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1 Introduction

Researchers in diverse application domains have long advocated the use of Rexible tasks as a way to make
application systems adaptable to dynamic changes in user requirements and resource availability [1]. By task,
we mean an application, or a component of the application system, that executes so it can deliver a service
(or result) to some other system component(s) or the end-user. (Hereafter, we will use the terms service
and result interchangeably.) Multiple hypothesis tracking, data compression/ decompression, multimedia
transmission and data retrieval are examples of tasks. A Rexible task can trade the amounts of time and
resources it requiresto produceitsresult for the quality of the result it produces. In particular, a 3exible task
can produce a result of a degraded quality when it is necessary to conserve time and resources. For example,
during an overload, a Rexible tracking task can spend less timein correlating track records produced in the
current scan with the established tracks from past scans, at the risk of producing more false and incorrect
tracks. Tasksin numerical and statistical computations, real-time planning, diagnostic and decision support
are usually designed to produce results of di! erent quality when provided with di! erent amounts of time,
memory and information.

Over the last decade, research on (Bexible computationOin areas as diverse as signal processing, multi-
media communication and display, visualization, query processing, and artibcial intelligence has shown the
approach to be el ective and has produced the algorithmsand methods needed to make the approach feasible.
Systems employing the Rexible computation approach gain the ability to trade the qualities of the services
they produce for their time and resource consumptions.

The EPIQ quality of service (QoS) management framework intends to providethe interfaces, mechanisms
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and protocols needed to support QoS versus time/ resource tradeo! s of Rexible tasks in large and complex
C3l (command, control, communication, and information) systems. Here, the term quality of service man-
agement collectively refers to the activities in QoS regquirement specibcation and negotiation during service
establishment, monitoring and control of service quality to provide high assurance, and adaptation and rene-
gotiation in response to changes in QoS requirements and resource availability. The design issues taken into
account in thiswork include how to support application-specibc QoS management policies within a general,
application-domain independent framework, how to maintain the overall service quality of an application
system while allowing variationsin the qualities of services produced by its Rexible components, and how to

provide the users with control in QoS tradeo! s.

Application-Domain Independent Infrastructure A design objective of the EPIQ framework is that
it can provideintegrated and coherent QoS management to dependent tasks in diverse application domains.
The framework must be able to accommodate di! erent dimensions and measures of quality, a! ect QoS
tradeo! s across applications, and monitor and maintain the overall quality of the service produced by them
asawhole. For thisreason, the framework must be application-independent. On the other hand, the tradeo!

between service quality and resource usage of each individual application task must consider the semantics of
quality and cost/ benebt of thetradeo! that are specibc to the application. Oftentimes, the best mechanism
to support the tradeo! isonethat is tailored for the application. To reconcile these confRicting objectives,
the EPIQ QoS framework will provide an application-independent QoS management infrastructure and
mechanisms capable of supporting application-specibc policies. It will exploit the use of generic mechanisms

and protocols that can be tailored to di! erent applications.

End-to-End QoS M anagement Two factors make it necessary for QoS management to be done on the
end-to-end basis. First, tasks in an application system are dependent; the results produced as outputs of
some tasks are inputs to some other tasks. Second, the quality of the result produced by a task depends not
only on the amounts of time and resources the task uses to produce its result but also on the quality of its
inputs. Usually, for the same amounts of time and resources, the poorer the input, the poorer the output.
A Rexible task sometimes can compensate for the poorer input quality by executing for a longer period of
time and using more resources. (For example, by carrying out a preprocessing step to enhance the received
image, an image recognition task may be able to compensate for a lower quality image it receives as input
and maintain an acceptable error rate at the expense of the processor time spent on image enhancement.)
The EPIQ QoS management framework will enable the application system to guarantee its user a certain

overall quality of service. Thisguaranteeimposes quality of service requirements on the individual tasks that
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make up the application. A reduction in the quality of the result of one task caused by a shortage of some
resource required by the task can often be compensated for by an increase in time/ resource consumption
of some other tasks. By enabling tradeo! s between service quality and resource usage among tasks, the
EPIQ framework will make it is possible to overcome the shortage of one type of resource with other types

of resources.

User Control in QoS Tradeo! Typically, the quality of the service produced by an application system
(or of a task in it) is measured along more than one dimension and according to di! erent criteria. It is
not possible to optimize the quality along all dimensions and according to all the criteria. For example, the
quality of service of an air surveillence system may be measured in terms of false alarm rate and detection
rate. A low false alarm rate and a high detection rate are desirable, but a high detection rate can be achieved
only with an accompanying increase in false alarm rate and vice versa. Similarly, the quality of service of a
multimedia communication task may be measured in terms of the frame rate, resolution, and delay of each
video stream delivered by the system. These measures of quality cannot be optimized at the same time.
(The delay is reduced when the throughput, i.e., the frame rate and/ or resolution, is reduced.) The EPIQ
multi-dimensional QoS framework will provide the user with choices in the QoS tradeo! s and control over
the negotiation and adaptation processes.

