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uality of Service has recently emerged as one of most impor-

tant research topics and engincering problems in a number
of ficlds, including the Internet, multimedia, and wireless commu-
nieation. However, the interest in QoS in these ficlds has not been
matched by similar interest among system designers, For example,
system-synthesis literature and system-on-a-chip research has not
addressed QoS. Thereforc, a large and growing gap exists between
theoretical discussions of QoS in the multimedia and networking
licerature and the practical application of QoS paradigms in system
synthesis. At the same time, researchers have pursued many aspects
of low-power designs and have proposed a variety of modeling and
optimization techniques, Also, there are hundreds of research papers
on, and dozens of tools for, power minimization at essentially all
stages of the design process. Nevertheless, no anc has addressed the
relationship between power optimization and QoS,

"Cherefore, in the very near future we will likely see a flurry of
R&D to realize design methodologies and synthesis toals that
incorporate QoS methodologics and optimize system power con-
sumptot. To build a basis and provide an impetus for this research,
Uwill briefly survey the state-of-the-art QoS research and practice.
T will not strive for completeness and mathematical accuracy.
Instead, my goal is to provide a global picture and insights that can
facilitate casier entry into low-power QoS research.

QoS sasics

Generally, QoS is an optimization or guarantec {or both) of the
user’s perceived wtility of service under constraints of the allocated
or available resources. QoS has several dimensions. The most pop-
ular, at least from the rescarch viewpoing, deals with weadtivesoln-
tion: providing service atseveral quality levels. A prime example is
video (or image), where the resolution of the individual frames
and the presented member of frames per second can vary.

In practice, several other QoS dimensions are often much more
important. Uor example, lutency, throughput, syrchronization, and
resiliency to jitter are commonly primary design goals or mandatory
constraints. In addition to the objcctive QoS paraincters, which can
be uniquely quantified (for example, the diz ervor rate), there are sub-
jective Qo8 parameters (for example, the quality of speech in andio
campression coders and the subjective quality of music reprodue-
tion), which can be only statistically characterized by sampling a
large number of subjects.

While the list of QoS dimensions is long and will evolve with the
changing nature of applications, relatively few metrics dominate the
current practice. "Fwo traditional metrics of speed are latency and
throughput. Latency indicates the delay hetween when the CPU

Low power and QoS

receives an instance of a task and when the CPU processes that
instance; throughput indicates the rate at which tasks can be processed.

In many multimedia applications, synchronization is of primary
importance. Tt is the time diserepaney between two carresponding
samples in two data streans. ‘T'he presentation of a movie without
proper synchronization is very annoying to viewers. Usnally, syn-
chronization is a part of operating system utlity and scheduling func-
tions. Because in tany general-purpose systems this imposes signil-
icantoverhead, several proposed DSP and conundnication operating
systems delegate this functionality to the application program.

In wircless communication, the key QoS metrie is often the bit
error rate, BER is usually defined as the percentage of incorrectly
received bits of data, Sometimes, it is normalized against power con-
sumption. Another popular communication QoS metric is resiliency
against jitrer. This measure is of special interest when the process or
transmitted data ave periodic, as is the case for most audio and video
data. In this case, jitter is the measure of irregularity in the period.
Jitcer, like other QoS metrics, particularly latency, is related most
direetly to the size of the buffer space requited to ensure the smoath
final presentation of data.

Tn many applications, consistency and fairness arve imporcant.
Consistency measures how often the QoS changes. Tairness is an
upper bound of the discrepancy in some other QoS metrics (for
example, latency and jitter) experienced by any two users ina set of
participants. For example, in many Internet games, fairness is of the
highest importance.

You can quantify metrics in various ways. For example, you can
be interested in the largest value (or somc other metric measurc)
for a particular QoS dimension. Another alternative is a statistical
quantification through the average (mean), median, or moment,
or through more complex methods.

THE POWER-OPTIMIZATION ISSUE

In CMOS design, dynamic power dominates power consump-
tion because of the discharge of logic and interconnect capaci-
tance. The widely accepted power model has four components.
Power depends linearly on switched capacitance (which can be
approximated by the chip size) and activity (how often capacitanee
is charged). It also depends quadratically on the wsed sapply volt-
age. Low voltage implics lower operational speed.

