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Increased platform heterogeneity and varying resource availability in distributed systems motivate the design of resource-aware applica-
tions, which ensure a desired performance level by continuously adapting their behavior to changing resource characteristics. In this paper,
we describe an application-independent adaptation framework that simplifies the design of resource-aware applications. This framework
eliminates the need for adaptation decisions to be explicitly programmed into the application by relying on two novel components: (1) a tun-
ability interface, which exposes adaptation choices in the form of alternate application configurations while encapsulating core application
functionality; and (2) a virtual execution environment, which emulates application execution under diverse resource availability enabling
off-line collection of information about resulting behavior. Together, these components permit automatic run-time decisions on when to
adapt by continuously monitoring resource conditions and application progress, and how to adapt by dynamically choosing an application

configuration most appropriate for the prescribed user preference.

We evaluate the framework using an interactive distributed image visualization application and a parallel image processing application.
The framework permits automatic adaptation to changes in execution environment characteristics such as available network bandwidth or
data arrival pattern by choosing a different application configuration that satisfies user preferences of output quality and timeliness.

Keywords: Application adaptation, Quality of Service (QoS), Application performance optimization
AM S Subject classification: Distributed Computing, Adaptive Computing

1. Introduction

Current day distributed applications are written to exe-
cute on a wide range of platforms ranging from fast desk-
top computers to mobile laptops all the way to hand-held
PDAs, spanning several orders of magnitude in processing,
storage, and communication capabilities. However, a conse-
quence is that applications often exhibit diverse and unpre-
dictable performance both because of platform heterogene-
ity and varying resource availability. Fortunately, the avail-
ability of operating system mechanisms for increased moni-
toring of and control over system utilization (e.qg., fair-share
CPU scheduling [2,12,17,22] and QoS-aware network pro-
tocols [4,27]) suggests a way for providing predictable ap-
plication performance. Resource-aware applications, which
proactively monitor and control utilization of the underlying
platform, can ensure a desired performance level by adapt-
ing themselves to changing resource characteristics. For in-
stance, a distributed application conveying a video stream
from a server to a client can respond to a reduction in avail-
able network bandwidth by compressing the stream or selec-
tively dropping frames.

However, despite a thorough understanding of the need
for adaptation at the level of individual components (e.g.,
the network-congestion induced dynamic resizing of the ac-
knowledgment window in the TCP protocol), little support is
available for structuring general-purpose resource-aware ap-
plications. Several researchers have begun to address this

shortcoming [9,19,20,23,25]; however, most such efforts
place a substantial burden on application developers requir-
ing them to provide explicit specification of both resource-
utilization profiles (which resources are used at which time
and in what quantity), and adaptation behaviors (how should
the application react to changes in resource allocation lev-
els).

This paper describes a general framework for enabling
application adaptation on distributed platforms, which al-
leviates the burden on the programmer by relying on two
novel techniques: (1) a tunability interface, which separates
specification of potential adaptation behavior from core ap-
plication functionality; and (2) a virtual execution environ-
ment, which emulates diverse run-time resource availability
in a controlled fashion on top of a static distributed system.
The tunability interface exposes choices in application ex-
ecution paths allowing enumeration of alternate application
configurations, and the virtual execution environment per-
mits automatic and off-line generation of profiles about how
each configuration behaves under different resource condi-
tions. Together, the two mechanisms enable the develop-
ment of a run-time adaptation system, which continuously
monitors resource conditions and application progress (in
terms of user preferences of QoS metrics), and automatically
determines both when adaptation should be performed and
how the application must be modified (i.e., which of its con-
figurations must be chosen) based on application profiles.
The automation of the adaptation procedure ensures that the
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application achieves a desired level of performance, while
minimizing the programmer’s involvement in performance-
related considerations.

This framework has been implemented in the context of
distributed and parallel applications running on Windows
NT platforms. The tunability interface is exposed using
language-level annotations that allow a preprocessor to gen-
erate monitoring and steering agents as well as control mes-
sages, permitting external access to and control of the ap-
plication execution. The virtual execution environment is
implemented using a novel technique called API intercep-
tion that emulates different availability of system resources
by continuously monitoring and controlling application re-
quests for system resources. Run-time adaptation takes ad-
vantage of the steering and monitoring agents.

We describe evaluation of this framework using a dis-
tributed interactive image visualization application and par-
allel image processing application. Our experiments demon-
strate that starting from a natural specification of alternate
application behaviors, it is feasible to model application be-
havior using the virtual execution environment in sufficient
detail to automatically adapt the application at run time to
changes in CPU load, network bandwidth, data arrival pat-
tern, and other environmental characteristics. Each appli-
cation adapts by choosing a configuration that employs a
different algorithm or one where the execution sequence is
modified to satisfy user preferences of output quality (e.g.,
image resolution) and timeliness.

The rest of this paper is organized as follows. Section 2
introduces the Active Visualization and Junction Detection
applications, which serve as running examples. Sections 3
and 4 provide details about the tunability interface and vir-
tual execution environment, and Section 5 describes their use
for adaptation in both parallel and distributed applications.
Related work is discussed in Section 6 and we conclude in
Section 7.

2. Example Applications

Many applications exhibit the flexibility to choose differ-
ent paths of execution at run time, trading off resource re-
quirements over several dimensions including output quali-
ties, resource types, or computational stages. These appli-
cations are tunable in the sense that their flexibility permits
adaptation by switching over to a different execution path at
run time, ensuring user preferred performance levels despite
changes in characteristics of the execution environment. In
this section, we describe two example applications — a dis-
tributed image visualization application and a parallel image
processing application — to examine how they permit run-
time configuration and adaptation.

