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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:
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: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.

FS Annotated Bibliography: Information Navigation
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -
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3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation
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operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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Professmnal Interests

Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.

Annotated ‘Bibliography: Information Visualization 17




Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .

Annotated Bibliography: Information Visualization

o e T e v e e s o, T



e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:
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: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.

FS Annotated Bibliography: Information Navigation
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -
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3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation
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operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.

Annotated ‘Bibliography: Information Visualization 17




Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .
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e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:
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: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -

8 _ Annotated Bibliography: Information Navigation

BT g <= a s T AT




3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation
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operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.
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Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .
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e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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elements of the relational hierarchy are visible at asingle glance; rather, only elementsthat are
relevant to the user's present view are shown in the pan+zoom visualization scheme. -

. Example display§__qf the Galaxy of News system
(Source: the o4ginal pap*: reproduced *fil punmisikn.)

Sarkar, M., S. S. Snibbe, O. J. Tversky and S. P. Reiss. " Stretching the rubber sheet: a metaphor for
viewing large layouts on small screens/' ULST'93, Atlanta, Georgia. ACM Press, 1993.81-91.

The authors propose the metaphor of rubber sheet stretching for viewing-large and complex
layouts within small display areas. Asthe user stretchesan area, agreater level of detail is
displayed there. Thistechnique is similar to the fisheye view. However, the method contains
mechanisms to stretch arbitrary (orthogonal or polygonal) regions and multiple foci, which
fisheye views do not support.

a2 s T,

Examples of the rubber sheet metaphor
(Redrawn from originate.)
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as
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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:
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: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.

FS Annotated Bibliography: Information Navigation
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -
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3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation

10 Annotated Bibliography: Information Navigation




operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.
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Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .

Annotated Bibliography: Information Visualization

o e T e v e e s o, T



e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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elements of the relational hierarchy are visible at asingle glance; rather, only elementsthat are
relevant to the user's present view are shown in the pan+zoom visualization scheme. -

. Example display§__qf the Galaxy of News system
(Source: the o4ginal pap*: reproduced *fil punmisikn.)

Sarkar, M., S. S. Snibbe, O. J. Tversky and S. P. Reiss. " Stretching the rubber sheet: a metaphor for
viewing large layouts on small screens/' ULST'93, Atlanta, Georgia. ACM Press, 1993.81-91.

The authors propose the metaphor of rubber sheet stretching for viewing-large and complex
layouts within small display areas. Asthe user stretchesan area, agreater level of detail is
displayed there. Thistechnique is similar to the fisheye view. However, the method contains
mechanisms to stretch arbitrary (orthogonal or polygonal) regions and multiple foci, which
fisheye views do not support.

a2 s T,

Examples of the rubber sheet metaphor
(Redrawn from originate.)
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as
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wallsand floating trees." Thesevisualizationsare " designed to shift work to your per ceptual
system, freeing the conscious mind towork on larger -problems/" .

Nabkel, J. and E: Shafrir. " Blazing thetrail: desi nconsrderatronsformteractrvernformatron :
proneers" SISCHtEaIk l,27.1(1995):: ‘o

Thisartide describestwo products HP UVE HeI p (hypertext style) and Access H P (\NWW
information service, URL: http://www.hp.com). Recognizable metaphors(eg., sreet signs

indicate dir éctions) are tsed to help user s create cognitive spatial map of thernformatron pace.
The paper illustrates theiter ative process of the metaphor design.

Thrspaper d@crrb%the worldswrthrn Worlds metaphor v(?hrch usesacommon aprj’roach to "
‘reduce the complexity of a muItrdrmensronal spaceby holdrng‘/‘ he or.moreofits mdependent RN
dimensions constant to reduceaworld's dimension: 153D, tharr emibedsin the 3D world: another. ok

- +.3D world that. repraentsttjreeaddrtronal Water drmensrons?The position of:the terbedded i

worId sorrgrn relatrvetothecontamrngw&ld sc00td|natew$ma$adf|$tl<< valueof trueeof-' .

&

applrcatron |srnttu§f| nanci aI vrsualrzatron doI nam

L3

Sarkar M, S. S. Snibbc; 0.3. Tversky and S. P. Kerss "Stretchrngtherubber ‘shatt: mmrtaphor for- &

o vrewrnglargetoyor|teonsn|&« m ¥ s, § “&Cﬁl‘m Cow
Theauthors proposethe metaphor of rubber Sheet stretchrng for vrewrng Iarge and complex T
layoutswithin small display areas. Astheuser stretch thearea, agreater level of detail is
displayed there. Thistechniqueissimilar to the fisheyeview. However, this paper describes
mechanismsto stretch arbitrary (orthogonal or polygonal) regionsand multiple focuses, which
fisheye view-does not support.
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as
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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:
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: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.

FS Annotated Bibliography: Information Navigation
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -
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3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation

10 Annotated Bibliography: Information Navigation




operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.

Annotated ‘Bibliography: Information Visualization 17




Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .
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e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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elements of the relational hierarchy are visible at asingle glance; rather, only elementsthat are
relevant to the user's present view are shown in the pan+zoom visualization scheme. -

. Example display§__qf the Galaxy of News system
(Source: the o4ginal pap*: reproduced *fil punmisikn.)

Sarkar, M., S. S. Snibbe, O. J. Tversky and S. P. Reiss. " Stretching the rubber sheet: a metaphor for
viewing large layouts on small screens/' ULST'93, Atlanta, Georgia. ACM Press, 1993.81-91.

The authors propose the metaphor of rubber sheet stretching for viewing-large and complex
layouts within small display areas. Asthe user stretchesan area, agreater level of detail is
displayed there. Thistechnique is similar to the fisheye view. However, the method contains
mechanisms to stretch arbitrary (orthogonal or polygonal) regions and multiple foci, which
fisheye views do not support.

a2 s T,

Examples of the rubber sheet metaphor
(Redrawn from originate.)
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as
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wallsand floating trees." Thesevisualizationsare " designed to shift work to your per ceptual
system, freeing the conscious mind towork on larger -problems/" .

Nabkel, J. and E: Shafrir. " Blazing thetrail: desi nconsrderatronsformteractrvernformatron :
proneers" SISCHtEaIk l,27.1(1995):: ‘o

Thisartide describestwo products HP UVE HeI p (hypertext style) and Access H P (\NWW
information service, URL: http://www.hp.com). Recognizable metaphors(eg., sreet signs

indicate dir éctions) are tsed to help user s create cognitive spatial map of thernformatron pace.
The paper illustrates theiter ative process of the metaphor design.

Thrspaper d@crrb%the worldswrthrn Worlds metaphor v(?hrch usesacommon aprj’roach to "
‘reduce the complexity of a muItrdrmensronal spaceby holdrng‘/‘ he or.moreofits mdependent RN
dimensions constant to reduceaworld's dimension: 153D, tharr emibedsin the 3D world: another. ok

- +.3D world that. repraentsttjreeaddrtronal Water drmensrons?The position of:the terbedded i

worId sorrgrn relatrvetothecontamrngw&ld sc00td|natew$ma$adf|$tl<< valueof trueeof-' .

&

applrcatron |srnttu§f| nanci aI vrsualrzatron doI nam

L3

Sarkar M, S. S. Snibbc; 0.3. Tversky and S. P. Kerss "Stretchrngtherubber ‘shatt: mmrtaphor for- &

o vrewrnglargetoyor|teonsn|&« m ¥ s, § “&Cﬁl‘m Cow
Theauthors proposethe metaphor of rubber Sheet stretchrng for vrewrng Iarge and complex T
layoutswithin small display areas. Astheuser stretch thearea, agreater level of detail is
displayed there. Thistechniqueissimilar to the fisheyeview. However, this paper describes
mechanismsto stretch arbitrary (orthogonal or polygonal) regionsand multiple focuses, which
fisheye view-does not support.
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as
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I ntroduction

SEED, a Software Environment to  Support the Early Phasesin Building Design,-intendsto
encour age designersto exploreconceptual alternatives and to iterateover design conceptsin order to
derive at amost promising design scheme.: It supportstherapid generation of:computable
representations of alter natives and variants of alter nativesbased on explicitly stated-requirements.
Designers may modify dynamically requirements as their -per ception of the problem at hand evolves
through work with SEED. They receive consistent feedback as SEED eval uatesthe current design after
each design decision against the current requirements’. :

Deagnerswork incrementally by starting with.more abstract design versions, which they
successively refine, or by adding piecesto a design,at,a given level of abstraction. Designersare ableto
pursue alter native paths, to return to temporarily abandoned design versionsat alater timein the same
design session; or to storeany version persstently in'adatabase, from which it can beretrieved later
‘@ither by an explicit call or by using cmedased sear ch téchniques.

