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On Enouraging Coupled Views for Visualization ExplorationJonathan C. RobertsUniversity of Kent at Canterbury, Computing Laboratory, Canterbury, England, UK.ABSTRACTSienti� visualization, espeially visualization exploration, enables information to be investigated and better un-derstood. Exploration enables hands-on experimentation with the displayed visualizations and the underlying data.Most exploration tehniques, by their nature, generate multiple realizations and many data instanes.Thus, to best understand the information in oinident views, the manipulation information within one view maybe `direted' to other related views. These multiple views may be desribed as being losely oupled.Within this paper we advoate the use of oupled views for sienti� visualization exploration. We desribe,some key onepts of oupled views for visualization exploration and present how to enourage their use. The keyonepts inlude: the sope of the orrelation (between two spei� views or many realizations), who initiates theorrelation (whether the user or the system) and issues about `what is orrelated' (objets within a view, or thewhole viewport).Keywords: Coupled views, multiple views, linking, multiform, visualization, visualization system1. INTRODUCTION AND MOTIVATIONData visualization may be ahieved to present a result, explain a phenomenon and to disover new insight throughexploration tehniques. Indeed, visualization exploration requires highly interative visualizations that may bemanipulated, disseted and interrogated to explore and investigate the underlying information. Thus the user islooking for interesting or unusual anomalies and features within the realizations. The investigator starts to askquestions of `what is that' and `why is that happening', and they zoom and fous on interesting features.Suh investigation tehniques may provide multiple realizations of the same dataset. These multiple views may begenerated from di�erent seletions (�lterings) and investigations on the dataset, or by depiting the same informationin di�erent visualization methods (multiform). Within a visualization exploration environment it is prudent to haveavailable the views (or the values that reated the views) as an experiment history, so a user may baktrak andreplay previous experiment results. The use, generation and management of suh multiple views should be ativelyenouraged.1Other than this multiple-view tehnique the new experimental results may replae urrent realizations or overlayonto the previous realization. Many visualization systems, espeially the module-builders,2{6 provide the replaeand overlay method. Where realizations are generated by loading the datasets, seleting parts that are of interestand displaying and manipulating the information. Further experiments may be generated by hanging parametervalues on any of the modules, an operation that automatially updates the data and visualization omponents in the`down stream' modules to replae the urrent visualization with the new realization. Likewise, multiple objets maybe overlayed and added to the urrent display, reated from hybrid renderers.However, when the replaement strategy is used information about previous experimentations is lost. Somevisualization systems overome the transient nature of the display by storing past visualization ommands (as dataor variable values) in a database, see GRASPARC7 and Tioga,8 for example. In the ase of GRASPARC, orHyperSribe9 as implemented as a module in IRIS Explorer, the user an `roll bak' to a prede�ned state andre-visualize the data with the `old' parameters.Thus, exploration tehniques neessitate intuitive and powerful manipulation tehniques, with the ability torealize multiple results and representations of the experiment proess. Moreover, to best understand the informationin oinident views, the manipulation information within one view may be `direted' to other related views. Thesemultiple views may be desribed as being losely oupled.E-mail: j..roberts�uk.a.uk http://www.s.uk.a.uk/people/sta�/jr/



Indeed, over the years, espeially within information visualization, suh `fous and linking' methods have beenwidely advoated.These `fous and linking' methods allow information in one view to be seleted, and thus highlighted, with theorresponding ation being applied to other related views10; this is often utilized for multivariate visualization. Theseoperations may be desribed as a graphial spreadsheet, with multiple views representing the many ells.11,12We reiterate that Multiple views are important. First, to give a better understanding and representation of theexperiment proess. Seond, to allow multiple forms of the same data to be presented, that enhanes the usersappreiation and understanding of the information.1,13 Moreover, we advoate that the multiple views should belosely oupled together, enabling and enhaning omplex manipulation and interrogation to be easily ahieved.Within this paper we:1. ategorize \what is being orrelated" based on the dataow model, setion 3;2. present what we believe to be, some key onepts of oupled views for visualization exploration, setion 4.The key onepts inlude: the sope of the orrelation (between two spei� views or many realizations), whoinitiates the orrelation (whether the user or the system) and issues about `what is orrelated' (objets withina view, or the whole viewport).3. then explain how to enourage their use and how they are being implemented into the Waltz visualizationsystem,13 setion 5. 