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Abstract

State-of-the-art mobile computing envir onments
must deal with scarce and dynamially varying resour ces
- in particular, the network quality of service. Applica-
tions which execute in such environments need to adapt
to the dynamic operating c onditions in oder to preserve
the illusion of seamlessness for the end-user as far as
possible. This pap erprop osesa framework for adapta-
tion which provides applic ationswith runtime supp ort
for quality of service negotiation, monitoring, and noti-
fic ation. Applications only need to sp eify the policy of
adaptation at o high level, and are shielded from the me-
chanics of adaptation. This pap er describ eshe design
and implementation of the framework of adaptation as
a part of the Prayer mobile computing environment.

1 Introduction

F uture indoor and outdoor mobile computing en-
vironments will need to support applications such as
WWW bro wsers, groupw are,and multimedia - which
typically require sustained quality of service (QoS) at
the relativ ely lov a milable data rates and scarce net-
w orking/computing resources. Unfortunately, state-of-
the-art wireless net w orkingis unable to pro vide sus-
tained QoS to applications for three reasons: unreliable
wireless media, user mobility bet ween cells, and mi-
gration betw een dierse wireless netw orks. In order to
pro vide the illusion of a uniform vorking environment
to the end-user on top of dynamically varying netw ork
QoS, applications need to adapt to the changing operat-
ing conditions. The case for application-aw are adapta-
tion in mobile computing environments has been made
in related literature in order to support both the dy-
namics within a single wireless netw ork, and seamless
migration betw een wireless netv orks [1, 6 7].

While recen t researc h has proposed several ap-
proaches to the problem of application-aw are adapta-
tion, the onus of monitoring QoS change and/or react-
ing to dynamic operating conditions has typically been
with the application, thus making it hard to write adap-

tive applications. In order to facilitate writing non-
trivial applications in future mobile computing en vi-
ronments, w e perceie a need to provide a well-defined
structure for adaptation-related interactions bet ween
the applications and the operating system. T o this end,
this paper proposes a framework to pro vide run time
support for adaptive applications. Our framework con-
sists of three major components: the underlying com-
puting and communication resources, runtime support,
and applications. Resource management at the low est
layer pro vides primiti® mechanisms to monitor quality
of service (e.g. the netw ork can provide throughput and
dela y measures oer fixed time windows). The runtime
support provides the mechanisms to monitor and adapt
to changes in the QoS of the underlying resources, while
the applications provide the policy of adaptation. The
division of functionality along the lines of policy and
mechanism allo ws us to shield applications from the
complexity of resource management while retaining the
logic to handle the netw ork dynamics at the application
level. The focus of this paper is on the framework of
in teraction bet ween the systems softw are andthe ap-
plications in order to enable QoS-aw are adaptation in
mobile computing environments.

We are implementing the adaptive computing frame-
w ork as a part of the Pry er mobile computing environ-
ment [1]. Section 2 describes the model of the environ-
ment. Section 3 describes the framework for adaptive
computing in Pra yer. Section 4 describes the imple-
mentation of the framework. Section 5 discusses the
limitations of the current work and suggests improv e-
ments for the future.

2 Mobile
Model

The mobile computing model of Prayer is sho wn in
Figure 1. Every mobile host has a corresponding home
on the backbone netw ork.The mobile host can connect
to the home through one or more wireless net w orks,
and has the abilit yto switc hbet ween these net w orks
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Figure 1: PRAYER Mobile Computing Model

seamlessly. For the distributed applications whih run
in our en vironmert, w eassume a three en tity model
- application entities run on the mobile host, home,
and backb one hosts F or clien t-serv er applications, QoS-
aw are cliems run on the mobiles, QoS-unaw are serv ers
on the hosts, and QoS-aw are application stubs run on
the home. By QoS-aw are, ve mean that the clients and
stubs can perform adaptation depending on the chang-
ing QoS. Servers may be oblivious to such adaptation.
The stubs at the home play a key role, since they act as
in termediaries betw een the cliet and the server, pla y-
ing the role of the client with respect to the server, and
the serv er with respect to the cliet. In Prayer, we typi-
cally address the problem of both seamless mobility and
adaptive computing with reference to the mobile host
and home as the tw o end-poins, our model will work
just as well for end-to-end adaptation. This restriction
simplifies our prototype since it does not require every
host on the backbone netw ork to proride adaptive com-
puting support. Similar application models have been
used commonly in recent work [3, 9].