Therepresentation used by all partsof SEED is object-based, that is, both designsand
requirements are represented as collections of related objects, which—in turn—ireinstarices of classes
from which they inherit attributes and behavior. Problems (collections of requirements) and their
solutions arefirst of all distinguished in SEED by type. For example the prablem of laying out the spaces
on afloorisdigtinct, on the onehand, from the problem of deter mining which spaces should be placed
- on that floor and, on the other hand, from the problem of placing partitions between the spaces on the
floor. SEED offer s specific solution generation operatorsfor dlfferent typesof problems. In the
incremental design processsupported by SEED, an object repr&eentmg aproblem or solution isderived
from another object of the sameclass; that is, parent/chlld relationsexist between problemson the one
hand and solutions on the other hand. A problem and the solutions gener ated for it constitute a design
space. The (intermediate or complete) solutionsin thisspace areitsstates, which arerdated through
parent/child relations. Design states can be nested within design statesif they refine part of a solution
generated at amoreabgract level. For example, the problem of laying out the spaceson afloor refinesa
gatethat deter mineswhich spacesgo on which floor.

It hasbeen clear to the SEED developer sfrom the outset and confirmed through experiments
with potential usersthat designersusing SEED can easily get lost in the multiple design spacesthey are
able to generate and populate with a potentially very large number of objects. It iscommon to call the
featuresthat distinguish nested design spacesand the statesin any one of the subspaces the dimensions of
the spaces. User s navigate this space by moving along any dimension, for example, by moving from a
higher abstraction level to alower oneor vice versa; by revisiting statesin a space; or by expanding a
gpace through the generation of additional statesor the modification of problems. Usersneed intelligent
navigation aidsif they arenot to get lost on the way.

Wereview in thisreport theliterature reated to design space navigation. Thereport is sdf-
contained; that is, it may be of interest to readers concerned with issuesthat differ somewhat from those
encountered by the SEED developers. However, we do point out if a source sheds light on an issue of
gpecific importancein the SEED context.

Thesourceslisted inthereport cover twomain subject areas. information navigation and
information visualization. | nformation navigation isfurther subdivided intothefollowingsubareas:

. Cognitive mapping: the cognitive theory of how humansfind their way;

. Empirical studies of human cognitive processes during the execution of navigation tasks, such as
navigating in afile system directory space or in alibrary database;

. Navigation frameworks: the overall concepts and/or metaphorsemployed in systems that

support infor mation spacenavigation, wher etheter m information spaceisametaphor and not to

1 For anoverview of SEED, see Hemming, U. and R. Woodbury. " Softwareenvironment tosupport early

phasssin building desgn (SEED): Overview" Jaurnd of Architectural Enginesring 1 (December 1995),
147-152.
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be confused with space in the physical world;

. Direct manipulation.of visible information: a technique popular in thefield of human-computer
interaction that allows usersto interact directly with dataln an information space;
. Query, search and filter: utilitiesthat allow usersto. focuson the data.of interest in an

information space.
" Infonnation visualization contai n'sthefollowing subareas.

. Visualization frameworks: overall concepts and systemsset up to visualize an abgract
information space;

. Visualizing hierarchical and other relational structuressuch astreesor networks,

. Visualizing multi-dimensional information, that is, information thaI can be categorlzed and
retrieved according to multiple aspects or feafures;

. Multiscale displays: alternative viewsinto the same mforrhait_ion space with different resolutions
of itsdata; . _

. Tranducent/transparent displays:. stacking multiple viewsin alimited screen areausing
tranducent or transparent displays; _

. 3D displays/effects: visualization using 3D objects or effects (such asper spective views);

. Visual metaphors. metaphorsemployed by systemsto assist the visualization of information.

A source may be multiply listed if it cover s several of the areas mentioned above. The selected
sour ces cover researchand applicationsin human-computer interaction, database management,
hypennedia systems, World-Wide Web (WWW) sear ch, computer graphics, and qther areasreated to
information management. Thisreview isby no mearis complete. However, the selected sour ces are state-
of-the-art and representative of the areasthey cover. :
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I nformation Navigation

Cognitive Mapping

Cognitive mapping has been the primary theory of human spatial cognition proposed in the
literature. Three main cognitive mapping strategieshave been identified: egocentric, fixed, and abgtract
systems of reference (see Hart.and Berzok 1982). Resear chershave demonstrated that-both children
(Down 1985; Hart and Berzok 1982; Mandler 1988; Pick and Rieser 1982; Somer ville and Haake 1985) and
adults (Garling, Book and Lindberg 1985; Mandler 1988) usethesethree strategiesin varioussituations.
They construct through these different strategies different cognitive maps. Lynch (1960) observesthat a
person may have different images of a city and'that theseimages are " arranged in a series of levels,
roughly by the scale of area involved, so that the observer moved asnecessary from an image at street
level to levels of a neighborhood, a city, a metropolitan region” (Lynch 1960, p. 86). Tversky (1993) refers
to theseimages as cognitive collages which " are thematic over lays of multimedia from different points of
views/' (Tversky 1993, p. 15) Furthermore, landmarks arethe essential elementsin human cognitive
mapsor collages (Down 1985; Garling, Bovk and Undber g 1985; Golbeck 1985; Hart and Ber zok 1982;
Lynch 1960; Mandler 1988; Pick and Rieser 1982; Somervilleand Haake 1985; Tver sky 1993); they
" facilitate the encoding and retrieval of information about spatial location/' (Golbeck 1985)

There appear to bedear distinctions between spatial maps of elementsfound in the physical
environment and data in an information space; in the physical world, thelandmarksstand out from a
surroundingground, which hasstructure of itsown and isable, for example, tordate landmarks
geographically to each other, not only in terms of proximity, but also in terms of more absolute directions
(north/south etc.) so that people who know where they are in this ground can orient themselves
generally in space. Information spaceshave no such ground that is, the pieces of information 'float'
around all by themsalveswith no mediating 'matter’. Wehave not found any discussion of these
differencesin the literature and would be hesitant to apply findings from therealm of cognitive spatial
mapsdirectly to information space navigation. However, welist the following sour ces because we find
them suggestive. For example, design space navigation could incor porate landmarks asgeneral
orientation points, but may haveto allow usersto select their own landmarks since—unlike in physical
space—these landmarks are not preexiging. Asanother example, a navigation tool may be ableto
display design spacesat arbitrary levels of details and allow usersto identify/stor e their abstraction
settings. Thiswould enable usersto control the associations between their own cognltlve mapsand
abgract views of design spaces.

Downs, R. M. " Therepresentation of space! itsdevelopmentin-children and in carto?baphy "The.
ment.of Sp r;umn..Ed Cohen, R.'Hillsdale, NJ: Lawrence E
Associates, 1985.323-345.

This paper presents atheory of therepresentation of spattal information in human cognition and
relatesits development to the evolution of map-making (cartography).

Garling, T., A. Bttk and E. Lindberg. " Adults" memory representations of the spatial properties of
thelr everyday physical environment” TheDevelopment a& Spatial Cogoition Fd Cohen, R.
HUIsdale, NJ: Lawrence Erlbaum Associates, 1985.141-184.

Theauthor s present an information processing model of adults spatial memory. In thismodel,
properties of the environment are cognitivly mapped. The mapped properties are places, spatial
relations (spatial inclusion, metric spatial relations, proximity), and travel plans.
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Golbeck, S. L. " Spatial cognition asa function of environmental characterlstlcs/"%g
Spatiakegritiern. Ed. Cohen, R. Hillsdale, NJ: Lawrence Erlbaum Associates, 1 .
Theauthorsdescribe alist of environmental characterigtics that influence spatial cognition. These

characterigticsare classified into two broad categories: structural features(landmark containing
feature), and organizational features (clustering, orientation, saliency).

Hart, R. and M. Berzok. " Children's strategiesfor mapplngthegeographw—scaleenvwonment
Spat&aJ-AbMes—dmd@rpenLand-physoLcﬂtlALWflanQrﬂf- -Ed* Poteftal»M. New York, NY;
Academic Press, 1981147-169.

Thispaper describesthree cognitive mapping strategies: egocentric (myself), fixed (landmarks),
and abstract systems of reference (roads, orientations). Two broad categories of way-finding
strategiesareidentified: sequential strategies (ordinal mapping, interval mapping, and accurate
route mapping), and survey strategies (loose typological mappings, accurate simultaneous
display gtrategies (like areal map)).

Lynch, I}Q_%;J)le_l_magagf_[muy. Cambridge, MA: TheTechnology Press& Harvard University Press,

~ Lynchintroduces paths, edges (boundaries), districts, nodes (points, spotswhich observerscan
enter), and landmarks (a type of point reference) asimage-forming elementsin cities. Landmarks
can bedementsasdifferent asatower, ahill, asignpost, atree, or adoorknab. A landmark can
be easily identified if it hasa clear form, contrastswith itsbackground, or hasa prominent
gpatial location.

The global image of the environment isa set of images, which moreor lessoverlap and are
interrelated. " They weretypically arranged in a series of levels, roughly by the scale of area
involved, so that the observer moved asnecessary from an image at street level to levelsof a
neighborhood, acity, ametropalitan region." (p.86)

Theauthor refersto Warner Brownsstudy® of human way-finding behavior:" ... subjects seemed
to use at least three different kinds of orientation: a memorization of the sequence of movements,
usually difficult to reconstruct except in correct sequence; a set of landmarks (rough boards,
sound sour ces, rays of sunlight that gave war mth) which identified localities; and a general sense
of orientation in the room space (for example, the solution might beimaged as a general
movement around the four sides of theroom, with two excursionsinto theinteriors)" (p.131).