2. AN ANALOGYIn essene, the oupling of views may be desribed as `information sharing'. For example, to oinidentally rotatetwo three-dimensional objets, information regarding the viewport is shared, suh that, both views use the sametransformation information and the views are similarly manipulated. Therefore, this operation is analogous toprogram variables; if two expressions use the same variable `a', then when `a' is hanged a di�erent result would begenerated by both expressions, when they were next evaluated.Thus, like the variables, the links may have an equivalent type, sope, lifetime, and rules for reation andinitialization. However, unlike the variables, the linkages tend to atively share the information, as the objetsattahed to the shared information, are atively updated when the shared information is altered.2.1. Model View ControllerThe above analogy may be similarly explained using the `Model View Controller' (MVC) pattern. This patternoriginated from Smalltalk arhiteture and is desribed in many books (for example14). This pattern (see Figure 1)desribes a triad of objets, where the Controller (an interfae objet) is the input mehanism that allows the user tomodify the Model. One the model has been modi�ed it noti�es (attahed) views that a hange has ourred. Eahattahed View then displays the updated information. In theory, the interations between objets are simpli�ed andthe roles of eah objet are lear.Multiple views of the same information, using the same Model, may be easily represented. Indeed, the whole ideaof separating the ode within these objets is to provide highly extensible ode, where new views may be programmedand added to the system.Ideally, the Controller never diretly interats with the view, neither does the View hange parts of the model.Thus, as the model does not hold any detailed information about the views, multiple views of the same informationmay be dynamially added to the system. Then, when the Controller updates the Model the attahed views areautomatially updated with the same information: they may be said to be losely oupled.When using diret manipulation the Controller and the View beome one and the same: the View is also theController of the model. This then generates mutually dependent lasses and a storm of `updates' may our; inpratie the Controller needs to know about the View. Thus, like in the Java Swing GUI omponent kit15 theController and View objets are ollapsed into a single UI objet (Figure 2).
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3. LINKED VIEWS WITHIN VISUALIZATIONThere are many reasons for requiring linked views within visualization, from oinidentally rotating multiple three-dimensional views to highlighting like elements within those views.Within this setion we ategorize the linked orrelation based on the dataow model.5,16 This dataow modeldesribes one method of understanding the visualization proess; the data is �ltered, to reate a subset of the data,whih is then mapped into a representation whih an be displayed. We propose that the linkages may `ouple'di�erent aspets of the visualization proess. Figure 3 depits the dataow model annotated with di�erent dataspaes and brief desriptions of what may be linked.To understand what is being oupled, using the MVC method, we need to think that eah View of this data isoupled to the same Model at a partiular Layer. For example, within the Viewport Layer the Image Model holdsinformation about the orientation, saling and projetion harateristis of the Abstrat Visualization Objet; sothis oupling enables Views to be oinidentally rotated, zoomed and moved. In essene, it is the funtion (thevisualization proess) that is being oupled, that in turn hanges the Model and sends noti�ation of the hange tothe View.Within the visualization proess, a hange to a Model at a partiular level may have an e�et on the proesses,and thus the datasets, further down the data-ow. In the module building visualization systems the down-streammodules automatially �re when the data beomes out-of-date due to a hange in the visualization parameters. Thus,oupled views may generate a asade of `noti�ations' to update other dependent views and modules.In the following setions, we desribe the oupled operations at di�erent layers of the model, using the dataowmodel in Figure 3, and referene some visualization systems in whih the tehniques are used.3.1. Window CouplingHere the management and display of the end-user windows is oupled together. This is perhaps an unusual onept,however, Ben Shneiderman17 talks about tightly oupled windows, that enable multiple windows to be jointly re-saled, minimised and restored. Taking this further, manipulations suh as positioning the windows and srollingelements displayed within the windows ould be oupled.
