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Abstract ning, and the number of possible configuration options of
the applications and their data.

This paper presents the design, implementation, andThe large size of the adaptation space precludes the im-
evaluation of a simple programming language for exlementation of all-encompassing adaptation policies tha
pressing scheduling policies for transmission of multipver all possible scenarios. Instead, we believe thasuser
objects across a shared network connection. A key desigii have to be active participants in the adaptation pro-
component of our language is the ability to express cotess, teaching the pervasive system how to adapt when it
straints among the objects to be transmitted. A policy cancounters a new situation, or when the user is unhappy
make ordering constraints such as “all text objects amith the system'’s current behavior.
transmitted before any image objects” or a policy might For ordinary users to become policy designers, the pro-
express rules on the the relative bandwidth allocatiorgss of defining policies must be simple and scalable. Un-
across objects of different types or it can reserve certdiortunately, there is a mismatch between the way users
amount of bandwidth for an object. Because it is posshink about the tasks they want the pervasive system to
ble to express contradictory constraints, our system fingsrform and the inputs current adaptation mechanisms
suitable approximate solutions when no precise solutieRpect. Whereas the user may think in terms of behav-
is available. ior or desirable results (e.g., get the text of a document

fast, | care most about my MP3 player), current adaptation
mechanisms function in terms of low level configuration
parameters (e.qg., fidelity levels, scheduling sharesr{prio
1 Introduction ities). Likewise, it would be desirable to provide mecha-
nisms that might allow unsophisticated users, who cannot
The ability to adapt to limited and varying resources h&s expected to write even simple programs, to be able to
long been considered a fundamental requirement for ne@mpose and manipulate policies written by others.
bile computing [1, 2, 3]. The advent of pervasive com- This paper presents Extensible Adaptation via Con-
puting [4, 5] will only increase the need for adaptation adraint Solving (EACS), a novel approach that makes a
the services available to a pervasive client depend on tig step in simplifying policy design by distancing pol-
resources that are carried by the client and those that iagewriters and ordinary users from the intricacies of the
provided by the smart space the client happens to be irmdaptation mechanisms. In EACS, policy writers spec-

In the last 10 years, researchers have devised seviédyahdaptation policies by defining subsets of the objects
mechanisms for adapting to variation in network conneand defining constraints among these subsets; for less ad-
tivity [6, 7, 8, 9], energy supply [10], and device heterosanced users, there is also an option of composing new
geneity [11, 12]. While these mechanisms have provpalicies from several predefined ones.
powerful, there has been little work on how to specify ef- The initial EACS prototype is limited to transmission
fective policiesfor using these mechanisms. Policy defpolicies, which define the order in which a series of ob-
nition is a particularly hard problem, as users may requiets is transmitted to a bandwidth-limited device. Users
different behavior based on a variety of criteria, such apecify transmission policies by grouping data in trarsit t
resource availability, physical location, cost, time ofdaor from the mobile device into user-defined subsets based
the mix of applications running on the device or smaoh the data’s type, size, or any other attribute. Users can
space, the presence or absence of other users in the septify dependencies between the sets (e.g., all elements
space, etc. Moreover, the space of possible adaptationsfisetA should be transferred before any element of set
combinatorial in the number of services provided by tH# or set proportional bandwidth allocations for the sets
smart space, the number of applications concurrently re-g., elements of s€ should get 3 times as much band-



width as elements of s@) as well as they can allocate e
(reserve) fixed amount of bandwidth to a set or disable
the transmission of the set permanently or temporarily.

We first developed an EACS simulator, allowing us to
simulate real EACS policies without actually transmitting
data across a network. This allows a policy designer to
quickly see how a policy might behave on real data with-
out waiting for the data to traverse a low-speed network.
EACS proved effective at expressing complex transmis-
sion policies with very few lines of code, a significant im-
provementover our earlier HATS system [13], where poli-
cies were written in Java and were generally constrained
to follow the hierarchical structure built into existingalo
uments. We integrated EACS with the Puppeteer adapta-
tion system [6] and we then measured the overhead intro-
duced by EACS policy interpreter, showing it to be negli-
gible.

The rest of this paper is organized as follows. Section 2
presents the design of the EACS policy language. Sec-
tion 3 describes the process for transforming high-levele
EACS descriptions into low-level bandwidth shares that
can be fed to an adaptation system. Section 4 presents
results from simulations and runs on the Puppeteer adap-
tation system. Section 5 discusses prior work and how
EACS differs from these earlier efforts. Finally, Section 6
discusses our conclusions and directions for future work.

2 Policy Language Design

This section presents the design criteria behind EACS. We
present a method for expressing transmission policies in a
high-level, compact fashion.