The Pra yemnnodel for adaptation consists of three
layers (see Figure 1). A tthe low estlayerare the in-
dividual resour ces which are broadly classified into
net w orkingresources (channel capacity, buffer, etc.)
and computing resources (battery pow er, memory disk,
CPU etc). The intermediate resour ce management
layer manages the different underlying resources, and
pro vides the adaptie computing support to the appli-
cation layer. In this paper, we are primarily concerned
with net w orking relatedadaptation at the higher tw o
layers. While the focus of this paper is adaptation to
dynamic net w orkingQoS, our framework for adapta-
tion at the resource management layer and the appli-
cation layer can support adaptation with respect to
other computing resources and application-defined re-
sources. The key feature of our framework is that the
resour ce management layer povides the mechanisms to
manage, monitor, and react to changes in the available
resour ces,while the applic ationlayer provides the pol-
icy for handling dynamic resour ce change The separa-
tion of mechanisms from policies enables applications

to control adaptation while not get involv ed in the me-
chanics of making adaptation happen.

Two concepts are fundamental to our adaptive com-
puting framework - QoS classes, and adaptation blocks.
We describe each below.

2.1 QoS classes

In mobile computing environments, QoS parameters
such as throughput, delay and error rates vary dynam-
ically , both dueto the inherent nature of wireless up-
link/downlink, and because of inter-cell mobility. Thus,
in Prayer the applications specify a range of acceptable
QoS values rather than single values. The application
layer and resource management layer negotiate QoS
bounds. The resource management layer then performs
end-to-end resource reservation (and possibly, adv ance
reserv ation) according to algorithms described in [4]
in order to reserve the minimum required resources
and provide additional resources according to the max-
min fairness criterion for the netw ork. Pro viding QoS
bounds gives the resource management layer the flexi-
bility to handle apparert resource conflicts caused due
to transient loss in the wireless medium or new connec-
tion requests by readjusting resources in the net w ork
without violating the QoS bounds of ongoing connec-
tions.

A QoS class is defined by specifying the upper and
low er bounds for resources. Currently, we use the fol-
lowing four parameters: data rate (throughput), delay
(w orst-case),handoff dropping prob ability and cost p er
byte'. It is possible for the acceptable range of val-
ues for one or more resources to intersect bet w een QoS
classes.

2.2 Adaptation Blocks

An application divides its execution into adaptation
bloc ks. An adaptation block consists of a set of alter-
nativ esequences of execution, each associated with a
QoS class. The application is gran teda QoS class at
the start of an adaptation bloc k,and runs the corre-
sponding sequence of execution expecting to be pro-
vided the same QoS class throughout the execution of
the bloc k,unless otherwise notified. The application
may thus trigger a QoS re-negotiation only at the start
of eac h adaptation blok.

Given the concepts of QoS classes and adaptation
bloc ks, tw even ts are of irterest with respect to adap-
tive computing: (a) application-initiated QoS class
(re)negotiation at the start of an adaptation bloc k,

Mn the general case, the resource parameters will include both
netw orking-related QoS parameters, and other resources su as
CPU, memory, disk, battery po w er, etc.
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and (b) notification of QoS class violation to the ap-
plication, which triggers system-initiated QoS class re-
negotiation in the middle of an adaptation block. The
next section describes the framework to handle both
these even ts.

