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Letter from the Editor-in-Chief

Bulletin Related Items

Membership Renewal

Included on page 56 of the current issue is a Technical Committee Membership Application Form. This form
must be filled in and forwarded to the Computer Society in order for you to continue as a member of the TC on
Data Engineering in 1997. It is essential that you file this form in order for you to continue to receive the Data
Engineering Bulletin.

Below is the message that I received from the Computer Society.

MEMBERSHIP RENEWAL BY DECEMBER 31, 1996 -- To serve our membership the
best way we can with limited resources, we must periodically ensure
that those of you who receive this newsletter and other information
continue to be interested in being part of TCDE. Every few years, we
will ask that you renew your membership in the technical committee to
remain on the list.

Renew now by completing and returning the TC application form on page
56 by mail, fax, or email. You only need to submit one form for
all TCs you belong to, as long as you check the appropriate boxes (up
to four). Members who do not respond by December 31, 1996 will be
removed from the TC list(s).

You may also renew by visiting the IEEE Computer Society web site at
http://www.computer.org/tab/tcapplic.htm

and filling in the application there.

Editorial Appointment

I am happy to announce the appointment of Joe Hellerstein, from the University of California, Berkeley, as an
Associate Editor. Joe graduated from Wisconsin only last year. His work in query processing and access meth-
ods has already established his reputation as an outstanding database researcher. Joe will be the editor of the
December issue of the Bulletin.

About this Issue

The current issue focuses on information dissemination. This is a particularly timely issue as use of the world
wide web has exploded. And information dissemination is one of the key roles played by the web. The issue
is broader than only the web, discussing several of the fundamental technologies for information dissemination.
I want to thank Mike Franklin for the fine job he has done in soliciting papers from diverse sources, exploiting
the diverse technologies. While no single issue of any publication is likely to be fully comprehensive, Mike has
succeeded in assembling an issue that provides excellent coverage of this very rapidly changing field.

David Lomet
Microsoft Corporation
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Letter from the Special Issue Editor

In the past few years there has been an explosion in the number and variety of data-intensive applications being
deployed. The World Wide Web is just one of the new ways that content (i.e., data) is being delivered to users at
the office, at home, and even on the road. To the database specialist, these developments have been both gratify-
ing, as a confirmation of the importance of data management issues, and unsettling, as we watch the information
superhighway being paved with nary a transaction nor an equijoin in sight. While database systems will continue
to play a significant role in storing and managing the “mission critical” data of most organizations, it is clear that
many new applications are quite different from the ones that database systems have traditionally supported. De-
spite the differences, however, there is much benefit to be gained by applying database expertise to the many new
types of data-intensive applications that are beginning to appear.

The focus of this issue is on one particular technology that is at the heart of many new applications, namely,
data dissemination. Data dissemination can be loosely defined as the process of delivering data from a source
or set of sources to a (typically larger) set of consumers. The articles in this issue cover topics ranging from
communication primitives that can enable data dissemination, to architectures that incorporate it, to descriptions
of applications that use it.

In the first paper, Azer Bestavaros and Carlos Cunha describe how traditional notions of locality break down
on the Web due to the vast amount of information available and the ease of “surfing”. They propose a dissemination-
oriented approach for placing copies of frequently accessed web pages at key points in the network. Son Dao and
Brad Perry describe the SATIN testbed developed at Hughes Research Laboratory to exploit the satellite-based
DirecPC system, which is capable of providing multi-megabit delivery of data to millions of users in homes and
elsewhere. The third paper, by Stan Zdonik and myself, describes the notion of a dissemination-based infor-
mation system incorporating multiple modes of data delivery. The challenges that arise in the design of such a
system are explored by using our Broadcast Disks method as an example.

