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Abstract

Real-time information dissemination is of increasing im-

portance to our society. Existing work mainly focuses on

delivering information from sources to sinks in a timely

manner based on established subscriptions, with the as-

sumption that those subscriptions are persistent. However,

the bottleneck of many real-time information dissemination

systems is actually the matching process to continuously

reevaluate such subscriptions between numerous sources

and numerous sinks, in response to dynamically varying in-

formation attributes at runtime. In this paper, we propose

a feedback controller to adaptively meet the response time

constraints on metadata matching in an example informa-

tion dissemination system. Our controller features a rigor-

ous design based on well-established feedback control the-

ory for guaranteed control accuracy and system stability.

Empirical results on a physical test-bed demonstrate that

our controller outperforms both an open-loop solution and

a typical heuristic solution, by having more accurate con-

trol and better system quality of service.

1 Introduction

In recent years, real-time information dissemination has

become increasingly important. For example, alert mes-

sages from stock tickers should be disseminated in a timely

manner to subscribing customers. Similarly, buyers and

sellers need to be matched based on their interests in e-

commerce systems, and notified immediately when new

business opportunities are identified. Likewise, in surveil-

lance applications, threats detected by various sensors must

be reported to appropriate authorities within certain time

constraints. In these applications, data flows from numer-

ous (e.g., thousands of) sources to numerous sinks have

to be channeled flexibly, efficiently and more importantly,

in a real-time manner. This requirement has been gener-

ally described as Valuable Information at the Right Time

(VIRT) [1], which emphasizes that consumers of informa-

tion should receive the information that is of interest to them

as soon as it is available or whenever it is requested.
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Figure 1. INFOD: an example information dis-

semination system

An example information dissemination system is INFOD

(INFOrmation Dissemination) [2], which is a project that

aims to support timely delivery of valuable information for

a wide range of applications. Similar to other informa-

tion dissemination systems based on the publish-subscribe

paradigm, publishers are defined as the information sources

and consumers are the information sinks in INFOD. As

shown in Figure 1, INFOD serves as a broker to allow

publishers and consumers to advertise their attributes and

constraints in the system. For example, a consumer may

have its location as an attribute and have a constraint on de-

sired publishers: they must be located in Knoxville. The

attributes and constraints are generally referred to as meta-

data, which is stored in a database called registry. Sub-

scribers submit subscriptions on behalf of the consumers.

Subscriptions have different priorities. An example of high-

priority subscription is: all sensors (publishers) send their

temperature data to all firefighters (consumers) within 10

miles every 2 seconds. Based on the subscription, IN-

FOD establishes connections between publishers and con-

sumers by finding matches between their attributes and con-

straints. Based on the matching results, publishers are in-

formed where to send filtered information to the matched

consumers without going through INFOD.

A common problem faced by information dissemination

systems running in dynamic environments is that the reg-

istered attributes and constraints may vary at runtime. For

example, a firefighter may constantly update its location at-
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tribute. As a result, all subscriptions in the registry need to

be continuously reevaluated by rerunning metadata match-

ing to ensure that the firefighter receives information from

the sensors in the right locations. However, given the large

number of publishers and consumers, reevaluating all sub-

scriptions in the registry may cause severe system over-

load and unacceptably long delays. Therefore, it is a com-

mon practice to guarantee that the average response time of

reevaluating all high-priority subscriptions is within a real-

time constraint, which is referred to as real-time metadata

matching. In the meantime, the maximal possible num-

ber of low-priority subscriptions should also be reevaluated.

The number of reevaluated low-priority subscriptions is de-

fined as the quality of service (QoS) of the system.

Real-time metadata matching faces two major chal-

lenges. First, execution time of reevaluating a subscription

may vary significantly as the numbers of involved publish-

ers, consumers and constraints are different for each sub-

scription and are dynamically changing at runtime. Second,

metadata updates may come either periodically or aperiod-

ically with unpredictable time intervals. These uncertain-

ties may lead to unpredictable delays for real-time metadata

matching.

In this paper, we propose a novel feedback controller to

adaptively control the average response time of metadata

matching by manipulating the number of low-priority sub-

scriptions to be reevaluated. The manipulated variable is

called job budget, which includes all the high-priority sub-

scriptions and the low-priority subscriptions selected by the

controller. Specifically, the contributions of our work are

four-fold:

1. We analytically model the relationship between the av-

erage response time and the job budget, and validate

the model with white noise inputs.

