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Abstract

Certain real-time apgications must operate in highly
dynamic environments, thereby preduding eaccurate
characterization d the appications workloads by static
models. Thus, guarantees of real-time performance based
on a piori characterizations are not possble. Howeve,
potential benefits of a posteriori approaches are
significant, including the abhility to function corredly in
dynamic environments (through adagability to urforeseen
condtions), and hgher actual utilization d computing
resources.

In this paper, we nsider a control theoretic
framework that is appropriate for systems which
experience large \ariations in workload The god is to
manage a dstributed colledion o computing resources by
continuously computing and &sessng QoS andresource
utilization metrics that are determined a pasteriori.
Potential benefits of devdoping a control theoretic
framework for resource management include: reuse of the
large body of results in control theory, focus on problem
characteristics instead d control infrastructures, and
stahbility andysis.

1 Motivation

The majority of red-time cmputing reseach has
focused on the scheduling and analysis of red-time
systems whose timing properties and exeaution behavior
are known a priori. Thisis not without justification, since
static gpproaches to the engineaing of red-time systems
have utility in many applicdion domains [14].
Furthermore, the pre-deployment guarantee dforded by
such approaches is highly desirable. However, there ae
numerous applications which must operate in highly
dynamic environments, thereby preduding accurate
charaderization of the gplicaions properties by static
models. In such contexts, temporal and exeaution
charaderistics can only be known a pasteriori. Thus,

guarantees of red-time performance based on a priori
charaderizations are extraneous. However, the potential
benefits of a pcsteriori approaches are significant. These
benefits include the &ility to function corredly in
dynamic environments (through adaptability to unforeseen
conditions), and higher actual utilization of computing
resources.

This paper deds with large, distributed red-time
systems that have exeaution times and resource utili zations
which cannot be dharaderized a priori. The motivation
for our work is provided in part by the charaderistics of
combat systems, which are described in [7] asfoll ows:

“T he cmbat system processng demand per unit of
time is defined as follows. Each tactical capalility,
eg., track managment, has its own processng
demand This demandis dependent on the number of
objeds, e.g., tracks, that will utilize this capahility.
The total number of capaliliti es active @ncurrently
varies with time. The total number of objeds driving
each capahlity varies with time. Thus, the cmmbat
system processng cemand per time unit is dependent
on number of objeds per capalility in the time unit
and the number of capaliliti es active during the time
unit. ..."

Implicaions of these requirements are that demand
space workload charaderizaions may neel to be
determined a pcsteriori, and an adaptive gproach to
resource dlocaion may be necessary. In existing red-time
computing models, the exeaution time of a “job” is often
used to charaderize workload, and is usualy considered to
be known a priori. Typicdly, exeaution time is assumed
to be an integer “worst-case” exeaution time (WCET), as
in[11, 13, 23, 22, 21, 14, 3]. While [14] establishes the
utility of WCET -based approaches by listing their domains
of succesgul applicdion, others[10, 8, 6, 9, 19, 13, 20, 18,
17, 12, 1, 2, 4] cite the drawbadks, and in some caes the
inapplicability, of the gproaches in certain domains. In
[13, 20, 10, 6, 1] it is mentioned that charaderizing
workloads of red-time systems using a priori worst-case



exeadtion times can lead to poa resource utilizaion,
particularly when the difference between WCET and
adua exeadtion time is large. It is gated in [17, 1] that
acarately measuring WCET is often difficult and
sometimes imposdble.  In response to such difficulties,
techniques for detedion and handling of dealline
violations have been developed [8, 18, 17]. Paradigms
which generalize the exeaution time model have dso been
developed. Exeaution time is modeled as a set of discrete
values in [9], as an interval in [19], and as a probability
distribution in [10, 20, 2]. Most models consider
exeadtion time to apply to the job atomicdly; however,
some paradigms [12, 18] view jobs as consisting of
mandatory and optional portions; the mandatory portion
has an a priori known exeaution time in [12], and the
optional portion has an a priori known exeaution time in
[18]. Most of these goproaches assume that the exeaution
charaderistics (set, interval, or distribution) are known a
priori. Others have taken a hybrid approad; for example,
in [6] a priori worst case exeaution times are used to
perform scheduling, and a hardware monitor is used to
measure a posteriori task exeaution times for achieving
adaptive behavior. The gproach most similar to the one
presented in this paper is described in [4], where resource
requirements are observed apo deriori, allowing
applicaions which have not been charaderized a priori to
be acommodated. Also, for those gplicdions with a
priori charaderizations, the observations are used to refine
the a priori estimates. These charaderizaions are then
used to drive resource availability based algorithmic and
period variation within the gplicaions.

To further address these issues, we wnsider the
problem of resource management in red-time systems with
unpredictable, dynamicdly changing workloads. In
Sedion 2, we present a load balancing example. Sedion 3
ill ustrates how this load balancing problem can be mapped
to a control theoretic framework and identifies ome of the
problems and concerns of applying control theory to
problems in resource management.

2 Load Balancing

In order to perform resource management for large,
distributed red-time systems that have exeaution times and
resource utilizations which cannot be daraderized a
priori, it is important to redlocate resources acmrding to
continuous feadbadk from the system. To ill ustrate this
point, we consider an objedive of load balancing for fixed
workloads.