2.1. Active Visualization

The Active Visualization application [5,6] is a client-
server application for interactively viewing, at the client

side, large images stored in the server. Figure 1 shows the
overall structure of the client and server processes. The ap-
plication uses multi-resolution and progressive transmission
techniques to improve performance. First, images are stored
at the server as wavelet coefficients [5], enabling the con-
struction of images at different levels of resolution. Second,
the server employs progressive transmission to improve re-
sponse time. Based upon an initial specification of the high-
est resolution required by the client, the server constructs a
pyramid of images ranging from the finest to the coarsest
resolution. The server uses this pyramid to transmit an area
of the image that corresponds to the user’s fovea (focus of
interest), starting from the coarsest resolution and progress-
ing up to the user-preferred resolution. If the user’s fovea
does not change, the client requests the server to send it an
incremental region surrounding the fovea, ensuring eventual
transmission of the entire image at the highest required res-
olution. Finally, image data is compressed to reduce band-
width requirements.

rocess use!

receive
request
retrieve data
compress
send fovea

Server side

Client side

Figure 1. Structure of Active Visualization application. The client requests
a foveal region of the specific resolution level from the server, decompresses
the data, and updates the local image on display.

This application permits adaptation by permitting associ-
ation of different values with parameters such as preferred
resolution level, size of the foveal region, and choice of the
compression method. The resultant executions trade off re-
source requirements for application performance: a low res-
olution implies less resource requirements; different com-
pression methods require different CPU and network re-
sources; and a small fovea size leads to a quicker response
for getting the foveal region, but a larger number of rounds
to transmit the whole image.

2.2. Junction Detection

The Junction Detection application [15] is a parallel im-
age processing application running on the Calypso sys-
tem [11,18], an adaptive parallel processing system which
views computations as consisting of several parallel tasks
inserted into a sequential program. Each parallel task can
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run on a changing set of worker machines and is responsible
for performing the computationally intensive work, while
the sequential code runs on a dedicated manager machine
and is responsible for the high-level control-flow and 1/O.
The parallel tasks can be executed multiple times (with pos-
sibly some partial executions), with exactly-once semantics.
Within a parallel step, Calypso supports CREW (concurrent
read, exclusive write) semantics to shared data structures,
with updates visible only at the end of the step. Junction

% workers
manager
% _____ workers

Junction detection An execution scheme

Figure 2. Structure of the parallel Junction Detection application and a
possible processor-allocation scheme.

Detection is a core component of several image-processing
applications and detects distinguished sets of pixels in an im-
age where the intensity or color changes abruptly. Figure 2
shows the overall structure of the computation, which con-
sists of a driver routine initiating a component for processing
an individual image. The per-image component consists of
three parallel steps. The first step samples a subset of the pix-
els in parallel and performs a quick test to determine whether
or not the tested pixel is of interest. A pixel is of interest if
the difference among intensities/colors of its neighbor pixels
is beyond a threshold. The second step draws a region of
interest around a cluster of interesting pixels. The region is
essentially a convex hull containing at least a certain num-
ber of interesting pixels in close proximity. Finally, the third
step runs a compute-intensive algorithm for every pixel in
the regions of interest.

This application permits adaptation by exploiting differ-
ent number of worker machines for its parallel tasks and se-
lecting appropriate sampling schemes for images with differ-
ent numbers of interesting objects. The resultant executions
trade off resource utilization for application performance: al-
locating more worker machines to a single application may
speed up its execution but degrade the overall system perfor-
mance; and the arrival of images of different characteristics
requires different sampling schemes to best utilize the sys-
tem resources.

3. Application Structuring

Adaptation requires the existence of multiple ways of ex-
ecuting an application, or alternate configurations, which
exhibit different resource utilization profiles. These multiple
profiles provide run-time flexibility, permitting choice of an
alternate configuration better suited to matching user prefer-
ences to available system resources. The alternate configu-
rations can be built out of different application modules or
from the same module exhibiting different behaviors under
the influence of some control parameters. For instance, a
video compression component can trade off compression ra-
tio against image quality either within the context of a single
algorithm, or conceivably by switching between different al-
gorithms to allow a bigger tradeoff range.

Although transitioning among different configurations
can be achieved completely at the application level, it is bet-
ter controlled at the system level without extensive program-
mer involvement. However, this requires some application-
independent way of enumerating the different configurations
as well as mechanisms for effecting transitions among the
various alternatives. We meet these requirements by rely-
ing on a structuring concept called the application tunability
interface first introduced in [8]. The tunability interface pro-
vides language support to express the availability of multiple
execution paths for the application, as well as the means by
which application progress can be monitored and influenced
(by switching to a different path).

3.1. Tunability Interface

In our framework, applications are assumed to be built
up from multiple components linked together using stan-
dard control-flow mechanisms. Different application config-
urations correspond to different behaviors for these compo-
nents, exported in terms of the tunability interface. In gen-
eral, the tunability interface of a component provides five
kinds of information, which are described below. The sam-
ple code fragments correspond to our current implementa-
tion of this interface, which is based on eXtensible Markup
Language (XML) annotations to C/C++ source.

1. Control parameters and their value ranges, which pro-
vide the “knobs” using which component behavior can
be influenced. Setting different values to the control pa-
rameters results in the component following a different
execution path. These parameters are usually local vari-
ables inside a program module; but are promoted as part
of the tunability interface by giving them an external
name and listing them in the control _param con-
struct. For example,

<control_ param>
<param type="int" externname="compress"
localname="c¢" onchange="func" />

</control param>

identifies an local variable c of type int and promote it
as a control parameter compress. The local variables
and control parameters exchange their values when the
application execution enters or leaves the corresponding
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module. The value of control parameters could also be
changed through an external notification from a system
scheduler or another application instance. In such cases,
the function func (as specified by the onchange at-
tribute) is invoked given the old value and new value,
allowing application-specific actions.