3 Adaptation F ramework

The interaction bet ween the application layer and
the resource management layer is go verned ly the t w o
concepts of QoS classes and adaptation blocks. A t the
start of an adaptation bloc k,the application specifies
a sequence of QoS classes in descending order of prece-
dence. The application associates a sequence of execu-
tion (encapsulated in a procedure) for each class. The
resource management layer grants the application the
highest precedence QoS class in can from the sequence;
the application then executes the corresponding proce-
dure. The resource management layer tries to provide
the same QoS class to the application throughout the
adaptation block (using the algorithms specified in [4]).
If it is unable to do so (or can pro videa higher QoS
class), it notifies the application and initiates a QoS
class re-negotiation. We now describe the interactions
involv ed in notification and re-negotiation.

3.1 Overview of the F ramewrk

Adaptive computing support for applications is
pro vided through a run time library , which con tains
the following calls: QoS, register, unregister,
build_QoS_class_list, clear_CAP_sequence,
add_CAP, and retrieve_QoS. These calls are de-
scribed in detail in Section 4.

When an application starts, it specifies a set of ac-
ceptable QoS classes using the build _QoS_class_list
call. A QoS class is specified by defining the low er
and upper bounds for data rate (in Kbps), dela y (in
ms), handoff dropping probability, and cost per byte (in
cen ts). Note, that determining the cost per byte is al-
most impossible in practice. One alternative is to mea-
sure cost in terms of available creditsfor a user, where
a unit of credit indicates a pre-determined amount of
bytes the user is allow ed to transmit oer the netw ork.

The application registers the set of acceptable QoS
classes to the resource management layer using the
register call. Before the start of an adaptation block,
the application specifies the adaptation block by means
of a CAP sequence. Each CAP entry inthe sequence
specifies a <class, action, procedurx triplet, where
the class field denotes the QoS class, the procedure
field iden tifiesa sequence of execution, and the ac-
tion field specifies the fallback action to be tak en if
the QoS class is violated during the adaptation block.
The last CAP in the CAP sequence must correspond

to the DEFA UIT' QoS class, which the resource man-
agement layer can always satisfy?. The action field
pro videsthe logic to handle QoS notifications during
the adaptation bloc k. It consists of the <low_action,
high_action> pair, where low_action specifies the fall-
bac k action if the resource managemen layer is unable
to pro vide the minimum QoS bounds for the negoti-
ated class, while high_action specifies the fallback ac-
tion if the resource management layeris able to sat-
isfy a QoS class corresponding to a higher precedence
CAP in the CAP sequence. There are six possibili-
ties for the fallback action: BLOCK, BEST_EFFORT,
ABORT, R OLLBXCK, SERVER, or an applic ation-
specifie dhandler. The SERVER action is described in
the Section 3.3.

The application starts an adaptation block by mak-
ing a QoS call. In the QoS call, the CAP sequence is
passed to the resource management layer, which then
tries to satisfy a QoS class of the CAPs in sequential
order (thus the order of the CAP sequence defines the
precedence among the different sequences of execution).
When the resource management layeris able to sat-
isfy a QoS class, it notifies the application to execute
the corresponding procedure, and starts monitoring the
available QoS on behalf of the application.

If the QoS goes belo wthe low er boundof the cur-
rent QoS class during an adaptation blok, the resource
management layer will provide the mechanism to react
to the QoS change depending on the fallback action
specified in low_action: BLOCK will cause the applica-
tion to suspend execution till the resource management
layer is able provide the QoS class; BEST_EFFORT will
ignore the QoS change; ABORT will abort both the
current procedure and the current adaptation bloc k;
R OLLBACK will abort the current procedure but re-
execute the current adaptation block (i.e. redo the QoS
call). An application specified handler may be used in
order to handle notifications in case the application has
special needs (e.g. must reac h a synhronization point
before it can perform any of the standard actions).
Also, the application may w an tto react in different
w aysdepending on which QoS parameter bound w as
violated - this can be handled in application-specific
handlers.