2. We design and analyze the controller based on well-

established feedback control theory for theoretical

guarantees on control accuracy and system stability.

3. We prove, through both theoretical analysis and exper-

imentation, that the desired control performance can

be achieved even in the presence of runtime variations

that cause the system to behave differently from the

nominal system model used to design the controller.

4. We present empirical results on a physical test-bed to

demonstrate that our controller outperforms both an

open-loop solution and a typical heuristic solution.

The rest of the paper is organized as follows. Section

2 introduces the overall architecture of the feedback control

loop. Section 3 presents system modeling and controller de-

sign and analysis. Section 4 analyzes the performance of the

controller when the system model varies at runtime. Section

5 describes the implementation details of each component

in the control loop. Section 6 presents the results of our ex-

periments. Section 7 discusses related work while Section

8 concludes the paper.
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Figure 2. Feedback control architecture

2 Feedback Control Loop

In this section, we give a high-level description of our

feedback control loop that controls the average response

time of metadata matching by dynamically adjusting the job

budget. Our controller features a rigorous design based on

feedback control theory for guaranteed control accuracy and

system stability [3]. The benefit of having control theory as

a theoretical foundation is that we can have (1) standard ap-

proaches to choosing the right control parameters so that

exhaustive iterations of tuning and testing are avoided; (2)

theoretically guaranteed control performance such as accu-

racy, stability, short settling time, and small overshoot; and

(3) quantitative control analysis when the system is suffer-

ing unpredictable workload variations. This rigorous design

methodology is in sharp contrast to heuristic-based adap-

tive solutions that rely on extensive empirical evaluation and

manual tuning [4].

As shown in Figure 2, the key components in the control

loop include a centralized controller, an average response

time monitor and an application-level scheduler. The feed-

back control loop is invoked periodically at the end of every

control period as follows:

1. The monitor measures the average response time of all

metadata matching processes executed in the last con-

trol period and sends the value to the controller. The

average response time is the controlled variable of the

control loop.

2. The controller calculates the appropriate job budget in

the next control period based on the difference between

the set point and the measured average response time.

The job budget is the manipulated variable of the con-

trol loop.

3. Based on the calculated job budget, the scheduler

schedules all the high-priority and the desired number

of low-priority subscriptions to be reevaluated in the

registry.

3 Controller Design

The core of our feedback control loop is the controller.

In this section, we first formulate the control problem. We
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Table 1. Comparison of different models
Model na nb R2(estimation) R2(validation)

1 0 1 0.8416 0.70314

2 0 2 0.85653 0.70346

3 1 1 0.8529 0.7034

4 1 2 0.85726 0.70364

then establish a mathematical model for the open-loop sys-

tem. Finally, we design our controller based on the system

model.

3.1 Problem Formulation

We first introduce the following notations.

• T : Control period of the feedback control loop. The

period is selected in such a way that each control pe-

riod can include multiple metadata updates.

• Rref : Set point for average response time. The set

point is selected to be slightly shorter than the desired

time constraint to have some leeway because we are

controlling the average response time.

• r(k): Measured average response time in the kth con-

trol period. (kT sec after the system starts).

• e(k): Control error e(k) = r(k) − Rref .

• n(k): Job budget in the kth control period.

Our control objective (i.e., primary goal) is to guaran-

tee that the average response time r(k) converges to the set

point Rref within a limited settling time. In the meantime,

we want to achieve the maximum possible job budget, n(k),
which is our secondary goal.

3.2 System Modeling

In order to have an effective controller design, it is im-

portant to model the dynamics of the controlled system,

namely the relationship between the controlled variable

and the manipulated variable. However, a well-established

physical equation is usually unavailable for computer sys-

tems. Therefore, we use a standard approach called system

identification [5] to this problem.

Based on standard qualitative analysis [6] of the con-

trolled system, we choose to use the following difference

equation to model the controlled system:

r(k) =

na∑

i=1

air(k − i) +

nb∑

i=1

bin(k − i) (1)

where na and nb are the orders of the control output and

control input, respectively. ai and bi are control parameters

whose values need to be determined by system identifica-

tion.