Semiconductor technology orends have greatly affected how power
is opimized. For example, you ean leverage lower power consutnp-
don by changing voltage as QoS requirements dictate. For instance,
when you need low latency, you can increase voltage, and lower it
when higher latency is aceeptable,




CUuRRENT QOS MODELS

"I'wo QoS madels currently dominate: the QoS ressarce-aflocation
madelt and the demeand-supply model. -+ Q-RAM, proposed by Ragu-
nathan Rajkumar, postulates the nonmonotonieally increasing trade-
olf between the amount of allocared resonrces and the udlity to the
user. A key advantage of this model is its generic nature. For exam-
ple, as a resonree you can consider diverse dimensions such as time,
computational power (CPU time), amount of storage, and power.
"I'he madel has at least one severe limitation: it imposes a constant
demand for a resource over titme, Becausc many of the most inter-
esting applicadions are intrinsically bursty, the model’s pracrical appli-
cation domain is limited,

The DS model, developed by Renc Cruz, addresses burstiness
quite well. Tt assumes periodic segmentation of time. During cach
period, each process reccives a task of generally varying complex-
ity. A process’s cumulative sum of tasks can be depicted as a deimand
curve imposed on the system. The system scrves the task sequen-
tially by allocating resources during cach time period to one of the
processes. | e cumulative sum of the processed data forms a sup-
ply curve. The model models several dimensions of QoS excep-
tionally well. For example, [atency is the horizontal distance
botween the demand cusve and the supply curve for a process. Syn-
chronization is the discrepancy between two demand curves at a
given moment of time. Therefore, synchronization corresponds to
the current difference between the arrival moments of currently
served tasks for the processes. Nevertheless, the DS model has sev-
eral limitations. One key limitation is the representation’s com-
plexity. A typical movie, for example, requires storing, analyzing,
and processing tens of thousands of time slots for each curve,

THE FuTURE OF QOS AND POWER CONSUMPTION

Researchers will likely develop new QoS models to avercome
the limitations of these modcls. For example, [ envision a statisti-
cal DS wrodel. The SDS mode! starts from the DS and acknowl-
edges the importance of captaring a process’s timing behavior,
However, instead of using the complete record of the process, this
model would use a set of statistical parameters that suitably and
compactly describe ¢he process. 'hese parameters inclade fea-
tures such as average value, variance, and eorrelation. In particu-
lar, T propose using powcrful statistical nonparamerric modeling
and validation techniques as modeling tools. Applying statistical
features drastically reduces the complexity of a process’s descrip-
tion. It also provides suitable representation for reasoning about,
and the optimization of, the implementation of QoS applications.
Tncorporating Q-RAM into the SIS maodel is straightforward.

Onice the new Qof statstical models are developed and mathe-
matically analyzed, they will provide a basis for low-power QoS
research at several levels of the design process, from system synthe-
sis, to architecture definition and algorithm selection, to development
of real-time operating systems (R'1'0S) and compilers. "I 'he goal will
be t develop modular yet casy-to-coordinate methodologies and
taols for low-power QoS systetn synthesis. The OS and compilation
steps will be emphasized.

At the algorithm levei, [ foresee tools that anatyze structurally dif-
ferent yet functionaily equivalent algorithms to identify those most

suitable for providing the requested QoS level while minimizing power.
Far example, for the compression task, researchers could develop algo-
rithms that produce data of dilferent average levels of compression
and different variance in compression effectiveness. For a system that
supports variable voltage, the key is t select an algorithm with a low
variance, On the other hand, if the systeim supports shutdown, an algo-
rithm with as bursty an output as possible is preferable.

At the architecture [evel, I see a strong need to develop new archi-
tectures of general-purpose and network processing clements that
support QoS requirements. Our preliminary stucy indicates that
altering the voltage supply in the system pipeline of network proces-
sors can reduce power by an order of nagnitude.’ During compi-
[ation, we can use code-generation and transformation techniques
to minimize power while sadsfying the required QoS metrics. We
can select scheduling and transformation techniques that support
latency, synchronization, or the preferable level of burstiness.

RTOS research will include dhe development of mechanisims for
CPU time, memory, and I/0 allocation to maximize QoS for a
given power. Power-optimization degrees of freedom could include
predictive shutdown, access control for new processes, and vari-
able-voltage techniques. Other preliminary studies indicate that
judiciously simultaneously employing statistical shutdown tech-
niques and variable voltage mechanisms can reduce power by an
arder of magnimde while preserving the QoS utility level 47

A 8 with any prediction, some or even many of iy predictions
might not be realized. owever, in the near future, QoS will
doubtlessly receive a great deal of avcantion from system design-
crs, system software rescarchers, and CAD ool developers, 7
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