David Glance provides a description of how the multicast support found in IONA Technologies’ OrbixTalk
messaging system can be used to support publish/subscribe communication in a CORBA environment. After
describing the basic mechanism, Glance gives several compelling examples of types of applications that can be
developed using such technology. Shashi Shekhar, Andrew Fetterer and Duen-Ren Liu, describe the Genesis
project to develop an Advanced Traveler Information System (ATIS) in Minnesota. ATIS is a prime example of
an application that is outside the traditional notion of database applications, but that can benefit greatly by the
insights and techniques that have been developed by the database community. In the final paper, Tak Yan and
Hector Garcia-Molina describe their SIFT system for disseminating USENET news articles across the Internet.
SIFT, which began as a research project, has recently been commercialized. In this paper they describe the solu-
tions they developed to address the scalability problems that arose with the increasing popularity of the system.

The papers included here provide a sampling of the kinds of new research and development opportunities
that have recently arisen due to advances largely outside of the database area. Fortunately, as I believe these
papers show, the database community has much to add to these important new applications. I would like to thank
Stan Zdonik for his many ideas and discussions, and would also like to thank the Editor-In-Chief, Dave Lomet,
for producing the Data Engineering Bulletin, which is an excellent resource for charting the current and future
progress of the database field.

Michael Franklin
University of Maryland

2

Uber Exhibit 1009 - p. 4 
Uber Technologies, Inc. v. SurgeTech, LLC



Dissemination-Based Information Systems�

Michael Franklin

UMIACS and Dept. of Computer Science
University of Maryland

College Park, MD 20742 USA
franklin@cs.umd.edu

Stan Zdonik

Department of Computer Science
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Abstract

This paper examines the construction of distributed information systems that incorporate the ability to
push data out to clients (i.e., dissemination) in addition to having clients pull data from servers. One
key issue that distinguishes such dissemination-based information systems (DBIS) from more traditional
ones is communications asymmetry. Asymmetry arises in many new applications due to both physical
characteristics such as network bandwidths, as well as to workload characteristics. We outline a number
of different data delivery mechanisms, and then focus on one particular dissemination mechanism that
we have developed, called Broadcast Disks. Finally, we discuss issues that arise in the design of a DBIS
architecture that can provide many different modes of data delivery.

1 Introduction

Ongoing advances in communications including the proliferation of the Internet and intranets, the development
of mobile and wireless networks, and the impending availability of high bandwidth links to the home, have fu-
eled the development of a wide range of new information-centered applications. Many of these new applications
involve data dissemination, that is, the delivery of data from a set ofproducersto a (typically) larger set ofcon-
sumers. Examples of dissemination-based applications include information feeds (e.g., stock and sports tickers
or news wires), traffic information systems, electronic newsletters, and entertainment delivery.

Although dissemination-based applications share some common characteristics with other data-intensive ap-
plications such as query processing or decision support, the specific style of information flow that arises due
to dissemination imposes a special set of demands on an information system architecture. One key aspect of
dissemination-based applications is their inherent communicationsasymmetry. That is, the communication ca-
pacity or data volume in the downstream direction, (i.e., from servers-to-clients) is much greater than that in the
upstream direction (i.e., from clients-to-servers). Dissemination can be both the cause of and solution to asymme-
try in an information system. A stock ticker application is an example of the first case. It is asymmetric because
the information flow is unidirectional: from the single (or small number of) source(s) where the ticker originates,

Copyright 1996 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for ad-
vertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any
copyrighted component of this work in other works must be obtained from the IEEE.
Bulletin of the IEEE Computer Society Technical Committee on Data Engineering

�This work has been partially supported by NSF grant IRI-9501353, ONR grant number N00014-91-J-4085 under ARPA order number
8220, and by a gift from Intel Corporation.
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to the much larger set of clients that monitor the stock ticker. An example of the second case is a wireless network
in which fixed base stations can transmit at a bandwidth that is much higher than that at which the mobile clients
can transmit. In this latter example, data dissemination is a natural way to exploit the base stations’ advantage in
bandwidth.

In our work on the Broadcast Disk paradigm for data delivery [Zdon94, Acha95b], we have identified a num-
ber of ways that the asymmetric nature of data dissemination can impact the design of an information system.
The issues that we have studied include broadcast scheduling and client cache management [Acha95a], client
prefetching [Acha96a], and the dissemination of updates [Acha96b]. Our current work is focused on integrating
the notion of Broadcast Disks and other forms of data dissemination into a coherent framework, which we refer
to as aDissemination-Based Information System(DBIS) architecture.