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Figure 3. Shemati depiting the dataow model. The layers in the model show the intermediate data-sets betweenthe visualization proesses. Coupled views may interat between objets within the same layers.3.2. Viewport CouplingThis operation provides methods to oinidentally transform the viewport between multiple windows. Diret ma-nipulation may be used to (say) jointly rotate multiple three-dimensional views of some visualization.Many visualization systems allow this style of oupling. Indeed, within the module building environments, suh asIRIS Explorer18 the amera position and orientation may be redireted to other modules, inluding another Rendermodule. Thus, transformation operations in one view are tightly oupled to other oinident views.Separate views of the same or similar information are useful to both individual users and multiple partiipants.Although, the fous in this paper is the linking of multiple views for a single user, similar issues arise in ollaborativevisualization, with many partiipants, and multiple views being displayed and ontrolled aross disparate lients,see for example, Wood et al.19 Here, the problem beomes more of `how to send the information to other views,without an information asade taking plae'. Solutions exist from `sending only delta hanges' to using multiastingapproahes.The idential ontrol and manipulation of objets may further extended when higher dimensions exist. Forexample, in HyperSlie20 eah view represents di�erent dimensions of spae, so when one variable is moved the othergrid views are updated.3.3. Objet CouplingThe individual objet (the Abstrat Visualization Objet) within the realization may be oupled. This enables likemappings to be applied to di�erent views. For example, it is often useful to use the same olourmap organisationaross a series of views; this may be easily performed using systems suh as IRIS Explorer.Moreover, hanging the attributes of an objet to highlight a feature, may be represented in this ategory. Forexample, the Spyglass21 suite of software tools (Spyglass Plot and Data) an work interatively to allow, for example,a point to be seleted in one window and synhronously highlighted and related to points in other windows.



Other than the appearane of an objet, the size of a seleted objet may be dynamially hanged and oupled toother objets. For example, the SDM (Seletive Dynami Manipulation) system provides interators to hange thephysial appearane of graphial objets; eah feature set has an attahed interator that is responsible for hangingthe physial appearane of graphial objets in that set.Other objets, suh as pointers, annotations or meta-information, may be oupled. For example, the VisualizationInput Pipeline (VIP)22 provides a bakward ontrol path, from the image to the data, that is used to transport ontrolinformation bakwards up the ow pipeline. They desribe an example that displays several views of the data alongthe pipeline with a ursor pointer in eah view. The position of the ursors are linked together and the translationof one pointer moves the position of eah orresponding ursor.3.4. Feature CouplingFeature oupling enables the same feature operation to be applied to like views.For example, Klinker23 desribes a method using `Data Probing' that allows the data to be graphially �lteredby de�ning areas of interest on the sreen using polygon areas. They use a `Cursor Linking' tehnique that allowsthe probed information to be linked between modules (and views). They desribe an example that reates twodisplays of the data, the �rst window displaying a three-dimensional rendering of the data and the seond window athree-dimensional Red-Green-Blue olour satter plot of a two dimensional seleted region from the �rst window; asthe region of interest is altered so the satter plot alters.This `Data Probing' �ts in with the MVC representation, where the View and Controller are separate objets.Often within visualization this is alled the `Display Filter, oined by Shroeder, Lorensen, Montanaro and Volpe.24This tehnique allows the output from one display to be the input to another display. Shroeder et al desribe oneexample that outputs streamlines within a uid ow data set, the Display Filter of this objet allowing spheresreated with a onneted module, (saled and oloured aording to input salar magnitude and vetor value) to bemapped along the length of eah streamer.The XmdvTool25,26 generates multiple representations of multivariate data and provides a Brushing Tehnique,27so that when one element is brushed in one view the orresponding elements in other views are also brushed. Thus,the brushing ould be setup to generate a spei�ed feature-set that is displayed in orrelated views.3.5. Data CouplingIt is possible and relevant to ouple at the data level. These operations are similar to those at the `Feature Set' level,but apply to operations on the referene-data. For example, a data arhive may onsist of multiple datasets of thesame or di�erent data objets. It would be useful to apply the same �lters and sub-sampling operations to eah.4. KEY COUPLING CONCEPTSClose orrelation, through oupling, allows multiple views to be linked together in suh a way that any manipulationand hange of values in one view reates a similar hange in the linked view (vie versa).23,20,25 In theory, any viewould be linked to any other, but in pratie the explorer would wish to orrelate only ertain views and operations.Moreover, it may be, espeially in visualization exploration, that some links do not make sense and in fat mayonfuse the user. If view 1 is a histogram and view 2 is a three dimensional view of multiple isosurfaes, then `LinkedHighlight' { that automatially highlights orresponding data elements between linked views { may be valid but`Linked Rotation' would be meaningless.The proess of distinguishing the valid and invalid onnetion types is not simple: the dimension of the outputan be used to a ertain extent but this is not a generi deision parameter beause, for example, it ould be useful toorrelate the ursor between a three dimensional view of an objet and a two dimensional view of an X-Ray renderingof the same view. So as the three dimensional image is rotated so the resultant X-Ray image would hange; however,the opposite three-dimensional ontrol would not be valid!Within the MVC model it is the responsibility of the View objet to use the useful information, and to ignorethe other irrelevant information.We now desribe some `key oupling onepts', these onepts are based on the analogy in Setion 2.