This report describes the EPIQ modd of Rexible applications; this model characterizes individual tasks
and the application system composed of them. Specibcally, the report discusses the characterization of
the quality of the result produced by each task, the quality of the overall result produced by dependent
tasks, and the dependencies of these qualities on the time and resources provided to the tasks. It isnot the
intention here to propose specibc approaches to the specibcation of service qualities and QoS requirements.
Rather, the report focuses on the required capabilities of any QoS specibcation scheme suitable for the EPIQ
framework.

Following thisintroduction, Section 2 describes a generic characterization and a classibcation of tasks for
the purpose of expressing and reasoning about their result qualities. Section 3 discusses the dependencies
among tasks, in particular, the characterization of result qualities from the points of view of consumer and
producer tasks. Section 4 discusses the characterization of tradeo! policies. Section 5 is a summary. To
demonstrate its €l ectiveness, the EPIQ QoS management framework will be applied to several complex
application systems. The applications described in the Appendix, a distributed visual tracking system and
an air survellance system, are candidates. The appendix uses them to illustrate and highlight the issues

discussed in the report.
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2 Characterization of Flexible Tasks

Again, each task is an application or a component of an application. The granularities of tasks are not
important here. It su" cesto say that atask is an entity that produces a result used by some other tasks or
the end-user. This section focuses on the characterization of individual tasks.

Each task Ty has as its input i, data provided by some sensor, task, or end-user. As a result of its
execution, Ty produces as its output a result ox. We call i and ox simply the input and output of T,
respectively. That they are denoted by vectors emphasizes the fact that, in general, task input and output
are multi-dimensional. When there is no need to distinguish between them, we refer to both inputs and
outputs smply as results.

For example, the input of a multimedia transmission task consists of video and audio streams from a
camera or a video ble server, and the output consists of the video and audio streams delivered to a remote
display. The input and output of an information retrieval task consist of queries and retrieved information,
respectively. Similarly, theinput to an air collision detection task consists of tracks of aircraft in the coverage
area, their identibcations and performance characteristics, and the output consists of collision alarms and

commands for evasive action.

2.1 QoS Characterization

The EPIQ framework assumes that it is possible to quantify the qualities of input and output of every
task. For the above examples, the qualities of the input and output of the multimedia transmission task
can be stated in terms of quantitive measures such as frame rate, image resolution, bdelity of the audio,
etc. Similarly, the qualities of inputs and outputs of other kinds of tasks can be quantibed in terms of the
precision, accuracy and timeliness of the inputs and outputs. The parameters used to quantify qualities are
called QoS parameters.

The quality characterization of a (multi-dimensional) result refers to the set of QoS parameters that
quantify di! erent attributes of the result quality. By the syntax of quality characterization, we mean the
types and numbers of QoS parameters and relationship amongthem. For example, a storm detection task may
havetwo output QoS parameters: detection rateand falsealarmrate. That there aretwo types of parameters,
one parameter of each type, and that they are conf3icting parameters (meaning they cannot be optimized
simultaneoudly) are the syntatical aspects of quality characterization. Furthermore, the di! erent qualities
represented by the values of these parameters can be compared according to a partial order relation over
the domains of the parameters. It is possible to specify these aspects in an application-domain independent

way.
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Figure 2: Another Example Partial Order Relation

Which quality attribute is quantibed by a QoS parameter and what parameter value represents what
quality are some of the semantics aspects of quality characterization. Again, consider the storm detection
task. Figure 1 gives a possible partial order relation for comparison of qualities according to the values of
these QoS parameters. According to this partial order relationship, for a given detection rate, false alarm
rates less than or equal to 10~ are equally good, but higher false alarm rates are unacceptable. For any
acceptable false alarm rate, the higher the detection rate, the better the quality. This partial order relation
debnes a commonly used semantics, called threshold semantics: the values of some QoS parameters must
fall in an acceptable region of the parameter space, and within this region, qualities are compared solely on
the basis of other QoS parameters.

In general, the semantics of quality characterization is not only application-domain dependent but also
user dependent. Whilethe partial order relation in Figure 1 may be suitable for a user who wantsto evacuate
when there is a storm alarm, a user whose plan will not be a! ected by the alarm can tolerate higher false

alarm rates. For this user, the partial order relation in Figure 2 may be more appropriate. From this
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example, we can see that the same user may want to use di! erent partial order relations at di! erent times.

Earlier, we mentioned that the EPIQ QoS management framework is application-independent. By this,
we mean that it will provide interfaces and mechanisms to support an application-independent syntax of
quality characterization and will allow the semantics of quality characterization to be taken into account
in an application-independent way. Specibcally, the EPIQ QoS management and resource management
mechanisms should support di! erent tradeo! policies debned in terms of semantics of QoS characterization.
The model of tasks and their QoS characterization described in thisreport are designed with this objective

in mind.

2.2 Typesof Tasks

It is convenient for us to divide tasks into two broad categories: Plters (or sieves) and transformers. A
task is a Plter or a sieve [2] if its purpose isto produce an output that isthe same as its input except for
their qualities. So, the qualities of the input and output of a biter can be characterized by the same set
of QoS parameters. The multimedia transmission task mentioned above is an example. Other examples
include tasks that do image and voice enhancement or data compression/ decompression. A task is a seve
if its output has a higher quality than its input. For example, a noise reduction Plter that improves the
signal-to-noise ratio of sonar returns is a sieve.

