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Abstract—Content delivery over the Internet needs to address reasonable wired network connections. However, network
both the multimedia nature of the content and the capabilities appliances are very different from the typical PC on a modem
of the diverse client platforms the content is being delivered to. or LAN. The network appliances vary widely in their features

We present a system that adapts multimedia Web documents to h . uti lor depth i
optimally match the capabilities of the client device requesting it. SUC @S SCreéen sSize, resolution, color depth, computing power,

This system has two key components. 1) A representation schemeStorage and software. They also use a variety of network
called the InfoPyramid that provides a multimodal, multireso- connections ranging from cable to mobile, with different band-
lution representation hierarchy for multimedia. 2) A customizer width, connection characteristics and costs [7]. The diversity
that selects the best content representation to meet the client 4t thase devices will make it difficult and expensive to author
capabilities while delivering the most value. . . A

We model the selection process as a resource allocation problemmuuImedla content separately for each individual tyPe OT
in a generalized rate-distortion framework. In this framework, ~device. Therefore, technologies that can adapt multimedia
we address the issue of both multiple media types in a Web content to diverse client devices will become critical in the
document and multiple resource types at the client. We extend coming pervasive computing era.
this framework to allqw prioritization on the content items in a In this paper we present a system thalapts multimedia
Web document. We illustrate our content adaptation technique : -
with a web server that adapts multimedia news stories to clients Web Cor?tem to th'ma”y, match .the resources and capabili-
as diverse as workstations, PDA’s and cellular phones. ties of diverse client devices. This system employs two key

i i technologies.
Index Terms—Compression, content adaptation, Internet, mul- ) .
timedia, information appliances, rate-distortion, transcoding, uni- 1) A progressive data representation scheme called the
versal access. InfoPyramid [25]. Content items on a Web page are

transcoded into multiple resolution and modality ver-
sions so that they can be rendered on different devices.
For example, a video item is transcoded in to a set of
ETWORK appliances, or information appliances, are  jmages so that it can be rendered on a device not capable
computing devices that are network enabled. They typ-  of displaying video. The InfoPyramid provides a mul-
ically have fewer resources than personal computers and are timodal, multiresolution representation for the content
geared toward a limited number of applications. Some current  jtems and their transcoded versions.
examples of network appliances are hand-held computer) A customizer that selects the best versions of content
(HPC's), personal digital assistants (PDA’s), set-top boxes,  jtems from the InfoPyramids to meet the client resources
screen telephones, smart cellular phones and network com- while delivering the most “value.” The customizer al-

puters. In “ubiquitous” or “pervasive” computing, consumers  |ocates resources on the client among the items in
will use different network appliances to connect to the Internet  the document. This resource allocation results in the
for different applications, from entertainment to banking, from selection of the appropriate resolution or modality of
different settings, from living rooms to cars. Sources, such  the content items. If the client has limited resources

I. INTRODUCTION

as The Economist{1] and International Data Corporation (such as a PDA or pager), some of the content items
(IDC) [2], predict that the sales of network appliances will  may not get any resources assigned and thus will not
significantly outstrip that of personal computers after the year  pe delivered to the client. We propose a novalue-
2002. Therefore, within a decade, network appliances will  resource framework for the customizer. This value-
replace personal computers as the client device of choice for  resource framework allows us to design and analyze a
viewing Web content. number of content adaptation strategies.

Currently multimedia cqntent is .authored with the person_al We illustrate this content adaptation with a multimedia
computer as the target client device. Web documents, whigBs delivery system that adapts to clients ranging from
have rapidly become the largest deployed form of multimedig stations to cellular phones.
are also authored specifically for personal computers with
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Drastically different clients, such as those that cannot handianscoding between modalities. We provide a theoretical

video, are not addressed. framework in which various content adaptation policies can
Web content adaptation can be performed either at the formulated and analyzed.

server, at the client, at an intermediate proxy, or some com-One big benefit of the proxy approach is that it is totally

bination of the three. transparent to the content providers; they do not have to change
Some client devices adapt content at the device. For exatime way they author or serve content. However, there are a

ple, Windows-CEM devices change color-depth (for examplepumber of drawbacks to this approach:

from 24-bit color to 4-bit gray-level) of images. The drawbacks 1) content providers have no control over how their content

are that network appliances have low network bandwidth,  will appear to different clients;

which results in slow access to pages with rich multimedia, and2) there may be legal issues arising from copyright that may

they are restricted in their computational power, which makes  preclude or severely limit the transcoding by proxies;

content adaptation at the device slow, or even impossible.  3) HTML tags mainly provide formatting information
Most content adaptation systems [7]-[16], [18] are http  rather than semantic information;

proxy-based. The proxy intercepts client device’s requests for4) on the fly transcoding is difficult to apply to many media
Web pages, fetches the requested content, adapts it, and sends types such as video and audio.

the adapted version tQ the client. This content adaptation{ifese factors limit both the quality and the amount of cus-
often termed transcoding’ tomization that proxies can provide.

