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Abstract

We present StampedeRT, middleware designed to pro-
vide a natural programming model appropriate for live
streaming applications. Such applications require perva-
sive access to multiple streaming data sources for dis-
tributed online analysis. One motivating example is a dis-
tributed robotics application which analyzes live camera
feeds for control and planning. Most existing middlewares
for streaming data focus on media streams and low-level
transport characteristics such as delivery latency and effi-
cient transfer, but do not define a programming model to
succinctly express applications that manipulate and analyze
the streaming content. StampedeRT provides for straight-
forward transport and manipulation of temporally-ordered
data streams, enabling simple synchronization and correla-
tion of data sources. We present an abstract programming
model to support the aforementioned class of applications
and then describe a concrete realization of the model as a
distributed middleware architecture. We also evaluate our
implementation of the architecture and present several mo-
tivating applications StampedeRT is designed to support.

1. Introduction
One exciting class of distributed applications is based

on the concurrent streaming and real-time analysis of me-
dia streams. Typically, such applications can be depicted as
coarse-grain dataflow graphs of computationally-intensive
processing modules dealing with multiple continuous data
streams. StampedeRT is a distributed programming system
designed to support such applications. While the aforemen-
tioned class of pervasive applications, termed live stream-
ing applications, are becoming increasingly common – and
important – traditional distributed programming infrastruc-
tures typically provide less than ideal programming mod-
els for supporting such applications. One such motivating
example is a distributed robotics application called LAGR,
which performs vision-based analysis on live camera feeds
for control and planning. These applications have several
basic characteristics: i) pervasive access to multiple live
streaming data sources, like sensor feeds and broadcast me-
dia; ii) the need for online, intensive distributed analysis and
correlation of temporally-ordered data; and iii) and time-
based stream synchronization. StampedeRT provides a pro-
gramming model directly supporting these requirements.

Most media middleware systems providing support for
distributed streaming media focus on performance charac-
teristics, as well as low-level details such as transport fea-
tures and multicasting. In addition, a large percentage of
streaming middleware systems are solely concerned with
streaming for playback, and not online analysis. In fact,
very few systems focus on providing natural abstractions to
support applications with extensive stream-based manipula-
tion. By defining abstractions with a transport-level recog-
nition of time, StampedeRT provides a programming model
convenient for expressing live streaming applications.

In a nutshell, StampedeRT’s programming model can be
thought of as distributed data structures for streaming data.
Threads of computation share queue-like data structures
called channels, which are the main abstraction for trans-
port of data streams and distributed communication. We
define a “stream” as any continuous feed of temporally or-
dered data items, with no requirement of fixed periodicity.
Although many of our motivating examples are media ap-
plications, streams need not be bandwidth intensive. For ex-
ample, a temperature sensor that provides notification when-
ever the ambient temperature crosses a certain threshold is
a form of streaming data. Producers place a stream’s con-
stituent data items (frames, samples, etc.) into a channel
and consumers retrieve data items of interest from the chan-
nel based on timestamps and intervals. Consumers need
not retrieve every item in a stream, and a common practice
for consumers is the retrieval of the most current item in a
stream. Buffer management/garbage collection is handled
automatically.

StampedeRT’s programming model is inspired by Stam-
pede [21], a cluster-computing middleware originally target-
ing a similar class of applications, although there are major
and fundamental semantic differences necessitated by the
nature of live streaming applications. Though StampedeRT

owes its roots to the Stampede programming model, the re-
quirements of the aforementioned applications caused it to
evolve into a substantially different system (though it retains
the Stampede moniker).

The two primary contributions of this paper are i) the ab-
stract StampedeRT programming model designed to support
live streaming applications (Section 3) and ii) a concrete
software architecture to realize the abstractions provided by
the programming model (Section 4). We also describe sev-
eral relevant, motivating applications and how StampedeRT

can provide convenient programming support for them (Sec-



tion 5). Finally, we provide an experimental evaluation of
our initial system prototype (Section 6).

2. Related Work
The development of more expressive and convenient pro-

gramming models to ease the burden of distributed program-
ming is a very common goal and there is an extremely large
body of prior work in this area. Nonetheless, no existing
system directly provides a programming model tailored for
the natural expression of idioms common in the develop-
ment of live streaming applications with appropriate perfor-
mance. Much work has gone into layering more convenient
and structured abstractions on top of underlying unstruc-
tured transports. Remote Procedure Call [23] and Remote
Method Invocation [24] are now nearly ubiquitous mech-
anisms to provide more structured network programming.
Although very expressive and widely applicable, RPC/RMI
are very general and typical implementations are unsuited
for continuous bulk data transfers; the programming model
of RPC makes it unnatural or impractical to exploit mul-
ticast for many kinds of interactions. Additionally, time-
based manipulation of streaming data would have to be lay-
ered on top of a basic RPC system.

In many domains involving high-performance comput-
ing, message-passing systems are more common than
RPC/RMI. Systems like PVM [9] and MPI [12] provide
more facilities for point-to-point messaging and various col-
lective communication operations. Although significantly
more convenient than raw transport-level operations and
very general, message passing systems like MPI and PVM
are still fairly low-level; additionally, such systems have tra-
ditionally been narrowly targeted towards relatively static
cluster-computing environments and may not handle fail-
ure or dynamism in a manner appropriate for more widely
distributed environments. Various efforts have attempted to
address related shortcomings: MPI-2 [18] addresses the is-
sue of static participants by expanding the process model
to allow runtime dynamism. FT-MPI [10] stands for “Fault
Tolerant MPI” and attempts to address MPI’s shortcomings
with regard to failure tolerance.

