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Abstract

How to properly assign system resources to satisfy the Ser-
vice Level Agreement (SLA) is a challenging research problem.
Previous approaches include queuing model based feedback
control strategies with queuing predictor for feed-forward delay
prediction. However, ignorance of the multi-threaded nature can
induce large model errors. To compensate this, previous ap-
proaches typically perform offline identification, thus making the
system dependent on a particular workload and a specific Inter-
net application.

In this paper, we propose a novel framework for autonomous
delay regulation for multi-threaded Internet servers. We formu-
late a processor-sharing queuing model for the multi-threaded
server architecture to precisely predict service rate for worker
threads. In addition, the proposed scheme uses the sleep actua-
tor to properly assign resources based on the calculated service
rate. We evaluate our techniques experimentally using an
Apache web server test-bed. We demonstrate that the proposed
strategy performs better than the previous approaches under a
realistic workload.

1. Introduction

As Internet services have become an integral part of our in-
formation services infrastructure, delay regulation of individual
request to an Internet service is a challenging problem with im-
portant practical implications. Too short response time will
cause lowered resource usage, hence reduced revenues. Addi-
tionally, too large delay also reduces revenue. The objective of
the delay regulation of an Internet application is to meet the
response time specified in SLA (Service Level Agreement) [1]
while maximizing revenue.

Recently, feedback control theory has been applied to pro-
vide performance guarantees in computing systems such as
Internet servers [3] and communication systems. However, since
a computing system’s response to allocated resources is highly
non-linear, differential equation models used by control theory
does not abstract computing systems well. Starting from this
perspective, in [21], Sha et al. presents Queuing Model-Based
Feedback Control to integrate queueing theory with control the-
ory. At the core of the design is a model-based feed-forward
predictor, which keeps the system state near an equilibrium op-
eration point in presence of dynamic workloads. This essentially
linearizes the system. Combined with a feedback PI controller to

suppress the “residual errors”, the Queueing Model Based Feed-
back Control architecture is shown to provide good mean delay
regulation in both simulations and instrumented Apache Web
server systems [5]. Single queuing models such as M/M/1 or
M/G/1 are popular for modeling Internet servers and used in
[16][21]. For resource allocation, thread-based (or process
based) allocation mechanisms [9][8][14][21][23] are typically
used, where the number of worker threads or processes is ad-
justed based on the calculated control output (e.g. service rate).

Two problems are often encountered implementing theses
approaches. First, single queue queueing models likes of M/M/1
inherently lack of capturing the effect of the multi-threaded na-
ture of Internet servers. Queueing predictors using those models
produce service rate for the entire system not for worker threads.
Thus, how to properly allocate resources in a multi-threaded
Internet server using single queue models is not a simple matter.
Secondly, the performance of thread-based allocation mecha-
nism relies on the fact that the increase in the number of worker
threads enlarges concurrency gain, thus leading to improvement
of performance of a system. However, the extent to which
thread-based mechanisms are effective depends heavily on the
degree of interaction between the running threads, which further
depends on the nature of the workload of incoming requests [23].
To remedy these problems, off-line system identification is often
used to find the precise relationship between thread allocation
and the control output [16][9][8][14][21][23]. Nonetheless, the
performance still remains tied to a specific workload and an
implementation.

In this paper, we present an autonomous delay regulation
technique for multi-threaded Internet servers. We first derive a
queueing formula for precise prediction of service rate in multi-
threaded architecture and present the sleep actuator which regu-
lates the service rate by enforcing worker threads to sleep for
certain amount of time. To demonstrate the performance of the
proposed scheme, we set up a test-bed and implement a delay
regulation framework for Apache Web server, one of the most
widely used multi-threaded Internet servers.

Our approach is distinguished through several features:

o Capturing multi-threaded nature: By deriving a solution to
calculate service rate for a worker thread, queuing model predic-
tor can perform more accurately, thus reduce residual error and
response time fluctuation.

o Self-Regulating: The proposed scheme does not need any
prior identification phase. Hence, the performance is independ-



ent to workload changes and specific characteristics of Internet
servers.