In the TranSend project [7]-[10] a proxy transcodes Web | this paper we present an alternate solution that extends
content on the fly. The adaptation, which they term “distillape web server deployed by a content provider. In this system,
tion,” is primarily limited to image compression and reductioghe content author can lay the transcoding policies and control
of image size and color space. Video is also converted injge adaptation process. Also, the content author can edit and
different frame-rates and encodings using a video gateway [fplace the transcoded versions of content items generated
Based on this work, a company, Proxinet [16], has been starigdl the system. This control of the customization overcomes
that provides a proxy which c_ustomlzes content for a Specﬁloblems of publisher control and copyright issues faced by
browser on the 3Com PalmPilét [17]. transcoding proxies [7]-[18]. The content is authored in XML

Bickmore and Schilit [11] also propose a proxy baseggz) allowing the author to provide more information to the
mechanism. They use a number of heuristics and a plang@ihscoding and customization system than can be deduced
to perform outlining and elision of the content to fit the Welpom an HTML page. The key benefit of this server-based
page on the client's screen. system is that due to the guidance provided by the author,

The Spyglass Prisff [13], a commercial product, is an-sjgnificantly greater level of customization can be performed
other transcoding proxy. AvantGo [18] offers a solution similahan is possible in transcoding proxies. The systems generates
to Proxinet. transcoded versions of the content items prior to any requests;

Content adaptation upstream of the client results in tAys it can handle media items such as video and audio which
faster response time [7], [8]. Based on this observation, Inigle difficult to handle in proxies. This off-line transcoding
launched the QuickWel [12] service that compresses imagegjso leads to lower response latencies than proxies. The server
at a proxy. shares the benefit of transcoding proxies in speeding content

_These transcoding proxies typically consider a few client dgelivery as the customized content is often much smaller than
vices and employ stati@d-hoc content adaptation strategiesthe original content.

A common policy [7]-[13] is to scale all images by a fixed
factor. Thus, these transcoding proxies fail to dynamically oytline

address the variation in the resource requirements of different . h I hi f th h
Web documents. The set of client devices will also grow We first present the overall architecture of the system. The

more diverse. Certain resources, such as effective netw&rp&oPyramld, a multimodal, multiresolution representation hi-

bandwidth, costs and patience of the users can be differgﬁ?mhy for multimedia, content analysis, transcoding modules,

for similar client devices. The static adaptation policies uségntent cgstomlzatmn, and caghe, IS descnbe_d n Section Il.
In Sections IlI-V, we describe the customization process

by these systems do not handle well this variability in Web . . ; :
content and client resources in detail. In Section VI, we present an implementation of

None of the existing transcoding systems (with the possil;gée content adaptation system. We present a summary in

exception of [11] and [14]) consider the requirements ection VII.
the entire Web page or relationships between its various
components in different media. Also, these systems only
consider transcoding within the same modality. The content adaptation system is an extension to a Web
In this paper, we propose a content adaptation framewditktp) server. An overview of the system architecture is shown
that dynamically accounts for resource requirements of thn Fig. 1. The content source contains the multimedia con-
complete Web page and its individual components. It seletent to be delivered by the Web server. First, content is
from a number of different possible transcoded versions ahalyzed to extract meta-data used in guiding subsequent
the content, ones that provide the “best value” within thiganscoding and selection processes. Based on the capabilities
constraints of a client’s resources. This system also considefsthe typical client devices, different transcoding modules

Il. SYSTEM ARCHITECTURE
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document. For streaming media this includes only the
initial buffer space required before the media starts
playing, not the size of the media itself. The payload is
Response defined as the product of the network bandwidth and the
time the client is ready to wait (bandwidth* wait-time)
before the complete Web page downloads. For storage
constrained devices, the payload will be defined as the
storage space.
4) Capabilitiesfor displaying video/audio/image.

Client
Capabilites

+#—— Request

Content
Source

Customization/
Selection

Content B. Content
i L . Conten
Analysis -\ Transcoding ) ) ) _
\ Modules We will restrict our discussion to Web pages. The content
is authored in XML [21], which is converted to HTML
Fig. 1. Internet content adaptation system architecture. prior to delivery. We are also working on an extension to

HTML that allows authors to introduce more information for
are employed to generate versions of the content in differereintent customization using XML and also enables our content
resolutions and modalities. A novel data representation, thdaptation system to be deployed at proxies.

