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Abstract

The use of feedback control theory for performance
guarantees in QoS-aware systems has gained much atten-
tion in recent years. In this paper, we investigate merging,
within a single framework, the predictive power of queue-
ing theory with the reactive power of feedback control to
produce software systems with a superior ability to achieve
QoS specifications in highly unpredictable environments.
The approach is applied to the problem of achieving relative
delay guarantees in high-performance servers. Experimen-
tal evaluation of this approach on an Apache web server
shows that the combined schemes perform significantly bet-
ter in terms of keeping the relative delay on target compared
to feedback control or queueing prediction alone.

1 Introduction

Feedback control theory has recently gained much popu-
larity as an analytic foundation for providing soft QoS guar-
antees in computing systems such as Internet servers [3, 18]
and Internet routers [7, 12]. An advantage of feedback con-
trol is that it causes system performance to exhibit a self-
correcting, self-stabilizing behavior. Interpreting QoS spec-
ifications as control loop set points, the system converges
towards an equilibrium around an operating point defined
by the specification, thereby producing the desired QoS.
Due to the robustness of common feedback controllers, sys-
tem convergence is observed even in the presence of model-
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ing inaccuracies, inherent system nonlinearities, and varia-
tions of system parameters over time. These desirable prop-
erties have brought about much interest in control theory as
a means to achieve software QoS guarantees.

A disadvantage of feedback control is that it essentially
is a reactive approach. The feedback loop operates by re-
sponding to measured deviations from the desired perfor-
mance, i.e., exerting corrective action that attempts to re-
duce the deviation to zero. In many cases, however, it may
be possible to predict that system performance is about to
degrade before the degradation actually occurs. For ex-
ample, in web server delay control, where server response
time is the controlled parameter, an increase in current in-
put load is likely to cause an increase in the average re-
sponse time in the near future. Unfortunately, a feedback
controller, which measures the current delay, will remain
oblivious to the impending overload until it occurs. This
delay in response is particularly significant since the server
response time is a moving average that is slow in response
to changes. Augmenting feedback control with a predictive
framework would have averted this problem, thereby pre-
venting the overload from occurring.

Queueing theory provides the predictive framework
needed such that expected delays can be inferred directly
from input load. In a previous paper [19], the authors de-
scribed the first attempt to combine queueing prediction and
feedback control in software services in the context of pro-
viding absolute delay guarantees in web servers. In this pa-
per, we extend the approach to the problem of meeting rel-
ative delay guarantees in web servers. Relative guarantees
are particularly useful for service differentiation on over-
loaded systems. They have gained much popularity since
the formulation of the proportional differentiated services



framework [8, 9]. Unlike other differentiated service mod-
els, the proportional differentiated service provides both
predictable and controllable relative differentiation. It is
predictable, as the differentiation is consistent (i.e., higher
classes are better, or at least no worse) regardless of the vari-
ations of the class loads. It is controllable, meaning that the
network operators are able to adjust the quality spacing be-
tween classes based on their selected criteria.

We compare empirically three different variants of the
general formulation of the relative delay guarantee problem
as a combination of queueing-theoretic prediction and feed-
back control. These variants follow the common architec-
ture shown in Figure 1. The queueing predictor is placed
on the feedforward path to make estimates of per-class re-
source allocation that satisfies the delay requirements. Sev-
eral feedback control loops correct this allocation for their
respective classes in response to measured per-class perfor-
mance deviations that result due to inaccuracy of the pre-
dictor. Variants of this architecture, explored in this paper,
differ in the relation between the number of feedback loops
and the number of client classes, the definition of per-loop
set points, the definition of performance error, and the way
the feedback controller output is mathematically combined
with that of the queueing predictor. We describe how these
variants are implemented inside an Apache web server, an-
alyze their advantages and disadvantages, and report on our
experiences with tuning their parameters in practice such
that best performance is achieved.
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Figure 1. The augmented control loop

The rest of the paper is organized as follows. Section 2
describes related work. Section 3 presents the design of the
control loop and a description of its sensors and actuators.
Section 4 describes our experimental framework and evalu-
ation results. The paper concludes with Section 5.

