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Abstract (including real-time performance, low latency and precise
synchronization). This software engineering issue is often
Immersive, interactive applications grouped under the regarded as secondary to the fundamental research aspects
concept of Immersipresence require on-line processing andin each field. Yet, the actual development of complex cross-
mixing of multimedia data streams and structures. One crit- disciplinary experiments, from design to implementation, is
ical issue seldom addressed is the integration of differ- traditionally limited by actual system integration, which is
ent solutions to technical challenges, developed indepen-typically very resource consuming, and source of unfore-
dently in separate fields, into working systems, that oper- seen problems.

ate under hard performance constraints. In order to real-  Traditional industry-oriented, large scale software engi-
ize the Immersipresence vision, a consistent, generic ap-neering is not applicable for most research projects. If the
proach to system integration is needed, that_ is adapt_ed tOyltimate goals are similar (code quality, reusability, effi-
the constraints of research development. This paper intro- ciency, scalability and interoperability), the constraints and
duces SAl, a new software architecture model for designing,eajities of code development in a research environment are
analyzing and implementing applications performing dis- simply too different. Research code is developed indepen-
tributed, asynchronous parallel processing of generic data dently, either by individuals or small teams, whose goal is
streams. SAl provides a universal framework for the dis- 5 proof-of-concept system. In order to realize the Immer-
tributed implementation of algorithms and their easy inte- sipresence vision in the research world, and bring it to the
grat?on in.to comp.lgx systems that.e.xhibit desirab_lg software jngustrial world, a consistent, generic approach to system
engineering qualities such as efficiency, scalability, exten-jntegration is needed, that is adapted to the constraints of re-
sibility, reusability and interoperability. The SAl architec- search development. In particular, such a solution must pro-
tural style and its properties are described. The use of SAlyjde significant added value for individuals in order to be
and of its supporting open source middleware (MFSM) is il- aqopted, as subsequent integration in cross-disciplinary ef-
lustrated with integrated, distributed interactive systems.  forts is not yet a requirement of research development.

This paper introduces SAl, a new software architec-
ture model for designing, analyzing and implementing
1. Introduction applications performing distributed, asynchronous par-
allel processing of generic data streams. SAl aims at
Immersive, interactive applications require on-line pro- providing a universal framework for the distributed im-
cessing and mixing of multimedia data such as pre-recordedplementation of algorithms and their easy integration
audio and video, synthetic data generated at run-time, liveinto complex systems that exhibit desirable software en-
input data from interaction sensors, media broadcast overgineering qualities such as efficiency, scalability, exten-
a non synchronous channel (e.g. the Internet), etc. Thesibility, reusability and interoperability. SAl specifies a
concept of Immersipresence [18] presents many challengesiew architectural style (components, connectors and con-
spanning a number of fields, including Signal Processing straints). The underlying extensible data model and hybrid
(compression, 3-D audio), Networking, Database Systems,(shared repository and message-passing) distributed asyn-
Computer Vision and Computer Graphics. One challengechronous parallel processing model allow natural and
seldom addressed is the integration of different solutions de-efficient manipulation of generic data streams, using ex-
veloped independently in separate fields into working sys-isting libraries or native code alike. The modularity of
tems, that must operate under hard optimization constraintghe style facilitates distributed code development, test-



ing, and reuse, as well as fast system design and in-tion of the various components, which is usually where the
tegration, maintenance and evolution. A graph-basedmajor cross-disciplinary issues arise. Bandwidth being re-
notation for architectural designs allows intuitive sys- garded as the major limiting factor, the only on-line (real-
tem representation at the conceptual and logical levels,time) data processing performed is related to compression
while at the same time mapping closely to the physi- and decompression. Presentation does not involve much
cal level. processing beyond decompression and display, which jus-
The paper is organized as follows. section 2 offers a re-tifies the adoption of Pipes and Filters variants, dataflow-
vue of related work in Multimedia and Software Architec- based approaches in DirectShow and all other so called
ture. Section 3 articulates the fundamental design principles‘media streaming” libraries and packages, in research and
underlying the SAl architectural style, formally described in industry alike. Example research projects include MIT's
section 4. Section 5 presents application projects that illus-VuSystem [15], the Berkeley Continuous Media Toolkit
trate fundamental architectural patterns, and their combina{17], the Network Integrated Media Middleware [16], and
tion in the design and implementation of integrated systemsthe Distributed Media Journaling (DMJ) project [6]. These
in various settings. Section 6 offers concluding remarks.  efforts all rely on modular dataflow architecture concepts.
They are designed primarily for audio and video on-line
2. Related work processing and transmission, with a strong emphasis on cap-
ture, transmission and replay aspects. They cannot easily
dscale up to applications involving immersion, interaction