InfoPyramid, is used to store the multiple resolutions and A multimedia WebdocumentW is composed of a number
modalities of the transcoded content, along with any associatdfdcomponenttems A, W = {A4;},4 = 1,n. Each item can
meta-data. This transcoding is done off-line, during contehe an atomic unit of media, such as an image or a video clip.
creation time. When the Web server receives a requestAit item can also be composed of other items, for example a
first determines the capabilities of the requesting client devigdocument can have a number of stories as content items, and
A customization module then dynamically selects from theach story item may be composed of image items, text items,
InfoPyramids, the resolutions or modalities that best meetc. For simplicity, we will first consider only atomic content
the client capabilities. This selected content is then reitems, and then, in Section V-B, deal with composite items.
dered in a suitable delivery format (for example, HTML)

for delivery to the client. A cache that stores these clie@t Content Analysis

specific versions of content is used to improve response times.l_h thored tent i vzed t tract inf tion that
In the following sections, we describe these processes i € authored content 1S analyzed fo extract information tha

detail. Wrﬂl be useful in transcoding and customization. Two types of
content analysis are performed.
Each atomic itemA4 of the document is analyzed to de-
termine its resource requirements. The types of resources
The types of devices that can access the Internet @ighsidered are those that may differentiate different client
rapidly expanding beyond the workstation on LAN that mogfevices. We determine the following resource requirements.
multimedia Internet content is authored for [1], [2], and [7]. 1) Static content size in bits.
One can now use personal digital assistants (PDA) such2 Display size such as height, width and area.
as the PalmPild¥ and Sharp Zaurd¥, handheld personal Streaming bit-rate. '
computers (HPC) such as the Psion and numerous Windowsz1 Color requirements.
CE™ machines, various Internet capable phones such as th%) Compression formats.

M .
AT&T SmartphonéM (cellular) and Screenphone (wired), set- 6) Hardware requirements, such as display for images,
top boxes such as WebTV etc. to browse the Web. Even support for audio and video

traditional gompgters .suc_:h as workstatipns,_ Iaptqps and PQI'he semantics of the content items are determined in the
may vary widely in their display and specially in their network ntext of the entire document. We currently analyze images

bandwidth. The browsers designed to meet the special ne g4 ) . 4 )
of handicapped people can be modeled as client devices ﬂ'rdetermme their type and purpose [22], [23]. This analysis

specific capabilities [19]. For example, a speech browser forows us to i_mprove image transcoding by selecting policies
the blind may be modeled as a device that only supports auafallgpordmg to image type and purpose [22].

Thus, we see that to fulfill the promise of universal access to

the Internet, devices with very diverse capabilities need to Be InfoPyramid

A. Client Devices

catered to. The InfoPyramid [25] is a framework for aggregating the
Currently, the system considers the following client devic@dividual components of multimedia content with content-
characteristics. descriptions, and methods and rules for handling the content
1) Screensize i.e., width and height in pixels, color andand content descriptions [24]. The InfoPyramid describes
bits/pixel. content in different modalities, at different resolutions and

2) Effective Network bandwidth at multiple abstractions. In addition, it defines methods for

3) Payload defined as the total amounts of bits that camanipulating, translating, transcoding, and generating the con-
be delivered to the client for the static parts of a Wetent. We use InfoPyramids to represent content at multiple
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modalities and resolutions so that it can be rendered on a
varigty of devices. Fig. 1 shows a simplified InfoPyramid for Key-Frames
a video. &
Multimodal: Multimedia content is usually not in a single
media format, or modality. A video clip can contain raw & A g
data from video, audio in two or more languages, and closed \o’° itle Qb/bv:} Kbps
captions. In the medical arena, MRI, CT, PET, and ultrasound &
can be captured for the same patient, resulting in multiple <® 4bit | 128 8Kbps
three-dimensional (3-D) scans of the same content. ummary/ color | Kbps
For certain devices, the appropriate content modality may
not be available. The required modality may be generated by Closed 8 bit 1 Mbps 50 Kbps
transforming other modalities. For example, a video clip can Caption color
be transformed into images showing keyframes [36], while - -
text can be synthesized into speech. Text Image Video Audio
Multiresolution: Each content component can also be de- Modality
scribed at multiple resolutions. Numerous resolution reduction
techniques exist for image and video. Features and semantics Fig. 2. An InfoPyramid for a video item.

at different resolutions can be obtained from raw data or

transformed data gt dlﬁergnt resolutions, thus resulting N8t of key frames [36]. Audio is also extracted from the
feature or semantic pyramid.

. ) . video. Each of the modalities is then represented at different
Multiple-Abstraction Levels:The abstraction levels de- P

. ] . . ) resolutions, bit-rates, color depth, etc. We have implemented a
scribe features and data in a hierarchical fashion. Fﬁ)r b P

. . umber of transcoding modules for handling video and images
example, one hierarchy could be features, semantics d{‘
S

. o ) nd imported others for text, images, video and audio. The
ObJeCt. descriptions, and annotations and n_1eta-data. For con_gén em is designed to allow third-party content transcoders to
adaptlon, we store' meta-data such as size, color, bandyw n lugged in. The capabilities of the typical client devices and
requirements, publisher preferences, etc., for each constltu&q ¢

element. This meta-data may be supplied by content analyt3|s ent analysis are used to guide the transcoding process. The
(Section II-C) and/or by the content author. ranscoding is done off-line, unlike in previous proxy-based

