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(57) ABSTRACT 
An apparatus and method to enhance existing caches in a 
network to better support streaming media storage and 
distribution. Helper machines are used inside the network to 
implement several methods Which support streaming media 
including segmentation of streaming media objects into 
smaller units, cooperation of Helper machines, and novel 
placement and replacement policies for segments of media 
objects. 
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METHOD AND SYSTEM FOR CACHING 
STREAMING MULTIMEDIA ON THE INTERNET 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of commonly 
owned, pending US. patent application Ser. No. 09/538,351, 
?led on Mar. 29, 2000, entitled METHOD AND SYSTEM 
FOR CACHING STREAMING MULTIMEDIA ON THE 
INTERNET, in the names of Katherine H. Guo, Markus A. 
Hofmann, Sanjoy Paul, TZe Sing Eugene Ng and Hui Zhang, 
which prior application is incorporated herein by reference 
as if fully set forth herein. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates to network systems, 
and particularly to public network systems, such as the 
Internet. More particularly, the invention relates to methods 
which improve the caching of streaming multimedia data 
(e.g., audio and video data) from a content provider over a 
network to a client’s computer. 

[0004] 2. Description of the Related Art 

1. Field of the Invention 

[0005] Computer networks such as the Internet are 
increasingly being used to transmit multimedia data (e.g., 
audio and video data). In the network-based context, one 
simple model of producing the information involves the 
client requesting the downloading of the multimedia data. 
Once downloaded, the client may then consume, or present, 
the information. This model is relatively easy to implement, 
however, it is non-optimal in that the client is required to 
wait for the downloading to complete before the presenta 
tion can begin. This delay can be considerable. 

[0006] A more sophisticated model of producing informa 
tion involves a content server at one network site streaming 
the multimedia information over the network to a client at 
another site. The client begins to present the information as 
it arrives (i.e., just-in-time rendering), rather than waiting for 
the entire data set to arrive before beginning the presenta 
tion. At the client computer, the received data is buffered into 
a cache memory and continuously processed as soon as, or 
soon after, being received by the client. The advantage of 
streaming is that the client computer does not have to wait 
until all the data is downloaded from the server before some 
of the data is processed and the multimedia output is created. 

[0007] An example of multimedia data streaming is found 
in the Real player that is available over the Internet at 
Universal Resource Locator (“URL”) http://www.real.com 
The Real audioplayer continuously sends audio data over the 
Internet from a server computer to the client computers. The 
audio data is buffered and processed by the client computers 
while the data is being sent. The client computers process the 
data by creating an audio output from the audio data. 

[0008] Applications, such as the Real audioplayer, have 
conditioned computer network users to expect instantaneous 
streaming data on demand. The Internet, however, is often 
unable to deliver streaming data. This inability is most 
pronounced for video data. The inability to deliver streaming 
data on demand is due in part to the fact that live and 
on-demand streaming multimedia (SM) objects are gener 
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ally delivered over the Internet and other data networks via 
unicast connections. This architecture has many shortcom 
ings, both from the content provider’s point of view and the 
user or recipient’s point of view. From the content provider’ s 
point of view, he is faced with a server load that increases 
linearly with the number of clients. That is, each additional 
client requesting streaming multimedia data imposes an 
additional burden upon the content provider to meet the 
increased demand. From the Internet Service Provider’s 
(ISP’s) point of view, streaming multimedia under a unicast 
architecture poses network congestion problems. From the 
client’s point of view, there is often long delays between the 
time the video content is requested by a client and the time 
when the video content actually begins playing (i.e., high 
start-up latency). In addition to the high start-up latency 
there also exists unpredictable playback quality due to 
network congestion. 
[0009] Web caching has been extensively implemented on 
the Internet to reduce network load (i.e., bandwith consump 
tion), server load, and high start-up latency. The utiliZation 
of Web caching on the Internet has been extensively studied. 
For a more detailed discussion of Web caching, see T, 
Bemesrs-Lee, A. Lutonen, and H. F. Nielsen Meyr, Cem 
httpd: http://www.w3.org/Daemon/Status.html, 1996; and 
C. M. Bowman, et al. Harvest: “A scalable, customiZable 
discovery and access system” Technical Report CU-CS-732 
94, Dept. of Computer Science, University of Colorado, 
Boulder, USA, 1994 both references are incorporated by 
reference herein. See also, D. Wessels, “ICP and the squid 
cache”, National Laboratory for Applied Network Research, 
1999, http://ircache.nlanr.net/Squid; this reference is also 
incorporated by reference herein. However, current caching 
systems, like those described above, are restricted to support 
static web objects such as HTML documents or images. 
Static web objects are typically small and as such are always 
cached in their entirety. Current caching methods, therefore, 
do not adequately support streaming multimedia data (i.e., 
web objects) such as video and audio SM objects. Streaming 
multimedia data like video objects, for example, are usually 
too large to be cached in their entirety. A single, two hour 
long MPEG movie, for example, requires about 1.4 Gbytes 
of disk space. Given a ?xed investment in disk space, only 
a few streams could be stored at a cache, thus, decreasing the 
hit probability and the e?iciency of the caching system. A 
natural solution would be to break video objects into smaller 
pieces for the purpose of caching. This solution is de?cient, 
however, in that existing caching systems will treat different 
chunks from the same video object independently, while it 
might be desirable to consider the logical relationship 
among the various pieces. 