2 Redated Work

To the authors’” knowledge, this and our previous [19] pa-
pers present the first attempt to combine queueing-theoretic
prediction with control-theoretic correction in a single

framework for performance control in web services. While
queueing theory and feedback control are both mature dis-
ciplines, the opportunity for their combined use has not pre-
sented itself in prior work. The situation changes when
control is applied to software performance. Server queues,
modeled by difference equations as integrators of request
flows, satisfy the assumptions of both the control-theoretic
and the queueing-theoretic frameworks.

The application of control theory to software perfor-
mance control has met much success in recent years. The
main motivation has been to develop robust techniques for
QoS adaptation that have convergent, self-correcting prop-
erties. Several recent papers [1, 2, 4] presented a con-
trol theoretical approach to web server resource manage-
ment based on web content adaptation. QoS guarantees on
request rate and delivered bandwidth were achieved. In
[14, 21, 22], control theory was used for CPU schedul-
ing to achieve QoS guarantees on service delay. A simi-
lar approach was used for e-mail server queue management
[18]. In [20], guarantees were made on power dissipation
by applying control-theoretical techniques to microproces-
sor thermal management. In our previous work [15, 16],
we applied feedback control theory to proxy cache QosS, as
well as the problem of automating controller tuning. At the
network layer, control theory was applied to packet flow
control in Internet routers [7, 12]. Due to the usefulness of
the control-theoretic approach and its versatile applications,
middleware frameworks emerged for control-based QoS as-
surances [24]. The authors of [10, 13, 24] provided tools to
help apply control-theoretic design techniques to a larger
class of systems. We demonstrate that adding queueing-
theoretic prediction capabilities to control loops can en-
hance feedback loop performance in a non-trivial way. We
believe this technique will be of great value whenever time-
related QoS metrics are being controlled.

3 Design

We consider the problem of providing relative delay
guarantees in high-performance servers.® We define a high-
performance server as any server which handles a very large
number of requests per second, such that client response
time is dominated by the server’s queueing delay (e.g., in
the server’s external socket queue, or in the CPU ready
queue). We assume that server traffic is classified into a
finite fixed number (V) of classes. At each sampling time,
k, the average delay, W;(k), is computed for each traffic
class;. The relative delay guarantee ensures the quality
spacing between classes by imposing constraints of the fol-
lowing form on successive pairs of classes

Wit1(k) _ cita
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where ¢; is a constant weighting factor of class;, represent-
ing the user’s relative delay specifications. To evaluate the
system performance on providing the relative delay guaran-
tee, we measure the deviation E;(k) of the actual delay ratio
from the desired ratio, i.e.

civ1 Wit (k) @)

Eu(k) = Ci Wi(k)

We further assume that all classes share a single server
resource. Relative delay guarantees are achieved by al-
locating that resource appropriately among the competing
classes. While in general, servers have multiple resources
(such as CPU cycles, network bandwidth, and disk band-
width), it is often the case that only one resource is the bot-
tleneck. This observation was experimentally verified for
the server used in this study. Thus, the single-resource ap-
proximation holds well in practice.

An initial solution to the above relative delay guarantee
problem has been presented by the authors in [14]. It has
been shown that feedback control is capable of keeping the
different delays in proportion to their relative weight fac-
tors. However, abrupt changes in the traffic pattern result
in large deviations before corrective action is taken. This
fundamental limitation of a pure feedback-control solution
motivates us to design a queueing predictor that is sensi-
tive to traffic changes and re-formulate the relative delay
guarantee problem as a combination of prediction and feed-
back. Three different formulations of the combined prob-
lem are presented and evaluated in this paper illustrating
significantly improved performance. The queueing predic-
tor, the common component in the three formulations, is de-
scribed in Section 3.1. Its integration techniques with feed-
back control are presented in Section 3.2. Analysis of how
the queueing predictor improves the controller performance
in the integrated architectures is given in Section 3.3.