Mandler,J. M. T hedevelopment of spatial cognition: on |ml$ WMIMF F%’ltaﬂ@dﬁf'
sdaomat avis, J., M Kritdhevsky and U.
VT 1 A R Y 7 Ty oA s eyl Honeysy

Mandler identifiestheimportance of landmarksin human spatial cognition. The author observes
that" ... spatial primitivesof landmarks, containment support relations, and soforth seem tobe
basic at all ages, with metric information secondary.... Landmarksplay important and
distorting rolesin the formation of cognitive maps at aII ages___Inshort, anumber of non-
Euclidean properties seem to be die most essential aspectsof spatial knowledge at all ages. We
codethingsasinsideor outside of regions, nearby landmarks, on or-under other things.
Typically we do not process metric detailsbecausethey are unnecessary for our usual commerce
with theenvironment/' (p.430-431)

1 Brown, W. " Satid Integrationsin a Human Maze" Unjver Sty of California Publicationsin Psychalogy.
VS(1932): 123-134.
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Pick,H.L.and|.J. Rk»«r." Children'scognitivemapping/’
Fhysiological Foumdatibns, Ed. Potegal, M. New Yotk :NY: AcademicPr*ss, 1961107-128.
Hiepaper describeshow Pulawat | dandersnavigatein the Pacific Oce«n. It-again demonstrates
the useof landmarks, reference systems; and spatial inference duringhuman spatial tasks: The
author sar gue'that the cognitive mapping processincludes spatial.infer ences about relations .
between-locations, aswell asupdatesof the relation between one'sown position and all other
lotationsin-space. They emphasizethe processof mapping' rattier than.the static cognitive 'map*
during human spatial tasks. - -

m P - i - 1

Wel ", HM ¢ NY: Lawrence Erlbaum Associates, 1988, 73-104.

This study demonstrates that children under stand spatio-tempor al sequences and know how to
- usethem for searching purposes.

Tversky, B. " Cognitive maps, cognitive collages, and spatial mental models." CQJFT *p3 Mardana
Marina, Elbalsland, Italy, September 1993.-Eds. Frank, A. U. and L Campari. Springer-Verlag,
1993.14-24.

Theauthor proposesthe spatial cognitive model of 'cognitive collages® and arguesthat it fits
gpatial behavior better than cognitive maps.

West, R.L.and C. W. Morris, " Spatial cognjtion on nonspatial tasks: finding spatial’ knowledgewhen
yno'r* not lookingfor IL» 117 payalemm<mt 0y IferiULr ~ r L. ) Ldemt, U _MIiey Kl
Lawrence Erlbaum:Associates, WK . 13-39.

Thispaper triesto demondtrate the usefulness of spatial representations (spatial visualization,
spatial thinking) in scientific reasoning and many other domains.

Empirical Studies

Thebehavior of people navigating in information spaces hasbeen observed by Akin, Baykan and
Rao (1987) and ODay and Jeffries (1993). These studiesintroduce a new kind of navigation-tool, search, -
that is available in informatkm spaces, but not in our physical environment. Seardi may beableto aid
way-finding in design spaceswhile posing a minimal memory load on the user.

Akin, 6., C Baykan and D. R. Rao. " Structure of adi_rectg'r_?{ space; acasestudy with a UNIX operating
pyton." [nternafional frygal ftf Mfln-M~ing SHidIW 26 41t»71; 361-M 2,
The paper presentsan empirical study of the structure of directory spaces and of users search
behaviorsin a UNIX operatirig system. Findingsindicate that most dir ectories are or ganized
hierarchically, but with few levels. Furthermore, depth-first seardi characterizesboth the
organization of thedirectoriesand thebehavior of the users. One of the findings, " usersliketo
organizefilesby topic," indicatesa possible organization of statesin a design space. Several
suggestions towar dsimproving the UNIX operating system apply-also to design space.
navigation, for'example, providing tools for searching and retrieving desired files based on user-
defined criteria.

O'Day, V. and R. Jeffries. " Orienteering in an information landscape: how infor mation seeker s get
from hereto thae."mgui%jﬁwgmlﬁfnﬁwfactors in C_ompwg_systems:

Annotated Bibliography: Information Navigation 5




: ' Amsterdam, ThmNetherlands. Eds:Ashlund;S., K. Mullet A.
Henderson, E.Hollnagel and T. White: AddIson Wesley, 1993.435-445. _
Theauthorspresent an empirical study of theusesregular clientsof prof essional mtermedlarles
(such aslibrariansy make of information retrieved by search. Tasksare performed for three
different types of searches. (1) monitoring awell-known topic or set of variablesover time; (2)
following an infor mation-gathering plan suggested by a typical approach to thetask at hand;
and (3) exploring'atopicin an undirected.fashion. The study identifiesa set of common triggers
and stop conditionsfor further search stepsalong with a set of common operationsthat clients
useto analyze sear ch results.

Navigation Frameworks

Navigation issues have been studied early on in connection with hypertext systems (see
Balasubramanian (1994) for areview of several hypertext systems) and mor e recently with the WWW
environment. In summary, four types of navigation frameworkshave been discussed:

. Hyperlinks: navigation through sensitive objectsin an information space, wher e theinformation
may or may not be structured; WWW browser's (such asNetscapeor M osaic), KMS(Akscyn
McCracken and Yoder 1988), and InfoGrid (Rao & al. 1992) are of thistype;

. Hierarchiesor networks. navigation through nodesin an information space, wherethe
information isorganized into hierar chies (e.g., Rivlin, Botafogo and Shneider man 1994) or
networks (e.g., Thiiring, Haake and Hannemann 1991) and views of the overall or partial
information space are provided;

. - Portals or wormholes: navigation through interactive zooming and pannlng |n an information
space; the zoom operation can activate a view (portal) which d|splaystheselected information at
different scalesor in different formats (Perlin and Fox 1993), or a view (through wormhole) that
displays additional data related to the selected infor mation (Woodr uff et al. 1994). .

. Rooms (Clarkson 1991): navigation through rooms (information clusters) in ainformation space
modeled astheinterior of a physical spacewith roomsand door sdisplayed in 3D or 2D views.

Hierarchiesare used in the current SEED-L ayout implementation because design spacesin SEED-
Layout are hierarchically or ganized through derivation relationships. For the general design space
navigation problemsin SEED, wemay consider portalsor wor mholes, which provide flexible
interactionsat the overview level (where user s seethe structure of the design spaces) aswell as the object
content level (where userswork in viewsof design statesin a design space). I n addition, thisframework
providesthe capability to incor por ate sear ch mechanisms.

Akscyn, R. M D L. McCrackenand E A. Yoder' "KMS: adistributed hypermedlasystem for
managing knowledgein or gamzat-lonal Communications of the ACM /317 (1988). 820-835.
KMSsupportsbrowsingin ahypert@d IlkeenV|ronment using (1) astandard framelayout—its
relative homogeneity makesit easier for usersto percéivethe components of aframie, interpret
them, and make decision about what to do next, ) Iargetarget selectlon (3) fast backtrack
commands, but no scrolling.

Studies of ZOG (the predecessor of KMS) showed that the multi-node viewsthat are availablein
ZOG wererardy used. KMS, in contragt, provides only abreadth-first view of aframe, and the
frame itsdlf provides a bread-first view of the database.

KMS preventsdisorientation by providing (1) hierarchical selection (hierarchical linksare
distinguished from cross-reference links), (2) special navigation commands, e.g. Goto, Home,
Info, (3) flagging préviousseléctions, and (4) fast response. It also supports annotation (ascross-
reference) and search.
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Balasubiamanian, V. " Sateof theart review on hypermedia issuesand applications/" Graduate

SentxnynganRyliagt 8“;'“'9'3"" Nearaik," NOW Jex3fr #" ee <Mtp://wwwasg*fu.ca/
~ Ui mumray pyasmar_scs

Tliisreport consists of elght chaptersdeallng, respectlvely, with an introduction to hypertext;
|mplementatlon|ssjes databaseissues; user interlaceissues; information retrieval issues;

., integration issues;:appBcaticis and a systéimatic appr oach to user interface design for a

" hypértext framework: Thefoliowing chaptersarethemost interesting for our pur poses.

Chapter 1 reviewsseveral hypertext systems, such asMemex* (which allowsfor scanned-in
handwritten mar ginal notesand comments), Xanadu?® (awrite-once system: oncesomethingis
published, it isfor theentirewor|d tofeeforever; aslinksare created by users, the original
document remains the same except for the fact that a newer version iscréated with referencesto
theoriginal versions), Intermedia® (provides three types of navigation tools: paths, mapsand
scope links), NoteCards® (containsfour bask constructs: notecardsthat contain information
contentssuch astext, graphics, images, voice, etc.; linksthat present binary relationships
between caids; browsersthat display node-link diagrams of portionsof the network; and
fileboxesthat organizecardsinto topicsor categories);: KMS (see Akscyn, McCracken and Y oder
(1988) on page6.), and Guide® (supports four different kindsof links: replacement buttons, note
buttons, reference buttons, and command buttons; navigation:through replacement buttons
initially provides a summary of theinformation; the degree of detail can be changed by the
reader.)