. Execution environment, which specifies the system enti-
ties (hosts and network links) on which the application
component executes. Each system entity in turn encap-
sulates several resources that affect component behav-
ior. For instance, a host is characterized by its CPU,
memory, and network resources. Execution environ-
ments are specified using the resource param con-
struct. For example,

<resource_params>
<host name="client" local="true" />
<resc type="networkBW" name="net"
host="client" />
</resource_param>

specifies a host client with one resource parameter of in-
terest, the network bandwidth (referred to by the name
net) in the execution environment. The system mon-
itors the specified resources to detect any changes in
their characteristics, potentially requiring adaptation of
the application components.

. QoSmetricsand expressions for evaluating them, which
specify the component metrics of interest as well as
application-provided means of computing them. Al-
though QoS metrics are application-dependent, they are
assumed to be comparable and have min/max values.
The construct

<QoS_param>
<gos type="double" dir="dec"
externname="response_time"
localname="response" />
</QoS_param>

specifies one QoS metric response_time of type
double, mapped to a local variable response. Ap-
plication performance improves whenever the value of
this parameter decreases (indicated by dec). QoS met-
rics are evaluated in QoS _monitor constructs (not
shown) embedded in the source code.

. Tunable modules and inter-module control flow, which
set up the alternate execution paths. Each module is
specified by a component construct. Application ex-
ecution paths are specified by associating guard expres-
sions of control parameters with each component and
specifying inter-component control flow using sequenc-
ing, conditional, and looping constructs. The following
construct

<component name="module{compress}{...}" >
<condition> expr </conditions>
other constructs ...
application source code ...
</component >

describes a component with guarded expression expr
and a name comprising of characters and control param-
eters. The control parameters associated with the com-
ponent name are evaluated as name-value pairs when

the component is instantiated at run time, and serves as
a handle for referring to a specific application config-
uration. Inside component constructs, other constructs
could be defined such as control parameters, execution
environment, QoS metrics, and nested components.

5. Transition functions, which encapsulate application-
specific actions such as updates to local variables and/or
sending control messages to other components required
upon a change in the component configuration. Com-
pared to the component construct that allows adap-
tation upon module entry, transition functions enable
adaptation inside a component. The construct

<transition from="oldctl" to="newctl"s>
application-specific code ...
</transitions>

defines a transition point with two sets of control pa-
rameters oldctl and newctl, where the newctl
parameter identifies the configuration suggested by the
system based on the current resource conditions. The
application-specific transition function could examine
these two sets and decide how to proceed, possibly over-
riding the systems decision. At the end of executing this
function, the control parameters reflect newct1 values.

The above interface, in the form of source-level annota-
tions, is processed by a preprocessor implemented using an
XML parser. The control parameters, QoS metrics, and exe-
cution environment definitions are converted into data struc-
tures in the source language (e.g., structure/class declara-
tions in C/C++), accessible to other annotation constructs.
Different execution paths are achieved by expanding the tun-
able component constructs into conditional statements in-
volving the associated guard expressions. Changes in com-
ponent configurations are detected by inline checking code.
In addition to the tunable versions of each component, the
preprocessor also generates monitoring and steering agents
that monitor resource availability and control application ex-
ecution respectively (see Section 5 for details). These agents
interact with the application components by accessing the
tunability data structures using shared memory.

Besides generating the application components required
for flexible run-time execution, the preprocessor also gener-
ates configuration files that serve as input to both the virtual
execution environment (see Section 4 for details) and the ex-
ternal resource scheduler. The configuration files identify
the application components, and their control parameters,
execution environments, and QoS metrics. Availability of
this information allows an external source, either a driver
program or a system-level scheduler, to flexibly interact with
a running application for performing a variety of tasks rang-
ing from passive measurement (e.g., recording the perfor-
mance achieved by a particular configuration under a given
resource condition) to more active control (e.g., changing the
behavior of application components).
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Figure 3. Exporting component tunability interface for client slide of Active Visualization. Tunability interface of a component includes control parameters,

QoS metrics, and transition functions called upon configuration changes.

3.2. Tunability in Active Visualization

Figure 3 shows the adaptation structure of the client side
of the Active Visualization application as exposed using
the tunability interface. The progressive refinement com-
ponent is controlled using three control variables—fovea,
resolution, and compress—which influence the foveal re-
gion size, the image resolution, and the compression method
affecting the behavior of the request, decompress, and
check-if-more components. Two QoS metrics—response
time and transmission time—measure performance of this
component. Note that the control parameter resolution is at
the same time a QoS metric for this application. Finally, the
transition function updates control parameters in the server
instance of the application whenever there is a change in the
compression method. This update takes the form of a control
message sent to the server. The execution environment (not
shown) here includes CPU speed and network bandwidth at
both the client and the server machines.

3.3. Tunability in Junction Detection

Figure 4 shows the adaptation structure of the Junction
Detection application. The application comprises a sin-
gle tunable component, responsible for detecting junctions
within a single image. The execution of this component is in-
fluenced by two control parameters: "workers”, the number
of worker machines allocated to this application, and ”sam-
pling”, the sampling scheme selected for a particular image.
In addition, the input data characteristics is also viewed as a
control parameter ”image”. The settings of these variables
are configured upon component entry. The only QoS met-
ric of interest is "duration”, the application execution time.
The execution environment for the component describes the
set of worker machines on which the parallel tasks run. Al-
though, this description could be arbitrarily detailed includ-
ing per-host parameters such as CPU load and network band-
width, we restrict our attention to homogeneous hosts whose

resource conditions can be abstracted in terms of just the
number of available workers.