3.1 TheQueueing Predictor

Consider an arbitrary high-performance server serving
N client classes. Assume the request streams of each class
are Poisson distributed, with an arrival rate of A;. In our
server model, each traffic class is served by a separate
M/M/1 queue with an average service rate of u;. Although
Poisson distribution is not an accurate model for Internet
traffic, we use M/M/1 queue because first, its solutions are
simple and easy to manipulate and second, the model er-
rors can be corrected by feedback control. From queueing
theory, we know that for an M/M/1 queue with arrival rate
A; and service rate p;, the long term average queueing time
(i.e. connection delay) for the clients is

Ai
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where A; < p; 3)

Hence, we can estimate the queueing delay ratio of two
classes at k" sampling time as

Wi(k) _ Ai(k)pm (B) (1 (k) = Am (K))
Wi(k) A (k) ps(k) (i(k) — Xi(k))

Since we assume that in our server the queueing delay dom-
inates the clients’ waiting time, to provide the relative delay
guarantee (Equation 1), we control service rates u;(k) and
um (k) in a way that makes the estimated queueing delay
ratio approach the desired ratio, that is

Ai(B) o (K) (pm () = Am (k) _ i
Am (B i (k) (i(k) = Xi(k))  cm

We also assume that the service rate u; of each queue
is isolated and proportional to the amount of its allocated
resources. By dynamically adjusting the resource alloca-
tion, we have the control on service rates. There are several
techniques for allocating system resources among compet-
ing client classes. In servers with a process-per-class or a
thread-per-class architecture, it is possible to control per-
class resource allocation using mechanisms such as capac-
ity reserves [17], CPU reservations [11] or resource con-
tainers [5]. These mechanisms allow a certain percentage of
CPU time to be allocated to (the processes or threads) serv-
ing requests of a particular class. The average service rate
w; for that class is proportional to the resources reserved.

Let ¢ be the total capacity of the server. Let a resource
reserve of size b; < c be allocated to class;. The corre-
sponding service rate u; will be b;u, where p is the service
rate per resource unit. Then Equation (3) becomes

Ai
Wi bipa(bip — i) ©
To meet the relative delay guarantee specified by Equa-
tion (1), the following equations should be satisfied

(4)
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There are N equations in the N unknowns, b;, i =
1,2,---,N. By solving these equations, we can get the
desired values for b;, which describe the resource alloca-
tion suggested by the predictor. These values constitute
the queueing predictor output (Figure 1), which can also
be translated into a pair-wise ratio, b”+1 In the combined
queueing plus feedback framework, the output of the queue-
ing predictor is not directly applied. Instead it is mathemat-

ically combined with the output of the feedback controller




whose purpose is to adjust for errors in resource allocation,
as described next.

3.2 TheFeedback Controller

We will present three ways relative differentiated service
guarantees can be translated into a feedback control frame-
work, which is then integrated with the queueing predictor
described above. All three approaches share the architec-
ture shown in Figure 1. The approaches differ in how many
control loops are used, how control set points are computed,
and how the error is formulated to drive the correction pro-
cess. Below, we describe each of the three approaches and
discuss their relative merits and drawbacks. Comparisons
of their performance on an Apache web server are shown in
the evaluation section.

3.21 Approach 1: Per Class Control with Fixed Set
Point

In this variant, a single control loop exists per traffic class.
To satisfy the relative delay guarantee expressed by Equa-
tion (1), at every sampling time k, it is enough that the

relative delay of each class;, defined as —pi®)

y ‘ >y Wik)
equal to the relative delay ratio computed from user speci-
fications, i.e., =~ Hence, the performance error e; (k)

of class; at samij=ir119 time & is given by the expression
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where Z,E," is the fixed set point of class; and
=1
% is the value returned by the relative perfor-
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maJncle sensor. It is easy to see that if the performance error
is reduced to zero for each class, the relative guarantee of
Equation (1) holds true for the N-class system. The feed-
back controller in each loop is a linear function f(e;(k)). It
translates the performance error e;(k) into a correction Ab;
to the resource allocation b; computed by the queueing pre-
dictor for class;. The controller function satisfies f(0) = 0
(i.e., no correction if there is no error). Thus, if the predictor
is accurate, the performance error and the correction would
be equal to zero. Since the predictor is only approximate,
the actual (i.e., adjusted) resource allocation b?dj enforced
by the actuator for class; is computed from

b2 = b; 4+ Ab; (10)