For system identification, we need to first determine the

right orders for the system, i.e., the values of na, nb in the
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Figure 3. Comparison between predicted out-

put and actual output

difference equation (1). The order values are normally a

compromise between model simplicity and modeling accu-

racy. In this paper, we test different system orders as listed

in the second and third columns in Table 1. We generate a

sequence of pseudo-random digital white noise [5] as con-

trol input to stimulate the system and then measure the av-

erage response time in each control period. Based on the

collected data, we use the Least Squares Method (LSM) to

iteratively estimate the values of parameters ai and bi. The

fourth column in Table 1 lists the estimated fits of the mod-

els in R2, which is a standard metric in system identification

to show how close the predicted data by the model is to the

measured data from the real system. To verify the accuracy

of the four models in different orders, we change the seed of

the white noise to generate a different sequence of control

input, and then compare the actual control output to those

predicted by the estimated models in R2. The results are

shown in the last column of Table 1. Figure 3 shows the

comparison results between the actual system output and

the predicted outputs of two models. Model 1 has the low-

est orders with na = 0 and nb = 1 while Model 4 has the

highest orders with na = 1 and nb = 2. Figure 3 demon-

strates that Models 1 and 4 both are sufficiently close to the

actual system. We choose to use Model 1 in this paper to

simplify the controller design. Therefore, our system model

is:

r(k) = b1n(k − 1). (2)

3.3 Root-Locus Design

The goal of the controller design is to meet the following

requirements:

• Stability: The average response time should settle into

a bounded range around the set point, Rref , in re-

sponse to a bounded reference input.

• Zero steady state error: The average response time

should precisely settle to the set point.

• Short settling time: The system should settle to the set

point within a limited time period.

Proportional-Integral (PI) control [5] has been widely

adopted in industry control systems. We choose to use
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a PI controller because the integral part can eliminate the

steady-state error. A more sophisticated PID (Proportional-

Integral-Derivative) controller is not used because the

derivative term may amplify the noise in response time. Fol-

lowing standard control theory, we design the PI controller

in the Z-domain as:

F (z) =
K1(z − K2)

z − 1
(3)

where K1 and K2 are control parameters that can be analyt-

ically chosen to guarantee control performance, using stan-

dard control design methods [5]. The time-domain form of

the controller (3) is:

n(k) = n(k − 1) + K1e(k) − K1K2e(k − 1) (4)

Using the Root-Locus method [5], we can choose our

control parameters as K1 = 1/b1 and K2 = 0 such that our

closed-loop transfer function is:

G(z) = z−1 (5)

It is easy to prove that our controller is stable and can

achieve the set point in one control period. The detailed

proofs can be found in a standard control textbook [5] and

are skipped due to page limitations.

4 Performance Analysis for Model Variation

Our controller is designed to achieve the control perfor-

mance specified in Section 3.3 when the system model is ac-

curate. However, in a real system, the actual system model

could be different from the nominal model (2) we used to

design the controller for several reasons. First, the exe-

cution time of reevaluating each subscription may be dif-

ferent due to different numbers of involved attributes and

constraints. Second, the execution time of reevaluating the

same subscription may vary at runtime as metadata updates

could constantly change the attributes and constraints of

publishers and consumers. Finally, the execution time may

also be influenced by the hardware and software configu-

rations of a particular system. Since developing a different

controller for every different system with different sets of

subscriptions is infeasible, it is important to analyze the im-

pact of model variations on control performance.

As shown in Figure 4, an important observation from our

experiments is that there exhibits an approximately linear

relationship between the average response time of subscrip-

tion reevaluation and the job budget despite different sets

of subscriptions or systems. Based on this observation, it

is valid to assume that a real system model is similar to the

nominal model but with a different parameter b′1. Without

loss of generality, we model the real system as:

r(k) = gb1n(k − 1) (6)

where g = b′1/b1 is the execution time factor and is used to
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Figure 4. Linear relationship between aver-

age response time and job budgets

model the variation between the real system model (6) and

the nominal model (2). Therefore, the closed-loop transfer

function for a real system is:

G(z) =
g

z − (1 − g)
. (7)

Now we analyze each control performance metric with the

real system model.

