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1 Introduction

Remote execution can transform the puniest mobile device into a computing giant. This would enable resource-
intensive applications such as natural language translation, speech recognition, face recognition, and augmented reality
to be run on tiny handheld, wearable or body-implanted platforms. Nearby compute servers, connected through a low-
latency wireless LAN, can provide the CPU cycles, memory, and energy needed for such applications.

Unfortunately, two annoying facts cloud this rosy future. First, the partitioning of an interactive application into
local and remote components that achieves good application performance is highly application-specific and platform-
specific. Since mobile hardware evolves rapidly, this partitioning changes on the timescale of months rather than
years. Incorrect partitioning can result in sluggish and intolerable interactive response. Hence, a tight and ongoing
coupling between application developers and hardware platform developers appears inevitable. Second, matters are
made worse by the fact that mobile environments exhibit highly variable resource availability. Bandwidth, energy and
availability of compute servers can change on the timescale of minutes or hours, as a user moves to different locations.
Re-partitioning an application for changed operating conditions at this timescale is therefore essential. These consid-
erations suggest that an automated approach to partitioning applications for remote execution is necessary. However,
partitioning an application automatically may result in bad performance if the intrinsic nature of the application is not
factored into the partitioning decision.

Another factor that clouds this future is that developing mobile applications is especially difficult because they have
to be adaptive [14, 21, 38]. The resource constraints of mobile devices, the uncertainty of wireless communication
quality, the concern for battery life, and the lowered trust typical of mobile environments all combine to complicate
the design of mobile applications. Only through dynamic adaptation in response to varying runtime conditions can
applications provide a satisfactory user experience. Unfortunately, the complexity of writing and debugging adaptive
code adds to the application software development time.

The key questions that this thesis is addressing can be expressed as follows:

1. Can automated dynamic re-partitioning (to respond effectively to changes in mobile environments) be reconciled
with the need to exploit application-specific knowledge (to achieve good application performance)?

2. Is it possible for application developers to easily develop adaptive applications? For this question, I will be
concentrating on the problem of modifying existing applications to make them adaptive.

The key insight that allows both these problems to be solved is that the knowledge about an application relevant
to remote execution can be captured in compact declarative form that is very small relative to code size. More
specifically, the full range of meaningful partitions of an application can be described in a compact external description
called remote execution tactics or just tactics for brevity. Thus, the tactics for an application constitute the limited
and controlled exposure of application-specific knowledge necessary for making effective partitioning and placement
decisions for that application in a mobile computing environment.

2 Thesis Statement

The full range of meaningful partitions of an application can be described in a compact external description
called remote execution tactics or just tactics for brevity. This enables the development of powerful remote execu-
tion systems that can automatically at runtime, choose remote execution partitions, from the list of tactics, that
provide good application performance. Finally, the use of tactics is consistent with sound software engineering
principles that can decrease the time needed to develop mobile applications for new hardware platforms.



2.1 Why are Tactics Useful?

There have been a number of remote execution systems such as Abacus [2], Coign [19] and Condor [5]. They
perform well in environments where resource availability does not change between the time the system decides how
to remotely execute an application and when it performs the remote execution. However, this assumption comes under
fire in mobile environments. These environments are characterized by highly variable resource conditions that change
on the order of seconds [10, 14, 37].

To achieve the good application performance, a remote execution system should pick good strategies for remote
execution for any particular resource condition. But how do we determine what that good strategy is? Previous
solutions to tackle this problem have fallen between two extremes. At one extreme, we have a method known as
static partitioning. In this method, the application is manually modified to use remote execution and the precise
method of remote execution along with the exact servers to be used is hard-coded into the application. This method is
conceptually easy to understand and relatively easy to implement. However, this static method is extremely ineffective
in mobile environments where resources change dynamically. At the other extreme, we have full dynamic partitioning.
In this method, a runtime system is built that analyzes the current environment and determines the current resource
availability. The runtime then tests every possible way of remotely executing the application and picks the solution
that achieves best performance. This method is highly effective but extremely difficult to implement. Building such
a runtime is hard and searching all possible remote execution possibilities is frequently intractable in practice. The
perfect solution is to build a system achieves the performance of full dynamic partitioning with the ease of static
partitioning. Unfortunatelt, a general solution that achieve this seems to be impossible due to the infinite ways in
which applications can be partitioned. However, I claim that it is possible to achieve this solution for handheld devices
because of the following claim:

For a large number of useful mobile applications, the number of useful ways of splitting the applications for remote
execution is small.

These useful ways of splitting the application are called the tactics of the application. Tactics are specified by the
application developer and are high level descriptions of meaningful module-level partitions of an application. Given
this information, it is possible to build a remote execution system that adapts application performance by picking the
appropriate partitions according to the current resource availability in the environment. In my thesis, I will validate
the claim by showing that it is possible to specify the tactics of a large number of useful mobile applications.

Tactics also allow the remote execution system to use extra resources in the environment to automatically improve
application performance. This use of tactics is explained further in Section 3.4.

2.2 Need for Adaptive Remote Execution Systems

This work is one of the first to look at developing a remote execution system that can automatically adapt ap-
plication behaviour depending on the resources available in a mobile environment. It builds upon the work of the
Odyssey [29] and Spectra [13] projects.

However, why is such a system useful? Given the exponential increase in computational power (as predicted by
Moore’s Law), why can’t mobile devices just execute all their applications locally and at full quality? Why do we need
systems that execute applications on remote servers and / or change their fidelity [29] ! in order to achieve acceptable
performance? After all, doesn’t Moore’s Law mean that adaptive runtime systems will become obsolete in 5 years
time when mobile devices become much more powerful?

The answer is no and there are three reasons for this. First, the mobile device market is driven by the need to
make devices that are smaller and lighter than the previous generation in order to satisfy the demands of the consumer.
Satisfying these requirements usually requires sacrificing resources (like disk space) in order to meet the space and
weight criteria. Second, battery performance has not followed Moore’s Law and has remained fairly constant over
the years. As such, when the devices become smaller, the device manufacturers will have to use slower less powerful
but more power-efficient CPUs and smaller memories in order to achieve decent battery lifetimes. Third, wireless
bandwidth has not been increasing at the same rate as wired bandwidth. For example, wireless bandwidth has increased
from 2Mb/s to 11Mb/s with 54Mb/s forthcoming. However, wired bandwidth to the desktop has increased from

!Fidelity refers to an application specific metric of quality. For example, speech recognition has higher fidelity when using a large vocabulary
rather than a small vocabulary. Fidelity ranges from O to 1, with 1 being the best quality and O the worst.



10Mb/s to 100Mb/s and now 1000Mb/s in the same period of time.

However, the desktop market is not constrained by battery lifetimes, by space and weight constraints or by band-
width constraints. As such, desktop machines will still be following Moore’s Law and the gap between the computa-
tional capabilities of the desktop machine and the mobile device will remain large even in the foreseeable future.

These gaps in resource availability between desktop machines and mobile devices is one of the reasons why
adaptive runtime systems are necessary. Many applications are developed primarily for the desktop market. As such,
they require the computational and bandwidth capabilities of the desktop machine. Mobile users wanting to use such
applications on their mobile devices will require a remote execution system that can run these applications on remote
servers.

It could be said that remote execution systems are unnecessary because application writers are developing ap-
plications specifically for mobile devices. However, these applications tend to be scaled down versions of desktop
applications. They usually are not as powerful as the desktop versions. A remote execution system would allow the
use of these more powerful desktop applications on mobile devices that would otherwise not be able to adequately run
these applications.

Finally, there are a large class of computationally intensive interactive applications that are important for mobile
users. These include language translation, speech recognition and augmented reality applications. However, these
applications require computational power that usually exceeds a wearable mobile device’s capabilities. Remotely
executing these applications will allow them to be used on these wearable mobile devices.