It is important that the adjusted resource allocation obeys
the constraint of server capacity expressed by Equation (8),
H N jadj _ . N

i.e. .0, b = c. We call it, the constant sum constraint.
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This property holds because

N N N
D ei(k) = i _ X Wilk) (11)
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Hence
N N N
Do Abi =Y f(eilh) = (X elk) = £(0) =0
i=1 =1 i=1 (12)
Consequently
N ) N
ST =>"b+0=c (13)
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In other words, the condition on total server capacity, ex-
pressed by Equation (8), is satisfied for the adjusted re-
source allocation.

While the above formulation of the relative delay guar-
antee problem has the advantages of having a fixed set point
and an adjusted resource allocation which satisfies the con-
stant sum constraint, on the disadvantage side, it has three
undesirable features. First, there is tight coupling among the
control loops. This is because the plant output, %

P J
involves division of the class’s delay by the sfmﬁ of all
classes’ delays, which are outputs of other control loops.
Modeling a system in such a way causes a single input sin-
gle output controller not suitable for the performance con-
trol, unless the denominator, in this case, the sum of all
classes’ delays remains relatively constant. Second, the
control framework gives rise to an asymmetric formulation
of the original relative differentiation problem. It is true
when the performance error (Equation 9) e;(k) = 0 (for
all ¢), the QoS specification is achieved, as E;(k) = 0 in
Equation (2). However, e;(k) isn’t always strictly propor-
tional to £;(k). Suppose there are two classes in the system,
¢1 = 1, co = 3; at kth sampling time, we have Wy (k) = 1,
Wa (k) = 1; while at jth sampling time, we have W1 (j) =
2, Wa(5) = 10. Although in both kth and jth sampling time,
|E1(k)| = |E1(5)| = 2, the performance errors fomulated
by this approach do not reflect this, as |e1 (k)| # |e1(s)]
with e; (k) = — and e1(j) = 5. Third, the constant
sum constraint isn’t achieved free of charge. It requires that
for all control loops, the designed control functions are the
same, e.g. f. This restricts controller design. The relation-
ship between resource allocation and delay may vary from
one class to another (because, for example, the class traffic
patterns are different) making it advantageous to tune the
different per-class controllers differently. This, however, is
impossible without violating the constant sum constraint.



3.2.2 Approach 2: Per Class Control with Variable Set
Point

We can formulate the relative delay problem differently by
noticing that when the relative guarantee (Equation 1) is sat-
isfied, the ratios W;(’“) Wz(’“) WN(’“) are equal. More-
over, they are also equal to thelr average This average is
therefore a good candidate for a common control set point.
The error of each loop 4 is the deviation of the i** ratio from
the common set point. When all deviations are zero, the rel-
ative guarantee is satisfied.

In this architecture, we use a single control loop per
class. The sensor in each loop 4 muItipIies the output de-
lay W; (k) of the class by the constant . The set point is
the same for all classes and is equal to the average of all
sensor measurements, i.e., avg(k) = & SN, Pi The
performance error of class; is

ei(K) = avg(k) — —Wi(k) (14)
(2

Observe that the control loops in this formulation are lin-
ear, since the sensor measurement WC—(’“) is the delay of the
class scaled by a constant. The controller is a linear func-
tion that computes Ab; = f(e;(k)), such that actuator input
is b;.’dj = b; + Ab;, where b; is the output of the queueing
predictor. The constant sum constraint is satisfied because