Most tasks encountered in a C3l systems are transformers. The output of a transformer di! ers from its
input; in particular, the qualities of its input and output cannot be characterized by the same set of QoS
parameters. The collision detection task mentioned above is an example. Its inputs are tracks established
by the tracking tasks, information provided by the authentication task, etc. Itsoutputs are collison alarms
and commands for evasion. We may measure the input quality in terms of number and accuracy of the
tracks but the output quality in terms of detection and false alarm rate, correctness and timeliness of the
evasion commands, etc. Similarly, a radar signal processing task isatransformer. It sinput quality isusually
measured in terms of the signal-to-noiseratio of the radar returns, and itsoutput quality is usually measured
in terms of the numbers of false and missing track records.

The primary focus of most existing work on QoS management has been on blter tasks. In contrast, the
approach to quality characterization taken by the EPIQ framework will accommodate both types of tasks.

Theinput and output QoS parameters of atask Ty are, in general, two di! erent sets of parameters, Q(fk)
and Q(Jk). We denote their values by ¢(ik) and ¢{(ok), respectively, and refer to these values as input and
output qualities of Tx. For the most part of this report, there is no need for usto state specibcally what the

input and output parameters (that is, the components of the vectors) are.
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Figure 3: Reward Proble

2.3 Reward Proble

A task Ty requires resources (including time and information) to execute. The amount of resources that
is made available by the system and the user to task Ty is denoted by 7k; 7k is the resource allocation of
the task. In particular, the value of each element r,; of the vector 7 gives the amount of the i-th resource
allocated to the task. Weignorethose resources that the task must have bxed amounts of in order to execute
and resources that are plentiful. Therefore, the fact that the vector 7 is i-dimensional does not mean that
the task requires only [ resources; rather, it isonly possibleto trade o! output quality of Ty for the amounts
of the [ resources accounted for by the resource allocation vector of the task.

For the purpose of QoS management, each task Ty is characterized by its reward proble, which is a
mapping, Rk, from its input quality and resource allocation to its output quality. This mapping is a
function, meaning that every pair of values rx and ¢{(7) is mapped to a single output quality ¢(ok). Hence,
we can write ¢(ok) = Rk (7k, q(i)). Figure 3 depicts this mapping. In the following, we omit the subscript
k whenever there is no need for usto be specibc about which task we are referring to.

Figure4 givesa simplereward proble, which hasbeen used to characterizetasksaccordingto theimprecise
computation model [2]. In this modédl, each task T has only one input QoS parameter and one output QoS
parameter. In addition to the input quality ¢(7), the output quality ¢(o) of the task depends on the amount
t of processor timethat is allocated to the task. In other words, the resource allocation r of the task is equal
to¢t. (Again, that the resource allocation is one-dimensional does not mean that the task requires only the
processor to execute, but rather that the task requires bxed amounts of other resources, e.g., memory space.)
The best and poorest input qualities are denoted by gax(7) and gumin(7), respectively. The shaded region in

the (q(4),t)-plane is the infeasible region. The reward proble says that the task cannot produce any usable
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Figure 4: Reward Proble of An Imprecise Task

output when the input quality falls below ¢.,;,(¢7). Similarly, the task requires a certain minimum amount
of processor time to produce an output. This minimum is ¢.,;, when the input quality is the best possible
gmax(?) but grows with decreasing input quality. The range of output quality ¢(o) is [a1, as]. The reward
proble gives the values of ¢(¢) and ¢ with which the task can produce any output quality within this feasible
range. In particular, within the feasible range, it is possible to maintain the output quality by compensating
for a decrease in input quality by an increase in resource allocation and vice versa.

Figure 5 depicts a more complex reward probPle. Thetask has two input QoS parameters and two out put
QoS parameters. There are two resources. The left plot shows the task@ input quality space and the right
plot its output quality space. Each dotted isometric line on the right plot represents the output qualities for
which one element of the resource allocation 7 has a bxed value (i.e., the amount of one resource allocated to
the task is bxed) while the value of the other element varies (so, for example, in a three-dimensional plot of
output quality, they would be isometric planes). Specibcally, this bgure shows that under a range of resource
allocationsand for the two input qualities shown as black and whitecircles in the left plot, the task produces
output qualitiesin the black and white enclosed regions in the right plot; on the right, the exact pointsin
the output-quality plot depend on the resource allocation.

Some tasks do not use as input the results produced by any other task. These tasks are called source

tasks. A source task® output quality isa function of its resource allocation only. Source tasks model sensors,
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such as radars, sonars, and cameras, and other input devices. We will return in the next section to discuss
situations where one may want to model tasks that have inputs as source tasks.

The EPIQ framework assumes that every Rexible task has a known reward proble. The reward probleis
either provided by the application developer, is produced by some tool provided by the system, or is given
by some default function.