4.1. TypeThe `type' of the link expresses the method by whih the views are linked, e.g. seletion, highlight and the trans-formation operations, suh as rotation, translation and sale. From a low level point-of-view eah view-oupling is amanipulation of numbers and data-strutures. From a more abstrat level the `type' is represented and determinedby operations at the di�erent Layers of the visualization paradigm, as expressed above in Setion 3.4.2. SopeThe `sope' of ontrol de�nes whih objets or views are oupled; the linked ommuniation enats upon the views `insope'. This is similar to the variable soping, suh as loal or global variables. For example, the linked ommuniationmay ouple spei� objets between:1. any user spei�ed view; desribed as a loal variable on a set of views;2. views from the same data Model; desribed as a loal variable on a set of views, where the set is determinedby the data origin, e.g. a feature-set.3. all the views of a partiular referene-dataset;4. every urrent view of this session; desribed as a global variable.Thus, one way to determine the sope of eah oupling is to sope the views within di�erent sub-parts of theexploration proess itself. For example, oupling ould our between views of the same Feature-set, or derived fromthe same referene-dataset. This simpli�es the above stated problem of valid/invalid orrelations, by guaranteeingthat only views from the same derived-dataset are oupled. However, it may be possible (and relevant) to oupleviews from di�erent data-origins; in this ase, unless a orrelation between data-models is given, only the Viewportand Window oupling Layers may be relevant.4.3. LifetimeEah linked manipulation has a `lifetime'. For example, two views may always be linked together whatever is beingdisplayed, alternatively, the objets in the views may be linked for a spei� operation at a given time. Inidentally,like for program variables, lifetime and sope are inherently related.4.4. InitializationThe links may be reated and `initialized' by a variety of methods. For example, the user may graphially point andde�ne whih variables and objets are linked, as in the LinkWinds11 system; by drag-and-dropping viewport ionsinto ontroller windows, as in SiAn28; by naming spei� viewers for partiular operations, as in the spreadsheetsystem of Levoy12; or using the experimentation proess itself to determine the oupling, as in the Waltz visualizationsystem13).In the spreadsheet system of Levoy12 individual ells may be named as viewers for partiular operations. TheLinkWinds11 system enables spei� (user de�ned) views to be joined together. SiAn28 enables viewports to belinked by dropping viewport ions into the ontroller windows.4.5. UpdatingFinally, eah of the views attahed to the model being ontrolled should be instantaneously updated when the Modelhas been hanged. However, espeially in visualization some views require extensive proessing, thus, a new threadshould be spawned to do the work. In Levoy's spreadsheet system12 the out-of-date views are shaded-out whilst theyare updating.Moreover, other views and data-Models may depend on the ation from some oupled-views; there may be multipledependenies within the visualization pipeline. There are several methods to update these dependenies, inluding:1. User initiated provides the user with full ontrol, to preisely initiate when the data is passed from one moduleto the next. If the user hanges the values at a module then the user is required to re-export the data;



2. Semi-Automati operates like the User initiated, but provides a routine to update the path. Ourring loally(from the urrent seleted module down stream) or globally (updating every module in the session);3. Global Transfer ats like the data ow method: when the data has been speialized it automatially ows tothe following module and updates the display and that an automatially ow to the next module, see18;4. Demand (or Output) Driven requests the data through the network of modules as the user ontrols a display,see.5 5. METHODS THAT `ENCOURAGE'We believe that the visualization system itself should enourage the user to perform `oupling' of related views. Thus,to motivate their use the system should provide appropriate support and manage their use. We use a lassroom asa metaphor, to desribe some `methods that enourage'.In the lassroom the pupil is exploring knowledge and understanding: they are being enouraged to learn andsolve problems. The teaher in the lassroom may `enourage' this proess using many methods, inluding: breakingthe problem into individual tasks - even to automate or remove some of the tasks, provide a sense of onsisteny andomfort, fore people to do the tasks and group people to learn and work together.Similarly, the oupling onept may be enouraged by:1. Managing the exploration { by dividing the visualization exploration proess into smaller tasks and enablingviews to automatially generate appropriate views of the Model when, for example, the views are �rst attahed;and2. Managing the orrelation { by, automating parts of the linkage