Programming within VRC. M. HoltDept of Computing Science, U of Newcastle upon Tyne, NE1 7RU, UKchris.holt@ncl.ac.uk http://www.cs.ncl.ac.uk/chris.holt/AbstractAs different kinds of behaviour are added to VRML-based webspaces, a variety of styles, tools, interfaces,and languages are likely to be developed, enablingpeople to program objects io perform actions ofconsiderable complexity. The WYSIWYG principlewill lead to an increase of programming by example;and it will be noted that the requirements fordescribing and controlling such behaviours are verysimilar to those needed for real-time concurrentprogramming in general; this is one of the areas thevisual language community is trying to address. Oneapproach to dealing with the Tower-of-Babel effect isto offer a unifying framework within which thevarious efforts can be situated, enabling them tointerface together; this paper offers some suggestionsas to what such a framework might consist of.1 IntroductionThe VRML community is beginning to grapplewith the problem of introducing behaviour into three-dimensional webspaces (3DW). Mailing lists[24,25,26] have considerable bandwidth devoted tothe question, and the relative merits and features ofsystems like Tbag [22], Java [23], and Spam [21] arebeing examined. Much of the discussion isengineering-oriented, in the (non-disparaging) sensethat people are trying to figure out the best way to getefficient, scalable behaviours that do what peoplewant.In many ways, this is analogous to the wayconcurrent languages were developed. People beganby looking at existing features used to controlparallelism in operating systems, and theygeneralized and abstracted, creating semaphores,monitors, actors, and so forth. As time progressed, itwas seen that reasoning about concurrency required amathematical model of processes andintercommunication; thus, for instance, Hoare’s ratherinformal CSP programming notations [7] led to thetheory of CSP [8]. [Popular alternatives, of course,include CCS and Petri nets.] Similarly, as objectswere developed and various refinements explored, itwas seen as desirable to put them on a formal footing,and there are various attempts to do this, e.g. basedon order-sorted algebras [6].It seems likely that as various kinds of behavioursat different levels are added to 3DW, there will againbe a desire to fit these into a mathematicalframework. This would allow them to be expressedprecisely, and to be related to one another; and itwould also provide a guideline for simplicity, since itoften happens that mathematical complexity is anindication that underlying concepts are difficult tolearn and use in a scalable way (as with goto’s). It istherefore not too early to start considering the natureof the foundations that might be required to describeobject behaviours and interactions.One preliminary observation is that experienceobtained in formalizing programming constructscould well be helpful in this undertaking. A program,after all, is simply a description of behaviour (thoughdeclarative languages obscure this to the extent thatthey hide interactions with the environment). Thus, itmight be possible to take advantage of the state of theart of programming language semantics, applying itto this particular domain, without reinventing rotatingwheels, as it were. Another observation is that thevisual language community has been engaged intrying to formalize image-related descriptions andbehaviour for some time (most recently e.g.[9,10,12,18,19]), and that lessons can be drawn fromthat experience. A third place to look for inspirationis directly to mathematics, and the ways thatmathematicians have tried to lay a solid foundationfor that subject; after all, programming languages canbe characterized as notations for describing particularkinds of mathematical relationships, and so afoundation for mathematics would (in this view)necessarily be a foundation for reasoning aboutmathematical characterizations of behaviours.The goal is to sketch out an approach to developinga framework within which a wide variety ofbehavioural models can be embedded; it is not tryingto propose a language for describing behaviours,although the framework will of necessity make somelanguages seem more "natural" than others. Inparticular, it is concerned with the way thatbehaviours can be represented within 3DW itself, rather than within some other textual object-description language. The reason for this is that thestructures used for text can (and should) be easilyembedded within 3DW. They were developed over along period of time, and have been carefullyoptimized for various application areas that arecommon and important (there is no point in writing a"+" on the side of a 3D block if you can just write the"+" on its own to indicate addition). However, lineartext on its own can be severely constraining (hencethe growing popularity of graph grammars andhypertext). The basic