Chapter 3 discusses efficient sear ch and query mechanismsthat could partly solvethe "logt in
space’ problem experienced by usersduring navigations. There can betwo kindsof queries: a
dructure query to retrieve a part of the network, and a content query te retrieve a specific node.
Chapter 4 summarizes several navigation approachesin hypertext systems:

1. Graphical browsers: help reduce disorientation by providing a2D spatial display of the
hypertext network. A drawback occurswhen the network becomestoo large.

2. Waebviews: global maps, local maps (focusing on the document of interest and its
neighbors; which ismost useful for WWW browsing), and local tracking maps. Theseweb
viewsarelater improved to apath, amap, and a scope line. The combination of thesethree
providesthe spatial and temporal informatiorL

M aps and overview diagrams (which seem to be the same astheweb viewsin 2!).

Pathsand trails: a path-isa list of documentsthat the user hasvisited; it can be used to
collect all interesting documentsto form a single linear document.

Guided toursand tabletops: they are controlled navigation tools.
Backtracking, history lists, timestamps, and footprints, which aresimilar to pathsand trails.
Arbitrary jumps, landmarks, and bookmarks

© N o O

Embedded menus, which allow theuser to select aword or item embedded within the text
of adocument and present the user with alist of linksto go to.

1. Nyce, JM. and P. Kahn. Eds. Erom Memex to Hypertext: Vannevar Bush and dieMind'sMachine. BosIon
MA, Academic Press, 1991.

2. Nelson, T. " Replacing the Printed Word: a CompleteLiterary System." 1nformation Processing_'80.1980.

3. Meyrowitz, N.K. " Intermedia: the Architecture and Construction of an Object-Oriented Hypermedia
System and Applications Framework." QQPS. A '86.1986.

4. Halasz, F.G. "NoteCards a Multimedia |dea Processing Environment.” Interactive Mplfi*>dia. Eds. S.
Ambron and K. Hooper. Microsoft Press, 1988.

5. Brown, PJ. 'Turning Ideasinto Products the Guide System.” Hypertext'87, November 1987.
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9. ’_"Flsheyewewsand S|0|ders1 An exampleof spiders, isthedirected graph browser in Thoth-
n' where a global map is created dynamu:ally and expandsin two-dlme_nsonal space
creating spiderson thedisplay asa user browsesthrough Ilnked nodés.

10. 'Roam® and zoom: Roaming issmilar to conventlonal pannlng and scrolling operations,
which provide userswith awire-framebox or rectangleto bedragged around the map
window; they can thusroam around theinformation space (See " Examples of movable
filters'on page 13)

11*  Conceptual space navigation* useful for learning systems.
Chapter 5 arguesthat an effective access to information equals navigational access plusqueries.

Clarkson; M. A. " An easier interface/' Bjlfi. 2,1991.277-282.

The Information Visualizer provides 3D rooms (seebelow) as multiple virtual workspaces,
interactive objects for different visualization methods (such as'conetrees or ' perspectivewalls),

“and 3D navigation and manipulation (such aswalking, touching:changingroomsand picking
up objects). Theseelementsaswell asthe application communicate through a 'cognitive
coprocessor', which supports smooth animation and multiple asynchr onous agentsthat pr esent
resultstotheuser.

A 'room' isdefined by a task-oriented clustering of information. Rooms are connected by 'doors.
"... Work isdistributed throughout a collection of 3D/2D rooms furnished with interactive
objects such aswallsand floating trees. To better under stand the structure of the information
that these objectsrepresent, you can accessembedded data and examineits structure from
different anglesby 'flying' around or throughit." Other operatorson 3D treesarerotate,
examine prune, rearrange, etc.

. These animated visualizations are designed to shift work to your perceptual system, freeing
theconsuousmlnd towork on larger problems." Several filteringmethodsate introduced
including abgtraction and selectiveomission.

Mamrak, S.A.and C. S. O' Connell " A framework for acomiprehensive analysis of navigation in
hlerarchytopologles/ Technical Report, OSU-CISRC-4/91-TR12, Department of Computer
and Information Science, The Ohio State University, Columbus, 'Oht043210,1991.

The paper discussesthreenavigation strategiesin a hierarchy topology: absolute by name, and
relative. Each of those can make use of three navigation mechanisms.

1.  Badc: navigation strategiesimplemented in adirect, Sraightforward manner; an example
of abasic absolute strategy in SEED would be the point-click method uséd in the problem
hierarchy and design windows; the navigation buttonsin the problem statement and
design windows are examples of abasic relative strategy. '

2. Enhanced: multipleviewssuch asfisheye, overview and filtering; focusing; 'énd memory
support such asbacktracking.

3. Redundant: different waysto do the samething, such asthe Home command.
The authors recommend the following guidelines for hyper base softwar e design:

1. Provideexplicit navigation mechanisms;

2. Provide at-least basic mechanismsfor all the strategies;

1. Cadllier, G. H. " Thaoth-1I: Hypertext with Explicit Semantics/' Proceedingsof Hypertext '87 Conference,

November 1987.
2. Mayes, T., M. Kibby and T. Anderson. " Learning about L earning from Hypertext" Designing,
Hypermediafor Learning, NATO ASl Series, VolumeF67. Springer Verlag. 1990. -
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3 Provide enhanced and redundant mechanisms when resources allow for this.

The implementation should follow four guidelines: typographical cueing, redundancy,
backtracking, and focus viewing. Examples from manuscript and mathematical applications are
provided. ’

Perlin, K. and D. Fox. " Pad: an alternativeagfroach tothe computer interface/' SIGGRAPH'93
Anaheim, CA. ACM Press, 1993.57-64.
Pad is an infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region cm the plane's surface. Portals' are
used for navigation; they act like magnifying glasses that can peer into and roam over different
parts of the Pad surface. The screen itsdf isjust aspecial 'root" portal.
Navigation is performed by zooming in and out and by moving around the surface. The
underlying assumption for search isthat all the information is there; to see more detail, you just
have to take a closer 1ook.
To fecilitate the display, two techniques are used: 'semantic zooming' and 'portal filters.
Semantic zooming can be used to control the amouitts or types of information to be displayed at
certain scales. Portal filters ccmtrol how information is displayed (e.g., in textual, tabular, chart or
graphical format).
This navigation approach resembles closely that of the Tioga system (see Woodruff et al. (1994)
on page 10).

Plaisant, G, D. Carr and B. Shneiderman. " Image browser s: taxonomy, guidelines, and infor mal
specifications.” Technical Report, CAR-TR-712/CS-TR-3282/| SR-TR-94-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Rao, R., S. K. Card, H. D. Jellinek, J. D. Mackinlay and G. G. Robertson. ' Thelnformation Grid: a
framework for information retrieval and retrieval-centered applications/' L T * M , Monterey,
California. ACM Press, 1992.23-32. '

InfoGrid example: eectric file cabinet |

(Source: Ihe original paper reproduced wHhpeanWoa)

The Information Grid (InfoGrid) is a framework for building information access (retrieval-
centered) applications. It isbased on the 'triple agent model* (developed at the Xerox Palo Alto
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Resear ch Center) consisting of the 'user’, a 'dialogue machiné, and a'task machine'. Itsdomain is

document services. ThenfoGrid mterfacelsdlwded intotiled areasinteracting with the .
infor mation access mechanism and document ser vices provided by a particular application.

These areas contain two kinds of objects (1) 'property sheets, which display field-oriented

information, and (2) InfoGrid buttons, which are objectsthat the user can manipulate. Some

example InfoGrid applications are described, such asan 'dectronic file cabinet,’ a biography

database, and an encyclopedia browser.

Rivlin, E., R Botafogo and B. Shneiderman. " Navigatingin h per space: design astructurebased
toolbox." ngmgnlﬁlgnsoftheACM 37.2 ft« k 8% .96.

Theauthor s propose to or ganize hypertext linksinto hlerarchl_cal structuresand provide
algorithmsto determine theroot of a hierarchical structure.

Thiiring, M., J. M. Haake and J. Hannemann. "What's Eliza doing in the Chinese Room?: incoher ent
yperdocumenteand howto,avoid them/* Technical R%ort Arbeitspapiereder GMD 533,
Gesellschaft fitr Mathematik und Datenveraxbeltung MGH, 1991.

The authors claim that hyperdocument user sfail to develop an under standing of the document
a" coherent entity" of closely related facts. They useit asan aggregation of loosely linked
chunks of information because (1) inappropriately labeled nodes and linksimpede the
under standing of semantic relations between nodes; and (2) the lack of higher-order units, which
can represent part structures of the hypertext net, preventstheidentification of different node
contents. Thereport proposes aframework consisting of three parts: content (formed by 'design
objects which represent theinformation in the document), organization (represented by another
type of design objectswhich encode relationshipsbetween documents), and presentation
(different " views"). '

Woodruff, A, P. Wnnovs‘ﬁr , C. Taylor, M. Stonebraker, C. Paxson, J. ChenmdA.Alken.“Zoonung
andmnuling uvmmﬁl gﬁ” Technical Report,
UCB//S2K-94-48, U nium“tgmy kz&-ﬂp.cs. eley.edu/pub/tech-
r epor ts/s2k/s2k-94-48/>.