operation, providing methods that keep eahviews onsistent and up-to-date, foring the user to follow a visualization model and grouping operationstogether.5.1. The Waltz Visualization systemThe methods desribed in this paper are being further integrated within the Waltz visualization system. The Waltzvisualization system13 is designed to aid the user to explore and generate a orret interpretation of the underlyinginformation. The three parts of the system enable the user to, �rst, display the data in di�erent forms { Multiformvisualization. Seond, display the information in simpli�ed Abstrat views. Third, provide a high degree of interationand Diret Manipulation. Waltz enables the diret manipulation to be oupled between related views.5.1.1. Managing the ExplorationWaltz implements a subset exploration hierarhy, Figure 4. This strategy allows the data to be initially viewedas one whole dataset, and the user re�nes the data seletions on this set to speialize the information into spei�sets of interesting features. Eah new subset may be left in the exploration hierarhy { generating a history ofprevious experimentations. The root node of the hierarhy ontains the referene data, subsequent nodes (namedrender-groups) ontain user-spei�ed sub-sets of the information.Figure 4 shows that at eah subset the user may attah multiple View methods. On attahing a new view,an update is sent from the Module-Controller to attah a new view and automatially display a realization of theinformation. Eah view has a style and the representations are displayed determined by the style; volume rendering,isosurfae and statistis, for example. Figure 5 shows the result from a Waltz exploration. A new view may be addedto the render-group C, for example, to automatially display another depition of that same feature-set; the windowautomatially generates a default rendering of the data.Waltz implements the Semi-Automati update strategy, see setion 4.5. Thus, when a partiular subset (in theexploration hierarhy) is altered, the oupled views of this display-group are automatially updated. Child subsetsmay be updated by initiating a request, however, the user has an option to generate a new subset of the data and notreplae the old views. If the hild Model is replaed with the new data, then the attahed views are automatiallyupdated. This enables the user to ontrol the exploration hierarhy, and enourages the user to experiment. Forexample, if in Figure 5 the data-�ltering from module A is altered then the view in A is automatially updated andthe user has the option to generate a new render-group or fore B and C to update with the new information.
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Figure 4. Shemati depiting the Waltz exploration hierarhy, where the data is foussed and speialized byseleting feature-sets of interest.5.1.2. Managing the CorrelationThe Exploration strategy is an important fator for determining what is oupled. The Waltz exploration hierarhyprovides a onvenient method to sope and type the oupled manipulation.To enourage the oupled views, Waltz automatially orrelates eah view in the render-group. This allows views,of the same feature-set, to be oupled together, for example, in Figure 5 eah of the elements at C are automatiallyorrelated. Indeed the example shows that the three-dimensional views have been jointly rotated.Any or all of the orrelations may be turned o� (or on) with the views being automatially updated. In Figure 5we see that the appearane of the objets solely within view C2 have been altered.Thus, these render-groups provide an elegant method to `sope' the orrelation at the Window, Viewport, Objetand Feature Coupling layers. Data-oupling is only appropriate at the root node of this exploration hierarhy, butis not implemented in the urrent version of Waltz.The urrent Waltz version supports oupling at the� Window layer, by labelling eah window with a unique identi�er, that relates eah window to the experimentanvas; and by automatially organising the layout of the modules on the experiment-anvas to represent thedata-subset hierarhy;� Viewport layer, with transformation and diret manipulations);� Objet layer, by highlighting and enabling appearane hanges to be oupled between objets in multiple views;� Feature layers, by oupling feature-set hanges.Waltz has been designed in C++ with lasses representing the data, subsets of the data and Views. The systemis implemented over X and Xlib using the Motif widget set, Inventor29 and OpenGL30 libraries.The orrelation is implemented in an MVC method. Where a Views are attahed to a display-group method,that also holds a opy of the data-model, and the Controller (also part of the View) noti�es the display-group of the`type' of orrelation and whih View initiated the Control information. In Objet-Oriented terms this is more tightlyoupled than a pure MVC method. However, this allows suh noti�ations of hange to only update appropriatemethods of Views that are (1) in sope, (2) not the initiating the ontrol information and (3) of the orret type.