Prefetching: this kind of policies is useful when the
subset of data that the user would expect in the near-
est future can be predicted. For example, a user
working with slide 5 of a PowerPoint presentation
most probably needs slide 4 or 6 next. Thus, the
system should try to prefetch those before the user
advances to the next page.

e Proportional bandwidth distribution: a user working

with two applications that share a slow bandwidth
link might give a preference to one of them allo-
cating 2/3 of the total bandwidth. Each share can
be split among the objects and components within
the application. Another useful policy might allo-
cate more, e.g. 80%, of the total bandwidth to the
foreground application while splitting the rest among
background applications. When another application
becomes foreground the system shifts bandwidth to
it.

Guaranteed allocation: a multimedia stream might
require a certain fixed amount of bandwidth to oper-

ate properly. As a concrete example, if a 24 Kbit/sec
audio stream shares a 56 Kbit/sec link with other

connections, the system should reserve 24 Kbit/sec
of bandwidth for the audio stream to provide ade-

guate level of audio perception.

Time-constrained policies: a policy of the kind can
be useful to save money the user pays for the trans-
mission time. For example, if the user is browsing
the web, the system can be told to spend not more
than 30 seconds per HTML page. This can result in
poorer quality of the fetched page (e.g., some of the
images are transcoded), but saves transmission time.

The next subsections explain how to abstract these (and

2.1 Transmission policy domain overview

more) policies and formalizes our language to specify

them.

We open the discussion by presenting a descriptive
overview of possible transmission policies based on Oéll’z
long-term experience with the Puppeteer system [6]. :

Language Requirements

The goal of a bandwidth adaptation system is to improve

e Text-first: this is probably the most useful policy idatency for network operations by transmitting less data.
a bandwidth-limited environment. For a documentp accomplish this, an adaptation system has three things
e.g. an HTML page, the size of text objects is usit-can do: it can chose to send a subset of the desired data

ally much smaller than that of images or multime(e.g.

, removing images from a document), it can transform

dia data. Fetching text objects first allows text-onlhe desired data (e.g., using lossy compression), or it can
version of the document to be rendered much fastdrange the order in which data items are transferred (e.g.,
than the entire document can be rendered. There se@ding textual data before sending multimedia data). The
more analogous policies based on fetching a cert&@ACS policy language is focused on data transmission or-
subset of data first. For example, for a user openidgring, assuming that other portions of the adaptation sys-

a PowerPoint presentation over a slow connectidem

have selected and transformed these data. As such,

it would be beneficial to fetch (and render) the firgshe purpose of our language is to specify how a series of
slide or two first slides before fetching the rest of thebjects, stored on the server and labeled with various at-

presentation.

tributes, should be transmitted across the network.



Our goal, in designing the language, is to presentbaolean operators. Other supported primitive types are
high-level abstraction that hides as much detail as pegts, object attributes (as discussed above), and conistrai
sible, while still making it possible to express interegtinfiwhich can be arguments to other constraints).
transmission policies. To solve this, we introduce two ba-In addition, a number of other useful primitives are de-
sic concepts: set operations and constraints on these digtsd:

A transmission policy, then, first defines various subsets

of the objects to be transmitted based on those objects” Setresult=_ selec(set expi);

attributes. Then, constraints are made saying which sets Th? function selects all the componentsset for
must go before others and which must be interleaved. The whichexprevaluates tarue.

system to evaluate these policies must be cheap enough # void update(set attribute, expn);

evaluate that it can be reevaluated often, allowing for dy-  The function updates the attribuaétribute of all the
namic changes in the set of objects to be transmitted. objects ofsetto the value oexpr.

In order to express transmission policies, we need to
be able to select groups of the available objects based om Setresult= min(set expy);
their attributes. Constraints might be expressed on an ob- The function select the components#tfor which
ject's size its type (text, image, sound, ...), the time the ~ €xprhas minimum value. Likewise, there isn@ax
object was added for transmission, ésntext etc. An function.
object’s context will have some elements that are static,
such as what kind of application is reading the object, and
other elements that are dynamic, such as whether the ap-
plication requesting the object happens to be the user'®ll the usual set operations are defined, including in-
foreground application. tersection AND), union OR), and differencegUB). In

By selecting on the attributes, our language must aladdition, we defin€ as the universe of all objects and we
definesetsusing standard set operations: union, intersegrite 0 as the empty set.

o Setresult= getl(sed;
The function selects one element freet

tion, and difference. In the context of an expression that selects elements
To express transmission policies, constraints can tgkem a set, some ephemeral variables are defined while
many forms. evaluating the predicaexprthat refer to the attributes of
each object:

Priority constraints express how some objects must be
transmitted before other objects can begin transmigpe describes what kind of object this is

sion (e.g., send text objects first, then image objects). . . ) . )
e.g ) ¢ ) a%pllcatmn describes the application requesting the ob-

Proportional constraints express how  bandwidth ject
should be shared among objects being transmitted
concurrently (e.g., Web browsers get 80% of the?