The rest of the paper is organized as follows. Section 2 pro-
vides the background of the multi-threaded Internet server archi-
tecture and Queuing Model-Based Feedback Control. In Section
3, the proposed Enhanced Queuing Model-Based Feedback Con-
trol is presented. In Section 4, we present the validation proce-
dure by implementing the Enhanced Queuing Model-Based
Feedback Control on Apache Web server. Related work is dis-
cussed in Section 5 and finally, we conclude the paper with di-
rections of future work in Section 6.

2. Background

In this section we first present HTTP processing steps and
the architecture of a Web server since HTTP protocols and Web
servers are one of the most popular protocols and applications.
We believe other Internet server applications using TCP connec-
tions to receive client requests such as database servers and FTP
servers have a similar architecture to the one explained here.
After that we briefly introduce queuing Model-Based Feedback
Control. More interested users can refer to [21].

2.1. HTTP Background

Generally, HTTP servers have one listen thread waiting for
client requests on a well know TCP port, which is typically 80
and several worker threads. A new TCP connection is initiated
by a client, which sends a TCP SYN packet. This packet is re-
ceived on the listening socket of the HTTP server. On receiving
TCP SYN, the server responds with a SYN-ACK packet to ac-
knowledge that it received the TCP SYN packet and create a
temporary structure which represents this new TCP connection
request and placed it in the SYN-RCVD queue. After the client
responds with an ACK packet to the SYN-ACK packet, the
server extracts the TCP request from the SYN-RCVD queue, put
it into the accept queue of the listen socket and wait for the listen
thread to call accept() [4][3]. After the listen thread calls accept()
system call, then, finally a TCP connection is made. At this time,
the listen thread dispatches the request to one of available
worker threads [5]. This assignment of new worker thread can be
done by pulling an idle thread out of a worker thread pool or
forking a new thread. For example, Apache uses worker thread
pool to decrease thread creation overhead. After a worker thread
is assigned a request by the listen thread, it handles the request
and sends a response back to the client. The following represents
the basic sequential steps of HTTP request processing of a
worker.

e Read Requests and Parsing: Once a request comes in a HTTP
worker, it needs to be prepared to retrieve a proper Web object.

® Read Files or Generate dynamically: After identifying which
object to retrieve, a worker reads it either from storages or mem-
ory cache if is a static page. If not, it generates dynamically.

o Send Response: After reading the object, a worker sends it
through a network interface

Hence, the total time to process a request in a web server
(delay) consist of
o TCP Negotiation Time: TCP uses three-way handshake proto-
col to set up a connection

o Queuing Delay in Accept Queue: After connection is made,
new socket structure and descriptor is created and put into the
accept queue(listen queue) before accept() is called to extract the
socket descriptor.

o HTTP Processing Time (Service Time): Each HTTP worker
handles one request each time.

In this paper, we focus on adjusting HTTP processing time
to achieve delay regulation specified in SLA. However, we
would like to mention that the framework suggested in this paper
can be easily combined with admission control [33] to protect a
system from overload.

3. Autonomous Delay Regulation for multi-
threaded Internet Servers

The objective of delay regulation is to keep the delay as
close as possible to the reference value specified by Service
Level Agreement (SLA). If delays exceed the reference, it is
unacceptable to the user. In the opposite, too short delays than
the reference leads to inefficient use of resources and less reve-
nue.

In this section, we present a novel autonomous delay regula-
tion framework for multi-threaded Internet servers. The pro-
posed autonomous delay regulation framework is differentiated
from several aspects. First, we present an accurate server model
for multi-threaded Internet servers. Since most Internet servers
including Web servers exploit the multi-thread architecture ex-
plained in section 2.1, it will improve the performance of delay
regulation if we have a precise model for multi-threaded Internet
servers. To this end, we present a new queuing model. This new
queuing model also greatly simplifies performance control, since
the new model has the similar properties to M/M/1 model which
is easy to implement and needs small overhead. Next, we pro-
pose a sleep actuator as to adjust the service rate (allocate re-
sources) properly in a multi-threaded architecture instead of
using the most popular type of actuators that change the number
of worker threads to allocate resources. One of the drawbacks of
this type of actuators is that the performance of the actuators is
dependent on the characteristics of a specific workload and the
application structure, hence making offline system profiling
necessary. The sleep actuator proposed here is seamlessly inte-
grated to our new queuing model, since it basically works at the
thread level.