The issue of (software) system integration is addresse ) -
and synthetic content mixing.

only partially, when at all, in individual fields. Software li-
braries emerge_in specific fiel_ds as they reach the necessary Multimedia storage and retrieval are traditionally
levels of maturity. _Standard libraries are extremely useful atabase systems issues. The main challenge here lies in
becagse they provide a common set of data structures an&e amount of data manipulated. From a storage point of
al.gorllthm implementations '_[hat can be re-usgd across ap;e\y the limiting factor is again bandwidth. Beyond phys-
plications. As they are designed with a relatively narrow

field of lication in mind. thev d t add it ical access and transmission constraints, retrieval raises
elc of application In mind, th€y do ot adaress INIEIoper- ., ¢ 4 ever the issue of content analysis and understand-
ability. In particular, such libraries might be built explicitly

S . . ! ing. Pure signal processing techniques for content analysis
or implicitly on architectural models that are incompatible. 9 gnal p 9 g y

For example, OpenGL [2] and Direct3D [19] both imple- (e.g. of music, images and video) have very limited suc-

( hi el ith windowi b dc:ess, while Artificial Intelligence related techniques remain
ment a grapnics pipeline, with windowing message-based., \tinaq to limited domains of application. Thus hu-

congtructs for interaction. Although th_ey can handle ani- man intervention, through annotation tools, remains the
mation to some extent (through extensions of the message-

based model). thev d i licitl del ic dat most reliable and useful method. Similarly, content de-
tase moD.e),tShey igm') elxp ict ty m% ? fglgenerlch_ta a velopment is almost exclusively a human task, addressed
streams. DirectShow [ ]|m_p ements a Datatiow arcnitec- through interactive tools, distinct from multimedia sys-
ture for data-stream processing. Although Direct3D and Di-

: . .~ tems. In such systems, consumers are fed views (in the
rect$how are par'F of the D|r¢ctx [19] .set O.f multimedia i- database sense), and have very limited control over the data
braries, they are inherently incompatible, in the sense th

. . : atthat is presented to them: classical database queries for re-
they do not share either a common, or compatible arChIteC'trieval, VCR-style commands for streams. Personalization
tural models. of the content provided is marginal, little or no con-
tent is synthesized on the fly.
2.1. Multimedia
Incidentally, the architectural model of choice for multi-

The dramatic development of networks and the Inter- media streaming systems (Dataflow) is not appropriate for
net made “multimedia” the field of research dealing essen-interactive media content creation tools, which all run in
tially with storage, retrieval, transmission and presentation a windowing message-based interactive environment. The
of large amounts of data. The multi- prefix is justified by model underlying interaction tools is usually data-driven: a
the handling of data that might not be text (e.g. images video stream for example is considered as an object whose
and sound), and that is usually in the form of bandwidth- components (frames) can be edited in a random access fash-
intensive datastreams The goal is to deliver high qual- ion, not as a sequential stream of data. This is for exam-
ity media. Because of the predominance of the communi- ple the basis for the “pool of frames” approach to temporal
cations aspect, system architecture in this context usuallymedia data handling in the MVC architecture [14]. Simi-
refers to the underlying networking topology (e.g. client- larly, Artificial Intelligence approaches deal with dynamic
server or peer-to-peer). These network-centric architecturalbut persistent data structures, as opposed to Signal Process-
concerns however do not address the internal organiza-ing techniques which deal with data streams.



2.2. Games

Distributed, first person collaborative games have proba-
bly more in common with the Immersipresence vision than
any other type of multimedia systems. This stems from the
fact that games are first and foremost highly interactive ap-
plications. The networking aspect has only been introduced
recently, after great emphasis was given to sound and graph-
ics quality, and simultaneously with other advanced facets
of game development such as realistic physics simulation
and use of Artificial Intelligence. As a result, one might ex-
pect game engines to take after architectural designs allow- t0<ti<t2<t3
ing to consistently integrate various technologies and thus [ Processing_| | || Volatile data !
directly applicable for Immersipresence.

Where video-on-demand and other high-fidelity media
streaming applications are yet to become business realities, shared-repository model for distributed
gaming is actually an already profitable, and fast growing asynchronous parallel processing of data
industry (US$6.9 billion in US sales in 2002 according to  gtreams.