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6. DISCUSSIONBy providing the visualization exploration hierarhy, the user is fored to follow a strit pattern of ontrol. Thisenables and enourages the user to explore the information and easily generate multiple representations of their data.Diret manipulation is important to visualization exploration, and if the user is to be enouraged to generate multipleviews the system needs to manage the views and the oupling of information between views. Thus, automatiallyoupling views together, determined by the exploration hierarhy, is an important and powerful method.However, the oupling of views, determined by the exploration method, restrits whih views may be oupled,and any-to-any shemes may be useful. Suh a strategy ould be implemented in Waltz, but would generate multipleinter-dependenies within the exploration hierarhy.Also, the any-to-any shemes ouple between views of di�erent data Models, hene, it is easy to ouple at theViewport and Window levels and more diÆult to generally orrelate data-objets at the Objet and Feature levels.In general, the more diverse the Models beome the less the oupling makes sense; and the views ignore more ontrolinformation. 7. SUMMARYWe have presented many issues regarding the oupling of views, ategorizing the ideas using the dataow model.This forms a onvenient method to explain `what information is being oupled'.We have presented some `key oupling onepts' based on an analogy of data variables. Thus, the oupling has atype, a sope, a lifetime, an initializing method, and methods to update dependent parts of the visualization proess.We stated that `to enourage lose oupling' the visualization system must provide methods that enable theoperations to be easily ahieved, suh as automating the initiation of the oupling depending on the explorationhierarhy; and have shown that they may be integrated within a visualization system suh as Waltz.REFERENCES1. J. C. Roberts, \On Enouraging Multiple Views for Visualization," in Information Visualization IV'98,E. Banissi, F. Khosrowshahi, and M. Sarfraz, eds., pp. 8{14, IEEE Computer Soiety, 29-31 July 1998.2. G. Abram and L. Treinish, \An extended data-ow arhiteture for data analysis and visualization," in Pro-eedings Visualization '95 { sponsored by the IEEE Computer Soiety, pp. 263{270, 1995.3. D. S. Dyer, \A dataow toolkit for visualization," IEEE Computer Graphis and Appliations 10(4), pp. 60{69,1990.4. J. Walton, \Data Visualisation with IRIS Explorer - What's New?," Teh. Rep. TR10/96 (NP3070), NumerialAlgorithms Group Ltd., 1996. (http://www.nag.o.uk/do/TehRep/NP1513.html).5. C. Upson, T. Faulhaber, D. Kamins, D. Shlegel, D. Laidlaw, F. Vroom, R. Gurwitz, and A. van Dam, \Theappliation visualization system: A omputational environment for sienti� visualization," IEEE ComputerGraphis and Appliations 9(4), pp. 30{42, 1989.6. M. Young, D. Argiro, and S. Kubia, \Cantata: Visual programming environment for the Khoros system,"Computer Graphis 29, pp. 22{24, May 1995.7. K. Brodlie, A. Poon, H. Wright, L. Brankin, G. Baneki, and A. Gay, \GRASPARC { a problem solvingenvironment integrating omputation and visualization," in Proeedings Visualization '93 { sponsored by theIEEE Computer Soiety, pp. 102{109, 1993.8. M. Stonebraker, J. Chen, N. Nathan, C. Paxon, A. Su, and J. Wu, \Tioga: A database-oriented visualizationtool," in Proeedings Visualization '93 { sponsored by the IEEE Computer Soiety, pp. 86{93, 1993.9. H. Wright, \The HyperSribe Data Management Faility," Teh. Rep. TR1 96, NAG, 1996.http://www.nag.o.uk/do/TehRep/PS/tr1 96.ps.10. A. Buja, J. A. MDonald, J. Mihalak, and W. Stuetzle, \Interative data visualization using fousing andlinking," in Proeedings Visualization '91 { sponsored by the IEEE Computer Soiety, pp. 156{163, 1991.11. A. S. Jaobson, A. L. Berkin, and M. N. Orton, \LinkWinds: Interative sienti� data analysis and visualiza-tion," Communiations of the ACM 37, pp. 43{52, April 1994.12. Spreadsheets for images, ACM SIGGRAPH, July 1994.
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