bandwidth and other types get 20%). sizeOriginal total bytes for the object

Guaranteed-allocation constraintsreserve  requestedfg true if the object belongs to the foreground application,
amount of bandwidth to a set of objects (e.g., an false otherwise
audio stream)

eDone bytes of the object that have been transmitted

timeAddedToTransmission the absolute time when the
Never-transmit constraints prevent transmission of the object was added for transmission

objects in the specified sets. ] ] .
timeLastTransmitted the last absolute time when a por-

Hierarchical constraints express precedence ordering tion of the object was transmitted
for other constraints (e.g., within Web browsers, text Clearlv. the list i h . q b ded
goes before images, but in other documents the band- early, the list is not exhaustive and can be extended.

width is shared).
2.3.1 Priority Constraints

2.3 Language Syntax Next, we have the operators that express various con-

The EACS policy | b . ¢ h straints. Given two sets of componersisand s;, we
e policy language borrows its syntax from the ight express priority constraints:

language, although it's a much simpler language to evfj-
uate. The operators supported include: variables and cone After (s1, S);

stants; if-then-else operators; function declarationiand all components of, must be completely transmitted
vocation; and arithmetic with integer, floating point, and  before any elements & can begin transmission.



o Before(sy, 5); The first two equations express the rule that, for every

equivalent toAfter (sp, s1). pairs of components frors, ands,, the bandwidth ratio
should be 2. The third and fourth rules are the same as
2.3.2 Proportional Constraints above. The solutiora=b = 2/5 andc = 1/5, shows the

) ] desired bandwidth distribution.
We can also express proportional constraints to describg can be noticed thaBandwidthRatio and Band-

how bandwidth must be shared between objects. Th@fgithperElementRatio are related. For the same non-
are two types of proportional constraints: empty sets; andsy:

e BandwidthRatio(sy, s, 1); . .
means that the r(atio betzlveen the total bandwidth the BandwidthPerElementRatio(sy, s2,r) = 1)
components in se and the total bandwidth of the BandwidthRatio (Siaszvr%)
components in seb is equal tor. Elements within
the same set would have the same bandwidth, assumtheBandwidthRatio operator should be used to spec-

ing there are no other constraints. ify, for example, the bandwidth shares of two different ap-
) ) plications using the network at the same time. Regardless
e BandwidthPerElementRatio(s;, s, r); of how many or how few objects are being requested by

means that each element of sethas a bandwidth g4ch application, the total bandwidth will be shared fairly
share that ig times more than the bandwidth sharg,oss the two applications. The operaBandwidth-

of each element of se. Elements within the samepg(g|jementRatiois useful when, for example, text and
set would have the same bandwidth, assuming thgtge components are downloaded concurrently. Con-
are no other constraints. sider a case when there are 100 small text objects and

To explain the difference betweeBandwidthRatio ©ne large image objectBandwidthRatio(Sext, Smg, 4)
and BandwidthPerElementRatio, consider the follow- Will result in each text component getting8% of the

ing example: available bandwidth while the image gets 20%. Whereas,
) ) BandwidthPerElementRatio(Sex:, Smg, 4) would result
Q = {ABJC} theuniverse has three objects j, gach text component getting roughly 1% and the im-
s = {AB} age getting roughly25%. Since either operator may be
2 = {C} preferable in any given situation, we provide both.
Also, leta, b, andc denote bandwidth shares of the com-
ponents irQ. 2.3.3 Guaranteed-Allocation Constraints

The statemenBandwidthRatio(s;, S, 2) means that

all the following equations hold: The operatorAllocate(s,x) reservesx Kbit/sec of net-

work bandwidth to transmit set If there is less than

atb = 2c x Kbit/sec bandwidth available, the system reserves all
a =b>b available bandwidth to setand generates a natification.
at+b+c = 1 This type of constraints is useful for transmission of real-

The first equation expresses that the bandwidth alf§7'€ Streams and possibly for transmission of a set of ob-
cated toa and b together (the members af) must be J€Cts within a certain period of time.
twice what is given ta (the sole member af). The sec-
ond equation expresses tlmtindb must have the same2.3.4 Never-Transmit Constraints

bandwidth, as they're in an equivalence clasg @with The operatoNever(s) specifies that se$ is not trans-

each othe_r. The final _equat|oa,+ bc=1, says th"flt.mnted. This operator has precedence over the other op-
all the available bandwidth must go somewhere, avoidin ; . . :
: I .~ “erators, effectively removing from Q until the policy
a degenerate solution, suc b=c=0. The solution is reevaluated. See section 3.3 for more information on
a=b=c=1/3 shows the desired bandwidth distribution, .
. reevaluation.
For the same&, and sets as in the example above, con-

sider the statemenBandwidthPerElementRatio(s;, s,

2) 2.3.5 Hierarchical Constraints
This yields a different set of equations: If the user is working with several applications using the
a = 2 network concurrently, perhaps a Web browser and a word

processor, we might wish to separately allocate band-
width acrossapplications, and then allocate the band-