Configurable communication systems like Isis and Ho-
rus [26] are often targeted for group communication, but
are more appropriate for applications requiring heavyweight
features such as group membership agreement or causal
message ordering. CCL [3] also provides a number of pow-
erful primitives for group communication. For our target
class of applications, group communication is more appro-
priate than point-to-point messaging, but per-stream group
broadcasts would still involve much redundant messaging
because each item would be broadcast to each stream con-
sumer, even those that may not need it. Additionally, many
group communication systems are not designed to support
a large number of groups or groups with quickly varying
membership. Finally, the recognition of time as a first-class
entity would still need to be layered on top of a group-based
communication system.

Although they are not traditionally used for applica-
tions with high-volume communication requirements, tuple-
space programming models like Linda [4] can provide a

fairly natural mental model for stream-based processing if
each stream is represented by a tuple space and a times-
tamp is used as the tag for each item. In order to provide
automatic storage management, the runtime would need to
keep track of a window of currency and reclaim items with
timestamps older than the minimum bound. To the best of
our knowledge, no existing tuple space implementation pro-
vides all of these features with suitable performance for real-
time streaming media. TStreams [16] is a proposed model
of parallel computation general enough to subsume the pre-
vious description of stream-based programming in tuple-
based systems, but it is a language/compilation target rather
than a middleware environment.

Some domain-specific and distributed programming lan-
guages, such as Oz [13], provide communication channels
as language primitives. Efforts in streaming database re-
search, such as Gigascope [7] or TelegraphCQ [5], deal with
database-like queries over streaming data sources. These
solutions typically focus on a more declarative models of
stream manipulation and we see this approach as comple-
mentary to systems like StampedeRT.

Many systems exist for transport of streaming data for
viewing: Yima [22] and related systems are concerned with
scalable media delivery to many clients. Several systems,
such as TOAST [11], MAESTRO [15] and CORBA Au-
dio/Video Streaming Service [17] augment CORBA [20] to
provide transport of streaming media and concentrate on ef-
ficient transmission. Nizza [25] provides a framework for
the construction of real-time streaming multimedia applica-
tions, although the applications are not distributed.

Stampede [21] and D-Stampede [2] are the most closely
related programming systems and are StampedeRT’s direct
predecessors, but there are significant differences in the pro-
gramming models, primarily in the handling of time and
garbage collection. Stampede’s programming model also
involved distributed data structures, but applications operate
with discrete virtual time stamps, which is significantly less
natural and makes synchronization difficult. Also, Stam-
pede requires distributed upkeep of system-wide global vir-
tual time minimum bounds in order to perform garbage col-
lection, and channels store distributed state on behalf of
clients, making transparent relocation and replication diffi-
cult. StampedeRT uses currency bounds which require only
local information. Stampede also does not provide inter-
stream synchronization facilities. Finally, Stampede’s pro-
gramming model, like basic MPI, assumes a static partici-
pant set, which makes adapting to more widely-distributed
and dynamic environments difficult. D-Stampede eliminates
this limitation but at the expense of dynamic participants not
being “first-class” entities (operations of dynamic partici-
pants must be proxied by a static participant).

3. StampedeRT Programming Model

StampedeRT’s programming model involves distributed
threads of computation communicating implicitly via dis-
tributed data structures. Figure 1 shows a simple example of
this paradigm. Two threads place video frames into separate
channels for use by feature extractor threads. The results
of the feature extraction process are placed into other chan-



nels for an analysis thread to use. The primary abstraction
for stream-based data transport and manipulation is called a
channel. Channels store discrete items sequenced by wall
clock timestamps; channels are used to connect producers
and consumers in arbitrary N-to-N configurations. Stor-
age handling in channels is automatic and the programmer
can choose from several sets of garbage collection seman-
tics (see Section 3.4) on a per-channel basis. When using
a “pull” consumption model, items of interest are fetched
based on the associated timestamp information (see Section
4.1 for more on push/pull). StampedeRT also provides fa-
cilities for inter-stream synchronization based on temporal
information. Time is the primary attribute used to manipu-
late and identify items in a channel and is discussed in detail
in Subsection 3.1. StampedeRT also provides simple naming
and discovery services for both peer endpoints and channels.

Producer

Video

Video

Producer

Feature Detector

Feature Detector

Features

Features

Analysis

Figure 1: Conceptual Application

Fundamental aspects of the StampedeRT programming
model revolve around the concept of “streams,” which we
have previously defined as any continuous feed of tempo-
rally ordered data items with no requirements of fixed pe-
riodicity. Data items in a stream may also have a defined
“duration.” For items in a conceptually continuous stream,
such as video or audio, the duration would simply be the
inverse of the production rate (33.3 milliseconds for video
at 30 frames/second), because each item represents a dis-
crete sampling of some continuous data. For other streams,
the item duration may signify the length of time an item is
“valid.” For the motion sensor example, an item duration
may signify a time window during which no new alerts will
be signaled. The concept of an item duration may not be
meaningful for some aperiodic event streams.