4.1 Stability

Based on the control theory, if the system is stable, all

the poles should be within the unit circle on the z-plane [5].

Based on (7), we get |1−g| < 1. Hence the system remains

stable as long as 0 < g < 2. This stability range serves as

an important reference when we apply our controller to dif-

ferent systems and subscriptions, i.e., the average execution

time of reevaluating a subscription in the real system should

not be more than twice greater than the nominal value used

in the controller design. This theoretical result has been ver-

ified by our extensive experiments on a physical test-bed, as

presented in Section 6.4.

4.2 Steady State Error

The steady-state error of the real system can be derived

as:

lim
z→1

(z−1)G(z)Rref

z

z − 1
= lim

z→1
(

gz

z − (1 − g)
Rref ) = Rref .

(8)

Equation (8) means we are guaranteed to achieve the de-

sired average response time as long as the system is stable.

4.3 Settling Time

We transform (7) to the time-domain:

r(k) = (1 − g)r(k − 1) + gRref (9)

Using the common definition of the settling time (the sys-

tem settles when the output converges into the ±0.05 range

of the reference), we derive the required number of control
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Table 2. Detailed test-bed configuration
CPU OS JDK

Server 1 Intel Core 2 Duo openSUSE 1.6.0

Xeon 5160 3.0GHz 10.3 (2.6.22)

Server 2 AMD Athlon 64 openSUSE 1.6.0

3800+ 2.4GHz 10.2 (2.6.18)

periods, k, for the system to settle as:

k ≥
ln 0.05

ln |1 − g|
(10)

This theoretical result has also been verified by our ex-

periments in Section 6.4.

Our above analysis gives us theoretical confidence in the

performance of our controller and provides a guideline to

choose the parameters in the nominal system model (2). For

example, given the possible minimum and maximum values

of b′1 for typical sets of subscriptions, we can choose the

nominal b1 to be a value slightly larger than
b′
1,min+b′

1,max

2

such that the system is guaranteed to be stable even when

the real model is unknown at design time. Similarly, given

our analysis regarding settling time, we can use a smaller

b1 for faster reaction to variations or a greater b1 to reduce

the system sensitivity. This kind of theoretical guidance is

in sharp contrast to commonly used heuristic solutions that

heavily rely on extensive empirical evaluation and manual

tuning for desired system response.

5 System Implementation

Our test-bed includes two servers that are detailed in Ta-

ble 2. The two servers are connected via a network switch.

We use the aforementioned INFOD system as a represen-

tative real-time information dissemination system to imple-

ment our feedback control loop. The INFOD registry is im-

plemented in Oracle Database 11.1g on Server 1 to run the

metadata matching process. Since our objective is to eval-

uate the performance of the control loop running on Server

1, all the INFOD publishers, consumers and subscribers are

implemented on Server 2 to simplify experimental setup.

They communicate with the registry through JDBC (Java

DataBase Connectivity), which is a Java package enabling

Java programs to execute SQL statements in databases.

The process of metadata matching is implemented as an

Oracle PL/SQL procedure and configured as an event-based

task. After a metadata update is received from the publish-

ers and consumers, it is compared with selected subscrip-

tions to check whether the subscriptions need to be reevalu-

ated because of this update. If reevaluation is necessary, the

subscriptions will be enqueued into a system queue called

SCHDL QUEUE. The Oracle database scheduler allocates

a job slave process, from the job slaves pool shown in Fig-

ure 2, to handle each of the incurred metadata matching pro-

cesses. Metadata matching is configured to have a priority

of 3 out of the five priorities (1 to 5, with 1 as the highest)

provided by the Oracle database scheduler.

The control period is selected based on a trade-off be-

tween sensitivity to system noise and reaction speed of the

controller. On one hand, each control period should be long

enough to include multiple metadata updates such that the

influence of system disturbance and noise incurred to the

execution time of each single update can be reduced. On

the other hand, a longer control period leads to slower reac-

tion to workload variations. In our experiments, the inter-

arrival intervals of incoming metadata updates are within a

range of (2s, 5s). Therefore, the control period is set as 20s
to include at least 4 updates. The measured average over-

head of running the controller and monitor is about 20ms,

roughly 0.1% of a control period. This overhead should be

accpetable to most systems.