a = b width within each application across different types of
at+b+c = 1 objects. Such a structure mimics the hierarchy already

b = 2



present in documents. We introduce a new operater:  Composition via concatenation simply computes the
Following the above example, imagine we wish to givenion of the constraints from each policy. This might
four times the bandwidth to the Web browser over thgeld an over-constrained system, but we already have
word processor, and then within each application giweechanisms to resolve such policies (see section 3.2).
three times the bandwidth to text over images. The EACSComposition via hierarchy applies hierarchical con-

policy would be written: straints, piecewise, across the constraints fRynto P..
The aggregate policy can likewise be evaluated using
rule; = BandwidthRatio( mechanisms we already have. As a result of these two
selectQ,type=="html"), simple operators, EACS supports an easy and compre-
selectQ,type=="doc"),4), hensible mechanism to compose arbitrary bandwidth poli-
rule; = BandwidthPerElementRatio cies.

selecfQ, type=="text"),
selectQ,type=="image”"), 3);
rule; —  ruley; o 3 Policy Resolution

Thus, rule precedence and partitioning allow construgife show how EACS resolves policies, including cases
ing hierarchical policies, and these policies need nghere a given policy might be over- or under-constraining
strictly follow the hierarchy of the application’s own comon the solution space. We also discuss CPU efficiency is-
ponent hierarchy. It is equally easy to build, for examplgues with policy resolution.

a hierarchy that first splits texts and images, and therssplit

based on application type, simply by changing the last line .
of the policy in equation 2 to say: 3.1 Language Semantics

The ultimate goal of the EACS constraint resolver is to
assign every object in the system a number, between zero
and one, that represents the share of network bandwidth
2.3.6 Composition to be allocated to that object. These shares would then
be used as input to a low-level packet scheduling system
o . N8t can multiplex the objects together with the requested
of policies tp be expre_s:sed. One of our de_3|gn gpals ISptl%portional shares of the total network bandwidth. In the
support pol|clycomlp95|t|0m when a user rn_lght wish 0.eacs language, where arbitrary subsets of the objects to
somehoyv, mix poI|C|e§ together resulting in SOMe aggi&s transmitted can be chosen and then have their band-
ggte policy that comb_lpes_the effepts of the c_m_gmal POWidth constrained to other arbitrary subsets of objects, we
cies. Such a composition is especially be”e“'c'f”" for or eed a robust methodology for resolving the constraints
nary users who do not possess enough expertise to Cr%ﬂtc?deriving these bandwidth shares.
complicated policies, but can easily compose several pre;

defined polici ided b licy desi h It can be observed that usually a policy does not need
Elined pa'icies provided by a policy designer, per apssemantically differentiate individual objects, butirait

through a friendly user interface. Our system SUppoff%ats many objects, e.g., with the same attributes (all

two mechamsm for pollcy_ cor_nposﬂmr_noncatenatlon texts), as artition, a set with the important property that
andhierarchy Both are quite simple. First, we add new . . .
lanauage svntax to name bolicies and give them se arall the objects of the set are assigned an equal bandwidth
nar%e sg ac)e/s P 9 PaI&iEre. The number of partitions cannot exceed the num-
P ' ber of different objects in th® and usually is much less
than the number of objects in tif& Thus, logically con-
straints should be generated between partitions ofxhe
which can be easily derived from the arguments of con-
} straint operators, significantly reducing the complexity o
; (4) the solver (see section 3.3). Objects within a partition are
Policy Pt transmitted in round-robin fashion allowing furth
BandwidthRatio(...); ransmitted in round-robin fashion allowing further com-

plexity reduction on the level of the network scheduler.

rule, — ruleg 3)

Policy P {
BandwidthRatio(...);

} We describe now the precedence of constraint opera-
tors and how constraints introduced by each operator are
Next, we only need two operators: resolved. The solver accumulates all the constraints first
by making a pass over the script program. Then, all con-
Policy Peoncatenation = P14+ Po; straints introduced byllocate operators are resolved in

Policy Phierarchy = PL— Py () the order determined by the first pass. EAtlbcate(s, x)



operator assigngy bandwidth share to partitisgwhere  In either case, we must use more expensive techniques
BW is the current estimation of the available bandwidtlg solve for the bandwidth shares because there is no
decrements the amount of the available bandwidth andl@iger a single, correct answer.

moves objects of from further consideration. If there is

not enough available bandwidth, the rest of the available . o

bandwidth is allocated. Similarljyever(s) operator dis- Priority contradictions If the priorities cannot be re-

ables transmission of objects in seédnd removes themSolved, that implies there must be a cycle in the priority
from further consideration graph. Our solution is to merge nodes in the cycle until