In what follows, we first derive a queuing formula to calcu-
late the service rate of a worker thread in the multi-threaded
Internet server and present the operation steps for the proposed
approach. Afterwards, we explain the sleep actuator and its de-



sign considerations. Finally the design procedure for the feed-
back controller is described.

3.1. A Queuing Model For A Multi-Threaded
Internet Server

Typically, when more worker threads are assigned to proc-
ess the incoming requests, the degree of concurrency increases,
yielding in increase in throughput. This is because as explained
in section 2, both CPU and I/O handling (network I/O and file
I/O) are drawn in processing HTTP requests implicating over-
lapping of thread executions. For example, if thread A is reading
a HTTP request from socket, thread B is extracting the content
of a file and thread C is executing a CGI script, those three
threads can run concurrently. However, concurrency gain is in
general not proportional to the increase in the number of worker
threads due to the contention between threads and scheduling
overheads. In addition, different types of workloads (e.g., I/O-
bound and CPU-bound) can lead to different concurrency gain
[23].

Rather than developing a complicated model for a multi-
threaded Internet server to precisely model concurrency gain, we
resort to Processor Sharing (PS) queuing model assuming no
concurrency gain from the multi-threaded architecture. We do
not consider concurrency gain or overhead. One possible way of
modeling a Web server is M/G/1/PS or M/M/1 PS (Processor
Sharing) queue [28]. In a single server PS queue, the capacity C
of the server is equally shared between the customers in system;
if there are n customers in system each receives service at the
rate C/n. Customers do not have to wait at all and the service
starts immediately upon arrival. However in a multi-threaded
Internet server architecture, there is generally a thread limit for
number of worker threads to assign for requests and if the num-
ber of requests exceeds it, a request should wait for the next
available worker thread while sitting in the TCP accept queue.
Hence, M/G/1 PS queuing system would not be adequate in that
case.

Thus, we assume that only worker threads currently process-
ing HTTP requests time-share CPU and again do not assume any
concurrency gain from a multi-threaded architecture or overhead
caused by it. This assumption holds when a workload is CPU-
intensive or modestly I/O-intensive such that most of the re-
quests can be retrieved from cache, which is reasonable since
dynamic pages occupy a good portion of HTTP requests nowa-
days. If concurrency gain is high or overhead is not negligible,
this assumption will yield model errors but we will demonstrate
in later this paper that it still helps to linearize the system near
the set point in the presence of realistic workload.
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Figure 1. State-transition-rate diagram

With this assumption, we model a multi-threaded Internet
server using Birth-Death Process, a variation of Continuous-
Time Markov Chain [32]. The arrival process follows Poisson
distribution and the service time is exponentially distributed.
This assumption trades off accuracy of model, which can be
corrected by a feedback controller. We will show later the pro-
posed queuing model combined with a simple P controller ex-
hibit good performance indeed. In this queuing model, at most m
jobs arrived first in the queue receive an infinitesimal quantum
of service in a Round-Robin (RR) fashion. When the quantum
expires and if they need more service, they are suspended and
wait for other m-1 jobs to consume their quantum. When a job
has received the amount of service required, it leaves the queue.
Figure 1 shows the state-transition-rate diagram for the queuing
system. State & represents where there are & jobs in the system.
quy"\ ) represents state dependent system service rate and 1/ is
state dependent service rate of each thread, where there are &
jobs being serviced.
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From the Steady state solution of a birth death process [32],
steady state probability P, of being in state & is
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From (6), we can get the service rate for each thread when the
number of active threads (threads which are currently serving a

request) is k.
u® = 1 (LJF ,1) @
min (m,k) \ D

Finally we have a formula to calculate an individual worker
thread’s service rate. From now on we call this new queuing
system as M/M/1/MT (Multi-Thread).