The EPIQ framework does not place restrictions on the behavior of each reward proble. However, many
QoS management protocols and resource management schemes assume well-behaved reward probles. By
being well-behaved, we mean that they have properties such as monotonicity (i.e., the output quality never
decreases when resource allocation and input quality increase) and convexity (i.e., the output quality function

is convex or concave or even linear like the reward proble in Figure 4).

3 Characterization of Flexible Applications

Thereward proble of atask provides the values of QoS parameters achievable by thetask. It givesan incom-
plete QoS characterization for the purpose of QoS management, especially for end-to-end QoS management.
This and the next sections discuss the additional information on the desired quality and tradeo! criteria

that is also needed and how thisinformation is provided within the EPIQ model.

3.1 Producer/ Consumer Relationship

We now consider a set of dependent tasksthat form a larger component or the entire system. By debnition,
the larger component isalso atask. When it is necessary to distinguish the entire set of tasks from the tasks

in it, we refer to the set as a whole as a composite task
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Therelationship among tasks in a compositetask can be represented by a directed acyclic graph (DAG),
called the consumer/ producer dependency graph, or simply the dependency graph, of the composite task.
There isa node in the graph for each task in the set, and the node represents the task. An edge from node
T; to node T indicates that task Ty uses the result produced by task 7;. We call T; a producer of Ty and
Tk a consumer of 7;. The producer/ consumer relationship is transitive. So 7; is a producer of Ty if Tk
indirectly uses the result produced by 7;, and thisrelationship is represented by a path from 7; to 7y in the
dependency graph. The graph in Figure 6 is an example. The subgraph consisting of all the square nodes
represents a composite task consisting of bve tasks 7; for i = 1,2,3,4, and 5.

Also shown are two special types of nodes: source nodes and user nodes. In addition to modeling data
sources and end-users, they o! er a means to delimit the ends of end-to-end QoS management.

In the previous section, a source task (represented by a source node) was debned as one which does not
use asinput the result produced by any task. Generalizing that debnition, a source node represents a source
task that is not the consumer of any task but isa producer of sometask in the compositetask. The previous
section gave some examples of source tasks. Besides those examples, a task which can accept only an input
of a bxed quality can be modeled as a source task. A task whose producers can produce only results of a
bPxed quality can also thus be modeled. In essence, the input quality of a source task, if it uses any input,
is bxed. Therefore, from the viewpoint of QoS management, a source task decouples the dependency of the
quality of service of tasks downstream on path from it from that of tasks upstream. It marks the beginning
of a set of tasks whose quality of service are to be managed in an end-to-end manner.

Similarly, a user node represents a user task that is not a producer of any task but isa consumer of at
least one task in the composite task. In addition to modeling an end-user, a user task also models the end
of chains of tasks whose quality of service isto be managed in an end-to-end manner. Every composite task
has at least one use task

In the example in Figure 6, the source and user nodes are depicted by circles labeled by S and U,
respectively, indicating that they are not in the composite task consisting of the bve tasks depicted by

squares. In general, a source and/ or a user task may be a part of the composite task of interest.
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3.2 Value Functions

Earlier, the discussion on semantics of quality characterization mentioned that we can use a partial order
relation over the domains of the QoS parameters to specify how the qualities represented by di! erent values
of QoS parameters are to be compared. Such a partial order relation is given by a value function associated
with each producer/ consumer pair and, hence, each edgein the dependency graph. A value function specibes
the QoS semantics the consumer task places on the values of the QoS parameter achieved by the producer.

We denote by Vi(q(ok)) the value function that a consumer task 7; places on the output quality ¢(ok) of
a producer task Ty. This value function specibes how di! erent qualities represented by di! erent values of
the QoS parameter are to be compared. Moreover, since Vi(q(ok)) = Vi(ﬁk(v?k,(j(?k))), the function partially
specibes the consumer@ desired policy governing the tradeo! between output quality and resource allocation
of the producer. In the smplest case where the inverse of this function exists, the resource manager can
easily determine from the inverse function the amount 7 of resources to allocate to the producer. In the
discussion below, we say that Vi(q(ok)) isthe value function provided by the consumer 7; to the producer Ti
when we need to be specibc about the consumer; when there is no need to be specibc about the consumer
task, we say that V(g(ok)) is a value function of the producer task.

The value function adopted by the imprecise computation model is one of the simplest: the larger the
output quality ¢(o), the better the quality, provided that ¢(o) is larger than some minimum acceptable
quality gmin(0). To produce this quality, the resource allocation of the task must be at least ¢, when input
quality is gmax(?), and the required allocation increases with decreasing input quality. The brst portion of
the task that can be completed with this resource allocation is called the mandatory part of the task. The
remainder of the task is called its optional part. The processor time required to complete the optional part
also becomes larger when the input quality becomes poorer.

This example illustrates the fact that the value function provided by a consumer task to a producer
task can sometimes be deduced from the consumer® own reward proble. In the case of imprecise tasks, for
example, a consumer cannot produce an acceptable result, no matter how much processor timeis allocated
toit, if the quality of itsinput isbelow ¢, (7). Thisisoneway to determine what the mandatory portion of
the producer task is and the minimum resource allocation required by the producer to achieve this threshold
quality.