If the QoS value ¢ hanges during the adaptation blok
such that the resource management layeris able to
pro videa QoS class corresponding to a higher prece-
dence CAP in the CAP sequence, the resource man-
agement layer will pro vide themechanism to react to
the QoS change depending on the fallback action speci-

2A CAP sequence does not need to contain an en try for every
QoS class acceptable to the application.
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fied in high_action: BEST_EFFORT will ignore the QoS
change; ROLLBACK will abort the current procedure,
and notify the application to execute the procedure cor-
responding to the higher precedence CAP; ABORT will
abort both the current procedure and current adapta-
tion bloc k; BLOCK is ignored (treated the same as
BEST_EFFORT); if an application specific handler is
pro vided, it is irv ok ed.

The QoS call pro videsa w ell-defined structure for
the interactions bet ween the application and the re-
source management layer. The QoS call is the only way
by whid the application can re-negotiate QoS classes.
The resource management layer assumes the burden of
monitoring the QoS during the program execution, and
performs the notification and QoS class re-negotiation
based on the fallback action specified by the applica-
tion. The application thus retains full con trolof the
policy of adaptation, without ha vingto bother with
the mechanics of QoS monitoring and re-negotiation.

When an application needs to adapt at a finer grain
than a QoS class, it makes a retrieve_QoS call, which
tak es a QoS parameter as input and returns its currert
value. This enables applications to perform a tw o-lev el
adaptation - at a coarse grain using adaptation blocks,
and at a fine grain using explicit retrieval of the current
QoS value.

3.2 Notification and Re-negotiation

The resource management layer has the flexibility to
reassign resources among competing applications with-
out notifying any of the applications so long as it does
not violate a pre-negotiated QoS class. Thus, there are
two even ts that are of importance in the adaptiwe com-
puting framework: (a) negotiation of the QoS class at
the start of an adaptation block using the QoS system
call, initiated by the application, and (b) notification
of a ¢ hange in QoS class from the system to the appli-
cation because the system is either unable to satisfy a
pre-negotiated QoS class or can provide a higher QoS
class. Note, that when the QoS granted goes below the
low erbound, QoS class re-negotiation is always trig-
gered. How ever, when the QoS that can be grated can
be in a higher class, re-negotiation is triggered only if
there has been no QoS change within a timeout period.
This handles the pathological case of resource fluctua-
tions about the QoS low er bound for a higher class.

3.3 End-to-End Adaptation

The adaptation framework described abo vedeals
only with the interactions betw een the applications and
the resource management layer at an end-point. It does

3The netw orkinglayer has it’s own checks against frequen t
adaptation due to fluctuating resources [5].

not deal with the adaptation-related interactions be-
tween t w o end-poits. Two important issues arise when
addressing end-point adaptation:

1. An end-to-end consistency mechanism that guar-
an tees that both the end-poirts ha ve the same QoS
classes, and will tak e consistent actions with re-
spect to adaptation when the QoS class changes.

2. An end-to-end consistency mechanism that guar-
an tees that during the transition from one QoS
class to another, there is no interaction bet ween
the applications. This ensures that transitory de-
lays in QoS change detection at the tw o end-poirs
do not cause the program to behave in an undesir-
able manner.

It is possible for only one end-point to detect QoS class
changes. F or example, the mobile host may perceive its
battery pow er go belov a minimum threshold. Under
suc h circumstances, the mobile host may change QoS
class ev en if its peer on the bakbone does not notice a
QoS class change.

In a client-serv er distributed system, one server may
serve multiple clients. In this case, the server will po-
ten tially be in differert QoS classes for different clien t
connections.