We now introduce the implementation details of each

component in our control loop. Note that the control loop is

assigned the highest priority such that it can run periodically

even when the system becomes overloaded.

Monitor: The monitor is invoked at the end of each con-

trol period. It calculates the average response time r(k) of

all the subscriptions reevaluated in this control period based

on the view of DBA SCHEDULER JOB RUN DETAILS

in the database. The sampled average response time is then

sent to the controller.

Controller: Based on system identification introduced

in Section 3, we get the following model for the INFOD

system:

r(k) = 0.009055n(k − 1) (11)

Based on the model, the PI controller used in our experi-

ments is:

n(k) = n(k − 1) + 110.436e(k) (12)

where e(k) is the difference between the measured average

response time and the set point. n(k − 1) is the job bud-

get in the last control period. The controller calculates the

desired job budget n(k) and sends it to the scheduler for

enforcement.

Scheduler: The scheduler is an application-level Oracle

PL/SQL trigger (similar to a procedure) implemented on the

top of the original scheduler in the Oracle database. Oracle

provides the DBMS SCHEDULER package from which we

can call a collection of scheduling functions and procedures

to manage jobs (e.g., create, configure and schedule) [7].

The application-level scheduler monitors the metadata ta-

bles of publishers and consumers, and serves as an actua-

tor for controlling the average response time of metadata

matching. Upon the arrival of metadata updates, the sched-

uler reevaluates all high-priority subscriptions and certain

number of low-priority subscriptions based on the job bud-

get received from the controller.
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Figure 5. Control accuracy comparison between open-loop system and PI controller

6 Experimentation

In this section, we present the experimental results con-

ducted on the test-bed introduced in Section 5. We first in-

troduce two baselines and compare them with the designed

PI controller, respectively, in terms of control accuracy and

system quality of service. We then verify the theoretical re-

sults derived in Section 4 by examining the performance of

our controller with different execution time factors.

In all the experiments, we use 1s as the set point for

the response time of metadata matching (i.e., subscrip-

tion reevaluation). The same set of metadata updates are

used with interarrival intervals randomly distributed within

[2s, 5s] if not otherwise indicated.

6.1 Baselines

We use two algorithms: OPEN and Ad Hoc, as our base-

lines. OPEN is an open-loop algorithm that uses fixed job

budget based on the estimated execution time of metadata

matching. Although OPEN can result in desired average

response time when estimated execution time is accurate,

it may violate the timing constraint of metadata matching

when execution time is underestimated. The resultant vio-

lation of time constraint may cause highly undesired acci-

dents in real systems. At the same time, it may also cause

the average response time unnecessarily shorter than the de-

sired value when execution time is overestimated. Con-

sequently, the job budget includes fewer low-priority sub-

scriptions, which may lead to poor system quality of ser-

vice.

Ad Hoc is a heuristic-based adaptive controller that rep-

resents a typical solution to response time control. At each

control invocation, it simply raises or lowers the job bud-

get by a certain step, depending on whether the measured

average response time is lower or higher than the set point.

However, it is commonly difficult for Ad Hoc to decide the

best step size in a real system. Small step size may cause

undesired slow response while large step size may cause

the system to oscillate dramatically. In our experiments, Ad

Hoc has a control period of 20s just as the PI controller.

6.2 Comparison with OPEN

In this subsection, we compare PI with OPEN in terms

of control accuracy and system quality of service.

6.2.1 Control Accuracy

In this experiment, we test both OPEN and PI in a scenario

common to many real-time information dissemination sys-

tems. In this scenario, the average reevaluation time of sub-

scriptions has a sharp increase at run time. This is common

to real-time information dissemination systems and could

be caused by several reasons such as metadata updates that

add new publishers or consumers to the system. We first

adopt the same set of subscriptions that are used to design

OPEN and PI. As a result, the estimated reevaluation time

of a subscription is accurate at the beginning for both of the

two controllers, i.e., g = 1 . At time 1000s, the reeval-

uation time has a sharp increase and becomes 1.4 times

greater than the estimation, i.e., g = 1.4. At time 2000s,

more updates further increase the real execution time to

have g = 1.8.