The author s propose the use of 'wor mholes' to access spacesin different dlmensons an
intuitively appealing approach. However, objects on either side of the wormhole are unrelated to
each other, which makesthisapproach Iessappllcableto nawgatlon problemsin design spaces
because any two connected objectsin adeﬂgn spacehavesomecausal relation. Details, such as
their 'devation map* and' dévation range'; may beuseful fof deS|gn ‘Window navigationsin
SEED.

Direct Manipulation of Visible Information

Design space navigation tools should support direct manlpulatlon/mteractlon with objectsin
design spaces, aswell asfacilitate view manipulations of these spaces, such aschanglng how the
information is presented in a space (Ddmel 1994), adding/removing information in the view (Gedy and
Katz 1987; Henry and Hudson 1991), or changing aspects of, V|ews(D0meI 19%4; Henry and Hudson
1991), e.g., by changing viewing axes (Hovestadt 1993)).

Domel, P. " Webmap-a graphical hypertext nawgatlontooll El nic Pro inggg%ffhﬁmnd
Internatlonal World W| Web Conference'94: Mosa e, Chicago/ Fall 1994.

Webmap usesspanningtre&asnavigation aid. The paper includesalgorithmsand strategiesfor
treelayoutsand illustrates features and oper ations for navigation. The following navigation

10 Annotated Bibliography: Information Navigation




operationsare provided by Webmap; next page, previouspage, up onehierarchy level, and
hometoentry page. Webmap plansto support featur es such asmultiple document views,
automatic map creation using World-Wide Web sear ch engines, operationsto storeand load
sever al jotirneys (navigation-sessions); it include time stampsin typology node statistics of the
frequency.of visits. : _

Tk 1: UNLs of dumemnis snrvatpuidiog foe Sl sonbie shown in Plgums 1 amd 3.

Example screen images of WebMap
(Squrce:"hrtp://*mm o Wmmm

Gedye, D. and R. Katz. " Browsing the chip design database," Technical R ort UCB//CSD-é7-378,
Computer Science Division, Univer sity of Californiaat Berkeley, 1987. <ftp-7/tr- '
ftp.cs.berkeley. edu/pub/tech report/csd/csd -87-38/>.

Multiplewindows (in 2D) areused to dlsplay relallonshlpsbetween design objects, which may
belong to oneof three sets: composition, version, or equivalence. Sincetheseredationshipsare
orthogonal, they aredisplayed independently asa directed acydk graph (DAG), aversion tree,
and an equivalence set, respectlvely User snavigate by:dir ectly manipulating design objects
(shown by their names) in each wiitdow.

Henry, T.R.and S. E Hudson. "Interactlvegraph layout/' ,I;LLLI_LtL Hilton Head, South Carolina.
ACM Press, 1991,55-64.

lite paper introducesthreeconceptsto enable the user to dissect large graphsiteratively into
manageable piecesand tolay (Hit theportionsin amanner;that clearly reflectsthe user's current
focus: (1) an architecturefor building riew simple graph'layout algorithms out of existing
algorithms, (2) parametérized graph layout algorithmsto give theuser control over the layout
process, and (3) an interactivemechanism for selecting portions ol the graph that match the
user'scurrent focus. The paper -alsointroduces metagraphsto (1) convey:the structure of the
hierarchy of layout algorithmsto the user, (2) allow the user to manipulate the hierarchy, and (3)
provide an interfacefor the parameters of individual layout algorithms.
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Hovestadt, L. " A4 digital building: extensive computer support for-building design, construction, and
gmatr)lla emenltg‘ggﬁ%%glu;urﬁ'93_-..Eds. Hemming,U. and S:Van Wyk. Elsevier Science
ublishers, 405-421. e

Thepaper proposesa method to &ructure the data needed in-building design, construction and
management. The dataspace is multidimensional, wher e each dimension represents a specific
design feature. A4 includes as dimensionsthe x-, y-, z-coor dinates, time, precision, mor phology,
size, aspect; alter natives tirfietag, and user | Ds. Each difhension iscorisider edan axisin amulti-
dimensional $pacemodéled|ikea Cartesian coordinate spaet’Any design obfect isviewed asa
pointin that space whose coor dinates are given by the locatior bf (he dbfét'sfeatur eson their
respective axes. A strong underlying assumption isthat thefeaturevalues areindependent and
can belinearized so that each featurevalue marks a unique point on the r espective featur e axis.
Twao commands, moveT o and For get, are provided for navigation in the dataspace.

Compelling as A4 isbecause of itsdirect application to building design, its significance for SEED
appears limited becausefeatureslikethe hierar chical relationsubiquitousin SEED cannot be
modeled in asmilar way. ) -

Query, Search and Filter ;-

Query, search and filter arenavigation aidsnot availablein the physical environment. Kumar,
Plaisant and Shneiderman (1995) and Williamson and Shheiderman (1992) demonstrate these aids
through dynamic queriesfor database applications. Stone, Fishkin and Bier (1994) present a user
interface tool providing afilter utility. In-general, design space navigation tools should provide sear ch/
filter facilitiesfor usersso that they can quickly find thedésired information (see also " Empirical
Studies' on pageb). - .

Kumar, H. P, C Plaisant and.B. Shhejdermén’-‘_." B"rows_i_n'g hierarchical datawith multi-level dynamic
queriesand pruning." Technical Report CAR-TR-772/CS-TR-3474/| SR-TR-95-53 Human-
computer Interaction Laboratory, Department of Comég)%ezr %égnce& Institute for Systems

Resedr ch, Univeraity of M arylan%l,' College Park, MD

The PDQ Tree-browser interface
(Source: http://www.c*urrK3.edu:80/TRAJMCP-CSO:CS-TR-3474; reproduced with permission.)

- A good review section describes previouswork related to visualizing lar ge information spaces.
A 'FDQ Treebrowser* isintroduced with thefollowing features: (1) two tightly-coupled node-
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link views of the tree (overview and detailed view), (2) a 'dynfmk: query environment' for users
to customizetheir dynamic query panels, (3) dynamic queriesat different leveb of thetree, and
(4) pruning of subtrees of uninteresting-nodesto get more compact views. Hieundiiiying data
gructure hasno limitation, but the Ul design/representation isfine-tuned for atreeof depth 5.

Stone, M. G, K. Fishkin and E. A. Bier. 'Themovablefiltersasauser interfacetool." CHL'94Human
kil L AR ek SaRsl. bl it (Hatekaepardense. Boston, M assachusetts. Eds.
Adelson, B, S. Dumaisand J. Olson. Addison Wesley, 1994.306-312.

'Magic lenst flltersemployan analogy with physical lenses; they show a modified view in the
context of the original view. The modified view can be a detail view, a coordinated alternate
view (view of other typesof information), or a visual macro (filter).

Examplesof movable filters
(Source: http:/wwwjwDx.com/RARC/Irtt/glr/94ar*«o,html; rapoduced wtth pwmWon.)

a.  Lensesshowing detail intwo different locations.
b. Thelensshowsthetexttagsfor theindicated segment of road.
c. Composinglensesto show waterways (dashed lines) and major roads (bold lines).

Williamson, C and B. Shneiderman. T he dynamic HomeFinden evaluating queriesiinar eal -
estateinformation exploration system.” Technical Report, CAR- -TR-2819, Human-
Computer Interaction Laboratory Ac Department ©f Computer Sciences, Univer sity of
Maryland, College Park, M D 20742,1992.

Theauthors obser\_/ethat users, in general, prefer the Dynamic Query (DQ) interface over
traditional database query interfaces because it isfaster, fun to work with (the animated
graphical nature of the DQ interfaces may have motivational power), easy to use, and makesit
easy to seetheresult. They summarize the benefits and drawbacks of dynamic queries over
traditional database queries.
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| nfor mation VisuaJizaIion

This section cites again some sources introduced in preceding sections; but thistime, the
visualization method itself isthe object of interest

Visualization Frameworks and Techniques

The visualization frameworks or techniques proposed in the reviewed literature can be
categorized into four types:

. Traditional methods: used in visualizing statistical |nformat|0n such astables, panels, graphs,
scatter plots, and maps (Chimera 1991; Plaisant, Carr and Shneiderman 1994; Zarmer and Chew
1992);

. Nodes and links: used for visualizing information with hierarchical or network structures, where

nodes represent data sets and links between nodes depict relationshi ps between data sets; the
visualization usually takes the form of 2D or 3D trees or networks, 3D conetrees, or structured
hyperlinks (Mukherjea and Foley 1995);

. Multiscale views: the information is presented at different scales to show the data of focus (in the
largest scale) as well as contextual information; for example, the Spiral Calendar (Mackinlay,
Rabertson and Deline 1994) and Pad++ (Bederson and Hollan 1994) show the history of object
interactions at successive scales,

. Perspective views:. used to present multi-attribute information 3-dimensionally, for example, the
Perspective Wall in Mukherjeaand Foley (1995), or the Time Lattice in Mackinlay, Robertson and
Deline (1994).