Steps of
Multi-

3.2. Architecture and Operation
Autonomous Delay Regulation for
Threaded Internet Servers

The overall architecture is shown figure 2. The M/M/1/MT
Queuing Model Predictor first computes the service rate p for
worker threads necessary to achieve a specified average delay
D, given the currently observed average request arrival rate A.
Server resources are then allocated to achieve the computed
thread-base service rate using the sleep actuator. Then, the feed-
back control loop compares the actual delay D achieved to the
desired average D,.r and adjusts the resource allocation accord-
ingly in an incremental manner to ensure that the desired delay is

M/M/1/MT
Predictor

maintained.
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Figure 2. queuing Model-Based Feedback Control
Architecture

Step 1: At each control invocation, we measure the average
service time of threads (HTTP processing time) S and the

average number of active threads %k and update the request rate

estimate A.
Step 2: Based on results from M/M/1/MT queuing model, the
queuing predictor outputs a new service rate for worker threads
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Step 3: If the measured mean delay is different from the refer-
ence delay, D", an error is built up and a controller produces
as feedback term to be added to the service rate computed by the
queuing predictor. Then, the new service rate for the next inter-
val is
u=p,+ Au
Step 4: After calculating target service rate x for worker threads,
resource allocation is enforced to adjust the service rate to the
target service rate.

3.3. Enforcing Resource Allocation By Sleep Ac-
tuator

After a feedback controller calculates a service rate adjust-
ment based on the difference between the delay reference and
measured delay in each control interval, the adjusted service rate
is then used to control resource allocation in the server using a
resource allocation module, actuator. There exist several tech-
niques for allocating system resources in literature [18] [7] [11]
[13]1123][15][29] [30]. One of the most popular ways of ad-

justing the service rate of the system is by changing the number
of threads. The performance of this actuator assumes that the
service rate of the system is proportional to the number of allo-
cated worker threads. One downside of this mechanism is that
the performance of the actuator is dependent on the characteris-
tics of a specific workload and the application structure. Hence
offline system profiling is typically desirable to find an ap-
proximate value for the service rate per thread allocation [9]
[14][21][23].

In this section, we introduce the sleep actuator to solve these
drawbacks. The basic idea is simple; worker threads are en-
forced to sleep for a certain amount of time to match the calcu-
lated service rate by the controller. This follows from observa-
tion that by changing service time of request processing, the
service rate can be properly adjusted. To this end, sleep time is
dynamically adjusted based on the difference between the cur-
rent measured server service rate and the target service rate ser-
vice rate.

Let u(n+1) be the target service rate of worker threads for
the next interval produced by the feedback controller. u(n) de-
notes the current service rate. Let X(n+1) be the sleep time to be
applied for the next interval and X(n) be the current sleep time
enforced at current interval. Sleep time for the next interval
X(n+1) is obtained incrementally such that the sleep time ad-
justment AX is calculated based on the difference between cur-
rent measured service rate of worker threads u(n) and the target
service rate u(n+1). Formally, the sleep time for the next interval
X(n+1) is calculated as

Xn+1)=Xm)+4X, X0)=0 (®)
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For example, in figure 3, if the current service u(n) is 1 (ser-
vice time is 1) and the service rate for the next interval y(m+1) is
0.5 (service time is 2), then 4X will be 1, which leads to larger
sleep time. Likewise, if the current service u(n) is 0.5 (service
time is 2) and the service rate for the next interval ym+1) is 1
(service time is 1), then AX will be -1, which leads to smaller
sleep time. To help response time converges faster to the set
point, instead of sleeping for the entire given amount time
X(n+1) set by controller, it spins around a loop in which a small
amount of sleep is repeatedly enforced. This enables to change
the sleep time of a request currently being serviced to the newly
adjusted sleep time.