approach is to characterize thesemantic domain, in the sense of what behaviourmeans; to relate that to abstract syntactic domains,both source (what is being said) and target (what it isbeing said about); and then to relate these to rathermore concrete syntactic entities, that represent theabstract syntax.The paper begins by looking at static systems: itconsiders the nature of the semantic domain of visualentities, how such things can be representedlinguistically, and what the relationship is betweenthese. Then, in Section 3, the question of time isconsidered. This involves looking at the additionalmathematical apparatus needed to represent time inthe semantic domain (e.g. temporal logics [1,5]),seeing how time can be represented either staticallyor dynamically, and finally considering temporalscoping questions.2 Static SpacesThe starting point for constructing a model of visualentities is to select foundational domains. As withmathematics, there are a number of choices, each ofwhich can be used to construct the others. Forinstance, set theory (be it ZFC, Quine’s NF, orwhatever) can lay the groundwork for categorytheory, and vice versa. [The Preface of [13] notesrelations among logic, category theory, and typetheories.] In either case, essential concepts (such asthe role of names or equality) are taken from themeta-language, formalized, and used with precisionin describing the entities and structures of the other.As with mathematics, the underlying concept here isthat of a point, an entity that is undecomposable.Points have the property that they can bedifferentiated, one from another.One choice to be made is whether to take relationsor mappings as foundational. Either can be used todefine the other: a relation can be viewed as amapping with an implicit boolean result, while amapping can be viewed as the special case of arelation in which if "result parameters" differ, so do"argument parameters". Relations are chosen here toavoid the need for adjoints, which would otherwisecontinually arise; the "space" of entities is lesscluttered. Thus, there are points, and there arerelations among those points. [Going higher-order,there are also relations among relations, relationsamong these, and so forth [15].] A relation issomething which can be said to hold over parameters,where a parameter may be one or more points, andparameters are distinguished one from another.A relation in which one parameter is a point may besaid to define an attribute of that point. For instance,if the relation Colour holds between a point P andanother parameter Red, we may speak of P as havingthe Colour attribute Red. [If there are no otherColour relations involving P as that parameter, wemay view Colour as a mapping from P to Red.] Wemay say that a point can be characterized in terms ofits attributes; this means that its significance isderived from its relationships. If a relation is viewedin terms of attributes of the points it relates, it isimplicit; if it is viewed as an entity in its own right, itis explicit. One important relation is that of Value; apoint has a given value if the Value relation holdsbetween it and exactly one other entity. Two pointshave the same value if they are both related by Valueto the same entity; then, the identity relation I holdsbetween them. This may be illustrated by thecommutative diagram

IValueValue’’where ’ distinguishes the "parameter position" of apoint being related. That is, position is significant forparameters of Value, though it is not for I.A diagram like the above, in which points areconnected by lines, defines a number ofcompositional rules. When a point is involved inmore than one relation, the relations may becomposed to form another relation. Thus, thediagram indicates that going from a point to its value,and then to another point that has the same value (i.e.composing Value with its inverse, in the usual sense)is equivalent to going from the first point to the finalpoint via I. Relational composition is defined to beassociative; when "going along" a relational pathcontaining more than two relations, if those relationsare pair-wise composed, the order of compositiondoes not affect the overall result. Note that relationalstructures as used here must in general be representedby hypergraphs rather than just graphs. An instanceof a relation may have more than one point in a givenparameter, and it may have more than twodistinguished parameters; e.g. inR