Since the information in SEED design spaces is highly structured, the nodes and links framework
isused predominantly in our current implementation. We plan to investigate this framework further,
especially the use of 3D displays such as 3D cone trees. In addition, multiscale views may help to reduce
clutter in design space displays by arranging objects at different scales and resolutions.

Bederson, B. B. and). D. Hoallan. " Pad++: a zooming graphical interface for exploring alternate

interface hysics." ACM. Symposum.T QVperlnter face Software and, Technalogy: Marina del
Rey, Calitornia. ACM Press, 1994.17-26.

The Pad++ system uses amultiscale view to present the user with an overview of aselected set
of objects. The objects are history-enriched and stored al ong with the interaction events that
comprise their uses. The display of a 'history-enriched object shows agraphical abstraction of
the accrued histories as part of the object itsdf (see the figure below).
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T W8t indr a
Professmnal Interests

Example screen images of Pad++
(Source Mtptfivww.c*.unm.«cfcj/pock+; r»pioduc«d with pfmtuton.)

a A green snapshot showing PadH- diplaying an HTML document
b. A acomedkn view of thedocument. Hatwordsareshown in blue: postioning thepointer over ahot-

word changesitscolor to red.
¢. When ydcfollow alink, therdevant document isloaded into Pad+ and placed on the surfaceto the

right of theoriginal dowment, atagmaler scale
d. Smply 20om-in on the sub-document toread it.

Chimera, R. " Value Bias: an information visuaUzation and nav 3gatlon tool for multi-attributelistings
and tables." Technical Report, CAR.TR-580/CS-TR-277 Human”Zomputer Interaction
Laboratory, University of aryland College Paik, MD 20742-3255,1991. -

DieValueBarsdisplay attributesrepresenting size or quantity measuresaslinear scales.

Mackinlay, J. D., G. G. Robertson and R. Deline. " Developing calendar visualizersfor the

| nfor mation Visualizer." ACM SnnffltJUIH QT) U’\_e'_LnLer_tamuNarQHfld [echnology,
Marinadel Rey, California. ACM Press, 1994.109-118. d

Thispaper explorestwo methods of using 3D graphics and interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based infor mation: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
the time relationships among the schedules of groups of people.
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Mukherjea, S. and J. D. Foley. " Visualizing the World-Wide Web with the Navigational View

Bunder " Computer Networksand ISDN ) stem SpeC|aI Isweonthelhmd-l-ntema.t.mnaL
SRREER: Lt Had - 10-141995. <http I .

This paper descrlbestheNawggtlohal V|e’\ Bunder Tobii toé%atttfenﬁht_@_llzmg _
information. Several strateglesareused to&ructurethelnformatlon binding (data<- >visual
properties, e.g. color), clustering (find flrésthat ax$c|ose|y related) filtering (alloW.user'tontrol),
and hierarchization. The Navigational V|eW Builder provides several visualjzation. metFtods
networ k overview (with different blndlng" tabteof -contents, 3D trees,”ZDtre%, cOnetre&
treemaps and per spective walls. T L

Example views of the Navigational View Builder (1)
(Source: http://wv”cc.gatec*.edu/gv” paopla/fhd/sougaia/Mvb.bimk reproduced with pennWoa)

a An exampleof aview of theGVU WWW paga;wnh varlouswsual propertlesbound to information
attributes,

b. Aviewwheretheuser wanted to seethedetatlsofthereseardq pages. Thex- yplaneshowsthedetatlsof
each particular layer; thelayersarearranged in diezdimension with Hiemost detailed view (of the
Resear ch pages) in front;

c. Atopview of theinformation space after the user wanted to see detailsof the hypertext re_eearch area.
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Example views of the Navigational View Builder (2)
(Source: MIp:/fwww.coQaiech.  WgVyDeopie/Phd/sougaha/Nvb.himk reprociuced with panision.)

a Theleft-hand screen showsthe top level of the default hterarchy created far the data by the Navigational
View Builder a gorithm. The right-hand: sideshowsaview of a section of thishierarchy, where the nodes
arelisted like a table ol- contents of a book.

b. A 3dtreeview of thishierarchy.
c. Theleft-hand screen shows a Treemap view of a hierarchy; the corresponding WWW pageis shownin

the right-hand screen.
d. A perspectivewall view of alinear structure sorted by the last-modified-time.

Plaisant, C, D. Carr and B. Shneidennan. " Image browser s taxonomy, guidelines, and infor mal
specifications/' Technical Report, CAR'TR-712/CSTR-3282ASR-TR-9%4-39, Human Computer
Interaction Laboratory, University of Maryland, College Park, M D 20742,1994.

Thisis avery comprehensive report on image browsing of objectsin 2D space.

Zarmer, C L. and C Chew. " Frameworksfor interactive, extensible, infor mation-intensive
applications." 1HSX22, Monterey California. ACM Pnasz199Z 33-41.
This paper describes a set of application frame works called 'visual formalisms' that provide
widgets, datastructures, editing operations, Mid layout algorithms for visual presentations such
astables, panels, graphs, outlines, plots and maps, Hie architecture of the formalisms contain (1)
aC++ run-time type facility, (2) a protocol for asking objects about their operations (e.g. name/
class query), and (3) Ul classesthat support event notifications.
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Visualizing Hierarchical Structures

- Hierarchical Sructuresare often visualized using 2D tree or network diagrams, (see, eg., Pitkow
and BhaTat 1994). However traditional treeor networlgrvfewsbecomeunmahage&SIewhen thenurmber .
of nodesincreases. The 'focust+context' scheme(Browr"*SKtohén_Luw Sa"?;1993 Lamping and Rao 1994)
addr essesthis problem by enabling.user stofocuson tflenf6rm«tk»ucrf mterestswhllemamtammgthe
relationships between thesefocused dataand the overall context ” ,"a.,,

Compléx information, such ashigh- -dimensionii’ hlerarchlcal structuree is difficult to visualize in
a2D tree or network diagram. Koike (1993) adds the third dimefision.ta 2D beesand networksto
provide user swith additional information abgut the hlerarchlcal s]ructtl"f*___ Pitkow and Bharat (1994)
addressthisissue by using visual encodingsthrough shapes oolor§* a‘n abels.

.Thedesign spacesin SEED aregrowing contlnuously atfun- flme and it may be beneficial to
employthefocus+context scheme. In addition, the overall orgahlz‘alleh of design spaces is potentially
multidimensional. A 3D tree or network visualization of desi gnh spaces conveys mor e information to
usersthan atraditional 2D view. But these two methods requirehigh computational power to support
inter active manipulations, and design space navigation should remaln asupportmg toal in, SEED S0 thaI
usersor thesystem arenot bebogged down by it. - _

m ‘F _ __m E “hd' - eb : _.!.. : ?I . _ gl .
~ Addison Weeley, 1993. 516 S ETRE A A

. 'Theauthorspreeent f|sheer|ews (for example, seeflg’l]re Ah example view of ahyperbolic |
-space' onpage 19), aschemetowsual|zeIargehlerarchleﬁbyshowmgtheareaofmterestwnh
greater detail and therest of the sructurewith SlJccver less detail.

Furnas, G. W. and J. Zacks. "Multltr enrichin andreusmg hierarchical structure/!
Eadiorsin Computjpgftyta \ﬁaﬁ VL W&n Mas&achusetts Eds.
Adelson BT r 5. bumédlshd Ison s "”’".I
The paper introduces a new type of structurefor representing information, 'multitrees, aclass of
" directed acyclic graphswiththe unusual:property that they havelarge, easily identifiable
subgtructuresthat aretrees. M ultitreesare DAGs, therefore; anodein the sructure can have
multiple parents. Several ways of visualizing multitrees arepresented.

An example multitrees structure”
(Recrgewn fom onginol)

Koike, H. 'Theroleof another spatial dimension til softwarewsuallzatlon " AQMIL&L&&Q[M
Information System*. 11J3 (1993)! 266-286.
The paper demonstrates a 3D visualization framework where objects (nodes) are 3D objects
implemented using a3D graphicslibrary, and remitsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.
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ress, 1994.13-14.

Theauthors present anew 'focus+context' (flsheye) scheme for visualizing and manipulating
largehierarchies.

Lamping, J. and R. Sao. "'Laying mil and visualizing. toe treesusinga hyperbolic space/' A£ML
mp”" ImHItp.Lm;uwnwa&aua?mﬁmmy Marina del Rey, Califontiff* ACM

i\\_‘\"”'r' n i \

An example view of a hyperbolic space
hmnmm

Pitkow,J. E and K.A. Bharat "WebV|z atooUIor World WideWeb accesslog analysis.” The Fimst
aternatic i Yo BMMayZS- ,1994. <http://

The paper pre&entsalayout algorlttlm for ovetwewmgWWW networ ks (see figure (a) of
Exampleviews of the Nawgatowdelew Bquer (ironpage 16).