[1]), subject to market imposed constraints. The most ad-
vanced designs (including architectural designs) are propri-

etary, and constitute valuable intellectual property for gamefied in the quest for Immersipresence, which requires both

I ies. I ' h ! ; . T :
development companies Game d_eve opment pro_Jec.ts. avea high level of interaction and a high fidelity experience.
become multi-year team productions, with multi-million

dollar budgets [13], and industrial-size management prob- .The Pipes and Fllter§ (?r other d?tafloyv vgrlants) ar-
lems. More importantly, game engines are by design eX_chltectural style favored in “streaming” applications, has a

tremely fine-tuned systems with very specific hardware con- number O_f well kn_own positive proper_tle_s [20] that make it
straints, that do not necessarily scale-up for architectural®" attractive candidate for real-time d|str|buted_p_arallel pro-
generalization. Furthermore, time constraints in new devel-CEsSing of data streams. As a modular model, itis relatively

opments usually translate into quick fixes rather than re- S|mple ?nd_lllntumve. Local(ljzatllon a}nd I'SO|at'0n,°f compu-
design of existing software. Various commercial so-called tations facilitates system design, Implementation, mainte-

middleware packages are available, that provide support fofance and evolution. Because filters are |_ndependent, the
specific aspects such as physics simulation, artificial intel- model naturally supports parallel_ and d'StT'b!“e.d Process-
ligence, networking, etc. Their use in particular projects is INg. Ho_wever, afew key_ shortcomlr)gg apd I|m|tat|0ns_ make
determined by the amount of work needed to interface them!t unsunablg fof deS|gn|ng cro.ss-d|SC|pI|nqry dynamlc SYs-
with a given game engine [5, 7], which often outweighs tems, po§5|bly|nonV|ng real-'t|me constraints, user immer-
the advantages of reuse. This reinforces the view that game';!On and mteracthn [10]. Major areas of limitation are effi-
engines are not built as modular, extensible platforms, but'¢"¢Y and modeling power. In particular, the absence of a

rather fine-tuned, ad-hoc systems designed to get the mos?lear mechanism for shared data access accounts for the in-

out of a specific t,arget hardware configuration. On the aca-"’}bility gf the Pipe?’ and Filterg syle to apply to data driven

demic side, game design is only very slowly making its wa (including SymbOHC computatlons) problems. On the other
9 9 y very y 9 y hand, data-driven architectures such as Blackboards and

as a valid engineering research topic, and thus the develop- :
g g P pother shared repository models, are not adapted to real-

ment and study of generic architectures is not a mainstrean; ) ) ) .

effort. time on-line processing of data streams. Architectures with
higher level of abstraction, or simple juxtaposition of simi-
lar low level architectural styles do not resolve this incom-

patibility: a new, hybrid style is needed.

Figure 1. A hybrid message passing and

2.3. Software architecture

Itis interesting to notice that the set of issues raised inthe3.  Design principles
development of modern games is largely disjoint from that
of issues raised by the development of multimedia stream- A few key observations, resulting from the analysis of
ing systems. Although core technologies might find appli- system requirements for real-time interactive, immersive
cations in both fields, they are two totally distinct efforts at applications, allow to formulate principles and concepts that
the system architecture level. Yet, both efforts can be uni- address the shortcomings identified above.



3.1. Time

A critical underlying concept in all user-related appli-
cation domains (but by no means limited to these domain)
is that of time. Whether implicitly or explicitly modeled,
time relations and ordering are inherent properties of any
sensory-related data stream (e.g. image streams, sound, hap-
tics, etc.), absolutely necessary when users are involved in
the system, even if not on-line or in real-time. Users per-
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ceive data as streams of dynamic information, i.e. evolving
in time. This information only makes sense if synchroniza-
tion constraints are respected within each stream (temporal | Time
precedence) and across streams (precedence and simultaney Seeen
ity). It follows that time information is a fundamental at-
tribute of all process data, and should therefore be explic-
itly modeled both in data structures and in processes.
Synchronization is a fundamental operation in tempo-
ral data stream manipulation systems. It should therefore
also be an explicit element of the architectural model. A
structure callegbulseis introduced to regroup synchronous
data (see figure 1). Data streams are thus quantized temp
rally (not necessarily uniformly). As opposed to the Pipes

and Filters case, where data remains I_ocahzed in the f'.l'processing center, in a separate thraezhievablehrough-

ters where it is created or used, data is now grouped in_ . imal. It will v b hieved if no hard
ulses, which flow from processing center to processing put is now optimal. It will actually be achieved If no hard-

I[c)enter’alon streams. The processing centers do not con\—Nare or software resources become exhausted (e.g. com-

sume their ?n ut, but .merelp use it tog roduce some out- puting power, memory, bus bandwidth, etc.). Of course, an
ut that is addped’to the uls?a/ This alsopreduces the amoun synchronous model requires to explicitly implement syn-

P o b ' . hronization when necessary, lmutly then

of costly data copy: in a subgraph implemented on a plat-

form with shared memory space, only a pointer to the evolv-

ing pulse structure will be transmitted from processing cen-

ter to processing center. Note that such processing centers

can no longer be called filters.