In what follows, we first examine the causes of communications asymmetry and their relationship to data
dissemination. We next outline a number of different data delivery mechanisms, and then focus on Broadcast
Disks as one example of such a mechanism. Finally, we discuss our notion of a DBIS and sketch some of the
issues that arise in the design of such a system.

2 Communications Asymmetry

As stated previously, a key aspect of dissemination-based applications is that they are asymmetric in the amount
of data transmitted from servers to clients versus from clients to servers. It is interesting to note, that while much
existing communications infrastructure is symmetric (e.g., the Internet), most information intensive applications
that use that infrastructure are asymmetric. Symmetric applications, of course, do exist. Examples include tele-
conferencing, email, and multi-user games. As bandwidth and connectivity continue to improve, however, net-
works are increasingly being used to deliver sophisticated content to communities of users. Content delivery is
an asymmetric process regardless of whether it is performed over a symmetric channel such as the Internet, or
over an asymmetric one, such as a cable television (CATV) network. Thus, regardless of whether or not one
expects future networks to be symmetric or asymmetric, it is clear that many important applications of future
networks will exhibit asymmetry. Techniques and system architectures that can efficiently support asymmetric
applications will therefore be a requirement for future information systems.

Asymmetry can arise from a number of factors, both environmental and application-based. Each of these
different types of asymmetry imposes a unique set of demands on a system architecture. Below, we identify
several causes of asymmetry. In the subsequent section we examine the available options for data delivery and
discuss how each of those options addresses the problems that can arise due to the different types of asymmetry.

2.1 Network Asymmetry

Perhaps the most obvious form of asymmetry occurs when the network bandwidth differs in the downstream
(server to client) and upstream (client to server) directions. An example of an asymmetric network is the mobile
case mentioned above — mobile computers are supplied with data at a high rate while mobile clients are unable
to transmit or can do so only over a very slow cellular connection. Another important example can be found in
technologies that are being developed to provide multi-megabit per second data delivery to the home. Three in-
dustry segments are vying to be the central provider of such services: the telephone companies (through ADSL
and other technologies), the cable television companies (through the use of high-bandwidth cable modems), and
direct broadcast satellite providers, such as Hughes’ DirecPC. All three of these potential providers are plan-
ning, at least for the near term, to provide asymmetric bandwidth. For example, cable systems will allow home
computers (or televisions) to be supplied with video and other data at speeds approaching five to ten megabits
per second while the home machines will be able to transmit back to the server over channels of only tens of
kilobits per second. Furthermore, in some situations, these slow “backchannels” must be shared among several
households.
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2.2 Client to Server Ratio

A system with a small number of servers and a very large number of clients can be viewed as another example of
an asymmetric system because the server message and data processing capacity must be divided among all of the
clients. For example, it is quite common for popular World-Wide-Web (WWW) servers to become “swamped”
due to an unexpectedly large volume of requests. Such behavior is particularly likely when new features are
announced, such as the availability of a new version of a popular software package. When a server becomes
swamped, it will in the best case, simply refuse to accept additional connections. In the worst (but currently not
unlikely) case, such a server will crash.

2.3 Data Volume

A third way that asymmetry arises is due to the volume of data that is transmitted in each direction. Information
retrieval applications typically involve a small request message (e.g., containing a few query terms) and a much
larger result. For such applications, the downstream bandwidth requirements for a given client are much higher
than the upstream bandwidth requirements. For example, consider an application such as Intel’s Intercast, in
which URLs of related web pages are downloaded along with a television broadcast. If a viewer wishes to follow
up on the related information, they can click on the appropriate URL, which could result in the downloading of
significant amounts of data such as maps, related video clips, etc. In this case, the data sent upstream is quite
small (i.e., it is basically the “key and mouse clicks”) while the data sent downstream can be multiple megabytes
or more.

2.4 Updates and Information Creation

A fourth type of asymmetry arises when the data to be sent to clients is frequently updated and/or new data of
potential interest to clients is frequently created. In these situations, even though the backchannel might have a
reasonably high bandwidth, the extremely high load that would be created by having clients poll to extract the
latest updates creates an effective asymmetry. That is, it is not efficient (or in some cases, even feasible) to allow
clients to continuously poll for new information as such polling places a high load on both the network and the
server(s) as well as on the clients themselves.

