
his article was presented at the
DARPA/NSF/NIST Inter-agency Workshop on Smart Envi-
ronments held at the Georgia Institute of Technology on 25-
26 July, 1999. The call for participation asked for white papers
to address research directions in smart environments. Also,
the call for articles asked that a scenario be developed to
illustrate how the proposed research would help in the real-
ization of smart environments. Our scenario shows how smart
environments could be designed, implemented, and deployed
based on software components. We incorporate into the sce-
nario some enabling technologies and approaches we have
been investigating. Each phase of the scenario is discussed in
terms of needed research. A summary of research directions
for component-based smart environments is given.

Scenario
On a Campus far, far away … The new Information Environ-
ments Center building is being completed, just in time for the
start of the semester. An engineer at SmartEnvironments Pty
Ltd is using the SmartComponents WorkBench to assemble
the component software system that will be installed in the
new building. The WorkBench design package provides proto-
type software components for buildings, levels, and rooms.
These components are based on the de facto industry standard
CyberNetic Control Model for advanced feedback control
systems. Additionally, these component containers implement
the SmartAddressSpace protocols that permit them to seam-
lessly interoperate with other smart spaces in the system.
Working from the building plans and the list of sensors, con-
trols, furnishings, and appliances, the engineer creates a
model of the building. This model is easily constructed by
drag-n-drop of components from pallets in the WorkBench.
Based on projected usage profiles developed during the
design of the building, the engineer runs a simulation of the
building for the next year. Satisfied with the component sys-
tem design, the engineer downloads the software into the
building, level, and room servers.

Later that day… Workmen begin delivering and installing
the furnishings for the new building. In a commons room a
workman hangs a picture on the wall. He hangs a clock on the
opposite wall. A lounge, several chairs, and a table are also
placed in the room. In an adjacent room a workman hangs a
picture and clock on the wall. A desk and chair are brought
in. Also, a table is wheeled in and a printer is placed on it and
plugged in. (The picture is a SmartRoom server and contains

various sensors that monitor and control the room. The
SmartRoom server establishes connection with its level server
and downloads specific policy, planning, and execution
instructions. The clock contains a camera, motion detector,
and other sensors that are used by the room server. The other
furnishings (lounge, chair, table, etc.) are also “smart” in that
they contain embedded systems that communicate with the
room server and the other furnishings. In this manner the
room discovers what furnishings and appliances it contains
and associates specific components with them in its control
model. The room server uses the SmartAddressSpace proto-
cols to establish contact with adjacent rooms and learns what
services they provide (e.g., the printer in the next room).)

The next day… As students arrive the campus packet radio
network downloads class schedules, campus maps, security
access codes, etc., into their SDA (Student Digital Assistant).
Students in the Information Environments program check
their schedules and are guided to the new building. As they
approach the building, the campus packet network hands their
SDAs over to the building’s radio frequency network. The
doors open (based on their security codes) and they explore
the new building. In the commons room two groups of stu-
dents spontaneously form a wireless (infrared) network to
start work on their first assignment. One group finishes and
sends the assignment to a printer. The smart room server
locates the closest printer (the one in the next room) and
sends the print job to it. The students are informed where
they can pick up the printout. (The smart building, level, and
room controllers are recording and monitoring the comings
and goings of the building’s users, their activities, as well as
the other environmental variables. From this information the
room servers learn how the building is being used and to
anticipate future requirements.)

Scenario Analysis and Implications
for Smart Environments

The scenario above illustrates three distinct phases of a smart
environment: design and implementation, deployment, and
use. We now analyze each of these phases and discuss their
implications in relation to component software systems. 

Design and Implementation — We think the component-
oriented approach to software development, coupled with
commercial component marketplaces, represents the next
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stage in the evolution of software practice. Accordingly we
postulate that smart environments will be based on compo-
nent software. Further, in our scenario we propose smart
environments will be designed and engineered alongside and
in the same manner as other aspects of the built environment.
We used several “props” to illustrate this. First, the engineer
used a smart environments CAD package to design the soft-
ware for the new building. This package allowed him to
choose from a range of third-party components to model and
simulate the levels and rooms in the building. This presuppos-
es that manufacturers of the various hardware systems that go
into the building will make available compatible component
software for inclusion in overall smart environment systems. 