At the next stage, we must resolve the priority coﬁhe cycle _”°_'°”96r exists. When we merge twq nodes to-
straints to determine the set of partition that might ther, this |mpI|e§ that the two (.)r|g|_nall _sets will now be
transmitted. If a policy specifiedfter (s, ,), then the merged together, in terms of their priorities. Any propor-

partitions ofs; will be guaranteed to have no bandwidtﬂonal constraints on the original sets would still hold.
allocated to them unless = 0. This is similar to well-

known makeutility rules where a target is not compiledjerarchical contradictions As with priority con-
until all of its prerequisites are satisfied. We can view thgraints, we must define how to evaluate hierarchical con-
priority constraints as specifyingdependency grapbn  straints over arbitrary graphs. First, we must remove cy-
the partitions of objects to transmit. The set of partitioRges, as we did with priority contradictions. After this, we
allowed ready to be transmitted is equal to the set of pakarch for all nodes in the hierarchical constraint graph
titions with no other partitions depending on them. Thigat have no incoming arrows. These constraints are re-
can be derived by making a linear pass over all the padhjyed together and are removed from the graph. Then,
tions in the system and checking for adjacent nodes in th@ process repeats. After the first group of constraints is
dependency graph. resolved, the result is a subdivision @finto partitions,
Subsequent to this, we must resolve the proportior@ich of which has its own bandwidth share. This set of
constraints and hierarchy constraints. Both of thepgrtitions ofQ is the input to the next iteration. The sub-

specify linear equationson the bandwidth allocations.sequent constraints are then evaluated independently on
BandwidthRatio(s1, s, r) adds one rule: the sumeach partition.

of the bandwidth to the partitions o is equal tor
times the sum of the bandwidth of the partitionssf
BandwidthPerElementRatio(sy, S, r) generates a simi- Proportional contradictions  These are the most diffi-
lar rule, based on the relationship in equation 1. LastRlt over-constrained problems to solve. Our solution to
we must add some equations that serve as sanity cheBk§.problem also works well for under-constrained prob-
We wish to solve the above constraints subject to the siffis. In an over-constrained situation, we can have cy-
of the bandwidth shares being equal t0.1If there exists cles, much as is the case with priority contradictions, e.g.
a unique solution to this problem, we can find itdN2) {a= 2b,b = 3c,c =4a}. However, unlike the priority
time, in the number of variables, using a simple substitgonstraints, which can be represented as a directed, un-
tion technique; we set the bandwidth of the first object ¥eighted graph, the proportional constraints would be a
1.0, then start looping over all « (N — 1) possible pair- directed, weighted graph with certain symmetry: for any
wise constraints, solving for the other variables, one aPair a andb, if there is a constraina = 2b, there is the
time. This algorithm will also detect if the policy is overcorresponding constraibt= a/2 generated by the solver.
or under-constrained, which requires the use of more &4erging nodes together would not necessarily give desir-
pensive techniques, as discussed below. We notétist able results.
the number of partitions, typically much smaller than the Instead, we consider the constraints to be goals which
number of objects. must be achieved. For the above example, we now wish
to minimize the following equation:

3.2 Over- and Under-Constrained Policies Error —
Constraints may specify contradictions in priority (ea., (a—2b)2+ (b—3c)?+ (c— 4a)%+
beforeb andb beforea) or in proportions (e.ga=b/2 (b—a/2)%+ (c—b/3)%+ (a—c/4)?

anda = 2h). It's also possible for a system to be under-

constrained, occurring when objects of some type are sisirbject to the constraints:

ply not mentioned in a transmission policy, or do not have

relationshipsto all other objects that can be solved (|.g., a+b+c = 1 (allocate all available bandwidth)
the policya=2b,c = 2d, there is no relationship between  a,b,c > 0 (avoid degenerate solutions)
aandc). (6)



In the case that, for some of the possible relation- | Name Type | Size bg/fg
ships, we have no proportional constraints, then the sys{ docl.textl| text 5 Kbyte foreground
tem is under-constrained. For example, consider the sys; docl.imgl| image | 60 Kbyte | foreground
tem {a = 2b,c = 3d}. What should the relationship be | docl.img2| image | 110 Kbyte | foreground
betweena andc or betweerb andd? Since there is no doc2.textl| text 26 Kbyte | background
correct answer, we synthesize new constraints that, bar{ doc2.imgl| image | 30 Kbyte | background
ring anything else, should make them equal. We don’'t| doc2.img2| image | 240 Kbyte | background
want the synthetic constraints to interact poorly with the
original constraints, so we must scale down their effefigure 1: Set of components to transfer. The table shows

minimizing the following constrained equation: for each component, the component's name, type, and
size, and whether the document is in the background or
Error = foreground.