2.5 Implications of Asymmetry

These different types of asymmetry all impose somewhat different demands on an information system. Network
asymmetry places severe limitations on the use of the client-to-server backchannel, either in terms of the size of
messages that can be sent, the number of messages that can be sent, or both. A high client/server ratio also im-
poses restrictions on backchannel usage, and in addition, makes it expensive for the server to send individual reply
messages to each client. Data volume asymmetry implies that a significant amount of upstream bandwidth will
go unused in a symmetric network. Finally, in the case of updates and new information, clients could spend sig-
nificant portions of their own resources (in addition to those of the backchannel and server(s)) if they are required
to poll continuously for new data. The frequency of such polling also has the potential to impact the integrity (i.e.,
currency) of data that is cached at clients.

3 Options for Data Delivery

A dissemination-based information system must incorporate a number of different styles of data delivery in order
to efficiently cope with the various types of asymmetry described in the previous section, as well as to support
symmetric applications. In addition, it is important to provide different types of data delivery so that the system
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can be optimized for various criteria. For example, even in an asymmetric network where it is infeasible to allow
all clients to use the client-to-server backchannel, it may be desirable to provide upstream bandwidth to those
users who are willing to pay a premium for it.

In this section, we identify several characteristics that can be used to compare data delivery mechanisms.
Figure 1 shows the three main characteristics we consider: (1) push vs. pull; (2) periodic vs. aperiodic; and (3)
point-to-point vs. one-to-N. The leaves of the tree in the figure show how several common mechanisms relate to
these characteristics.

P-to-P     1-to-N

Aperiodic

P-to-P     1-to-N

Periodic

Pull

P-to-P     1-to-N

Aperiodic

P-to-P     1-to-N

Periodic

triggersrequest/
response response

w/snooping

request/ polling polling
w/snooping

publish/
subscribe

Push

broadcast
disks

Figure 1: Data Delivery Options

3.1 Client Pull vs. Server Push

The first distinction we make among data delivery styles is that of “pull vs. push”. Current database servers and
object repositories manage data for clients that explicitly request data when they require it. When a request is
received at a server, the server locates the information of interest and returns it to the client. Thisrequest-response
style of operation ispull-based— the transfer of information from servers to clients is initiated by a client pull.
In contrast, data dissemination involves sending information to a client population, possibly in advance of any
specific request. This is referred to as apush-basedapproach since information transfer is initiated by a server
push.

The tradeoffs between push and pull revolve around the costs of initiating the transfer of data. A pull-based
approach requires the use of a backchannel for each request. Furthermore, the server must be interrupted con-
tinuously to deal with such requests and has limited flexibility in scheduling the order of data delivery. Also, the
information that clients can obtain from a server is limited to that which the clients know to ask for. Thus, new
data items or updates to existing data items may go unnoticed at clients unless they periodically poll the server.

Push-based approaches, in contrast, avoid the issues identified for client-pull, but have the problem of decid-
ing which data to send to clients in the absence of specific requests. Clearly, sending irrelevant data to clients is
a waste of resources. A more serious problem, however, is that in the absence of requests it is possible that the
servers will not deliver the specific data that are needed by clients in a timely fashion (if ever). Thus, the useful-
ness of server push is dependent on the ability of a server to accurately predict the needs of clients. A solution
to this problem to allow the clients to provide aprofile of their interests to the servers. A popular mechanism
for providing such profiles is known as apublish/subscribeprotocol (e.g., [Oki93]). Using publish/subscribe,
clients subscribe to given classes of information by providing a set of expressions that describe the data of in-
terest. These subscriptions form a profile — they are in effect, a continuous query. The information providers
publish information that is tagged in a way that allows the matching of the data with the subscriptions of the users.
When new data items are created or existing ones updated, the items are disseminated to the subscribers whose
profiles match the items. The distributed system infrastructure is responsible for delivering data to all relevant
subscribers. While publish/subscribe is useful for delivering new or modified data to clients, it can not be used
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to efficiently deliver previously existing data to clients that subsequently realize they need it. Such data is most
easily obtained through a client pull.