Unlike the Active Visualization application, where con-
trol parameter updates involve setting the values of component-
local variables, in the Junction Detection application, such
updates need to be accompanied by a handshake between
the application’s steering agent and the underlying Calypso
system. This handshake, expressed using the “onchange”
function attribute of the control parameters construct, results
in the addition or removal of Calypso workers employed for
executing the parallel tasks of this component.

The component tunability interface enables the system
to learn about the application’s state and control its execu-
tion from outside without application specific knowledge.
Together with the virtual execution environment described
next, this enables the system to automatically decide when
adaptation is needed by monitoring resource conditions and
application state, and decide on the configuration that should
be executed next.

4. Modeling Application Behavior

Explicit specifications of application tunability enable the
development of a model of behavior for each of the applica-
tion configurations, expressed as the mapping from control
parameters (application input can be viewed as an additional
control parameter) and resource conditions to application-
specific quality metrics. Due to the difficulty in obtaining
an analytic expression, profile-based modeling is used to ap-
proximate this mapping.

In principle it is possible to obtain these profiles by ex-
ecuting each configuration in different distributed environ-
ments corresponding to every possible run-time resource
availability situation. However, practical considerations rule
against this approach because of the difficulty of config-
uring such a large variety of distributed systems. Instead,
we obtain the profiles using virtual execution environments.
These environments run on top of a static distributed system,
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Figure 4. Exporting component tunability interface for Junction Detection.

and can be configured to accurately emulate a variety of re-
source availability scenarios. Our implementation of these
environments (described in additional detail below) relies on
standard mechanisms available in most current-day operat-
ing systems and a novel technique called API interception,
and supports the constrained execution of unmodified appli-
cations.

Given such environments, obtaining profile-based models
of configuration behavior is straightforward. A driver script
executes each configuration repeatedly setting up the virtual
execution environment to sample different resource condi-
tions. A separate tool analyzes output quality measures to
determine configurations and regions of the resource space
that require additional samples. The output of this model-
ing step is a performance database that records information
about a maximal subset of the configurations representing
the resource profile of this application (informally defined
as configurations that outperform other configurations un-
der at least one resource situation). These measurements are
interpolated to get performance curves that summarize con-
figuration performance.

4.1. Virtual Execution Environment

A virtual execution environment is implemented by ef-
fectively creating a “sandbox” around an application, which
constrains application utilization of system resources such
as the CPU, memory, disk, and network. Our specific imple-
mentation on the Windows NT platform relies on the abil-
ity to inject arbitrary code into a running application, using
a technique known as API interception [1,14]. This code
continually monitors application requests for operating sys-
tem resources and estimates a “progress” metric. Upon de-
tecting that the application has received either more or less
than the prescribed for the virtual environment, the injected
code actively controls future application execution, relying
on generally available OS mechanisms, to ensure compli-
ance with specified limits. This technique allows accurate
control over resource availability to applications on com-
modity OSes without modification to either OS or appli-
cation source code. Its application to three representative

retrieve input image ) -,
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e N

Control {int workers, sampling, image;}
Qos {intduration; }

Env {int num_workersarrival_interval ; }
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|
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[ ... ]Control parameters

resources—CPU, memory, and network—is described be-
low.

Constraining CPU resources  For CPU resources, the sand-
box ensures that the application receives a stable, predictable
CPU share, as if it were executing on a virtual processor of
the equivalent speed. The sandbox uses a monitor process
that either starts the application or attaches to it at run time.
The monitor process periodically (every 10ms) samples the
OS monitoring infrastructure to estimate a progress metric.
If other applications take up excessive CPU at the expense of
the sandboxed application, the monitor compensates by giv-
ing the application a higher share of the CPU than what has
been requested. However, if the application’s CPU usage
exceeds the prescribed processor share, the monitor would
reduce its CPU quantum for a while, until the average uti-
lization drops down to the requested level. On NT, granting
and reducing CPU quanta is achieved using fine-grained ad-
justment of application process priorities. An application
process not making sufficient progress is boosted to a high
priority level, where it preempts the background processes
and occupies the CPU. A process that has exceeded its share
is lowered to a low priority level, allowing other processes
(possibly running within their own sandboxes) or in their ab-
sence, a dedicated background process, to use the CPU.
This approach enables stable control of CPU resources
in the 1% to 97% range. Figure 5(a) is a shapshot of the
performance monitor display showing three sandboxed ap-
plications running on the same host. They start at times t1,
t2, and t3, requesting 10%, 30%, and 50% of the CPU share,
respectively. With the total CPU load at 90%, all three appli-
cations receive a steady CPU share until time t4, when the
allocation is deliberately perturbed by dragging of a DOS
window. This causes the total available CPU to decrease
drastically (because of the kernel activity), and a sharp de-
crease in the immediate CPU shares available to each appli-
cation. However, this drop is compensated with additional
resources once the system reacquires CPU resources (end of
window movement). These results indicate that the sandbox
can support accurate and stable CPU sharing with resilient
compensation. Figure 5(b) compares the execution time of a
tight loop on the virtual execution environment (realized on
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Figure 5. (8) Weighted CPU sharing for multiple applications. (b) Overhead
and accuracy of the virtual execution environment with atight loop.

a Pentium 11 450MHz machine) and the expected execution
time (normalized with the requested share) as CPU share
varies from 5% to 100%. The application’s execution time
under the virtual execution environmentisvery closeto what
is expected (except when 100% CPU shareis requested) in-
dicating that the environment incurs low overhead.