(a—2b)?+ (c—3d)?>+ (b—a/2)°+

2 2 2
(d-c/3)"+K(a—c)"+K(b—d) A better solution is to periodically reevaluate the trans-

whereK is a tunable parameter between zero and one. mission policy, perhaps once every few seconds, to dis-
The solution of this quadratic minimization problerﬁover' at run-time, when set membership or other system

is straightforward. Gaussian elimination can derive tharameters change. The reevalua_tion period depends on
global minimum for theError function (which falls network speed to provide good agility and accuracy of the
within the constrained region) iB(N3) time whereN is system. We found that the value of 2 seconds worked very

the number opartitionsof theQ that tends to be small for We!l for all our experiments on a 56 Kbit/sec network.

practical policies. Performance issues are discussed mU?Q”g,h such penoc;hc reevaluatlons.can potentially waste
in section 3.3. CPU time to only discover that nothing has changed, the

overhead of the policy interpreter is negligible. In all our

) ) .. experiments the overhead of the policy interpreter was
3.3 Policy Reevaluation and CPU Efficiency |ess than 1% even when the policy script was reevaluated

As the system is transmitting objects, vari@entscan 100 times per second to stress_ the system. It_is importqnt
occur which require the policy to be reevaluated to off2 emphasize that the complexity of the solver is quadratic
tain the set of bandwidth shares consistent with the poligpd can be even cubic in terms of the number of partitions
specification at the moment. An object may have finish@f the Q, but it is linear in terms of the script size and
being transmitted, a new object may have been dynaif#¢ number of objects i@. It seems that for all prac-
ically added toQ on the server, or some external evefical poI|C|es_, the number of partitions would not exceed
may have occurred that the policy cares about (e.g., 20, keeping CPU overhead at a very low level. On
user moved a different application to the foreground). Aff€ contrary, the number of objects @ can reach sev-
of these events would require the transmission policy 8@l hundreds (it was around 200 in our experimends)
be reevaluated. increasing the overhead significantly.

Some transmission policies can be written such that
they change continuously as packets are transmitted. For .
example, consider a policy that selects set of imagé(; Evaluation

which have had at most/Zth of their data transmitted: . . ' . :
In this section we first use simulation to demonstrate how

Sets=select Q, the EACS policy resolver works. We then present perfor-
type=="image"&& mance measurements for a sample EACS policy running
(sizeDone< 1/7xsizeOriginal)); ~ on the Puppeteer adaptation system.
(7)

As objects in this se_t were transmitted across the ngt1  Simulation
work, the data transmittedgsigeDonég would eventually
get large enough that the object should be removed frake give the simulation results of our implementation with
the set. two EACS policies that set different strategies for the
Solving this problem would require detecting that a setansmission of a small sets of components from two dif-
has a dynamic expression as above and statically solviagent documents. Table 1 shows, for each component, its
for the point when any given object ceases to be a mename, type, and size, and whether the document to which
ber of the set. However, with arbitrary mathematical eiae component belongs is currently in the background or
pressions, it will not generally be possible to derive suétreground. The results we present in the following sec-
solutions. tions assume a bottleneck bandwidth of 56 Kbit/sec.



/I define the minimum-size text component Sets; = selec{Q, foreground);

Sets; = min( selectQ,type=="text"), Sets; = selec{Q, ! foreground);
sizeOriginal); Sets; = selec{Q, type=="text");
/I define other components Sets, = selec{Q, type=="image");
Sets, = Q SUB sy rule; = BandwidthRatio(sy, sz, 2);
/I transmit the minimum-size text first rule; = BandwidthPerElementRatio(ss, 4, 5);
rule; = Before(si, S); rule; — ruley;
Figure 2:Text FirstEACS code. Figure 4:FocusEACS code.
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Figure 5: Simulation results fdtocuspolicy.
Figure 3: Simulation results fdrext Firstpolicy.

5 KByte of text over the simulated 56 Kbit/sec link. When
4.1.1 Text First EACS detects that docl.textl has finish transmission, it
reconfigures the transmission policy and starts transmit-
This policy exploits the fact that in many documents, teghg doc2.textl — the only remaining text component.
accounts for a small proportion of document's conteftfter doc2.textl is transmitted, EACS reconfigures the
This strategy enables the application to return control i@nsmission policy and starts transmitting all remaining
the user faster. The images are then downloaded in fhges in parallel. In subsequent time steps, as smaller
background, while the user browses the text. images finish transmission, EACS reconfigures the trans-
Figure 2 shows the EACS code thatimplementsldse mission policy to evenly distribute available bandwidth
First policy. The first statement defines a sgtconsist- among the remaining images.
ing of the text component with the minimum size. The
second statement creates a secondsgetontaining all
other component. Finally, the last statement ensures tﬁﬁlt'z Focus

all elements of, are transferred before any elements afhjs policy gives twice as much bandwidth to components
. that belong to the document that happens to be on the fore-
Figure 3 shows the simulator’s output for thext First ground than the bandwidth given to components that the
policy. The figures shows the bandwidth allocations fowlong to the background document. Within the previous
the various components over several time steps. The niypunds, the policy then gives four times more bandwidth
ber below each vertical bar shows the time at which ti@each text component than to each image components.
transmission policy is reconfigured. For the policies we Figure 4 shows the EACS code that implementsfite
discuss in this section, EACS reconfigures the transmégrs policy. The first four statements create four sets di-
sion policy, starting a new time step, only after some cowjiding the components according to whether they belong
ponent finishes transmission. to the foreground or background document, and whether
Figure 3 shows that in the first time step, all the banthey are text orimage. The next two statements set the rel-
width is allocated to the docl.textl component, as it aive bandwidth proportions for the sets. Finally, the last
the smallest of the two text components. This allocati@matement specifies that bandwidth should be split based
lasts for 0.71 seconds — the time that it take to transfer thiest on the document to which the component belongs,



