, text-based

information is output as syn thesized sp eec h or as braille via a sp ecial purp ose prin ter

or displa y . The surging prev alence of the graphical user in terface (GUI), ho w ev er,

in tro duces sev ere imp edimen ts for the blind comm unit y , resulting from a forsaking

of the textual in fa v or of the visual. This trend to w ard visual displa y tec hniques

means that, in the midst of the da wning \Information Age," a blind p erson has

r e duc e d access to information. Pictures, dra wings, video and animation are not

directly accessible to the blind computer user.
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This thesis dev elops a comp osite soft w are/hardw are system for automatic

translation of electronic images in to tactile form. In this system, an aggregate

pro cess comprised of a sequence of image pro cessing algorithms is applied to an

image to pro duce a simpli�ed v ersion of the original. This caricaturized image is

subsequen tly output in a raised tactile graphic form on micro capsule pap er, suitable

for displa y to a blind p erson.

T o motiv ate the tec hniques used in this system, topics in h uman p erception,

tactile graphics pro duction and image pro cessing are explored. T o pro vide access to

visual information for blind p ersons, an understanding of ho w w e as h umans in terface

with the w orld around us and ho w tactile graphics are pro duced is vital. A summary

of p ertinen t bac kground regarding h uman factors and p erceptual issues, particularly

as they relate to blindness, is pro vided. The tec hnologies and tec hniques for tactile

graphic pro duction are review ed, as is curren t researc h in this area. The use of

image pro cessing tec hniques for purp oses of sim ulating some asp ects of the visual

system is justi�ed, and applicable algorithms for suc h pro cessing are discussed.

Presen ted next are the sp eci�c tec hniques used in this system to pro duce

tactile images from visual ones rapidly and automatically . The e�cacy of these

tec hniques is examined in terms of recognizabilit y , classi�abilit y and comprehensi-

bilit y as measured in a series of exp erimen ts. Finally , future directions in whic h this

w ork ma y lead are discussed.
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Chapter 1

INTR ODUCTION

\One picture is w orth a thousand w ords [36]." So reads the w ell-w orn age-old

adage. The professor describ es a particularly c hallenging concept to the class and

�nds herself a w ash in a sea of blank stares. What do es she do next? She puts

c halk to slate and illustrates the di�cult topic with a diagram. The glazed lo oks are

replaced with ligh t bulbs. A man is strolling along a busy cit y sidew alk. He reads

the newspap er as he w alks, oblivious to where he is stepping. W e see a banana p eel

on the w alkw a y ahead. Instan tly , w e an ticipate what will happ en next. Momen ts

later, a sho e lands squarely on the p eel and the newspap er 
ies in to the air as the

man tum bles to the pa v emen t. Consider the remark able liv e television image of a

h uman b eing standing on the surface of the mo on in 1969 (Figure 1.1). Consider

the consequences of the sinister microscopic Eb ola virus, so deadly it kills its prey

in w eeks or ev en da ys (Figure 1.2). W ords alone cannot express the full impact of

suc h images in the w a y that the pictures can.

Visual information, whether to illustrate a p oin t, mak e us c h uc kle or inspire

us, is all around us and sp eaks to us in a most p o w erful w a y . Supp ose that y ou do

not ha v e the sense of sigh t. All of those pictures are no w virtually inaccessible to

y ou. A diagram on the c halkb oard is nothing more than a series of b one-jangling

squeaks. A w alk do wn a cit y sidew alk is a cacophon y of fo otsteps, car horns and

1



Figure 1.1: Astronaut Edwin E. Aldrin, Jr. p oses b eside a deplo y ed U.S. 
ag on

the surface of the mo on. (NASA)

Figure 1.2: First ev er electron micrograph of Eb ola Zaire virus, tak en b y Dr. F.

A. Murph y at the Cen ters for Disease Con trol in 1976. Diagnostic

sp ecimen in cell culture at 160,000X magni�cation. (CDC)
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street v endors. The television screen is just a sligh tly curv ed piece of glass that

crac kles with static electricit y when y ou brush y our �ngers across it. A photograph

is simply a slic k piece of pap er. Blindness eliminates access to the m yriad of visual

information that man y of us rely on to mak e our w a y in the w orld eac h da y .

F or p ersons who are blind, the answ er to this impaired access is to rely up on

the senses of hearing and touc h. In 1834, Louis Braille p erfected an em b ossed-dot

co de for sigh tless reading and writing, regarded as one of the most signi�can t con-

tributions to the education of blind p ersons and replacing a less e�ectiv e em b ossed

letter system [57]. With braille, letters of the alphab et, n um b ers and other sym-

b ols are represen ted b y raising v arious com binations of dots in a six dot (2 � 3) or

eigh t dot (2 � 4) rectangular arra y . Braille is the standard metho d for pro ducing

b o oks that blind p ersons can read [26 ]. Computers can con v ert the written w ord

in to sp eec h, so that an y text prin ted on the computer screen can b e sp ok en aloud.

Neither braille nor audio output, ho w ev er, can y et pro vide go o d access to ra w visual

information [32]. F uture applications ma y one da y include an arti�cially in telligen t

image-to-text con v erter that w ould examine a computerized picture and generate

a textual description that could subsequen tly b e output as sp eec h. This problem,

kno wn as Image Understanding, remains unsolv ed due to (1) information lost when

a t w o-dimensional image is created from the three-dimensional w orld, (2) ob ject

o cclusion, and (3) the e�ects of in ter-reaction of visual phenomena on the v alue of

eac h pixel [9, 12 , 74 , 78 ]. Sp eci�c applications of image understanding tec hniques

are curren tly in use in the areas of mobile rob ot na vigation, complex man ufactur-

ing tasks, medical image pro cessing, and analysis of satellite images [74]. Ho w ev er,

solving this di�cult problem of arti�cial vision in the general case is not lik ely to

happ en so on. The ric hness and v ariet y of the spatial information con tained in the

visual domain requires thousands up on thousands of w ords to describ e the complete

con ten t adequately , a metho d whic h is of questionable practicalit y and far b ey ond
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the state of the art. This absence of practical image description tec hniques p oin ts

out the necessit y for e�ectiv e tactile rendering.

One straigh tforw ard metho d of pro viding access to an image for blind p eople

is to asso ciate with the image a brief textual description that can b e accessed at

will. Suc h a description necessitates sp ecial preparation b y a sigh ted p erson [8, 25].

F urthermore, this preparation m ust b e done for ev ery image to assure complete

accessibilit y . F or limited applications this metho d migh t b e feasible, but it is not

practical in the general case. F or example, with the literally millions of images on

the In ternet already , and a constan t stream of new ones p ouring on to the net w ork

daily , it is di�cult to en vision pro viding a textual description for eac h.

There are certain images that, b ecause of their particular timeliness or rapid

c hange, w ould b e quite di�cult to describ e adequately using text or audio. Consider

images of a satellite w eather map that ma y b e up dated once a second, t w en t y-four

hours a da y . Clearly , inclusion of an individually written textual description of suc h

images, ev en giv en the curren t state of the art, is improbable at b est.

The sense of touc h is relied up on frequen tly b y blind p ersons in lieu of sigh t.

One common metho d of presen ting visual images in a touc hable or tactile fashion

is through use of tactile gr aphics . The term tactile refers to the sense of touc h [55].

T actile gr aphics pro vide a raised represen tation of suc h visually useful materials as

maps, graphs and other simple dra wings. By curren t practice, these are prepared b y

a sigh ted p erson individually and b y hand. This preparation is neither timely nor

e�cien t. Timeliness, ho w ev er, is not a ma jor issue for infrequen tly c hanging items,

suc h as maps [25].

Man y blind p ersons rely up on the computer as a pip eline connecting them

to a deep w ell of easily accessible textual information. The da wning of the so-called
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\Information Age" has brough t with it a shift from textual to graphical represen ta-

tion of information. Ev erywhere one go es on the In ternet, glitzy icons, images and

animation are replacing w ords. This explosiv e gro wth of reliance up on graphics as

the c hoice for information presen tation, whic h includes the dominance of the graph-

ical user in terface (GUI), has had a signi�can t p ositiv e impact on sigh ted computer

users and a drastic negativ e one on blind computer users [11 , 92]. The v olume of

graphical information residing on the In ternet and presen t b y the v ery nature of the

GUI paradigm mak es it impractical to include a textual description with eac h and

ev ery graphic.

Some barriers are o v ercome with new commercial GUI-friendly screen review

and sp eec h syn thesis soft w are and hardw are. These systems can b e com bined with

w ell-dev elop ed tec hnologies suc h as em b ossed braille prin ters and braille cell displa ys

to pro vide limited access. Directory na vigation and text-based tasks suc h as w ord

pro cessing in the GUI en vironmen t can b e handled b y k eeping an o�-screen mo del of

the on-screen graphics [65, 71]. In suc h a mo del, w ords are dra wn on the computer

screen as pictures of these w ords, collections of pixels set to the righ t color and

in tensit y in the righ t p ositions on the screen. Mean while, eac h w ord of the original

text is k ept in a lo cation in the computer memory , and is asso ciated with its picture

on the screen. In this w a y , w ords can b e pro vided to a sp eec h syn thesizer or braille

displa y , th us giving access to a p erson who cannot see the screen [15, 32].

One commercial device, the Optacon (see page 30), can pro duce a vibrotactile

represen tation of whatev er w ords or dra wings pass underneath its hand-held scanner.

The Optacon displa y is a �ngertip-sized matrix of tin y pins that vibrate individually

in resp onse to an ob ject, suc h as text or a simple dra wing, view ed b y the scanner [83].

Th us, an a feels lik e a vibrating letter a to the �nger. Unfortunately , this a ma y

also feel lik e similarly shap ed letters suc h as c , e , o , s or u . This inheren t am biguit y
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means that ev en with quite a bit of training, reading with an Optacon is slo w [10,

21, 22]. Other exp erimen tal means, including an Optacon-based device, ha v e pro v en

successful in a�ording limited tactile access to v ery simple sym b ols, pro viding a

means to distinguish b et w een, for instance, a circle, a triangle and an X [99 ].

These metho ds, ho w ev er, fall short in their abilit y to pro vide access to com-

plex visual information, suc h as photographs. A photograph is a t w o-dimensional

depiction of a three-dimensional view. By c omplex w e mean an image with the qual-

ities of a t ypical photograph. These qualities include ha ving man y shades of color

and lev els of in tensit y , shado ws and other depth cues suc h as o v erlap and relativ e

size, and complicated shap es. W e glean clues ab out orien tation of, and relativ e p osi-

tions among, ob jects in a photograph from shado ws, shap e and size [18]. Presen ting

suc h complex information as a tactile image is non trivial, to sa y the least.

T actile imaging is the pro cess of turning a visual item, suc h as a picture,

in to a touc hable raised v ersion of the image so that this tactile rendition faithfully

represen ts the original information. Prop erly done, tactile imaging pro vides access

for blind p ersons to visual information that is inaccessible via other means suc h

as audio or textual description. T actual p er c eption , the ph ysiological capabilities

of the h uman sensory system to explore and discern via the sense of touc h, is w ell

understo o d. F actors suc h as the size and shap e of the �ngertip, temp oral and

spatial resp onse of the nerv e receptors in the skin, and incorp oration of kinesthetic,

or haptic, cues m ust b e considered. These factors limit the size and detail of tactile

images to within the resp onse ranges of these v arious factors [55, 82 ].

The w a y in whic h the mind p erceiv es and classi�es images is a w ell-studied

area, one in whic h a n um b er of theories ha v e dev elop ed. Among these, p erhaps

the most accepted view is that of h uman memory b eing arranged hierarc hically
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from general to sp eci�c in terms of one or more qualities of the ob ject b eing p er-

ceiv ed. Whether the information is visual or tactile, the brain uses this same general

framew ork for classi�cation [18, 42, 46]. Th us, pro ducing usable tactile images from

photographs is a c hallenge requiring a careful balance of resolution, size, shap e and

detail. Ha ving to o m uc h detail in a tactile image will result in m uc h of its con ten t

b eing lost, actually degrading its clarit y and utilit y due to an information o v erload

of sorts. This o v erload results from limitations of tactual p erception, particularly

the ph ysiological disparit y b et w een the resolution of the h uman ey e and �ngertip.

Including to o little detail will result in a tactile image that ma y not feel lik e an y-

thing more than a simple shap e, not adequately represen ting the original image at

all [43 ]. This am biguit y is due to the manner in whic h the brain categorizes what it

p erceiv es, in this case classifying tactually indistinguishable items as the same, ev en

though the unpro cessed visual originals ma y ha v e b een quite di�eren t.

In this thesis, one ma jor step to w ard creating access to complex visual images

is considered. The w ell-studied areas of tactual p erception, the h uman sensory sys-

tem in general, image pro cessing tec hniques, and tactile graphics are discussed. T o

justify a heretofore unexplored com bination of factors and theories from these areas,

a broad arra y of necessary bac kground information is pro vided. This information

pla ys a formativ e and vital role in the motiv ation of this researc h. These tec hniques,

tak en individually , are common, general and w ell-kno wn. T ak en as a whole and in

v ery sp eci�c com binations, the results are unique and notew orth y .

Sp eci�cally , the con ten t b egins with a brief review of the h uman sensory

system, fo cusing on ho w w e in terface with our w orld. Relev an t statistics regarding

the blind p opulation are presen ted, and an o v erview of blind computer user in terface

tec hnology is pro vided. P erception at the tactual and men tal lev els and related

h uman p erformance parameters are discussed, and the visual and tactual senses are
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con trasted. This con ten t prop els a further discussion of image pro cessing tec hniques

that can roughly sim ulate the abilities of these p erceptual systems.

This bac kground information then is used to motiv ate a discussion of a new

metho d for the automatic translation of visual images in to tactile images called

the T A CT ile I mage C r e ation S ystem (T A CTICS) [95, 96 ]. This protot yp e system

pro vides access to previously inaccessible visual information using image pro cessing

and tactile graphics pro duction tec hniques. The goal of this system is to free the

blind computer user from reliance up on a sigh ted individual to prepare custom

tactile graphics, or tactics [30 ], and to o v ercome the considerable time dela y in doing

so. T actile images (Figure 1.3 & Figure 1.4) of photographic images are pro duced

b y T A CTICS in seconds or min utes as opp osed to hours or da ys. The comp onen ts

and mec hanics of the system, including the image pro cessing algorithms, output

medium and o v erall pro cedure for con v ersion of images from visual to tactile, are

describ ed as w ell.

Justi�cation for the tec hniques used b y T A CTICS is presen ted in the form of

results of a series of exp erimen ts. These exp erimen ts explore a range of tasks from

simple discrimination to image con ten t comprehension. F rom a careful analysis

of the results, conclusions are dra wn regarding the e�ectiv eness of T A CTICS, and

future extensions to the system, as w ell as related areas of future w ork, are prop osed.

It is hop ed that the reader of this thesis will ha v e a \Wh y didn't I think of

that?" reaction to the researc h and results presen ted here. Although the scien ti�c

underpinnings of this system are comprehensiv e and complex, the system itself is

straigh tforw ard, elegan t and in tuitiv e. If the ev en tual e�ect of this researc h is to

a�ord b etter access to visual information for blind p ersons, then p erhaps it will b e

judged to b e a v aluable con tribution to science.
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Figure 1.3: Figure 1.1 after image w as pro cessed using T A CTICS.

Figure 1.4: Figure 1.2 after image w as pro cessed using T A CTICS. See App endix G

for samples of expanded tactile images.
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Chapter 2

BA CK GR OUND

The e�cacy of a metho d for automatically con v erting visual information

in to tactile information necessarily is dep enden t up on a v ariet y of factors, whic h are

review ed in this c hapter. T o guide the design of suc h a system, an understanding

of the h uman factors of sensation and p erception, including ho w the sense of touc h

compares to the sense of sigh t, is imp ortan t. There are lessons to b e learned from

past and curren t tec hniques for tactile graphic pro duction and other non-visual

metho ds used b y blind p ersons to access computer-based information. The medium

for the description of visual information that is under consideration in this thesis

is the computerized image. Ho w suc h images are represen ted and the tec hniques

that can b e used to op erate up on them are explored, and their corresp ondence to

h uman tactual p erception is considered. The bac kground

1

pro vided in this c hapter

will b e used to motiv ate the protot yp e system and exp erimen tal proto col detailed

in follo wing c hapters.

1

See App endix E for a summary of v arious parameters related to tactual p ercep-

tion and a�ecting the design of T A CTICS.
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2.1 The Human Sensory System

The fundamen tal issue in presen ting visual information in a meaningful tactile

form is the understanding of some basics of h uman sensory p erception. By reviewing

ho w the h uman sensory system collects and comprehends information and what the

limits are to the t yp e and amoun t of information the senses can pro cess, it ma y

b e p ossible to iden tify factors that can pla y a role in the con v ersion of information

in tended for one sense to a form suitable for another sense.

2.1.1 Information and Sense

Humans receiv e all of their information ab out the w orld around them using

one or more of �v e senses [18]. The Gustatory Sense pro vides information on taste

qualities suc h as sw eet, salt y , sour and bitter. Often w orking in conjunction with

taste is the Olfactory Sense , whic h pro vides smell information. The A uditory Sense ,

our hearing, allo ws us to receiv e auditory information suc h as m usic, sp eec h and

noise. The T actual Sense is comprised of touc h and kinesthesis, pro viding infor-

mation ab out suc h ph ysical w orld qualities as temp erature, p erception of texture,

p osition and motion. Finally , the Visual Sense , our sense of sigh t, is ho w w e receiv e

visual information including color, brigh tness, depth of �eld, and motion.

2.1.2 Bandwidth Comparison

The b andwidth of a sense refers to the capacit y of that sense to receiv e and

p erceiv e information. Studies sho w that vision, as one migh t in tuitiv ely exp ect, is

our highest bandwidth sense, follo w ed b y hearing and touc h (T able 2.1) [45]. The
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T able 2.1: Summary of information bandwidth limitations for three senses [45 ].

Sense Mo dality Limit bits=sec

Skin (vibrotactile)

2

10

2

Ear 10

4

Ey e 10

6

Visual Sense is t w o orders of magnitude b etter at carrying information than the

Auditory Sense, whic h is t w o orders of magnitude b etter than the T actual Sense.

The Gustatory and Olfactory Senses are m uc h more prone than the others

to the e�ects of adaptation , and are not e�cien t at carrying information at a rate

an ywhere near that of ev en the T actual Sense. A daptation refers to the tendency

of a sense to gro w accustomed to a stim ulus, thereb y b ecoming less sensitiv e to it

o v er time. T aste and smell are prone to adaptation and ha v e comparativ ely slo w

reco v ery times, while the other three senses ha v e sp eedier reco v ery times that are

roughly prop ortional to their bandwidths. As the highest bandwidth and most

resilien t sense, vision is clearly of the greatest imp ortance among the senses, and

therefore the hardest to do without. By comparison, the other senses ha v e lo w er to

m uc h lo w er information capacities whic h mak es the problem of sensory substitution

for vision a di�cult one to address [18 , 43 ].

The implications for dev elopmen t of a vision substitution system are signi�-

can t b y virtue of this large bandwidth disparit y . Visual information cannot simply

b e mapp ed directly to the auditory or tactual domains, but clearly m ust b e reduced

b y some bandwidth correlated scaling factor. F urther, this scaling m ust preserv e

the meaning of the original visual information to b e useful. It is this information

reduction task whic h forms the basis for the system w e dev elop in this thesis.

2

The results of previous researc h indicated that the h uman �ngertip pro cesses

vibrotactile signals at a rate no more than 10

1

bits=sec [20, 31 , 48 ].
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2.2 T actual P erception

T actual p er c eption primarily refers to activ e exploratory and manipulativ e

touc h. Study of the ph ysiological factors in v olv ed in tactual p erception is imp ortan t

if one is to gain an understanding of ho w b est to create tactile images. F or a

tactile image to b e useful, a blind p erson m ust b e able to explore it with the sense

of touc h, usually the �ngers, and extract some con ten t information. Th us, limits

to tactual p erception, suc h as resolution of the h uman �ngertip, image scale as a

factor of comprehension, and ho w the mind pro cesses suc h information are imp ortan t

considerations [54, 55].