3.1. “Real” Time

Channel items are indexed by wall clock timestamps,
which we also refer to as “real” time (in contrast to virtual
time). Although wall clock time is often a perilous issue in
distributed systems, it provides the most natural mechanism
for programmers dealing with streams and synchronization
in live streaming applications. The alternative, virtual time,
is used heavily in discrete event simulation, but can im-
pose awkward constraints on live streaming applications.
For example, media streams use the concept of real time
to synchronize different components of coherent streams
(e.g., separated video and audio streams corresponding to
the same television program); one cannot derive the frame
rate of a video stream from virtual time information alone.
To work around this limitation, programmers need to keep
track of various streams’ real time to virtual time correspon-
dence explicitly. In the presence of variable-rate streams,

the programmer would need to bundle “real” timestamps
explicitly along with the data payload. Since StampedeRT

uses real timestamps directly, the programming model is
more natural; additionally, many synchronization tasks are
greatly simplified because the system recognizes real times-
tamps as first-class entities (as opposed to transmitting real
timestamps “out of band” in the opaque data payload).

3.2. Channel Semantics

Each data item in a channel is associated with a times-
tamp specified at the time the item is placed into the channel:
we call this timestamp the production time of the item be-
cause it is typically set to the current wall-clock time when
the item is placed in the channel by a data producer. Items
are ordered in a channel chronologically by production time.
In this manner, each item spans a time interval from its pro-
duction time until the production time of the next item (or
now if it is the newest item available). By default, the times-
tamp of an item is the current time when it is placed into
a channel, but explicit user-provided timestamps are also
used in certain circumstances; for instance, a computation
that transforms a media stream into a feature stream would
likely retain the original timestamps from the media stream
so there is a natural mapping between both streams. Since
more than one producer may place items into the same chan-
nel, multiple items may have identical timestamps, although
this is somewhat rare on platforms with high granularity
timers (timestamps are currently microsecond resolution).
To accommodate multiple items with the same timestamp,
one can alternately view a channel as a sequence of buckets
ordered by timestamp, where each bucket contains at least
one item.

Items are retrieved from channels by specifying a time in-
terval containing the items of interest. Since wall clock time
is perceived as continuous, programmers will tend to work
naturally with time intervals; some intervals are explicitly
specified, but others may be specified using time variables
(meta-times). For example, “5:30pm to 5:35pm” has con-
crete times as upper and lower bounds, while “the last thirty
seconds,” is implicitly specified with the current time as an
upper bound and “the current time minus thirty seconds” as
the lower bound. Another common idiom is retrieving the
newest item older than a certain bound (typically the last
item retrieved).

Several special “meta-times” are specified for use in the
construction of intervals. The special time now represents
the current time (when a call is made) and is always the up-
per bound of the interval subsumed by the most recently pro-
duced item of a given channel. When a newer item is placed
into the channel, the time at which it was added becomes the
concrete upper bound for the previous item. Other common
meta-times include newest and oldest, which are the pro-
duction times (lower bounds) of the most recent and oldest
items in a given channel respectively. newest-after is a spe-
cial meta-time specifying the newest item in a channel only
when the newest item is more recent than a given timestamp.
Meta-times can also be offset by concrete amounts, such as
“newest minus thirty milliseconds.”

The StampedeRT programming model does not specify



whether push or pull semantics are used for the actual trans-
fer of remote items, but the conceptual framework specifies
semantics in terms of “put” and “get” operations on items
for producers and consumers, respectively. A program-
mer can control whether each operation is non-blocking or
blocking (for instance, when a channel is full or no items are
available). When a client performs a “get” operation on an
interval, the system will provide all items contained fully or
partially within that interval (inclusive or exclusive bounds
are user-specifiable). Since StampedeRT has no application-
specific knowledge of the data in channels, it cannot sub-
divide an item, but the application may be able to do so if
such an operation is meaningful. Consequently, a “get” op-
eration will provide whole items partially contained within
the specified interval, or the user can optionally request only
the items fully contained within the interval – this would be
useful in the case of very large items that are also indivisible.

3.3. Synchronization and Channel Groups

Synchronization is an important concept for applications
dealing with data streams. Frequently, video and audio
corresponding to the same logical program stream will be
demultiplexed into separate, atomic streams for processing
(for example, separate audio and video feature extractors).
It is important to provide the programmer with a mecha-
nism to synchronize these streams. Since the process of
stream synchronization is application and content-specific,
StampedeRT does not explicitly synchronize content in any
manner that is dependent on the type of data. It instead
provides high resolution timing information and support for
item-level timed synchronization of multiple channels.

In order to synchronize items across several channels, a
client must perform a “get” operation from the same time
interval on each channel. In many cases, a programmer may
wish to get the item corresponding to now (or some other
special time) from several channels; it is not appropriate to
simply retrieve the item corresponding to now from differ-
ent channels in sequence because new items may be pro-
duced between successive gets. Instead, the client needs to
get an item corresponding to now in a single channel and
then use the real timestamp as a reference for gets on the
other channels in order to receive a coherent cross-section
of items from the same time interval. The process is de-
picted in Figure 2. The stream that the other streams use
as a synchronization reference point is called the reference
stream. If a single thread is performing all of the gets, the
programmer can perform this operation explicitly by get-
ting an item from the reference stream and using the asso-
ciated timestamp for subsequent gets; StampedeRT provides
group “get” operations on multiple channels using a refer-
ence stream for this purpose. However, when consumers
in separate threads need to perform the same operation on
a set of channels, extra inter-thread communication would
be required for synchronization. In order to alleviate such
complications, StampedeRT provides system-level support
for this manner of synchronization implicitly using an ab-
straction called channel groups.