Target Service Time (1/u(n+1))=2 Target Service Time (1/(n+1))=2
Current Service Time (1/u(n))= 1 Current Service Time (1/u(n))=1
AX=1 ‘ ASleep Time = 1

[ 1 ]

Target Service Time (1/u(n+1))=1 Target Service Time (1/u(n+1))=2
Current Service Time (1/u)=2 Current Service Time (1/u(n+1))=1

= ) AX=-

I

>
x
I
N

Figure 3. Conceptual Diagram of Sleep Actuator



Figure 4 (a), (b) shows the relationships of sleep time and
performance metrics: CPU usage and throughput. To see the
relationships more clearly, a simple workload is applied where
inter-arrival time is constant reducing the effect of input fluctua-
tion. Sleep time ranging from 0.01 second to 0.5 second is en-
forced for every request processed. Figure 4 (a) demonstrates the
relationship of CPU usage and amount of sleep time enforced. It
clearly shows that as sleep time gets larger, CPU usage de-
creases. This is attributed to the fact that imposing more sleep
time gives worker threads less time to run, idling CPU time.
Note that, after 0.2 sleep time, CPU usage does not decrease
anymore, because kernel still has to handle incoming requests.
Likewise, in figure 4 (b) larger sleep time results in smaller
throughput and smaller sleep time yields larger throughput.
From this result, it can be concluded that, by adjusting sleep time,
we effectively have control of CPU, thus changing service rate
properly.
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3.4. Design of Feedback Controller

In this section, we describe a design procedure for a feed-
back controller for the proposed delay regulation framework.
The abstraction for a multi-threaded Internet server is
M/M/1/MT queuing system. We use a P (Proportional) control-
ler for feedback control because it is a simple way to relate con-
trol error and we will show later in this paper that P controller is
sufficient for correcting residual error caused by M/M/1/MT
queuing model. In order to design a P controller, the desired
output value should be first specified and this is called reference
signal which is denoted by r(n) for n-th time interval. u(n) de-
notes control output and e(n) denotes the control error, r(n)-y(n),

where y(n) is system response. Then, a digital form of the P con-
trol function is,
um)=K ,e(n)

Intuitively, the adjustment of the tuning control depends on
the current value of the control error e(n). Its effect on the con-
trol output u(n) are weighted by the proportional control gain
control gain K, for the response to system disturbances. In the
case of queuing Model-Based Feedback Control, y(n) is an aver-
age response time of i-th interval and u(n) is to be service rate
applied for worker threads.

Since we use M/M/1/MT queuing model as system model,
we differentiate equation (6) to linearize at the operating point

oD __ min (m,k) (10)
ou ( min(mk)x u—1)°
At the operating point, this yields

b _ —min(m,k)x D,.t,/z (11)
ou ‘

Since we are dealing with a discrete case, the above differential
equation approximates to a difference equation.

AD
7:—min(m,k)><Dw,2 (12)
Au
Finally, the proportional P controller is implemented according
to

M=t xAD (13)
min(m,k)x D,

where o is a control gain. We choose a empirically such that it
guarantees a reasonably fast converging time while maintaining
stability upon input fluctuation. In our test implementation with
Apache Web server, we use a=2.0/D,,; Given values of maxi-
mum number of worker threads m, delay reference D, the cur-
rent number of active worker threads &, and error AD, incre-
mental change of service rate for each worker thread Au can be
easily calculated.

4. Experimental Validation

We have implemented the proposed delay regulation frame-
work for multi-threaded Internet servers using Apache web
server 2.0.7 and Linux kernel 2.4.20. We choose Apache web
server because it is an open source project and also one of the
most popular Web servers. In our implementation, Apache is
modified to provide state information used in the control system.

4.1. Implementation Details

Tinyproxy 1.6.1 is used and modified to implement the sen-
sor (monitor), controller and actuator modules. Tinyproxy [24] is
a lightweight and fast HTTP proxy that consumes fewer re-
sources than fully equipped proxies. In our test-bed, all HTTP
requests from clients flow through Tinyproxy and are forwarded
to Apache Web server. Responses from the Web server also
return back to clients through Tinyproxy. The sensor monitors
both HTTP requests from clients and responses from the Web
server. It calculates and estimates parameters and performance
metrics such as arrival rate, average response time, average ser-



vice time, service rate of each worker thread and the number of
active threads.