3.2 Aperiodic vs. Periodic

Both push and pull can be performed in either an aperiodic or periodic fashion. Periodic delivery is performed
on a regular, repeating schedule, while aperiodic has no such schedule. For example, an application that sends
out stock prices on a regular basis is an example of periodic push, whereas one that sends out stock prices only
when they change is an example of aperiodic push. Using periodic push, a set of data items is sent out repeatedly
according to a prespecified schedule. Since the pattern repeats, a client that misses a data item on one period of
the pattern, it can get it the next. In contrast, using aperiodic push, data are sent out, but not according to any
particular schedule. This type of data delivery is what would arise in a publish/subscribe system.

Periodic push is useful for cases in which clients might not be available at all times or might be unable to
react to what has been sent. Unavailability can occur in mobile settings where clients can become disconnected.
It might also occur in cases in which the client processing load is high, thus preventing the continual servicing of
the incoming data stream. On the other hand, aperiodic push assumes that clients are either always listening and
able to respond to what is being sent or that missing some information is not crucial to the application. Aperiodic
push has the advantage of making more effective use of the downstream communication channel, as the choice
of items to deliver can be adjusted more quickly to the changing needs of an application.

Aperiodic pull arises in a system that uses the traditional request/response style of data delivery. Data is pulled
from the server to clients whenever clients request it, for example, on a page fault or a cache (buffer) miss. In
contrast, periodic pull arises when a client uses polling to obtain data from servers. The client requests data on
a regular schedule. Such polling may be useful in certain applications such as remote-sensing, but as discussed
previously, can be expensive in terms of server and client processing as well as backchannel usage.

3.3 Point-to-point vs. One-to-N

The third characteristic of data delivery mechanisms we identify is whether they are based on point-to-point or
one-to-N communication. Using point-to-point communication, data is sent from a data source (e.g., a single
server) to one other machine, while one-to-N communication such as broadcast or multicast allows multiple ma-
chines to receive the data sent by a data source. The tradeoffs between these approaches depend upon the com-
monality of interest of the clients. Using broadcast or multicast, scalability can be improved by allowing multiple
clients to receive data sent using a single server message. Such benefits can be obtained, however, only if mul-
tiple clients are interested in the same items. If not, then scalability may actually be harmed, as clients may be
continually interrupted to filter data that is not of interest to them.

Two types of one-to-N data delivery can be distinguished: multicast and broadcast. With multicast, data
is sent to a specific subset of clients. Multicast is typically implemented by sending a message to a router that
maintains the list of recipients. The router reroutes the message to each member of the list. Since the list of
recipients is known, it is possible to make multicast reliable; that is, network protocols can be developed that
guarantee the eventual delivery of the message to all clients that should receive it. In contrast, broadcasting sends
information over a medium on which an unidentified and unbounded set of clients can listen. This differs from
multicast in that the clients who may receive the data are not knowna priori.

3.4 Classification of Delivery Mechanisms

It is possible to classify some existing data delivery mechanisms using the framework described above. Such a
classification is shown in Figure 1.
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� Request/Response- Traditional request/response mechanisms use aperiodic pull over a point-to-point con-
nection. If instead, a one-to-N connection is used, then clients can “snoop” on the requests made by other
clients, and obtain data that they haven’t explicitly asked for. It is interesting to note, therefore, that in the
one-to-N case, request/response looks like a pull-based approach to the client that initiates a request, but
appears to be push-based to any other clients that are snooping on the broadcast.

� Polling - In some applications, such as remote sensing or control applications, a system may periodically
send requests to other sites to obtain status information or to detect changed values. If the requested infor-
mation is returned over a point-to-point channel, then this pull-based approach is what is usually consid-
ered to be polling. If the information is returned over a one-to-N link, then as with request/response, other
clients can snoop to obtain data as it goes by.