Methods and RulesMethods generate content descriptorgystems [71-18]

from the features of the data, or analyze, manipulate, provide

modality translation, or process the data in various ways. in Customization

addition, the InfoPyramid may have rules to provide flexible The customization module uses the client device characteris-

application of the methods. Methods and rules provide linkagigs as constraints to pick the best content representation. The

between different modalities, resolutions and abstractions. st representation is the one that maximizes content value

content adaptation, we consider procedures and rules fgf that client device. This customization process is detailed

translating and summarizing (transcoding) between modalitigs Sections I11-V.

and resolutions. The InfoPyramids represent the transcoded resolutions and
The InfoPyramid concept can be further generalized B¥odalities of the component multimedia items. From the

using other axes such as fault/loss tolerance, numerical comfoPyramids, the customization module selects the final en-

plexity, interaction modality, etc. Rather than forcing a strongemble such that it optimally satisfies all the client’s resource

separation between the data and the content description metstraints. This content selection is performed dynamically

data, the InfoPyramid offers a continuum between the datg, response to a request. Thus, the customization is able to

various abstractions of the data, and content description dadgcount for any time varying client resources such as effective
Definitions: From eachoriginal item 4;, in the Web doc- pandwidth and storage.

umentW = {4;}, anInfoPyramid M; = {M;;},j = 0,m;,  The customization utilizes a value-resource framework,

is computed by transcoding; into j versionswith different which is generalization of rate-distortion (Section Il). We then

resolutions and modalitiéswe will denote the original version sglve the problem of generating a version of a Web document

by Mo = A;. We also introduce a null version, whichthat provides the most “value” to a client within the client’s
corresponds to the item being deleted from the deliveregsource constraints. In Section IV, we model the selection
content, byM;,,, = ¢. problem as one of optimal allocation of the resources on the
client among the different versions of the multimedia items
E. Transcoding of the Web document. We show that different models for the

l%Iationship between the value and the resource requirements
ead to different optimal resource allocation strategies. In
ction V, we present extensions to the optimization process
t0 1) account for the importance of each item and 2) to jointly
LIn the following discussion, we will often usétémi” as a shorthand for satisfy different class of resources, such as display area and
“InfoPyramid of the iter.” bandwidth.

Content transcoders populate the InfoPyramid structure w
multiresolution, multimodal versions of the content. For exa
ple, in Fig. 2, the video is transformed to images by extracti
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G. Cache assigned by the author for each transcoding, or we can assume

When a customized Web page is delivered to the clief®Me arbitrary functional relation betwedn and R, the
it is also stored in a cache. When the system received &$0Urce utilized. In the special case where we can measure
request for a document, it first checks if a client with the sanig€ distortionD of all the versions, and the distortion for the

capabilities made the request previously, and if so, retrieves fHd! version is assumed to be infinite, we have= (1/1+D).

corresponding customized. Temporal variations in resources N€ value/distortion is neither an easily estimated metric,

on the client. such as bandwidth. CPU resources. storaf8r is it uniform across different people with diverse interests.
etc., will reduce the cache hit ratio. To effectively handl general, it will also be difficult to manually assign values to

this, the cost of performing customization versus the variatigfiifeérent transcodings. The content value is a useful construct
in the resources will need to be considered. Our systdfft helps us analyze various dynamic content adaptation
currently performs customization again if the resources for tRQ!ICI€S In a theoretical rate-distortion based framework and
requesting client differ from the cached versions. Alternativel§raw parallels with compression.

one can group clients with very similar capabilities under the

same client id. We will also explore the possibility of storing IV. RESOURCEALLOCATION

partial InfoPyramids based on customizations performed forye can then model the content adaptation as the following
cllent§, and using these to for subsequent f:usFomlzatmns, theSource allocation problem:

reducing the search space for the customization.

. . . < .
ll. CONTENT VALUE mx{; V} such thatzi: R; < Retient 1)

Image or video compression can be viewed as adaptin
the content to meet bit resource constraints. One framewdy
for compressing to meet bit resource constraints [26], [2
has built on the rate-distortiofi?-D) theory due to Shannon
[27]. Rate-distortion theory deals with the minimum bit-rat
R needed to represent a source with desired distofigmor i i
alternately, given a bit-ratd? determining the distortionD Let the valueV; be some function of the “?S‘J“f‘ﬁi: I.€.
in the compressed version of the source. The rate-distortigh = /i(£%i)- We convert the aboveonstrained optimiza-
framework is employed in many image and video compressigA" Problem to anunconstrainedoptimization problem by
systems, for example [26], [28]-[30], [33]. We generaliz§°NSidering the Lagrangian [32]:
rate-distortion theory to aalue-resourceframework by con-
sidering different versions of a content item in an InfoPyramid.(R, A) = {Z Vi+ A <Rclient — Z Ri> } with A > 0.
as analogous to different compressions, and different client i i

resources as anal_ogous to the bit-rate. Then if Ry is an optimal solution, there exists ) such
Distortion is typically measured as the mean squared er Abt AL(R,)\) = 0. Given that the items, and thus their

