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To further investigate the relationship between the system stability and g, the mean and
deviation of the average response time with different execution factors were plotted, as shown
in Figure 10. Each data point is the mean of 50 runs when the controller was in its steady state.
The standard deviation of the average response time indicates the intensity of oscillation. As the
execution-time factor increased from 0.6 to 1.8, the standard deviation remained below 0.1. This
small deviation was caused by uncertainties in computer systems (e.g., cache, pipelining). When
the execution-time factor increased to 1.95, which is close to the theoretical stability bound, the
standard deviation started to noticeably increase. When the execution-time factor fell outside
the theoretical stability range, the system became unstable because it had significant oscillation,
and the average response time deviated from the set point. Figure 10 shows that the empirical
results on a physical test-bed validate the theoretical analysis. This experiment demonstrates
that, in contrast to OPEN and Ad Hoc, which rely on exhaustive iterations of tuning and testing,
PI can provide a theoretical guarantee that the system is stable within a certain range of g.
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Fig. 10. Average response time and deviation under different execution-time factors.

6.4.2 Settling Time

The theoretical analysis described in Section 4 (Equation 9) shows that the settling time of
the PI controller is also related to the execution-time factor, g. In this experiment, this result was
verified with different sets of subscriptions with the execution-time factor set to 0.6, 0.8, 1.0, 1.2,
1.4, and 1.7, respectively. For each set of subscriptions, the average settling time was measured
as the number of control periods needed to enter a steady state. Figure 11 shows the means and
standard deviations of settling times in 10 repeated runs for different execution-time factors.
The theoretical values were rounded integers from the results calculated using Equation 9
because the number of control periods cannot be fractional. As shown in the figure, the nearer
the execution-time factor drew to 1, the shorter the settling time became. The largest deviation
was 1.23 when ¢g=1.7. The experimental results were very close to the theoretical ones, so the
experiment validated the theoretical analysis.

7. RELATED WORK

Control-based real-time data matching was originally motivated by the INFOD project
(INFOD-WG 2007). The INFOD scheduling mechanism uses heuristics for adaptation that do
not provide any performance guarantees but are instead empirically evaluated. In sharp
contrast, a control-based approach can provide robust and analytic performance guarantees that
are crucial in real-time information-dissemination systems.
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Fig. 11. Settling time under different execution-time factors.

Control-based theoretic approaches have been applied to a number of computing and
networking systems. A survey of feedback performance control for software is presented in
Abdelzaher et al. 2003. A number of feedback-based real-time processor-scheduling algorithms
(e.g., Abeni et al. 2002; Lu et al. 2002; Steere et al. 1999; Cervin et al. 2002) have also been
presented in the literature. These algorithms controlled only the allocation of the computing
resource on a server and did not address average response time in information-dissemination
systems. Control theory has also been applied to design and analyze data services (Amirijoo et
al. 2005), power management (Lefurgy, Wang, and Ware 2007; Skadron, Abdelzaher, and Stan
2002), and Internet servers (Diao et al. 2006; Zhang et al. 2002).

Some work related to development of real-time information-dissemination systems has also
been done. For example, real-time data broadcasting has been addressed by Chung, Chen, and
Lee (2005) and Fernandez-Conde and Ramamritham (2004). Hu (2007) has presented an on-
demand, time-critical data broadcast scheme for asymmetric wireless networks. Xu, Tang, and
Lee (2006) have developed an on-demand broadcast-scheduling algorithm that takes into
account the time constraints. However, these projects focus mainly on broadcasting in wireless
data-dissemination systems with asymmetric links. They do not address the different but
equally important problem of real-time metadata matching, which is the bottleneck of many
existing real-time information-dissemination systems such as INFOD. Real-time metadata
matching is crucial to information dissemination because information can be disseminated from
publishers to matched consumers only when the matching results are generated from the
metadata-matching process.

Other work has been done on QoS management in databases. For example, some on-
demand updating algorithms have been developed to skip unnecessary updates and allow
better central processing unit (CPU) utilization (Ahmed and Vrbsky 2004; Gustafsson and
Hansson 2004a; Gustafsson and Hansson 2004b). Kang, Son, and Stankovic (2004) have
developed feedback controllers to manage the deadline miss ratio and sensor-data freshness.
Amirijoo, Hansson, and Son (2006) have developed feedback controllers for QoS management
using imprecise computations. Haritsa, Carey, and Livny (1993) have presented value-based
scheduling algorithms in real-time databases. However, most prior work has been based on the
assumption that transactions are either periodic sensor updates or aperiodic user transactions,
and the approaches adapt the number of updates for desired CPU utilization. Those methods
cannot be directly applied to information-dissemination systems because (1) metadata matching
is triggered by metadata updates, which is different from the scenario mentioned in this earlier
work; (2) the execution time of metadata updates is trivial compared with that of data matching,
which accounts for more than 90% of CPU time, so adjusting the number of metadata updates is
not sufficient; and (3) instead of emphasizing a hard deadline on each individual user
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transaction, it is more important to control statistical performance metrics such as average
response time in real-time information dissemination.

8. CONCLUSIONS

The feedback controller described above was designed to adaptively meet the response-time
constraints on metadata matching in an information-dissemination system. It features a
rigorous design based on well-established feedback-control theory for guaranteed control
accuracy and system stability. Theoretical analysis of the controller has been verified through
extensive experiments on a physical test bed. The empirical results demonstrate that this
controller outperforms both open-loop and typical heuristic solutions by providing more
accurate control and better system QoS.
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