N N N
Wi(k Wik
ICCEDPLCLES PUELTTINCE
i=1 -1 i i1 Ci
which leads to
N N N
D oAb =) flek) = (O _ei(k)) = f(0) =0
i=1 i=1 i=1
(16)
and consequently, El 1 b‘jdﬂ = ¢. Although the approach

removes a nonlinearity from the system, it is an indirect
method in that each control loop controls the absolute delay
of its own class. The relative delay guarantee is achieved
indirectly as a consequence of changing the set point which
depends on all control loop outputs from the previous iter-
ation. Similar to the first approach, this is an asymmetric
formulation of the relative differentiation problem (Equa-
tion 1)and it requires the same control function design for
all the loops to meet the constant sum constraint.

3.2.3 Approach 3: Class Ratio Control

Another disadvantage of both of the previous approaches
is that each individual feedback loop controls the resource
allocation of a single class. However, the relative delay
guarantee is not well correlated with resource allocation to
any individual class, but with the ratio of such allocations
to different classes. Hence, controller derivation becomes

a problem, as the actuator’s enforced resource allocation,
b?%¥ | is not well correlated with the measured performance
error (Equation 2), E;(k), in any single loop.

To avoid this problem, we change the architecture such
that one feedback control loop is used for every pair of ad-
jacent classes. At every sampling time k, the loop measures
the deviation in the delay ratio V;;fbg;“) of the two classes

from its ideal target <**. The performance error is there-

fore defined as e; (k) = <+ — WW+E,§;“) If the queueing
b;

predictor is ideal, the ratio P of resources allocated to
the two classes will be such that no error is observed. In
general, the queueing predictor is only approximate, caus-
ing a finite error to develop. The loop controller is a linear
function, f(e;(k)), which determines the allocation ratio
adjustment A (- bi (’Ek)) needed to correct the resource allo-
cation ratio.

To combine the queueing predictor and the controller, we
simply add their outputs. The input to the actuator which
enforces resource allocation is therefore

badj(k) _ b; (k) bi(k)
)~ b T ) (17)

The actuator solves these equations, one for each of the
N — 1 control loops in the system, together with the total
capacity condition

BY(R) + 557 (k) + .+ 03I (R) = (18)

for the individual values of resource allocation b;’dj(k).
Since this is a system of NV equations in N unknowns, a
solution is always possible. The solution simultaneously
satisfies the constant sum constraint and the adjusted ratio
pedi (1
5 1
section, this formulation yields the best performance.

Note that the actuator in this case creates a potential cou-
pling between individual loops in that the actual resource
shares of individual classes, b;‘d] (k), depend on the alloca-
tion of other control loops, as determined by the solution of
Equations (17) and (18). This, however, is not a concern

since in the controlled system it is the ratio ad] ((k)) that is
1+1

most tightly correlated to the delay ratio W“té(;“) The ac-
tuator does not change the former ratio. Thus, the coupling
does not affect the desired guarantee. Unlike the previous
two approaches, this formulation does not have the asym-
metry problem and the controllers for each loop could be
different linear functions.

of each control loop. As we show in the evaluation

3.3 Combining Prediction and Feedback Control

In this section, we analyze some implications of the inte-
gration of the queueing predictor from Section 3.1 with the



feedback control loops from Section 3.2. As we know, the
average delay of queueing systems (such as web servers) is
essentially nonlinear in the resource allocation which deter-
mines average service rate. We call the curve that relates
the resource allocation (or service rate) of a class to the
delay of that particular class the input-output curve. The
slope of this curve is very important since it describes how
changes in resource allocation affect the average delay of
the class. This slope is used in tuning the feedback con-
troller. For linear systems, linear control theory can de-
termine controller parameters given the constant slope of
the input-output curve. From queuing theory, however, we
know that the input- output curve for an M/M/1 system is
given by Delay = ;255 Hence, its slope (L552L) is not
constant, which means the controller must be tuned based
on the “worst case” slope. It is useful to think of system
delay as defining an operating point on the curve. As cur-
rent delay changes, so do the operating point and the slope.
The worst case slope is the maximum slope of the input-
output curve over all operating points that might be vis-
ited by the system during normal operation. A controller
tuned for the worst case will ensure eventual system con-
vergence to specifications (known as system stability), as
long as the system operates at a point where the slope of
the input-output curve does not exceed the stipulated worst
case. This convergence, however, will generally be too slow
when the slope is significantly lower than the worst-case. In
this case, the controller design is said to be pessimistic.