| DataSever1 | | DataSever2 | just a few pages, or slides). After the document is ren-

dered and the application returns control to the user, Pup-
» peteer uses the application’s exposed API to extend the

document with additional components or to upgrade the

High BW Link

U fidelity of components transmitted with low fidelity.

Puppeteer Figure 6 shows Puppeteer’'s system architecture. All
Remote Proxy data flowing in and out of the bandwidth-limited de-

Low B Link yice goes through the Puppeteer local a_nd re_m_ote prox-

ies. The local proxy runs on the bandwidth-limited de-

vice and adapts the application by calling on its run-

Puppeteer time API. The remote proxy runs at the other end of the

/ Local Proxy \ bandwidth-limited device and has fast access (relative to
R the bandwidth-limited client) to the servers storing the

API Data Data  API .
w w documents being adapted.

\ App? App2 The initial EACS ir_nple_mentation runs on the Puppeteer
remote proxy (running it on the Puppeteer local proxy

Glient would cause extra bandwidth overhead due to transmis-

sion of scheduling information to the remote proxy) and
is limited to scheduling data flowing into the bandwidth-
limited client. The EACS prototype relies on a sched-
uler that implements the WB+ Packet Fair Queuing
(PFQ) algorithm [14], to distribute bandwidth among the
partitions according to their rate allocations; roundinob

Figure 5 shows the simulator’s output for tRecus . .
policy. An the simulation’s beginning, Document1 is Oﬁchedulers further split bandwidth among components
’ ithin each partition.

the foreground and its components get 2/3 of the avail
able bandwidth. This bandwidth is further split between
Documentl’s text and image components, giving Docd:2.2 Text First

mentl’s text component/® of the system-wide available ) ]

bandwidth (23 4/6 = 4/9) and /9 of the system-wide Ve quantify the performance of thkext First + EACS
available bandwidth to each of the two images. After ZGansmission policy presented on figure 7 by simultane-

seconds, Document2 moves to the foreground and EABYS!Y 10ading an image-rich 668 KB Web page and a
reconfigures the transmission policy shifting32of the 1.05 MB PowerPoint presentation using Internet Explorer
bandwidth to Document2. 5.5 (IE5) and Microsoft PowerPoint (PPT). The only dif-

ference of this policy from the one presented in sec-
tion 4.2.2 isrule, that enforces equal bandwidth distribu-
4.2 Performance tion between IE5 and PPT components of the same type.
For this experiment we assume that the Web page is
We measured the performance of EACS with a progkquested first and that a few seconds later the user starts
of-concept implementation on top of the Puppetegpwnloading the PowerPoint presentation; while some of
component-based adaptation system [6]. In the rest of tflg images of the Web page are still being transferred. We
section, we first describe how our EACS prototype fits {ike an adaptation policy that loads a document into the
the Puppeteer architecture. We then present experimegfjication as soon as all its text components are present
results for a sample transmission scheduling policy.  at the local proxy (the HTML for IE, and the text of all
slides for PPT), and displays images and other embedded
components as they become available at the local proxy.
Our objective is to minimize the time that it takes to get
Puppeteer adapts component-base applications runritighe PowerPoint text components to the client. A best
on bandwidth-limited devices by calling on the run-timeffort scheduler would just split the available bandwidth
interfaces these application expose. Puppeteer reduse®tiually between the Web page and PowerPoint compo-
time it takes to load documents in component-based ayents. Insteadlext First +should prioritize the transmis-
plication, such as those in the Microsoft Office or Susion of PowerPoint slide text; potentially cutting in half
OpenOffice suits, by providing to the applications trantie time to open a text-only version of the presentation.
formed versions of documents which consists of a sub-We ran our experiments on a platform consisting of
set of the components of the original documents (e.gvo Pentium Il 500 MHz and one Athlon 1.2 GHz run-

Figure 6: Puppeteer architecture.

and second on the component’s type.

4.2.1 Puppeteer



Sets; = selec(Q, type=="text"); Policy Lines of code
Sets; = Q SUBsy; text-first (or focus) (see figures 2 and #) 5
rule; = Before(sy, 2); text-first+ (see figure 7) 9
Setss = selec(Q, application=="html"); allocate 32 Kbit/sec to audio stream 5
Setsy = selec(Q, application=="ppt"); low fidelity images first 8
rule; = BandwidthRatio(sz, s, 1); max 30 sec per web page 18

Figure 9: Script sizes for several EACS policies.
Figure 7:Text First + EACS code.