We mentioned two specific facilities: the Cybernetic Con-
trol Model and the Smart Address Space. Smart environments
are complex systems requiring principled design. Thus far
researchers have concentrated mainly on the development of
independent technologies and techniques. However, now
researchers are beginning to look at overall system architec-
tures [1]. We are exploring the use of cybernetic control theo-
ry as a basis for modeling organizations and smart
environments. Smart environments are not passive; they are
active. We see elements of control theory leading to software
component architectures that go beyond robust stability to
permit planning and anticipation to better support users. Our
first steps in this direction are described [2, 3]. Also, we think
new and “richer” address space models are required. We have
begun looking at this issue [4]. 

Deployment — A major feature of smart environments
brought out in this phase of the scenario is device and service
discovery, self-configuration, and self-organization. As the var-
ious servers (the picture) and sensors (the clock) are plugged
into the building network, there is a discovery/lookup/join
protocol that permits them to determine their roles as partici-
pants in the overall building infrastructure. Similarly, the fur-
nishings (chairs, desks, etc.) and appliances (printer) have
embedded systems that permit the rooms to register them.
There must be protocols for the room server to download the
component software that represents these elements. Most
likely these will take the form of proxies within the room ser-
vices component container. These proxies provide the inter-
face needed to communicate and control the device. We
believe most furnishings and appliances will be equipped with
such embedded systems and communications will be primarily
wireless. Once again we see a central role for a Smart Address
Space in the task of coordination and control of the myriad
devices and sensors. 

Use — Another important aspect of smart environments is
that they are composed of many hierarchical, nested, and
overlapping address spaces. Smart environments are both sys-
tems-of-systems and systems-within-systems. In this scenario
the students are in constant communication with the campus-
building-level-room-personal system. At any one time they
may be using one or more of these wireless and wireline sys-
tems. The wireless overlay communication system represents
yet another facility that must be incorporated into the smart
environment. Although we have used physical spaces to moti-
vate this scenario, smart environments are not constrained by
physical boundaries. The groups of students establishing spon-
taneous networks for a collaborative task illustrate this. This
mode of operation will be the norm in civic places such as air-
ports and shopping towns.

Research Directions for
Component-based Smart Environments
From the above scenario and analysis we see the following as
major research directions for component-based smart environ-
ments:
• Development of component frameworks for smart environ-

ments based on control theory models to integrate existing
and emerging embedded devices into self-organizing, self-
regulating, and adaptive systems. In the near term, these
frameworks will most likely take the form of advanced com-
ponent containers (based on EJB or COM+) to make up
the middle-tier of an overall three-tier approach.

• Development of software component interface standards for
use in describing, finding and controlling hardware compo-
nents. As the number of different types of embedded
devices grows and their complexity increases, it will be
increasingly important for industry standards to emerge.
Software component standards should eventually permit for
modeling and simulation of entire systems built from the
hardware components.

• Investigation of new addressing mechanisms and schemes to
overcome limitations of current systems. Such addressing
systems must take into account the extremely large number
of potential devices, mobility, and high volatility. They must
also facilitate multi-modal addressing based on name, iden-
tifier, location, time, and content.

• Development and integration of protocols for the many lay-
ers and complex interactions needed within smart environ-
ments [5, 6]. There are currently many ongoing efforts (e.g.,
Jini, Bluetooth, 1394, Universal Plug-N-Play, CEbus, etc.)
to develop new protocols. Which ones will survive, how
they will interoperate, and what new ones are required
remains to be seen. For example, in our scenario we
assumed integrated packet area radio, radio frequency, and
infrared networking: this is not commercially available [7].
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