A channel group is an abstraction which conceptually
controls the visibility of items in a set of associated chan-

Figure 2: Reference Stream Pattern
The “now” labels depict what now would specify if the items were

retrieved in sequence from the channels without a grouped operation. The
shaded items a synchronized interval. The synchronization lower bound is

the timestamp of the most current item in the reference stream.

nels without modifying the actual items available. Since the
visibility information is associated with the channel group, a
channel can belong to many groups simultaneously. Chan-
nel groups can be created and destroyed dynamically, and
they are simply a collection of channels with a designated
reference channel. The result of creating a channel group
is a new set of channel descriptors: each channel descriptor
refers to the original input channels, but get operations on
the new descriptors will be synchronized with the reference
stream. Figure 2 also depicts the result of creating a channel
group on three streams. Items newer than the newest item
in the reference stream are unavailable when getting from
the channel group descriptors. The hidden items are still in
the channel and available through the original, ungrouped
channel descriptors. The programmer may also want to dy-
namically synchronize with the channel that lags the furthest
behind at any given moment. In other words, the reference
stream for the channel group cannot be set to a specific chan-
nel a priori, but instead must be determined by considering
the newest item i from each channel and choosing the chan-
nel with the oldest i. For this purpose, StampedeRT provides
a special reference stream identifier oldest which refers to
the channel with the oldest current item.

As mentioned earlier, each item in a channel has a spe-
cific timestamp associated with it, and an item spans an in-
terval from its timestamp (a lower bound) to the timestamp
of the next item (an upper bound). Channels in any given
channel group synchronize to the newest item in the refer-
ence channel for that group, making the corresponding items
in the other channels visible. Since the upper bound for the
newest item is not yet known, the lower bound of the newest
item l is used for synchronization by default. All items with
timestamps < l are visible, so consequently the newest item
in the reference stream is hidden. The programmer may
additionally provide an implicit estimate of the next item’s
timestamp in the form of item durations, which provide an
upper bound for the newest item. When durations are pro-
vided, the system also allows the programmer to choose to
use the upper bound for synchronization where appropriate.
Figure 3 shows an extended example of a channel group ref-
erence stream including item durations and hidden items.
Text items are produced at the approximate rate of one item
per second and have a duration of one second, while audio
samples are produced at the rate of eight per second and
have a duration of 125ms. If item visibility is synchronized



to the production of text items, the shaded items will be
available. Several audio items newer than the upper bound
of the newest text item have been produced, and they will
be made visible as soon as a corresponding text item is pro-
duced. Currently, StampedeRT does not allow temporally
overlapping items, so the effective duration of an item is
also bounded by the production of the next item (the min-
imum of the specified duration and the difference in time
between items). We are currently investigating the semantic
implications of streams with partially overlapping items and
whether they would be useful.

Figure 3: Item Duration Example
“now” represents the current time, and shaded items are “visible” when

synchronized using the text channel as a reference stream.

Channel groups are a mechanism for coarse time-based
synchronization of streams. This form of synchroniza-
tion is not a direct substitute for application-specific, finer-
grained/precise synchronization generally required for me-
dia playback. The primary purpose is to keep cooperating
live analyses of related streams roughly synchronized.

3.4. Garbage Collection

StampedeRT supports several different garbage handling
strategies, and the policy can be set on a per-channel ba-
sis (at channel creation time); the philosophy underlying all
options leans towards simple solutions not requiring the cal-
culation and constant upkeep of global state. One option
for garbage handling is based on buffering time windows
for channels: for instance, the programmer might specify
that a time window of ten seconds is needed and items older
than ten seconds will be discarded automatically. In a sys-
tem dealing with continuous streams, an important factor is
currency – a measure of how current data is. The buffering
window is an implicit specification of desired currency (a
lower bound) and should be a natural way to specify garbage
handling for many types of media streams. The bound itself
could be dynamically adjusted or calculated based on the
number of consumers (and possibly other factors such as
estimated end-to-end latency).

In addition to the bounded currency garbage handling
model, several other simple strategies are provided for flex-
ibility. One strategy is simply allowing a fixed number of
items, where the oldest items are pushed out by newer ones.
In some circumstances, applications may wish to constrain
channel capacity by limiting the total data size of all items in
a channel; in this case, the limit is obeyed by reclaiming the
oldest items (however, as with cache-replacement policies,
size-limited metrics have to be considered against the pos-
sible variance in data size between items). We are also con-
sidering the implications and utility of various hybrid poli-

cies, such as a fixed limit on items plus a lower currency
bound, where a producer would block putting new data into
a full channel until the oldest item passes the lower currency
bound. Finally, we also provide a simple reference count-
ing model for situations where the number of consumers is
known a priori.

3.5. Other Features

StampedeRT also provides abstractions other than chan-
nels for control data or messaging between distributed com-
ponents. Each client has a mailbox to receive messages from
other clients. Simple distributed queues are also provided,
and they can use any of the non-time based garbage col-
lection mechanisms (in fact, a mailbox is simply a FIFO
queue where each item has a reference count of one). Also
provided are naming, registration and discovery services for
channels and “participants” of the computation (producers
or consumers of data in channels).