Constraining memory resources For memory resources,
the sandbox ensures that physical memory allocated to the
application does not exceed a prescribed threshold. The
basic idea is to inject a user-level pager into the applica
tion to decide both (a) when a page must be swapped out,
and (b) which page this should be. The sandbox intercepts
memory allocation APIs (e.g., VirtualAlloc and Hea-
pAlloc) to build up its own representation of the process
working set. When the allocated pages exceed the desired
working set size, the extrapages are marked NoAccess and
are swapped out automatically by the NT operating system.
When such apage is accessed, a protection fault istriggered:
the sandbox catches this fault and changes page protectionto
ReadWrite. Note that this might enlarge the working set
of the process, in which case a FIFO policy is used to evict
a page from the (sandbox-maintained view of the) working
Set.

Our experiments show that, on a 450 MHz Pentium |1
machine with 128MB memory, this sandbox implementa-
tion can effectively control actual physical memory usage
from 1.5MB up to around 100MB. The lower bound marks
the minimal memory consumption when the application is
loaded, including that by system DLLs. Our current imple-

mentation can be easily extended using similar techniquesto
more accurately emulate additional effects, such as the im-
pact of paging overhead on application execution.

Constraining network resources For network resources,
the sandbox ensures a prescribed sending or receiving band-
width available to the application. It intercepts network
APIs such as send and recv and makes the application
bandwidth compliant by stretching out the interaction over a
longer time period (e.g., by using fine-grained sleeps) if the
application is seen to exceed its bandwidth threshold.

Our experiments show that the sandbox can effectively
constrain bandwidth from 1 Bps to about 11 MBps with an
error of less than 2% on Pentium Il (450 MHz) machines
connected to a 10/100 auto-sensing Fast Ethernet switch, us-
ing a ping-pong application that exchanges 4K B-sized mes-
sages and that achieves a peak bandwidth of 11 MBpswhen
running outside the sandbox. Figure 6 shows how accurately
the sandbox controls network resourcesfor constraintsin the
range 0.5 KBpsto 8 MBps.
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Figure 6. Comparison of application observed network bandwidth and the
ideal values under the control of sandbox.
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Figure 7. Comparison of gpplication execution times using the virtual ex-
ecution environment and physical machines for the active visualization ap-
plication.

Sandboxing Large Applications Figure 7 shows the accu-
racy of the virtual execution environment in emulating di-
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verse resource conditions for large distributed applications
by comparing execution times for the active visuaization
application on different real client machines (a Pentium Pro
200MHz, aPentium Il 333MHz, and a Pentium || 450MHz)
with that obtained under the virtual environment when the
latter is configured to provide a CPU share based on the
WinBench 99 v1.1 scores for these machines. WinBench is
a Windows 98/NT benchmark that measures the aggregate
impact of CPU speed and memory configuration. The ex-
ecution times under the virtual environment are within 3%
of that on the physical machines. Note that similar accuracy
cannot be obtained by simply scaling the execution time in
proportion to the CPU shares. This estimate, shown by the
“Linear scale” bar, turns out to have a big difference from
real executions, indicating the necessity to measure applica-
tion behavior under different resource conditions.

A detailed description of the techniques used for con-
structing the virtual execution environment and its capabili-
ties on both Windows NT and Linux is reported in [7].
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Figure 8. Image transmission time (a) and response time (b) in the Active
Visualization application, for different fovea sizes as CPU share varies.

4.2. Profiles for Active Visualization

A driver script repeatedly executes different configura-
tions of the Active Visualization application in the virtual
execution environment, obtaining a mapping from the con-
trol parameter valuesto the output qualities for awide range
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Figure 9. Image transmission timein the Active Visuaization application, ,
for (a) different compression methods as network bandwidth varies, and for
(b) images of different resolutions as CPU share varies.

of resource conditions. Figures 8 and 9 present a small sub-
set of these measurements and the resulting mappings. The
measurements reported here are obtained on a Pentium |1
450MHz machine and rely upon manual determination of
appropriate resource settings for the testbed.

Figure 8 shows the image transmission time and average
response time of user interactions for different fovea sizes
asthe client-side CPU share varies (this corresponds to run-
ning the application on client machines with different CPU
capabilities). In general, an increase in CPU resources re-
duces both transmission time and response time. However,
they show opposite trends (seen in the order of the curves)
with the increase of fovea size: the larger the fovea size,
the smaller the total transmission time, but the larger the re-
sponsetime.

Figure 9(a) shows image transmission time for differ-
ent compression methods as the network bandwidth varies
(keeping other resources such as CPU at afixed level). The
two curves in the figure correspond to two different com-
pression methodsin the application: compression B (Bzip2)
trades off additional CPU resourcesto achieve a better com-
pression ratio than compression A (LZW). The crossover be-
tween the two curves indicates that there exist resource con-
ditions where one compression method should be preferred
over another. Compression B outperforms compression A
when the network bandwidth is low because less data is
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Figure 10. Execution times in the Junction Detection application, for three image classes with of different sampling schemes as the number of machines

allocated vary.

transmitted. However compression A performs better when
the network bandwidth is high because the CPU becomes
the bottleneck then.

Figure 9(b) showsthetransmission timefor images of dif-
ferent resolutions as the CPU resource varies (keeping other
resources at a fixed level). In general, additional CPU re-
sources |lead to a shorter transmission time. However, trans-
mission time can a so be lowered by lowering the image res-
olution.

4.3. Profiles for Junction Detection

Aswiththe Active Visualization application, adriver pro-
gram repeatedly executes the Junction Detection application
on a cluster of PCs to obtain a mapping between the con-
trol parameter values (including the application input) and
the output qualities for a range of resource conditions. For
simplicity, we restrict our attention to execution environ-
ments where the only allowed change in resource conditions
is the number of worker machines available to the applica
tion. This permits us to summarize the resource conditions
in terms of a single parameter, the number of workers, as-
suming ahomogeneouscluster with constant CPU speed and
network bandwidth. To model input image characteristics,
images are grouped into equivalence classes and represen-
tative subsets from these classes are profiled. The measure-
ments reported here are obtained on a cluster of Pentium Pro
200 MHz worker machines connected by a 100 M bps Ether-
net Switch.