The partial order relations given by Figure 1 and Figure 2 are, in fact, value functions. They give
interpretations of the values of QoS parameters. The Threshold plot in Figure 7, is a more general and
two-dimensional depiction of the value function in Figure 1. In all of the plotsin Figure 7, each dotted line

indicates a contour of equal value. A black region in the QoS parameter space depicts an unacceptable region;
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Figure 7: A Gallery of Value Functions

the QoS parameter valuesin such a region represent unacceptable qualities. A quality may be unacceptable
because it is too poor. In addition, a quality may be unacceptable even though it is good. For example,
a receiver unwilling or unable to set aside the time and resources needed to process a high quality video
may consider a quality represented by frame rate and resolution higher than certain values unacceptable.
Consequently, the regions of unacceptable quality may be noncontiguous in the QoS parameter space.

The other valuefunctionsin Figure 7 exemplify some of the common semantics of quality characterization.
Each gives a partial order relation over the cartesian product of two QoS parameter domains. Generalizing
them to more than two QoS parameters is straightforward. Indeed, the following debnitions of the types of
semantics represented by these value functions are in multi-dimensional terms. For convenience, we speak
as if every QoS parameter is continuous. Generalization to the case where some parameters can have only
discrete valuesisalso straightforward. In the debnitions, relevant QoS parameters refer to those whose values
are considered relevant by the consumer. They are used for comparison of qualities. Parameters that are
not relevant parameters can be ignored, and ignoring them may o! er the QoS management more freedom
in tradeo! . Two parameters are said to be in confGict if they cannot be optimized simultaneously, and they
are compatible if they can be. (Examples of the former are throughput and delay, or average delay and

maximum delay jitter. Examples of the latters are throughput and resolution.)

¥ Threshold: According to the threshold semantics, the quality represented by any combination of values
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of QoS parametersin one subset (Q; is unacceptable whenever the values are in an unacceptable region.
Outside of the unacceptable regions, the value function depends only on values of quality parameters

in the complement subset Q! Q. Parametersin Q! @, are usually compatible.

¥ Positive Enhancement: The positive enhancement semanticsismeaningful when all the QoS parameters
are compatible. The qualities are compared based on some function of relevant QoS parameters, and
the derivative (or di! erence) of the function with respective to every relevant QoS parameter is positive.
Thisincludethe cases where qualitiesare compared based on aweighted sum (contours of equal qualities
are straight lines), on a product (contours of equal qualities are hyperbolas), or on some polynomial of
the relevant QoS parameters. Contours of equal qualities measured by a Bayesian objective function

also have this general shape.

¥ Power Function: A common objective function to be optimized when di! erent dimensions of quality
conflict isthe power function. For two conf3ict subsets 21 and @2 each containing compatible param-
eters, the power function is the ratio of some monotonically nondecreasing function of the parameters
in one subset over some monotonically nondecreasing function of the parameters in the other subset.

An exampleisthe ratio of throughput to delay, and consumer wants this power function maximized.

¥ Frontier: According to Frontier semantics, the contour of constant quality are concave functions of

compatible QoS parameters in the region where the value of every parameter is positive.

¥ General Partial Order: The EPIQ framework places norestrictions on the valuefunctions. In principle,
a consumetask can choose any valuefunction to specify itsdesired tradeo! policy. In practice, however,
an ill-behaved valuefunction can increase the complexity of QoS management and reduce the robustness

of the system.

Finally, the value functions provided by consumers on a path of a dependency graph may be dependent.
Specibcally, the value function provided by a task to its producers may be dependent on the value function

provided to it by its own consumers. The examplesin the appendix will illustrate this fact.

3.3 Composition of Value Functions

In general, a task may have more than one consumer. Tasks 77 and 75 in Figure 6 are examples. The
tradeo! policy for a task should be based on a composition of the value functions provided by all of its
consumers. We call the value function provided by each consumer of a task a member value function and
the value function of the task that is generated from the member value functions of all of its consumers a

composite value function. The rule used to generate the composite value function is a composition rule.
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Below are examples of composition rules. Di! erent composition rules gives di! erent QoS semantics and
tradeo! policies. The debnitions given here are for the case where the producer Ty has only two consumers
Ti and 7T; . Generalizing them to the case where there are more than two consumers is straightforward. The
composite value function is denoted by Vi; (¢{ok)). The convention used below is that the larger the value

the value function, the more satisbed the consumer.

¥ Minimum Requirement: According to this semantics, Vij (¢{0ok)) is equal to max(Vi(g(ok)), Vj (¢(0k)).
To achieve a satisfactory value, the producer need only achieve the output quality required by the
most lenient consumer. The unacceptable QoS region according to this composite value function isthe

intersection of the unacceptable regions according to the member value functions.

¥ Maximum Requirement: Alternatively, Vij(¢(ok)) is equal to min(Vi(q(ok)), Vi (g(dk)). In essence,
the producer task is required to meet the maximum QoS requirements of all its consumers. The
unacceptable QoS region according to the composite value function is the union of the unacceptable

regions according to the member value functions.