In our previous paper [19], we demonstrated that a
queueing predictor helps alleviate this problem. The pre-
dictor determines a resource allocation that attempts to keep
system delay around a target set point. Hence, the system
operates in a small region of the input-output curve and can
be linearized around that operating point. The slope of the
input-output curve in that small region does not change sig-
nificantly, leading to less pessimistic controller design.

An interesting observation we point out in this paper is
that unlike the case with absolute delay control, in relative
delay control the above argument does not hold. Relative
delay control must guarantee that the average delays seen
by different classes satisfy a specified proportion. For ex-
ample, when the control loops are set up as described in
Section 3 2.3, the “output” in the input- output curve is the
fraction ’+1 . The input is the fractio g
we derlved ‘the input-output formula (Equation 4) for the
corresponding queueing delay ratio using queueing theory

Wi Ambi(bip — Xi)

(19)

Figure 2, plots this formula, demonstrating how the delay
ratio ’+1 (the metric that the system mtends to control) is
related to the resource allocation ratio ;- (the control sig-
nal generated in the scheme) for three dlfferent request ar-

rival rates. Observe that, unlike with absolute delay control,
in this case for the same output delay ratio, the input-output
curve does not have a unique slope. Instead, its slope de-
pends on the request arrival rate. Thus, keeping the relative
delay around the set point (say, the rectangular area in Fig-
ure 2) does not yield a uniquely linearizable system. The
controller has to be designed for the worst-case slope which
depends on the expected range of request arrival rates. The
same observation is found true of the other two relative de-
lay control schemes discussed in this paper.

—— when request rates for
the two classes are 40/s

---8--- when request rates for
the two classes are 30/s

delay ratio W1:W0

—=— when request rates for
I the two classes are S0/s
and 30/s respectively

o 0.5 1 1.5 2 25
resource allocation ratio b0:bl

Figure 2. Non-linearity of the system

Despite our inability to uniquely linearize the system
around the operating point even in the presence of the
queueing predictor, this predictor is still very useful in that
is does attempt to keep the delay ratio of all classes around
the set point. The more accurate the queueing model used in
the prediction, the closer the system is to the set point, and
the lower is the burden on the feedback controller (i.e., the
less relevant is the effect of pessimism in controlled design).
In Section 4.3 we prove this predictive mechanism signifi-
cantly improves the control system performance when large
workload changes occur.

4 Experimentation

In the previous section, the combined queueing plus feed-
back frameworks are presented. We now describe how we
implemented and evaluated them in an Apache web server
to provide relative delay guarantees.

4.1 Implementation

We considered server processes as the resource to be con-
trolled and implemented a process allocation mechanism to
achieve relative connection delay differentiation. We used
an instrumented version of the Apache 1.3.9 [23] server first
described in [14]. In this version a new library implements
a Connection Manager (including a Monitor, a Queueing
Predictor, a Controller, and a Connection Scheduler) to ad-
just the allocation of server processes among classes of con-
nections. The total capacity ¢ of the server is the num-
ber of server processes created when the system boots up.



b; (k) represents the number of server processes reserved for
class; (Vi € 1,---, N) at kt"* sampling instant, which sum
up to be ¢. In order to decide the process quota for each
class, we implemented the Queueing Predictor and the Con-
troller. According to the resulting process quota, the Con-
nection Scheduler serves as an actuator to allocate certain
number of server processes to connections from each class.
Monitor is responsible for system measurements.

e Queueing Predictor

System profiling was carried out beforehand to get an
approximate value for y, the service rate per process
unit. Using the estimated u and average request arrival
rates \; calculated by the Monitor, the Queueing Pre-
dictor will produce the new desired values for b; by
solving N equations (7) and (8).