4.3 Policy expression efficiency

60 HTML Text Done

50 | P A Figure 9 shows the sizes of sample policy scripts that we
o implemented and tested on top of the Puppeteer. Im-

40 - plementation of equivalent policies in Java requires sev-

PPT Text Done

"
-

e NI Y,

eral hundred lines of code. In contrast, the EACS policy
scripts are much shorter and do not deal with the details
of the adaptation system.

30 4

20 4

Bandwidth (Kb/sec)

PPT Text Start

5 Related Work

0 30 60 90 120 150 180 210 240 270 300

Time(sec) In HATS [13], we experimented with combining dynamic

control over bandwidth scheduling and adaptation. While
this combination enabled us to adapt multiple applica-
Figure 8: Bandwidth allocations for loading a Web paggns in concert (our intended purpose), it required cod-
and a PowerPoint presentation with the EATSt First jng transmission scheduling policies in Java. As a re-
policy. sult, a significant programming effort was needed to im-
plemented every new transmission strategy. Moreover,
the HATS system was limited to hierarchical transmis-
sion strategies that are closely linked with the hierarchi-

ning Windows 2000. We configured the two Pentium Ial structure of the applications, documents, and compo-

500 MHz machines as: a data server running Apache 1gnts running on the bandwidth-limited device. In con-

which stores the two documents we use in our expetﬁast, EACS SUppOftS the implementation of hierarchical

ments; and a client that runs the user’s applications dfnsmission strategies based on other criteria. For exam-

the Puppeteer local proxy. We ran the Puppeteer remBl@. We can write an EACS policy that splits bandwidth

proxy and our EACS resolver on the Athlon 1.2 GHz. TH#St based on component type and then based on the ap-

local and remote Puppeteer proxies communicate via #{cation or documents that owns the component.

other PC running the DummyNet network simulator [15]. EACS provides a language to specify a domain-specific

This setup allows us to emulate various network technoksheduling policy. Network scheduling is, by itself, a ro-

gies, by controlling the bandwidth between the local afst field of research including work that enables clients

remote Puppeteer proxies. The Puppeteer remote préxgpecify their quality of service (QoS) network require-

and the data server communicate over a high speed LANents [16, 17], provides differentiated service in network

hierarchies [14, 18], or adds differentiated services to ge

Figure 8 shows the bandwidth allocations for loadirgsal purpose operating systems [19, 20, 21, 22]. EACS

the two documents over a 56 Kbit/sec network link. THe fundamentally built on the concept of solving con-

figure shows thatfext First +reallocates bandwidth fromstraints, which is also an area that has been extensively

sending images embedded in the Web page to sendstigdied [23].

PPT slides. This reallocation lowers the time to load a

text-only version of the PPT presentation by 49% com-

pared to a best-effort scheduler. Moreover, the EACS p@- Conclusions

icy interpreter does not introduce extra bandwidth over-

head to the current implementation of the Puppeteer; \methis paper, we have demonstrated a general-purpose

measured 90% bandwidth utilization, the same as the Papstem for specifying bandwidth usage policies, where the

peteer achieves without EACS. user can specify constraints that apply to different sets of

~o~HTML —+ PPT



objects based on their attributes. Constraints can spgg} B. D. Noble, M. Satyanarayanan, D. Narayanan, J. E. fijlto
ify that some objects go before other objects, or they can J- Flinn, and K. R. Walker, “Agile application-aware adaiota

specify that some objects must get a specific proportion of
the available bandwidth. Even if these policies are undeio; J. Fiinn and M. Satyanarayanan, “Energy-aware adaptér mo-
or over-constraining, our system can still efficiently solv
for optimal proportions of the total bandwidth to be ap-

plied to each individual object. As a result of this freedom,;

users are free to write and compose bandwidth policies
without being forced to worry about any of the low-level

details of bandwidth policy implementations. 12
The Extensible Adaptation via Constraint Solving

]

(EACS) system provides the user with a simulator, to sim-
plify and accelerate the design and testing of bandwidth
policies. Furthermore, when executing bandwidth po[’m
cies with real data, we observe very little system over-
head.

In the future, there are a number of additional featurbd
that would be beneficial to study with EACS. Itis interest-
ing to study how much information (attributes) should H&5]

exposed by an adaptation system to cover a large domain

of transmission policies. We also would like to investigaf%]
how to add notions of object subsets and transformations
(removing or transcoding objects) into the EACS policy

language as well as how and when to update user’s ap IJI,
cation data. Using the composition mechanisms in EACS,

]

we would like to simplify policy design even further to aid
unsophisticated users in selecting appropriate adaptafie]
policies from predefined policy blocks. The user interface
would generate code for the underlying EACS system i@
evaluate, bringing the power and flexibility of EACS to
the widest possible spectrum of users.
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