’’’"the first and fourth points are one parameter, thesecond, third, and fifth points are another, and thesixth point is yet a third. If we were to name thepoints and define a commutative combining operation, this might be represented textually asR({1,4},{2,3,5},{6}).The mathematical structures that we are workingwith can be defined as allegories [4]. An allegory isto a category as a relation between sets is to amapping between sets. Analogizing from thedescription of a category in [11], it consists of (i) aclass of objects (so far merely points, but this will beexpanded); (ii) a class of relations, each of which hasdistinguished domains which are objects of theallegory; and (iii) a composition law over relationswhich is associative and for which there is an identityelement. Allegories may be thought of as containingstructure-preserving relations: if an object O1 isrelated by R to an object O2, such that a point O1.p1is related to O2.p1 and another point O1.p2 is relatedto O2.p2, where O1.r relates O1.p1 and O1.p2, then Rrelates O1.r to a relation O2.r, such that O2.r relatesO2.p1 and O2.p2.One motivation for dealing with allegories ariseswhen dealing with sentence spaces, where a sentencespace is a structure belonging to a given language.Such a structure consists of points with attributes andrelations, and is related by a Meaning relation tosome other structure. When dealing with textuallanguages, sentence spaces start with a linearstructure; for instance, the sentence "The dog isbrown." is a linear space containing 17 points. Eachpoint has a Character attribute; the first one being"T", the second being "h", and so on. Linearity isderived from an explicit Position relation, whichrelates the first and second points, the second andthird points, and so on:

Position

’’’" T " " h " " e " " "This sentence space is related by Meaning toanother sentence space, in which points have Symbolattributes, and are (still) related by a linear Positionrelation. The first three characters "The" are relatedto a symbol represented here by ’The’, the characters"dog" are related to a symbol ’dog’, and so on:

Position

’’’’The’’dog’’ i s ’ ’brown’The relative positions of characters in differentwords are preserved; e.g. "T" precedes "d" in thecharacter space, and its symbol ’The’ precedes ’dog’ inthe symbol space. The symbol space is also asentence space, since it too is related by Meaning toanother space. This latter space may be in theunderlying semantic domain, or it may be anotherintermediate step. For instance, in textualprogramming languages, linear symbol spaces aregenerally related to trees according to the BNFgrammar rules that define the language syntax; then,the tree spaces are related to semantic objects.There is no sharp division between syntax andsemantics, in this view; a given space may besemantic in that it is the target of one Meaning, andsyntactic in that it is the source of another. Forinstance, a group generated by two values r (of period3) and f (of period 2) is an entity in its own right,with six elements {id, r, rr, f, fr, frr}; but it can begiven a meaning, that of invariant operations on anequilateral triangle. Then, r means ’rotate by 120ß’and f means ’flip about the vertical axis’:

id, r, rr id, fOf course, a sentence space can have more than onemeaning, a given meaning can be represented bymore than one sentence, and more than one meaningrelation can be introduced.A space (consisting of points and relations) mayitself be viewed as an object in an enclosing space,and so be related to other objects in that enclosingspace. One such relation between one structuredobject and another is that of a View; this is a sub-relation of I (like a retract [17]) that restricts thecomponents of the space that can be seen. An objectmay have more than one View relation; other objectsmay be able to see different parts of it. To the extentthat an enclosing space may be understood as seeingits components, it too may have a view of objectswithin it, i.e. parts of those objects may be hidden.Just as relations may be composed, if they share oneor more points, so may objects be composed, bycausing them to share components (which may bepoints, relations or sub-objects). Shared componentsare unified, in the sense that attributes associated withthe components in each of the sharing spaces arepresent in the result. An operation very similar tosharing is that of identifying components, i.e.introducing an identity relation between differententities. This may be defined such that each entitygains the attributes of the others; it may be one sided,such that some entities are left unchanged whileothers acquire their attributes; or it may be anintersection, such that each entity is left with onlythose attributes common to all those being identified.A further refinement is to allow some attributes to beunioned, some left unchanged, and some intersected.Given these underlying notions of points, relations,spaces and objects, we can start to look at visuallanguages and representations. The semantics of aprogramming language can be translated into thisstructure without much trouble. Prolog-stylerelational languages are trivial; relations areassociated with named points whose values are therelations, and parameters are named points that arelinked together. Functional languages follow theusual function to relation translation, with