2.2.1 Cutaneous Sensing

The basic ph ysiology of the h uman skin de�nes limits to the abilit y of our

sense of touc h. Of particular imp ortance to tactile graphics are the di�erence limen

and its relation to temp oral resp onse thresholds and masking phenomena. The

di�er enc e limen is the minim um statically discernible displacemen t b et w een t w o

p oin ts suc h that the p oin ts are distinct. In e�ect, this is tactile resolution, whic h for

the skin of the �ngertip is appro ximately 2.5mm. When statically felt, t w o p oin ts

closer than this distance tend to feel lik e one p oin t, whereas t w o p oin ts farther apart

than this feel lik e t w o distinct p oin ts [82]. This �gure indicates that the resolution

of the �ngertip is m uc h lo w er than the h uman ey e. Therefore, w e can safely sa y

that tactile images require lo w er resolution than visual images. The de�nitiv e w ork

on this t w o-p oin t threshold, including its use as an indicator of the relativ e spatial

resolution as a function of b o dy lo cus, is in [97].
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2.2.2 Spatial Sensing

Spatial sensing incorp orates what w e kno w ab out static sensing, em b ellished

with further measuremen ts of sensory abilities tak en during motion of the �nger [80].

Related to the t w o-p oin t di�erence limen is the minim um discernible displacemen t

of a p oin t on a surface. F or highly smo oth surfaces and under carefully con trolled

lab oratory conditions, a 2-micron high p oin t can b e felt using activ e touc h [50 ]. The

heigh t of a braille dot, an easily discernible ob ject, is in the range 0.02 - 0.05cm [26].

This is a generally acceptable range of heigh ts for tactile graphics, with heigh ts at

the upp er end of the range naturally pro viding relativ e impro v emen ts in p ercepti-

bilit y [55 ], m uc h as brigh ter ligh ting or higher v olume can impro v e p erceptabilit y

in the visual and auditory domains. The limiting factor for the heigh t of tactile

graphics is inheren t in the media in whic h they are pro duced.

Spatial tactile discrimination has b een measured using square-w a v e grat-

ings of v arying gro o v e amplitudes and separations under conditions of activ e ex-

ploration [39, 55 , 82]. Sequences of gratings w ere presen ted to the distal pad of

the righ t index �nger in b oth the same and orthogonal orien tations to the axis of

the �nger. Observ ers noted di�erences in orien tation of the gro o v es, whic h rev ealed

the distance at whic h orien tation of gro o v es b ecame indiscriminable. This study

demonstrated that the minim um tactually discernible grating resolution is 1.0mm,

and that suc h discrimination impro v es linearly as the grating width increases ab o v e

1.0mm. This result is due to the forw ard masking e�ect of one stim ulus up on p ercep-

tion of subsequen t stim uli. The cutaneous receptors in the skin require a p erio d of

time to reco v er after cessation of one stim ulus b efore correct sensing of a subsequen t

stim ulus can b egin [54].
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T ak en together, these factors app ear to indicate that the resolution of a tactile

image should b e somewhat �ner than 1 dot=mm to pro duce a relativ ely smo oth feel

to the image, while resolutions m uc h lo w er than this seem to pro vide little or no

b ene�t to tactile p erceptibilit y . F or comparison, a resolution of 1 dot=mm equals

25.4 dots=inch , and the resolution of a standard laser prin ter is at least as �ne as 300

dots=inch . This resolution is su�cien t and signi�can t, since the system dev elop ed

in this thesis relies on a laser prin ter in the tactile graphics pro duction pro cess.

2.2.3 T actile P attern P erception

The visual sense resp onds w ell to min ute di�erences in stim ulus, while the

sense of touc h tends to need greater v ariation in stim ulus patterns to succeed in

p erceptual tasks [44, 55 ]. Although touc h can discriminate and recognize complex

tactile patterns [43], suc h p erception in v olv es a n um b er of complicated cognitiv e

pro cesses [47 ].

There is strong basis for the supp osition that spatial information, whic h in-

cludes graphics, is stored in the visual cortex p ortion of the brain [46]. This mec ha-

nism is similar for sigh ted and blind p ersons, regardless of whether this information

is gathered using the sense of sigh t or touc h. Researc h indicates that the abilit y

to store and subsequen tly retriev e tactually p erceiv ed spatial information can v ary

greatly from individual to individual. This v ariation dep ends to a signi�can t de-

gree on the lev el of visual memory (see page 18) a blind p erson p ossesses, as often

determined b y the age of the onset of blindness. There is comparativ ely little v ari-

ation in suc h abilit y among the sigh ted p opulation [77 ]. The storage and retriev al

of spatial information is b eliev ed to b e organized in a hierarc hical fashion in the

brain, whic h classi�es information based on gross c haracteristics �rst, follo w ed b y
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detailed c haracteristics [9, 90 ]. Although the resolution of the sense of touc h de-

grades slo wly with age [69], whic h unfortunately equates with a statistical rise in

blindness [77, 79], exp erience with tactile graphics can mak e up for this sligh t loss

of touc h sensitivit y [43 , 93].

The metho d t ypically used b y a blind p erson to explore a tactile graphic

tends to supp ort the hierarc hical view of h uman spatial memory . The exploration

b y a blind p erson of a tactile graphic generally is p erformed in t w o stages. First, the

en tire image is explored as a whole, pro viding a general tactile o v erview. Second, the

details of the tactile image are explored. Researc h has v eri�ed this metho dology [34]

and has sho wn that this tec hnique is used b y blindfolded sigh ted p ersons as w ell.

These results indicate that the concept of a hierarc hical structure of the h uman

spatial memory is a reasonable assumption.

It is imp ortan t to note that the acuit y of the touc h sense is comparable to

blurred vision in similar tasks [1, 53 ]. The signi�cance of this relationship is that

an y tactile represen tation of visual information, based on what w e already kno w

ab out tactual p erception, should b e su�cien tly simple to mak e up for this reduced

lev el of acuit y [21 , 25, 55 , 82 ]. This result supp orts our c hoice of pursuing metho ds

of image simpli�cation in pro ducing tactile images from their visual coun terparts.

2.2.4 Aiding Comprehension

Comprehension of a tactile displa y is increased when the reader is someho w

clued in to what will b e felt [25]. Just as one exp ects photographs in a newspap er to

ha v e an asso ciated caption, so to o w ould one reasonably exp ect that the comprehen-

sibilit y of a tactile image w ould b e enhanced b y including some asso ciated textual

information. This enhancemen t can b e accomplished using standard tec hniques,
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suc h as b y incorp orating braille text with an image or b y using sp eec h output from

a computer sp eec h syn thesizer to add information and increase comprehension.

In a photograph, information ab out the relativ e depth within the �eld of

view of ob jects is pro vided b y masking, shado ws and size [18 , 46 ]. This information

is not readily discernible in a tactile format and is a factor whic h can inhibit the

comprehensibilit y of a tactile image. One surprising side e�ect of c ongenital blind-

ness (see page 18) on comprehension is the relativ e insensitivit y to orien tation of

the tactile graphic b eing touc hed. Where blindfolded sigh ted sub jects in one study

w ere confused b y a rotated or non-uprigh t tactile graphic represen tation of a kno wn

ob ject, blind sub jects su�ered little confusion. These blind sub jects w ere quite facile

at men tally rotating the spatial information p erceiv ed from the graphic represen-

tation, p erforming m uc h b etter at comprehension tasks than the sigh ted sub jects

under the same conditions [16].

Represen ting depth and p ersp ectiv e in a tactile image is di�cult, if not im-

p ossible, using a t w o-dimensional tactile displa y medium. F urther, the congenitally

blind individual lac ks a visual frame of reference for in terpretation of suc h inher-

en tly three-dimensional information when it is mapp ed on to a t w o-dimensional dis-

pla y [55]. This shortcoming of t w o-dimensional tactile graphics displa y metho ds can

b e handled b y some of the up-and-coming haptic displa y tec hnologies (see page 33).
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2.3 The Blind P opulation

2.3.1 De�nition of T erms

The American F oundation for the Blind recommends that the term blind b e

reserv ed for individuals with no usable sigh t whatso ev er, while low vision , visual ly

imp air e d or p artial ly sighte d can b e used to describ e those with some usable vision.

These terms coincide with standard medical diagnostic guidelines whic h divide visual

impairmen t in to t w o classi�cations: no light p er c eption (NLP) and light p er c eption

(LP). An individual with corrected visual acuit y of 20 = 200 in the b etter ey e or a

visual �eld of 20 degrees or less in the b etter ey e is considered le gal ly blind . A blind

p erson is either c ongenital ly blind , b eing blind from birth or during the �rst �v e y ears

of life and p ossibly lac king visual memory , or adventitiously blind , with blindness

b eginning after the age �v e and with the probable presence of visual memory . Visual

memory means the abilit y to classify and remem b er ob jects w e p erceiv e in terms of

visual c haracteristics, suc h as shap e, size, color, p osition and p ersp ectiv e [77 ].

2.3.2 Misconceptions

There exist n umerous misconceptions regarding blind p ersons [37, 60 , 77].

P ositiv e misconceptions are that blind p eople are exceptionally m usical, p ossess

extraordinary senses of hearing and touc h, and are highly in telligen t. Negativ e

misconceptions include supp ositions of helplessness, dep endence, laziness and lac k

of in telligence. Of particular relev ance is the supp osed increased sense of touc h.

T ouc h sensitivit y v aries little from p erson to p erson, with no statistical di�erence

b et w een the sigh ted and blind p opulation [56]. Ho w ev er, it do es seem reasonable

that a blind p erson ma y b e more accustomed to relying on the sense of touc h and

in terpreting tactual information [5, 43].
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2.3.3 The Blind Computer User

Statistics released b y the W orld Health Organization in 1987 estimate that

there are 30- to 40-million blind p eople in the w orld [77]. According to 1989 statis-

tics from the National So ciet y to Prev en t Blindness, appro ximately 500,000 U.S.

residen ts are legally blind [77]. Of those �gures, roughly ten p ercen t are totally

without sigh t [79].

The increase in the general p opulation's reliance up on the computer carries

o v er to the blind p opulation as w ell [11]. As the n um b er of computer users con tin ues

to gro w quite rapidly , an y precise coun t of users w ould ob viously b e out of date

ev en b efore it w as written do wn. Ho w ev er, what is certain is that this n um b er

is su�cien tly large to supp ort an assertion that blind computer users mak e up a

sizable group. It is w orth noting that the a v ailabilit y and a�ordabilit y of syn thetic

sp eec h output via computer has broadened access to information for this p opulation

as compared to braille access to the same information.

According to the American Prin ting House for the Blind (APH), of the blind

p opulation residing in the United States and of reading age, few er than 16 p ercen t

are 
uen t in braille, while w orldwide the �gure is lo w er still [93]. Another study

cites the braille 
uency rate among blind and visually impaired computer users at

10 p ercen t [32]. While these lo w braille literacy rates are discouraging, there is some

reason for optimism in the future. In a study of sc ho ol systems for blind c hildren,

more than one third of the studen ts w ere found to b e 
uen t in braille, although

audio output, either in the form of recorded b o oks or sp eec h syn thesis, w as still the

mo de of c hoice at the time of the study (T able 2.2) [93 , 100 ].
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T able 2.2: Reading mo des used b y a group of 7,987 totally blind studen ts.

Metho d Per c entage

3

Aural 61

Braille 37

Braille & Large T yp e 1

Large T yp e 1

The size of the blind p opulation in prop ortion to the general p opulation is

exp ected to remain steady [77, 79 ]. The p ortion of the visually impaired p opulation

that has some residual sigh t, and that can access computers using sigh t-enhancemen t

tec hniques suc h as screen magni�ers, will not necessarily b e help ed b y the researc h in

this thesis. While the theories and metho ds dev elop ed here ha v e wide applications,

including the �elds of telecomm unications, rehabilitation engineering and computer

vision, the fo cus here will b e on pro viding access to those blind and visually impaired

p ersons who cannot b ene�t from curren tly existing sigh t enhancemen t tec hnology .

F or purp oses of this thesis, this group will b e referred to as blind c omputer users .

2.4 Access T ec hnology for Blind Computer Users

Blind p ersons ha v e a great man y means for accessing textual and visual

information [10, 14 , 15, 17, 24 , 25 , 30, 29, 32 , 49 , 61, 88]. A n um b er of these

metho ds already do or can b e adapted to pro vide blind computer users with access

to graphical information. Man y traditional metho ds of access, suc h as braille output

in one form or another, are, and con tin ue to b e, widely used. Their e�cacy is

unquestioned. Some relativ ely recen t dev elopmen ts, suc h as sp eec h output, are also

3

Note that a small p ercen tage (appro ximately 2%) p ossessed enough residual

sigh t to mak e use of Large T yp e, either alone or in com bination with Braille

writing, although due to either extremely lo w acuit y or a narro w �eld of view

these studen ts w ere classi�ed as total ly blind [100 ].
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e�ectiv e and quic kly merging with traditional metho ds to create new standards for

access. Researc h is activ e in the dev elopmen t of dynamic and refreshable tactile

displa ys [15, 24]. Inno v ations in the materials and tec hniques used to displa y visual

information in a non-visual fashion are ac hieving some success [27, 92 ]. These new

metho ds sho w promise, although tec hnology con tin ues to lag b ehind concept.

The task of accessing visual information is one of mapping information from

the visual domain to that of one of the other senses. Kno wing that this is essen tially

an information v olume-reduction problem, giv en that the bandwidth of eac h of the

other four senses is signi�can tly lo w er than that of vision, it is helpful to lo ok at

some of the more successful approac hes to tac kling this problem b efore dev eloping

additional solutions. These metho ds fall in to the general categories of Static T actile

Gr aphics , A uditory Interfac es , Dynamic T actile Gr aphics and Haptic Interfac es . In

addition to these a v ailable means, there is activ e researc h in this area that is w orth

reviewing as w ell. Note that there is no curren t tec hnology a v ailable for mapping

vision to the senses of taste or smell.

2.4.1 Static T actile Graphics

Metho ds for pro duction of static tactile graphics are v aried and usually re-

quire the in terv en tion of a sigh ted p erson in their preparation [25 , 88]. This activ e

participation is a consequence of the di�cult y of con v erting visual information in to

tactile information, the Image Understanding Problem. Clearly a picture on a 
at

computer screen is of no use to a blind p erson, necessitating the in v olv emen t of a

sigh ted individual should access to suc h a picture's con ten t b e desired.

The pro cess of con v erting computer graphics to tactile graphics can b e a

lab or-in tensiv e and time-consuming one. There are three imp ortan t steps in this
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pro cess: (1) e diting , (2) tr ansferr al and (3) pr o duction . Consider an y original t w o-

dimensional graphic, suc h as a p encil sk etc h, ink dra wing, graph, diagram, illustra-

tion or prin ted picture.

F or a tactile graphic displa y to b e comprehensible, it m ust not con tain to o

m uc h information. General design guidelines, dev elop ed through y ears of practical

application and re�nemen t of tec hnique, suggest that a tactile graphic should con-

tain the least amoun t of information p ossible to con v ey the con ten t of the image

successfully . Clutter or an o v erabundance of detail in a tactile image can detract

from its usabilit y and hamp er one's abilit y to understand its con ten t [44, 55]. Th us,

it is imp ortan t to simplify complex images in the e diting step of the pro cess of con-

v erting them to tactile images. Exp erience sho ws that a tactile graphic that is to o

large or to o small detracts from comprehensibilit y as w ell [99 ]. The size of a tactile

image should b e k ept within a hand span, or roughly 3in to 5in on a side.

T r ansferr al en tails placing the image on to some tactile output medium. A

picture is �rst traced on tracing pap er, and then is transferred to the tactile displa y

material using carb on pap er and retracing. Other metho ds for transferral include the

p anto gr aph , whic h is an instrumen t consisting of four arms join ted in parallelogram

form. It is adjustable to pro duce tracings of smaller, the same, or larger sizes.

Using grids to scale images is also a common tec hnique, as is use of the enlargemen t

capabilities of mo dern photo copier mac hines.

The pr o duction step is where the ph ysical tactile graphic is pro duced. There

are n umerous metho ds considered standard; without exception, all require the in-

terv en tion of a sigh ted p erson to translate a visual image in to a tactile one. There

are a n um b er of commonly used metho ds for tactile graphic pro duction [24 , 25, 88],

including the follo wing:
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2.4.1.1 Raised-line dra wing b oards

Designed to b e used b y blind p ersons for pro ducing raised-line dra wings, this

common to ol is also useful for fast pro duction of tactile v ersions of visual originals.

A st ylus pro duces a raised line when dra wn o v er a plastic �lm, giving an instan t

tactile represen tation.

2.4.1.2 T actile-exp erience pictures

This metho d is often used for y oung c hildren. Pictures are constructed of a

v ariet y of materials, including w o o d, plastic, cloth, sandpap er, fur, and metal, whic h

are glued to a sti� cardb oard bac king. This metho d in v olv es individually fashioning

eac h piece out of the desired material and assem bling the resulting pieces in to the

tactile picture.

2.4.1.3 Buildup displa ys

Similar in metho d to tactile-exp erience pictures, buildup displa ys rely on

m ultiple la y ers of pap er to build up a raised dra wing. Additional materials, suc h as

wire, string and ev en staples, ma y b e added to enhance the dra wing.

2.4.1.4 Em b ossed pap er displa ys

This tec hnique repro duces a dra wing on hea vy pap er using a collection of

em b ossing to ols. A rev erse view of a sk etc h is �rst transferred to the bac k of a sheet

of em b ossing pap er. The to ols are then used to trace the sk etc h, em b ossing it as a

series of raised dots.
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2.4.1.5 Braille graphics

Graphics em b ossing can b e pro duced more simply and sp eedily using a stan-

dard braille prin ter connected to a computer. Op erating in graphics mo de, the

prin ter maps pixels (see page 37) of the original image to braille dots to pro duce

the em b ossed v ersion of the picture. The resolution of this metho d is lo w; to b e

e�ectiv e, the original image m ust b e a simple line dra wing. This metho d has t w o

distinct adv an tages: man y blind computer users ha v e access to a braille prin ter and

no sigh ted in terv en tion is required for its use. Hence, with the prop er pro cessing

tec hniques applied to images, as will b e describ ed in the discussion of T A CTICS (see

page 41), it ma y b e p ossible to utilize suc h a prin ter to pro duce adequate tactile

represen tations of pictures.

2.4.1.6 V acuum-forming metho d

This metho d, also kno wn as \thermoforming," excels at pro ducing m ultiple

copies of a tactile graphic in a v ery durable format. It requires a raised master made

of stable or unpliable material. Next, the master is placed on a p erforated tra y in

the v acuum-forming mac hine. A sheet of thin plastic is fastened o v er the master

suc h that it forms an airtigh t co v er. A heating unit is placed o v er the plastic as

air is suc k ed out from b elo w the master, deforming the no w plian t plastic o v er the

master. Once co oled, the plastic sheet is a durable replica of the original. This

pro cess can tak e as little as one min ute, whic h is acceptable for pro ducing m ultiple

copies.
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2.4.1.7 Micro capsule pap er

Referred to v ariously as \capsule pap er," \sw ell pap er" or \pu� pap er," this

is a quic k and economical w a y to pro duce tactile graphics. It is pap er that has b een

coated with microscopic capsules of p olyst yrene (Figure 2.1), eac h b eing � 100 � m

in diameter.