[0010] SM objects can be generally differentiated from 
static web objects in that SM objects consist of multimedia 
data whose transmission has temporal characteristics such 
that the transmission rate is explicitly regulated or else the 
data becomes useless. In addition, the siZe of SM objects is 
typically at least an order of magnitude or two larger than 
that of a static web object, and therefore, do not lend 
themselves to be cached in their entirety. Given that caches 
have ?nite disk space, it is not feasible to statically store 
more than a few complete SM objects. If there are several 
simultaneous requests for different SM objects, it is easy to 
show that the cache will be busy replacing one SM object 
with another resulting in signi?cant performance degrada 
tion. 
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[0011] Based on the foregoing, there is a need for a system 
and method for enhancing current caching systems to sup 
port streaming multimedia over a public netWork system, 
such as the Internet. 

SUMMARY OF THE INVENTION 

[0012] Illustrative embodiments of the present invention 
present a novel architecture and methods for supporting high 
quality live and on-demand streaming multimedia on a 
public netWork system, such as the Internet. By using helper 
servers (HS), also referred to as a helper, Which operate as 
caching and streaming agents inside the netWork, existing 
caching techniques are enhanced to better support streaming 
multimedia over the Internet. The HSs serve to implement 
several methods speci?cally designed to support streaming 
multimedia, including segmentation of streaming multime 
dia objects (SM objects) into smaller units (i.e., chunks), 
cooperation of the HSs, and novel cache placement and 
replacement policies of the constituent units (chunks) Which 
make up the SM objects. 

[0013] The HSs reduce a content provider’s memory and 
processing requirements by reducing the server load. Fur 
ther, the invention reduces congestion problems by not being 
constrained by the unicast architecture of the prior art. And, 
the invention, reduces the long delays betWeen the time 
video content is requested by a client and the time When the 
video content actually begins playing (i.e., reduces high 
start-up latency). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The foregoing features of the present invention Will 
become more readily apparent and may be understood by 
referring to the folloWing detailed description of an illus 
trative embodiment of the present invention, taken in con 
junction With the accompanying draWings, Where: 

[0015] FIG. 1 is an illustration of a netWork system Which 
include HSs in accordance With the present invention; 

[0016] FIG. 2 is an illustration of a netWork system 
constructed according to one implementation of the inven 
tion; 
[0017] FIG. 3a is a block diagram of the construction ofa 
cache according to the prior art; 

[0018] FIG. 3b is a block diagram of the construction ofa 
cache according to an embodiment of the invention; 

[0019] FIG. 4 is a ?owchart illustrating the method of 
helper selection according to an embodiment of the present 
invention; 

[0020] FIG. 5a is a block diagram of an SM object 
segmented according to an embodiment of the present 
invention; and 

[0021] FIG. 5b is a table illustrating cache storage of 
various elements in the netWork. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0022] This application is related to co-pending US. 
patent application Ser. No. ?led on Mar. 29, 2000 by 
Ethendranath Bommaiah, Katherine H. Guo, Markus Hof 
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mann, and Sanjoy Paul, having a common assignee; the 
contents of Which are incorporated herein by reference. 

[0023] To facilitate an understanding of illustrative 
embodiments of the present invention, it is advantageous to 
?rst consider the netWork operating environment of the 
present invention, as Well as de?nitions relating to system 
architecture and operation. 

[0024] Illustrative embodiments of the present inventive 
architectures, systems, and methods described herein focus 
on data streaming in global, WorldWide public netWorks, 
such as the Internet. Those skilled in the art Will recogniZe, 
hoWever, that the present architectures, systems, and meth 
ods are applicable to a Wide variety of data netWorks and 
applications. The folloWing terms and de?nitions are used in 
the present disclosure. 

[0025] Cache: a region in a computer disk that holds a 
subset of a larger collection of data. 

[0026] Cache Replacement Policy: a policy Which speci 
?es Which cache item(s) should be removed from the cache 
When the cache is full or nearly full. 