4. Architectural Elements & Implementation
This section provides a description of a concrete software

architecture implementing the semantics of the StampedeRT

programming model (presented in Section 3). Conceptu-
ally, the system is structured as a distributed middleware
with peer-to-peer semantics – the system is designed for
scalability with decentralized communication and support
for features like replication and multicast. The participants
and network connections are less dynamic than MANETs
and pure peer-to-peer systems, but more dynamic than tra-
ditional cluster-computing models (MPI, Stampede, etc.).
The nature of the target class of applications lends itself
to a structure with a core of HPC resources with external
leaf nodes as potential data sources. For example, a video
surveillance application might use a cluster of workstations
(or several federated clusters) for intensive analysis of video
streams provided by many remote peers with attached cam-
eras.

All participants have the ability to be first-class peers and
some peers, currently termed “supernodes,” are responsible
for storing dynamic distributed state. A supernode can be
any node within the network, but the best candidates are cen-
trally located and have higher expected connectivity. The
architecture includes a registration and naming component
that allows channel endpoints to be opaque. This part of the
system state is distributed amongst the supernodes (forming
a distributed directory of named channel endpoints). There
is also a centralized front-end component for binding and
location of supernodes. In principle, this component could
also be distributed if it becomes a bottleneck. StampedeRT’s
key architectural features are channels (and related struc-
tures, such as channel groups), peers, supernodes and the
front-end component.

4.1. Channels and Channel Groups

Channels are the basic data abstraction in StampedeRT.
Channels (and other data structures including queues, mail-
boxes, etc.) are hosted at a given peer, but can be repli-
cated or migrated. The default transfer semantics for data



items are in terms of “get” and “put” operations for con-
sumers and producers, respectively. This naturally leads to
the default item transfer semantics of a “push” model for
producers and “pull” model for consumers. To be more pre-
cise, there are two orthogonal dimensions of push/pull vari-
ance: the programming interface and the actual data transfer
paradigm. For the programming interface, the pull model
for consumers would imply explicit “get” operations, while
the push model would cause a callback to be executed for
each item of interest. For producers, the push model would
imply an explicit “put” operation, while the pull model
would use a periodic sampling of a predefined data area or
periodic callbacks. The data transfer paradigm affects how
remote data items are actually transferred: a push model im-
plies that items of interest are sent when ready, while a pull
model implies that items are fetched on demand.

Consumers may utilize a “push” programming interface
by registering a callback to be invoked when a new item is
available on a local channel. We are currently investigating
the utility of a “pull” programming interface for producers
in our target applications. Consumers may utilize a “push”
data transfer model by registering a new item callback ac-
tion on a given channel. When a new item is added to that
channel, the callback will execute and send the item to the
interested host or hosts. A local proxy channel is created
on the interested host that receives items from the callback
action. Local actions utilize the proxy channel as a data
source. Although this strategy is simple, it is also quite ver-
satile. It can easily support read-only replicated channels
for locality by having other peers use the proxy channel or
multicast by having the callback action send to a multicast
group.

Channel communication can occur over various trans-
ports, and choice of transport can be negotiated by each
peer/channel combination. Each peer capable of hosting re-
sources has a “gatekeeper” endpoint using TCP/IP as a com-
mon denominator protocol. The gatekeeper is contacted for
binding to channel endpoints hosted by a particular peer. Af-
ter negotiation, the channel data transfer could use TCP/IP
for peers linked via a WAN, a custom protocol for intra-
cluster communication, or shared memory for peers colo-
cated on the same host.

Channel groups with a concrete reference stream are im-
plemented by simply broadcasting new item timestamps to
the other streams in the group. In the case of the oldest meta-
stream, new item timestamps are broadcast by all streams.
Although this strategy is simplistic, it is typically not a bot-
tleneck for several reasons: in most of the common antic-
ipated use-cases for channel groups, the channels will be
hosted on the same peer or peers on the same local network.
This is due to the fact that channels in a group are typically
closely related (e.g. part of a coherent multi-modal stream
broken into components, such as video/audio or two video
cameras for stereo vision). In these cases, efficient shared-
memory or multicast communication can be utilized. The
bandwidth for broadcasting timestamps is miniscule com-
pared to the bandwidth required for most media streams, and
the latency between hosts already provides a lower bound on
the synchronization accuracy. If larger or more widely dis-
tributed channel groups are more commonly required than

anticipated, more advanced techniques can be considered.

4.2. Peers

A peer in StampedeRT is simply a single distinguished
participant in a distributed application. StampedeRT does not
dictate any particular mapping between peers and threads
or processes. Peers are identified by opaque unique identi-
fiers and can also be assigned unique names. Peer names
are useful in creating channel endpoints hosted by a partic-
ular peer (they are also used for mailboxes). Peers can join
and depart the communication dynamically, although peers
hosting resources may need to negotiate the migration or
shutting down of data sources in use.

Each peer has several local caches to store mappings
between opaque host/channel identifiers and transport end-
points. In the common case, an operation on a channel (get-
ting or putting an item, for example) will simply require a
table lookup for a cached endpoint descriptor. If the cache
lookup fails or the endpoint is found to be invalid, the system
will attempt to resolve the missing connection endpoint by
contacting an appropriate entity. The major cached entities
are host gatekeeper endpoints, channel data endpoints and
channel identifier to host identifier mappings. A cache miss
on a channel data endpoint will cause the system to con-
tact the host gatekeeper for channel information. A cache
miss on the host gatekeeper endpoint table or the channel
identifier to host identifier mapping will cause the system to
contact a supernode for appropriate information. It is also
possible the cached mappings are stale; in this case, the op-
eration will fail and will be treated as a cache miss. The form
of cached channel data endpoints varies depending on the
transport, and the table containing channel data endpoints is
indexed by the pair consisting of the opaque channel identi-
fier and the local thread identifier (if applicable); the inclu-
sion of the thread identifier allows multiple threads in the
same peer to have individual persistent connections to the
same channel.