There are t w o t yp es of micro capsule pap er a v ailable on the in ternational mar-

k et. Flexi-Pap er is a p oly eth ylene-based pap er man ufactured b y Repro-T ronics, in

W est w o o d, New Jersey [73]. It is tan in color and is quite durable under condi-

tions of folding and crumpling. The Matsumoto Kosan Compan y of Osak a, Japan,

pro duces a pap er-based v ersion [58], white in color, that pro vides for blind p ersons

a more familiar sti� feel resem bling that of hea vy braille em b ossing pap er while

b eing less resistan t to the e�ects of folding than Flexi-P ap er. Both are compa-

rable in price ( � $1.00 U.S. p er sheet). With an unexpanded capsule diameter of

100 � m, the unexpanded resolution of b oth brands is therefore 10

4

capsul es=cm (2.54

� 10

4

capsul es=in ). The capsules expand up w ard and out w ard consisten tly to a di-

ameter (heigh t) of 0.2mm to 1.0mm, yielding an expanded resolution of 10 to 50

capsul es=cm (25 to 127 capsul es=in ). In practical observ ations in the lab oratory ,

the t ypical expanded diameter is � 0.3mm and t ypical expanded heigh t is � 1.0mm.

Microcapsules

Figure 2.1: Micro capsule pap er (enlarged view) sho wing la y er of p olyst yrene mi-

cro capsules on p oly eth ylene or pap er transp ort medium.
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T o b ene�t from this expanded resolution, a prin ter should ha v e a resolution

of at least 127 dots=inch , the b est p ossible resolution of expanded micro capsule

pap er based on man ufacturers' sp eci�cations. Prin ting at a higher resolution will not

pro duce a gain in tactile image resolution since the p olyst yrene capsules expand b oth

up w ard and out w ard, meeting to create a con tiguous surface with other expanded

capsules within the range of the ab o v e noted resolution. Th us, a t ypical laser prin ter

with a resolution of 300 dots=inch is en tirely adequate for initial output of the image

to b e expanded. The amplitude of this expansion is a�ected b y the temp erature of

the heating elemen t, with higher temp eratures pro ducing sligh tly more pronounced

expansion.

Original graphics are photo copied on to the micro capsule pap er using a stan-

dard o�ce cop y mac hine (Figure 2.2). Graphics can also b e applied to the micro-

capsule pap er using ink p ens, mark ers and other dra wing implemen ts. The only

requiremen t is that the graphic b e rendered in blac k. Once the image is applied to

the micro capsule pap er, it is inserted image side up in to a heating mac hine, referred

to as the T actile Image Enhanc er (Figure 2.3). F or expanding m ultiple pages, eac h

exp osed sheet of micro capsule pap er m ust b e fed individually in to the Enhancer.

When exp osed to a heat source of 120-125 degrees Celsius (248-257 degrees

F ahrenheit), p ortions of the pap er that are prin ted in blac k expand. The micro-

capsules b eneath the blac k lines of a diagram absorb more heat than the other

micro capsules and expand in diameter, raising the dra wing from the bac kground

(Figure 2.4).

An added b ene�t is that one can dra w directly on the micro capsule pap er,

whic h then can b e raised immediately . The time tak en to raise one dra wing already

on a sheet of micro capsule pap er is appro ximately ten seconds. Ev en accoun ting for
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Image

Figure 2.2: Micro capsule pap er after image is a�xed to the surface b y photo cop y-

ing or ink dra wing.

Transport
rollers

Heating element

Paper path

Figure 2.3: Simpli�ed view of the T actile Image Enhancer, sho wing in ternal w ork-

ings of the device for expanding previously exp osed micro capsule pa-

p er.

Expanded capsules

Figure 2.4: Micro capsule pap er after exp osure in image enhancer, sho wing ex-

panded capsules. Note that capsules ma y not expand fully when only

partially co v ered b y prin ting, although this degree of expansion is un-

predictable.
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prin ting from a computer, photo cop ying on to the micro capsule pap er, and subse-

quen t raising, the en tire pro cess is still reasonably fast. Instan t raised lines can b e

pro duced on micro capsule pap er using a new heat-p en device dev elop ed b y Repro-

T ronics.

2.4.1.8 Other metho ds

Numerous other metho ds exist for pro ducing tactile graphics, although none

are widely used. F or purp oses of completeness w e men tion only their names here.

These additional metho ds include relief maps, cork maps and graphs, non�gurativ e

pictures, sewing-mac hine diagrams, em b ossed alumin um-foil displa ys, mo v able-parts

displa ys, 
annel-b oard diagrams, magnetic-b oard diagrams, electroforming pro cess-

ing, n yloprin t, silk screening, the solid-dot pro cess, foam-ink prin ting, storm relief

prin ting, and screen dra wings. Exhaustiv e co v erage of all of the ab o v e tec hniques

are a v ailable in a v ariet y of sources, including [15, 24, 25 , 88 ].

2.4.1.9 Summary

These static displa y metho ds t ypically pro duce long-lasting, e�ectiv e displa ys

of static visual information. F or dynamic information, suc h as material displa y ed

on a computer screen, other access metho ds are more appropriate.

2.4.2 Auditory In terfaces

This thesis fo cuses on the pro duction of tactile graphic output of informa-

tion of a primarily graphical or visual nature, but it is w orth noting that auditory

output is the metho d of c hoice for displa y of textual information for blind computer
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users [15 , 32]. While there is a wide v ariet y of metho ds for pro duction of tactile

graphics, output of computer-generated sp eec h is more generic. Screen review soft-

w are is used b y the blind computer user to explore the textual material and to

select the desired passage. T ypically , the soft w are sends the text it encoun ters to

a hardw are device, suc h as a sp eec h-syn thesis card added as an enhancemen t to a

computer, for con v ersion from text to sp eec h [86]. There are man y suc h soft w are

programs and hardw are devices on the mark et and in wide a v ailabilit y . The usabil-

it y of the user in terface and qualit y of the pro duced sp eec h in suc h soft w are and

hardw are v aries from man ufacturer to man ufacturer.

One big b ene�t of sp eec h output is that users who cannot read braille can use

it; in addition, it is generally quite a�ordable. Reliable sp eec h syn thesizers are a v ail-

able for most computers, and the qualit y of sp eec h is t ypically quite go o d. P erhaps

the most attractiv e feature of the screen review and sp eec h syn thesis output metho d

is adjustable sp eaking sp eed, enabling a blind p erson to listen at 300 w or ds=minute

or more [15, 81, 88 ], a sp eed that is quite comp etitiv e with t ypical sigh ted-reading

sp eeds of 250 to 500 w or ds=minute [23].

The Nomad is an example of a m ultimo dal device, com bining static tactile

graphics with audio output. A tactile graphic, suc h as a map, is pro duced and a�xed

to the displa y surface of the Nomad. This surface is addressable via computer; and

eac h region can b e mapp ed to sounds that will pla y in resp onse to the asso ciated

region b eing touc hed. The Nomad is w ell suited to m useum displa ys and shopping-

mall maps but requires assistance from a sigh ted p erson for con�guration [24].
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2.4.3 Dynamic T actile In terfaces

Curren tly , the only dynamic tactile displa y device in wide use is the Optacon

(Figure 2.5). It is a vibrotactile displa y , comprised of a �ngertip-sized matrix of 144

vibrating pins, arranged in a 24-ro w, 6-column format (Figure 2.6). This displa y is

con tained in a p ortable case (8in � 6in � 2in, 4.0 lbs) and is p o w ered b y one 5-

v olt, rec hargeable, nic k el-cadmium battery . Vibration is caused b y piezo electric �lm

bimorphs, whic h vibrate with v arying amplitude at 230Hz in resp onse to v arying

lev els of curren t. Its use in v olv es placing the �nger of one hand on to the vibrotactile

displa y pad and using the other hand to pass a scanning device o v er the desired text

or image.

Figure 2.5: T elesensory's Optacon I I in action [83]. User places index �nger of one

hand on vibrotactile pin arra y and guides scanner across material to

b e view ed with other hand. (T elesensory)
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Figure 2.6: La y out of the vibrotactile pin matrix displa y of the Optacon.

The Optacon w as designed as an alternativ e to braille for reading prin ted

text; but reading sp eeds are slo w er (50 w or ds=minute after mon ths of training

and practice) than with braille (104 w or ds=minute ), and m uc h slo w er than with

syn thesized sp eec h output (300+ w or ds=minute ) [24, 26, 91 ]. The price of a new

Optacon, in the neigh b orho o d of $4,000.00 U.S., is also an issue for some [24 , 83].

As of the publication of this thesis, the compan y whic h pro duces the Optacon,

T elesensory , plans to discon tin ue pro duction; and negotiations are underw a y with

other companies to con tin ue pro duction in the future [84 ].

During use, the pins of the Optacon displa y react indep enden tly in a one-

to-one mapping of pixels, or groups of pixels, to pins in resp onse to an image or

text passed under the lens of the scanner. Blac k regions of the scanned item cause

pins to vibrate while white regions inhibit vibration. Th us, a letter, line or picture

feels lik e a vibrating replica of the original [83] (Figure 2.7). Ho w ev er, the vibrating

displa y pro duces a noticeable amoun t of buzzing noise, and the vibration itself tends

to temp orarily dull the sense of touc h on the �nger resting on the displa y after a

p erio d of use.
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S
Denotes active or
vibrating pins

Figure 2.7: Activ e pin matrix displa y of the Optacon, demonstrating displa y of

the capital letter S .

Precursor to the Optacon w as the T actile Vision Substitution System

( TVSS ) (Figure 2.8), whic h used a similar tec hnique to displa y a vibrating rep-

resen tation of an image on a user's bac k [6, 98]. The image w as captured b y a

television camera and sen t to a more widely spaced arra y of vibrating pins. The

idea of the system w as ev en tually to pro duce a system b y whic h a blind p erson could

w ear a video camera and bac kpac k displa y and actually maneuv er through the w orld

using the vibrating represen tation of what the camera sa w for guidance. The tec h-

nique ma y ha v e b een ahead of its time, b eing bulky and noisy , ev en b y early 1970's

standards. Mo dern tec hnology ma y y et pro duce suc h a system for indep enden t,

w alk-around vision replacemen t [10, 17 , 22 ].

Pro ducing a dynamic tactile displa y is an activ e area of researc h. In a sub-

sequen t section w e review some prominen t researc h in this area.
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Figure 2.8: T actile Vision Substitution System ( TVSS ) [98 ].

2.4.4 Haptic In terfaces

The term haptic refers to the proprio ceptiv e, or p ositional, sense, whic h is

an extension of touc h [41]. Th us, a haptic in terface can represen t three or more di-

mensions, whereas a tactile displa y pro vides only t w o dimensions. Haptic in terfaces

are an imp ortan t displa y metho d in virtual realit y systems, capable of repro ducing

a sense of p osition in space, in teraction of forces, and ev en textures. Of course, the

original information m ust b e m ultidimensional as w ell, often generated b y math-

graphing pac k ages or custom graphing soft w are.

Examples of this highly activ e area of researc h include dev elopmen t of a

metho d for displa y of graphs of mathematical functions and scien ti�c data using a

three-degree of freedom device called the PHANT oM [30 , 29, 59], protein molecule

do c king sim ulations [14], three dimensional v olume haptization [35 ], and successful

exp erimen ts in sim ulating textures with an enhanced jo ystic k device [61 , 62 ].
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These devices are generally v ery exp ensiv e ($10,000.00 U.S. and up) and so

are still relegated to a small n um b er of researc h facilities. It is hop ed that ev en tually

a�ordable haptic in terfaces will b e readily a v ailable, pro viding blind computer users

with an ev en greater abilit y to explore traditionally visual information ph ysically .

An in-depth study of haptic in terfaces is b ey ond the scop e of this w ork, although

progress in this area is clearly imp ortan t to note. An extensiv e bibliograph y on this

topic is a v ailable in [62 ].

2.4.5 Dynamic T actile Displa y Researc h

Enabling blind p ersons to access visual data on a computer meaningfully is

an area of vigorous researc h. Some of the more p ertinen t pro jects from the presen t

and near past include:

� A virtual tactile tablet incorp orating a vibrotactile displa y mo dule demon-

strated that increasing a graphic's size and its displa y resolution impro v ed

recognition, while merely v arying the complexit y of a graphic's geometric

shap e did not dramatically e�ect ob ject recognition [99 ].

� Exp erimen ts with a single-pin tactile mouse rev ealed that immediate tactile

feedbac k impro v ed resp onse times in GUI na vigation tasks [85].

� The use of nic k el-titanium shap e-memory allo w (SMA) to pro vide actuation

of a tactile displa y sho ws promise as the basis for a ligh t w eigh t and p ortable

displa y , although the p o w er consumed and the heat pro duced b y suc h a displa y

are still high. F urther, curren t shap e-memory allo y su�ers from brittleness,

slo w resp onse and reco v ery times, and lac k of long-term durabilit y [33].
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� A 64-solenoid, four-lev el, pin-based �ngertip displa y , used to in v estigate tac-

tual comprehension impro v emen t through represen tation of lev els of graphics

image in tensit y b y v arying pin heigh ts on the displa y [28].

� A virtual tactile computer displa y whic h uses electromec hanically actuated

pins in a rectangular tactile arra y comparable in size to the sensing area of

the �ngertip [40].

� The use of p olymer gels, or electrorheological 
uids, for fabrication of actuators

whic h then conceiv ably could b e used in the dev elopmen t of a tactile displa y .

Suc h 
uids b ecome �rm when curren t is passed through them and could also

serv e as the basis for a direct-touc h, deformable tactile displa y [27, 63, 64 , 68].

� P ast researc h delv ed in to electro cutaneous stim ulators, whic h deliv ered tin y

electrical sho c ks to the skin, and air jet stim ulators, whic h replaced the pin

arra y with an arrangemen t of tin y holes where pu�s of air are aimed at the

skin [22]. Neither of these metho ds w as particularly successful; these t w o

metho ds are generally accepted b y the mainstream researc h comm unit y as

un w orth y of further consideration.

2.4.6 Mo ving T o w ard E�ectiv e T actile Displa y of Graphics

Audio output is not a solution for most graphics problems b ecause of the

di�cult y of the Image Understanding Problem. In order for syn thesized sp eec h

output to pro vide adequate access to an image, the image w ould �rst ha v e to b e

understo o d b y the computer, an unlik ely o ccurrence at presen t. The most promising

direction for researc h is to w ard creation of a refreshable tactile displa y . Suc h a

displa y w ould b e the tactile equiv alen t of a standard computer screen, or catho de

ra y tub e, pro viding direct access to the graphical con ten ts of the computer.
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F or suc h a dynamic displa y to b e usable b y blind p ersons, atten tion m ust b e

paid to ho w graphic material is to b e displa y ed. Clearly , the �ngertip p ossesses a

m uc h lo w er resolution than the ey e, so complex visual information m ust b e simpli�ed

someho w.

Dev eloping a system for p erforming suc h simpli�cation, including factors re-

lated to metho d, e�ectiv eness, usabilit y , and future applicabilit y , is the scop e and

direction of this thesis w ork.

2.5 Represen tation of Images

An image is an alternativ e represen tation of some visual scene [52, 78]. These

represen tations include sk etc hes, dra wings, photographs, computerized graphics and

pictures, and motion picture �lm and videotap e. F or purp oses of this thesis, w e can

safely restrict the discussion to computerized images.

2.5.1 Quan tization

In order to create a computer image from some other t yp e, some form of

quantization is p erformed. In this pro cess, samples of the image are tak en using a

scanner or digital camera at some regular in terv al and size, based on the desired

resolution of the �nal quan tized image. Eac h sample is assigned a discrete v alue, or

set of v alues, that represen t the in tensit y or color of the sample as closely as p ossible.

In the pro cess of p erforming this discretization, some resolution and clarit y of the

original is necessarily lost, at least with an y practical system. This loss is due to

sampling round-o� error when mapping the analog real-w orld in to the digital w orld

of the computer and allo ws the image to b e pro cessed b y computer [72, 78].
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2.5.2 Computerized Represen tation

The basic unit of the computerized image is the picture elemen t or pixel [52].

F or images represen ted solely as shades of gra y , eac h pixel is assigned a single v alue,

t ypically an 8-bit in teger. Th us, suc h an 8-bit gr aysc ale image has an in tensit y range

of 256 lev els of gra y , with 0 t ypically indicating blac k and 255 indicating white.

Similarly , color images ha v e three suc h 8-bit in tensit y lev els asso ciated with eac h

pixel, one eac h for the R ed, G reen and B lue comp onen ts. Eac h pixel in this 24-bit

color R GB image therefore can represen t o v er 16 million (256

3

) colors. Conceptually ,

and ph ysically , an image is stored in a t w o- or three-dimensional arra y (see page 42)

in the computer's memory .

F or purp oses of this researc h, w e consider primarily complex computer im-

ages, quan tized represen tations of photographs, electron micrographs, individual

video images, etc., as these presen t the greatest di�culties when creating a tactile

represen tation. Simple images, suc h as sk etc hes, diagrams, and line dra wings often

can b e con v erted straigh tforw ardly in to tactile form. Complex images are t ypically

comprised of a broad and unpredictable mixture of shap e, color, in tensit y , and other

real-w orld complexities, presen ting the most signi�can t c hallenges to access b y the

blind computer user.

2.6 Image Pro cessing

Image pr o c essing is a broad term describing the algorithmic transformation of

an image from one form to another [72]. Pro cesses are divided in to general categories

of p oint pr o c esses , ar e a pr o c esses , fr ame pr o c esses and ge ometric pr o c esses [52].

Point pr o c esses are the simplest and most frequen tly used of the image pro cessing

op erations. A p oin t pro cess is an algorithm that mo di�es a pixel's v alue in an image
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based solely up on that single pixel's v alue or lo cation. Common p oin t pro cesses are

image brigh tening, negativ e images, image thresholding, image con trast stretc hing

and image pseudo coloring.

A r e a pr o c esses use groups of pixels surrounding a cen tral pixel of in terest to

deriv e information ab out an image. This group of pixels, often referred to as a neigh-

b orho o d , is examined in some algorithmic fashion as a group. This examination, for

instance, can determine the brigh tness trend information or spatial frequency , with

the result utilized in determining a new v alue applied to the cen tral pixel of the

neigh b orho o d. Examples of area pro cesses include edge enhancemen t and detec-

tion, image sharp ening, smo othing and blurring, and remo v al of random noise. An

area-pro cess algorithm t ypically in v olv es the c onvolution of some w eigh ting factors

con tained in a con v olution kernel . Con v olution (see page 45) can b e though t of as a

w eigh ted summation pro cess, whic h pro duces a new v alue for a cen tral pixel based

on some function of the v alues of a n um b er of its neigh b ors.

F r ame pr o c esses use information from t w o or more images, or video frames,

together with a com bination function to pro duce a new image. Among the man y

practical applications of frame pro cesses are motion detection, bac kground remo v al,

image-qualit y enhancemen t and image com bination.

Ge ometric pr o c esses c hange the spatial p ositioning or arrangemen t of pixels

within an image based up on some geometric transformation. T ypical op erations

p erformed b y geometric pro cesses include image scaling, sizing, rotation, translation

and mirror imaging. Example uses include spatial ab erration correction, image

comp osition and sp ecial e�ects.
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2.6.1 Applicabilit y to T actual P erception and T A CTICS

Pro duction of tactually p erceiv able tactile images b ears some similarit y to the

c hallenges of the �eld of computer vision. The aim of computer vision is automati-

cally to pro vide analysis of an image on whic h some decision can b e based [12, 66].

Image pro cessing tec hniques are in v ariably used in this task to transform an im-

age in suc h a w a y as to pro duce some form of useful output. Similarly , the aim of

T A CTICS is to presen t a visual image in a tactile format suc h that it is useful in

some w a y to an observ er. Image pro cessing tec hniques w ould app ear to b e a natural

approac h to use. The limits to tactile resolution, and the understo o d imp ortance of

reducing to an essen tial minim um the information presen ted to the �ngertip, clearly

calls for a simplifying transformation of complex images.