In order handle the above scenarios as well as the is-
sues (1) and (2) above, w e stipulate that only one of the
tw oend-points is allow ed tanitiate the QoS adapta-
tion (t ypically the client). In eac h CAP of the CAP se-
quence, the server specifies a special action, SERVER.
The SERVER action is identical to the BEST_EFFORT
action, except that it can receive notification from the
remote process (i.e. the clien t) and change CAP ac-
cordingly. When the client side detects a change in QoS
class, and initiates a R OLLBACK or ABORT action,
the resource management layer at the client notifies the
remote side of the QoS class c hange and specifies the
new CAP for the client. When the server receiv es the
notification corresponding to the new CAP, it changes
to the corresponding CAP sequence on the server side.
Note that this approach assumes that the CAP se-
quences of the client and server are coordinated. Given
this assumption (which is not enforced from within the
adaptive computing framework), w ecan handle both
the end-to-end issues raised above.

3.4 QoS Class violation

The adaptation framework described abo vecon-
strains an application to behave in the same way if the
QoS bounds for any of the parameter are violated. In
general, the exception condition for different QoS pa-
rameters may be different. F or example, for a WWW
Browser, a significant reduction in data rate will disable

Proceedings of the COMPSAC '97 - 21st International Computer Software and Applications Conference
0730-3157/97 $10.00 © 1997 |IEEE



images, while a significant reduction in battery pow er
will terminate the program. We can handle these dif-
ferences in two w gs: (a) specify QoS classes with finer
gran ularit yand (b) write customized exception han-
dlers. Neither is a satisfactory solution: pro viding more
QoS classes makes writing adaptive programs harder,
and also constrains the types of optimization the net-
w ork canperform; writing customized exception han-
dlers for every type of QoS violation negates the whole
purpose of providing runtime adaptive computing sup-
port. While finding a satisfactory solution to this prob-
lem is ongoing research, we currently advocate a middle
ground using a combination of finer granularit y in QoS
classes and customized exception handlers.

4 Prototype Implementation

We ha e built a prototype user-level implementation
of the adaptive computing framework in Pra yer.The
significant components are the runtime library, which
pro vides the adaptation-related calls to applications,
and the resour ce managerwhich implements the func-
tionalit y of the resource managemen layer. The low er
lev el net w orklay er pro vides QoS measures currently,
though ongoing implementation work seeks to improve
the netw ork resource managemeit significantly b y pro-
viding loose QoS guarantees [4].

4.1 QoS Classes

The Pra yerenvironmert supports five possible
modes of connectivity for the mobile host: LAN (Eth-
ernet: 10Mbps), Wireless LAN (Wavelan and Range-
lan: 1Mbps), Slip (100Kbps), Wireless MAN (RAM:
10Kbps), and disconnection. We pro vide t w o lev els
of QoS support - one is simply to identify the current
net w orking iterface among the five choices above, and
the other is a full fledged QoS class support [5]. While it
is possible for the quality of service to vary significantly
within the same mode of connection (for example, be-
ing connected to the Ethernet does not guarantee high
throughput connectivity, particularly for wide area con-
nections), just knowing the interface for the mobile host
giv es some applications a viable first-cut QoS class.
4.2 Resource Manager

The Resource Manager performs QoS class nego-
tiation and monitoring for all the applications regis-
tered with it. It listens for application requests at a
w ell knovn port. Application requests are one of four
types: REGISTER, UNREGISTER, BEGIN_QoS, and
END_QoS.

The resource management layer mairtains a list of
entries (application list) corresponding to the ap-
plications currently registered with it. Each entry con-
tains the application name, process id, a port at which
the application can be con tacted, and a list of QoS

of

classes the application recognizes. When the resource
management layer gets a REGISTER request, it cre-
ates a new entry for the application and initializes the
port and the list of QoS classes for the application.
Conversely , an UNREGISTER request remo es the ap-
plication entry.

The Resource Manager has a fixed number of stati-
cally created threads (called R esour ce Serveysn order
to service QoS system calls from applications. A Re-
source Server is associated with a QoS request rather
than an application - once the QoS request is com-
pleted, it waits to serve other QoS requests.