At each control period, above mentioned parameters are es-
timated and then sent to the controller module via shared mem-
ory since Tinyproxy exploits multi-process architecture. The
controller is invoked to determine the next service rate. It is
composed of two parts: The queuing model predictor takes the
measured client request rates and the number of active worker
threads from the sensor module and produces the model pre-
dicted service rate; The feedback controller takes the measured
average response time as input and produces service rate adjust-
ment. Then the actuator calculates sleep time with respect to the
service rate produced by the controller to enforce proper sleep
time. Sleep actuator is implemented in Apache with less than 50
lines added at most, and usleep() system call is used to force
worker threads to sleep for a certain amount of time to adjust the
processing time (service time) of requests. Sleep time is dynami-
cally adjusted based on the difference between current measured
server service rate and the target service rate (Controller’s out-
put), hence makes service rate match the target service rate.

Since HTTP processing steps can be divided into three steps
and the second step (the requested objects are read from the
storage or generated dynamically) the third step (the responses
are replied back to the clients) can be overlapped especially
when the object is a dynamic page, it is reasonable to insert the
sleep actuator between the first step and the second step. Also,
since a request can be rejected if the requested URL is not
proper, it is not good idea to put it in front of step 1, either. As
estimating parameters such as response time and arrival rate, the
presence of noise can incur overreaction of the controller, hence
it might impair the overall performance. Preventing this from
happening, exponentially moving-average filter were applied.

4.2. Experimental Setup

All experiments are conducted on a test bed consisted of two
PCs connected through 100Mbps Ethernet. The client machine is
equipped with a 1.7GHZ Intel Pentium IV processor and 512MB
RAM. httperf [19] is used as synthetic generator on the client.
We modified httperf to generate realistic workload from real
Apache access log (i.e. web traces explained below). The server
machine has a 1GHZ Intel Pentium III processor and 256MB
RAM, which runs Apache 2.0.7 and Linux kernel 2.4.20.

Experiments are performed using the World Cup 98 Web
trace [6]. The trace consists of all the requests made to the World
Cup Web site between April 30, 1998 and July 26, 1998. Each
request is recorded with an arrival timestamp, a client ID for
each IP address, size of the requested file and other fields.

4.3. Results and Model Validation

We conduct a set of experiments for the purpose of differen-
tiating the performance of the proposed autonomous delay regu-
lation framework from those of previous approaches. We com-
pare the performance of four different types of controllers each
other:

e M/M/1 Queuing Predictor Only
e M/M/1/MT Queuing Predictor Only

¢ Queuing Model-Based Feedback Controller (M/M/1+P Con-
troller)

e The Proposed Autonomous Delay Regulation Framework for
Multi-Threaded Internet Servers

For all experiments shown here, the reference delay was set
to 0.05 second and the length of control interval is 3 second. At
each control period, the average request arrival rate, response
time of that interval and active number of threads are measured.

First, we first compare M/M/1 queuing predictor and the
M/M/1/MT queuing predictor. The purpose of this experiment is
to see the performance difference of two queuing models and
also, how much error is incurred due to model inaccuracy. Fig-
ure 5 shows the results. M/M/1 queuing predictor exhibits larger
error with regard to the reference value. This is expected, since
M/M/1 formula does not take into account the consequence of
the multi-threaded architecture so that the calculated service rate
is much higher than the proper value to reach the set point. In
comparison, M/M/1/MT exhibits much better performance than
M/M/1 model since it considers the active thread number. How-
ever, it still shows substantial error compared to the reference
value. This is attributed to the two facts. First, we use the steady
state result of the queuing model to calculate. Hence the control-
ler cannot react fast enough to catch the input load change. This
explains the delay fluctuation in interval (30, 45) and (70, 75).
Secondly, even though M/M/1I/MT includes the effect of the
multi-threaded architecture, simplified assumptions such as ex-
ponential service time or the ignorance of the concurrency gain
still leads to the sizable residual error.