Man y image pro cessing algorithms are kno wn for accomplishing v arious sim-

plifying transformations on an image [7, 9, 52, 70 , 72 , 76, 87]. W e can reduce

a photograph to line information only , remo v e noise, caricaturize a h uman face,

reduce resolution or separate an image in to distinct regions. These tec hniques,

and others, are motiv ated and applied in a tactile graphics creation system called

T A CTICS . View ed in terms of computer vision, the aim of this protot yp e system is

to pro cess images automatically images suc h that the result can b e output as useful,

in this case comprehensible, tactile graphics.
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Chapter 3

T A CTICS: T A CTILE IMA GE CREA TION SYSTEM

Con v erting visual information in to tactile information in an automatic, timely

and ultimately comprehensible fashion is the force prop elling dev elopmen t of this

protot yp e system. The lessons learned from the areas of tactual p erception, tactile

graphic pro duction and the applicabilit y of image pro cessing tec hniques to tactile

graphic generation are extended to and applied in the creation of this system. The

details of the system, including the justi�cation for its dev elopmen t, the sp eci�c

algorithms used for image simpli�cation, the soft w are and hardw are utilized, and the

complete pro cedure for acquiring, transforming and tactilizing visual information,

are discussed.

3.1 Automatic Generation of T actile Graphics

The pro duction of tactile graphics, as w e ha v e seen, can b e a time-consuming

pro cess of careful translation from visual to tactile form necessitating the in v olv e-

men t of a sigh ted p erson. Cost and timeliness prev en t most blind p ersons from

ha ving ready access to the abundan t high-qualit y computer images a v ailable on the

In ternet and elsewhere. With an automatic metho d for p erforming suc h transla-

tions, increased access to the w ealth of computerized graphical information could

b e pro vided. Suc h information is, at presen t, essen tially inaccessible, requiring the
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in terv en tion of a sigh ted p erson to p erform con v ersion from visual to tactile form.

Automatic computerized con v ersion can b e accomplished a�ordably , using readily

a v ailable or easily adaptable tec hnology , com bined with the appropriate image pro-

cessing tec hniques.

A tec hnique for the automatic generation of tactile graphics in v olv es acquiring

an image, p erforming some simplifying pro cessing, and displa ying the result on a

tactile output medium, suc h as micro capsule pap er or a dynamic, real-time tactile

displa y .

3.2 Genesis of T A CTICS

The T A CTile Image Creation System (T A CTICS) is an attempt to further

the state-of-the-art of researc h in the area of automatic tactile graphic generation.

This protot yp e system is made up of soft w are and hardw are comp onen ts, making

use of a v ailable image pro cessing pac k ages and static tactile graphic pro duction

tec hniques.

The imp etus b ehind the dev elopmen t of this exp erimen tal system w as a p er-

ceiv ed lac k of researc h b eing p erformed in addressing accessibilit y issues related to

complex image information. The fo cus of m uc h of the researc h in computer access

to graphical information for blind p ersons is restricted to narro w categories of infor-

mation, suc h as mathematical form ulae, iconic na vigation, or b etter auditory access

to text. Our aim is to pro vide a general metho d for pro viding access to photographic

and other visual information that is in electronic form. It is hop ed that this thesis

will serv e as a starting p oin t in what is an exciting and heretofore unc harted area

of researc h, ric h with implications and p ossibilities.
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3.3 Image Pro cessing Algorithms

There are a great man y algorithms that pro cess images to pro duce a wide

v ariet y of e�ects. In this thesis w e are concerned with the e�ect more than with the

sp eci�c means. F or a thorough understanding of ho w the classes of algorithms w e

ha v e c hosen op erate on images, and ho w they relate to our goal of image simpli�ca-

tion, w e presen t a brief and somewhat simpli�ed in tro duction to eac h of them. F or

purp oses of this discussion, w e assume that an image is gra yscale, although these al-

gorithms ha v e forms that w ork equally w ell for color images. Since w e are concerned

neither with mo ving images nor geometric transformations, w e do not consider frame

or geometric pro cesses; rather, w e restrict co v erage to a n um b er of p oin t and area

pro cesses. Detailed theoretical treatmen t of image pro cessing tec hniques is a v ailable

in [72 ], while an implemen tation-orien ted approac h is giv en in [52].

3.3.1 Notation

F or clarit y , the notation used within this thesis to describ e images and image

pro cessing algorithms is de�ned here. A gra yscale image X of o v erall width w and

heigh t h can b e represen ted b y a t w o-dimensional arra y of p oin ts, eac h of whic h has

a certain v alue, denoted b y X

m;n

, represen ting the brigh tness or in tensit y of that

p oin t (Figure 3.1).
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: : : X

1 w
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: : : X
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: : : X
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Figure 3.1: F ormat of t w o-dimensional image.
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A color image has a set of three in tensit y v alues, one eac h for the red, green

and blue comp onen ts of eac h pixel, asso ciated with eac h p osition in the arra y

1

.

F ormally , an 8-bit gra yscale image is describ ed b y:

X = 1 � m � w ; 1 � n � h; X

m;n

2 f 0 ; 1 ; : : : ; 255 g (3.1)

The set of p oin ts N in a square region of width w

0

surrounding a giv en p oin t

is the neighb orho o d of that p oin t. F or p oin ts that are closer than

w

0

� 1

2

p oin ts to an

image b oundary , the neigh b orho o d will include only those p oin ts falling within the

image. The neigh b orho o d of a p oin t X

m;n

is denoted b y the set:

N

m;n

= f w

0

is o dd ;

max ( m �

w

0

� 1

2

; 1) � i � min ( m +

w

0

� 1

2

; w ) ;

max ( n �

w

0

� 1

2

; 1) � j � min ( n +

w

0

� 1

2

; h ) :

X

i;j

g

(3.2)

An algorithm a is represen ted b y a mathematical function F

a

that transforms

an image X in to a pro cessed image Y , as follo ws:

Y = F

a

( X ) (3.3)

1

Although color images are often represen ted in this R GB format, n umerous

other represen tational sc hemes exist. Among the most common of these meth-

o ds are: Cy an, Magen ta and Y ello w (CMY), Hue, Saturation and V alue (HSV),

Hue, Saturation and Ligh tness (HLS), Hue, Saturation and In tensit y (HSI), and

Hue, Chrominance and In tensit y (HCI).
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3.3.2 Edge Detection

An edge detection algorithm attempts to lo cate and highligh t e dges in an

image (Figure 3.2). These edges are simply the p ortions of an image where there is

a rapid c hange in in tensit y . The faster suc h a transition is made from ligh t to dark,

or vice v ersa, the more lik ely an edge detection algorithm is to consider the cen ter of

suc h a transition as an edge. Eac h pixel that is found to b e part of an edge is set to

the color white, while non-edge pixels can b e left alone or assigned the color blac k

using some thresholding function. A common v ersion of this algorithm is the Sob el

edge detector, whic h accomplishes edge detection b y using the scaled a v erage of one

of a 3 � 3 pixel neigh b orho o d's horizon tal or v ertical directional deriv ativ e, as �rst

describ ed in [70]. The Sob el edge detection function mak es use of t w o matrices, or

masks, one eac h for the v ertical and horizon tal directions:

V =

2

6

6

6

6
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� 1 0 1
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� 1 0 1
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6

6
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1 2 1
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3

7

7

7

7

7

5

(3.4)

Figure 3.2: Before and after Sob el edge detection algorithm. (public domain)
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These masks are c onvolve d o v er an image. Generally sp eaking, con v olution

is a linear-only algorithm that in v olv es passing o v er an input image pixel b y pixel,

applying some transformation to eac h p oin t or to the neigh b orho o d of a p oin t to

generate a new v alue, and then placing that new v alue at the same p osition in an

output image. In the case of Sob el edge detection function F

S

, the t w o masks V

and H are applied as follo ws for eac h p oin t ( m; n ) in image X :

A

m;n

= N

m;n

� V (3.5)

B

m;n

= N

m;n

� H (3.6)

A

0

m;n

=

X

u 2 A

m;n

u (3.7)

B

0

m;n

=

X

v 2 B

m;n

v (3.8)

F

S

( X

m;n

) =

q

A

0

m;n

2

+ B

0

m;n

2

(3.9)

This is a v ery computationally exp ensiv e op eration to p erform, particularly

for larger images, due to the necessary 20 m ultiplications, 19 additions and 1 square-

ro ot op eration p er pixel. There are n umerous metho ds describ ed in the literature

that can sp eed up this pro cess. In the system implemen ted for this thesis, the tec h-

nique used is a com bination of shortcuts and a simple comparison and thresholding.

Note that one-third of the elemen ts in eac h mask are 0s, so a third of the m ultiplica-

tions can b e eliminated. Rather than m ultiply elemen ts b y -1 or 2, a unary negativ e

sign or left-shift-b y-one-bit op eration is used, resp ectiv ely . The computational cost

of these t w o mo di�cations is equiv alen t to an addition rather than m ultiplication

step. Since the maxim um in tensit y v alue of a pixel is 255, squared v alues ab o v e

65025 (255 � 255, whic h is precomputed one time only) can b e merely assigned 255.

Finally , for the remaining computations, the square ro ot is tak en as in Equation 3.9.
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With these mo dest mo di�cations, the n um b er of op erations p erformed is reduced

to 2 m ultiplications (the squaring op erations), 17 additions and 1 square ro ot.

3.3.3 Blurring

Often referred to in the literature as low p ass �ltering , blurring reduces the

detail in an image b y remo ving the high frequency comp onen t [78]. It accomplishes

this b y using the v alues of all pixels in a neigh b orho o d, assigning some function

of those v alues to the cen ter pixel. Application of either a Gaussian or a v eraging

function are t w o common tec hniques to accomplish blurring. Av eraging is the most

straigh tforw ard and fastest tec hnique and, considering the lo w resolution of the

h uman �ngertip, is su�cien t. The blurring function F

B

is describ ed as:

F

B

( X

m;n

) =

P

v 2 N

m;n

v

j N

m;n

j

(3.10)

Applying this function to all pixels in an image pro duces a blurry v ersion of

the original image (Figure 3.3).

Figure 3.3: Image b efore and after application of blurring algorithm.

46



This is also describ ed as the con v olution o v er X b y a blurring mask or kernel .

F or example, the blurring algorithm used in this researc h is accomplished with the

follo wing 3 � 3 k ernel B :

B =

2

6

6

6

6

6

4

1 1 1

1 1 1

1 1 1

3

7

7

7

7

7

5

(3.11)

3.3.4 Segmen tation

Images are generally comprised of one or more regions, de�ned as sections or

segmen ts of an image whose mem b ers are closely related b y color or in tensit y . A

common tec hnique for lo cating segmen ts is called K -me ans se gmentation [51, 76 , 89]

(Figure 3.4). In this algorithm, eac h pixel is assigned to one of some n um b er K of

di�eren t groups, based on its o wn in tensit y lev el. This tec hnique divides pixels with

closely related in tensities in to lik e groups or clusters , pro ducing an image that is

segmen ted b y in tensit y . A similar segmen tation can b e p erformed based on color.

Algorithmically , the K -means segmen tation applied to image X is describ ed as

follo ws [89]:

Figure 3.4: Image b efore and after application of K -means segmen tation algo-

rithm, with K = 2.
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� Step 1 . Cho ose K initial cluster cen ters z

1

(1) ; z

2

(1) ; : : : ; z

K

(1). These can

b e c hosen arbitrarily as, sa y , the in tensit y v alues of the �rst K pixels in X ,

or ev enly spaced across the range 0 � 255 as is implemen ted in the system

describ ed in this thesis.

� Step 2 . A t the k th iterativ e step, distribute the in tensit y v alues f X

m;n

g among

the K cluster domains, using the relation:

X

m;n

2 S

j

( k ) ; if j X

m;n

� z

j

( k ) j < j X

m;n

� z

i

( k ) j (3.12)

8 i = 1 ; 2 ; : : : ; K ; i 6= j , where S

j

( k ) denotes the set of in tensit y v alues whose

cluster cen ter is z

j

( k ).

� Step 3 . F rom the results of Step 2 , compute the new cluster cen ters z

j

( k +

1) ; j = 1 ; 2 ; : : : ; K , suc h that the sum of the squared distances from all p oin ts

in S

j

( k ) to the new cluster cen ter is minimized. This is simply the mean of

S

j

( k ), giv en b y:

z

j

( k + 1) =

P

X

m;n

2 S

j

( k )

X

m;n

j S

j

( k ) j

; j = 1 ; 2 ; : : : ; K (3.13)

It is from this manner in whic h eac h of the K cluster cen ters are iterativ ely

up dated with the a v erage v alue for eac h cluster that the name \ K -means" is

deriv ed.

� Step 4 . If z

j

( k + 1) = z

j

( k ) for j = 1 ; 2 ; : : : ; K , the algorithm has con v erged

and can b e terminated. Otherwise, go bac k to Step 2 and con tin ue.

The fundamen tal dra wbac k of this general statistical analysis of, or histo gr am-

b ase d approac h to, image segmen tation is the inheren t disregard for spatial coher-

ence [67]. A daptive se gmentation attempts to tak e in to accoun t a smaller p ortion

48



of an image, pro ducing a segmen tation based only on that p ortion. The e�ect of

this pro cess can b e to retain more of the original image information, pro ducing a

segmen tation whic h more closely resem bles the original (Figure 3.5). This result

often is ac hiev ed at some computational exp ense and man y times pro duces a result

only marginally b etter than a straigh tforw ard segmen tation algorithm for purp oses

of image simpli�cation and automatic tactile graphics generation.

As implemen ted for this thesis, the adaptiv e v ersion of the algorithm p erforms

the same steps as the K -means segmen tation algorithm, with the di�erence b eing

that it op erates to con v ergence on eac h pixel in X b efore mo ving to the next pixel.

Th us, the K -means algorithm is p erformed on some subset or window of, and in

complete isolation from, the image as a whole. Inspiration for this implemen tation

is dra wn from p ortions of an adaptiv e segmen tation algorithm that uses a Gibbs

random �eld mo del and a hierarc hical approac h describ ed in [67].

Figure 3.5: Image b efore and after application of an adaptiv e K -means segmen-

tation.
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3.3.5 Negation

The ne gation of an image is pro duced b y in v erting the in tensit y of eac h pixel

in the image (Figure 3.6). This pro cess in v olv es in v erting the in tensit y of eac h pixel

in turn, reassigning this new v alue to eac h. Negation is describ ed b y this simple

function:

F

N

( X

m;n

) = 255 � X

m;n

(3.14)

Ev ery home photographer is familiar with the ne gatives that are returned

with dev elop ed �lm. The negation of a computerized image is just suc h a negativ e

image. Negation often is applied in conjunction with another algorithm. In the

case of a strictly blac k and white or binary image with more blac k than white,

subtracting the in tensit y of eac h pixel from the maxim um rev erses the �eld and, it

is hop ed, mak es foreground features suc h as edges blac k. This negation impro v es

the legibilit y of a tactile image, sp eci�cally when it is output on micro capsule pap er,

since the blac k p ortion of the image raises while the white p ortion remains 
at.

Figure 3.6: Image b efore and after application of negation algorithm.
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3.3.6 Median Filtering

Median �ltering is a metho d for remo v al of noise from an image [72]. Gener-

ally , noise in an image is describ ed as an individual pixel of greatly di�ering in tensit y ,

or outlier , compared to the t ypical pixel in a neigh b orho o d. Di�eren tiating noise

from min ute detail, or �ltering out noise while lea ving the desired image in tact, is

not alw a ys so straigh tforw ard [4], particularly when an image is complex. P erform-

ing edge detection on an image, as is often applied in our T A CTICS pro cessing,

tends to accen tuate these outliers, whether noise or detail.

The median �ltering algorithm sorts the in tensit y v alues of pixels in a neigh-

b orho o d, assigning the median v alue of the neigh b orho o d to the cen ter pixel. This is

rep eated for all pixels in the image, with the e�ect b eing a reduction in the n um b er

of outliers while preserving edges and non-noisy p ortions of the image (Figure 3.7).

An esp ecially fast v ersion of the median �ltering algorithm can b e found in [38].

The function F

M

for median �ltering is describ ed as:

F

M

( X

m;n

) = Median( N

m;n

) (3.15)

Figure 3.7: A noisy pro cessed image b efore and after the application of median

�ltering.
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3.4 Image Pro cessing T o ols

The soft w are for our protot yp e system for automatic generation of tactile

images is implemen ted in the C programming language as an extension to the X-

windo ws image pro cessing application XV , dev elop ed at the Univ ersit y of P ennsyl-

v ania [13]. As of publication, the complete source co de for this pac k age is readily

a v ailable via anon ymous ftp at ftp.cis.upenn.edu in the directory pub/xv . The

license fee is quite reasonable for this user-friendly soft w are, and it w as found to b e

easily extended to include additional image pro cessing algorithms. The extended

v ersion is a v ailable via ftp at ftp.asel.udel.edu in pub/sem/xv-mod.tar.Z . In-

structions on ho w to add additional algorithms to the XV pac k age are in the �le

xvalg.c .

Some preliminary exp erimen tation with v arious image pro cessing algorithms

w as p erformed using MA TLAB's Image Pro cessing T o olb o x [87 ]. The 
exibilit y

of MA TLAB, com bined with its wide acceptance and a v ailabilit y , made this an

attractiv e and practical dev elopmen t platform.

3.5 T actile Imaging

3.5.1 Description

T actile imaging is the con v ersion of a visual image in to a form that is p erceiv-

able using the sense of touc h. This con v ersion can b e accomplished using a v ariet y

of tec hniques. T A CTICS p erforms this con v ersion automatically b y applying image

pro cessing algorithms to a complex image, suc h as photographic and other visual

information from the areas of science, engineering, mathematics, medicine, art and

others. This con v ersion is done en tirely in soft w are, dev elop ed as an extension to
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XV . This protot yp e system in v olv es a n um b er of exp erimen ter-selected sequences

of algorithms applied in a con trolled fashion, although this pro cess easily could b e

implemen ted to run en tirely unsup ervised, and in fact some trials w ere conducted

to v erify this conclusion.

3.5.2 Dev elopmen t

Dev elopmen t of the soft w are pac k age in v olv ed acquiring the source co de for

XV , conducting a searc h of image pro cessing literature to determine the tec hniques

b est suited for the purp oses of image transformation, and implemen ting a n um b er

of these algorithms as extensions to XV . The algorithms that w ere c hosen represen t

some of the most widely used or standard tec hniques, although some atten tion w as

paid initially to more sophisticated metho ds. It w as found that elegan t and sophisti-

cated algorithms, while of considerable b ene�t in the visual domain, pro duced little

if an y b ene�t when used to pro duce tactile images. This absence of b ene�t is due

primarily to the lo w er resolution of the �ngertip, whic h cannot tak e adv an tage of

details �ner than its ph ysiologically imp osed limits. Generally , simpler w as found

to b e b etter in the course of this researc h.

3.5.3 Sequencing of Algorithms

When more than one image pro cessing algorithm is applied to an image, the

sequence of application can greatly e�ect the outcome. F or example, applying edge

detection to an original image follo w ed b y segmen tation pro duces a relativ ely simple

and smo oth outline of the original, while applying segmen tation follo w ed b y edge

detection pro duces a more complex and jagged outline of the original. Another

example of the e�ect of sequenced algorithms is in the use of a blurring algorithm.
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By blurring an original image b efore applying edge detection the resulting edges

are thic k er and the o ccurrence of falsely iden ti�ed edges is lesser. These examples

illustrate the imp ortance of considering the in teractions among image pro cessing

algorithms when attempting to con v ert an original image in to a simpli�ed v ersion

suitable for tactile exploration. In the next c hapter a n um b er of p ertinen t algorithm

sequences will b e discussed and their use in T A CTICS will b e motiv ated.

3.6 T actile Output

3.6.1 Micro capsule P ap er

Micro capsule pap er w as c hosen as an output medium due to its wide a v ailabil-

it y , relativ ely lo w cost, and abilit y to render tactile graphics quic kly . W e compared

the t w o kno wn brands of pap er on the mark et, Repro-T ronics Flexi-Pap er and a

pap er imp orted b y the Matsumoto Kosan Compan y . A comparison of the man u-

facturers' sp eci�cations for the t w o t yp es of pap er rev eals that there is v ery little

di�erence in the vital qualities of resolution, resp onse time, cost and displacemen t.