Figure 10 shows the execution time for Junction Detec-
tion in images belonging to three representative classes for
different sampling schemes as the number of worker ma-
chines is varied. The three sampling schemes (referred to
as Sampling 1, Sampling 2, and Sampling 3 in Figure 10)
correspond to the ”sampling” control parameter being set
to values of 4 pixels, 16 pixels, and 64 pixels respectively.
The graphs show that the more artifacts an image has, the

more time it takes to compute all of its junctions. However,
different sampling schemes best suit images with different
amounts of artifacts. Sampling 1 yields better performance
for images with a large amount of artifacts (e.g., image 3),
while Sampling 3 yields better performance for images with
asmall number of artifacts (e.g., image1). Inaddition, asex-
pected application execution time decreases as the number of
worker machines increases; however, the speedup does not
scalelinearly attesting to the importance of having measured
profiles.

5. Run-time Adaptation

As described earlier in Section 3, the program annotated
with tunability interface specificationsis converted by apre-
processor into an executable form; the latter includes appli-
cation modules that make up the different paths as well as
steering and monitoring agents used for run-time adaptation.

5.1. Run-time Monitoring and Steering

At run time, an appropriate application configuration is
chosen to satisfy user preference constraints, and this selec-
tionisdynamically updated as resource availability changes.
Such configuration and adaptation are realized by interac-
tions between three components (see Figure 11): (1) an
application-specific monitoring agent that monitorsresource
characteristics of interest to the application as well as ap-
plication progress, (2) a resource scheduler that correlates
observed resource characteristics and user preferences with
performance model s stored in the performance database, and
(3) asteering agent that performsthe actual reconfiguration.

Each user preference constraint is expressed as value
ranges on a subset of output quality metrics and is accom-
panied with an objective function to be optimized. For sim-
plicity, we assume a relatively restricted form of this func-
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to satisfy user preferences.

User preferences
—_—

tion: maximizing or minimizing a single quality metric.
These constraints when considered together with measured
resource characteristics, restrict the suitable set of applica-
tion configurations. Of these, the resource scheduler picks
the one that best satisfies the objective function. Multiple
user preference constraints can be specified. The system ex-
amines them in decreasing order of preference; in the case
that one request cannot be satisfied due to inadequate re-
sources, the system attemptsto fulfill the next preferred con-
straint.

The monitoring agent continually observes application
progress and estimates the fraction of resources of interest
that are available for use by the application. To do this, the
agent relies on generic progress metrics similar to those de-
scribed in Section 4 (e.g., comparing allotted CPU time with
the wall clock time after factoring in periods where the ap-
plication is waiting) and a system database providing infor-
mation about maximum capacities of system resources (such
as CPU speed and the number of physical memory pages).
Our experiments show that such monitoring incurs negligi-
ble overhead to application execution even when performed
in very fine-grained time dots.

The steering agent listens to control messages and is re-
sponsible for switching application configurations. Control
messages specify new values for control parameters as well
as the resource conditions under which these new settings
are valid (because of user preference constraints). Upon
receiving them, the steering agent sets up the new config-
uration, which would cause execution of the application-
specific transitional functions in preparation for the activa-
tion of the corresponding configuration.

5.2. Adaptationin Active Visualization

Because of the interactive nature of the application, the
output quality metrics of most interest to the user are im-
age resolution and timeliness, athough their relative impor-
tance varies from situation to situation. To capture a wide
range of usage scenarios, we describe three experiments be-
low, demonstrating that our framework permits successful
automatic adaptation to different patterns of change in re-
source availability. Figures 12(a)—(d) show the quality met-

rics achieved by the adaptable form of the application and
contrast it with the non-adaptive versions. In each plot, the
thick line represents the performance of the tunable applica-
tion and the two thinner lines represent the (non-adaptive)
performance of the two configurations that the adaptive ap-
plication switches amongst.

The experiments emulate the client downloading ten im-
ages from the server and correspond to the server and client
components running on two Pentium Il 450MHz machines
connected by 100 Mbps Ethernet. In this paper, we focus
on adaptation to variations in CPU and network resources,
and on only the client side of the application since the latter
is more likely to be concerned with output quality metrics
such as image resolution and response time. To test whether
the application can adapt to run-time variations in resource
conditions, we vary one of the resources (either CPU share
or network bandwidth) after a fixed time in the experiment.
Note that the steering and monitoring code for the adapt-
able application are automatically generated from source-
level annotations as described in Section 3.

Experiment 1. Adapting compression method to network
conditions Figure 12(a) shows the adaptation of the Ac-
tive Visualization application in response to changes in the
network bandwidth available between server and client. The
user preferenceis to minimize image transmission time.

The network bandwidthisvaried asfollows: at the start of
the experiment, the virtual execution environment providesa
bandwidth of 500 KBps, which is changed to 50 KBps after
25 seconds. The resource scheduler responds to this pattern
of resource availability as below:

e At startup, it configures the application to use compres-
sion method A (LZW). As Figure 9(a) shows, for aband-
width of 500 KBps, compression method A (LZW) out-
performs compression method B (Bzip2). Thischoiceal-
lows the application to download four images before the
available bandwidth changes at time 25 seconds.

e The change in bandwidth is detected by the application
monitoring agent before the end of the fifth image trans-
mission, which notifies the resource scheduler. The latter
(based on the correlation in performance database) sug-
gests the application to switch to compression method B
(Bzip2), which the application-specific transition func-
tion realizes by sending the corresponding control mes-
sage to the server (since compression is performed at the
server side). As Figure 9(a) shows, compression method
B yields better performance than compression method A
when the bandwidth is 50 KBps. The switch takes effect
in the middle of transmitting the fifth image, which takes
16 secondsto complete. Subseguent image transmissions
use compression B and complete in 24 seconds apiece.