All these factors strongly indicate that creating a powerful adaptive runtime system for mobile devices is a valuable
endeavour. However, the challenge with such systems is to build them such that they are able to quickly react to
resource changes in the highly variable mobile environment. I claim that tactics allows me to build such a system.
Furthermore, a key difficulty with using existing remote execution systems is that modifying applications to use them
tends to be prohibitively expensive. The second part of my claim is that tactics allows me to use software engineering
techniques to reduce the time needed to develop adaptive mobile applications.

2.3 Reducing Adaptive Mobile Application Development Time

The proliferation of task-specific mobile and wearable devices with short lifetimes places severe stress on the
development and maintenance of adaptive mobile applications. A critical factor limiting the commercial success of
such a device is the software development time needed to create useful applications for it. The longer this development
time, the shorter the useful life of the device in the marketplace. Slow software development can make the device
obsolete by the time it emerges as a product. Business opportunities are measured in months rather than years in this
fast-paced field.

Developing mobile computing applications is especially difficult because they have to be adaptive [14, 16, 21, 38].
The resource constraints of mobile devices, the uncertainty of wireless communication quality, the concern for battery
life, and the lowered trust typical of mobile environments all combine to complicate the design of mobile applications.
Only through dynamic adaptation in response to varying runtime conditions can applications provide a satisfactory user
experience. Unfortunately, the complexity of writing and debugging adaptive code adds to the application software
development time.

How can we reduce the software development costs of adaptive mobile applications? This is a fundamental ques-
tion that I address in this thesis. My proposed solution is based on three observations that are derived from first-hand
experience with building adaptive mobile applications.

e First, most applications for mobile devices can be created by modifying existing applications rather than writing
new applications from scratch.

e Second, the modifications for adaptation typically affect only a small fraction of total application code size.
Much of the complexity of implementing adaptation lies in understanding the base code well enough to be
confident of the changes to make.

e Third, the changes for adaptation can be factored out cleanly and expressed in a platform-neutral manner.

My approach can be summarized as follows:



e A lightweight semi-automatic process for customizing the API used by the application to interface with the
adaptive runtime system Such customization is targeted to the specific adaptation needs of each application.

e Next, a tool for automatic generation of code stubs that maps the customized API to the specific adaptation
features of the underlying mobile computing platform will be provided.

e Finally, the run-time support for monitoring resource levels and triggering adaptation will be factored out of
applications and into a set of operating system extensions for resource adaptation.

Each of these components plays an important role in the overall effectiveness of the approach. The first component
(semi-automatic process) amortizes the effort of understanding an application and extending it for adaptation. The sec-
ond component (stub generator) insulates application code from frequent changes of the underlying mobile computing
platform. The third component (OS support) allows a clean separation of policy and mechanism — the OS monitors
resource levels and triggers adaptation, but it is the individual applications that decide how to adapt. OS support also
helps ensure that the adaptations of multiple concurrently executing applications do not interfere with each other.

This approach complements traditional software engineering techniques such as code modularity and separation
of concerns [33]. In addition, the approach takes into account the context-sensitive nature of adaptation policies. In
other words, high level attributes such as a user’s location, physiological state, and cognitive load are often important
factors in determining how a low-level adaptation decision should be made [41]. This implies a bridging of system
layers that is not common in non-mobile applications.

In this thesis, I am concentrating solely on reducing the cost of developing adaptive applications. I am not tackling
other software engineering issues even though, I claim that, my methods also facilitate other nice software engineering
properties (like making software maintainence easier) due to the use of modularity and separation of concerns.

2.4 Validation

I plan to validate this thesis in the following steps:

e Define the semantics and syntax of tactics. This step involves clearly defining what the tactics of an application
are and what information they convey. A language for specifying tactics also needs to be developed. This
language has to be simple enough for application writers to easily use yet be powerful enough to capture the full
semantics of tactics.

e Develop a prototype remote execution system that uses tactics. This prototype should demonstrate that it is
possible for applications to specify their tactics to a remote execution system using the developed language. 1
have already started implementing this prototype system and it is called Chroma. In the rest of this proposal, I
will be using Chroma to refer to the prototype being built to validate the effectiveness of tactics.

e Demonstrate that tactics provide enough information to partition applications effectively by showing how the
semantics of tactics allows Chroma to automatically provide good performance for applications.

o Show that tactics are applicable to a wide range of applications. The verification of this step will involve defining
the tactics for a large number (about 5-10) of useful mobile applications.

e Verify the effectiveness of the software engineering methods in reducing the application development time
by quantifying the time needed to add the mobile applications used for validating the generality of tactics to
Chroma.

There are several problems that need to be solved to reach this goal:

e Describing tactics requires some kind of language. However, what should this language look like? Will a simple
language suffice?

e Tactics describe the useful partitions of an applications. However, what functionality does Chroma require in
order to successfully pick the right partition to use at runtime? At the very least, Chroma will need to know the
current resource availability in the system along with the expected resource usage of each partition specified in
the tactics. However, how should this information be collected and saved? Also, how should Chroma combine
these two pieces of information to decide which partition to use?



e Chroma uses remote servers to execute the remote partitions specified by tactics. However, how should these
remote servers be discovered?

o To be useful to the user, Chroma needs to know the user’s preferences. This is because the user may have reasons
to prefer certain partitionings over other partitionings specified in the tactics and these preferences could change
dynamically. However, obtaining these preferences from the user automatically is a known hard problem [18].
Software such as Prism [41] operate at a higher layer than Chroma and attempts to capture user preferences.
Prism’s goal is to achieve the task requested by the user. By exchanging information between Chroma and
Prism, it may be possible for Chroma to obtain user preferences via Prism. Prism could inform Chroma about
the user’s preferences for each of the applications that make up that task and leave the task of adapting each
application according to the current resource availability to Chroma. However, defining the interface between
Chroma and Prism is a non-trivial task.

e The effectiveness of tactics in a remote execution system needs to be properly verified. To do this, a large
number of applications need to be modified to use Chroma. Their tactics need to be properly specified and
the improvements in application performance achievable by Chroma needs to be quantified. Unfortunately,
adding existing applications to Chroma could be time consuming as it requires making each application adaptive.
As such, developing software engineering methods that lower the time needed to add existing applications to
Chroma is crucial to make this aspect of the verification manageable.

The remainder of this document is organized as follows. Section 3 describes the portion of this work that has
been completed, or largely completed — a language for describing tactics and a 1st-pass implementation of Chroma
that uses tactics. It also describes the 4-step process that has been developed to make the development of adaptive
mobile applications faster. Section 4 is my plan for the remainder of the thesis work: it describes my approach towards
the problems mentioned here — extending Chroma to make better use of tactics, improving the software engineering
methods, and the verification of both aspects of my thesis statement. Section 5 describes five scenarios that this
thesis hopes to enable. Section 6 is an itemized list of work items for the proposed thesis work. Section 7 describes
related work while Section 8 outlines the expected contributions of this work to the field. Finally, Section 9 provides
a time-line for the thesis work.

3 Completed Work

3.1 The semantics and description of Tactics

3.1.1 Assumptions

The power of tactics lies in their ability to distill the useful ways of partitioning an application for remote execu-
tion. However, first a model of the applications targeted and the kind of remote execution being performed by those
applications needs to be created.

In this thesis, I consider the class of computationally-intensive interactive applications as they contain a large num-
ber of useful mobile applications. Examples include speech recognition, natural language translation and augmented
reality applications. These are the kinds of applications that have been envisioned as being key mobile applications in
the near future [39, 46]. I explain how I plan to select the applications I will be considering in Section 4.1.1.