One lab oratory observ ation, as measured using a mill-meter, is that the displace-

men t ac hiev able with the Matsumoto Kosan pap er tends to b e more consisten t in

practice than the Repro-T ronics pap er. Measuremen ts rev eal this to b e the case,

but also sho w that t ypical displacemen t is appro ximately 1mm for b oth v arieties of

pap er.

The signi�can t di�erence b et w een the t w o app ears to b e the durable nature

of the Flexi-P ap er, whic h is highly resistan t to folding and crumpling. The sti�er

Matsumoto pap er is more familiar in feel to the blind comm unit y , b eing similar to

the hea vy pap er used b y em b ossing braille prin ters, but is prone to crac king and

creasing under adv erse conditions. F or purp oses of our exp erimen ts, w e used b oth
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t yp es of pap er and disco v ered that sub jects often preferred the sligh tly sti�er feel

of the Matsumoto pap er v ersus the sp ongier feel of the Flexi-P ap er.

3.6.2 T actile Image Enhancer

T o dev elop, or pu� up, the micro capsule pap er w e used a Repro-T ronics

T actile Image Enhanc er (Figure 3.8). The device has a motor-driv en roller whic h

passes the pap er face up underneath a tubular ligh t bulb. The heat from the lamp is

absorb ed b y the dark regions of prin ting on the pap er, causing the p olyst yrene mi-

cro capsules in those areas to expand but lea ving the unprin ted regions 
at. The time

tak en to dev elop a single sheet of either t yp e of micro capsule pap er is appro ximately

ten seconds.

Figure 3.8: T actile Image Enhancer. (Repro-T ronics)

55



3.6.3 Additional Equipmen t

Original and pro cessed computerized images w ere �rst prin ted out on a com-

mercial 600 dpi o�ce laser prin ter. Next, they w ere copied on to micro capsule pap er

using a t ypical o�ce photostatic copier mac hine. Other than these devices, the T ac-

tile Image Enhancer, and the computer itself, the only additional material needed

in the protot yp e system w as a large supply of b oth v arieties of micro capsule pap er.

3.7 Exp erimen tal Pro cedure for T actile Image Creation

The pro cedure for pro ducing a tactile image from a visual one is straigh t-

forw ard. The in v olv emen t of a sigh ted p erson is necessary in the curren t stage of

our researc h system. F uture v ersions of T A CTICS could b e made to op erate in an

unsup ervised manner, eliminating the need for a sigh ted p erson to b e in v olv ed. The

pro cedure in v olv es three phases: A c quisition , Simpli�c ation , and T actilization .

3.7.1 Acquisition of Images

Images w ere acquired in a fairly random manner from standard image pro-

cessing b enc hmark collections, scien ti�c data acquisition, and from a wide arra y of

sources a v ailable on the W orld Wide W eb. Ev ery attempt w as made to select a

represen tativ e sampling of the a v ailable images (see App endix A). W e also lo ok ed

for candidates from similar classes of images, for example faces, or more generally

rounded images, whic h could pro v e di�cult to distinguish from one another once

simpli�ed, as a w a y to test ho w am biguit y is dealt with b y our protot yp e system

when used b y exp erimen tal sub jects.
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3.7.2 Simpli�cation

The preparation of simpli�ed images w as ac hiev ed using a n um b er of di�ering,

aggregate, image pro cessing sequences. An image w as �rst loaded in to XV . Then,

the applicable sequence of image pro cessing algorithms w as applied. Finally , this

pro cessed image w as prin ted on a laser prin ter in preparation for expansion in the

subsequen t phase.

3.7.3 T actilization

The prin ted v ersion of the pro cessed image w as photo copied on to one of the

t w o t yp es of micro capsule pap er. The micro capsule pap er w as then fed through

the T actile Image Enhanc er , creating the raised tactile image. This pro cedure w as

rep eated for all images using the v ariet y of image pro cessing algorithm sequences as

sp eci�ed in the exp erimen t proto col.
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Chapter 4

EV ALUA TION OF T A CTICS

The primary goal of the pro cedures used b y T A CTICS to con v ert visual in-

formation automatically in to tactile information is to pro vide meaningful access to

previously inaccessible con ten t. A series of exp erimen ts w as conducted to ev aluate

the e�ects of this protot yp e system up on a sub ject's abilit y to (1) discriminate,

(2) iden tify and (3) comprehend tactile represen tations of visual information. A

general accoun ting of sub ject selection and exp erimen tal material pro duction, in-

cluding the use of v arious image pro cessing tec hniques, is pro vided. The selection

of the sp eci�c aggregate image pro cesses for use in these exp erimen ts is discussed

and justi�cation is giv en linking these pro cesses with theories of psyc hoph ysics.

F or eac h exp erimen t conducted as part of this ev aluation, descriptions of the

sub jects, materials used and exp erimen tal pro cedures are pro vided. The results of

eac h exp erimen t, including data comparing results based on t yp es of micro capsule

pap er and the lev el of vision of sub jects, are rep orted and analyzed.

4.1 Ov erview of Exp erimen tal Proto col

The proto col used in these exp erimen ts w as designed to ev aluate the e�ect

of T A CTICS up on the accessibilit y of visual information in a tactile form. Ev ery
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attempt w as made to acquire a div erse sample of sub jects and images and to assure

that exp erimen tal materials w ere pro duced in an automatic and uniform fashion

free from the aesthetic biases of a sigh ted p erson.

4.1.1 Selection of Sub jects

Blind, lo w-vision and sigh ted sub jects w ere used in the follo wing exp erimen ts.

As previously noted, the tactile acuit y of blind and sigh ted p ersons, whether male or

female, is essen tially iden tical [56], although blind p ersons tend to ha v e more exp e-

rience making activ e use of the sense of touc h [93 ], while sigh ted sub jects generally

ha v e a more highly dev elop ed visual memory [77]. An y di�erence in the p erformance

of blind and sigh ted sub jects is noted and discussed.

4.1.2 Pro duction of Materials

As men tioned earlier, images w ere gathered electronically from a v ariet y of

sources and w ere prepared �rst b y gra yscaling an y that w ere color images to ac hiev e

uniformit y . This homogeneit y w as necessary b ecause micro capsule pap er expands

only in resp onse to the color blac k. Dep ending on the exp erimen t, one or more

image pro cessing algorithms w ere then applied in a sp eci�c order to eac h image.

Once the images w ere pro cessed, they w ere prin ted out on a standard o�ce

laser prin ter, photo copied on to sheets of micro capsule pap er, and expanded using

the T actile Image Enhancer. Both t yp es of micro capsule pap er (see page 25) w ere

used in the pro duction of exp erimen tal materials.
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4.1.3 Aggregate Image Pro cesses

The �v e exp erimen ts conducted made use of image simpli�cation tec hniques

selected from a collection of sev en aggregate image pro cesses, de�ned here as:

1. No Pro cessing : A tactile image is pro duced directly from the original gra y-

scaled v ersion of the image (Figure 4.1). Exp erimen tally , these images serv e

as a b enc hmark up on whic h the e�ectiv eness of further pro cessing can b e

measured. The unpro cessed image represen ts the visual information in its ra w

form, the state in whic h it is curren tly a v ailable without the in terv en tion of a

sigh ted p erson.

2. Edge Detection (with thresholding) : Emphasizing the edge information

in an image migh t b e all the simpli�cation that is needed. Muc h of the theory

previously discussed indicates that con v erting an image in to a simpler sk etc h

or line-dra wing represen tation should enhance recognition. The Sob el edge de-

tection op erator is used here (Figure 4.2), as it is widely used and considered

to b e e�ectiv e for general purp ose edge detection, although an y one of a n um-

b er of edge detectors could quite easily b e substituted. Note that thresholding

is p erformed on the image, with edge p oin ts b eing set to one in tensit y v alue

while non-edge p oin ts are set to a second v alue. In this w a y , a binary edge-only

v ersion of the original is pro duced. Dep ending on the implemen tation of the

thresholding conducted in asso ciation with a giv en edge detection algorithm,

it ma y b e necessary to apply negation to the result (see page 50).

3. Edge Detection (without thresholding ): By eliminating the thresholding

inheren t in the standard Sob el edge detection algorithm, and instead merely

replacing eac h p oin t in an image with the ra w output of the Sob el op erator

for that p oin t, a sligh tly di�eren t result is pro duced (Figure 4.3). Note that
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Figure 4.1: Original unpro cessed gra yscale image of the c himney end of a house.

(public domain)

Figure 4.2: Image of house b efore and after pro cessing using Sob el edge op erator

with thresholding.

Figure 4.3: Image of house b efore and after pro cessing using Sob el edge op erator

without thresholding.
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the edges are still highligh ted but there is quite a bit of bac kground noise

remaining in the image. In this form the image is not particularly useful

for purp oses of tactile graphics b ecause most of it w ould still expand when

dev elop ed on micro capsule pap er; but when coupled with a subsequen t K-

means segmen tation, an adaptive thresholding tec hnique, the resulting image

has a more complete edge detection than the edge detector that uses �xed

thresholding (see \Edge Detection (with thresholding) and Segmen tation"

b elo w). The reason for this is that strict thresholding tends to disregard some

of the less de�ned edge information, while in this case that information is

left b ehind p oten tially to b e recognized b y the more sophisticated adaptiv e

thresholding as p erformed b y K-means segmen tation algorithm.

4. Segmen tation : P erforming a segmen tation divides an image in to regions. In

this application, w e p erform a binary segmen tation via adaptiv e thresholding

using the K-means segmen tation algorithm, whic h pro duces regions of white

and blac k only (Figure 4.4). This represen tation is mo deled on the w a y it

is b eliev ed that the mind classi�es and stores image information, namely in

some hierarc hical fashion, from general c haracteristics to sp eci�c [9, 90 ]. In

the case of segmen tation, general c haracteristics are emphasized. Note that in

some instances negation (see page 50) w as applied follo wing an application of

segmen tation to emphasize con ten t rather than bac kground.

5. Edge Detection (with thresholding) and Segmen tation : As men tioned

ab o v e, p erforming a segmen tation on a previously un thresholded, edge de-

tected image serv es further to enhance edge information (Figure 4.5) that

migh t normally b e ignored b y a standard edge detector that uses �xed thresh-

olding. By using this aggregate pro cess, the dubious result of applying edge

detection without thresholding is actually adv an tageous in that a more com-

pletely edge detected image is pro duced (Figure 4.6).
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Figure 4.4: Image of house b efore and after pro cessing using K-means adaptiv e

segmen tation algorithm.

Figure 4.5: Image of house b efore and after pro cessing using Sob el edge op erator

without thresholding follo w ed b y K-means segmen tation.

Figure 4.6: Comparison of e�ect of Sob el edge detection using �xed thresholding

from Figure 4.2 (left) with Sob el edge detection utilizing adaptiv e K-

means segmen tation (for thresholding) from Figure 4.5 (righ t).
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6. Segmen tation and Edge Detection : A comparison with the rev erse pro-

cedure, namely application of segmen tation �rst follo w ed b y edge detection

with thresholding, is rev ealing (Figure 4.7). Note that, while the simpli�ed

image still resem bles the original, the represen tation is more discon tin uous and

noisy , the result of extracting segmen ted region edges. Since thresholding is

p erformed b y the initial K-means segmen tation, the t w o v arieties of the So-

b el edge detector describ ed here pro duce iden tical results. F or more complex

images, suc h as faces, the results are ev en more noticeable (Figure 4.8).

7. Blurring, Edge Detection, Segmen tation and Median Filtering : This

aggregate pro cess tak es in to accoun t as m uc h of the previously discussed cog-

nitiv e and p erceptual theory as p ossible to pro duce a result that, at least

visually , app ears to b e quite simple (Figure 4.9) while still clearly resem bling

the original. The blurring step represen ts the lo w er bandwidth capabilities

of the �ngertip as compared with the ey e. The result of this blurring has a

p oten tially b ene�cial side-e�ect, thic k er edges, whic h app ears during the sub-

sequen t edge detection. Without the initial blurring step, the resulting lines

in the �nal represen tation tend to b e thinner and sometimes less con tin uous

(Figure 4.10).

When the edge detector is applied without thresholding to the blurred image,

edges app ear thic k er due to the sligh t spreading or softening of rapid in tensit y

c hanges in the original. The segmen tation step, as b efore, cleans up the result

of the edge detector. The �nal median �ltering step remo v es an y stra y noise

that w as not remo v ed b y the segmen tation. In fact, there is a prop ortion of

noise that is enhanced rather than remo v ed b y the adaptiv e thresholding of

the segmen tation step. Median �ltering coun teracts m uc h of that e�ect.

64



Figure 4.7: Image of house b efore and after pro cessing using K-means segmen ta-

tion follo w ed b y Sob el edge detection.

Figure 4.8: Images of a face demonstrating the di�erence b et w een t w o sequences

of pro cessing. F rom left to righ t: Original image, image after Sob el

edge detection without thresholding follo w ed b y K-means segmen ta-

tion, and image after K-means segmen tation follo w ed b y Sob el edge

detection. (US Go vt)
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Figure 4.9: Image of house b efore and after pro cessing using the aggregate se-

quence of pro cesses: blurring, Sob el edge detection without threshold-

ing, K-means segmen tation and median �ltering.

Figure 4.10: Comparison of image of house using the aggregate pro cess from Fig-

ure 4.9 (left) and the same aggregate sequence of pro cesses with the

exception of the initial blurring step (righ t).
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4.1.4 Psyc hoph ysics and Exp erimen tal Pro cedure Justi�cation

T o ev aluate the e�ectiv eness of this pro cessing for automatic generation of

tactile images from visual images, �v e sets of exp erimen ts w ere p erformed. These

exp erimen ts w ere designed to measure p erformance on a basic psyc hoph ysical lev el.

The �eld of psychophysics , the study of ph ysical and psyc hological asp ects of p ercep-

tion and their in terrelationships, iden ti�es four basic p erceptual tasks: (1) detection,

(2) discrimination, (3) iden ti�cation, and (4) comprehension [18]. As with all the

senses, these four attributes apply to tactual p erception, whic h is a ma jor concern

regarding the metho ds put forth in this thesis.

4.1.4.1 Detection

Measuring dete ction using the sense of touc h in v olv es designing a task that

addresses the question, \Is there an ything there?" As previously discussed, man y

limits of the ph ysical detection abilities of the �ngertip are kno wn. Since the prop-

erties of micro capsule pap er pro duce tactile graphics that are w ell within the range

of suc h touc h p erception, an y exp erimen t designed here w ould b e trivial. Th us, it

is safe to accept as an assumption that T A CTICS pro duces tactile images that are

detectable. Th us, no exp erimen ts w ere p erformed to measure detection of tactile

images, as all exp erimen ts relied on the implicit abilit y of sub jects to detect the

raised tactile images.

4.1.4.2 Discrimination

The abilit y to discriminate is an imp ortan t p erceptual task for an y of the

senses. Discrimination answ ers the question, \Is this stim ulus di�eren t from that
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one?" F or the sense of touc h, discrimination tells us simply whether t w o tactile

ob jects are the same or di�eren t. The exp erimen ts to measure the e�ectiv eness of

T A CTICS to aid in discrimination in v olv ed a task similar to the traditional matc hing

game of Conc entr ation . In the study , sub jects felt one of a closed set of similarly

pro cessed tactile images and then attempted to lo cate the iden tical tactile image

from among a randomly arranged duplicate set. In further exp erimen ts, sub jects

felt a series of arbitrarily paired tactile images for a p erio d of time and then rep orted

whether or not eac h of the pairs felt similar or dissimilar.

4.1.4.3 Iden ti�cation

Being able to iden tify what something is b y its p erceiv ed c haracteristics is

another basic p erceptual task. Identi�c ation as it applies to tactile images in v olv es

the e�ectiv eness of a represen tational tec hnique to allo w a p erson to answ er, \What

is it?" The cognitiv e load imp osed b y iden ti�cation is higher than that for detection

or discrimination, so the exp erimen t to measure it is also more in v olv ed. In the

exp erimen t to assess this factor, sub jects felt a series of tactile images, and for eac h

image w ere giv en four categories and ask ed to iden tify in to whic h category eac h

stim ulus b elonged.

4.1.4.4 Comprehension

Compr ehension means that questions regarding the con ten t of an image

should b e answ erable. Comprehension is generally accepted as a k ey consideration

it the e�ectiv eness of an y p erceptual ev en t and therefore is an imp ortan t factor to

explore in the design of an in terface to a GUI en vironmen t for blind computer users.

This exp erimen t measured ho w w ell a selected T A CTICS aggregate image pro cess
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a�ected comprehension of tactile images. Sub jects w ere pro vided with a brief de-

scription of eac h image and then w ere ask ed a n um b er of questions regarding the

con ten t of eac h image.

4.2 Exp erimen ts

Fiv e exp erimen ts w ere conducted to ev aluate the e�ectiv eness of the system.

The �rst w as a pilot study , whic h measured simple discrimination of tactile images

and w as aimed at determining whether or not further exploration of these tec hniques

w as w orth pursuing. More rigorous tests w ere then p erformed to examine simple

and timed discrimination and tactile image iden ti�cation and comprehension. Note

that appro v al to conduct these exp erimen ts w as obtained from the Univ ersit y of

Dela w are Human Sub jects Review Board (see App endix F). All exp erimen ts w ere

conducted b y this author.

4.2.1 Pilot Study

A pilot study w as conducted to determine whether the use of image simpli-

�cation for purp oses of automatic generation of tactile graphics w as a w orth while

tec hnique to explore further [94 ]. A set of eigh t digital images w as collected. This

set purp osely included some am biguit y of o v erall shap e. The set w as comprised of

rounded images, three faces and a hot air ballo on, and square-shap ed images, the

c himney of house, a noteb o ok computer, a space-sh uttle launc h and a diagram of a

h uman heart.

A matc hing task, describ ed in more detail b elo w, w as p erformed to mea-

sure eac h sub ject's abilit y to discriminate among the tactile images. Results w ere
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recorded for eac h of the sub jects regarding successful v ersus unsuccessful matc hes

for eac h of the images and pro cesses applied. The results for the v arious pro cesses

w ere compared, and some in teresting anecdotal evidence w as noted.

4.2.1.1 Sub jects

A group of four sigh ted sub jects, t w o male and t w o female, all in the 20- to 40-

y ear-old range, w as used in the study . The sub jects all participated v olun tarily and

w ere co-w ork ers of the author at the Applied Science and Engineering Lab oratories,

a join t researc h facilit y of the Univ ersit y of Dela w are and the A.I. duP on t Institute.

F or the exp erimen t, sub jects w ere blindfolded and giv en no information regarding

the con ten t of the tactile images.

4.2.1.2 Materials

Eac h image w as pro cessed in �v e w a ys: (1) using gra yscaling alone (for uni-

formit y), (2) K-means adaptiv e segmen tation, (3) Sob el edge detection, (4) K-means

segmen tation follo w ed b y Sob el edge detection, and (5) Sob el edge detection follo w ed

b y K-means segmen tation. F or eac h com bination of pro cessing, the eigh t resulting

images w ere prin ted out in the same size (2.5in x 2.5in), and arranged in an arbitrary

order on a single blank sheet of pap er.

A second sheet w as prepared using the same pro cessed images arranged in

a di�eren t random order. Subsequen tly , these sheets w ere photo copied on to mi-

cro capsule pap er (Repro-T ronics) and raised using the enhancer device. Th us, the

resulting exp erimen tal materials consisted of pairs of sheets of raised images, one
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pair for eac h of the �v e pro cessing sequences (see App endix B). Eac h sheet con-

tained all eigh t images, and eac h mem b er of a pair had the eigh t images arranged

in a di�eren t order from its mate.