Experiment 2: Adapting image resolution to CPU conditions
Figure 12(b) shows the application adaptation in response to
changesin CPU conditions. In this case, the user preference
requiresthat image transmission time not exceed 10 seconds
and that image quality be maximized. For simplicity, we
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Figure 12. The Active Visualization application adapts to resource variations by: (&) switching compression methods when network bandwidth drops, (b)
degrading image resolution as CPU share decreases, (¢) and (d) changing fovea size as CPU share changes.

constrain image resolution to be one of two levels (referred
to hereafter aslevel 3 and level 4).

The CPU conditions at the client are varied as follows: at
startup, the CPU share available to the client is set at 90%,
which changes to 40% at time 30 seconds. The resource
scheduler responds to this pattern of resource availability by
starting off with a configuration that sets the image resolu-
tion to be level 4, but then degrades image quality to level
3 when resource availability drops. These choices are con-
sistent with the performance profile shown in Figure 9(b).
When the CPU share is 90%, resolution level 4 resultsinim-
age transmission times within the user-requested range (i.e.,
less than 10 seconds). However, with a CPU share of 40%,
image transmission times at this resolution level would vi-
olate user constraints. Degrading the resolution to level 3
permits each image to be transmitted in about 4 seconds,
satisfying user requirements.

Experiment 3: Adapting fovea size to CPU conditions Fig-
ures 12(c) and 12(d) show application adaptation by chang-
ing fovea size in response to changesin CPU conditions. In
this case, the user preference is to minimize image trans-
mission time while keeping average response time of user
interactions below 1 second.

The CPU conditions at the client are varied as follows:
initially, the CPU share is set to 90%, but decreases to 40%

at time 35 seconds. The two figures show response time (for
retrieving the fovea) and transmission time (for retrieving
the entireimage) of executionsunder this resource avail abil-
ity pattern. The resource scheduler initially selects a fovea
size of 320 (pixels), and switching down to a fovea size of
80 due the change in resource availability. These selections
can be understood with the performance profiles shown in
Figure 8. A fovea size of 320 satisfies the user preference
for response times being below 1 second, while achieving
the shortest image transmission time. However, when the
amount of available CPU share drops, this configuration re-
sultsin response times of about 1.4 seconds, which falls out-
side the user-requested range. Consequently, the scheduler
switchesto afoveasize of 80, ensuring responsetimes of be-
low 1 second for the remainder of the experiment. Compared
with the configuration that satisfies this constraint (i.e., se-
lecting foveasize 80), the adaptive execution achieves much
shorter image transmission time.

5.3. Adaptation in Junction Detection

We use an NT implementation of the Calypso system [10]
running on acluster of Pentium Pro 200 MHz machines con-
nected to a 100M bps Ethernet Switch. The user preferences
of interest are to either minimize the execution time for de-
tecting junctions within a single image, or to constrain this
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Figure 13. The Junction Detection application satisfies user preferences by: (a) adapting sampling schemes to different classes of input, (b) adapting

allocation of worker machines to variation in image arrival intervals.

time to be within a deadline. The system input to the appli-
cation is a sequence of images belonging to different image
classes, which arrive in the beginning or periodicaly with
a specific interval. Over the entire run of the application,
this period is assumed to be quasi-static; i.e., it changesonly
a a coarse granularity. For adaptive execution, the exter-
nal scheduler associated with the application searches the
performance database to find the best sampling scheme and
number of workers to process a collection of images. The
external environmental changes of concern are the arrivals
of images corresponding to different image classes and the
variation of the arrival intervals. Both of the changes are as-
sumed to be monitored by an external agent that informsthe
application through notification messagesissued to the steer-
ing agent. Asdescribed earlier, user preferencesare satisfied
by reconfiguring the application at run time; the granularity
of the reconfiguration is the processing of asingleimage.

To capture typical usage scenarios of the Junction De-
tection application, we describe two experiments bel ow that
show adaptation of the application to changes in the charac-
teristics and arrival patterns of input images. These experi-
ments carefully isolate the possible adaptation behaviors of
the application: the first experiment shows how the appli-
cation can adapt to an image sequence comprising images
belonging to different classes, when the number of work-
ers available for processing a particular image is kept fixed.
The second experiment demonstrates application adaptation
in response to changes in the image arrival interval assum-
ing that all images belong to the same class; here the appli-
cation adapts by controlling the number of workers devoted
to processing a single image. Figure 13(a)—(b) shows the
per-image execution time achieved by the application for a
sequence of images. The x-axisof the plotsrefersto thetime
when processing of a particular image is complete. As be-
fore, the solid line in each plot shows the performance of the
adaptable form of the application and the other lines show
performance achieved by the corresponding non-adaptable
versions. Details of the image sequence and system condi-
tions are provided below.

Experiment 1. Adapting sampling scheme to input classes
Figure 13(a) shows adaptation of sampling schemes in re-
sponse to arrival of different classes of input images, for a
sequence of images whose classes are chosen randomly to be
either type image 1 or type image 3 (see Figure 10). We as-
sume that the number of worker machines allocated towards
processing a single image is fixed to 4 and that all images
arrive at the start of the experiment. The user preferenceis
to minimize the total execution time required for processing
the image sequence.