¥ Average Requirement: The composite value function Vi; (¢{ok)) = wiVi(¢(ok)) + w; Vj (¢(ok)) may be a
weighted average of the member value functions. The weight, w;, associated with each member value
function V; (¢g(ok)) represents the importance of the consumer task 7i. The unacceptable QoS region
according to the composite value function is the union of the unacceptable regions according to the

member value functions.

Many existing systems adopt by default the maximum requirement composition rule. An exampleisthe
RSV P resource reservation protocol [3]. It assumesthat every sender (a producer) sends messages of the best
quality demanded by receivers (consumers) in a multicast group. In response to resource reservation requests
from multiple receivers, the maximum amounts of resources are reserved whenever possible to ensure the
delivery of the best quality demanded by receivers sharing the resources.

The other composition rules are more suitable for other applications, however. For example, in a decision
support system, multiple tasks execute di! erent decision rules to enhance availability. These tasks are
consumers of a database query task. It su" cesfor the query task to produce just enough information for one
of the consumer tasks to reach a satisfactory decision. In this case, the minimum requirement composition
rule is applicable.

A system that provides prioritized services to its users may use the average requirement composition
rule. If a very important end user of a multimedia communication system gives a higher value to a higher

video resolution, the system may ignore the fact that other users prefer high frame rates at the expense of
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resolution when it isimpossible to achieve both high resolution and high framerate. This policy is given by

a composite value function that is a weighted average of the member value functions.

4 Tradeo! Policy

When the cost of using resources can be ignored, the member value functions given by consumer tasks to
a producer task and the composition rule applied on them specify the quality/ resource tradeo! policy of
the producer task. As stated earlier, the value function, Vi(q(6k)) = Vi(Rx (7, @(%))), that a consumer
task 7} places on the output quality of a producer task Ti specibes the consumer® desired policy governing
the tradeo! between output quality and resource allocation of the producer. If the producer has only this
consumer, the resource manager can determine the amount 7 of resources to allocate to the producer based
on thisvalue function. If the producer task has more than one consumer tasks, its composite value function
provides this information.

For some applications, the cost of using resources must be considered when trading o! between result
quality and resource consumption. There are two cases to consider. In the simpler case, the cost of using
every resource isindependent of theload on theresource. In thiscase, the cost of resources can be taken into
account by making the value function of each producer/ consumer pair a function of the cost of resources.
Let (ﬁ (7k) becost of the resources allocated to the producer task Ty that is charged to the consumer task 7;.
The value function given by a consumer 7; is Vi(q(ok)) = Vi(ﬁk(v?k,(j(fk)),(ji (7k)). Similarly, it is possible
to make the composition rules depend on the cost of allocated resources.

In general, the cost G (k) of resources allocated to achieve the required quality of service for a task Ti
may depend on the load on some or all resources. In this case, the QoS characterization of each application
system alone no longer gives su” cient information to guide the QoS/ resource tradeo! of the application.
The load condition on each resource and, hence, indirectly, the QoS characterization of every application

system sharing the resource, a! ects this tradeo! as well.

5 Summary

Thisreport describes the model and QoS characterization adopted by the EPIQ framework. Below are the

key elements of the moded.

¥ QoS Parameters: The input and output qualities of the system as a whole (called a composite task)

and each of its components (called tasks) are quantibed by QoS parameters. The input and output
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qualities may be given by di! erent QoS parameters.

¥ Reward ProPle The reward proble of each task is a function over its input QoS parameters and
resource allocation. The function gives the values of the output QoS parameters as a function of the
input quality of the task and amounts of resources allocated to the task. The reward proble of a task

is a way to debne the QoS capability of the task independent of its relationship with other tasks.

¥ Value Function: Associated with each producer and consumer pair is a value function. The value
function debnes a partial order relation which the consumer uses to compare di! erent output qualities
achieved by the producer, i.e., the semantics of QoS characterization. This function is a general
specibcation of the QoS requirement of the consumer. Rather than one or several acceptable qualities,
the valuefunction gives the range of acceptable qualitiesand the consumer@® preference among di! erent
acceptable qualities. The value function used by a consumer depends on its own reward proble, as well

as the value functions of its consumers.

¥ Composition Rulee The composite value function of a producer task is obtained by applying the
composition rule of the task to the value functions provided by all its consumer tasks. The inverse of
the composite value function gives the resource allocation required to achieve di! erent qualities as a
function of input quality of the producer, in other words, the information needed to support QoS and

resource management.

The report conbnes its attention to QoS characterization. Many issues remain to be addressed. An
example is the impact of the characterization on QoS management. Whether composition rules are static
(e.g., chosen at design timeor at conbguration time) or dynamic and which entity in the system (the producer,
the consumer(s), the resource manager, or cooperatively) chooses and applies each rule serioudy impacts
the complexity and capability of QoS management. The RSVP protocol is an example of one extreme. The
composition rule is bxed and homogeneous. The underlying network resource manager applies the rule in
response to resource reservation requests from all consumer tasks (i.e., receivers). Thisisanalogousto having
the operating system (or query processor) apply by default the maximum requirement composition rule for
all computation and data processing tasks. As a consequence, the resource manager alwaystriesto allocate
to every task su" cient resources and time to produce the best quality demanded by all of its consumers.
The choice of static, homogeneous composition rules greatly ssimplibes QoS management. This special case
has been the focus of most existing work on QoS management.