As discussed before, OPEN is designed to have a fixed

job budget to achieve the desired response time based on

accurate knowledge of the subscription reevaluation time.

Figures 5(a) shows that OPEN indeed achieves the desired

response time at the beginning. However, OPEN violates

the response time constraint after the execution time in-

crease because OPEN cannot adapt the system for desired

response time by reducing the job budget. Consequently,

the average response time of metadata matching increases

to 1.6s. This long delay is highly undesired in real-time

systems because the consumers of high-priority subscrip-

tions (e.g., firefighters) may therefore get into dangerous

situations when they fail to receive important information

(e.g., periodic fire condition reports) within the required

time frame. With a further increase of execution time at

time 2000s, OPEN has even longer delay and also causes

the system to have large oscillations. This is because the

execution time of reevaluating those subscriptions becomes

longer than the interarrival interval of metadata updates. As

a result, the system cannot complete the subscription reeval-

uation within one interval, which leads to jitters in different

control periods.

In contrast to OPEN, as shown in Figure 5(b), PI
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achieves the desired response time in the same scenario, de-

spite the significant variations in the subscription reevalua-

tion time. This is because PI monitors the real response time

and dynamically adapts the job budget based on control the-

ory. This experiment demonstrates that OPEN only works

well when we have accurate knowledge of the average ex-

ecution time of subscription reevaluation, and the average

execution time never changes. In contrast, our PI controller

can guarantee the average response time converges to the

set point in spite of significant average execution time vari-

ations.

6.2.2 System Quality of Service

The primary goal of our feedback control architecture is to

guarantee that the average response time of metadata match-

ing (i.e., subscription reevaluation) is shorter than a real

time constraint. The secondary goal is to have a job bud-

get (i.e., total number of reevaluated subscriptions) as large

as possible in each control period to achieve the best possi-

ble system quality of service. Because OPEN violates the

response time constraint when the execution time factor, g,

is larger than 1, as shown in Figure 5(a), we only consider

the situations when g ≤ 1 in the comparison between PI

and OPEN. Specifically, we use four sets of subscriptions

with the execution time factor as 1, 0.8, 0.7 and 0.6, respec-

tively. The resultant job budget for each subscription set

is shown in Figure 6. Each data point is the average of 50
runs in the steady state for each execution time factor. Since

OPEN uses a fixed job budget of 111, it has an unnecessar-

ily short average response time when g < 1. In contrast,

PI can control the average response time to converge to the

desired set point by dynamically increasing the job budget

from 111.9 to 128.1, 152.7 and 187.6. Although OPEN and

PI both meet the time constraint, PI can reevaluate more

low-priority subscriptions thus provides better system qual-

ity of service.

6.3 Comparison with Ad Hoc

In this subsection, we compare PI with Ad Hoc in terms

of control accuracy and system quality of service.

6.3.1 Control Accuracy

In this experiment, Ad Hoc is designed to achieve the best

performance with a certain set of subscriptions whose real

reevaluation time is smaller than the estimation (g = 0.6).

Based on extensive tuning and testing which are common to

heuristic-based solutions, we find that a step size of 10 for

job budget change gives Ad Hoc the best performance.

Figures 7(a) and 7(b) show the results of Ad Hoc and PI,

respectively. At the beginning, Ad Hoc increases the job

budget by 10 in each control period until the average re-

sponse time reaches the set point. Since Ad Hoc relies on a

fixed step to reach its steady state, it takes Ad Hoc 19 con-

trol periods (380s) to settle down to the set point. In con-

trast, PI can effectively adapt its step size based on control

theory. As a result, PI only takes 5 control periods (100s) to

enter its steady state. Please note although it is possible to

configure Ad Hoc with a greater step size for faster settling

time, doing so may cause Ad Hoc to have large oscillation

in steady state, which is undesired for system performance.

In the steady state until 800s, the two controllers work sim-

ilarly with almost the same deviations (0.055 for Ad Hoc

and 0.051 for PI).