4.3. Supernodes

Supernodes form a loosely consistent distributed direc-
tory. Our definition of a “supernode” is similar to that in
several P2P systems like FastTrack and Gnutella [6]. Any
peer in StampedeRT can “volunteer” to be a supernode, but
the intended system configuration has a small number of su-
pernodes hosted by peers with high availability and connec-
tivity. Peers will preferentially order their list of supernodes
to contact by latency, so it is beneficial to place supernodes
within various network segments to provide low-latency op-
eration to local peers.

Supernodes store several directories of interrelated infor-
mation: 1) a directory mapping opaque host identifiers to
gatekeeper endpoints, 2) a directory mapping opaque chan-
nel identifiers to host identifiers, 3) a directory mapping
channel names to opaque channel identifiers; and 4) a di-
rectory mapping host names to opaque host identifiers. Peer
queries to supernodes are straightforward operations, and
updates cause propagation to all other supernodes. Supern-
odes are kept synchronized using standard consensus tech-
niques. Although the updates require agreement among the



supernodes and therefore the cost grows with the number of
supernodes, directory update operations are relatively infre-
quent and are not “critical path” operations.

Like peers, supernodes can join and leave the system at
will. However, since supernodes are typically hosted on
high-availability nodes and use minimal system resources,
we expect that supernodes will rarely leave the system vol-
untarily (since supernodes are “volunteers,” there is no elec-
tion process/handoff mechanism if no supernodes remain).

4.4. Prototype Implementation

The major features of the proposed programming model
have been implemented. This set of features includes “real
time” semantics, channels, time interval get operations,
channel groups, and channel callbacks (to implement proxy
channels, for instance), plus the described peer architec-
ture. The prototype is implemented in plain ANSI/ISO C89
with the additional requirement of some common basic li-
brary functionality (POSIX threads, writev, gettimeofday,
XDR routines, etc.). The current prototype does not im-
plement synchronization between supernodes for registra-
tion/naming information, so ongoing work includes the full
implementation of synchronization between supernodes and
the addition of shared-memory and other transport choices
besides TCP for data transfer between peers.

5. Applications
This section describes three concrete, motivating appli-

cations that StampedeRT is designed to support. These ap-
plications also exhibit a range of diverse requirements for
live streaming applications. TV Watcher is a distributed
application requiring user-directed intensive media analy-
sis on HPC resources with additional lower-end viewing
clients. MediaBroker [19] is a higher-level middleware for
constructing a certain class of pervasive distributed applica-
tions. Finally, LAGR is a distributed robotics application
with soft real-time requirements running on a small multi-
computer robot.

TV Watcher: TV Watcher [14] is an application designed
to help a television viewer deal with “information overload”
associated with a large number of television channels. It
allows a user to navigate through multiple televised video
streams and identify currently relevant content by select-
ing a live television stream representative of their current
interests and correlating it with other available television
streams. The information used for correlation can also be
used to locate relevant webpages via a web search plug-in.

The implementation of TV Watcher utilizes D-Stampede
[2] for stream transport underneath a higher-level middle-
ware called Symphony. Many of the features in Symphony
are designed to work around limitations of D-Stampede’s
programming model when dealing with a variety of media
streams. Ultimately, StampedeRT would almost entirely ob-
solete Symphony, obviating the need for much of the nam-
ing, registration and discovery components, as well as the
ad-hoc layering of wall-clock time at the layer above Stam-
pede. The recognition of wall-clock time at the transport
abstraction level also increases efficiency, because items

need not be unnecessarily retrieved from remote locations
to check their wall-clock timestamp. StampedeRT’s chan-
nel groups would also provide a direct idiom for synchro-
nizing the audio, video and closed-captioning text streams
corresponding to a single television program. Although TV
Watcher is no longer under development, an implementa-
tion of TV Watcher using StampedeRT would require rela-
tively few changes to the application and completely replace
most of the lower-level time and stream-based functionality
of Symphony.

MediaBroker: MediaBroker [19] and its successor Me-
diaBroker++ are middleware systems intended to support a
class of pervasive applications needing access to both HPC
resources and a wide variety of end-devices embedded in
the environment. MediaBroker is a higher-level middleware
than StampedeRT and manages application-level computa-
tion to some extent. MediaBroker itself requires a stream-
oriented transport layer that is provided by a lower-level
middleware. MediaBroker’s current implementation could
be greatly simplified by using StampedeRT. In fact, our
experience with developing MediaBroker and its successor
partially motivated the development of StampedeRT.

MediaBroker provides a framework for automatically in-
stantiating computations related to type transformations in
applications specified by coarse-grained dataflow graphs. It
facilitates the interaction of a wide variety of end-devices
utilizing heterogeneous data formats and provides a mech-
anism for automatically handling application-level compu-
tation. All data streams are typed and computation is de-
scribed in terms of type transformation.