� Publish/Subscribe- As stated previously, publish/subscribe protocols are becoming a popular way to dis-
seminate information in a network. Publish/subscribe is push-based; data flow is initiated by the data
sources (i.e., servers), and is aperiodic, as there is no predefined schedule for sending data. Publish/subscribe
protocols are typically performed in a one-to-N fashion, but a similar protocol can be used over a point-to-
point channel, as is done for triggers or notifications in an active database system.

� Broadcast Disks- The last category we examine is the combination of periodic and push. Periodic push
has been used for data dissemination in many systems such as TeleText [Amma85, Wong88] and DataCy-
cle [Herm87, Bowe92]. Clients that need to access a data item that is pushed periodically can wait until
the item appears. In this way, periodic push can be thought of as a storage device whose average latency
for an item is half the period at which that item repeats [Acha95a]. As with aperiodic push, periodic push
can also be used with both point-to-point and one-to-N channels, but one-to-N is likely to be much more
prevalent. We discus this method of data delivery in more detail in the following section.

4 Broadcast Disks

Having described the notion of data dissemination and outlined the different styles of data delivery that can
be employed in a DBIS, we now focus on one particular approach that we have developed, called Broadcast
Disks [Zdon94, Acha95b]. Using Broadcast Disks, a broadcast program containing all the data items to be dis-
seminated is determined and this program is transmitted in a periodic manner. As stated above, the repetitive
nature of the broadcast allows the medium to be used as a type of storage device; clients that need to access a
data item from the broadcast can obtain the item at any point in the broadcast schedule that the item is transmitted.
Periodic broadcast has been studied by a number of researchers (e.g., [Amma85, Herm87, Giff90, Imie94]). The
Broadcast Disk model differs from previous data broadcasting work, however, in that it integrates two main com-
ponents: 1) a novel “multi-level” structuring mechanism that allows data items to be broadcast non-uniformly,
so that bandwidth can be allocated to data items according to the importance of those items; and 2) client-side
storage management algorithms for data caching and prefetching that are tailored to the multi-disk broadcast. As
is discussed below, these client-side policies differ in significant ways from those that would be used for the other
styles of data delivery (e.g., pull-based, or aperiodic push-based).

4.1 Server-Side Broadcast Scheduling

The multi-level approach to broadcast scheduling used in Broadcast Disks allows data items to be placed on sub-
broadcasts of varying size and periodicity. An arbitrarily fine-grained memory hierarchy can be created by con-
structing a multi-level broadcast such that the highest level is relatively small and repeats relatively frequently,
while subsequent levels are progressively larger and repeat progressively less frequently. Such a broadcast pro-
gram is analogous to a traditional memory hierarchy ranging from small, fast memories (e.g., cache) to larger,
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slower memories (e.g., disks or near-line storage). By placing data items on faster levels, the access time for
higher-priority data can be reduced at the expense of increasing the latency for lower-priority items. For in-
stance, in a highway traffic information system, information on accidents or potential delays can be placed on
faster levels, while less time critical information (such as local point-of-interest listings) can be placed on slower
levels. In this way, newly arriving motorists can receive data about incidents more quickly than they could if all
information was broadcast in a uniform (i.e., flat) manner.

A

A

B1 B2

Figure 2: Multidisk with 3 distinct pages on 2 disks

Figure 2 shows a simple example broadcast of three pages arranged on two disks. The page labeled A is on
a disk that is spinning twice as fast as the two pages that are labeled B1 and B2. The pages B1 and B2 are said to
be on a slower spinning disk that is twice the size of the fast disk. The desirable characteristics for a multi-level
broadcast program have been outlined in [Acha95a]. Briefly, a good broadcast program is periodic, has fixed
(or nearly fixed) inter-arrival times for repeated occurrences of a data item, and allocates bandwidth to items
in accordance with (but not in direct proportion to) their access probabilities. Multiple levels are superimposed
on a single broadcast channel by interleaving the data items of the various levels in a manner that results in the
desired relative frequencies. For example, the multidisk shown in Figure 2 would be generated by repeatedly
broadcasting the pattern :“A, B1, A, B2, ...”. The algorithm used by the server to generate the broadcast program
requires the following inputs: the number of levels , the relative frequency of each level and assignments of data
items to the levels on which they are to be broadcast. The algorithm is described in detail in [Acha95a]. More
recently, algorithms for automatically determining these inputs have been proposed [Baru96].