[0027] Streaming multimedia object (SM object): a type of 
data Whose transmission has temporal characteristics such 
that the data may become useless unless the transmission 
rate is regulated in accordance With predetermined criteria 
(e.g., audio and video ?les). Transmission can start at any 
point Within the object and can be terminated by the receiver 
at any time. 

[0028] Helper Server (HS): a HS, also referred to as a 
helper, is one of a plurality of servers in the netWork that 
provide certain value-added services. For example, a HS can 
provide caching services and/or prefetching services. HSs 
selectively cooperate and communicate SM objects (or 
segments of such objects) betWeen and among each other 
and betWeen content servers and clients. That is, the HS 
understands an SM object’s transmission requirements and 
can behave, in some respects, like a content server. 

[0029] Data stream: a data stream transmits segments of a 
streaming multimedia object betWeen elements in the net 
Work. The source might be the sender (i.e., the content 
provider) or a HS. Receiving hosts could be HS or receivers 
(i.e., clients). FIG. 1 illustrates several of the terms de?ned 
herein. Speci?cally, FIG. 1 shoWs an illustrative source 10 
delivering a data stream directly to each of the HSs H1 (2) 
and H2 (4). H2 is further shoWn delivering a data stream to 
each of the HSs H3 (6) and receiver R (8). In general, the 
data stream from H2 to H3 need not be the same as that 
arriving at receiver R (8), but in this example the data stream 
from H2 to H3 is illustratively part or all of the same SM 
object transmitted by the data stream arriving at receiver R 
(8) 

[0030] Streaming architectures in accordance With illus 
trative embodiments of the present invention support tech 
niques to enhance caches to support streaming media over a 
public netWork system, such as the Internet. While caching 
is the traditional approach for improving scalability, it fails 
to scale in terms of object siZe and number of supported 
streams for streaming multimedia objects. In particular, 
existing solutions for streaming multimedia on the Internet 
have several shortcomings because these solutions use a 
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separate unicast stream for each request, thus requiring a 
stream to travel from the server to the client across the 
Internet for every request. 

[0031] To overcome these drawbacks and to further 
enhance the ability of existing caching systems to properly 
scale in terms of object siZe and number of supported 
streams, illustrative embodiments of the present invention 
advantageously combine two orthogonal mechanisms which 
are implemented via a novel system architecture to enhance 
existing caching systems. Brie?y stated, the methods are: (1) 
novel cache placement and replacement policies of SM 
objects which address the issues of data representation (i.e., 
how SM object data is segmented for storage), and data 
distribution (i.e., how SM object data is distributed and 
communicated throughout the network), and (2) cooperation 
of HSs which address how the HSs (i.e., caching and 
streaming agents inside the network) communicate via a 
novel scalable state distribution protocol which directs 
requests to the most appropriate HS or the content server. 

[0032] An exemplary arrangement of using the invention 
is shown in FIG. 2 which illustrates a public network system. 
FIG. 2 further includes a server computer, as represented by 
content server 12, which stores and serves content over a 

network 14. The illustrative network 14 is a high-speed, 
high-bandwidth interactive distribution network, and can be 
representative of the Internet. The content server 12 serves 
content in the form of text, audio, video, graphic images, and 
other multimedia data. In the Internet context, the content 
servers might represent Web sites which serve or multicast 
content in the form of hypermedia documents (e.g., Web 
pages) to “client” computers, as represented by computers 
26-40. The network further includes HS 22-24. Each HS 
22-24 is con?gured as a conventional database server having 
processing capabilities, including a CPU (not shown) and 
storage. HSs 22-24 cache Internet resources, such as those 
requested by client computers 26-40 that have been down 
loaded from the content server 12 to allow localiZed serving 
of those resources. The interaction and cooperation of the 
above entities are further described below. 

[0033] Cache placement and replacement policies form an 
integral part of a caching system for both static and stream 
ing multimedia objects (SM objects). However, existing 
cache placement and replacement policies do not support 
SM objects well. The present invention de?nes several 
aspects which serve to support the cache placement and 
replacement policies associated with SM objects. They 
include a hotness rating associated with each SM object, 
data representation, and data distribution. 

1. Helper Server Helper Hotness Rating 

[0034] A ?rst aspect for describing cache placement and 
replacement policies of the present invention is the helper 
hotness rating. Caching systems for SM objects attempt to 
reduce end-to-end delay, server load and network load by 
distributing the SM objects among the HSs 22-24 located 
closest to the clients 26-40. It is not feasible, however, to 
replicate all SM objects in all the HSs 22-24 in the network 
12 due to limited disk space on the HSs 22-24. From the 
HSs’ 22-24 point of view, given the limited disk space, a 
metric is required to identify those SM objects which are 
more frequently requested by clients 26-40 for cache storage 
at the HSs 22-24. A SM object is de?ned to be “hot” if a 
large number of client requests arrive at the HS 22-24 in a 
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short period of time. Accordingly, each SM object is 
assigned a helper hotness rating at each HS 22-24 in the 
network at which the object is cached, de?ned by: 

helper hotness rating=(total # of client requests for the 
SM object)/tirne span over which the requests are 
received at the HS (1) 

[0035] This equation illustrates that high client demand for 
an SM object equates to a high helper hotness rating. The 
helper hotness rating is a local measure (i.e., local to the HS) 
representing how popular a SM object is among clients 
26-40 served by that HS. 