At time 800s, we assume the execution time of subscrip-

tion reevaluation increases (with g = 1) due to the reasons

given in Section 6.2.1. Similarly, Ad Hoc takes 10 control

periods (200s) to return to the steady state. In contrast, PI

only takes 5 control periods. Since the step size of Ad Hoc

is designed to achieve the best performance when the execu-

tion time factor is 0.6, the response time under Ad Hoc os-

cillates around the set point and thus frequently violates the

time constraint. In contrast to Ad Hoc, PI converges to the

set point smoothly with a small deviation of 0.044. This ex-

periment demonstrates that Ad Hoc cannot effectively adapt

to varying execution time. It is commonly difficult for Ad

Hoc to tune its step size at runtime, due to the lack of estab-

lished adaptation methods. In contrast, PI relies on control

theory for adaptation and thus can provide response time

guarantees in spite of execution time variations.

6.3.2 System Quality of Service

In this experiment, we show PI also has better system qual-

ity of service than Ad Hoc. We use four sets of subscriptions

with different execution time factors (0.6, 1.0, 1.4 and 1.8).

As discussed before, it is commonly difficult for Ad Hoc

to have a step size that is good for all workloads, because

there exists a trade-off between system oscillation and set-

tling time. Finer step size usually leads to smaller oscilla-

tion in steady state, but may cause longer settling time and

so slower response to workload variations. Long settling

time could be dangerous to the consumers of high-priority

subscriptions (e.g., firefighters), when the system needs to

quickly converge back to the desired response time from

an unexpected workload increase. Therefore, to have an

acceptable settling time, we tune the step size of Ad Hoc

such that Ad Hoc has a settling time within 10 control peri-
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Figure 7. Control accuracy comparison between Ad Hoc and PI
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Figure 8. System quality of service compar-

ison between Ad Hoc and PI under different

execution time factors

ods (200s). We do this for every subscription set to have a

fair comparison with PI. However, this shorter settling time

causes Ad Hoc to have larger system oscillation and thus

frequent violations of time constraint. Hence, to achieve

similar performance with PI for a fair comparison, a safe

margin needs to be used for Ad Hoc to lower its set point

a little for fewer violations of constraint. We calculate the

safe margin as follows. First, we tune a step in the way we

describe above for each set of subscriptions. We then cal-

culate the standard deviation of a typical run for each set of

subscriptions with its individual step. Finally, we use the

maximum deviation of the four sets of subscriptions as the

safe margin for Ad Hoc. The safe margin is calculated as

0.08s in our experiments. We then compare Ad Hoc and PI

for the average job budget of 50 control periods in steady

state. The results shown in Figure 8 demonstrate that PI

can reevaluate more low-priority subscriptions, thus outper-

forms Ad Hoc in term of system quality of service.

6.4 Control Performance under Different
Execution Time Factors

In this subsection, we verify the theoretical performance

analysis of PI with different execution time factors.

6.4.1 System Stability

As discussed in Section 4, the stability of our controller is

related to the execution time factor g. In this experiment,

we verify that theoretical result by using experiments to test

the system stability with different g. In Figure 5(b), the

deviation of response time after the controller settles down

to the steady state slightly increases from 0.047 to 0.064 and

0.078 as the execution time factor increases from 1 to 1.4
and 1.8 at time 1000s and 2000s, respectively. However,

when the execution time factor changes to 2.6, as shown in

Figure 9, the controller becomes unstable as the response

time oscillates significantly between 0 and a large value.

The result is consistent with the stability range (0 < g < 2)

derived in our stability analysis in Section 4.

To further investigate the relationship between the sys-

tem stability and g, we plot the mean and deviation of the

average response time with different execution factors in

Figure 10. In the figure, each data point is the mean of 50
runs when the controller is in its steady state. The standard

deviation of the average response time indicates the inten-

sity of oscillation. As the execution time factor increases

from 0.6 to 1.8, the standard deviation remains below 0.1.

This small deviation is caused by uncertainties in computer

systems (e.g., cache, pipelining). When the execution time

factor increases to 1.95 that is close to the theoretical sta-

bility bound, the standard deviation starts to increase no-

ticeably. When the execution time factor locates outside the

theoretical stability range, the system becomes unstable as

it has significant oscillation and the average response time

deviates from the set point. Figure 10 shows that the em-

pirical results on a physical test-bed validate our 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 theoretical guarantee that

system is stable within a certain range of g.
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Figure 10. Average response time and devia-

tion under different execution time factors

6.4.2 Settling Time

In Section 4, our theoretical analysis (Equation (9)) shows

that the settling time of the PI controller is also related to the

execution time factor g. In this experiment, we verify this

result with different sets of subscriptions with the execution

time factor as 0.6, 0.8, 1.0, 1.2, 1.4 and 1.7, respectively.