4.2 Profiles, Feedback, and Client-side Storage Management

In order to decide how to structure a broadcast schedule, the server must use its best knowledge and synthesis of
the needs of the clients that require disseminated data. There are two potential pitfalls with this approach. First,
the server is likely to have inaccurate data about the needs of the clients, as these needs can change quickly and
are often hard even for the clients themselves to predict. Second, even given perfect knowledge of the access
profiles of the clients, the server mustsynthesizean “average” profile on which to base its broadcast schedule;
this average profile is unlikely to be optimal for anyindividual client. A key to solving this problem is the use
of client storage resources for caching and prefetching data items. By intelligent management of local storage, a
client can (to a large extent) isolate itself from many of the mismatches between its local priorities and the global
priorities determined at the server.

We have developed implementable caching and prefetching algorithms to address this issue and have com-
pared them to ideal policies [Acha95a, Acha96a]. The policies take into account both the local access probability
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(using heuristics such as LRU or usage frequency) and the expected latency of a data item; items that reside on
slower levels have higher average latencies. The caching policies [Acha95a] favor slow-level data items, allow-
ing clients to use their local storage resources to retain pages which are important locally, but are not sufficiently
popular across all clients to warrant placement on a faster level. Broadcast Disks presents an excellent opportu-
nity for prefetching because objects continually flow past the receivers. We have also developed clientprefetch-
ing algorithms [Acha96a]. These algorithms are more dynamic than the caching policies because they take into
consideration the time-to-arrival for items at a given instant. The prefetching policies are able to retain items in
a client’s cache during those portions of the broadcast cycle where their time-to-arrival is at its highest, which
results in a significant performance improvement.

Intelligent client cache management goes a long way towards relaxing the need for strict accuracy in user pro-
file management. The feedback from user requests and status information delivered over a backchannel, however,
can provide important information to help maintain the profile information at server. Algorithms for dynamically
maintaining profiles and adjusting the broadcast accordingly are thus, important directions in our current work.

4.3 Data Consistency

We have extended the mechanisms described above in order to incorporate data item updates and have studied
their effect on performance [Acha96b]. As in the previous work, the design considerations divide into client-side
and server-side issues. The server must decide how to modify its broadcast program in order to most effectively
communicate updates to the client. The server can use both invalidation and propagation. Timely invalidation
(i.e., notification of updates) is the minimal requirement in order to enable the preservation of data consistency.
The server can also choose to propagate the new values of updated items in order to enhance performance. The
client must perform appropriate actions to bring its cache contents back to a good state after an update. For exam-
ple, the clients can prefetch items that have been invalidated from its cache. We have implemented thisautomatic
prefetching and have integrated it with the regular (non-update) prefetching algorithms. Alternatively, a client
can choose to ignore an invalidation if it determines that retaining a stale copy of a data item is preferable to
having no copy of that item.

Two different consistency models have been studied — immediate and periodic (i.e., based on the period of
the broadcast). Our studies have shown that under both models, for low to moderate update rates it is possible to
approach the performance of the case in which no updates occur. In other words, the broadcast mechanism can
be made quite robust in the face of updates. One reason for this is that when invalidated items are automatically
prefetched by clients, the broadcast program itself can act as a propagation medium. Explicitly propagating an
item, therefore, is useful only if clients are likely to need to access that item long before it would naturally appear
in the broadcast; otherwise, the propagation wastes bandwidth.

5 Towards an Integrated DBIS

One of the key lessons of the Broadcast Disks work has been the importance considering server-side, client-side,
and network issues when developing a data dissemination technique. As described in Section 3, the periodic push
approach used by Broadcast Disks is just one potential technique for delivering data in a DBIS. Our current work
is focused on developing a more general dissemination-based information system architecture that is capable
of supporting a wide range of applications across many varied environments (e.g., mobile networks, satellites,
wide-area networks). The key to achieving this flexibility is to combine the various data delivery techniques in a
way that achieves the most efficient use of the communication channels, while providing clients with responsive
access to data.