The adaptable version of the application automatically
chooses sampling scheme 3 for images of type 1 and sam-
pling scheme 1 for images of type 3, when notified of the
class of the arriving image. As a result, it finishes much
earlier than non-adaptable versions of the application with
fixed sampling schemes, with a 17% and 27% improvement
over versionsrelying upon sampling scheme 1 and sampling
scheme 3, respectively.

Experiment 2: Adapting worker allocation to image arrival
patterns Figure 13(b) shows application adaptation by tun-
ing the allocation of worker machines in response to varia-
tions in image arrival intervals. The user preference is to
constrain the per-image processing time to be within a dead-
line of 120 secondswhiletrying to minimizethe overal time
required for processing the image sequence. The environ-
ment change is the image arrival pattern, which is initially
set to one every 120 seconds, changes to one every 50 sec-
onds after 200 seconds have elapsed in the experiment, and
then reverts back to one every 120 seconds after 500 seconds
have elapsed. We use a total number of 8 worker machines
and 1 manager machine, permitting the application to use
any number of workers from 1 up to 8 for processing a par-
ticular image. The experiment usesimages of type 1 asinput
and is set to stop after 800 seconds have elapsed.

Initially when the image arrival interval is 120 seconds,
the application scheduler decidesto give all the eight worker
machines to each image because images do not overlap in
their request for resources. When the image arrival interval
changes to 50 seconds, the application gets notified by an
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external agent and triggers the scheduler to compute a new
configuration. Asaresult, the scheduler decidesto give each
image 4 worker machines because two images may simulta-
neously need resources and must each finish within the spec-
ified deadline. In order to explain this scheduler decision,
note from Figure 10(a) that the lowest execution time for
processing images of classoneis 100 seconds with 4 work-
ers and 60 seconds with 8 workers and that the scheduler
takes into consideration extra time needed to start and con-
trol Calypso GUI interface. Similarly, the scheduler reverts
back to alocating al machines to each image when the ar-
rival interval changes back to 120 seconds. To compare how
user preferences are satisfied with non-adaptive executions,
we run the same image sequence again with two worker al-
location schemes, which are fixed at using 8 machines or
4 machines for each image respectively. The results show
that with the first allocation scheme, some images miss their
deadlines when the arrival interval is 50 seconds because at
least two images (in the worst case four images) are time-
sharing the worker machines at the same time, interfering
each other’s execution. For the second alocation scheme,
al the images finish by the deadline (the dlightly longer ex-
ecution time in the middle of the curveis due to the sharing
of the manager machine and network resources). However,
thetotal executiontimeis 10% longer than with the adaptive
execution.

6. Related Work

Our work is most closely related to afew recently-started
projects that are looking into the problem of adapting appli-
cation behavior in response to varying availability of system
resources.

The Quality Object (QuO) framework [28,24] supports
the development of distributed applications with QoS re-
quirements. It permits applications’ execution to switch be-
tween different contract regions and their remote method in-
vocations to be dispatched to aternate remote objects based
on dynamic system conditions. Switching between contract
regions and dispatching on alternate objects are similar to
our notion of different application execution paths. The Dar-
win project [23] permits aflow-centric application to specify
its resource requests in the form of a virtual mesh of nodes
(representing desired services) and edges (denoting commu-
nication flows). The virtual mesh can be mapped to physical
service nodesand linksin alternate ways to permit optimiza-
tion of available resources. In addition, application-specific
“delegates” can be associated with flows for detecting and
handling changesto flow metrics. Both the virtual mesh and
delegate notions play similar roles in their specific applica-
tion domain that is closely related to our notion of alternate
execution paths exposed using a tunability interface. The
Remos system [21,13] presents a structure for collecting re-
source information and a set of APIsfor application to query
resource information. It provides similar functionality to
that of our monitoring agents. Apertos [16] proposes build-

ing adaptive operating system using the reflection mecha-
nism. Meta-level objects (reflectors) are used to hold the
information about system components and act as an inter-
face to manipulate the components’ execution environment.
Our work can be used in an Apertos-like system for build-
ing components that can reason about themselves to adapt
to changes in the environment. The ActiveHarmony [19]
and AppLeS[3,26] projects provide application-level mech-
anisms and resource monitoring tools to enable general ap-
plications to adapt to changing resource characteristics, al-
beit with a fair degree of user involvement. EPIQ [25] and
ERDoOS [9] projects are closer to our approach in that they
expose quality aspects of an application, automatically trad-
ing off output quality against resource reguirements. How-
ever, they focus on the negotiation aspects of configuration
and an analytic specification of the benefit/utility function.

Our approach differs from the above approaches princi-
pally in the division of responsibility between application
developers and the execution system. Application devel-
opers are required only to expose the adaptation structure
of the application using the tunability interface. The exe-
cution system takes responsibility for obtaining application
behavior profiles using the virtual execution environment,
and incorporating these profiles into adaptation decisions
a run time. The tunability interface insulates the resource
scheduler from application-specific knowledge. As far as
we know, our strategy is unique in its use of a virtual exe-
cution environment for automatically modeling application
performance under diverse loads.

7. Conclusion

This paper describes a general framework for enabling
application configuration and adaptation based on resource
characteristics and user preferences. The framework re-
lies on the application developer exporting an application-
independent tunability interface that allows external access
to and control of application execution. It models the be-
havior of alternate execution configurationsin avirtual exe-
cution environment with controllable resource availability.
These together permit run-time mechanisms to automati-
cally decide when and how to adapt the application in re-
action to changes in resource conditions. This paper demon-
strates using case studies how such structuring of distributed
and parallel applications can help achieve automatic appli-
cation configuration and adaptation for prescribed user pref-
erences. Our future work will include studying different
policies for selecting appropriate configurations, analyzing
application behavior for further automating the profile mod-
eling process, and providing support for transparently en-
dowing application binaries with adaptation capabilities.
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