For this class of applications, I claim that coarse-grained remote execution is sufficient. These applications have a
user in the loop and as such can usually sustain latencies of up to 1-2 seconds. This is in contrast to systems like Java
RMI [42] that perform fine-grained remote execution on the order of microseconds. I will be using remote procedure
calls (RPC) [7] to perform this coarse-grained remote execution. Furthermore, I assume that each RPC is fully self
contained and has no side effects. However, the use of RPCs and the lack of side effects is not intrinsic to tactics but
rather simplifications for the purpose of this thesis.

Finally, each application is made up of operations. An operation is an application-specific notion of work such
as translating a sentence for a language translator or reducing a scene for an augmented reality application. Each
operation can have its own unique set of useful partitions. As such, the complete set of tactics for an application will
contain tactics for each of the operations supported by that application.



3.1.2 Semantics and Language for Describing Tactics

Given the assumptions in Section 3.1.1 a simple language was developed for allowing application writers to specify
the tactics for their applications. This language consists of two portions; The first part consists of a description of the
various procedures in the application that can be remotely executed. These procedures are the set of RPCs for that
application. The inputs and outputs to each RPC is specified and each RPC can be executed either remotely or locally
and this decision is made at runtime. The second part of the language is used to describe the how these RPCs can be
usefully combined.

The RPCs can be combined in the following ways:

1. Sequential dependencies between RPCs are allowed. IL.e., it can be specified that RPC A has to be finished
before RPC B.

2. Itis possible to specify that a group of RPCs have no dependencies between them and can executed in parallel.
For example, it can be stated that RPCs A, B and C can all be executed in parallel. However, in my initial
prototype, if a group of RPCs is specified as being able to be executed in parallel, that group must be followed
by a single sequential RPC. L.e., if it is stated that RPCs A, B and C can be executed in parallel, than all 3 RPCs
must be followed by the same sequential RPC D. It is not possible for RPC A to be followed by RPC D while
RPCs B and C are followed by some other RPCs. This limitation of the prototype will be fixed if I find real
applications that require more complicated patterns of specifying RPCs.

Each of these RPC combinations is a separate tactic and fully describes one way of combining RPCs to complete
an operation. An operation can have many tactics that may differ in their fidelity and resource usage. As such, at
runtime, the remote execution system picks the tactic that provides the highest fidelity while satisfying all resource
constraints. A formal description of the syntax of this language used for describing tactics is provided in Appendix A.

The data dependencies between RPCs can be determined by analyzing the inputs and outputs of each RPC as
specified in the tactics description (since I assume no side effects). Each of the individual remote calls that make up
a particular tactic can be run either locally or on any remote server. This decision is made at runtime. If necessary,
the application developer can constrain a particular tactic to use particular servers for its operation (This is shown in
Figure 1 for the dict tactic).

Even though the tactics may differ in their resource usage and fidelity, each tactic is guaranteed to produce a
proper result for the given operation if the remote calls are performed in the order specified by the tactic (I assume no
side effects as mentioned in Section 3.1.1). Since the data dependencies and ordering between remote calls is fully
specified by the tactic description, it is possible to automatically parallelize the execution of these remote stages. This
additional power of tactics is explained further in Section 3.4.

3.1.3 Example Descriptions

Figure 1 shows the description of the tactics for an example application. This application is a natural language
translator called Pangloss-Lite [15]. Pangloss-Lite has three different translation engines; Glossary (gloss), Dictionary
(dict) and Example-based (ebmt). Each of these translation engines can be executed independently of each other.
Using more engines results in higher quality results. The output of each engine is fed into a language modeller (Im)
that combines the various outputs and creates the final translation.

The three translation engines and the language modeller are specified as four RPCs (server_gloss, server_dict,
server_ebmt and server_lm) that can be remotely executed. The four RPCs can be combined in seven useful ways as
shown by the seven tactics (gloss, dict, ebmt, gloss_dict, gloss_ebmt, dict_ebmt and , gloss_dict_ebmt). The & denotes
a sequential dependency between RPCs while RPCs inside brackets can be executed in parallel. For Pangloss-Lite,
we see that the seven RPCs are created as follows; there are seven different ways of using one or more of the three
translation engines. Each of these engines is independent of each other and hence can be executed in parallel with
other engines. The output of all the engines must be sent to the language modeller for final processing. The tactics
dict, has also specified that the server_dict RPC should be executed on a specific remote machine (gs129.sp).

In Figure 2, we see the description of the tactics for Janus [44], a speech recognition program. Janus performs
speech-to-text translation of spoken phrases. Recognition can be performed at either full or reduced fidelity. The
reduced fidelity uses a smaller, more task-specific vocabulary that limits the number of phrases that can be successfully
recognized but requires less time to recognize a phrase.



RPC server_gloss (IN string line, OUT string gloss_out);
RPC server_dict (IN string line, OUT string dict_out);
RPC server_ebmt (IN string line, OUT string ebmt_out);
RPC server_1lm (IN string line, IN string ebmt_out,
IN string dict_out, IN string gloss_out,
OUT string translation);

DEFINE_TACTIC gloss server_gloss & server_lm;

DEFINE_TACTIC dict = server_dict@gs129.sp & server_lm;
DEFINE_TACTIC ebmt = server_ebmt & server_lm;

DEFINE_TACTIC gloss_dict (server_gloss, server_dict) & server_lm;
DEFINE_TACTIC gloss_ebmt (server_gloss, server_ebmt) & server_lm;
DEFINE_TACTIC dict_ebmt
DEFINE_TACTIC gloss_dict_ebmt = (server_gloss, server_dict, server_ebmt) & server_lm;

(server_dict, server_ebmt) & server_lm;

Pangloss-Lite has four RPCs and seven tactics (ways of combining the four RPCs) that are listed after the DEFINE_TACTIC keyword.
These seven tactics give different ways of combining the remote calls (listed after the keyword RPC) for this application. Each of
these calls can be executed locally or at a remote server and this is determined at runtime by Chroma

Figure 1: Tactics for Pangloss-Lite

RPC do_full_recognition
(IN string utterance,
OUT string translation);

RPC do_reduced_recognition
(IN string utterance,
OUT string translation);

DEFINE_TACTIC full_recognition =
do_full_recognition;

DEFINE_TACTIC reduced_recognition =
do_reduced_recognition;

The tactics declaration for Janus contains two remote calls (do_full _recognition and do_reduced_recognition) that can be run either
locally or remotely.

Figure 2: Tactics for Janus

Janus has two remote calls that can be executed either locally or remotely. These two possible ways of executing
Janus are captured by Janus’s tactics, as shown in Figure 2. The tactic full recognition uses the full fidelity
vocabulary to do the recognition while the tactic reduced_recognition uses the reduced fidelity vocabulary to do
the recognition.

Finally, in Figure 3, we see the tactics for Face [40]. Face is a program that detects human faces in images. It is
representative of image processing applications of value to mobile users. Face can potentially change its fidelity by
degrading the quality of the input image.

Face can be run either entirely locally or entirely remotely. In both cases, it runs the exact same remote procedure
and it has no other modes of operation. It thus has only one tactic and this is shown in Figure 3.

In all three application examples, we see that the description can be divided into a list of RPCs followed by the
various useful methods of combining these RPCs. These three examples also provide evidence that the language is
easy to use and is able to capture the semantics of tactics. However, the language can only be fully verified by defining
the tactics for a larger number of applications (explained in Section 4.1).



RPC detect_face (IN file in_image_name,
OUT file out_image_name) ;

DEFINE_TACTIC detect = detect_face;

Face has only one remote call (detect_face) that can be run either locally or remotely. This is captured by its single tactic.