e Controller

For every control loop, an Integral controller is imple-
mented, whose digital form is

Ui(k) = Ui(k — 1) + g * es(k), U;(0) =0 (20)

The interpretation of U;(k) and e;(k) depends on the
control loop formulation

Approach  U;(k) ei(k)
1 Ab; (k) e —

2 Abi(k) £, W Ly (k)
bi(k ci Witi(k
3 Ab,-+(1(36) o WJZEIE))

and their measurements are carried out by the Monitor;
g is the design parameter called the controller gain,
which we tune based on the worst-case slope of the
input-output curve.

e Connection Scheduler

The Connection Scheduler serves as an actuator to
control the relative delays of different classes. It adds
up the outputs of the Queueing Predictor and the Con-
troller and computes the individual values of process
allocation 2% (k) for each class of clients. The Con-
nection Scheduler listens to the well-known port and
accepts every incoming TCP connection request. For
each class;, the Connection Scheduler maintains a
(FIFO) connection queue Q; and a process counter R;
for enforcing the number of processes to allocate.

4.2 Experimental Setup

All experiments were conducted on a testbed of PC’s con-
nected with 100Mbps Ethernet. Seven machines with a
450MHz AMD K6 processor and 256MB RAM were used.
One of them was assigned to run the web server with HTTP
1.1, and the rest to run clients that stress the server with
a synthetic workload. We used an enhanced version of
Surge (Scalable URL Reference Generator)[6] to generate
synthetic web workloads in our experiments. It generated
URL requests with a rate independent of the server load
while keeping the self-similarity characteristics in the re-
sulting traffic. Client machines were evenly divided into
two or three classes. The system goal was to guarantee that
the connection delay of different classes to satisfy relation
%ﬂ = 2 for two classes case or %j% = xz% = 2 for
three classes case. To test the performance of the system
on providing relative delay guarantees, the designed work-
load configurations differed in the relative workload vol-
ume between classes. The justification for such experiment
configurations is that the relative change of the class work-
loads produces the biggest disturbance to the system per-
formance, the relative delay. Four workload configurations
were designed for the two classes case. For the first one, the
average request arrival rates of the two classes didn’t change
dramatically and were around 75 requests per second (Fig-
ure 3-a). For the remaining configurations, numbered 2, 3,
and 4, the user population of each class changes in every
300, 130 and 70 seconds respectively, with increasing fre-
quency. The corresponding request arrival rates are shown
in Figure 3-b,c,d. The workload configurations for the three
classes case were similarly designed.

4.3 Experimental Results

4.3.1 Two Classes Case

In the first set of experiments, we compared the perfor-
mance of the three different implementations of the com-
bined framework. We carried out the experiments with the
four different workload configurations described. We used
the average absolute difference between the measured and
desired delay ratio |E(k)| (Equation 2) as a measure of per-
formance. The smaller the average difference, the better
the system performance. We calculated the average |E(k)|
using the data collected in the middle of the experiments,
when the system had been warmed up by the incoming
workloads. The results are shown in Figure 4. From this
figure, it can be seen that the scheme in Section 3.2.3 gives
the best performance of all configurations. This could have
been expected because approach 1 (Section 3.2.1) results in
a non-linear control loop, and approach 2 (Section 3.2.2)
has a variable set point which makes linear control more
difficult if the system exhibits any internal non-linearities.
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Hence, we believe that the superior performance of the
scheme in Section 3.2.3 is an artifact of using linear con-
trollers in our experimental study. If nonlinear controllers
are used, the relative performance of the three schemes re-
mains an open issue. This issue, however, is outside the
scope of this paper. The rest of the evaluation section is
concerned only with the the best-performing scheme.