(MSE) between the source and its compressed version. : N
problem with the MSE based distortion measure is that it m??ues, are independent of each other, we (@dt/0F;) =

ereV; € {V(M;;)} andR; € {R(M,;)} are the values and
sources used by thth item M; of the multimedia document.
hile V; and R; are discrete, we will first consider them to
Qe continuous, and then deal with the discrete c&sg., IS
the maximum resource available at the client.

not correspond to the perceived loss of fidelity [31]. Howeve Tfi(R.‘i)/dRi) — A Therefore, the candidate solutions to (1)
. . e . . e given by
a bigger drawback is the difficulty of formulating a meaningfu

distortion measure when the adaptation is drastic. For example, dfi(R1)  df2(Rz) o dfi(R;) =A@
it is difficult to measure the loss of fidelity when a video is dRy, =~ dR.,  dR, =~
transcoded to a set of key frames or transcoded into its textual
transcript. A. Analytic Functions
To overcome this problem, we introduce a subjective mea-content value, as an alternative to distortion, makes it
sure of fidelity which we calvalue possible for authors or users to specify value judgements about
Definition: Value various transcoded versions of the content. However, manually
VM) — perceived value of transcoded versibf; assigning the values is not a practical proposition in most
(Mij) = perceived value of originab;o. scenarios. To mitigate this problem, we introduced functional

mappings between content value and resource utilization. This
is not to suggest that there actually exist such a simple
mechanism for assigning value (or distortion). Computing
distortion, even in specific modalities such as images, that

The benefit ofV is that we have a measure for fidelity thats meaningful perceptually over all images and people is
is applicable to transcodings of media at multiple resolutiom®t easy [31]. Our framework allows one to design fast
and multiple modalities. This also allows us to comparadaptation policies for a combinatorial resource allocation
document items that were in different media types. Howevamoblem, by assuming a particular functional mapping that
the drawback is that we still do not have a computationahptures the general trend of reduction in value with resource
mechanism for determining’. The valueV can either be utilization. Fig. 3 shows a table for example values obtained

1 for original item M;q

vepl, vs= {0 when the item is excluded;,,,. .
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Workstation/LAN PC/Dialup TV Browser | '3 | gwpoa | _ 1&X
PDA Browser
&
Image “bridge”
Color 24 bit color 24 bit color 256 colors | 4 bit gray B/W
Size 256x256 192x192 128x128 96x96 64x64
Bits 34KB 23KB 8KB 4KB 0.6KB | 0.01KB
Value =
RUF"Bytes 1.0 0.68 0.24 012 0.02 0.0003
Value =
RUF* 1.0 0.96 0.86 0.79 0.61 0.22
In(Bytes)
Value =
RUF* 1.0 0.84 0.48 0.34 0.13 0.017
Sqrt(Bytes)

Fig. 3. Table showing valu&” for different functional relationships between value and resource used in terms of bytes.

using different functional relationships with the resource ithis solution is optimal. In a similar vein, (2) will give us the
bits (payload). optimal solution for all other concave functions.

Let us assume a functiofi V; = f;(R;). Note thatf, and Discrete Values:Since each item is transcoded into a lim-
therefore, the solution, is dependent on the choice of units fted number of versions, we may have no version that uses
R. If fis concave, (2) will give us the optimal solution. Weexactly the same resource as computed in the optimization
will first consider the case wheji is not concave and thenprocess above. To account for the discrete values, we use the
the case when it is. following algorithm.

Nonconcave:We will limit our discussion to the case when 1) For each item, let R be the resource selected by the
[ is either linear or convex. Let us assume that the value  optimization process. Select versipsuch that?;; < R
of an item is linearly proportional to the resource that it and R, — R;; is minimum.
utilizes i.e.V; = ¢;R;. From the definition ofl’, we have  2) Order the items in order of decreasing RUF's. Starting
that f;(R;) = 0 when item¢ is absent from the delivered from the item with the highest RUF, while there are any
document i.eRR; = 0 and f;(R;) = 1 for the original version resources left, assign to each item the version with the
of item+ i.e. R, = R™®*. Thus,¢; = (1/R™**). We termg; next higher value.
to be theresource utilization facto(RUF) because it measures step 2 needs to be performed only once.
how well the itemi utilizes its resources to deliver value. It is
easy to see that a greedy algorithm that allocates resources to
items in the order of their RUF's gives the optimal resourcg. Arbitrary Functions