Figure 3: Tactics for Face

3.2 Chroma

3.2.1 Overview

The remote execution system being built to validate this thesis is called Chroma. Chroma is based on the
Odyssey [29, 12] adaptive runtime system. It incorporates the energy, CPU, bandwidth and file cache resource adap-
tation capabilities of Odyssey. Like Odyssey, Chroma uses application-aware adaptation (adaptation that requires
modifications to the application source). The key new functionalities that are being added to Chroma are:

e the use of tactics

e aremote execution system that adapts according to the number of remote servers in the environment
e a stub generator that makes it easier to add applications to Chroma

e integration with a task layer so as to better deal with user preferences

e a set of tools and methods to make adding legacy applications to Chroma faster

3.3 Chroma Design

In this section, the design of Chroma is described. Building Chroma required two main components:

e A way of describing tactics. This has already been described in Section 3.1.2

e A method for selecting the particular tactic to use in a given situation.

3.3.1 Tactic Selection

At runtime, Chroma needs to decide for a particular application which tactic to use and where to execute it. For
example, if Chroma picks the tactic gloss_ebmt (Figure 1) for Pangloss-Lite, it will also have to decide whether to
execute the server_gloss, server_ebmt and server_1m remote calls of this tactic locally or remotely. Chroma’s
goal is thus to decide on a factic plan. A tactic plan comprises of a tactic number (denoting which tactic to use), along
with a list that specifies the server to use for each RPC in that tactic. Chroma enumerates through all possible tactic
plans and picks the best one for the given resource availability.

To be able to do this, first, Chroma needs to be able to predict the resource usage of each tactic plan. Second,
Chroma has to measure the current resource availability. Third, Chroma requires guidance from the user about how to
tradeoff resources in order to pick the best tactic. For example, the user may specify that bandwidth usage should be
minimized (possibly because of pricing issues) or that the system should conserve battery power as much as possible.
Given these three things, Chroma will be able to decide on the best tactic plan for the particular operation from the
user’s viewpoint.

3.3.2 Resource Prediction

For a given operation and tactic plan, Chroma needs to be able to predict the resources the tactic plan will require.
For this, I will use Narayanan’s resource demand predictors [28]. The key idea here is that the resource usage of a
tactic plan can be predicted from its recent resource usage. The demand prediction mechanisms are initialized by
off-line logging. At runtime, these predictors are updated with online monitoring and machine learning to improve
accuracy. I do not plan to extend this aspect of Chroma beyond what is already provided by Narayanan’s work.
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Figure 4: Choosing a Tactic

3.3.3 Resource Monitoring

Chroma uses multiple resource measurers to determine current resource availability. These resource measurers
currently measure memory usage, CPU availability, available bandwidth, latency of operation, file cache state and
battery energy remaining. Chroma also has mechanisms to retrieve resource availability information from remote
servers.

3.3.4 Additional User-specific Knowledge

An operation can have many tactics, each of which has a different resource usage and fidelity. At runtime, Chroma
has to decide the best tactic plan to use for a given operation and resource availability. Chroma can determine the
current resource availability and the resource demand of the various tactic plans using the two components described
earlier. But to effectively match the resource demand with the resource availability, Chroma needs to trade off resources
for fidelity. How to perform this tradeoff is frequently context sensitive and thus dynamic. For instance, would the
user of a language translator prefer accurate translations or snappy response times? Should an application running on
a mobile device use power-saving modes to preserve battery charge, or should it use resources liberally in order to
complete the user’s task before he or she runs off to board their plane? That knowledge is very hard to obtain at the
application level as it is user-specific and not application-specific.

Chroma is provided with these user-specific resource tradeoffs in the form of utility functions. A utility function
is a user-specific function that quantifies the tradeoff between two or more attributes. These utility functions can be
either provided directly by the application or by Prism. These utility functions will allow Chroma to optimize the
tactic selection for other user specified metrics like conserving battery power or minimizing network bandwidth.

3.3.5 Selection Process

Figure 4 shows how all the components work together. Chroma determines the predicted resource demand for each
tactic of the current operation by querying the resource prediction component. At the same time, Chroma determines
the available resources via the resource monitoring component. These resource monitors also query any available
remote servers to determine the resource availability on those servers. This information is necessary as the latency of
the tactic is determined by where each individual remote call in that tactic is being executed. Determining resource
availability on demand can be a very time consuming operation. Hence, to improve performance at the cost of accuracy,
the resource monitors perform these queries periodically in the background and cache the results.

Chroma iterates through every possible tactic plan and picks the best tactic plan to use for this operation. It does
this by picking the tactic plan that maximizes the utility function specified by the user (As described in Section3.3.4.



The tactic plan is then executed and its resource usage is logged to refine demand prediction for the future. This brute
force method works well for a small number of tactics (less than 30 for a PDA), however it will become computa-
tionally infeasible when the number of tactics increases. However, we claim that the number of useful tactics for
computationally-intensive interactive applications are small enough to allow this brute force tactic selection mecha-
nism. This claim will be empirically validated as more applications are integrated into the systems. We also looking
at using other solvers that are less computationally demanding [23].

3.4 Over-Provisioned Environments

The discussion so far has focused on the assumption that the environments we are in are mostly resource con-
strained. However, environments such as smart rooms, may be over-provisioned. Over-provisioned environments are
characterized as having more computing resources than are needed for normal operation. It is highly valuable to have
a system that works well if resources are scarce but is able to immediately make use of over-provisioning if it becomes
available.

Tactics provide us this ability as they allow us to automatically use extra resources to improve performance. This
is possible because tactics provides the knowledge of the remote calls needed by a given operation and the data
dependencies between them. Chroma can use this knowledge to execute remote calls opportunistically to improve
performance in three different ways:

First, Chroma can make multiple remote execution calls (for the same operation) to remote servers and use the
fastest result. For example, Chroma can execute the glossary engine of Pangloss-Lite at multiple servers and use
the fastest result. Chroma knows that it can do this safely because the description of the tactics makes it clear that
executing the glossary engine is a stand-alone operation and does not require any previous results or state.

Second, Chroma can perform the same operation but with different fidelities at different servers. Chroma can
then return the highest fidelity result that satisfies the latency constraints of the application. For example, Chroma
can execute multiple instances of the ebmt engine of Pangloss-Lite in parallel at separate servers (all with different
fidelities) and use the highest fidelity result that has returned before a specified amount of time.

Third, Chroma can split the work necessary for an operation among multiple servers. It does this by decomposing
operation data into smaller chunks and shipping each chunk to a different remote server. Chroma uses hints from the
application to determine the proper method of splitting operation data into smaller chunks.

Initial experimentation has shown that these optimizations can provide substantial performance improvements for
applications. In addition, these improvements can be provided by Chroma automatically when extra servers become
available without needing to inform the application. However, more work needs to be done to quantify the benefits
of using extra resources as well as improve Chroma’s ability to automatically to use these extra resources in the best
possible manner for a given application. Finally, I need to develop mechanisms that will ensure that these extra servers
are used by multiple Chroma clients in a fair and distributed manner.

3.5 Integration with Prism

One key observation of this work is that determining appropriate adaptation policies is critically dependent on the
ability to capture user expectations. Capturing user expectations is a hard problem that is being addressed in a layer
called Prism. Prism treats user tasks as first class entities and interacts with context-aware components to assess the
physical context around the user. It determines the most accurate models of user expectations using stochastic tech-
niques to correlate the current user context to past experiences. By capturing user expectations outside of applications,
we enable the reuse of user expectation models. This allows the migration of user tasks in pervasive computing envi-
ronments [41]. Prism is being developed by another Ph.D. student, Joao Pedro Sousa, and I plan to interface Chroma
with Prism.