When an application makes a QoS call, a BE-
GIN_QoS message containing the CAP sequence is sent
to the Resource Manager. The Resource Manager in-
vok es one of the free Resource Serers to serv e the QoS
call, and passes the CAP sequence to it. The Re-
source Serv erpro videsthe application with the high-
est priorit y QoS class (specified ly the CAP sequence)
it can, and notifies the application of this QoS class
in an EXECUTE message as a response to the BE-
GIN_QoS message. A tthe completion of the adapta-
tion block, the application issues an END_QoS message
(from the QoS library call) to the Resource Manager,
which frees up the corresponding Resource Server. Dur-
ing the execution of the adaptation block, the Resource
Serv er monitors theQoS for the application. If it de-
tects a ¢ hange in QoS (e.g. ETHERNET to WMAN),
it reacts depending on the fallback action specified in
the CAP corresponding to the granted QoS class. For
BEST_EFFORT, it ignores QoS change; for BLOCK, it
sends a SUSPEND notification to the application, fol-
low ed b y a RESUME notification when the QoS class
can be granted again; for ABORT, it sends an ABORT
notification; for R OLLBACK, it performs QoS class
re-negotiation using the CAP sequence, and sends a
R OLLBACK notification with the newly granted QoS
class; if an application specific handler is pro vided, it
is invok ed.

Notifications from the Resource Manager to the ap-
plication are one of the follo wing: EXECUTE, SUS-
PEND, RESUME, ABORT, R OLLBACK, and HAN-
DLER. The mechanism of providing notifications to ap-
plications is described below.

4.3 Runtime Library

The run timelibrary pro vides the functionality re-
quired by the application to interact with the Resource
Manager.

In teractions bet ween the application and Resource
Manager are structured as follows. The Resource Man-
ager listens to requests at a w ellkno wnport. Upon
startup (in the register call), the application starts
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listening at an available port, and sets a signal han-
dler to capture SIGUSRI signals. The signal handler
causes the application to read from the port. Thus,
notifications from the Resource Manager to the appli-
cation are performed by a combination of a SIGUSR1
signal follow edby a message to the application port.
This implementation w asmotivated by the fact that
the runtime adaptive computing support should be as
unintrusiv e as possible for the application program.
Two global data structures are defined and
used by the run time library: _QoS_class_list and
_CAP_sequence. _QoS_class_list is used by the ap-
plication to specify the set of acceptable QoS classes
for the application, while _CAP_sequence is used by the
application to specify adaptation blocks. We no wde-
scribe the adaptation-related functions provided by the
run time library
e build_QoS_class_list(QoS_class_index,
lower_bound_rate, upper_bound rate,
lower_bound_delay, upper_bound delay,
lower_bound_hdp, upper_bound_hdp,
lower_bound_cost, upper_bound_cost)
This call creates a
new QoS class entry in the _QoS_class_list with QoS
class index QoS_class_index, and the specified low er
and upper bounds for data rate, dela y handoff drop-
ping probability and cost.
e register()
This call opens a Unix domain datagram port, sets the
SIGUSRI1 signal handler to handle Resource Manager
notifications, and sends a REGISTER message to the
Resource Manager with the QoS class information and
the communication port.
e clear CAP_sequence ()
This call reinitializes the _CAP_sequence structure.
e add CAP(QoS_class_index, procedure,
low_action, high action)
This call creates (or updates, if the entry correspond-
ing to the QoS_class_index already exists) a CAP en-
try in the _CAP_sequence structure with the QoS class
iden tifiedby QoS_class_index, the adaptation bloc k
to execute specified by procedure, the action to tak e
if the QoS class falls below the QoS class specified by
low_action, and the action to takeif the QoS class
can be increased beyond the QoS class specified by
high action. The entryis appended in sequence, to
_CAP_sequence - thus the order of invokingadd_CAP
when building the CAP sequence is important.
e QosS()
This call sends a BEGIN_QoS message to the Resource
Manager with the CAP sequence information, w aits
for an EXECUTE notification from the Resource Man-
ager, and executes the procedure corresponding to the