allocation: . ) . When the value¥; are assigned, say by the author, we adapt
1) store items in order of decreasing RUF, a technique by Shoham and Gersho [33]. For each InfoPyramid
2) start_ing with the item with the Ie_lrgest RUF, aIIocfa\te thes. of each itemi, we plot the valueV;; versus the resource
maximum resources that each item can use until all thgjized R;; of each version/;;, as illustrated in Fig. 4. The
resources are depleted. optimal versionM! is given by sweeping a line with slope
Similarly, the optimal resource allocation for any convefrom the top-left to the bottom-right, until it meets the concave
function f is also the greedy algorithm. hull of these points. As shown by (2), and in [33], the optimal
Concave: Let us consider the concave functioi = solution is given by the same slope for all the different
¢ In(1+ R;). We have defined on 1+ R; to avoid negative items:. As in [33], we perform a binary search for such
V;. For simplicity, we assume that >> 1 for most versions, that =, R, is close to, but less tha® j.n:. Points outside
and thatR = 1 is equivalent to the item being deleted, givinghe concave hull are not in the solution space. For example, a
Vi = ¢ In(R;) = (In(R,)/ In(RP*)). We now get a RUF text transcript of video may take more screen space but have
of ¢; = (1/In(R™**)). Using (2), we see that the resourcetess value, so it is out of the solution space. Note thdt if
are distributed among the items in proportion to their RUF'$s denoted in terms o), as in (2), this resource allocation
Since,V; = ¢; In(R;) is concave (and the constraint is linear)strategy becomes equivalent to the one presented in [33].
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V. EXTENSIONS N

Next we consider the extensions of the resource allocation
strategies discussed in the previous section to account for

1) priorities on content items;
2) hierarchical or composite items;
3) multiple classes of resources;

4) mutually dependent items. Optimal
value/resource

lope = A

al

A. Priorities

In the resource allocation strategies discussed in Section IV,
no matter how the value to resource relationship is defined, the
items with the least resource requirements for their original
versions (i.e., with the highest RUF) get precedence in the Resource
allocation of resources. Thus, when considering the bandwidtb. 4. Optimal value is obtained at the point where a line with slape
or computational resources, text items will always be assign@aets the concave hull. The version selected has value closest to this optimal.
resources ahead of image items, and smaller images will get

precedence in resource allocation over larger images. One common transcoding practice [7]-[13] is to scale the
The author of the Web document may have a mental prioriffze of all images by a constant factor (0.75, 0.25, etc.).
ordering of the items in the document that is different fromyne can argue that in the original Web document, the larger
that given by their RUF’s. Consider, for example, a news Weghages were more important as more resources were given to
page that has one color photograph of the event covered in {hgm. We can model these intrinsic priorities as proportional
news story. The page also has a large number of small imagesn(image size). Then thiad-hocpolicy of constant scaling
used for decorative purposes. When the news story is adapte@quivalent to allocating the client resource of screen area
for a client with low bandwidth or small screen size, all thg, proportion to the prioritized values of the images and is

resources may get allocated to the decorative images and g@imal with the assumption that image value is a logarithmic
image central to the story may not get delivered. function of its size.

Thus, we need to extend our content adaptation model to
account for priorities on the content items of a document. T
priorities may be assigned by the author of the page, as is the
case above. Many Internet applications, such as search enginesach content iteracan be aomposite item.e., a hierarchy
customized news sites, etc., generate documents dynamic@fiyPther content items. To account for composite items, we
in response to a user request. In these applications, ther@l{gcate resources using = f;(R;) where f is a concave
often a priority implicitly assigned to the items. For exampletnalytic function and the itemsunder consideration may be
in image search engines, the match scores of the retur§@nposite. The optimal resourck; thus allocated to each
images serve as priorities. When the result page consistingc8fnposite item is in turn used as the resource constraint for
the matched images is returned to a client with low bandwidi§ constituent items. We then allocate this resougg@mong
or screen area, the images should be reduced or removedhﬁ']ch”dren of the Composite itein This resource allocation
the basis of their match scores an not their sizes (in termsigfrepeated until the items being considered are atomic. When
area or bits). we have priorities assigned to items, we similarly modify the

Let P, be the priority assigned to item by the author resource allocation strategy described in Section V-A.

or the application. We then define therioritized value For a composite item, the number of its different versions
of item i as V' = PV,. The goal is now to find iS combinatorial in the number of its children item. Thus, it

max;{%; V;I'} such thatS; R; < Rejient. is not practical to manually assign values to each version of

Using this formulation, the following resource allocatior® COMposite item.
strategies mirror those described previously in Section IV, but
with prioritized values replacing RUF’s. C. Multiple Resources

1) If f is linear or convex, the resources are assigned in aa client may have a different number efpabilitiesand
greedy manner in order of the prioritized values of theesources We term capability to be the ability to handle a
items. particular media type. For example, a hand-held PC (HPC)

2) If f is logarithmic, the resources are assigned in prenay not be capable of displaying video, and a PDA may not
portion to the prioritized values of the items. In generape capable of displaying color images. Before we start the
when f is concave, we can apply the technique outlinegsource allocation process, we remove from consideration
in Section IV-A. all the versions of items that a client is not capable of

When f; is not analytic, the value versus resource pldtandling.

(Fig. 4) is replaced with;” = P;V; on theY-axis. The rest  The resources of a client can typically be divided up among
of the algorithm is as described previously in Section IV-B.several items. Examples of resources are

\4

Composite Items
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Fig. 5. The workstation gets the full text of the story and streaming video. The PDA gets a text summary and two keyframes in 2-bit grayscale. The
cellular phone gets a short title and audio.