4.2.1.3 Pro cedure

Sub jects w ere ask ed to p erform a basic matc hing task using eac h pair of sheets

of pro cessed tactile images. F or eac h of the �v e t yp es of aggregate pro cesses the

appropriate pair of sheets w as placed on a table in fron t of the seated and blindfolded

sub ject. First, the sub ject's hand w as placed on to one pro cessed image on one sheet,

and the sub ject w as allo w ed to explore the image freely . Then, the sub ject's hand

w as guided to an arbitrary lo cation on the second sheet and the sub ject attempted

to lo cate the iden tical ob ject on this second sheet. This task w as rep eated for eac h

of the eigh t images on eac h of the �v e pairs of iden tically pro cessed sheets.

4.2.1.4 Results

T able 4.1 con tains the results of the pilot exp erimen t. The table columns

indicate the t yp e and order of image pro cessing used, the a v erage n um b er of matc hes

out of eigh t p er sub ject, the a v erage p ercen tage of matc hes p er sub ject and analysis

of v ariance for eac h of the algorithm com binations used. Note that analysis of

v ariance w as used to gauge in teraction b et w een the group of unpro cessed Gra yscale

v ersions of images with eac h of the groups of v arious other pro cessing used. Analysis

of v ariance w as also used to explore in teraction of the results of v arious pro cessing

v ersus the results exp ect b y c hance (12.5% or

1

8

).
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T able 4.1: Summary of p er sub ject a v erage results of the tactile image matc hing

task for �v e image pro cesses [94].

Me an Me an Pct. p p

Image pr o c ess Matches Matche d (vs. Gra yscale) (vs. Chance)

Gra yscale 2.25/8 28% 1.00e+00 2.50e-03

and K-means 6.25/8 78% 2.85e-05 7.60e-07

and Sob el 4.75/8 59% 4.01e-04 5.53e-06

and K-means & Sob el 5.75/8 72% 3.60e-03 2.29e-04

and Sob el & K-means 7.75/8 97% 4.47e-06 1.71e-07

4.2.1.5 Discussion of pilot study

The results of the pilot study indicate that ev en a mo dest amoun t of simpli�-

cation yields a mark ed impro v emen t in tactile image discrimination. Comparison of

the means sho ws that all image pro cessing tec hniques used increased the sub jects'

c hances for correctly lo cating matc hing tactile images. Images that w ere simpler at

the outset w ere recognized more easily in all cases. In particular, the illustration

of the h uman heart c ham b ers and a photograph of an op ened noteb o ok computer

tended to b e distinguishable ev en with no pro cessing, probably due to a white bac k-

ground and simple initial represen tation. There w as often confusion among the three

images of h uman faces and a hot air ballo on, eac h of whic h had an essen tially o v al

shap e. W e observ ed a general tendency among sub jects for discrimination abilit y to

increase as tactile images b ecame simpler.

Analysis of v ariance indicates statistically signi�can t in teraction b et w een eac h

of the forms of pro cessing used when compared with the unpro cessed Gra yscale orig-

inals. The pro cessing that utilized edge detection follo w ed b y segmen tation sho w ed

the greatest in teraction in addition to the b est mean p erformance for the matc h-

ing task. The other forms of pro cessing also sho w ed strong in teraction, indicating

simpli�cation of v arious forms had a noticeable e�ect.
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Compared with results exp ected b y c hance, there are strong indications of

in teraction for all forms of pro cessing with the exception of Gra yscale alone. Th us,

it is fair to sa y that it is quite probable that the impro v emen t in sub ject p erformance

is not merely the result of random c hance.

Some in teresting anecdotal evidence w as gathered. A n um b er of sub jects

rep orted, up on feeling the pro cessed images, that they though t there w as more than

one face among the images, though none had an y idea ahead of time as to the

con ten t of the images. This con ten t iden ti�cation w as not rep orted up on feeling the

original unpro cessed images.

After an initial p erio d of trying v arious exploratory tec hniques, eac h of the

sub jects indep enden tly arriv ed at the same metho d for exploring the images. The

tendency w as to use the outside edges of an image for gross classi�cation and com-

parison. Once this gross comparison w as made, the details of the in terior of an image

w ere explored, seemingly to di�eren tiate among those with similar o v erall shap es.

The crucial result of this pilot study w as that simpli�cation tec hniques, ap-

plied automatically to electronic images using computerized image pro cessing, im-

pro v ed discrimination for tactile images. When com bined with the anecdotal ac-

coun ts of the con ten t iden ti�cation that w as apparen tly facilitated b y image sim-

pli�cation, this result strongly indicated that this metho d w as v alid and deserv ed

further in v estigation.

Because of the strength of these preliminary �ndings, impro v emen ts w ere

made to the protot yp e system and four additional exp erimen ts w ere designed and

conducted. These four exp erimen ts tested simple discrimination , time d discrimina-

tion , identi�c ation , and c ompr ehension .
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4.2.2 Simple Discrimination Exp erimen t

Tw o forms of tactile discrimination exp erimen ts w ere conducted. In this

�rst exp erimen t, sub jects w ere allo w ed to explore freely the initial and secondary

tactile images for a total of one min ute p er pair. This pro vided the sub jects with

enough time to glean some information ab out b oth the general shap e of the image

and some of the more prominen t in ternal details. As describ ed b elo w, a matc h-

ing task w as conducted to measure the e�ectiv eness of the four image pro cessing

tec hniques under consideration when applied strictly for purp oses of discrimination.

This task is roughly analogous to that of a sigh ted p erson leisurely bro wsing through

photographs in a magazine or on the In ternet, for instance.

In addition to measuring the e�ects of pro cessing on discrimination, a study

w as conducted to determine the e�ect on discrimination of one form of micro capsule

pap er v ersus the other. Results from this comparison of micro capsule pap ers will b e

extrap olated to other more complex tactual p erception tasks of iden ti�cation and

comprehension.

4.2.2.1 Sub jects

T en sub jects ranging in age from 22 to 60 w ere used in this exp erimen t. The

sub jects participated v olun tarily and came from a v ariet y of bac kgrounds, including

college studen ts, homemak ers, computer programmers, and a retired c hemist. All

sub jects w ere educated to at least the four-y ear college lev el. Sev en sub jects w ere

male, three w ere female. Three sub jects w ere blind, sev en w ere sigh ted. The t w o

male blind sub jects w ere adv en titiously blind, one at age 19, the other at age 39. The

one female blind sub ject w as congenitally blind. Additionally , one male sub ject w as

classi�ed as lo w vision. Sub jects had little to no exp erience with tactile images and
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micro capsule pap er, although one blind male sub ject used similar tactile materials

as study aids for a college course.

4.2.2.2 Materials

Materials w ere pro duced on b oth t yp es of micro capsule pap er using iden tical

tactile images for eac h set. Eac h set consisted of 40 sheets, eac h with a pair of

raised tactile images p er sheet, one on either side of a raised line that divided eac h

sheet in half (see App endix B). Eac h tactile image w as limited to four inc hes in

width, whic h is within the width of one hand span. The heigh t of eac h image

follo w ed prop ortionally from the scaling of the width and also sta y ed w ell within

the heigh t of one hand span. Samples w ere dra wn from the set of original images

(see App endix A) to prepare the testing materials, whic h w ere comprised of image

pairs. Half of the pairs consisted of iden tical images, and half w ere not iden tical.

Eac h pair w as prepared using eac h one of the four pro cesses under consideration,

and the same pro cessing w as applied to b oth images on a sheet. The four pro cesses

used w ere (1) no pro cessing, (2) K-means adaptiv e segmen tation, (3) Sob el edge

detection with thresholding, and (4) an aggregate pro cess of blurring, Sob el edge

detection without thresholding, K-means segmen tation and median �ltering.

4.2.2.3 Pro cedure

Sub jects w ere ask ed to p erform a discrimination task using one complete set

of 40 tactile-image pairs. Sub jects w ere seated at a table, blindfolded if sigh ted,

and presen ted with eac h of the 40 sheets from a giv en set in an arbitrary sequence.

F or eac h sheet, sub jects freely explored the pair of tactile images on the sheet for

a p erio d of time totaling one min ute and w ere then ask ed to rep ort whether the
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images felt the same or di�eren t. Sub jects also could reply that they could not sa y

one w a y or the other, although this reply w as rarely used. During this pro cedure,

resp onses w ere recorded, as w ere an y unsolicited commen ts made b y the sub ject in

reaction to the materials or pro cedure. Sub jects w ere giv en neutral feedbac k after

eac h matc hing task along the lines of, \Go o d. No w here is the next one."

Ov erall, eac h complete set of 40 tactile image sheets w as used with �v e (one-

half ) of the sub jects, so that some comparison could b e made of the t w o forms of

micro capsule pap er under iden tical exp erimen tal conditions. The same set of 40

sheets of testing materials that w as used for a sub ject in this simple discrimination

exp erimen t w as randomly reordered and used in the follo wing timed discrimination

exp erimen t for the same sub ject. Note that half of the sub jects completed the simple

and timed discrimination tasks using the Repro-T ronics pap er, and the other half

the Matsumoto Kosan pap er. With the exception of the t yp e of pap er on whic h the

materials w ere prepared, the t w o complete sets of testing materials w ere iden tical

in ev ery resp ect.

4.2.2.4 Results

The results of the simple discrimination exp erimen t are summarized in the

follo wing three tables. T able 4.2 pro vides an o v erview of ho w sub jects p erformed on

a v erage for eac h of the four image pro cesses applied. Analyses of v ariance indicate

signi�can t in teraction b et w een the unpro cessed original and an y of the other pro-

cessing p erformed. Compared with results exp ected b y c hance, analyses of v ariance

indicate signi�can t in teraction for all forms of pro cessing. In the case where no

pro cessing w as used, analysis of v ariance do es not indicate in teraction.
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T able 4.3 compares the results of using one t yp e of micro capsule pap er v ersus

the other. T able 4.4 compares the p erformance of blind v ersus sigh ted sub jects. In

these tables, analyses of v ariance do es not indicate an y in teraction b et w een groups

of sub jects based on the di�eren t pro cesses applied, whether compared b y output

medium or lev el of vision.

In these tables, Matches refers to the sum of all correct resp onses in the

discrimination task made b y the 10 sub jects in all trials. The Me an Pct. Matche d is

the computed a v erage p ercen tage of these correct resp onses. The results of analyses

of v ariance are denoted b y p and compare results for eac h of the forms of pro cessing

with those for the unpro cessed originals, and with c hance (50%).

T able 4.2: Summary of o v erall results of simple discrimination task for four image

pro cesses. The A ggr e gate Pr o c ess is comprised of blurring, Sob el edge

detection without thresholding, K-means adaptiv e segmen tation, and

median �ltering, applied in that order.

Me an Pct. p p

Image pr o c ess Matches Matche d (vs. None) (vs. Chance)

No Pro cessing 50/100 50.00% 1.00e+00 1.00e+00

K-means Segmen tation 83/100 83.00% 2.07e-05 3.49e-07

Sob el Edge Detection 81/100 81.00% 4.70e-06 1.53e-09

Aggregate Pro cess 95/100 95.00% 4.40e-08 1.93e-11

T able 4.3: Summary of p ercen tage of correct resp onses comparing e�ects of t w o

v arieties of micro capsule pap er on simple discrimination task.

Image pr o c ess Flexi-Pap er Matsumoto-Kosan p

No Pro cessing 48.00% 52.00% 6.41e-01

K-means Segmen tation 90.00% 78.00% 2.60e-01

Sob el Edge Detection 80.00% 82.00% 3.05e-01

Aggregate Pro cess 96.00% 94.00% 3.59e-01
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T able 4.4: Summary of p ercen tage of correct resp onses comparing results of blind

v ersus sigh ted sub jects p erforming simple discrimination task.

Image pr o c ess Blind Subje cts Sighte d Subje cts p

No Pro cessing 53.33% 52.86% 2.94e-01

K-means Segmen tation 83.33% 81.43% 6.01e-01

Sob el Edge Detection 63.33% 84.29% 6.43e-02

Aggregate Pro cess 90.00% 95.71% 7.45e-01

4.2.3 Timed Discrimination Exp erimen t

The second exp erimen t imp osed a strict time limit of 10 seconds for explo-

ration of eac h pair of images. This limited-time exp erimen t w as designed to measure

the e�ectiv eness of T A CTICS image pro cessing tec hniques in a situation reminis-

cen t of a sigh ted p erson skimming or quic kly scanning through a series of images,

making quic k determinations. The goal of this exp erimen t w as to test ho w use of

these image simpli�cation metho ds migh t a�ect the abilit y of a blind computer user

to p erform bro wsing and na vigation tasks using touc h in a GUI en vironmen t on a

lev el comparable to a sigh ted computer user.

4.2.3.1 Sub jects

The same sub jects w ere used for this exp erimen t as in the previous simple

discrimination exp erimen t. Since this exp erimen t w as alw a ys p erformed immedi-

ately follo wing the simple discrimination exp erimen t, sub jects had gained limited

exp erience with and dev elop ed individual tec hniques for exploring the tactile image

materials.
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4.2.3.2 Materials

Materials w ere the same as in the simple discrimination exp erimen t (see Ap-

p endix B), with iden tical materials b eing used for the same sub ject for b oth the

simple and timed discrimination exp erimen ts. Although the iden tical materials w ere

used for a giv en sub ject, they w ere randomly reordered to coun teract p ossible bias

related to ordering.

4.2.3.3 Pro cedure

The pro cedure for this exp erimen t w as iden tical to the previous discrimina-

tion task, with the single exception b eing that sub jects w ere limited to 10 seconds

p er image-pair matc hing task.

4.2.3.4 Results

The results of the timed discrimination exp erimen t are summarized in the

follo wing three tables. T able 4.5 pro vides an o v erview for ho w sub jects p erformed

for eac h of the four image pro cesses applied. Analyses of v ariance indicate signi�-

can t in teraction b et w een the unpro cessed original and an y of the other pro cessing

p erformed. Compared with results exp ected b y c hance, analyses of v ariance indi-

cate some degree of in teraction for all forms of pro cessing. In the case where no

pro cessing w as used, ho w ev er, analysis of v ariance do es not indicate in teraction.

T able 4.6 compares the results of using one t yp e of micro capsule pap er v ersus

the other. T able 4.7 compares the p erformance of blind v ersus sigh ted sub jects.

Analyses of v ariance for these t w o tables sho w that there is no statistical evidence of
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in teraction b et w een groups of sub jects based on pro cessing used, whether compared

b y output medium or lev el of vision.

T able 4.5: Summary of o v erall results of timed discrimination task for four image

pro cesses.

Me an Pct. p p

Image pr o c ess Matches Matche d (vs. None) (vs. Chance)

No Pro cessing 55/100 55.00% 1.00e+00 3.82e-02

K-means Segmen tation 77/100 77.00% 1.80e-03 1.34e-04

Sob el Edge Detection 73/100 73.00% 2.90e-03 1.24e-04

Aggregate Pro cess 87/100 87.00% 4.67e-05 3.24e-06

T able 4.6: Summary of p ercen tage of correct resp onses comparing e�ects of t w o

v arieties of micro capsule pap er on timed discrimination task.

Image pr o c ess Flexi-Pap er Matsumoto-Kosan p

No Pro cessing 50.00% 58.00% 1.33e-02

K-means Segmen tation 92.00% 68.00% 2.30e-01

Sob el Edge Detection 74.00% 72.00% 8.47e-01

Aggregate Pro cess 96.00% 82.00% 2.30e-01

T able 4.7: Summary of p ercen tage of correct resp onses comparing results of blind

v ersus sigh ted sub jects p erforming timed discrimination task.

Image pr o c ess Blind Sighte d p

No Pro cessing 43.33% 60.00% 6.54e-01

K-means Segmen tation 86.67% 72.86% 4.91e-01

Sob el Edge Detection 73.33% 72.86% 1.96e-01

Aggregate Pro cess 93.33% 84.29% 7.47e-01
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4.2.3.5 Comparison with simple discrimination

Results of the p erformance of sub jects in the simple and timed discrimination

tasks are compared in T able 4.8. While the trend based on mean p erformance w as for

sub jects to discriminate tactile images sligh tly less successfully under time pressure,

analyses of v ariance did not indicate an y in teraction b et w een the t w o discrimination

mo dalities. This result is therefore inconclusiv e in regard to the e�ect of time

pressure on tactile discrimination.

T able 4.8: Summary of p ercen tage of correct resp onses comparing results of all

sub jects on simple discrimination v ersus timed discrimination tasks.

Image pr o c ess Simple Time d p

No Pro cessing 50.00% 55.00% 2.85e-01

K-means Segmen tation 83.00% 77.00% 4.03e-01

Sob el Edge Detection 81.00% 73.00% 1.61e-01

Aggregate Pro cess 95.00% 87.00% 2.26e-01

4.2.4 Iden ti�cation Exp erimen t

F or the iden ti�cation task, sub jects explored a series of tactile images and

for eac h attempted to classify it in to one of four categories that v aried for eac h

image. This task w as designed to pro vide some insigh t in to the e�ectiv eness of

T A CTICS to pro duce a tactile image that resem bles the original in suc h a w a y that

it is iden ti�able giv en some small amoun t of pre-information. This is analogous to

the visual task of iden tifying photographs based on some small amoun t of textual

information, suc h as a caption.
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4.2.4.1 Sub jects

The sub jects used for this exp erimen t w ere the same, though no w somewhat

more exp erienced with tactile image exploration and in terpretation, as those used

in the previous t w o discrimination exp erimen ts.

4.2.4.2 Materials

F or this exp erimen t, 10 images w ere selected from the original set of 30 images

that re
ected a div ersit y of shap e and con ten t. Eac h image w as pro cessed using eac h

of the four pro cesses under consideration, with the result of eac h pro cess placed on to

an individual sheet of the Matsumoto Kosan micro capsule pap er. The result of this

preparation w as a set of 40 sheets, eac h with a tactile image that w as pro cessed in

one of four w a ys.

F or eac h of the 10 images, four p ossible categories w ere de�ned (see Ap-

p endix C). Of these four categories, one correctly iden ti�ed the con ten t of the image,

t w o iden ti�ed ob jects that ma y closely resem ble the con ten t of the image, and one

resem bled the con ten t of the image less closely .

4.2.4.3 Pro cedure

F or eac h of the 40 arbitrarily presen ted sheets, the exp erimen ter v erbally

listed the four p ossible categories as the sub ject freely explored the tactile image.

A t the conclusion of a p erio d of no more than 30 seconds, the sub ject w as ask ed to

state whic h category most closely matc hed the tactile image that w as explored. The

resp onses w ere recorded, and the pro cedure w as similarly rep eated for all tactile

images in the set.

82



4.2.4.4 Results

The results of the tactile image iden ti�cation exp erimen t are sho wn in the

follo wing t w o tables. T able 4.9 summarizes o v erall p erformance of sub jects on the

iden ti�cation task for eac h of the four forms of image pro cessing applied in the pro-

duction of the tactile images. Analyses of v ariance indicate signi�can t in teraction

b et w een the unpro cessed original and an y of the other pro cessing p erformed. Sig-

ni�can t in teraction is also indicated b y analyses of v ariance comparing the v arious

pro cessing with results exp ected b y c hance (25%).

T able 4.10 compares p erformance of blind v ersus sigh ted sub jects in the same

task and for the same four pro cesses. Analyses of v ariance comparing sigh ted and

blind sub jects did not indicate in teraction b et w een the sub ject groups.

T able 4.9: Summary of o v erall results of iden ti�cation task for four image pro-

cesses.

Pct. p p

Image pr o c ess Identi�c ations Identi�e d (vs. None) (vs. Chance)

No Pro cessing 7/100 7.00% 1.00e+00 1.83e-06

K-means Segmen tation 55/100 55.00% 3.84e-09 2.24e-07

Sob el Edge Detection 46/100 46.00% 6.36e-07 2.02e-04

Aggregate Pro cess 85/100 85.00% 5.05e-13 8.93e-13

T able 4.10: Summary of p ercen tage of correct resp onses comparing results of blind

v ersus sigh ted sub jects p erforming iden ti�cation task.