gran ted QoS class.A t the end of the procedure, it sends
an END_QoS message to the Resource Manager. Dur-
ing the execution of the procedure, a change in QoS
may ha e caused re-negotiation of the QoS class by the
Resource Manager on behalf of the application. The
application is then notified through the SIGUSR1 sig-
nal. The signal handler reads the communication port,
and will receiv eone of the follo wing messages: SUS-
PEND (blocks and waits for a RESUME notification),
RESUME (resumes procedure execution), ABORT (re-
turns from the QoS call), or ROLLBACK (returns from
the current procedure and executes the procedure cor-
responding to the newly granted QoS class in the CAP
sequence).

e unregister()
This call sends an UNREGISTER, message to the Re-
source Manager, which removes the application class
entry from the Resource Manager.

e retrieve_QoS(resource)
This call returns the currently available value of the
resource to the application. It can be used for adap-
tation at a finer grain than a QoS class.

In [2], we describe a simple example which uses the
abo vecalls in order to perform adaptive consistency
management in a file system.

5 Conclusion

This paper describes the design and implementation
of the framework of adaptation in Prayer. The major
benefit of the framework is that it structures the inter-
actions betw een applications and the rumime support
in a w wthat shields the applications from the mechan-
ics of QoS negotiation and monitoring while retaining
the adaptation policy at the application. Consequently,
w ebeliev ethat it becomes easier to write non-trivial
adaptive applications in an en vironmert with highly
dynamic resources.

We ha veexperimented with a nunber of adaptive
applications in our environmert, including adaptive
consistency management tools for file systems using
PFS, and variable frame-rate video playback and tele-
conferencing. During the course of experimentation, we
disco vered seeral limitations in our current design and
implementation. We iden tifysome of the unresolved
issues below.

e FEaxtensible set of QoS parameters The protot ype
implementation only pro vides for adaptation to
net w orkQQoS. While the wireless net w orkis the
biggest bottleneck in outdoor mobile computing,
applications may need to adapt to several other
scarce resources, including battery po ver, mem-
ory, disk, etc. Besides, the application may also
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need to adapt to application-defined and exter-
nally managed resources. This motivates ha ving
an extensible user-defined set of QoS parameters,
and associating a low-lay er Resource Manager with
eac h parameter or subset of parameters (such as
the Netw ork Manager for data rate, dely, etc.).

Measur ement for QoS mrameters F or sev eral QoS
parameters, the unit of measure is hard to define

or use in a meaningful manner. F or example, cost
per byte is v ery hard to compute since it depends
on several factors such as size of the payload, pric-

ing structure of the carrier, etc. How ever, cost is
a major QoS parameter w eneed to consider for

practical use of such a framework. Thus, w eare

considering several alternative measures to mea-

sure cost, including credits.

OS supp ort Though our implementation is cur-
ren tly at the user-lewel, w e perceie a definite need
for OS support for making it easier to write and
use adaptive applications. In particular, the in-
terprocess communication bet ween the Resource
Manager and the runtime libraries (linked in to the
application) has unnecessary overhead because we
w an tedit to be as less intrusiv eon the applica-
tions as possible. Besides, executing procedures
(which do not take any parameters) as a result of
the QoS call makes in teractions betw een differert
adaptation blocks unnecessarily hard. It w ould be
muc h easier to write applications if the adaptation
bloc k is executed in the i oking environment (i.e.
it could share the local variables of the calling en-
vironment).

End-to-end adaptation: In the case of netw ork-
ing resources, QoS parameters are typically end-

to-end. Communicating applications can thus co-

operatively perform end-to-end adaptation based

on a shared knowledge of available netw ork QoS.
How ever, adaptation imolving local resources such

as disk, memory or battery pow er my still require

both end-points to adapt at the application layer.

Notification of remote adaptation and the policy

to react to such notifications is an interesting open

issue.
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