applicationbeing a particular relation between function pointsand their argument points. Imperative languages can be understood as sequences of states related by statetransformers, which are mappings, and so areamenable to the functional translation. Object-oriented languages associate objects with thoseabove; methods are interface structures that can beviewed by other objects. Concurrency is animplementation technique, but communication can bevia unified points as channels. Complex issuesrelating to types and inheritance are concerned withthe construction of systems of relations and objects,which is not dealt with here; so, although veryimportant, it may be avoided.A program space may be represented by selectingsome of its relations and making them explicit, whilemaking the others implicit. This yields an abstractsyntax space, with a structure corresponding to theexplicit relations. Names can be introduced to reducethe clutter of explicit relations; when several objectsare associated with the same parameter of a relation,they can be linked by a Name relation, whichidentifies them all with one another. This name canthen be viewed as an attribute, and will guide therepresentation of the objects in question, such thateach occurrence of the name will indicate theequivalence class of the points being identified (andso indicate referential transparency, if that name isnot used elsewhere).An abstract syntax space can then be represented ina concrete space by devising representations for thevarious components. The concrete space may be one,two, or three dimensional; it may contain objectsrepresented in equivalent and lower dimensionality.[E.g., a 3D space might contain named spheres and2D pages linked together by lines.] Possiblerepresentations are drawn from the vocabulary of theconcrete medium. Some relations may takeadvantage of the relations inherent in the concretemedium; for instance, vertical height (from abaseline) may be used to carry information about aparticular relation among points, and so make itexplicitly visible in the space without cluttering upthe representation of the points in question. Theconcrete space can then be represented in the usualVRML way, as a display list which is rendered as ascreen image (or two screen images for binocularvision).Statement spaces can describe visual scenes if thevocabulary of the display domain is incorporated intothe semantic domain of the language; if this is thesame as the concrete (or abstract) syntax space of thelanguage, it is syntactically reflective (in theappropriate way). With VRML at present, of course,the language space is textual; if visual representationsare introduced, this could change. [One motivationfor doing so is to simplify the task of denotingcomponents; one can "quote" them in situ, e.g. referto a blue sphere by displaying a blue sphere.]3 Dynamic SpacesThe simplest kind of change that a space canundergo is invisible: it maintains its static structure,as represented in the concrete space, but variousattributes are modified. For instance, if a structurerepresents an expression, with a named pointrepresenting the result, then evaluation of thatexpression will bind the value of the named point tothe result value. Since results that cannot be accessedare not very interesting, we look at ways in whichspaces can be modified. One principle of generalpurpose programming language design is that if aperson can perform an action, then a process shouldalso be able to; so the issues of human-directedchange and machine-directed change are consideredtogether.The ABCD mnemonic of object design (access,birth, change, and death) lists the things we want todo with spaces; these may be characterized as internalor external, depending on whether the object initiatesaction or whether some outside influence does.Access involves obtaining information from anobject. If this is apparent from its representation, itmay be categorized as internal; if it is not so apparent(e.g. finding the value of a result as above), it isexternal. Birth means that new objects are introducedto spaces, by creating them ab initio, by copyingobjects (either from within the space or elsewhere), orby merging two or more objects to form a hybrid,being able to select which components of the sourceobjects are unioned, intersected, or just taken fromone source rather than another. When a single objectis created, some impetus must come from outside ofit before it exists; this is external. When objectsmerge, this can be either external (another agentcauses the merge) or internal (the merging objects acton their own). Change can involve devising atransition for an object, creating or deletingcomponents of an object, or modifying the structurerelating objects to one another; this can be causedeither externally or internally. Death means thatobjects vanish; it may be triggered internally, suchthat it kills itself, or externally, such