Some C3lI applications demand the other extreme: heterogeneous and dynamic composition rules. Such

composition rules are tailored to individual producers and consumers and may change dynamically as QoS
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requirements and resource availability change. There are yet no QoS management techniques that are
el ective for this case. Many issues need to be studied. An important one is the compatibility of the QoS
management architecture with the architecture of the application system. A QoS management structure
el ective for a client/ server system may not be el ective for an application system based on the pipeined
architecture and vice versa. This and other issues in QoS management architecture are discussed in a

companion report that isin preparation.
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Appendix

Thisappendix describes two examples of Rexible applications. These examplesillustratethe di! erent aspects

of QoS characterization discussed in the report.

Example One: Distributed Visual Tracker

The brst exampleisadistributed visual tracking system that acquires live video from a remote site (possibly
inconvenient or impossible for human intervention), sends the video to the local site in real time, identibes
at the local site image objects with a certain shape in the video stream, and tracks the movements of the
objectsin order toidentify each of them based on both shape and movement. Figure 8 showsthe dependency
graph of such a distributed visual tracker.

The surveillance video camera is the only source task. Its output quality is bxed and is characterized by
QoS parameters such asimageresolution, imagesize, luminance, color depth, and framerate. (For simplicity,
we henceforth will speak of resolution and frame rate only. It is straightforward to generalize our discussion

to include other parameters.) The frame acquisition task is responsible for grabbing frames from the video
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Figure 8: Task Structure of the Distributed Visual Tracking Application

camera and converting the signal into a digital format. This task is a Plter; its output quality is quantibed
by the same QoS parameters used to quantify itsinput quality. The output quality of the frame acquisition
task (i.e, the values of its QoS parameters) depends on the processing bandwidth and memory allocated at
the remote siteto the task. This dependency is given by the reward proble of the task.

The frames produced by the frame acquisition task are sent through a network to the local site. The
network transmission task is also a blter. Consequently, its output quality is also quantibed by image
resolution and framerate. The network resources allocated tothetransmission task directly a! ect the output
quality of the task. In particular, the reward proble of the transmission task says that the output frame
rate and resolution increase with resource allocation until they reach the input frame rate and resolution,
respectively. Thereafter, the output QoS parameter values remain constant as resource allocation increases
beyond what is needed to achieve this output quality.

The video stream delivered by the network transmission task is the input to the visual tracking task
which analyzes each frame, identibes all objects of a given shape and color, and tracks their movements.
Finally, the identibcation task identibes each tracked object from the speed, acceleration, and trajectory of
the object. Both visual tracking and identibcation tasks are transformers. While the input QoS parameters
the tracking tasks are image resolution, frame rate, etc., its output QoS parameters may be track precision,
acquistion time, loss track probability, etc. These are the input QoS parameters of the identibcation task,
whose output quality isquantibed by the probability of erroreous identibcation and the average identibcation
time.

We now examine the factors that a! ect the choice of the value function, Virans(q{0acquire)), Provided by
the transmission task Tirans t0 the frame acquisition task Thcquire. IN particular, we use this simple example
to illustrate the dependency of the value function of a task on the QoS requirement of all of its consumer

tasks and the overall system and the impact of the value function on resource management at the remote
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Figure 9: Video Transmission Value Function, V;,.,s(4(0))

site.

A possible value function Virans(q{0acquire)) iS@n increasing linear function of the output QoS parameters.
The semantic meaning is simply that the larger the value of each QoS parameter, the better. According to
this value function, the resource manager at the remote site should allocate to the frame acquisition task as
many resources as possible to make the output frame rate and resolution as large as possible, ideally equal
to theinput frame rate and resolution. A best €! ort allocation strategy is appropriate.

Another factor to consider isthe QoS requirements of the tracking task, the consumer of the transmission
task. Suppose that the tracking task requires a certain minimum frame rate and resolution to identify any
shape. This requirement can be specibed by an unacceptable region of low frame rates and resolutions
given by the value function Vi;.c(q(0krans)).- The unacceptable region in the output QoS parameter space
of the transmission task may in turn imply an unacceptable region in its input QoS parameter space, i.e.,
an unacceptable region specibed by the value function Virans(G(Gacquire)). (This region is shown in black at
the bottom and left of Figure 9.) This value function tells the resource manager at the remote site that a
mandatory amount of resources must be allocated to the frame acquisition task so it can achieve an output
quality that isacceptabletoits consumers. Abovethe mandatory allocation, the resource manager can apply
a best el ort strategy to decide how to allocate additional resources to the frame acquisition task.

On the other hand, suppose that the transmission task is designed to discard frames whenever the input
data rate exceeds a threshold X set by the network. (This can be specibed by a reward proble where the
values of output QoS parameters reaches a plateau asthe bandwidth allocation reaches the threshold X.) To

take this limitation into account, the value function Vi;ans(q{(0acquire)) should debne an unacceptable region
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of quality quantibed by combinations of frame rates and resolutions corresponding to bit rates above the
threshold X. (In Figure 9, thisis the black region at the upper right hand corner of the QoS parameter
space.) This value function may mean that a upper limit should be placed on the resource allocation of the
frame acquistion task, so that remote resources are not wasted to produce frames that may be discarded by
the transmission task.