Figure 2. Advantage of parallelism for time
sensitive applications. Processes 2 and 3 are
independent and both depend on process 1;
Process 4 depends on both 2 and 3.

Ynstead of being held in a buffer to be processed by order of
arrival, each incoming pulse is processed on arrival in the

3.3. Data classes

The Pipes and Filters model explicitly separates data
streams and process parameters, which is both a valid func-
tional distinction, and a source of inconsistency in the
model, leading to important limitations as explained above.
A re-consideration of this categorization, in the context of
Figure 2 illustrates system latency, which is the overall temporal data streams processing, reveals two distinct data
computation time for an input sample, and throughput or classesvolatile andpersistent
output rate, inverse of the time elapsed between two consec- \olatile data is used, produced and/or consumed, and re-
utive output samples. The goal for high quality interaction is mains in the system only for a limited fraction of its life-
to minimize system latency and maximize system through- time. For example, in a video processing application, the
put. In the sequential execution model, latency and through-video frames captured and processed are typically volatile
put are directly proportional. In powerful computers, this data: after they have been processed and displayed or saved,
usually results in the latency dictating the system through- they are not kept in the system. Process parameters, on the
put as well, which is arguably the worst possible case. In other hand, must remain in the system for the whole dura-
the Pipes and Filters model, filters can run in parallel. La- tion of its activity. Note that their value can change in time.
tency and throughput are thus independent. Because of th@hey are dynamic yet persistent data.
parallelism, system latency can be reduced in most cases All data, volatile or persistent, should be encapsulated in
with careful design, while system throughput will almost pulses. Pulses holding volatile data flow down streams de-
always be greatly improved. The sequential behavior of thefined by connections between the processing centers, in a
pipes, however, imposes on the whole system the through-message passing fashion. They trigger computations, and
put of the slowest filter. This constraint can actually be re- are thus calledactive pulses. In contrast, pulses holding
laxed to yield an asynchronous parallel processing model.persistent information are held in repositories, where the

3.2. Parallelism



processing centers can access them in a concurrent shared Stream

memory access fashion. This hybrid model combining mes- (message passing)
sage passing and shared repository communication (out- Source
lined in figure 1), combined with a unified data model, pro- Cell : (shared repository) :
vides a universal processing framework. In particular, feed- EE () 1]
. : [ W/ T
back loops can now be explicitly and consistently modeled. Passive Pulse 1
From the few principles and concepts outlined above /i | persistent data
emerged a new architectural style. Because of the context of y \4 ) Active Puise: dn
its development, the new style was baptized SAI, for“Soft- ~ |volatledata [ |
ware Architecture for Immersipresence.” O:Ea
4. The SAI Style F N
This section offers a formal definition of the SAI archi- Figure 3. Summary of SAI notation.

tectural style. Graphical symbols are introduced to repre-
sent each element type. Together these symbols constituter

graph-based notation system for representing architectura af)' ge;!l—sou;_c;}e connect)ors dare drawn as e||t|her do.l;ble”or
designs. In addition, when available, the following color at red lines. They may be drawn across cells (as if cells

coding will be used: green for processing, red for persis- were connected together by these links) for layout conve-

tent data, blue for volatile data. Figure 3 presents a Sum_nience. Volatile data flows istreams which are defined
mary of the proposed notation. In the remainder of this pa- by cell-to-cell connections. A cell can be connected to ex-
per, the distinction between an object type and an instanceaCtIy one upstream cell, and to an arbitrary number of down-

of the type will be made explicitly only when required by stream cells. Streams (and thu_s cell-cell connections) are
the context. drawn as thin blue arrows crossing over the cells.

