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Table 4: Application configuration under heavy workload.

Application

Component allocation
Period
(msec)

ModeSpacecraft Ground

1 2 3 4 5 station

1 Communication
Analysis
Plasma-sensor

Filter Compression Ground 1000
Fast
Survey

2
Camera-sensor
Compression

Filter Analysis Communication Ground 900
Slow
Survey

3 Camera-sensor Plasma-sensor
Communication
Compression

Analysis Filter Ground 500
Slow
Survey

4 Communication Filter Analysis Plasma-sensor Compression Ground 800
Slow
Survey

5
Communication
Filter

Camera-sensor Analysis Compression Ground 1200
Slow
Survey

6 Analysis Filter Communication Compression Plasma-sensor Ground 700
Slow
Survey

7 Plasma-sensor Plasma-sensor
Communication
Compression

Analysis Filter Ground 600
Fast
Survey

8
Communication
Filter

Analysis Plasma-sensor Compression Ground 700
Slow
Survey

9
Communication
Filter

Camera-sensor
Plasma-sensor

Analysis Compression Ground 400
Fast
Survey

10
Compression
Filter

Communication
Analysis

Plasma-sensor Ground 700
Fast
Survey

by adaptive resource management algorithms. We demon-
strated how RACE helped resolve key resource and QoS man-
agement challenges associated with a prototype of the NASA
MMS mission system. We also analyzed results from perfor-
mance in the context of our MMS mission system prototype.

Since the elements of the RACE framework are CCM
components, RACE itself can be configured using model-
driven tools, such as PICML [38]. Moreover, new In-
putAdapters, Allocators, Configurators, and Controllers can be
plugged into RACE using PICML without modifying its ar-
chitecture. RACE can also be used to deploy, allocate re-
sources to, and manage performance of, applications that are
composed at design-time and run-time.

The lessons learned in building RACE and applying to
our MMS mission system prototype thus far include the fol-
lowing.

(i) Challenges involved in developing open DRE systems.
Achieving end-to-end QoS in open DRE systems requires
adaptive resource management of system resources, as well
as integration of a range of real-time capabilities. QoS-
enabled middleware, such as CIAO/DAnCE, along with
the support of DSMLs and tools, such as PICML, provide
an integrated platform for building such systems and are
emerging as an operating platform for these systems. Al-
though CIAO/DAnCE and PICML alleviate many challenges
in building DRE systems, they do not address the adaptive
resource management challenges and requirements of open
DRE systems. Adaptive resource management solutions are
therefore needed to ensure QoS requirements of applications
executing atop these systems are met.

(ii) Decoupling middleware and resource management
algorithms. Implementing adaptive resource management
algorithms within the middleware tightly couples the re-
source management algorithms within particular middle-
ware platforms. This coupling makes it hard to enhance the
algorithms without redeveloping significant portions of the
middleware. Adaptive resource management frameworks,
such as RACE, alleviate the tight coupling between resource
management algorithms and middleware platforms and im-
prove flexibility.

(iii) Design of a framework determines its performance and
applicability. The design of key modules and entities of the
resource management framework determines the scalability,
and therefore the applicability, of the framework. To apply
a framework like RACE to a wide range of open DRE sys-
tem, it must scale as the number of nodes and application in
the system grows. Our empirical studies on the scalability of
RACE showed that structuring and designing key modules of
RACE (e.g., monitors and effectors) in a hierarchical fashion
not only significantly improves the performance of RACE,
but also improves its scalability.

(iv) Need for configuring/customizing the adaptive resource
management framework with domain specific monitors. Uti-
lization of system resources, such as CPU, memory, and
network bandwidth, and system performance, such as la-
tency and throughput, can be measured in a generic fashion
across various system domains. In open DRE systems, how-
ever, the need to measure utilization of domain-specific re-
sources, such as battery utilization, and application-specific
QoS metrics, such as the fidelity of the collected plasma data,
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Figure 14: Hierarchical Composition of RACE.

might occur. Domain-specific customization and configura-
tion of an adaptive resource management framework, such as
RACE, should therefore be possible. RACE supports domain-
specific customization of its Monitors. In future work, we will
empirically evaluate the ease of integration of these domain-
specific resource entities.

(v) Need for selecting an appropriate control algorithm
to manage system performance. The control algorithm that
a Controller implements relies on certain system parame-
ters that can be fine-tuned/modified at run-time to achieve
effective system adaptation. For example, FMUF relies on
fine-tuning operating system priorities of processes hosting
application components to achieve desired system adapta-
tion; EUCON relies on fine-tuning execution rates of end-
to-end applications to achieve the same. The applicabil-
ity of a control algorithm to a specific domain/scenario is
therefore determined by the availability of these run-time
configurable system parameters. Moreover, the responsive-
ness of a control algorithm and the Controller in restor-
ing the system performance metrics to their desired val-
ues determines the applicability of a Controller to a spe-
cific domain/scenario. During system design-time, a Con-
troller should be selected that is appropriate for the system
domain/scenario.

(vi) Need for distributed/decentralized adaptive resource
management. It is easier to design, analyze, and implement
centralized adaptive resource management algorithms that
manage an entire system than it is to design, analyze, and im-
plement decentralized adaptive resource management algo-
rithms. As a the size of a system grows, however, centralized
algorithms can become bottlenecks since the computation
time of these algorithms can scale exponentially as the num-
ber of end-to-end applications increases. One way to alle-
viate these bottlenecks is to partition system resources into
resource groups and employ hierarchical adaptive resource
management, as shown in Figure 14. In our future work, we
plan to enhance RACE so that a local instance of the frame-
work can manage resource allocation, QoS configuration,
and run-time adaption within a resource group, whereas a
global instance can be used to manage the resources and per-
formance of the entire system.

RACE, CIAO, DAnCE, and PICML are available in open
source form for download at http://deuce.doc.wustl.edu/.
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specific design environments,” Computer, vol. 34, no. 11, pp.
44–51, 2001.

[35] S. Kodase, S. Wang, Z. Gu, and K. G. Shin, “Improving scal-
ability of task allocation and scheduling in large distributed
real-time systems using shared buffers,” in Proceedings of the
9th Real-time/Embedded Technology and Applications Sympo-
sium (RTAS ’03), pp. 181–188, San Francisco, Calif, USA, May
2003.
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