The current iteration of MediaBroker is partially trans-
port agnostic in that it does not define a particular program-
ming model for type transformation code. The developers of
transformation code will derive the most benefit from more
natural transport abstractions. Clients may be able to make
use of the synchronization facilities appropriately exposed
through the MediaBroker interface. In addition, the run-
time system will be simplified with StampedeRT’s straight-
forward garbage-handling facilities. Ultimately, MediaBro-
ker’s flexibility also depends upon the underlying transport
allowing a level of dynamism and a mix of first-class par-
ticipants across devices with significantly different levels of
resources and expected availability.

LAGR: LAGR (Learning Applied to Ground Robots) is
a DARPA program [8] with the goal of developing high
quality control software for autonomous ground robots. A
number of universities and research labs have developed
distributed robotics application designed to run on multi-
computer robots. One of the motivating applications for
StampedeRT is the Georgia Institute of Technology’s LAGR
software system, which we will simply refer to as LAGR.
The current platform for LAGR utilizes a custom, message-
based communications library.

An effort to utilize StampedeRT in LAGR is currently un-
derway, and LAGR’s developers provided feedback during
the development of StampedeRT’s requirements. The sys-
tem performs stereo reconstruction on video frames from
two camera views, so each camera will have a video chan-



nel and a channel group will be used to synchronize the two.
Communication between the planning, mapping and stereo
vision modules will use channels and mailboxes. The move
from point-to-point message-oriented communications to
distributed shared data structures will also make the addi-
tion of extra analysis modules simpler (because adding extra
consumers requires no changes on the part of producers).

The initial changes required in LAGR are minimal since
the code does not use the communications library directly;
instead its use has been isolated behind an API already sim-
ilar to the interface that StampedeRT provides. Initially, the
move only required a change of several lines of code in each
application (to initialize the library). Additionally, many ob-
jects include real-time timestamps explicitly in their serial-
ization and this is now unnecessary. However, some of the
code could be slightly restructured in order to better take
advantage of StampedeRT’s facilities. All of these changes
taken together will reduce the lines of code in LAGR re-
quired for communications-related functions.

6. Preliminary Performance
In this section we present a series of microbenchmarks

and experimental results designed to highlight the features
of the programming model and evaluate the performance of
key primitives of StampedeRT. We present three sets of ex-
periments, the first of which is a set of micro-benchmarks
designed to measure the local cost of channel primitives.
Next we present a series of benchmarks to demonstrate that
channels can scale well when many consumers are contend-
ing for access. Finally, we demonstrate that channel groups
perform as expected in a realistic application scenario.

Channel Primitive Micro-benchmarks: Figure 6 depicts
a set of micro-benchmarks assessing the cost of local chan-
nel operations. These microbenchmarks are run on a 2.2Ghz
dual-core Opteron workstation with 2GB of RAM running
64-bit Linux 2.6.17.1 with a preemptable kernel. We mea-
sure the cost of a local item retrieval operation because it
is more complex than placing an item in a channel and re-
quires a traversal of the same data structures. Figure 6 shows
the cost of retrieving one item by timestamp from a channel
while increasing the number of items (by an order of magni-
tude each time – the x-axis scale is logarithmic). Each item
is 64 bytes, although the size of the item does not affect the
retrieval time for a local operation since item data is returned
by reference. Each result is averaged over five runs and the
cost of a single operation is derived from a measurement
of 10,000,000 identical operations performed sequentially.
Due to the internal data structures used for bookkeeping,
the cost of retrieving an item from a channel will vary be-
tween different items; consequently, the cost is measured
for three different timestamps (one near the beginning, mid-
dle and end in the temporal sense). Both graphs show the
worst-case observed1 and average values. When increasing

1Measuring the absolute theoretical worst case is complicated due to
the use of several different data structures with amortized access times.
However, a brute-force test for smaller sizes (1001 and 10001) revealed that
the absolute worst-case behavior did not deviate more than a few percent
from those presented.

the number of items in an interval, the get time increases
approximately linearly with the number of items2.
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Figure 4: Channel Get Micro-benchmark

Channel Scalability Benchmarks: The remainder of the
benchmarks are performed on a cluster of dual-processor
3.06 GHz Intel Xeon nodes with hyperthreading enabled
and 1 GB of memory. Each node runs 32-bit Linux 2.6.9
and the nodes are interconnected with Gigabit Ethernet. The
channel scalability benchmark tests the ability of a single
channel to serve many consumers with minimal frame loss.
The producer puts frames of a Motion JPEG video stream
into a channel at approximately 30 frames per second, where
each frame averages about 18KB and the total number of
frames is 2312 (thus each run lasts approximately 1 minute
15 seconds). Each consumer retrieves the newest frame re-
peatedly, blocking if the last frame read is the newest frame
available. Each consumer negotiates a persistent, dedicated
TCP connection to the peer hosting the channel (in this case,
the producer).

As we scale the number of consumers contending for
access to the same channel, we measure the number of
dropped frames by consumers. Each dual-processor node
runs a maximum of four consumers and the producer runs
on a separate node. Each experiment configuration is run
five times for both Motion JPEG video and uncompressed
RGB video, and Figure 5 shows two metrics: the sum of
all frames dropped between all consumers (averaged over
the five runs) and the maximum number of frame drops by
any single consumer on any run. Even with 32 simultane-
ous consumers, the maximum number of frames dropped by
any client on any run of the Motion JPEG test was four, and
less than seven frames were dropped on average between
all 32 consumers. A similar test was repeated for a frame
size of 300KB (a frame size appropriate for uncompressed
RGB video frames). With a significantly higher data rate,
the single unreplicated channel cannot serve as many con-
sumers, but still scales quite well, dropping only 9.5 frames
on average between all 12 consumers. With 16 consumers
(not shown in the graph), the load is simply too high and
the average consumer drops approximately 17% of frames,
with the maximum loss rate for a single consumer at ∼24%
(dropping 549 out of 2312 frames).