4.1. Components, connectors and constraints 4.2. Data model

The SAI style defines two types of componersisand Dat_a, wheth_er persistent or volatile, is heldonlses A
sourcesCells are processing centers. They do not store anyPulse is a carrier for all the synchronous data correspond-
state data related to their computations. The cells consti-Nd 10 @ given time stamp in a stream. Information in a
tute an extensible set of specialized components that implePU!S€ i organized as a mono-rooted composition hierar-
ment specific algorithms. Each specialized cell type is iden- €Y 0f nodeobjects. The nodes constitute an extensible set
tified by a type name (string), and is logically defined by its of atomic data units that implement or encapsulate specific

input data, its parameters and its output. Cell instances ardlat@ structures. Each specialized node type is identified by a
represented graphically as green squares. A cell can be adype name (string). Node instances are identified by a name.

tive or inactive, in which case it is transparent to the system. 1 N€ notation adopted to represent node instances and hier-

Sources are shared repository of persistent data. Source ir@"chies of node instances makes use of nested parentheses,
stances are represented as red disks or circles. Two type§-9- (NODETYPE.ID “Node name” (...) ... ). This nota-
of connectors link cells to cells and cells to sources. Cell 10N may be used to specify a cell's output, and for logical
to source connectors give the cell access to the source dataPecification of active and passive pulses.
Cell to cell connectors define data conduits for the streams, Each source containspassive pulsevhich encodes the
The semantics of these connectors are relaxed compared tf'Stantaneous state of the data structures held by the source.
that of pipes (which are FIFO queues): they do not con- yolatlle_data flows in streams, that are temporally quantized
vey any constraint on the time ordering of the data flowing INto active pulses
through them.

Cell and source instances interact according to the fol-4.3. Processing model
lowing rules. A cell must be connected to exactly one
source, which holds its persistent state data. A source can When an active pulse reaches a cell, it triggers a series of
be connected to an arbitrary number of cells, all of which operations that can lead to its processing by the cell (hence
have concurrent shared memory access to the data held bthe “active” qualifier). Processing in a cell may result in
the source. A source may hold data relevant to one or morethe augmentation of the active pulse (input data), and/or
of its connected cells, and should hold all the relevant dataupdate of the passive pulse (process parameters). The pro-
for each of its connected cells (possibly with some over- cessing of active pulses is carried in parallel, as they are re-



ceived by the cell. Since a cell process can only read the ex- Pulse Handle Filter

isting data in an active pulse, and never modify it (except O
for adding new nodes), concurrent read access will not re-
quire any special precautions. In the case of passive pulses, (e Coe2) DI - CaEn)D
however, appropriate locking (e.g. through critical sections)
Ceea)

. . . . - . <_ .....
must be implemented to avoid inconsistencies in concurrent @

shared memory read/write access. CoeDe - Coend

4.4. DynamlC data blndlng Nodes and filters: Type(name) - — - —» Pointer
Passive pulses may hold persistent data relevant to sev-

eral cells. Therefore, before a cell can be activated, the pas-

sive pulse must be searched for the relevant persistent data.

As data is accumulated in active pulses flowing down the 4.5. Architectural design specification

streams through cells, it is also necessary for a cell to search

each active pulse for its input data. If the data is not found, A particular system architecture is specified at the con-

or if the cell is not active, the pulse is transmitted, as is, to ceptual level by a set of source and cell instances, and their

the connected downstream cells. If the input data is found,inter-connections. The specialized cells may be accompa-

then the cell process is triggered. When the processing ishied by a description of the task they implement. Source

complete, then the pulse, which now also contains the out-and cell instances may be given names for easy reference. In

put data, is passed downstream. some cases, important data nodes and outputs may be spec-

Searching a pulse for relevant data, cafiétdring, is an ified schematically to emphasize some design aspects. Sec-
example of run-time data binding. The target data is char-tion 5 shows such a conceptual graphs for an example inte-
acterized by its structure: node instances types and nameg§rated system architecture.
and their relationships. The structure is specified fieat A logical level description of a design requires to spec-
or a composition hierarchy of filters. Note that the term fil- ify, for each cell, its active and passive filters and its output
ter is used here in its “sieving” sense. Figure 4 illustrates structure, and for each source, the structure of its passive
this concept. A filter is an object that specifies a node type, pulse. Table 1 summarizes the notations for logical level
a node name or name pattern and eventual subfilters correcell definition. Filters and nodes are described using the
sponding to subnodes. The filter composition hierarchy is nested square brackets and nested parentheses notations in-
isomorphic to its target node structure. The filtering opera- troduced above. By convention, in the cell output specifica-
tion takes as input a pulse and a filter, and, when successtion, (x) represents the pulse’s root, (.) represents the node
ful, returns ahandleor hierarchy of handles isomorphic to  corresponding to the root of the active filter, and (..) repre-
the filter structure. Each handle is essentially a pointer to thesents its parent node.
node instance target of the corresponding filter. When rele-
vant, optional names inherited from the filters allow to iden- 4.6. Architectural Middleware
tify individual handles with respect to their original filters.