that it diesirrespective of its internal state or actions.Given this list of possible actions, it is possible tostart characterizing the ways they can be described.One approach is to have an explicit temporalstructure in which points represent states. If thepoints are discrete, then an action can be specified bygiving the initial state and the nature of the change(e.g. an assignment), and the final state can bededuced. Alternatively, the initial state and final statecan be given (as in a temporal logic with a "next"operator [16]), and the change can be determined by akind of empirical induction. If time points arecontinuous, differential equations can indicatechanges (though, of course, an implementation on a digital machine would discretize these). Hybridsystems containing both discrete and continuous timeare possible, of course, obtained by composing thetwo [14].Time can either be global (totally ordered), runningon a universal clock, or local (partially ordered),running on distributed clocks. In point of fact, ahybrid can be constructed here as well; local clockscan engage in occasional synchronizations, avoidingthe heavy-weight monolithic character of universallock-step time, but allowing objects to refer to time ina common frame of reference (albeit with a precisionloss dependent on the synchronization mechanism).Looking at a time map in this latter case, one wouldsee a directed acyclic graph of nodes and arcs, withbranch points when new local clocks are created andjoins when they merge together. Actions are boundto points and lines in time maps by just anotherrelation.Time maps describe process objects, fragments ofbehaviour that are triggered (i) by an explicit call, (ii)by some external condition being changed (that thealready extant process has access to), or (iii) by someinternal change. Following the Erlang [2] and Oz[20] approaches, these may be described asconditionals; when the trigger event occurs, theassociated action is taken. [The trigger may involveclock transitions, since a clock is just another object.]When a number of trigger/action conditionals arecomposed together, they may be depicted as a graph;when the number of possible states is small, this maylook like a state-transition diagram, and involvecycles. Conditionals must be bound to time maps,indicating the temporal scope over which they maybe activated; and they may be one-off, serial, ormultiple/concurrent.Communication among objects is a matter of access(seeing what another object is displaying) or change(modifying an available part of another object). Theformer is asynchronous, in that the behaviour of the"sending" object is not directly affected by thecommunication. The latter may be viewed assynchronous in that the "sending" object is affectedby the "send" at that time, and the "receiving" objectis also affected by the action. However, the intent ofthe action may be to affect a third object, which isaccessing the one that is changed (much as twopeople can use a piece of paper to communicate);then, the communication is synchronous only if thetrigger in the third object is directly focussed on thepart of the intermediate object being changed, andreacts immediately. If it is not, this kind ofcommunication is asynchronous. Of course,protocols can be built on top of this to implementhand-shaking communication of the kind found inCSP and CCS; and buffers can be used asintermediate objects to implement message queues asfound in traditional asynchronous approaches. RPCsand Ada-style rendezvous can also be constructedfrom the above. [The above can be constructed usinghandshakes, RPCs, or rendezvous; however,simulating one-way communication using two-way isinherently slower than constructing two-waycommunication from one way. Thus, the latter, aswell as fitting into the framework more neatly, ismore efficient, and is therefore to be preferred.]The discussion so far as focussed on what is to besaid, rather than how to say it. When objects andactions can be easily referred to, e.g. by selectingattributes that they alone possess in the currentenvironment, no problem arises. If we wish to add 5and 3, we can create an object, give it a valueassociated with the symbol ’+’, select one of itsinterfaces and give it a value associated with thesymbol ’5’ (or create a new object and give it thatvalue, and then unify the "output" of 5 with one of the"inputs" of +), do the same with 3, and link the resultinterface to some display object (either by unifying itwith an input to the display object, or by creating anidentity relation which is attached to both).When an object is to be created by copying anotherone, we either signal to its "replicate" interface, orask the environment to replicate it (if it is fullytransparent in that environment). If it is to be builtfrom scratch, the attributes have to be constructed;but these can be replicated (and then possiblychanged). When an object is to be changed from theoutside (assuming the changer has permission, i.e. itsview is sufficient), a component may be created ordestroyed, or one may be replaced by another.