However, a key research question is determining the proper interfaces between Chroma and Prism. How much
information needs to be shared between Chroma and Prism in order to achieve the best possible performance from the
users perspective? I aim to explore this question and come up with design guidelines that can be used to guide future
efforts to couple user level adaptation with operating system / application level adaptation.
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3.6 Reducing Development Cost

Much of the cost of building and maintaining adaptive applications comes from the low-level at which adaptation
enhancements are captured. Understanding the required adaptation features and implementing them over the APIs
offered by the underlying platform is a costly process. Currently, there is no effective way to preserve such investment
except in the form of embedded code modifications. These are hard to maintain in the face of the fast rate of release
of new platforms.

To solve this problem, I created a high-level declarative language (formally described in Appendix B) that is used
to describe the adaptation aspects of an application. That description is then compiled and a code stub is generated.
This code stub creates a customized API for the application, which is derived from the high-level description of the
adaptation requirements. This customized API is much closer to the application’s needs than a generic low-level
adaptation API, and thus makes it much easier to integrate the adaptation aspects with the bulk of the application code.

Furthermore, applications in the same domain, say video players, are likely to have very similar adaptation re-
quirements. Hence, adaptation descriptions can be reused among such applications. For example, it would be easier
to extend the next video player for adaptation once we’ve completed the first one.

By having a compiler-based approach, it is possible to amortize the effort of re-targeting a set of adaptive appli-
cations to a new platform. After all, it is easier to re-target the code generation of a compiler than to modify each
application manually.

The hypothesis here is that it will be easier to re-target the code generation for a new platform, and recompile all
the applications, than re-targeting every application.

The specific runtime targeted by my stub generator is Chroma. However, the use of a stub generator allows me
to potentially use any other OS or adaptation middleware [2, 5, 19, 29], without changes to the application source or
description files. I merely have to change the stub generator to produce code targeted for these new runtime systems.

(1) o
) Collaborate ) Application
Stub generator

Domain xanim.desc
@—» T
expert

4 : Application
Application xanim |\ executable
description file _stub.cfi>
) \\| Xanim
l _stub.hjj—
Adaptation
expert Chroma stub code
I g . (4) Compiler
/ |xanim.c| \ (3) Modify |xanim.c
{ , D .
v U —7
| Modified
\ lxanim.hl| / source code

Appli\é\éﬁ‘o’ﬁ/source code
Figure 5: Process for adding adaptation to an application
3.6.1 4-step Process to Reduce Development Time

The 4-step process that I have developed for use by application developers to create their application descriptions
and the corresponding application stubs is shown in Figure 5.
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1. The adaptation expert collaborates with a domain expert to produce an application description that captures the
information necessary for the application to be adaptive. For instance, the description for XAnim contains the
adaptive variables relevant to adaptive video playing: frame rate, encoding, frame quality, height, and width.
This description is platform-independent, and can be reused for other applications that provide adaptive video
playing capabilities. IL.e., it applies equally to XAnim and to MediaPlayer, to Linux and to Windows.

2. A stub generator compiles the application description into a set of stubs that interface between the application
and the underlying runtime support.

3. The application is modified to invoke the functions provided by the stub layer. This step is manual, and must
be done for each application. However, these changes are small and localized as demonstrated in our case
studies, and this fact makes it easy to preserve the adaptation enhancements in new releases of the applications,
as described in Section 1.

4. The application source code and stub are compiled, and linked together to form the application binary. When
executed, this binary invokes the runtime support layer to make adaptive decisions.

4 Planned Work

I have successfully built the first version of Chroma, that uses tactics to perform remote execution of applications.
Chroma also automatically uses extra remote servers to improve application performance. The performance achieved
by this Ist-pass implementation of Chroma are detailed in my MobiSys 2003 paper [4]. However, I still need to
implement the following components to fully validate the claims of my thesis statement.

4.1 Validation/ Modification of Tactics Language through Multiple Application Case Stud-
ies

I plan to verify the language used for specifying tactics by using it to describe the tactics for a large number of
applications. These applications will be chosen to represent a broad range of applications that might be useful for
mobile users. Based on the experience gained in describing these applications, the tactics specification language will
be extended and/or modified as necessary.

4.1.1 Selection of Applications

For the validation of the generality of tactics to be sufficient, it is important to choose a large range of applications
that adequately map the space of computationally-intensive interactive applications. Currently, I have used 3 research
applications that were all developed at Carnegie Mellon University (CMU). Since they were all from the same insti-
tution, using them alone may not be sufficient to verify the generality of tactics. For example, all these applications
were single-threaded and as such, the applicability of tactics to threaded applications is unclear. Also, it is possible
that the applications developed at CMU were particularly suited to the use of tactics and are not representative of
computationally-intensive interactive applications being developed elsewhere.

Hence, to effectively verify the generality of tactics, I plan to use various non-academic open-source applications
like mplayer (a video player). If possible, I will also use research applications developed at other universities. The
applications chosen should exhibit different programming styles like the use of threads etc. This diverse selection of
applications and programming styles will help demonstrate the applicability of tactics to a large set of computationally-
intensive interactive applications. I hope to end up with at least 5 to 10 different applications comprising a good mix of
discrete and continuous applications from both academic and non-academic sources exhibiting a range of programming
styles.

4.2 Support for Continuous Applications

Currently, Chroma only supports discrete applications. These are applications that have a clearly defined discrete
notion of work. Continuous applications, however, are different. They basically just stream data from a server to
a client. There is not real discrete of work. However, continuous applications like movie players, are clearly an
important class of applications for mobile users. As such, I plan to add support for these continuous applications. This
will involve defining how the tactics for a continuous application should be defined. Once this is done, support for
continuous applications will need to be added to Chroma.

12



4.3 Middleware Layer to Interface with Existing Service Discover Protocols

Chroma uses servers to remotely execute application code. However, first, Chroma has to find those servers. A
number of service discovery protocols (SDPs) have been developed by various researchers. These include JINI [45],
UPnP [26], and BlueTooth proximity detection [1]. Each of these protocols were created to work in a different
environment. However, they all can be used to discover remote servers in the environment. For my thesis, I will not
be developing any new SDP. However, I will be creating a middleware layer that interfaces with existing SDPs and
provides a common interface to Chroma. This satisfies my goal of having a common view of service discovery from
Chroma’s perspective.

4.4 Using Extra Servers in Overprovisioned Environments in a Fair Manner

Each Chroma client is able to use extra servers in an overprovisioned environment to improve application perfor-
mance. However, if Chroma clients automatically use all extra servers available, they will end up competing with each
other and affecting their performance. A centralized scheme for determining which extra servers can be used by which
Chroma client is not feasible in a mobile environment. Hence, I will be developing distributed algorithms that Chroma
clients can use to ensure that each client is using the extra servers in a globally fair manner.

4.5 Optimizations Possible With Using Extra Server Resources

Currently I have only looked at three performance optimizations possible by using extra server resources. I plan to
investigate other methods of using these resources that can also be used in a completely automatic fashion and quantify
the performance benefits of these methods.

4.6 Integration with Prism

For Chroma to decide how to adapt any particular application, it needs to know what the user’s preferences regard-
ing that application are. In order to obtain these preferences, one of the goals is to integrate Chroma with Prism. Prism
works at the task layer and keeps track of user preferences. As such, obtaining this information from Prism would be
very beneficial to Chroma. However, designing the interface between Chroma and Prism is non trivial. How should
information be exchanged between Chroma and Prism? What information is exchanged between Chroma and Prism?
How does Prism inform Chroma of changes in user preferences? Can Prism obtain information from Chroma regard-
ing various applications? If yes, how will this be done? These are some of the questions that need to be addressed
before Prism can successfully be integrated with Chroma.

4.7 Making the Development of Adaptive Mobile Applications Easier

The preliminary 4-step process shows promise in making the development of adaptive mobile applications from
legacy applications easier. Preliminary results of this 4-step process coupled with some case studies are in a CMU
Tech Report [3]. However, more work still needs to be done in the following areas:

4.7.1 Support for Continuous Applications

Currently, Chroma doesn’t support continuous applications. As such, the mechanisms designed to reduce the
time to add applications to Chroma may not work for continuous applications. Once Chroma supports continuous
applications, the effectiveness of the current mechanisms in supporting continuous applications will become known.
The mechanisms will then be modified and/or extended to support continuous applications.