The notation adopted for specifying filters and hierar- MFSM (Modular Flow Scheduling Middleware) [8] is
chies of filters is nested square brackets. Each filter speci-an open source architectural middleware implementing the
fies a node type, a node instance name or name pattern (witlsore elements of the SAI style. MFSM aims at promot-
wildcard characters), an optional handle name, and an evening and supporting the design, analysis and implementa-
tual list of subfilters, e.g.: [NODHYPE.ID “Node name” tion of applications in the SAIl style. A number of soft-
handleid [...] ... ]. Optional filters are indicated by a star, ware modules regroup specializations implementing spe-
e.g.: [NODETYPE.ID “Node name”handleid]*. cific algorithms or functionalities. They constitute a con-

When several targets in a pulse match a filter name pat-stantly growing base of open source, reusable code, main-
tern, all corresponding handles are created. This allows totained as part of the MFSM project. The project also com-
design processes whose input (parameters or stream datd)fises extensive documentation, including user guide, refer-
number is not fixed. If the root of the active filter specifies a ence guide and tutorials.
pattern, the process method is invoked for each handle gen-
erated by the filtering (sequentially, in the same thread). If 4.7. Architectural properties
the root of the passive filter specifies a pattern, only one pas-
sive handle is generated (pointing to the first encountered By design, the SAI style shares many of the desirable
node satisfying the pattern). properties identified in the Pipes and Filters model. It allows

Figure 4. Data binding: pulse filtering.




“default output base name

going research efforts.

ClassName | CELL_TYPE.ID
(ParentClass )
Active filter | [NODE_TYPEID “Node name” 5. Example designs
handleid [...] ... ] .
Passive filter | [NODE TYPE ID “Node name” . SAl and MFSM hgve been gsed for the design and
handleid [..] ... ] |mplemen'Fat|on of various expenmental systems. A num-
Output (NODE TYPEID ber of projects ranging from single stream automatic real-

time video processing to fully integrated distributed in-

teractive systems mixing live video and graphics are pre-
sented in [10]. Specific projects include real-time segmen-
tation and tracking [12], a handheld mirror simulation [11],
a scene-graph based graphics toolkit [9]. This sections of-
fers overviews and discussions of three recent examples in-
intuitive design, emphasizing the flow of data in the sys- Volving video, graphics, sound and other multimedia data
tem. The graphical notation for conceptual level representa-streams and structures.

tions give a high level picture that can be refined as needed,

down to implementation level, while remaining consistent 5.1. MuSA.RT

throughout. The high modularity of the model allows dis-

tributed development and testing of particular elements, and  MuSA.RT (Music on the Spiral Array . Real-Time),
easy maintenance and evolution of existing systems. ThE()pus 1 [4], is a system for real-time ana|ysi3 and interac-
model also naturally supports distributed and parallel pro- tive visualization of tonal patterns in music.

CeSSing. Unlike the Pipes and Filters Style, the SAI Style MIDI input’ for examp|e from a live performance' is pro-
provides unified data and processing models for genericcessed, analyzed and mapped in real-time to the Spiral Ar-
data streams. It supports optimal (theoretical) system la-ray [3], a 3D model for tonality. Contextual tonal informa-
tency and throughput thanks to an asynchronous parallekion is summarized in a center of effect (CE), which maps
processing model. It provides a framework for consistent any pitch collection to a spatial point and any time series of
representation and efficient implementation of key process-notes to meaningful trajectories inside the Spiral Array. CE

ing patterns such as feed-back and interaction loops and intrajectory analysis allows to infer the presently active set of
cremental processing along the time dimension (see section

5).
The SAI style has several other important architectural
properties, including natural support for dynamic system

—more if needed” (...) ...)

Table 1. Notations for logical cell definition.

Operator

evolution, run-time reconfigurability and self monitoring.
Although these are not fully utilized in current application
projects, they are actively investigated and will be a the core
of upcoming projects.