Visualizing High-Dimensional Objects

The common approach to visuayze high-dimensional objects (that is, objectswith morethan 3
dimensions of interest) isto present thetwoprimary dimensionsin 2D, and then to supply visual cues
(such ascolors, patterns, and texts) to distingulsh additional’dimenskms. For example, Ahlbergand
Shneiderman (1994) use 2b scatter pIotsanng with tolorsto present filtered information from a
database. Feiner and Beshers (1990) introducea‘wor ldswithin worldst metaphor which prmts higher
dimensionsembedded in 3D space (seefigure” An exampleworldswithin worldsdlsplay on page 21).
Unlike the previous approachei ‘which compfess/fllter Wgjv-dimensanal objects: and display themin 2D
or 3D space, Furnasand Buja (1994) propose a new technique, prosection, to visualize high-dimensional
spaces, for ingance, a3D object in a 6D space.

The organization of design spacesin SEED ishigh-dimensional (see™ Introductlon" on page 1).
However, the notion of dimensionsin the SEED design space differsfrom those mentioned in the
literature, which emphasizesindividual attributesthat can often be mapped on linear axesor
'dimensions’; such attributes may exist in SEED-gener ated.objects, but thebasic dimensionsin the SEED
design space are the different hierarchical structuresindicating abstraction levels, constituent or
derivation relations, wher e especially the latter are non-linear by nature. Furthermore, we expect usersto
interact directly with the objectsin a design space. Nevertheless, some of the approachesrelying cm 2D or
3D displays seem to have promisefor our purpose. Techniques like the Wwor ldswithin worlds' or
prosection, which require high computing power, may not be féasible because of the highly interactive
nature of SEED design spaces.

Ahlberg, C and B. Shneiderman. " Visual information seeking: tight coupling of dynamic query
filterswith starfield displays/' CHRO4tuman-Factorsia-Computing-Systems-Calebrating.
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: dence, Boston, M amchusetts Eds.Adelton, B, S. Dumalsand J. Olson. Addison
TN TR

This paper introduces the 'starfield display', a 2D scatterplot of amultidimensi onaJ database,
where every item from the database is represented as a small colored glyph whose posmon is
determined by itsranking along ordinal attributes laid out on multiple axes.

- Example starfield dlsplays
(Source: http:/iwww.c*.chel _' L WWWMJ

Feiner, S. and C Beshers. "Worldswithin worlds: metaphorsfor exploring n-dimensional virtual
“worlds/' Zhi mpay) \eapRdelastaterface-Softwi e aas| = y gl plegy: Snowbird,
Utah USA. ACM Press, 1990, 76-83, | Iy
This paper describes the ‘worlds within worlds” metaphor, which reduces the complexity of a
multidimensional space by holding one or more of its independent dimensions constant to
decrease the number of dimension to three and then embedsin this 3D world another 3D world
that represents three additional dimensions. The position of the embedded world's origin
relative to the containing world's coordinate system specifies the value of three of theinner
world's variables that are held constant. This process can then be repeated by further recursive -
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nesting of heterogeneousworldsto represent the remaining dimensions. Theexample
application shown below isinthe financial viSualization domaln .

An exampleworldswithin wor lds display

(Source: the original paper reproduced wtth pwmiaton.)

Theouter world hasaxéesof timetomaturity, srikeprice, and fordgn intered rate Thedomedticinteres rate
had been held congtant and isnot assignedtto an axis Theposition of theinner world deter minesthetimeto
maturity, strlke‘ price; and foregn mtereitrate usdin a/aluatlngthefundlm)

Furnas, G. W. and A. Buy*." Protectlonwews dimensional mferencethrou h sectionsand

projections/! éﬁ&ﬂﬁlﬁf&l}m putational and Graphical Statistics, 3(4): 1994:377+. <http*7/
community.bellcore, com/gw " ome-page.html>.

Thispaper presents some basic properties of projection and section (which are general
techniques for constructing views of high-dimensional objects) and introduces a new technique
called 'prosection’, a composition of section and projection. Algorithms of projection, section, and
prosection are provided in detail. Applicationsof prosectionsaredemonstrated in statistical
graphics systems such asdisplayinga 3- dlmensonal torusin 6-dimensional space and plotting 7-
d|menS|onal physics data.

Multiscale Displays

Thereare 2 types of multiscaledisplays: focust+context (Brown, M eehan and Sarkar 1993,
Lamping.and Rao 1994; Sarkar. et aL 1993) and pan-+zoom (Beder son and Holism 1994; Bier et al. 1993;
Lieberman 1994; Perlin and Fox 1993; Rennison 1994). A focus+context schemedisplaysinformation at
continuous scales, white a pan+zoom interface uses discr ete scales. However ; the pan+zoom interface
provides possibilitiesfor many scales overlaying at onetime, while the focus+context scheme providesa
smglewew of theinformation space.

“Since design spaces can contain lar ge amounts of infor mation, multlscaledlsplays may be
desirable. However, the focust+context scheme may not sufficefor our needsbecause it supportsthe
display of 2D structures only, while the 'zoom* operation in the pan+zoom scheme allows information
filtering and thus can potentially support views of other . dimensions.
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Bederson, B. B. and J. D. HoIIan " Pad++ azoomlng raphical interfacefor exploringalternate .
interface hysics/" ACM Sy pe%lmﬂfaceSoftwareand echnology: Maiina del

Rey, Calitornia. ACM Preﬁ 1994 17-

The Pad++ system uses a multiscale view, to present the user with an overview of a selected set
of objects. Theobjectsare hlstory-enrlched'and Stoned; along with theinteraction eventsthat
comprisetheir uses. The display:of afh|$tory enrltﬂed dlrect showsa graphical abstraction of
theaccrued historiesaspart ottheobjectltself o

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton andT t>; DeRose "Toolglass and magic lenses: the see-
through interface/" SJQQR"E];L"frAnahem"’CA* ACM Ti'ss, 1993.73-80.

This paper introduces a new style of? graphlcal user‘ mterfacefll led the 'see-through interface'. It
includes semi-transpar ent mteractlvetools called tooIgIassv&hdgets that appear on a virtual
sheet of transparent glass, the'toolgjgf‘smeet’\ placed between theapplication and a traditional
cursor. These widgets provide customizeg wewsoftheappllcallon underneath them using
maglc lens filters. Each lensisa screehiregion coupled with3 an operator such as " magnification”
or "render in wireframe/' performed on the objects viewed |nthereg|on Examplesare
demonstrated below for clipboards, previewing lenses/selection tools, grids, and visualization.

Examples of magic lenses
An achromatic lensover a drop shadow lensover a knotwork (knotwork by Andrew Glassner);

Thelocal scaling lens (tiling by Doug Wyait);
c. A br|dge made of shaded, 3D blocksshowing a 3D wireframelensand a 2D magnifier.

oo

Brown, M. H.,J. R. Meehan and M. Sarkar * " Browsing graphsusing a fisheyeview/' INTERCH1'93
Conferenceftp HFHTRN Factors.in Caomputin %/smmg_au_d?gmﬁewmms: Amsterdam,
The/NetherTands.; K ta. Ashlun s7 K Multet" T Henderson, E. Hollnagel and T. White.

Addison Wesley, 1993.516.

Theauthors present 'fisheye views', afocus+context schemeto visualizelargehierarchiesby
showingthe area of interest with greater detail and therest of thestructureW|th successively

lessdetail. .
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e (rees Using.a hyperbolic mace.”

Lamping,J. and R. Rao- " Lay :
aar ks schnolagyt, Marinadel Rey, California. ACM

=Y. i
Press, 1994.13-14.
Hieauthors present anew focus+cont@<t (fisheye) scheme for visualizing and manipulating
largehierarchies.

Lieber man H
16,

" Powers: 0 tea" VT

< igating in lazge information spaces.” ACY\| Symposium.
schaalog Mzuhy,c.m ACM Press, 1004.15-

The paper proposas'macroébope‘, atechnique based on zoomingand panning in multiple
tranducent layers.

Exampledisplays of tranducent layer s with the macroscope
(Source: meoriginal paper reproduced with pupavimion.)

Perlin, K. and D. Fox. " Pad: an alter native approach to the computer interface.” SGGRAPH *Q3
Anaheim, CA. ACM Press, 1993.57-64.
Pad isan Infinite two-dimensional information plane. Objects are organized on that plane
geographically: every object occupies awell-defined region on the planéssurface. Portals act
like magnifying glassesthat can peer into and roam over different partsof the Pad surface. The
screen itsdfisjust a special 'roof portal.

Tofacilitate die display, two techniques are used: 'semantic zooming* and 'portal filters.
Semantic zooming can be used to control the amounts or types of information to be displayed at
certain scales. Portal filterscontrol how information isdisplayed (e.g., in textual, tabular, chart or
graphical format).

Rennison, E " Galaxy of News: an approach to V|sual|2|n and understandmg expansive news

o Lise del
Canforrﬂ; ACM Press 1994.3-12. Rey,

At the heart.of the Galaxy of Newsisan enginethat constructs an associative relation network
(potentially multidimensional) that automatically buildsimplicit links between related articles.
Although the information space containsrelationshipsthat are multidimensional, not all
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elements of the relational hierarchy are visible at asingle glance; rather, only elementsthat are
relevant to the user's present view are shown in the pan+zoom visualization scheme. -

. Example display§__qf the Galaxy of News system
(Source: the o4ginal pap*: reproduced *fil punmisikn.)