1) bandwidth; D. Mutual Dependence
2) bits as determined by the product of the bandwidth and g, finding the optimal content adaptation schemes we

the time a client is ready to wait to receive the completgsgmed that the content items on a Web page are independent
document; - _ , of each other. This assumption may not hold in general. For
3) bits determined by the clients storage capacity; example, for a news story, if the text to the story has to be
4) screen area; discarded due to space limitations, then delivering the pictures
5) money the client is ready to pay for the document, eig, e story may not be very useful. Our partial solution is
Let there ber different resourcesitl,,,, that we have to to use composite items (Section V-B). We consider dependent
consider. Then, the resource allocation problem can be stag@ths as composite items and allocate resources first to the
asmax;{>; V;} such thats; Rf < R, for all1 <k <r composite item. This resource can then be allocated among the

We first allocate each resourd®;;.,, separately. LetV/; components of the composite item in an all-or-none manner.

be the version of item/; that is selected for resourde We  This solution is nonoptimal. A better solution would be to ex-
can select only one version of an item to be delivered. Wend rate-distortion techniques for handling dependent blocks,

achieve this by the following algorithm. such as [34], [35], and [26], to the value-resource framework.
1) For each item¢, find the set of resource®;, =
{R*¥(M[)} used by each of its versions selected for VI. A MULTIMEDIA NEWS SYSTEM
each of the resources. We have implemented a Web server that customized Web

2) For each iter, find the versionV/;; that has the highest pages to the capabilities of the client requesting them, em-
assigned value among all the versions and such that f6ying the content adaptation process described above as an
all k, R¥(M;;) < R¥(MF) € R;. If no values have been extension to this server [19].
assigned, since we defiié = f/(R}), the value of a  For content, TV news programs are captured and parsed
version may be different for different resources. In thahto stories [36]. The raw content for each news story is the
case, we choose a resource as the dominant resouiggeo and the closed captioned text. Currently, we manually
and use the values of the versions for that resource. add a title to each new story. The content items are the
The above algorithm is guaranteed to select one version file, the video, and the text of the news story. Based on
each item without breaking the constraints of any of thre- a template InfoPyramid for news stories, these raw content
sources. However, the version so selected may not be optinitims are ingested into InfoPyramids. The content is then
To find the optimal set, a search (possibly combinatorial) masanscoded to populate the InfoPyramids. The video content
be required. is compressed at multiple bit rates (1.14 Mbs, 128 kbs, 56
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Fig. 6. Dynamic adaptation of same original content to different resources on client. Client resources are spesireénasiidtha screen height,
bandwidth, and wait-time

kbs, 28 kbs). The audio is extracted from the video and aldwe client capability constraints and maximizes the content
compressed at multiple bit rates (50 kbs, 8 kbs). The videalue for a given set of client resources. Fig. 5 shows example
modality is also converted to images by extracting keyframegelivery of same story to a workstation on a LAN, a PDA
These images are then converted for multiple color depths amd a CDPD modem, and a smart cellular phone using the
resolutions (original size JPEG, 0.75 scale as 16-color Glptjority-based greedy resource allocation strategy described
0.75 scale as gray-level GIF). The textual elements of the stanySection V-A. Some of the content adaptation is based on
are converted into summary versions. These InfoPyramids atient device capabilities and some on resource allocation. For
then represented in XML (details on the XML DTD for theexample, for the PalmPilotTM, video, audio and color image
InfoPyramid can be found in [25]). versions were filtered out prior to the resource allocation. The
This multimodal, multiresolution version of the multimediaallocation of screen size and payload resources resulted in a
news story has many possible renditions. In our example, wemmary of the text being selected and two images with the
have stories with oveR®® different possible renditions. We highest priorities being selected out of the 30 images.
assigned the same default priorities for the title, video andFig. 6 shows results of adaptation for client devices with the
text InfoPyramids for all the news stories. We also manualame capabilities but varying resources. The differences in the
added priorities to key-frames based on our subjectieentent delivered to these clients are only due to the resource
judgement of their importance. Since the stories have aliocation. In Fig. 6(a), a PC with VGA screen on a 14.4 kb
average of over a dozen key-frames, this allowed us meodem gets the title and text of news story along with an audio
test out the effect of adaptation for both small and larggream and some images. We can see that images with lower
differences among client resources. priorities get fewer resources by the fact that some of them are
Currently, the system considers client device resourcsgisown at a reduced scale and color depth. If we increase the
of screen size, color depth, network bandwidth, maximubandwidth to 27 kbs (at 28 kbs, we would select video instead
download time, and capabilities regarding video/audio/imagé audiot-keyframes), we see that some of the images from
display and screen color. Fig. 6(a) get more resources, and some lower priority images
The web server dynamically synthesizes a rendition of tlaee added. If we increase the wait-time to 300 s, increasing
news story by selecting and combining the components thie total number of bits available at the client, we see that
each constituent InfoPyramid such that the result both meétsFig. 6(c) there are more images that get downloaded. In
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Fig. 6(d), the client has the same bandwidth and wait time @8] A. Fox, I. Goldberg, S. D. Gribble, D. C. Lee, A. Polito, and E. A.
in Fig. 6(C), but a |arger_screen_ As this client get more images Brewer, “Experience with Top Gun Wingman: A proxy-based graphical
. . . . - web browser for the USR PalmPilot,” iaroc. IFIP Int. Conf. Dist. Sys.