Finally, a critical architectural property that must be con-
sidered igperformance overhea®ome aspects of the SAI
data and processing models, such as filtering, involve non
trivial computations, and could make the theory impracti-
cal. The existence of fairly complex systems designed in the
SAl style and implemented with MFSM show that, at least
for these examples, it is not the case. Experimental scala-
bility tests performed on applications designed in the SAl
style, reported in [12] and [10], suggest that: (1) as long
as computing resources are available, the overhead intro-
duced by the SAIl processing model remains constant, and
(2) the contribution of the different processes are combined
linearly. In particular, the model does not introduce any non-
linear complexity in the system. These properties are cor-
roborated by empirical results and experience in developing
and operating other systems designed in the SAI style. The-
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Figure 5. MuSA.RT system graph.

oretical complexity analysis and overhead bounding are on-



pitch classes, and higher level constructs, such as the cur- oo B o B> vareave (=0
rent chord and key, revealed to the spectators through real- o recene S ’ oLrecene

time 3D rendering. An operator can concurrently navigate Decompression \\ Decompression
through the Spiral Array space using a gamepad to zoom in Data Decoding v Data Decoding
and out, tilt the viewing angle and circle around the spiral Rendering v Renderng
to get a better view of the tonal structures. An automatic pi- (I
lot option seeks the best view angle and centers the camera e 1)
at the heart of the action. Figure 5 shows the system con- e I' :
ceptual graph. \ !

The system consists of four independent data streams, 23 Video capture .~ 7 T3 Video capture
each exhibiting general architectural patterns: (1) MIDI in- Network 2
put and event processing; (2) tonal analysis (real-time CE Sackground 1) Sackground.
algorithms); (3) rendering of the Spiral Array structures; PP 1! e
and, (4) control device (gamepad) input and camera ma- Data Encoding I’ I‘ 4 Data Encoding
nipulation. These four streams potentially operate accord- Comprossion ’ \ 2 Comprossion
ing to different modalities (e.g. push or pull input models) L N il

. . . Net Send » - . T Net Send

and at different rates. The spiral array structure, processing | y J \ v )
and rendering parameters are persistent (yet dynamic) data;
the MIDI messages and the rendered frames for visualiza- Figure 6. IMSC Communicator flow graph.

tion are volatile data. The application graph contains two
interaction loops, one involving the performer, the other in-

volving the pilot. The core pattern of the Communicator is a sequence of
One major difficulty in building systems such as ce|ls introducing network communication between two in-
MuSA.RT is the coexistence and synchronization of mul- gependent subgraphs.
tiple data streams proces_sed and syntheS|z_ed_|n_ real-time. Figure 6 shows the conceptual graph for a 2-way
Futhermor_e, the _cpmplexn_y (_)f such cross-d|SC|pI|nary eX- communicator supporting image and sound, with ex-
periments is tr_admonall_y limited by actual system inte- ample screen shots. The communication pattern com-
grqtlon, which is the main source qf unfqreseen problems.loriSes cells for encoding, compression and networking
Using SAl and MFSM greatly simplified system de- (qang) on the emitting side, networking (receive), de-
sign, implementation and integration. The Opus 1 system,\ression and decoding on the receiving side. The en-
constitutes a platform for testing and validating the dif- o,qiny cell flattens a node structure into a linear buffer
ferent modules mvolve_d. Each fgnctlonal module can so that the structure can later be regenerated. The com-
be replaced by a functionally equivalent module, allow- , osgion cell takes as input the encoded character string
ing to_ con_duct strl_ctly controlled comparisons in an other- produces a compressed buffer. Note that the compres-
wise identical setting. sion step is optional. The networking cells are respon-
sible for packetizing and sending incoming character
5.2. IMSC Communicator strings on one side, and receiving the packets and restor-
ing the string on the other side. The decoding cells regen-
The IMSC Communicator is an experimental extensible erate the node structure into a pulse, from the encoded
platform for remote collaborative data sharing. The archi- character string.
tectural patterns highlighted here directly apply to the de-  Once a generic platform is available for developing and
sign of any type of distributed applications. testing data transfer modalities, support for various specific
Popular architectures for communication applications in- data types can be added. Different modalities and proto-
clude Client/Server and Peer To Peer. Different elements ofcols can be implemented and tested. In the particular sys-
the overall system are considered separate applications. Altem presented here, a background replacement unit, based
though these models can either be encapsulated or impleen the segmentation by change detection described in [12],
mented in the SAI style, a communication application de- was added to the capture side to illustrate how the modular-
signed in the SAI style can also be considered a single dis-ity of the architecture allows to “plug-and-play” subgraphs
tributed application graph, in which some cell to cell con- developed independently. Support for, and parallel indepen-
nections are replaced with network links. From this point of dent processing of image and sound data demonstrates the
view, specific network architectures would be implemented advantages of adopting an asynchronous model, and of per-
in the SAl style, as part of the overall distributed applica- forming synchronization only when necessary, in this case
tion. in the rendering cell.
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5.3. Distributed soccer game

ing gamepad-based control and cyberglove-based gesture
recognition control). Module development time was kept
to a minimum by encapsulating existing libraries when-
ever possible (e.g. OpenGL [2] for graphics, DirectPlay
[19] for rendering, etc.). The modules were then used to
build the different elements forming the game system (game
and database servers, player and spectator clients). Using
SAl and MFSM allowed to create a modular design, and
to establish and follow a rigorous module development and
cross-testing schedule, so that the final integration was only
a matter of compiling the different executables composing
the complete system. Figure 8 shows students performing
extensive testing of the project.