In order to evaluate the combined system performance,
we compare its performance to that of the controller alone
and the queueing predictor alone for the mentioned work-
load configurations. Experimental results show that the
queueing predictor is useful in catching the traffic volume
changes and improves the system performance when com-
bined with the controller. As an illustration, Figure 5 shows
the results for workload configurations numbered 1, 2, and
3. Note from Figure 5-a that the performance of the com-
bined system does not beat that of the controller alone when
the traffic volume is stable. It indicates that feedback con-
trol of web server delay performs well when the workload
does not change significantly. If that is the case, there is no
need for a queueing predictor.

iz approach 1
O approach 2
i approach 3

average ¢mror

workload cenfiguration No.

Figure 4. A comparison of different architec-
tures

However, dramatic workload changes are very common
in web servers. Performance results in Figure 5-b,c indi-
cate that the controller cannot handle more rapid workload
changes well. Without the help of the queueing predictor,
big performance deviations are observed from the desired
delay ratio when the request rates change. In contrast, with
the queueing predictor integrated, the combined system re-
sponds to traffic changes more rapidly, thus reducing the
performance deviation.

Figure 5 also shows that the predictor alone does not let
the system converge to the target delay, which is caused
by inaccurate assumptions made by the predictor about
the probability distributions of the workload. The feed-
back controller in the combined architecture demonstrates
its usefulness in correcting this deficiency.

The average measured deviations of the compared sys-
tems from the desired ratio are summarized in Figure 6,
which indicates the controller alone degrades much faster
than the combined system when traffic changes increase.

To show how system performance is affected by the
choice of sampling interval, we carried out a series of ex-
periments using the workload configuration No. 3. We cal-
culated the average | E(k)| using the data collected during
1360 seconds in the middle of the experiments. As shown
in Figure 7, the choice of sampling interval leads to signifi-
cantly different average deviation from the target. The dif-
ference is caused by the fact that we are controlling a prob-
ability, instead of an instantly measurable quantity such as
temperature or pressure. Since probability itself is not di-
rectly measurable, the sensor can only estimate it by aver-
aging over large periods. Therefore, if we choose very short
sampling intervals, the system performs poorly. As we in-
crease the sampling interval, system performance improves.
However, increasing of the sampling interval beyond some
point will make the system less responsive causing perfor-
mance to degrade again. Hence, there is one optimal choice
of sampling interval where the system performs best. The
analytic derivation of this optimal is an interesting research
problem. Observe that Figure 7 shows that the combined
system always performs better than the controller only one,
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which further demonstrates that the queueing predictor is
helpful in improving the system performance.

4.3.2 ThreeClasses Case

We also carried out experiments with three classes of
clients. The experimental setup was similar to the two
classes case and was described in Section 4.2. As an illus-
tration, one of the experiment configurations and resulted
average deviations is shown in Figure 8, which indicates
that the combined system performs much better when the
workload volumes change dramatically for the three classes.

5 Conclusions

In this paper, we experimentally investigated the benefits
of combining a queueing-theoretic predictor with a feed-
back control architecture in the context of achieving relative
delay guarantees in high-performance servers. Our experi-
mental prototype featured an Apache web server running
the HTTP 1.1 protocol, which are presently the most preva-
lent web server and protocol on the Internet. Empirical
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evidence shows that significant performance improvement
can be achieved in the combined scheme when workload
changes (for instance, traffic spikes) exist and for all sam-
pling interval choices. Multiple variants were investigated
for the combined architecture. It was shown that the best is
to use a single controller per class-pair as described in Sec-
tion 3.2.3. We attribute this observation to 1) its symmetric
formulation of the relative delay differentiation problem;
and 2) the high correlation between the ratio of resource
allocation and the delay ratio, compared to the correlation
between an individual resource share and the relative delay
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The paper did not address several important issues. For
example, the derivation of the optimal sampling time in a
combined queueing and control formulation is of signifi-
cant interest. Other interesting directions include the exten-
sion of this scheme to a multi-resource architecture mod-
eled by a queueing network. Finally, other predictive ap-
proaches could be explored. Of particular interest may be
to explore the trend prediction techniques used to predict fi-
nancial markets. This is currently an avenue for the authors’
future work.
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