4.7.2 Creation of Mechanisms to Ease Server-side Code Development

The mechanisms to reduce the time needed to develop adaptive mobile applications currently only work for the
client half of that application. However, any application can be remotely executed requires a server component.
Currently, the server component has to be written from scratch. This is extremely time consuming and unscalable
in the long run. I plan to work on developing mechanism which will reduce the time needed to develop the server
component for mobile applications.
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4.8 Validation
4.8.1 Maetrics for Validation

Successfully evaluating this thesis first requires identifying metrics that can be used for validation. Some potential
metrics include “response time”, "latency” and “average load per server”. However, more work needs to be done to
clearly identify the metrics used for verifying each part of this thesis.

4.8.2 Generality of Tactics

I need to show that tactics are a general enough concept to be useful for mobile computing applications. To validate
this, I plan to define the tactics for a large number (about 5 to 10) of useful mobile applications. These applications
will include both discrete and continuous applications.

4.8.3 Performance of Chroma

The effectiveness of Chroma will be demonstrated by showing that Chroma can provide good performance for
a large number of applications (about 5 to 10). I already have tentative performance figures for Chroma for three
mobile applications. Having, more applications are needed to verify that Chroma can provide good performance for a
large number of applications. This performance study should also verify Chroma’s ability to automatically use extra
resources to improve application performance.

4.8.4 Reducing the Time for Developing Adaptive Mobile Applications

A sizable portion of my thesis will involve developing software engineering methods for reducing the development
time of adaptive mobile applications. Verify the effectiveness of the methods will not be easy. My current idea includes
measuring the time needed to add applications to Chroma using the developed methods versus the time needed to add
the same application to Chroma without the developed methods. I also plan to measure the time needed by other
people to use my methods to add new applications to Chroma.

4.9 Open Problems
4.9.1 Automatic Methods of Abstracting Application Tactics

Currently, the application writer specifies the tactics of his application using a simple declarative language. Au-
tomatically determining the tactics of an application, without any application writer help, is a known hard problem.
However, it is an open problem as to whether it would be possible to build a system that starts from a small set of
tactics specified by the application writer and figures out any extra tactics required by monitoring the execution of the
application.

5 Motivating Scenarios

This thesis will help to enable the following scenarios: The scenarios are listed along with some of the technology
necessary to realize each scenario.

5.1 Scenario 1l

Tim is traveling in Europe with his iPAQ and he wants his iPAQ to perform language translation for him. The
translation should always return in 1 second. If there are no remote servers available, Chroma will use the iPAQ to
perform the translation. When Chroma discovers the presence of remote servers, it will seamlessly use them to do
the translations. Using remote servers will result in better translations as the remote servers have access to larger
vocabulary files. Chroma ensures that the latency constraint of 1 second is still satisfied. Tim is unaware of the
decision making of Chroma.”

This scenario requires Chroma to be able to do the following things:

e discover the presence of remote servers
e be able to adapt discrete applications

e seamlessly transfer execution of a program from the local machine to a remote server
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e be able to do all this while satisfying user-specified latency goals

5.2 Scenario 2

Jim wants to watch a video on his handheld device. However, the video itself is too big to store on the handheld
device. Hence, it needs to be streamed in real time to the device. Chroma automatically sets up a connection to a
video server and starts streaming the video on demand to Jim’s handheld. However, in the middle of the video, the
bandwidth from Jim’s handheld to the video server drops. Chroma, automatically does two things. First, it starts using
a lower quality video stream from the server to ensure that Jim’s video is not interrupted. Second, Chroma decides if
it would be better to switch Jim to another video server that has better bandwidth. If Chroma decides to switch Jim to
another video server, it will have to ensure that the video feed that Jim receives is not interrupted in anyway. Jim may
notice that Chroma is adapting the quality of the video stream but the quality that Jim receives should be acceptable
to him and he should not have to intervene in any way.”

This scenario requires Chroma to be able to do the following things:

e discover the presence of remote servers

e be able to adapt continuous applications

be able to manage multiple video streams at a time

seamlessly transfer from one stream to another

be able to do all this such that the user doesn’t see any gap in the video stream

5.3 Scenario 3

John is using his palm sized device to perform speech recognition. His palm sized device has no significant
computational capabilities and must depend on remote servers to achieve decent performance. However, John is
experiencing a high standard deviation in his latency as the remote server currently being used is also being used
by other devices. Chroma notices John is in a smartroom and that there are a number of remote servers available.
Each of the servers is being used to do different tasks. However, Chroma decides to parallelize the speech recognition
by sending the same recognition task to multiple remote servers. The recognition that returns the fastest is given to
John. By using multiple servers, Chroma maximises the probability that John’s recognition will be performed as fast
as possible as it is quite likely that one of the servers being used will be unloaded at the time the request is made.

This scenario requires Chroma to be able to do the following things:

e discover the presence of remote servers

be able to use more than one server at a time

make intelligent decisions about how to use extra servers

automatically parallelize applications such that the same operation can be done at multiple servers

use intelligent resource management policies such that the extra servers are being used in a globally fair way

5.4 Scenario 4

Joe is a new hire at the company. His manager proclaims him an "adaptation expert” and wants him to develop
an adaptive video player for handheld devices running Linux and X. Not being a video expert, Joe collaborates with
domain experts in order to understand how to make video players adaptive. As a result, Joe realizes that video playing
adaptation is based on image quality and frame rate.

Joe decides to use the XAnim application as the base. He modifies XAnim to adjust its image quality and frame
rate to the available resources. This is a tedious and iterative process as Joe has to make extensive changes to the
XAnim source.
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Finally, Joe achieves the desired modification: XAnim now uses an underlying resource management layer to adapt
its behavior to the available resources. His manager is delighted and demands a similar modification of MediaPlayer,
a video player for Windows CE. The functionality of MediaPlayer is similar to that of XAnim; so are the adaptive
extensions to be added. However, the code base is completely different, and so is the underlying OS. Joe must redo
all the painstaking work that he put into XAnim for MediaPlayer. Then he needs to start work on the five other video
players that cover the Macintosh, Solaris, IRIX, BSD and Windows 2000 operating systems. His hell is just beginning!!

However, help is on hand for Joe. Using the software engineering methodology developed for Chroma, Joe is able
to reuse the knowledge he learnt when modifying XAnim to quickly and easily modify the other applications. The tools
provided by Chroma make it easy for Joe to easily target the applications to different operating systems. Finally, the
methodology makes it easy for Joe to take an existing application (that Joe knows very little about) and quickly modify
it to be an adaptive mobile application.

This scenario requires the following tools and mechanisms:

e asimple-to-use, yet powerful, methodology for quickly making legacy applications adaptive and mobile

e a set of tools to facilitate and speedup this process

5.5 Scenario 5

Jane is watching a football match on her iPAQ. Chroma detects that the bandwidth from the iPAQ to the video
server is adequate for streaming the video at full quality with audio. As Jane moves around, the bandwidth from her
iPAQ to the video server keeps changing. Chroma automatically changes the video stream (from full quality to medium
quality etc.) to ensure that Jane’s video stream is not interrupted. Jane notices that the quality of the video is changing
but the feed is not interrupted and the quality provided by Chroma is always acceptable to Jane. However, Jane enters
an area with minimal wireless connectivity. The bandwidth available to the video server drops below the minimum
level required for Chroma to provide even the lowest quality video. Chroma reports that it is unable to satisfy any level
of adequate performance given the current resource availability to the task layer. This task layer sits between Chroma
and Jane and keeps track of Jane’s global preferences regarding resources and applications. The task layer notices
that the bandwidth available, while insufficient for streaming video, is adequate for retrieving just the audio stream of
the live football game. The task layer then kills the previous streaming video application and then spawns a streaming
audio application. It instructs Chroma to manage this application and to choose the correct audio bit-rate for the
current bandwidth. Jane loses her video feed but the video feed is replaced with an audio feed. When the bandwidth
becomes suitable for the video feed, the task layer will notice this and restart the video streaming application.”