Suppose that one way to distinguish objects of a certain type is by their ability to make sharp turns.
Sharp turns may be not noticeable when the frame rate decreases below a minimum threshold. The user@
requirement of a maximum error probability in the identibcation of such objects imposes a larger absolute
lower limit Y on the frame rate at the input to the tracking task. Similarly, the user may request that
objects of complex shapes be tracked and identibed. This change in requirement may impose a larger lower
limit Z on the resolution. During a network overload, the network bandwidth available to the application
may be lower than X. The impact of these changes in requirement and resource availability on the value
function Virans(q{0acquire)) 1S @n enlargement of the unacceptable regions; the enlarged areas are shown in
grey in Figure 9. While the black regions may be determined at design or conbguration time, the grey
areas are determined dynamically. The QoS management framework must provide the necessary mechanism
to facilitate the determination of such changes in local QoS requirement from changes in end-to-end QoS

requirements and in resource availability.

Example Two: Air Surveillance

The second example is an air surveillance system. This system tracks and identibes aircraft and analyzes
the threat they may pose. The software architecture for this system is shown in Figure 10. The track
database provides a means of communication among tasks. We assume that the quality of its service is
su" ciently good and bxed. For thisreason, it does not appear in the dependency graph of the system shown
in Figure 11.

The source tasks are sensors. Each signal processing task processes the input data from its sensors and
creates track records. Each track record provides the current position and heading of a potential target.
Track records produced by all the signal processing tasks are stored in the track database and are processed
by tracking tasks.

Each track record is examined by one or more tracking tasks to determine whether the record should be
associated with the established track of some existing target. A track record isassociated with an established
track and the track is updated accordingly if it is possible for the target to be at the position and have the
heading indicated by the track record. A track record that is not associated with an established track is
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considered to represent a new target and a new track is created for it. Finally, an established track that has
not been associated with any new track records for a period of time is discarded.

Toimprove performance, multipletracking tasks, executing a di! erent algorithms, may examinethe same
track records. Each tracking task may examine the track records produced by multiple sensor processing
tasks. For thisreason, a signal processing task may have multipletracking tasks as consumers, and atracking
task may have more than one producer.

The surveillance task examines the established tracks and attempts to determine what each of them
represents. Some of the tracks represent natural objects, such as Bocks of birds, while others represent
friendly, neutral, or hostile aircraft. Some aircraft are equiped with IFF (identibcation friend or foe) systems,
which return signalsto the sensors to identify themselves. For other tracks, the surveillance task must guess
at thenature of the aircraft based on the properties of thetrack. For example, if atarget ismovingat subsonic
speeds along a commercial Bight path, it can be tentatively identibed as a commercial RBight. A target that
is hovering is probably a helicopter. The surveillance task updates the tracks with the identibcations that it
produces and generates a display for an end user.

Thereal-time simulation task uses the tracks produced by the tracking tasks and the track identibcations
created by the surveillancetask to predict the possible future paths of the targets. When thetracks are more
accurate (i.e., theuncertainty in the position and velocity of the tracksislow) and the identibcation isbetter
(so that the simulation can make use of known Right characteristics of the targets), the real-time simulation
task can produce better predictions. Finally, the threat analysistask usesthe predictions from the real-time
simulation and known ground data to evaluate the threat posed by enemy aircraft, and displays vulnerable
positions to the user.

Each component of the system isRexible. Di! erent FFT algorithms and noise estimation algorithms used
by the signal processing tasks require di! erent time and lead to di! erent detection rates and precision in the
computed position and heading. (These algorithms must reject unwanted ref3ections from trees and other
ground features, but, asin the storm detection example, there is an unavoidable tradeo! : if the rgection
rate is too low, the task may be fooled by ground clutter and produce false track records; if the reection
rate is too high, the task may ignore valid returns and miss creating true track records.)

The complexity of tracking tasks can be high when the surveillance system operates in a congested area,
may encounter man-made electronic noise, and must di! erentiate between friendly and hostile targets and
real targets and decoys. Each tracking task has several tracking algorithms that make di! erent tradeo! s
between their resource requirements and the quality of the results they produce. When the track records

are more precise, track association is easier because there are fewer possible correlations between the track
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records and the established tracks. This demonstrates Rexible QoS tradeo! : when the signal processing
produces results of lower quality, the tracking task may expend extra resources to compensate for the lower
quality. For both types of tasks, the selection of algorithms to use is made on a time-available basis at
run-time.

When a signal processing task has more than one consumer performing track association, the minimum
requirement semantics is a reasonable composition rule for it, because any one of the tracking tasks has the
ability to generate the tracks. On the other hand, a tracking tasksOconsumers, surveillance task and the
simulation task, do not perform replicated functions, and for the tracking tasks, the maximum requirement

semantics is more appropriate.