2Due to space constraints, this graph is not included. A tech report
version will contain elided graphs.



The theoretical data rate for 16 consumers is greater than
a single gigabit interface could support, but we can use repli-
cated proxy channels (see Section 4.1) to split the load be-
tween two hosts. Figure 6 shows the results of using a sin-
gle proxy channel with the uncompressed video feed. The
experiment setup is essentially the same as the previous ex-
periment (Figure 5) with the addition of the proxy channel
running on a separate host: the first 11 clients are served by
the original producer, with the remaining clients assigned to
the proxy. These results demonstrate that channels can scale
well to serve multiple consumers, even with a relatively high
data rate.
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Figure 5: Channel Scaling Benchmarks
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Figure 6: Channel Scaling with Replication (proxies)

Channel Group Benchmarks: In order to assess the prop-
erties of channel groups, we utilize a kernel of a real ap-
plication (extracted from the TV Watcher). This example
uses two producer threads on the same peer, one produc-
ing motion JPEG video frames at 30 frames per second, the
other producing decoded closed captioning text at the rate
of two items per second (each item is 0.5KB). A consumer
on one machine retrieves video frames and a consumer on
another machine retrieves closed captioning text items. In
one case, the consumers both retrieve from channel descrip-
tors that are part of a channel group (synchronized dynam-
ically with the meta-stream oldest), while in the other case
they simply retrieve new items as they are available. All
three peers (the producer and two consumers) run on dif-
ferent machines. Figure 7 measures the average skew per
frame in milliseconds. The total skew is calculated by tak-
ing the square root of the sum of the square of the differ-
ences between retrieval times of items from the two con-

sumers3. Clearly channel groups lead to significantly lower
skew and, although these results are somewhat obvious, the
measurements simply provide a compact characterization of
the performance of channel groups and show channel groups
do provide viable synchronization in a realistic application
scenario. While it is also true that the difference in skew be-
tween the two configurations can be made arbitrarily large
by simply tweaking the relative rates of the two consumers,
this set of parameters is taken from a real application. With
channel groups, the visibility behavior of items in a channel
operates like the diagram in Figure 3 (in Section 3). Since
StampedeRT supports interval get operations, the video con-
sumer with channel groups gets fifteen frames in a single
operation when each new text item becomes available.
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Figure 7: Channel Group Benchmarks

The previous experiments demonstrate that the key prim-
itives in the programming model (channel operations) do
not impose significant overhead, even with a large num-
ber of potential items in each channel. Additionally, con-
tention does not significantly impede the scalability of chan-
nels to serve many consumers, even with high data rates.
Finally, channel groups operate as expected, reducing skew
between get times of consumers on different hosts for items
corresponding to the same temporal intervals, allowing con-
sumers to operate on related streams in lockstep without ex-
plicit synchronization.

7. Conclusion
Applications requiring analysis and correlation of multi-

ple live streaming data sources are becoming increasingly
pervasive. Our experiences with several such applications
and higher-level middleware systems targeted towards such
applications have ultimately prompted the development of
StampedeRT. Although traditional cluster programming sys-
tems in the HPC domain are powerful and fast, the abstrac-
tions are often relatively low-level. In addition, many HPC-
oriented systems are designed for a cluster-centric applica-
tion model. StampedeRT’s goals are to provide more natu-
ral abstractions for live streaming applications while retain-
ing good performance, with the architecture supporting a
higher level of dynamism than typical cluster-oriented sys-
tems. We have presented the StampedeRT abstract program-
ming model, featuring channels for streaming data transport.

3Each text item demarcates an “epoch” spanning approximately 15
video frames (until the next text item), and the differences are measured
between video frames and text items of matching epochs.



These abstractions allow the manipulation of items and syn-
chronization directly via specification of wall-clock time in-
tervals. We have also described a software architecture to re-
alize the abstractions provided by the StampedeRT program-
ming model while maintaining good performance and scal-
ability. The architecture has peer-to-peer aspects in order
to provide a level of dynamism, allowing data providers to
negotiate a data transport mechanism on a per-client basis,
providing support for proxy channels, and allowing chan-
nels to move between hosts. Finally, we have described sev-
eral motivating applications and presented an experimental
evaluation of our StampedeRT prototype.

Ongoing work includes the use of StampedeRT in LAGR
and MediaBroker/MediaBroker++, and the completion of
the fully distributed registration/naming architectural com-
ponent. There are many avenues of future exploration re-
lated to StampedeRT (and live streaming applications in gen-
eral) including QoS considerations, fault tolerance and sup-
port for mobile devices with power constraints. Another im-
portant avenue of research, explored by systems like Crest
[1], is developing support for persistence of data in such
applications while still allowing queries based on temporal
properties, as well as the development of abstractions allow-
ing uniform treatment of both live streaming and archived
data. Additionally, future novel applications will undoubt-
edly evince the need for even richer temporal semantics, ad-
ditional abstractions or architectural enhancements, which
we will explore as our experience with StampedeRT grows.
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