Figure 6 presents the comparison of the delay of Queuing
Model-Based Feedback Control and that of the proposed ap-
proach. We used the P controller for feedback controllers in both
cases. Queuing Model-Based Feedback Control reduces residual
error significantly compared to M/M/1 Queuing Predictor Only,
but it still shows error. This is because the P controller cannot
correct the residual error since the service rate prediction from
M/M/1 queuing predictor deviates from the reference severely.
In contrast, the proposed approach demonstrates much better
performance and follows the reference value accurately, since
the M/M/1/MT predictor determines the output service rate ac-
curately so that the P controller can suppress the error caused by
model inaccuracy with no trouble. Note that with PI or PID con-
troller, Queuing Model-Based Feedback Control can perform
well [21] but parameter tuning of PI or PID controllers is not a
trivial matter which requires system identification phase for that.
Figure 7 shows the performance of the proposed scheme when
reference delay changes during the execution. The purpose of
this experiment is to see how the proposed scheme adapts well
autonomously under the changing environments without inter-
vention of administrators. Since we are already using a realistic
workload from real Web traces, instead of changing a workload,
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we changed the reference delay to test the performance. As you
see from figure 7, it tracks the reference value quickly without
fluctuation. In figure 8, service rate is changed accordingly to
follow the change in the reference delay.

5. Related Work

The role of feedback control has been applied to controlling
software systems during latest years. Especially, control-
theoretic approaches have been applied to server performance
control. In [3], Abdelzaher et al. build a feedback control loop
for Apache Web server [5] that enforces desired relative delays
among different service classes via dynamic connection schedul-
ing and process reallocation. In [15], a similar approach is used
for Squid proxy server to guarantee cache hit-ratio by dynami-
cally adjusting the disk space allocation. In [8], the parameters
(i.e. KeepAlive time, MaxClients) of an Apache Web server are
dynamically allocated using a MIMO feedback controller. The
goal is to keep the system’s CPU and memory utilization stabi-
lized at a desired reference value. A similar approach is also
used in Lotus Notes Server [9]. These approaches view the
server system as a state space model and use a linear feedback
control scheme without a queuing predictor. Due to the funda-
mental difference between a mechanical system and computing
system, state space models cannot be built directly to reflect the
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internal dynamics of the server. Instead, they are usually con-
structed offline using model identification techniques under
certain predefined workloads [31]. Due to the stochastic nature
of the Web traffic (with temporally and spatially variation),
models thus obtained are not accurate. Furthermore, since com-
puting systems are highly nonlinear [2], these models are at best
a linear approximation of the real system. This leads to the prob-
lem of poor robustness when directly applying classical control
theory to controlling server’s performance, especially in pres-
ence of dynamic traffic loads. To solve this problem, Lu et al.
[15] propose an adaptive control technique for Web caching
systems. The introduction of adaptive controller helps adjusting
the model to the traffic dynamics to some extent. However, the
model and control are still intrinsically linear; and the adaptive
controller usually responses slowly to abrupt traffic changes.

In [21], Sha et al. proposed Queuing Model-Based Feedback
Control to achieve delay regulation in Web servers. It consists of
a feed forward predictor and a feedback controller. The feed
forward predictor approximates the queuing behavior of the
server system and outputs a service rate. Then feedback control-
ler calculates a service rate adjustment based on the difference
between the delay reference and measured delay to reduce the
error.



6. Conclusions and Future Work

In this paper, we present an autonomous delay regulation
framework for multi-threaded Internet servers. To deal with the
inaccuracy of a queuing predictor, we derive a queuing formula
to capture the multi-threaded nature of Internet servers so that
the queueing model predictor controls the system state near an
equilibrium operation point, in spite of changes in the arrival
process. Thanks to the accuracy of the new queuing model for
multi-threaded Internet servers, a simple feedback loop effec-
tively corrects residual errors. In order to allocate resource ap-
propriately, we devise a sleep actuator which regulates the ser-
vice rate by enforcing worker threads to sleep for certain amount
of time. In this way, the proposed scheme works autonomously
with no need for offline system identification. Evaluation is done
thoroughly through experiments on an Apache web server using
World Cup 98 Web trace. We demonstrate that the proposed
delay regulation architecture indeed not only eliminates depend-
ency to particular workloads or specific Internet server applica-
tions but also keeps delay to the reference value accurately under
realistic workload and highly dynamic environments. These
initial results are very promising and we hope this approach can
be applied to the autonomous control of other Internet servers
such as database systems. We also intend to implement and
evaluate the proposed scheme in multiple-tier Internet service
systems on the current test bed.
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