This course represents a major experiment in the teach-
ing of "multimedia,” by departing from the traditional "list
of topics” approach. It spectacularly demonstrates the effi-
ciency of SAl as a framework for distributed development
of integrated systems. It also validates MFSM not only as an
invaluable design and development tool, but also as a learn-
ing tool, that the students can take from the classroom to
the research or development environment. Encouraged by
the enthusiastic student reviews and feedback received for
the class, regular graduate and undergraduate level courses
applying this type of project approach are in the planning.

6. Summary and perspectives

This paper introduced SAI, a new software architecture
model for designing, analyzing and implementing appli-
cations performing distributed, asynchronous parallel pro-
cessing of generic data streams.

SAl specifies a new architectural style (components,
connectors and constraints). The underlying extensible data

In the fall of 2002, the USC Computer Science depart- model and hybrid (shared repository and message-passing)
ment offered the first course specifically dedicated to me- distributed asynchronous parallel processing model allow
dia systems integration. This graduate level seminar coursenatural and efficient manipulation of generic data streams,
entitled "Integrated Media Systems,” introduced students using existing libraries or native code alike. The modular-
to the specific technological and organizational difficul- ity of the style facilitates distributed code development, test-
ties of designing and building interactive, media rich in- ing, and reuse, as well as fast system design and integration,
tegrated systems. SAl was central to the design and im-maintenance and evolution. A graph-based notation for ar-
plementation of the course. Multimedia processing and ap-chitectural designs allows intuitive system representation at
plication integration techniques were illustrated in a dis- the conceptual and logical levels, while at the same time

tributed class project. Using MFSM, the 25 students, de-

veloped a playable on-line (simplified) soccer game in just
two months. None of the students had used SAIl before, and
none had ever participated in such a project.

Figure 7 presents a conceptual graph of game com-
ponents (network topology) and example SAl graphs for
game server and player client. Small teams (1-8 students)
developed independent modules implementing key func-
tionalities in different areas of media processing: network-
ing (client/server), database (game recording and replay),

Figure 8. Students testing the project.

rendering, physics/gameplay, interaction devices (includ-



mapping closely to processes. Architectural patterns were [2]
illustrated with several example integrated systems. By de- [3]
sign, the SAI style preserves desirable properties identified
in some classic architectural styles. Beyond these, SAI al- [4]
lows to achieve optimal (theoretical) system latency and
throughput, and provides a unified framework for consis- .
tent representation and efficient implementation of funda- [5]
mental processing patterns such as feed-back loops and in-[ ]
cremental processing along the time dimension. SAl is sup-
ported by MFSM, an open source architectural middleware.
The SAl architectural style exhibit properties that make
it relevant to research, educational and industrial projects.
SAl is well suited to distributed development of functional [7]
modules, and their seamless integration into complex sys-
tems. The modularity of the design allows gradual develop-
ment, facilitating continuing validation and naturally sup- (8]
porting regular delivery of incremental system prototypes.
A number of cross-disciplinary research projects are already [l
leveraging these properties. They are producing real-time,
interactive systems spanning a range of research domain 10]
Using the SAI style in research projects may also facili-
tate technology transfer to industry. In industry, the SAl
style allows fast prototyping for proof-of-concept demon- [11]
strations, and may prove to be a valuable framework to com-
plement modern software engineering practices. For educa-
tion, SAI allows to efficiently and realistically relate class- [12]
room projects to the realities of the research laboratory, and
of industrial software development, as demonstrated by the
Fall 2002 Integrated Media Systems course experiment at[ 13
usc. ]
Applications of SAl in various contexts, especially in the [14]
design and integration of real-time interactive systems, are
currently being explored. One example is an integrated de-
sign and development environment for the SAI style. On
the theoretical side, the relations between SAI and existing
architecture description languages and related architectural15]
styles are of prime interest, as their study and understand-
ing should result in theoretical and practical tools for archi-

tecture design validation and analysis. [16]
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