Image pr o c ess Blind Sighte d p

No Pro cessing 10.00% 5.71% 4.83e-01

K-means Segmen tation 56.67% 54.29% 7.89e-01

Sob el Edge Detection 43.33% 47.14% 7.23e-01

Aggregate Pro cess 76.67% 88.57% 1.13e-01
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4.2.5 Comprehension Exp erimen t

Based on results of the Pilot study , whic h w ere further supp orted b y the dis-

crimination and iden ti�cation exp erimen ts, the aggregate pro cess of edge detection

follo w ed b y segmen tation w as found to b e b est among those considered for impro v-

ing p erformance in a basic tactile image discrimination task. W e used this pro cess

as a foundation, enhancing its e�ect b y adding an initial blurring step and follo wing

up with a median �ltering step. By applying blurring initially to the original im-

age, detail w as reduced and edges generated b y subsequen t pro cesses w ere thic k er

and more easily p erceiv ed. The application of median �ltering as a p ost pro cess

remo v ed the rare instances of undesired noise that remained. The applicabilit y and

e�ectiv eness of the algorithms and sequencing c hosen for this aggregate pro cess w as

supp orted b y results of the discrimination and iden ti�cation exp erimen ts.

This exp erimen t measured the abilit y of sub jects to comprehend tactile im-

ages prepared using the aggregate pro cessing. The assumption w as made that un-

pro cessed images w ould b e incomprehensible; and, indeed, this assumption w as

supp orted b y results of the discrimination and iden ti�cation exp erimen ts. Another

assumption used in the design of this exp erimen t w as that the aggregate pro cess,

ha ving pro vided the b est results for previous tasks, w ould b e the b est c hoice for this

task as w ell.

4.2.5.1 Sub jects

The same sub jects w ere used in this exp erimen t as in the previous three ex-

p erimen ts. Ha ving p erformed the three previous exp erimen ts, b y this p oin t sub jects

w ere more exp erienced and also quite comfortable with the exploration of the tactile

materials b eing used.
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4.2.5.2 Materials

F or this exp erimen t, 10 images w ere selected from the original set of 30, based

on a div ersit y of con ten t and shap e. Eac h image w as pro cessed using the aggregate

pro cess, and placed on to a sheet of Matsumoto Kosan micro capsule pap er for raising.

Due to the results of previous exp erimen ts whic h indicated no in teraction based on

t yp e of pap er used, use of this pap er w as deemed su�cien t.

Asso ciated with eac h of the 10 pro cessed images w as a brief one- or t w o-

sen tence description of the image and four questions designed to test a sub ject's

comprehension of the image's con ten t (see App endix D). Questions w ere of the

\T rue or F alse," \Multiple Choice" and \Lo cate the (�ll in the blank)" v ariet y , with

the n um b er of c hoices limited to t w o.

The questions w ere designed to b e of the sort that generally w ould b e easily

answ ered b y a sigh ted p erson viewing the original image. Some questions ask ed the

sub ject to lo cate some feature in the image, suc h as, \Lo cate the tail �n of the space

sh uttle." Other questions concerned understanding some feature in the image. F or

example, asso ciated with the image of a space sh uttle in the pro cess of landing, one

question w as, \Is the sh uttle landing from left to righ t, or righ t to left?" Finally ,

the third and most di�cult form of question ask ed the sub ject to reason ab out and

dra w some conclusion ab out the con ten t of the image; for example, with an image

of a desktop computer the question w as, \Is the computer on or o� ?"

4.2.5.3 Pro cedure

F or eac h of the 10 tactile images, sub jects w ere �rst read the brief description

of the image while the sub ject explored the image. As the sub ject con tin ued to
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explore the image freely , eac h one of the four questions, together with the t w o

p ossible answ ers for eac h, concerning the image w as read aloud. F or questions with a

v erbal resp onse, the exp erimen ter recorded the sub ject's reply on the data-collection

sheet. F or questions in whic h a sub ject w as ask ed to lo cate a sp eci�c feature in the

image, the exp erimen ter observ ed the mo v emen t of the sub ject's hand and noted

b oth the �nal lo cation the sub ject indicated and the sub ject's v erbal reply .

Also recorded w ere an y unsolicited remarks or commen ts made b y the sub-

ject and observ ations made b y the exp erimen ter during the exp erimen tal pro cedure.

Commen ts often referred to the di�cult y a sub ject ma y b e ha ving with a particular

question or tactile image, some in teresting disco v ery that had b een made b y the

sub ject regarding the image, or the reasoning used b y the sub ject in reac hing a par-

ticular conclusion. Observ ations made b y the exp erimen ter included noting initial

reactions of the sub ject, exploratory mo v emen ts used, and an y other reactions that

seemed notew orth y .

4.2.5.4 Results

Results of the tactile image comprehension exp erimen t are sho wn in the fol-

lo wing t w o tables. The �rst, T able 4.11, displa ys sub ject p erformance for the three

comprehension subtasks as w ell as o v erall p erformance. Analyses of v ariance com-

paring these results with c hance (50%) indicate signi�can t in teraction, suggesting

little p ossibilit y that the successful p erformance of sub jects w as random.

T able 4.12 compares ho w blind and sigh ted sub jects p erformed in this ex-

p erimen t. Analyses of v ariance comparing sub jects based on lev el of vision indicate

probable in teraction for the lo cation task. No in teraction is indicated when com-

paring sub jects b y lev el of vision and the understanding and reasoning tasks.
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The disparit y in p erformance on the lo cation task ma y b e due to di�erences

in visual memory , with sigh ted sub jects p ossessing more familiarit y with visual

material in general than blind sub jects [77 ]. As a result, sigh ted sub jects are more

a w are of relativ e size and p osition of ob jects as represen ted in an image. This

di�erence in p ositional a w areness could accoun t for the di�erences in p erformance

of blind sub jects v ersus sigh ted sub jects for the lo cation task. The lac k of signi�can t

di�erences in p erformance for the understanding and reasoning tasks could indicate

that a more dev elop ed visual memory is not necessary to these tasks.

T able 4.11: Summary of results of comprehension task for three subtasks and

o v erall comprehensibilit y of tactile images prepared using Aggregate

pro cess.

Compr ehension T ask Corr e ct R eplies Pct. Corr e ct p

F eature lo cation 108/130 83.08% 6.53e-08

F eature understanding 132/160 82.50% 3.49e-09

Con ten t reasoning 87/110 79.09% 4.45e-14

Ov erall 327/400 81.75% 1.44e-15

T able 4.12: Summary of p ercen tage of correct resp onses comparing results of blind

v ersus sigh ted sub jects p erforming comprehension task.

Compr ehension T ask Blind Sighte d p

F eature lo cation 69.23% 89.01% 5.30e-03

F eature understanding 89.58% 79.46% 1.37e-01

Con ten t reasoning 78.78% 79.22% 8.96e-01

Ov erall 80.00% 82.50% 4.27e-01

4.2.6 Signi�cance of Results

The analyses of v ariance for all exp erimen ts did not indicate in teraction b e-

t w een groupings of sub jects based on lev el of vision. This result is exp ected based
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on results of previous studies that found no signi�can t di�erence b et w een the tactile

abilities of blind and sigh ted p ersons [56]. F or groupings based on output medium,

analyses of v ariance again did not indicate in teraction. Since the c haracteristics

of the t w o t yp es of pap ers are similar in most resp ects, this result is not remark-

able. Ho w ev er, the t w o forms of pap er do v ary in the prop ert y of sti�ness, with

Matsumoto-Kosan pap er b eing signi�can tly sti�er than the Repro-T ronics Flexi-

P ap er, whic h is 
exible b y design. It app ears that sti�ness alone is not a signi�can t

factor in an y of the tactual p erception abilities w e measured. In spite of the lac k of

statistical di�erences, some sub jects indicated a preference for the sti�er Matsumoto-

Kosan pap er o v er the Flexi-P ap er, noting its \b etter clarit y" or \nicer feel." These

p ersonal reactions did not app ear to translate in to di�erences in the p erformance of

sub jects.

Comparing mean p erformance on the v arious tasks v ersus c hance p erfor-

mance rev eals an apparen t trend of impro v emen t based in some measure on the

degree of simpli�cation. More formally , analyses of v ariance based on t yp e of pro-

cessing sho w ed signi�can t in teraction b et w een eac h form of pro cessing used when

compared directly with unpro cessed originals. These analyses rep eatedly indicated

that the application of simplifying image pro cessing tec hniques in the translation of

visual images to tactile images impro v ed p erformance of sub jects in discrimination,

iden ti�cation and comprehension tasks. This result is quite fa v orable, particularly

when compared with sub ject p erformance on similar tasks using unpro cessed tactile

images.

Equally as imp ortan t as these statistically signi�can t results are the observ a-

tional and anecdotal evidence gathered during these exp erimen ts. The signi�cance

of that evidence, in ligh t of the results from these exp erimen ts, will b e discussed in

the follo wing c hapter.
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Chapter 5

OBSER V A TIONS, DISCUSSION AND CONCLUSIONS

In the course of ev aluating T A CTICS, a n um b er of general observ ations w ere

made that anecdotally enhance the ra w tabulated results. These observ ations and

results are discussed, and conclusions are dra wn, regarding the e�ectiv eness of T A C-

TICS as a metho d for pro viding blind p ersons with tactile access to visual informa-

tion.

5.1 Observ ations

While conducting these exp erimen ts, the exp erimen ter recorded observ ations

in addition to the ra w resp onse data. These observ ations included unsolicited com-

men ts from the sub jects, notes regarding exploratory tec hniques used b y sub jects,

and other actions and remarks made b y the sub jects during the exp erimen ts. The

observ ations are summarized here for eac h of the four exp erimen ts follo w ed b y more

general observ ations.

During the simple discrimination exp erimen t, sub jects t ypically to ok more

time for the �rst few tasks while they b ecame accustomed to exploration of the

tactile images and exp erimen ted with di�eren t tec hniques for exploring them. Most

sub jects dev elop ed a t w o-handed approac h to this discrimination task, using one
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hand for eac h of the images in a pair and sync hronizing the mo v emen ts of the t w o

hands. While using this tec hnique, sub jects usually �rst attempted to determine

the general shap e of the image. Then, sub jects p erformed further exploration, again

in tandem, to examine details of the image.

One striking observ ation made during the timed discrimination exp erimen t

is that, compared with the simple discrimination exp erimen t, sub jects often seemed

m uc h more con�den t of their answ ers in spite of the limited time giv en for explo-

ration. Some of this con�dence ma y ha v e b een the result of exp erience gained during

the previous exp erimen t and p erhaps con�dence in the tec hniques dev elop ed as a

result. One tec hnique dev elop ed b y man y sub jects w as the use of a brushing motion,

dra wing the �ngertips of the hand the length of eac h tactile image. This tec hnique

w as fast, and seemed to pro vide enough basis to discriminate b et w een tactile images.

This brushing tec hnique w as p erformed with t w o hands in tandem or with a single

hand on eac h image individually appro ximately equally as often.

The iden ti�cation exp erimen t pro v ed to b e the most c hallenging for sub jects

based on their reactions during the exp erimen t. They often expressed frustration at

not b eing sure ab out whic h category w as the b est matc h for a giv en image. Sub jects

often used a pro cess of elimination to narro w do wn p ossible c hoices from among the

four categories giv en for eac h tactile image. Another tec hnique sub jects used w as

to explore an image four times, basing eac h exploration on the assumption that the

image w as one of the four categories. Guessing w as a common strategy used b y

sub jects when they could not determine a category for an image. Guessing o ccurred

most frequen tly with the relativ ely feature-free unpro cessed images.

Sub jects seemed esp ecially to enjo y the �nal exp erimen t measuring tactile

image comprehension. The com bination of the exp erience gained in the previous
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three exp erimen ts and the up-fron t description of eac h tactile image seemed to giv e

sub jects a great deal of con�dence in exploring the images and answ ering the ques-

tions. It w as not uncommon for sub jects in the pro cess of answ ering one question

to mak e commen ts and remarks ab out the con ten ts of the images that turned out

to b e the answ er to later questions. F or example, while exploring a tactile image of

the Space Sh uttle, a n um b er of sub jects indicated the lo cations of the nose and tail

of the v ehicle while answ ering a question ab out its direction of tra v el. An image

of an astronaut w orking on the surface of the Mo on w as the most di�cult for all

sub jects. Visual observ ations made while the sub jects w ere exploring this particular

image indicated that the presence of an edge denoting the horizon as w ell as the

busy pattern of edges generated b y the texture of the surface of Mo on made image

comprehension di�cult. Sub jects frequen tly misto ok a U.S. 
ag in the image for

the astronaut's bac kpac k, and that miscalculation caused incorrect answ ers to other

questions ab out the astronaut's p osition and activit y .

In general, eac h sub ject tended to ha v e relativ e ease or di�cult y with the

same images and pro cessing that other sub jects had ease or di�cult y with, resp ec-

tiv ely . Sub jects also tended to gain con�dence in p erforming the v arious tasks as

they gained exp erience with exploring the tactile images. The general tec hnique

that w as arriv ed at b y eac h of the sub jects w as one of exploring �rst the o v erall

shap e and size of a tactile image, then feeling for details.

Blind sub jects had more di�cult y with some of the more visual concepts, par-

ticularly with images of large ob jects suc h as planets, the Space Sh uttle and v ery

small ob jects, suc h as the Strepto co ccus bacteria and Eb ola virus. Blind sub jects of-

ten expressed more apprehension at the outset than sigh ted sub jects, although blind

sub jects had more exp erience relying on the sense of touc h than sigh ted sub jects.
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F or sub jects who p erformed the t w o discrimination tasks using Flexi-P ap er,

there w as an initial reaction to the impro v ed clarit y pro vided in the third exp erimen t

whic h w as conducted using the Matsumoto Kosan micro capsule pap er. Sub jects did

not app ear to ha v e more di�cult y in similar tasks using one v ariet y of pap er v ersus

the other. Another commen t regarding Flexi-P ap er w as that some pairs of images

seemed to b e expanded to di�ering heigh ts. In terestingly , careful measuremen ts

tak en in the lab oratory using a mill-meter rev ealed that heigh ts of the tactile images

referred to w ere iden tical. P ossible explanations are that the tactile acuit y for the

left and righ t hands ma y ha v e v aried sligh tly for some sub jects, or that the di�erence

in sti�ness of the t w o pap ers ma y ha v e a�ected the outcome.

5.2 Discussion

Comparison of v arious results of these exp erimen ts pro vides further insigh t

in to the degree of e�ectiv eness of T A CTICS for automatic generation of tactile

images. Comparing mean p ercen tage of matc hes for the simple and timed discrim-

ination exp erimen ts rev eals that p erformance degraded fairly uniformly , and ev en

then only sligh tly , when going from the un timed to timed task. F or unpro cessed tac-

tile images, discrimination for b oth tasks w as ab out c hance (50%). Blind sub jects

successfully discriminated b et w een tactile images ab out 10% less frequen tly than

sigh ted sub jects, although it m ust b e noted that v arious analyses of v ariance did

not indicate a statistical signi�cance for this observ ation. One p ossible explanation

for this sligh t di�erence in p erformance is a lo w er lev el of pre-exp erimen t con�dence

among the blind sub jects, who tended to b e somewhat more apprehensiv e ab out

ho w w ell they w ould p erform in the exp erimen ts.

With the exception of segmen tation, a comparison of results from the sim-

ple discrimination exp erimen t based on the t w o t yp es of micro capsule pap er w as
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unrev ealing. Abilit y to discriminate segmen ted tactile images w as signi�can tly b et-

ter for Flexi-P ap er than Matsumoto Kosan pap er. F or the timed discrimination

exp erimen t, Flexi-P ap er pro duced a signi�can tly higher p ercen tage of successful

discriminations than the Matsumoto Kosan pap er for segmen tation and the aggre-

gate pro cess, and sligh tly higher for Sob el edge detection. An anecdotal explanation

for this result ma y b e that sub jects rep orted a more p ositiv e, alb eit sub jectiv e, re-

action to the sti�ness of Flexi-P ap er o v er Matsumoto Kosan pap er. As previously

men tioned, sp eci�cations and actual measuremen ts comparing the expanded c har-

acteristics of the t w o pap ers do not pro vide empirical evidence for an y di�erence.

F or the iden ti�cation and comprehension exp erimen ts, it is lik ely that there

w ould b e little di�erence in resulting abilit y to iden tify and comprehend tactile

images based solely on use of di�eren t micro capsule pap er. There w as no elemen t

of time pressure imp osed in the conducting of these t w o exp erimen ts; it w as time

pressure whic h seemed to pro duced degraded abilit y to discriminate in the timed

discrimination exp erimen t.

In judging the e�ectiv eness of v arious forms of pro cessing on original images

to pro duced tactile images, the conclusions from the Pilot Study are supp orted. In

general, simpli�cation to an y degree pro duces impro v emen t in discrimination rate.

F or the discrimination exp erimen ts, when no pro cessing w as applied at all, success

rates tended to b e at ab out c hance. Sub jects discriminated correctly b et w een tactile

images ab out 75% of the time for images pro cessed using Sob el edge detection alone,

and sligh tly b etter than that for images that w ere prepared using segmen tation. The

aggregate pro cess allo w ed sub jects to correctly discriminate from 85% to 90% of the

time, and some sub jects p erformed p erfectly .
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It is di�cult to sa y what the e�ect of exp erience with exploration of tac-

tile images w as on the results of these exp erimen ts. One blind sub ject had some

exp erience using tactile materials to aid his study for a college course; but those

materials w ere strictly expanded v ersions of unpro cessed line dra wings, and his ex-

p erience with them did not seem to ha v e a noticeable e�ect on his p erformance in

the exp erimen ts. None of the sub jects had exp erience with automatically generated

tactile images of the form used in these exp erimen ts prior to participation. T allied

and calculated results aside, there is some reason for optimism regarding impro v e-

men t with exp erience. Without exception, sub jects w ere observ ed b ecoming more

comfortable and con�den t with the tactile represen tations during the course of the

exp erimen ts. Additionally , man y b egan to recognize the o v erall shap e or features

of some tactile images they had explored earlier in the exp erimen t. It is imp ortan t

to note that, although sub jects \recognized" some tactile images, they had no un-

derstanding of the con ten t. Recognition in this case w as simply feeling some tactile

pattern or shap e that had b een felt on an earlier sheet and commen ting aloud on

that observ ation.

The iden ti�cation exp erimen t pro v ed to b e the most di�cult for sub jects

when compared with the mean p ercen tage of matc hes for the other exp erimen ts. The

aggregate pro cess again pro duced the b est rate of success, follo w ed b y segmen tation

and Sob el edge detection, with no pro cessing trailing far b ehind. Although blind and

sigh ted sub jects p erformed nearly iden tically on segmen ted and on edge detected

images, sigh ted sub jects p erformed b etter when exploring images prepared using the

aggregate pro cess, correctly iden tifying image con ten t more than 90% of the time

while blind sub jects w ere successful 75% of the time. This di�erence ma y b e due

to the visual nature of the images and the con ten t therein, and p erhaps due to an

unin ten tional visual bias in preparation of the exp erimen tal materials.
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F or the comprehension exp erimen t, sub jects generally p erformed quite w ell

on all tactile images and questions, with the exception of one particular image of an

astronaut w orking on the surface of the Mo on. The featured con ten t of most images

w as photographed either straigh t-on or in pro�le, pro ducing tactile images that w ere

straigh tforw ard to explore and comprehend. The astronaut image w as captured at

somewhat of a do wn w ard angle, pro ducing a confusing horizon line crossing the

image at the lev el of the astronaut's nec k. F urther researc h is needed to determine

what image pro cessing tec hniques exist, or can b e dev elop ed, to handle adequately

p oten tially confusing information, suc h as horizon lines, within the framew ork of

automatic con v ersion to tactile represen tation.

Ov erall, blind and sigh ted sub jects p erformed ab out the same on all tasks.