This scenario shows the relationship between Chroma and the task layer. Chroma is responsible for adapting
within an application. The task layer is responsible for choosing the correct applications, given the current resource
availability, that will best satisfy the users requirements. Making this scenario a reality requires the following compo-
nents

e a working task layer. For this, I plan to use Prism.

e development of the proper interfaces to pass information between an adaptation layer that works at an application
layer (like Chroma) and an adaptation layer that works at the user/task layer (Prism).

6 Work Items

This section describes the completed and remaining work in this thesis, as an itemized list. The items followed
by a single star are considered necessary for a minimum acceptable thesis; those followed by two stars are part of the
expected thesis. Three stars mark the bonus items. Work already done is marked by a +, and items that I plan to leave
to future researchers by —.

e Semantics and Language for Tactics

§ Specification of the semantics of tactics in prose form+

16



§ Initial language for describing tactics of discrete applications+

§ Verification of language through multiple application case studies

§ Extension/Modification of language to address requirements of applications %
§ Extension of language to support server side specifications *x

§ Extension of language to support continuous applications *x
e Develop tactics-based remote execution system

Basic Prototype of Chroma +

Implement robust remote execution subsystem %

Develop middleware service discovery layer that leverages existing service discovery protocols x
Extend Chroma to support continuous applications xx

Add support for automatically parallelizing applications *x

Integration with Prism %% %

LoD OO OO oY LoD oY LoD

Ability to dynamically add/change/delete utility functions % % %
e Verify effectiveness of tactics

§ Initial case studies +
§ Verify effectiveness with a large number of discrete applications *
§ Verify effectiveness for continuous applications *x

§ Develop a general tactics model from multiple case studies —
e Demonstrate extra performance benefits of tactics

§ Initial validation of using extra servers because of tactics +
§ Extend Chroma to automatically use extra servers without application intervention x

§ Develop mechanisms to ensure extra servers are used in a globally fair manner
e Verify effectiveness of software engineering methods in reducing mobile application development time

§ Develop initial methodology and tools to reduce development time +
§ Verify methodology with multiple discrete applications %

§ Extend and verify methodology for continuous applications *x

§ Develop mechanisms to automatically generate server side code xx x

§ Extend methodology to generate necessary Prism interfaces and code x x %

7 Related Work

7.1 Remote Execution Systems

There have been a number of application-aware remote execution systems such as Abacus [2], Coign [19] and
Condor [5]. They perform well in environments where resource availability does not change between the time the
system decides how to remotely execute an application and when it actually performs the remote execution.

However, this assumption comes under fire in mobile environments. These environments are characterized by
highly variable resource conditions that change on the order of seconds [10, 14, 37]. Overcoming this uncertainty
requires application-specific knowledge on how to remotely partition the application.

An extra benefit of acquiring this knowledge is that it allows us to utilize additional resources in over-provisioned
environments such as smart spaces with many idle compute servers. It is envisioned that these environments will
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become increasingly common in the new future. Chroma is designed to opportunistically use these extra resources to
improve application performance. I know of no other system that does this.

The largest contribution to the concept, design and implementation of my system comes from Odyssey [29] and
Spectra [13]. Odyssey showed that it was important to degrade application quality as resources change in order to
maximize user quality. It demonstrated the importance of adapting to network bandwidth in mobile scenarios, and
proposed the first generic API for application-aware adaptation. Spectra provided remote execution capabilities to
Odyssey and showed that it was possible to server battery power by performing remote execution.

There have been other systems that have looked at the problem at partitioning applications. These include systems
that performed object migration like Emerald [20] and systems that performed process migration [11, 27, 30, 32]. For
my thesis, I hope to avoid having to perform process and/or object migration. I am concentrating on the problem
of identifying useful remote execution partitions of existing applications and I assume that the servers already have
all the code necessary to execute the applications (I use a distributed file system to ensure this). Other systems [35]
looked at the problem of service composition or the building of useful applications from components available in the
environment. In my thesis, I will only address the problem of partitioning existing applications and not the problem
of constructing useful applications from existing infrastructure.

7.2 Software Engineering Methods

In this work, I do not intend to develop any fundamentally new software engineering techniques but instead plan
to reuse existing techniques like the concept of modularization first proposed by Parnas [33]. The technique of using
stubs and a stub generator is derived from RPC [8]. RPC has shown the effectiveness of stubs in insulating system
details from applications and the usefulness of a stub generator for automated code generation. We have simply applied
these techniques to the realm of adaptation in pervasive computing.

The application description language addresses some of the same issues as 4GLs [24] and ‘little languages” [6].
The latter are task-specific languages that allow developers to express higher level semantics without worrying about
low level details. Our description language is similar as it allows application developers to specify the adaptation
capabilities of their applications at a higher level without needing to worry about low level system integration details.
Our stub generator converts this high level description into low level code for interfacing the application with the
runtime. Another system that uses this method is CORBA [31, 43]. My system differs from CORBA in that it is
primarily targeted towards mobile environments. CORBA has some support for mobile environments but it doesn’t
perform well in practice.

Other systems like aspect oriented programming [22] and Enterprise JavaBeans [36] also have features to enable
the rapid prototyping of distributed applications. The solution that I am proposing is less heavyweight than any of
these systems and is targeted explicitly towards mobile environments. It also requires substantial amounts of work to
modify existing applications, that were not created for these systems, to use any of these systems.

Initial research [9] on adaptive multimedia applications concentrated on low-level system parameters, while con-
cern for user-perceived quality attributes appeared later [25]. Expressing user satisfaction took an econometric slant,
and new expressive power, with the introduction of utility functions in resource allocation systems in [34]. Capturing
user goals and using that knowledge to drive systems is a cornerstone of recent work on expert systems that provide
assistance to computer users. For example, Horvitz [17] uses Bayesian networks to perform inference on user goals
and utility functions to evaluate the relative merit of alternative system actions.

8 Thesis Contributions

This thesis will show that it is possible to describe the remote execution capabilities of an application in a concise
declarative form called tactics. I will show that it is possible to specify the tactics for a number of useful applications
and that these tactics are independent of the underlying runtime environment. This allows tactics to be useful for other
runtime systems and not just Chroma.

Based on this description, I will show that it is possible to build a powerful runtime system, Chroma, that uses
tactics to provide good performance for computationally-intensive interactive applications. I plan to show that it is
possible for Chroma to provide excellent application performance even though the resource management and adap-
tation algorithms used are simple. Developing algorithms that can accurately model the full dynamism of a mobile
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environments seems to be an impossible task. Given this, it is better to use simple algorithms that provide good per-
formance in most of the cases than to use a complicated algorithm that provides better performance in some cases but
is much harder to understand and breaks down at the corner cases. The use of simple algorithms that are still able
to achieve good application performance, is an important achievement as it allows Chroma to be easily understood,
easily developed and easily maintained.

Furthermore, I will show how Chroma can use tactics to automatically improve application performance in en-
vironments that have an overabundance of remote servers. This provides an important new capability for a remote
execution system as overprovisioned environments are becoming increasingly common. When the user enters an over-
provisioned environment, Chroma will automatically use these extra servers to make the performance of the users
applications better. It does this by automatically parallelizing the users applications and executing them on multi-
ple remote servers. By doing so, Chroma maximises the probability of the user being able to use a server that is
completely unloaded and as a result, the user will experience the best possible performance. All these improvements
happen automatically without any user intervention.