delivered, we can see that the client in Fig. 6(c) was running

Plat. Open Dist. Proc. (Middleware '98).ake District, U.K., Sept. 1998.
out of screen-space before it was running out of bits. [11] T.W. Bickmore and B. N. Schilit, “Digestor: Device-independent access
to the World Wide Web,” inProc. 6th Int. WWW Conf.Santa Clara,
CA, 1997.

Intel: Quick Web. Available: http://www.intel.com/quickweb/index.htm.
Spyglass: Prism 2.0. Available: http://www.spyglass.com/solutions/
technologies/prism/.

J. R. Smith, R. Mohan, and C.-S. Li, “Transcoding Internet content for

VIl. SUMMARY (12]

In this paper, we have presented a system for adaptiHg!
multimedia Internet content. This system adapts Web contgpy;

to client devices with diverse capabilities. Thus, this system

enablesuniversal acces$o the Internet by allowing different [1°]

types of devices, and people with different abilities, to receive

content adapted to a form suitable for them. We used InfoPj6]
ramids to represent content transcoded into multiple resoluti

and modalities. We extended the rate-distortion framework [®]
optimally allocate resources on the client among the different
content versions in the InfoPyramid. Finally, we presented g
implementation of the content adaptation scheme.

In the value-resource framework, content adaptation is angj:
ogous to compressing multimedia documents to meet resou

constraints imposed by the client device. However, unlike
traditional compression, a composite document is consider@%
and the constraints are not limited to bits or bandwidth, but
also include resources such as screen size, color, cost, and Technology—Document Recogniti@an Jose, CA, Jan. 1998.
hardware and software capabilities. Further, our framewolk!
can be used to analyze various content adaptation strategigs, C-S. Li, R. Mohan, and J. R. Smith, “Multimedia content descrip-
for example, the common practice of scaling images [7]-[13]
by a constant factor, the greedy policy and the proportion@la]
policy. This value-resource framework also clearly shows that
it is critical to assign priorities to content items in a multimedi&”’

document to get useful content adaptation polices.

(28]

Z

heterogeneous client devices,” Rtoc. ISCASMonterey, CA, 1998.

H. Bharadvaj, A. Joshi, and S. Auephanwiriyakul, “An active transcod-
ing proxy to support mobile Web access,” Broc. 17th IEEE Symp.
Reliable Distributed System®ct. 1998.

Proxinet: http://www.proxinet.com/.

1 PalmComputing: http://www.palm.com/.

AvatGo: http://www.avantgo.com/.

R. Mohan, J. R. Smith, and C-S. Li, “Multimedia content customization
for universal access,” ilMultimedia Storage and Archiving Systems
Boston, MA: SPIE, Nov. 1998.

G. C. Vanderheiden, “Anywhere, anytinig-anyone) access to the next-
generation WWW,” inProc. Sixth Int. World Wide Web ConfSanta
Clara, CA, 1997.

W3C XML Recommendation 1998. http://www.w3.0rg/XML/.

J. R. Smith, R. Mohan, and C.-S. Li, “Content based transcoding of
images in the internet,” irProc. |IEEE ICIP’'98, Special Session on
Network-Based Image Processjr@hicago, IL, Sept. 1998.

S. Paek and J. R. Smith, “Detecting image purpose in world-wide web
documents,” irProc. IS&T/SPIE Symp. Electronic Imaging: Science and

ISO/IEC JTC1/SC29/WG11, MPEG-7 Requirements Document, Coding
of Moving Pictures and Audio, Tokyo, Mar. 1998.

tion in the InfoPyramid,”Proc. ICASSP’98, Special Session on Signal
Processing in Modern Multimedia Standay®eattle, WA, May 1998.

A. Ortega and K. Ramchandran, “Rate-distortion methods for image and
video compression,lEEE Signal Processing Magazinsov. 1998.

C. E. Shannon. “A mathematical theory of communicatidBé¢ll Syst.
Tech. J, vol. 27, pp. 379-423, 1948.

T. Berger, Rate-Distortion Theory: A Mathematical Basis for Data

The server-based content adaptation approach allows precise Compression Englewood Cliffs, NJ: Prentice-Hall, 1971.

control over the process by the publisher. It also allows

[20]

higher level of customization, both in terms of the variety of
client devices and the variety of media types than is possitif8]
by proxy based solutions. We are investigating extensions (9
HTML that would allow authors to annotate their HTML doc-
uments for client based customization and thus allow the dé?l
ployment of the system, with comparable benefits, on proxiEI§3]

(1]
(2]

(3]
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