Blind sub jects tended to ha v e more di�cult y than sigh ted sub jects in lo cating sp e-

ci�c features within images, p erhaps due to a less dev elop ed visual memory or lac k

of exp erience with c haracteristics of visual represen tation from whic h the tactile

images w ere generated. Blind sub jects p erformed b etter than sigh ted sub jects with

tasks in v olving understanding the con ten t of tactile images, p erhaps due to more

exp erience in relying on the sense of touc h to gather and in terpret information.

5.3 Conclusions

The ob jectiv e of this w ork w as to pro vide meaningful access to computer-

based visual information to blind p ersons, and to do so automatically . Image pro-

cessing tec hniques w ere applied to images to pro duce simpli�ed v ersions of the origi-

nals, appropriate for output as tactile graphics. These image pro cessing algorithms,

and the aggregate pro cesses resulting from v arious com binations, w ere selected based

on e�ects that w ere analogous to principles of psyc hoph ysics and the science of tac-

tual p erception. The result w as a system that con v erts a visual image in to a tactile
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image in an automatic, timely and comprehensible fashion, as supp orted b y results

of ev aluativ e exp erimen ts.

Although this individual study did not test nor do es it fully supp ort the

theory that exp erience with use of tactile images will impro v e o v er time, the ob-

serv ations made during exp erimen tal ev aluation pro vide testimon y in fa v or of this

p ossibilit y . There is no reason to think that the expression \practice mak es p erfect"

applies ev erywhere except for tactile images, as indicated b y sub ject recognition of

shap es and patterns that w ere encoun tered in an earlier task.

The signi�cance of the dev elopmen t of this protot yp e system is that it mak es

it clear that reasonable and comprehensible access to visual information can b e pro-

vided to blind p ersons, and done so without the in terv en tion of a sigh ted facilitator.

Th us a blind computer user, for instance, could \surf the w eb" unaided and at a

m uc h b etter lev el of comprehension than p ossible with text alone.

This increased access to visual material can facilitate broader educational

and professional opp ortunities, particularly in areas with a strong tendency to w ard

visual presen tation of information. F or example, p ersons with disabilities, including

blindness, are curren tly underrepresen ted in science-, engineering- and mathematics-

related disciplines. The tec hniques dev elop ed in this system can translate the visual

information from these �elds in to tactile form, pro viding studen ts and profession-

als with b etter access to diagrams, graphs and images ranging in scale from the

microscopic to the cosmic.
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Chapter 6

FUTURE DIRECTIONS

The e�ectiv eness of T A CTICS at con v erting visual information in to compre-

hensible tactile information lends credence to the p ossibilit y of future in v estigation

in this and related areas. Among the p ossibilities are:

6.1 Dev elopmen t of End User Application

T A CTICS can b e dev elop ed further in to a stand-alone application. Suc h an

application w ould b e in v ok able from the command line, p erhaps b eing called in place

of a prin t routine from a w eb bro wser. If a blind computer user desired to explore a

tactile v ersion of an image, the application w ould automatically handle pro cessing

of the image. A t presen t, there are extra steps in v olv ed that ma y require assistance

from a sigh ted p erson, namely:

� Retrieving the prin tout

� Loading micro capsule pap er in to a photo copier mac hine

� Photo cop ying the tactile image on to the micro capsule pap er

� Raising the tactile image using a device suc h as the T actile Image Enhancer
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6.2 Extension to Refreshable T actile Displa y

The use of image pro cessing app ears to b e a natural and e�ectiv e metho d for

pro duction of simpli�ed images suitable for output in tactile form. With suc h e�ec-

tiv e pre-pro cessing a v ailable, the task of exp edien t output b ecomes more imp ortan t.

There is a de�nite need for real-time dynamic tactile displa y tec hnology that could

displa y tactile images e�cien tly .

The tec hniques dev elop ed in this thesis for con v erting visual information

in to tactile information lend themselv es to use as a fron t-end to suc h a real-time,

dynamic, tactile-displa y device. Suc h a displa y w ould o v ercome the reliance on a

sigh ted p erson that a blind p erson migh t exp erience when utilizing micro capsule

pap er as an output metho d. One limitation of past tec hnology dev elop ed to displa y

tactile graphics w as that its e�ectiv eness w as determined b y the relativ e simplicit y

of the material b eing displa y ed. Using image pro cessing tec hniques, as in T A CTICS,

visual information could b e prepared readily for meaningful displa y in tactile form.

6.3 Multimo dal In terface

Simpli�ed tactile represen tations of images, maps and other infrequen tly

c hanging visual items could b e com bined with touc h-screen tec hnology to create

a m ultimo dal in terface. With some initial con�guration, p ositions on an image or

map could b e asso ciated with audio feedbac k, as with the Nomad (see page 29). The

adv an tage of this approac h w ould b e the sp eed with whic h tactile materials could

b e prepared, and the 
exibilit y o�ered b y the automatic simpli�cation tec hniques

of T A CTICS.
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6.4 Mapping Color to T exture

Segmen tation divides a t w o-dimensional visual represen tation in to regions

based on related colors or in tensit y lev els. The result of suc h a segmen tation could

b e used subsequen tly to asso ciate the color of eac h region with a distinct texture,

th us pro viding a blind p erson with more complete access to the original con ten t of

the visual information.

One long-standing problem of graph theory w as the four-c olor c onje ctur e ,

the notion b eing that an y planar graph, for our purp oses a t w o-dimensional visual

represen tation suc h as a map or photograph, could b e segmen ted in to regions and

those regions colored using only four colors, and with no t w o adjacen t regions b eing

assigned the same color [19, 75]. Originally p osed in 1852 b y F rancis Guthrie,

the four-color conjecture w as �nally pro v ed in 1977 [2, 3], although �nding a four-

coloring is not necessarily fast. Giv en that four colors is su�cien t, relaxing the

coloring to some reasonably small n um b er (sa y 10) w ould allo w a v ery fast coloring to

b e p erformed. Th us, a tactile image, simpli�ed using T A CTICS, could b e segmen ted

and colored quic kly using an y of a n um b er of simple graph-coloring algorithms.

T extures are pro duced using simple patterns that pro duce palpable textures when

raised. By uniquely mapping colors to these textures, it ma y b e p ossible to preserv e

m uc h of the original visual information.

Ev en simpler w ould b e to apply a K -means segmen tation to an image, with

K = desir e d numb er of c olors , and apply the color-texture mapping to the result.

This metho d migh t not pro vide as go o d a texture mapping as a more computation-

ally exp ensiv e tec hnique, but it w ould certainly b e fast and ma y b e su�cien t for

enabling comprehension of tactile images, whic h is the goal.
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App endix A

LISTING OF IMA GES

These images are a v ailable for exp erimen tal purp oses via the W orld Wide

W eb at http://www.asel.udel.ed u/se m/re sear ch/t act ile/ appe ndix .ht ml .

A.1 Pilot Study Images

1. Close-up of Presiden t Bill Clin ton

2. Close-up of a researc her (T om W a y)

3. Close-up of Alb ert Einstein

4. Hot air ballo on

5. Chimney end of a house

6. Noteb o ok computer

7. Diagram of a h uman heart

8. Space sh uttle launc h

A.2 T A CTICS Ev aluation Images

1. Desktop computer

2. Desktop computer (another angle)

3. Noteb o ok computer

4. Astronaut taking soil sample

5. Astronaut plan ting 
ag p ole

6. Space sh uttle landing (left to righ t)

7. Space sh uttle landing (righ t to left)
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8. Double-la y er plume n uclear m ushro om cloud

9. Single-la y er plume n uclear m ushro om cloud

10. Micrograph of the ey eball of Drosophiliaey e (house 
y)

11. Electron micrograph of a Strepto co ccus bacteria (96,000x)

12. Planet Saturn

13. Planet Jupiter

14. Mo on

15. Cho colate c hip co okie

16. Close-up of Presiden t Ronald Reagan

17. Close-up of Presiden t Bill Clin ton

18. Close-up of a researc her (T om W a y)

19. Close-up of Alb ert Einstein

20. Hot air ballo on

21. Tw o-shot of Bea vis and Butthead

22. Tw o-shot of Bill Clin ton and Al Gore

23. Chinese studen t blo c king tanks in Tiananmen Square

24. Chinese studen t blo c king tanks in Tiananmen Square (another angle)

25. Golden Gate Bridge in San F rancisco

26. Twin T o w ers in New Y ork Cit y

27. T ornado funnel cloud in Oklahoma

28. Electron micrograph of a cell shedding HIV particles

29. Electron micrograph of a Pinosyllis Hetero cirrata w orm

30. Electron micrograph of the Eb ola virus
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App endix B

SIMPLE AND TIMED DISCRIMINA TION

IMA GE P AIRINGS

B.1 Preparation

Note that eac h pair w as pro cessed four di�eren t w a ys, using the four image

pro cesses under in v estigation.

B.2 Flexi-P ap er P airs

1. Desktop computer & Noteb o ok computer

2. Double-la y er plume n uclear m ushro om cloud & Single-la y er plume n uclear

m ushro om cloud

3. Micrograph of the ey eball of Drosophiliaey e (house 
y) & Mo on

4. Close-up of Presiden t Bill Clin ton & Close-up of Presiden t Bill Clin ton

5. Tw o-shot of Bill Clin ton and Al Gore & Tw o-shot of Bill Clin ton and Al Gore

6. Chinese studen t blo c king tanks in Tiananmen Square & Chinese studen t blo c k-

ing tanks in Tiananmen Square (another angle)

7. Twin T o w ers in New Y ork Cit y & Twin T o w ers in New Y ork Cit y

8. T ornado funnel cloud in Oklahoma & T ornado funnel cloud in Oklahoma

9. Electron micrograph of a cell shedding HIV particles & Electron micrograph

of a cell shedding HIV particles

10. Electron micrograph of a Pinosyllis Hetero cirrata w orm & Electron micrograph

of the Eb ola virus
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B.3 Matsumoto Kosan P ap er P airs

1. Desktop computer (another angle) & Desktop computer (another angle)

2. Astronaut taking soil sample & Astronaut plan ting 
ag p ole

3. Space sh uttle landing (left to righ t) & Space sh uttle landing (left to righ t)

4. Electron micrograph of a Strepto co ccus bacteria (96,000x) & Electron micro-

graph of a Strepto co ccus bacteria (96,000x)

5. Planet Saturn & Planet Saturn

6. Close-up of Presiden t Ronald Reagan & Hot air ballo on

7. Mo on & Cho colate c hip co okie

8. Close-up of Alb ert Einstein & Close-up of Alb ert Einstein

9. Tw o-shot of Bea vis and Butthead & Tw o-shot of Bill Clin ton and Al Gore

10. Golden Gate Bridge in San F rancisco & Twin T o w ers in New Y ork Cit y
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App endix C

IDENTIFICA TION EXPERIMENT

IMA GES AND CA TEGORIES

C.1 Preparation

Note that eac h image used w as pro cessed four di�eren t w a ys, using the four

image pro cesses under in v estigation. The four categories asso ciated with eac h image

w ere arbitrarily arranged for eac h of the four applied pro cesses.

C.2 Listing of Images and Categories

1. Desktop computer

A. an o�ce building

B. a noteb o ok computer

C. a desktop computer

D. a tramp oline

2. Noteb o ok computer

A. a pain ting hanging on a w all

B. an op en cardb oard b o x

C. a noteb o ok computer

D. a desktop computer

3. Micrograph of the ey eball of Drosophiliaey e (house 
y)

A. the Mo on

B. an oatmeal raisin co okie
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C. an ey eball of a 
y

D. a helicopter in 
igh t

4. Electron micrograph of a Strepto co ccus bacteria (96,000x)

A. the face of Alb ert Einstein

B. a magni�ed Strepto co ccus bacteria

C. the end of a stethoscop e

D. a punc hing bag

5. Planet Saturn

A. a F risb ee

B. a helicopter in 
igh t

C. the planet Jupiter

D. the planet Saturn

6. Planet Jupiter

A. the planet Saturn

B. the planet Jupiter

C. a F risb ee

D. the face of Presiden t Clin ton

7. Cho colate c hip co okie

A. a baseball

B. a c ho colate c hip co okie

C. the Mo on

D. the face of Presiden t Clin ton

8. Close-up of Presiden t Ronald Reagan

A. the face of former presiden t Ronald Reagan

B. a hot air ballo on

C. a magni�ed Strepto co ccus bacteria

D. the Mo on

9. Hot air ballo on

A. a hot air ballo on

B. a punc hing bag

C. the planet Saturn

D. an oatmeal co okie

10. Golden Gate Bridge in San F rancisco

A. the Twin T o w ers and the New Y ork Cit y skyline

B. the t win spans of the Golden Gate Bridge

C. a helicopter in 
igh t

D. a pic k et fence
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App endix D

COMPREHENSION EXPERIMENT

IMA GES, DESCRIPTIONS AND QUESTIONS

D.1 Preparation

Note that eac h image w as pro cessed solely using the aggregate image pro cess.

D.2 Listing of Images, Descriptions and Questions

1. Desktop computer: This is a p ersonal computer.

1. This computer is a:

A. desktop computer

B. noteb o ok computer

2. This computer is:

A. on

B. o�

3. This computer has a mouse that is visible.

A. true

B. false

4. Lo cate the k eyb oard.

A. (successful)

B. (not successful)

2. Noteb o ok computer: This is a p ersonal computer.

1. This computer is a:

A. desktop computer

B. noteb o ok computer
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2. This computer is:

A. on

B. o�

3. This computer has a mouse that is visible.

A. true

B. false

4. Lo cate the k eyb oard.

A. (successful)

B. (not successful)

3. Astronaut plan ting 
ag p ole: This is an astronaut dressed in a spacesuit,

w orking on the surface of the Mo on.

1. The astronaut is:

A. using a short p ole to collect a lunar soil sample

B. placing a 
ag atop a 
agp ole on the Mo on's surface

2. The astronaut is:

A. standing still

B. mo ving

3. The astronaut is facing to the:

A. left

B. righ t

4. Lo cate the the astronaut's feet.

A. (successful)

B. (not successful)

4. Space sh uttle landing (righ t to left): This is the Space Sh uttle Endea v or land-

ing in the California desert at Edw ards Air F orce Base.

1. The sh uttle is headed to the:

A. left

B. righ t

2. The landing gear ha v e already touc hed the ground.

A. true

B. false

3. An Air F orce �gh ter jet escort is plainly presen t in the scene.

A. true

B. false

4. Lo cate the tail �n of the Space Sh uttle.

A. (successful)

B. (not successful)

5. Double-la y er plume n uclear m ushro om cloud: This is a n uclear explosion,

complete with m ushro om cloud.

1. Ho w man y la y ers of plumes are there on top of the cloud?

A. one

B. t w o

115



2. Clouds of dust ha v e started to rise around the base of the explosion.

A. true

B. false

3. Lo cate the v ery top of the m ushro om cloud.

A. (successful)

B. (not successful)

4. Lo cate ground zero, the lik ely sp ot where the actual b om b explo ded.

A. (successful)

B. (not successful)

6. Cho colate c hip co okie: This is a homemade co okie.

1. This co okie is a:

A. c ho colate c hip co okie

B. sugar co okie

2. Someb o dy has already tak en a large bite out of this co okie.

A. true

B. false

3. Ho w man y c ho colate c hips are there?

A. 6 or few er

B. more than 6

4. Some c hips are small, others are large. Lo cate a large c ho colate c hip.

A. (successful)

B. (not successful)

7. Close-up of Presiden t Bill Clin ton: This is Presiden t Bill Clin ton.

1. This picture sho ws the Presiden t:

A. from the w aist up

B. from the nec k up

2. The Presiden t is w earing a brimmed hat.

A. true

B. false

3. Lo cate the Presiden t's mouth.

A. (successful)

B. (not successful)

4. Lo cate the Presiden t's ey es.

A. (successful)

B. (not successful)

8. Tw o-shot of Bea vis and Butthead: This is a picture from MTV's carto on

sho w \Bea vis and Butthead," with the t w o stars of the sho w sitting on a

couc h. Butthead is on the left and Bea vis is on the righ t.

1. The one on the left, Butthead, is facing to the:

A. left

B. fron t
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2. The one on the righ t, Bea vis, is facing to the:

A. left

B. righ t

3. Whic h one has more hair?

A. Butthead, on the left

B. Bea vis, on the righ t

4. One of the t w o has dark hair, the other has ligh t hair. Lo cate the dark

hair.

A. (successful)

B. (not successful)

9. T ornado funnel cloud in Oklahoma: This is an activ e tornado funnel cloud

photographed recen tly in Oklahoma.

1. The tornado has already touc hed the ground.

A. true

B. false

2. There are buildings in the path of the tornado.

A. true

B. false

3. Lo cate the p oin t where the tornado funnel merges with the general cloud

co v er in the scene.

A. (successful)

B. (not successful)

4. Lo cate the p oin t of the tornado that is closest to, or touc hing, the ground.

A. (successful)

B. (not successful)

10. Electron micrograph of the Eb ola virus: This is a highly magni�ed electron

microscop e picture of the deadly Eb ola virus.

1. The o v erall shap e of the virus is:

A. straigh t

B. curv ed

2. The ends of the Eb ola virus are iden tical.

A. true

B. false

3. The head end of the virus has 3 lo ops, while the tail end is a single strand.

Lo cate the head end.

A. (successful)

B. (not successful)

4. Lo cate the tail end.

A. (successful)

B. (not successful)
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App endix E

COLLECTED T A CTICS P ARAMETERS

T able E.1: Summary of parameters relev an t to T A CTICS and tactile image p er-

ception.

F actor Par ameters

Ratio of tactual to visual bandwidths 1:10000

Minim um discernible separation of t w o

p oin ts (static)

� 2.5mm

Minim um discernible displacemen t of a

p oin t on a smo oth surface

0.002mm

Heigh t of braille dot 0.2-0.5mm

Minim um discernible separation of

gro v es in grating (dynamic)

1.0mm

Resolution of laser prin ter 7620-15240 dots/mm (300-600 dpi)

Resolution of micro capsule pap er

(expanded)

1-5 capsules/mm

Expanded displacemen t of micro capsule

pap er

0.2-1.0mm

Resolution of h uman �ngertip � 1 dot/mm

Resolution of �ngertip compares with: v ery blurry vision

Human memory organization Hierarc hical: general to sp eci�c

Congenital blindness onset up to age 5

Adv en titious blindness onset after age 5

Blind p opulation (w orldwide) 30-40 million

Blind p opulation (U.S.) � 500,000

Braille 
uency (U.S. blind p opulation) < 16%

Best size for tactile image 3-5in on a side
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App endix F

HUMAN SUBJECTS REVIEW BO ARD EXEMPTION
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App endix G

T A CTILE IMA GE EXAMPLES

Figure G.1: Electron micrograph of Eb ola Zaire virus b efore and after pro cessing

with T A CTICS. (CDC)
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Figure G.2: Figure G.1 expanded on micro capsule pap er.
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Figure G.3: Image of space sh uttle Challenger landing b efore and after pro cessing

with T A CTICS. (NASA)
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Figure G.4: Figure G.3 expanded on micro capsule pap er.
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Figure G.5: Image of mo on b efore and after pro cessing with T A CTICS. (NASA)
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Figure G.6: Figure G.5 expanded on micro capsule pap er.
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Figure G.7: Image of a face b efore and after pro cessing with T A CTICS. (US Go vt)
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Figure G.8: Figure G.7 expanded on micro capsule pap er.
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Figure G.9: Image of a desktop computer b efore and after pro cessing with

T A CTICS. (public domain)
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Figure G.10: Figure G.9 expanded on micro capsule pap er.
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Figure G.11: Image of a tornado in Oklahoma b efore and after pro cessing with

T A CTICS. (public domain)
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Figure G.12: Figure G.11 expanded on micro capsule pap er.
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Figure G.13: Image of Emma b efore and after pro cessing with T A CTICS.

(p ersonal)

132



Figure G.14: Figure G.13 expanded on micro capsule pap er.
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