We view an integrated DBIS as a system in which the links between the computing elements vary in char-
acter: from standard pull-based connections to periodic broadcast-based links. The choice of the data delivery
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mechanism to use between two given nodes will be made based on the properties of the available communica-
tions channels and applications as well as economic concerns. These factors may be stable or may change over
time, requiring the DBIS to adapt dynamically. A key point is that the character of a link should be of concern
only to the nodes on either end. For example, the fact that an information provider receives data from a broadcast
disk as opposed to a request/response protocol should make no difference to clients of that provider.

In an integrated DBIS, there will be three types of nodes: (1)data sources, which provide the base data that
is to be disseminated; (2)clients, which are net consumers of information; and (3)information brokers, that ac-
quire information from other sources, add value to that information (e.g., some additional computation or orga-
nizational structure) and then distribute this information to other consumers. By creating hierarchies of brokers,
information delivery can be tailored to the needs of many different users.

The goal is to provide the architectural components that can be used to construct a DBIS. A builder of an
information resource would make use of a library of these components to construct the interfaces to their service.
Example components include a broadcast generator, a set of dissemination services, a client cache manager, a
client prefetcher, a backchannel monitor, etc. In the following, we briefly outline some of the fundamental issues
in the design of an integrated DBIS:

� Bandwidth Allocation -For a given link, policies are needed for allocating bandwidth among the various
data delivery mechanisms.

� Push Scheduling -For the push-based approaches, intelligent scheduling is necessary in order to obtain
the maximal benefit from the available bandwidth. Scheduling must also take into account the likelihood
and distribution of transmission errors. Also, for periodic push, the broadcast should include index and/or
schedule information that describes the objects that are to appear in the upcoming broadcast. Such infor-
mation allows clients to minimize the amount of time and/or processing that they devote to monitoring the
broadcast and can aid in storage management decisions.

� Client Storage Management -Clients must allocate their storage resources among the data obtained through
the various delivery mechanisms. Furthermore, as stated earlier, different methods of data delivery impose
differing demands on the policies for client caching and prefetching. Furthermore, in some cases (e.g.,
mobility), storage management must also take into account the likelihood of disconnection and of data
becoming stale due to updates or expiration.

� User Profiles and Feedback -Profiles of client needs are key for making allocation, scheduling and other
policy decisions at both clients and servers. The form of the profiles will be important to achieve the most
effective use of the medium. For example, access probabilities are one specific representation of the client
needs. The server must also have effective models for combining client profiles. The integration of a
backchannelfrom clients to servers is needed to allow for updating profiles and making additional requests.

� Security Issues -Another set of important issues that must be addressed revolves around the security and
privacy concerns that arise in any distributed information system. The emphasis on one-to-N commuinca-
tion in a DBIS, however, increases the significance of such issues.

� Consistency Issues -The final issue we list here is the maintenance of data consistency, particularly in the
face of possibly intermittent connection. Two types of consistency must be considered. First, guarantees on
the timeliness of individual data items must be provided if required by the clients. Second,mutual consis-
tencyacross multiple items will be required in some instances. All types of consistency must be provided in
a flexible manner, so that tradeoffs between consistency and responsiveness can be made on a case-by-case
basis.

27

[0038]

[0039]

[0040]

[0041]

[0042]

[0043]

  [0044]

[0045]

Uber Exhibit 1009 - p. 13 
Uber Technologies, Inc. v. SurgeTech, LLC



6 Summary

The increasing ability to interconnect computers through internetworking, mobile and wireless networks, and
high-bandwidth content delivery to the home, has resulted in the proliferation of information delivery applica-
tions. A key attribute of many such applications is their inherent asymmetry. These applications present new
challenges for data management throughout all components of a distributed information system. We have pro-
posed the notion of a dissemination-based information system that integrates many different data delivery mech-
anisms and described some of the unique aspects of such systems. We also described the Broadcast Disks data
dissemination paradigm and showed how the choice of data delivery mechanism effects both clients and servers.
Our current work is aimed at integrating Broadcast Disks with a pull-based request/response mechanism. We
view this work as a step towards the development of a more general DBIS architecture.
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