For each set of subscriptions, we measure the average set-

tling time as the number of control periods needed to enter

steady state. Figure 11 shows the average and deviation of

settling time in 10 repeated runs for different execution time

factors. The theoretical values are rounded integers from the

calculated results using Equation (9) because the number of

control periods cannot be fractional. As shown in the fig-

ure, the closer the execution time factor approaches 1, the

shorter the settling time is. The largest deviation is 1.23
when g = 1.7. We can see that the experimental results are

very close to the theoretical results. This experiment vali-

dates our theoretical analysis.
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Figure 11. Settling time under different exe-
cution time factors

7 Related Work

Control-based real-time data matching was originally

motivated by the INFOD project [2]. The INFOD schedul-

ing mechanism use heuristics for adaptation that do not pro-

vide any performance guarantees, but are instead evaluated

empirically. In sharp contrast, control-based approach can

provide robust and analytic performance guarantees that are

crucial in real-time information dissemination systems.

Control theoretic approaches have been applied to a

number of computing and networking systems. A survey

of feedback performance control for software is presented

in [8]. A number of feedback-based real-time processor

scheduling algorithms(e.g., [9] [10] [11] [12]) have also

been presented in the literature. These algorithms only con-

trolled the allocation of the computing resource on a server,

and do not address average response time in information

dissemination systems. Control theory has also been ap-

plied to design and analyze data services [13], power man-

agement [14] [15] and Internet servers [16][17]. This paper

is different from these control-based solutions in that it aims

to support real-time information dissemination.

Some related work has been done to develop real-time

information dissemination system. For example, real-time

data broadcasting has been addressed in [18] and [19]. Hu

has presented an on-demand time-critical data broadcast

scheme for asymmetric wireless networks [20]. Xu et al.

have presented an on-demand broadcast scheduling algo-

rithms that takes into account the time constraints [21].

However, those related projects mainly focus on broadcast-

ing in wireless data dissemination systems with asymmet-

ric links. This paper is different from the related work be-

cause we try to address a different but equally important

problem: real-time metadata matching, which is the bot-

tleneck of many existing real-time information dissemina-

tion systems such as INFOD. Real-time metadata matching

is crucial to information dissemination because informa-

tion can be disseminated from publishers to matched con-

sumers only when the matching results are generated from

the metadata matching process.

Some other prior work has been done on Quality of Ser-

vice management in databases. For example, some on-

demand updating algorithms have been developed to skip

unnecessary updates and allow better CPU utilization [22]

[23] [24]. Kang et al. have presented feedback controllers

to manage the deadline miss ratio and sensor data freshness

[25]. Amirijoo et al. have presented feedback controllers

for QoS management using imprecise computations [26].

Haritsa et al. have presented value-based Scheduling al-

gorithms in real-time databases [27]. However, most prior

work is based on the assumption that transactions are ei-

ther periodic sensor updates or aperiodic user transactions,

and then adapt the number of updates for desired CPU uti-

lization. All those methods cannot be directly applied to

information dissemination systems because: (1) metadata

matching is triggered by metadata updates, which is differ-
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ent from the scenario mentioned in prior papers; (2) the ex-

ecution time of metadata updates is trivial compared with

that of data matching which accounts for more than 90%
of CPU time. Therefore, adjusting the number of metadata

updates is not sufficient; (3) instead of emphasizing a hard

deadline on each individual user transaction, it is more im-

portant to control statistical performance metrics such as av-

erage response time in real-time information dissemination.

8 Conclusion

In this paper, we presented a feedback controller to

adaptively meet the response time constraints on metadata

matching in an example information dissemination system.

Our controller features a rigorous design based on well-

established feedback control theory for guaranteed control

accuracy and system stability. We verify our theoretical

analysis with extensive experiments on a physical test-bed.

Our empirical results also demonstrate that our controller

outperforms an open-loop solution and a typical heuristic

solution, by having more accurate control and better system

quality of service.
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