Sarkar, M., S. S. Snibbe, O. J. Tversky and S. P. Reiss. " Stretching the rubber sheet: a metaphor for
viewing large layouts on small screens/' ULST'93, Atlanta, Georgia. ACM Press, 1993.81-91.

The authors propose the metaphor of rubber sheet stretching for viewing-large and complex
layouts within small display areas. Asthe user stretchesan area, agreater level of detail is
displayed there. Thistechnique is similar to the fisheye view. However, the method contains
mechanisms to stretch arbitrary (orthogonal or polygonal) regions and multiple foci, which
fisheye views do not support.

a2 s T,

Examples of the rubber sheet metaphor
(Redrawn from originate.)
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Tranducent/Transparent Displays

Thistechniqueisused mostly in conjunction with the pan+zoom scheme (See " Multiscale
Displays' on page 21) to allow userstoreceive asmuch infor mation as posstble while keeping track of
the surrounding context. It isanalogousto an-ar chitects tracing paper and can beused, for example, in
the SEED-L ayout Design Window, wher e each layer of tracing paper-can display a problem
decomposition level in the problem specification.

Bier, E. A.,N. C. Stone, K. Pier, W. Buxton and T. D. DeRose. " Toolglassand maglctenses thesee-
through inter face/ SIG£RAEHL22 Anaheim, CA. ACM Press, 1993,73-W.

This paper introducesthe 'see-through interface, which includes semi-transparent interactive
tools, called- "toolglasswidgets' that appear on avirtual sheet of transparent glass, the 'toolglass
sheet', placed between the application and atraditional cursor. These widgets provide
customlzed viewsof the application imder neath them using magic Iens1 filters. Each lensisa
screen region together-with an operates, such as" magnification” or " render in wireframe”
performed on objectsviewed in theregion (seefigure" Examples of magic lenses' on page 22).
Examples aredemonstrated for clipboar ds, previewing lenses, seection tools, grids, and
visualization. Management of sheets is discussed wher ethree approaches are presented.

Kramer, A. Tranahtcent patches-disaolving windows.' . ACM Symposium ¢
WlnadeIRey,QdIfornla ACM Prws |?
| W's paper presents motivation, design and algorithmsfor using and |mplement|ng translucent
non-rectangular patc” asa substitute for r 2 ’\?ah:wmm
metaphor iscloser U$amix between theaixititerfsyel lowOTtim» paper and whiteboardsthan
torectangular opaque paper in pilesand folderson a desktop. The paper containsaliterature
survey regarding tranducent and transparent displays.

Lieberman, H. Tower s of ten thousand: navigating in large information spaces.” ACM Sy pjfflfp,

on User Interface Software and Technology, Marina del Rey, California. ACM Press, 1994.15-
16*

The paper proposes 'macroscope, a technique based on zooming and panning in multiple
tranducent layers.

Rennison, E. " Gal of News: an roach to visualizing and under standing expansive news
landscape. ACM Sympear Whi.QI User Interfage Softwareand Technolody, Marina de Rey,

California. ACM Press, 199*. 3-12.

At theheart of the Galaxy of Newsis an enginethat constructs an associative relation network
(potentially multidimensional) that aytomatically build implicit links between related articles.
Although the infor mation space (relationghips) ismultidimensional, not all elements of the
relational hierarchy arevisileat asingleglance; rattier, only elementsthat arereevant to the
user'spresent view are shown. The system employsatrangparent display technique to show
dementsin different scales (seefigure " Example displays of the Galaxy of News system" on
page 24).

3D Displayg/Effects

Many information visualization environmentsadd a third dimension in the display to convey
mor e information. Although 3D displays usually require specialized computer hardware and software
(Koike 1993), smple 3D effectsmay achieve the same result (Staples 1993).
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In SEED, 3D visualization isdesirable, but the system responsetime should remain reasonableto
support inter active object manipulations.

Koike, H. 'Therole of another %atial dimension in softwarevisualization/' ACM Transactions on.
Information Systems: tL.3 (1993):. 266-286.
The paper demonstrates a 3D visualization framework. Objects (nodes) are 3D objects
implemented using a 3D graphicslibrary, and resultsare displayed in per spective views. Since
thedisplayed objects are actually modeled, the viewing angle can easily be changed.

Mackinlay, J. D., G: G. Robertson and R. DeLine. " Developing calendar visualizersfor the
Information Visualizer." ACM Sympaslum MI User Interface Software and Technoloey,
Marina del Key, CaliforniaJVCM PiSss, 1994.109-U87 ' "
Thispaper explorestwo methods of using 3D graphicsand interactive animation to design and
implement visualizer sthat improve accessto large masses of time-based information: the Spiral
Calendar for rapid accessto an individual'sdaily schedule; and the Time Lattice for analyzing
thetimerdationships among the schedules of groups of people.

Examples of the Spiral Calendar and '.I'ime Lattice

(Source: Iheoriginal paper; reproduced wKh permWoa)

Robertson, G. G. and J. D. Mackinlay. ' The Document Lens/' ULST 93 Atlanta, Georgia. ACM Press,
1993.101-108. .

A Document Lens example
(Source: ihe drfQInat paper; reproduced with permiBtan.)

The Document Lensisa 3D visualization of largerectangular presentationsthat allowsthe user
to quickly focuson a part of a presentation while continuoudly remaining in context. Thisisa
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focus+contect displ ay and is similar to the fiaheye view technique. However, the Document Lens
dispkys information in atruncated pyramid fashion.

Staples, L. “Representa hﬂm-lsaces V|sual conventlonlnthegr@phlcal userlnterface/
Ml”" 5 LONSSTENCE OIL KIIDARAAGIT _ _. ;

TWs paper expl ores two Waysto use 3D KA er| ng effectsin aGUI desktop-one poi nt
perspective and light effectsfrom the history of art

Two example displays using 3D rendering effects
Gowesi iive orginnl papes: mproducest wilh-pesnision.)

Visual Metaphors

A prominent visual metaphor is the physical object-in-space metaphor. For example, Clarkson
(1991) uses the buildings/rooms metaphor, and Nabkel and Shafrir (19%) use cities/streets/landmarks.
Feiner and Beshers' (1990) worlds-within-worlds metaphor introduces infinite entries into different
dimensions and may combine with the pan+zoom visualization scheme (See "Multiscale Displays" on
page 21) to show multiple worldsin oneview. In additton, the rubber sheet metaphor (Sarkar et al. 1993)
provides the opportunity to also display multiple scales in one view within a focustcontext visualization
scheme.

Any visual metaphor, if used in SEED, should be coordinated with the navigation scheme. From
our initial study, the buildings/rooms and dties/streets/landmarks metaphors are worth investigating
since these physical objects constitute some basic rolesin human cognitive mappings (See "Cognitive

Mapping"' on page 3).

Clarkson, M. A. "An easier interface/' Byte. 2,1991.277-282.

The Information Visualizer provides 3D 'rooms' as multiple virtual workspaces, interactive
objects for different visualization methods (such as cone trees or perspective walls). A roomis
defined by atask-oriented clustering of information. Rooms are connected by 'doors’. "... Work
is distributed throughout a collection of 3D/2D rooms furnished with interactive obj ects such as

Annotated Bibliography: Information Visualization 27




wallsand floating trees." Thesevisualizationsare " designed to shift work to your per ceptual
system, freeing the conscious mind towork on larger -problems/" .

Nabkel, J. and E: Shafrir. " Blazing thetrail: desi nconsrderatronsformteractrvernformatron :
proneers" SISCHtEaIk l,27.1(1995):: ‘o

Thisartide describestwo products HP UVE HeI p (hypertext style) and Access H P (\NWW
information service, URL: http://www.hp.com). Recognizable metaphors(eg., sreet signs

indicate dir éctions) are tsed to help user s create cognitive spatial map of thernformatron pace.
The paper illustrates theiter ative process of the metaphor design.

Thrspaper d@crrb%the worldswrthrn Worlds metaphor v(?hrch usesacommon aprj’roach to "
‘reduce the complexity of a muItrdrmensronal spaceby holdrng‘/‘ he or.moreofits mdependent RN
dimensions constant to reduceaworld's dimension: 153D, tharr emibedsin the 3D world: another. ok

- +.3D world that. repraentsttjreeaddrtronal Water drmensrons?The position of:the terbedded i

worId sorrgrn relatrvetothecontamrngw&ld sc00td|natew$ma$adf|$tl<< valueof trueeof-' .

&

applrcatron |srnttu§f| nanci aI vrsualrzatron doI nam

L3

Sarkar M, S. S. Snibbc; 0.3. Tversky and S. P. Kerss "Stretchrngtherubber ‘shatt: mmrtaphor for- &

o vrewrnglargetoyor|teonsn|&« m ¥ s, § “&Cﬁl‘m Cow
Theauthors proposethe metaphor of rubber Sheet stretchrng for vrewrng Iarge and complex T
layoutswithin small display areas. Astheuser stretch thearea, agreater level of detail is
displayed there. Thistechniqueissimilar to the fisheyeview. However, this paper describes
mechanismsto stretch arbitrary (orthogonal or polygonal) regionsand multiple focuses, which
fisheye view-does not support.
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