[These are standard editing commands, generalized toobjects.] When the relationship between an objectand its enclosing space is to be changed, then actionsare invoked to transform that relationship. This mayinvolve ordinary editing of the space, such asdragging an object; it may involve giving the objectan acceleration, which induces a velocity that may beaffected by "physical" laws of the space (whichinclude the existence of other objects that may or maynot be solid); or it may involve allowing the objectitself to modify the physical laws of the space, e.g. bychanging its gravity. When changes are"programmed" by doing them, either by a person or aprocess, then there is no difference between run timeand edit time; what’s done is done, and no time mapis needed. When changes are described (scripted) tobe done later, time maps may be left implicit ("doaction A at time T" doesn’t involve the constructionof a map) or they may be constructed explicitly.4 ConclusionsOnce interactive behaviour is introduced intoVRML, it will become a language for describingprograms (among other things), since programs aresimply descriptions of machine behaviour. However, there will be many programming languages, over allthe paradigms, that will be given a visual syntax.Rather than favour one over the others, it is suggestedhere that a foundation can be laid, upon which thevarious languages can be built, and implemented overdifferent platforms. The simplest such frameworkseems to have a semantic domain of points andrelations, and objects composed of these; thesyntactic domain used to describe this is just that ofVRML descriptions. [An assumption here is thatoptimization can give reasonable efficiency whenneeded.] The construction of visual behaviours theninvolves giving programming languages access to thesyntactic domain, much as various languages nowaccess the Tk widgets [3], and introducing time andevent/action conditions. This would enable theVRML community to take advantage of theexperiences of programming language design of thepast few decades, and offer potential flexibilitywithout constraining it to follow a single path.References[1]J Allen, Maintaining Knowledge aboutTemporal Intervals (CACM 26 11, 1983) 832-843.[2]J Armstrong, R Virding and M Williams,Concurrent Programming in Erlang (PrenticeHall, New York, 1993).[3]M J Conway, Python: A GUI DevelopmentTool (Interactions II.2, April 1995) 23-28.[4]P J Freyd and A Scedrov, Categories, Allegories(North-Holland, Amsterdam, 1990).[5]D Gabby, Modal and Temporal LogicProgramming, in: A Galton, ed., TemporalLogics and their Applications (Academic Press,London, 1987) 197-237.[6]J Goguen and R Diaconescu, An Oxford Surveyof Order Sorted Algebra (Math Struct in CS 4 3,Sept 1994) 363-392.[7]C A R Hoare, Communicating SequentialProcesses (CACM 21 8, Aug 1978) 666-677.[8]C A R Hoare, Communicating SequentialProcesses (Prentice Hall, New York, 1986).[9]C M Holt, An Algebra of Lines and Boxes, in:Proc IEEE VL94, St Louis (IEEE CS Press, LosAlamitos Cal, 1994) 55-62.[10]F Jahanian and A Mok, ModeChart: ASpecification Language for Real-Time Systems(IEEE Trans SoftEng 20 12, Dec 1994) 933-947.[11]P T Johnstone, Stone Spaces (CU Press,Cambridge, 1982).[12]G Kutty et al, Visual Tools for TemporalReasoning, in: Proc IEEE VL93, Bergen,Norway (IEEE CS Press, Los Alamitos Cal,1993) 152-159.[13]J Lambek and P J Scott, Introduction to HigherOrder Categorical Logic (CU Press, Cambridge,1986).[14]Z Manna and A Pnueli, The Temporal Logic ofReactive and Concurrent Systems (Springer-Verlag, Berlin, 1992).[15]Karl Meinke, Universal algebra in higher types(Theoretical CS 100, 1992) 385-417.[16]B Moszkowski, Executing Temporal LogicPrograms (CU Press, Cambridge, 1986).[17]J E Stoy, Denotational Semantics (MIT Press,Cambridge MA, 1977).[18]J Tsai, S Yang and Y-H Chang, TimingConstraint Petri Nets and Their Application toSchedulability Analysis of Real-Time SystemSpecifications (IEEE Trans SoftEng 21 1, Jan1995) 32-49.[19]H Vestli, Visual Specification of ActorConfigurations, in: Proc IEEE VL94, St Louis(IEEE CS Press, Los Alamitos Cal, 1994) 110-117.Websites[20]DFKI, The Oz Programming System (http://ps-www.dfki.uni-sb.de/oz/).[21]Paul Lalonde, Robert Walker, Jason Harrisonand David Forsey, A Coordination Frameworkfor Interacting Agents(http://www.cs.ubc.ca/spider/lalonde/spam/spam.html).[22]G Schechter et al, The TBag Project(http://www.sun.com/smli/sun-rt/tbag/tbag-home.html).[23]Sun Microsystems Inc, HotJava(http://java.sun.com/).Mailing lists[24]vrml-behaviors@sdsc.edu(http://www.sdsc.edu/SDSC/Partners/vrml/repos_mailing.html).[25]distributed-vr@csh.rit.edu(http://www.csh.rit.edu/~airwick/dist.html).[26]www-vrml@wired.com(http://vrml.wired.com/).