We will now consider a mathematicd model for load
balancing, and some aciated heuristics. Consider the
foll owing function definiti ons:

U(R,h,) -the utilization of process B on host h,

U(h) = 5 U(R.) - thetotd wtization of
RLn;

The goal of load balancing is to keep the load variation
aaossall the hosts in the system below some threshold «.
We state this goal as.

max(U(h))-minU(h)) < e 1)

The observed dfference between the host with the highest
load and the host with the lowest load is the regulated
variable in the system that we monitor and affed via
redlocaion adions. The feedbadk control pdlicy is
defined as foll ows:

1) Host load information is passed to the Load Balancer.
The Load Balancer determines the state of the system
by computing the difference between the highest and
lowest observed loads.

2) The Load Balancer compares this value to the value of
the threshold €.

3) A redlocationis made by the Load Balancer.

Based on this architedure, we seek to utilize ontrol
theoretic methoddogies to develop load balancing
algorithms that effedively balance the load in systems
with dynamicdly changing, unpredictable workloads.

To gain some insight into this problem, we now present
an example of load balancing acording to the achitedure
described above using a heuristic redlocaion palicy. For
simpli city, we assume that a new processis assgned to the
host with the lowest load, and a redlocaion moves the
processwith the lowest CPU utili zation from the host with
the highest load to the host with the lowest load. In our
examples, we set the threshold € =0.10. Figure 3 shows
an initial mapping of processes onto hosts of a distributed
system.

In Figure 4, we see the values of the function U (h,)
for eadh host. Based on our definition of load belancing,
the load aaossall the hosts is balanced. In Figure 5, new
applicdions are placed on h, and h,. Asaresult, the load

aaoss al the hosts becomes unbalanced. This fad is
refleded in Figure 6.

The host monitors deted the unbalanced load, and a
redlocdion takes place Based on our heuristics, the
process with the lightest load, namely EDM, is moved
from h, to h,, since h, isthe host with the small est load.
This redlocaion is swown gaphicdly in Figure 7. In
Figure 8, we see the resulting values for U(h;). In this

case, by applying a heuristic, our goa of load balancing
was achieved.



3 Feedback Control Formulation

In order to apply control theory to the load balancing
problem described in the precaling sedion, we first need
to develop a feedbadk control system architedure &
dictated by Figure 1. Figure 2 depicts a standard feedbadk
block diagram for control law design. In the mntext of
load balancing, the block labeled ‘Plant’ constitutes the
processto be antrolled which corresponds to a wlledion
of host procesors with asociated communication links,
the aduators which implement the redlocaion of
processes, and the sensors which monitor CPU load on
eat host. The Plant is modeled as having two types of
input: exogenous inputs, which correspond to new
proceses that are spawned in a dynamic red-time
environment, and control inputs which consist of
commands to allocae new proceses and/or redlocae
existing ons. The Plant is modeled as having two types of
output: a performance output, which in this case is given
by the performance measure (1), and a measured output
which corresponds to the CPU utilization of ead host.
The block labeled ‘Controller’ analyzes the host CPU
utili zation information (measured output) and, ac@rding to
a prescribed pdicy, isaues appropriate dlocaion and/or
redlocaion commands (control inputs). Thus the
Controller corresponds to the Load Baancer block in
Figure 1.

Within this framework, the following key issues arise
as we endeavor to apply control theory to the problem of
developing suitable redlocaion policies for load
balancing. First, performance requirements need to be
predsely formulated. For the load balancing example, the
objedive is to adhieve the performance bound (1) for a
spedfied value of €. Typicdly, the ontrol system
designer is interested in interna stability in addition to
performance metrics associated with regulating the
performance output. This motivates the neal for predse
stability definitions for dynamic red-time mputing
systems and asociated analysis todls. Clealy, formal
charaderizations of sability must be @nsistent with
phenomena observed in pradice such as thrashing [5]. In
the antext of load balancing, it may happen that the
performance bound (1) is sitisfied yet processes are
constantly being redlocated resulting in comparable
though unmecessarily high host loads due to the increased
overhead that is incurred. Ad-hoc techniques such as
imposing transfer limits have been used in pradice to
reduce these unwanted effeds. Other important
performance taraderistics aich as robustness to model
uncertainty (e.g. uncertain exeadtion times) and fault
tolerance (e.g., host or communication link failure) must
also betrandated into predse antrol-theoretic terms.

Also of paramount importance ae gpropriate
mathematicd models for the Plant (process to be
controlled, sensors, and aduators) that acarately predict
the complex input-output and internal behavior. The form
taken by such models will dictate the types of control

techniques that are gplicable. In particular, model
complexity issues sich as gstem clasdficaion (e.g.,
continuous-variable vs. discrete-event vs. hybrid), dynamic
order, and uncertainty structure will impad controller
complexity. The discrete-event nature of dynamic red-
time systems is evident from the load balancing example
of the precaling sedion. Moreover, the strong tie between
red-time computing systems and flexible manufacturing
systems suggests that existing techniques for modeling,
simulation, and control of the latter class might be
applicable to the former class On the other hand, dired
applicaion of classcd control methods (e.g., PID control)
has produced pasitive results in some gplicaions. [15,
16]. Thus, asessng the trade-off between model fidelity
and complexity is of fundamenta importance
Engineaing judgment suggests garting with the simplest
models first and incressing complexity as increased
fidelity becomes necessary.

4 Concluding Remarks

Resource management in dynamic systems with red-
time onstraints is a difficult problem in general. Our
preliminary objedive is to cast the problem of resource
management for dynamic red-time systems in control-
theoretic terms. Then, by applying control theory to
resource management problems, we will proceed to
develop better load balancing and QoS balancing
techniques and to enhance the stability of dynamic red-
time systems.
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