A key concern that arises when using extra servers is that one application may use all the available servers thus
depriving other applications from using them. Since each Chroma client makes it own independent decision about
which servers to use, it is necessary to develop a distributed algorithm that allows Chroma clients to choose the servers
to use in a way that will ensure fairness. My goal is to develop various algorithms, compare their performance and
show that it is possible for Chroma clients to achieve a fair use of available servers even though each Chroma client is
making an independent decision.

This thesis will also demonstrate the benefits of coupling the task layer with the application/OS layer. For example,
through the task layer, Prism, the user will be able to specify higher level constraints like “make my battery life last
5 hours” or T only want to use 200 Mbytes of network bandwidth”. Prism will monitor these higher level user
constraints and choose the correct applications to use based on these. It will then provide hints to Chroma explaining
what the user’s preferences are. Chroma will use these hints to adapt the running applications in the way most suitable
for the user. For example, Chroma may always choose a remote server if battery is a concern to the user, or Chroma
may always perform local computation if network bandwidth is a concern to the user. Finally, this thesis will provide
guidelines, mechanisms and a set of tools that will make the development of adaptive mobile applications easier.
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A Language for Specifying Tactics

The tactics for each operation is specified in a file, named accordingly,
which defines the list of execution units (keyword RPC) and the tactics
(keyword DEFINE_TACTIC) for that operatiom.

A) Defining the execution units and their interfaces

This part of the grammar allows application writers to specify the various
RPCs in their application that would be of interest to Chroma. The interface
for the RPCs are also specified in this line.

Grammar

RPC <name> ( <parameters> ) ;

Explanation
RPC :- keyword
<name> :- name of this RPC.
<parameters> :- interface of this RPC. This is expressed
using the grammar given below.
<parameters> = <var> | <var> , <parameters>
<var> = <mode> <type> <name>
<mode> = IN | OUT | INOUT
<type> = INT | CHAR | BYTE | FLOAT | DOUBLE | STRING |
user defined typedef
Example

RPC do_vq (IN STRING name, IN INT cpid, INOUT STRING Outfile, IN BYTE flag);
RPC do_sq (IN STRING, IN INT cpid, INOUT STRING Outfile, IN BYTE flag);

B) Specifying optional server groups

This part of the grammar allows application writers to specify optional
server groups. This can be used to constrain a particular RPC in a tactic to
only be executed at one of the servers specified in the group.

Grammar

SERVER <name> = <list of servers> ;

Explanation

SERVER :- keyword

<name> :- name of this server group

<list of servers> :- the list of servers that make up this group.

Specifying this list of servers uses the following grammar
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SERVER | SERVER , <list of servers>
<name> | L /* L. = the local server */
/* <name> = specific server name or IP address */

<list of servers>
SERVER

Example

SERVER local_and_gs129 = L, gs129.sp;
SERVER keyservers keyserverl, keyserver2, keyserver3;
SERVER trusted_hosts = moon.odyssey, 128.2.56.11;

C) Defining the tactics

This part of the grammar allows application writers to specify the ways in
which the various RPCs can be linked to one another in useful ways. I.e.,
the various tactics are defined here. The application writer can also
optionally specify specific servers and / or server groups to use for any
particular RPC within a tactic.

Grammar
DEFINE_TACTIC <name> = <list of RPCs> ;
Explanation

DEFINE_TACTIC :- keyword
<name> :- name of this plan

<list of RPCs> :- the list of RPCs which make up this plan. The application
writer can use curly brackets to group RPCs that should be run in parallel
if possible. The application writer can also optionally specify in each plan
whether individual RPCs in that plan should be run remotely, locally, at a
specific server, at any server within a server group or leave the decisions
up to the run-time.

Specifying this list of RPCs uses the following grammar

<list of RPCs> = RPC | RPC, <list of RPCs>

RPC = <name> | <name> @ <comnstraint> | ( <list of RPCs> )

<constraint> = L | R | <server_name> /* L = this must be performed locally
/* R = this must be performed remotely
/* <server_name> = use a specified server or server
/* blank = runtime picks the server

Example

DEFINE_TACTIC local
DEFINE_TACTIC hybrid
DEFINE_TACTIC remote

do_vq@L, do_sq@L ;
do_vq@keyservers, (do_nq, do_dq, do_mq), do_zqC€R;
do_vq@R, (do_nq@gs129.sp, do_dq@R, do_mq@R), do_zq@trusted_hosts;

B Language for Specifying Adaptation Capabilities of Applications

Basic Information

This part of the grammar allows the application writer to specify the basic
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identifying information about the application. These definitions are also
used by Prism.

Grammar

Description = <APPLICATION> <OPERATION> <REST>
<APPLICATION> = APPLICATION app_name <TERMINATOR>
<OPERATION> = OPERATION opp_name <TERMINATOR>
<TERMINATOR> =

Explanation

APPLICATION & OPERATION are keywords.

app_name (STRING) is the name of the application.
opp_name (STRING) is the name of the operation.

The terminator ; is used to demarcate the end of the line

Example

APPLICATION janus; OPERATION recognize;

Fidelity parameters

This part of the grammar allows the application writer to specify the

variables of the application that are required to be known by Chroma for the
purposes of calculating fidelities etc.

Grammar
<REST> = <FIDELITIES> | <REMOTE_EXECUTION> |
<FIDELITIES> = <TYPEDEF> | <VARIABLE> |
<VARIABLE> = <MODE> <TYPE>
<MODE> = IN | OUT | INOUT
<TYPE> = <INT> | <CHAR> | <BYTE> | <FLOAT> |

<DOUBLE> | <STRING> | <ENUM> | <TYPEDEF_NAME>
<INT> = INT var_name <ARRAY> <FROM> <T0> <DEFAULT> <TERMINATOR>
<CHAR> = CHAR var_name <ARRAY> <FROM> <T0> <DEFAULT> <TERMINATOR>
<BYTE> = BYTE var_name <ARRAY> <FROM> <T0> <DEFAULT> <TERMINATOR>
<FLOAT> = FLOAT var_name <ARRAY> <FROM> <T0> <DEFAULT> <TERMINATOR>
<DOUBLE> = DOUBLE var_name <ARRAY> <FROM> <T0> <DEFAULT> <TERMINATOR>
<STRING> = STRING var_name <ARRAY> <DEFAULT> <TERMINATOR>
<ENUM> = <ENUM_PARAMS> var_name <ARRAY> <DEFAULT> <TERMINATOR>
<ENUM_PARAMS> = { <ENUM_VALUES> }
<ENUM_VALUES> = enum_val , <ENUM_VALUES> | enum_val
<TYPEDEF _NAME> = typedef_name var_name <FROM> <T0> <DEFAULT> <TERMINATOR>
<ARRAY> = [ array_val ] |
<FROM> = FROM from_val |
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<T0O>

TO to_val |

<DEFAULT> = DEFAULT default_val |

<TERMINATOR> =3

<TYPEDEF> = TYPEDEF name <TYPE> <TERMINATOR>

Explanation

IN, 0UT, INOUT, INT, CHAR, BYTE, FLOAT, DOUBLE, STRING, FROM, TO and DEFAULT

are all keywords.

var_name (STRING) is the name of the variable.

enum_val (STRING) is a particular value of the enum.

typedef_name (STRING) is the name of a previously declared typedef.
from_val (STRING) is the FROM value of a variable.

to_val (STRING) is the TO value of a variable.

default_val (STRING) is the DEFAULT value of a variable.

array_val (INT) is the number of elements in the array.

The terminator ; is used to demarcate the end of the line

Example

IN INT num_poly FROM O TO 10 DEFAULT 5;
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