[0036] An exception exists where the client request history 
is not long enough to calculate a reasonable server hotness 
rating for a particular SM object. In such a case, a rating will 
be manually assigned to that object. Some objects can be 
reasonably predicted to be very hot, for example, the top 10 
videos of the week, top news stories, and a video showing 
a NASA spacecraft landing on Mars. 

[0037] In general, the role of the HSs 22-24 is to reduce 
network congestion by preventing client requests from going 
to the content server 12 whenever possible. In carrying out 
that responsibility, many client requests never reach the 
content server 12. As such, hotness as de?ned by equation 
(1) is an inappropriate metric for the content server 12. 
Accordingly, a more practical hotness metric, applicable to 
only the content server 12, is de?ned as: 

server hotness rating=E(Helper hotness ratings)=hSever (2) 

[0038] all HSs 

[0039] This equation states that, for a particular SM 
object, the content server metric for hotness is the sum of all 
the constituent helper hotness ratings for all HSs 22-24 in the 
network 14. That is, each HS 22-24 reports its local hotness 
rating to the content server 12 for inclusion in the general 
summation de?ned by Equation (2) to derive the server 
hotness rating. 

[0040] The applicability of the helper and server hotness 
ratings will become more apparent in the context of the 
description provided below. 

2. Data Representation/Segmentation 

[0041] A second aspect for describing cache placement 
and replacement policies of the present invention is the 
segmentation of the SM objects. A major distinction 
between SM objects and regular (i.e., static) objects on the 
web is their siZe. The siZe of SM objects is typically an order 
of magnitude or two larger than the siZe of static objects. For 
example, a single, two hour long MPEG movie requires 
about 1.4 Gbytes of disk space. From the perspective of a 
system designer, two design options are presented. A ?rst 
design option is to store SM objects in their entirety at the 
HSs 22-24. This solution is de?cient, however, in that, given 
the limited disk space at the HSs 22-24, only a small 
percentage of SM objects could be stored at the HS 22-24 at 
one time. A second design option proposes breaking the SM 
objects into smaller segments, and treating these segments 
as special web objects observing their temporal relationship. 
An exception to this approach, might be to store SM objects 
de?ned to be very hot in their entirety. 

[0042] Notwithstanding the exception for storing very hot 
objects in their entirety, a SM object will generally be 
segmented at the HSs 22-24 to better utiliZe the HSs’ cache 
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storage capacity. As an illustration, assume a representative 
HS 22-24 has a static cache storage Whereby the minimal 
storage allocation unit of the static cache storage is a disk 
block of siZe S. In accordance With the object segmentation 
approach of the present invention, the SM object is divided 
into multiple chunks Where each chunk is made up of a ?xed 
number of segments. The chunks Which make up the SM 
object can then be cached and replaced independently, 
thereby signi?cantly increasing the utiliZation of the cache 
storage. 

[0043] As a further consideration in the segmentation of 
SM objects, each segment of a SM object has a starting 
playback time and an ending playback time inter-relating the 
various segments Which make up a SM object. In addition, 
client requests for SM objects contain an explicit starting 
and ending playback time. Thus, When a SM object request 
arrives at a HS, a simplistic hit/miss determination associ 
ated With classical Web caching is inadequate. A SM object 
request Will likely result in the client receiving some number 
of segments of the SM object from more than one HS 22-24. 
This not only increases signaling cost, but also increases the 
probability of losing synchronization. Therefore, it is pref 
erable to cache successive segments of an SM object at a 
particular HS rather than caching a sequence of disjointed 
segments having multiple gaps. 

[0044] FIG. 3a shoWs a block diagram of a cache storage 
300 of a representative HS 22-24 in the netWork. The cache 
storage 300 is shoWn to be made up of a plurality of 
contiguous disk block units 302a-302i, each unit being of a 
?xed siZe, S. The cache storage 300 may also be vieWed as 
being logically divided into chunks in accordance With the 
data segmentation and storage principles of the present 
invention. For purposes of illustration, a chunk is selected to 
be four times (4x) the fundamental disk block unit S, as 
illustrated in FIG. 3b. As shoWn, chunk[O] is made up of disk 
blocks 302a-302d, and chunk[l] is made up of disk blocks 
302e-h. 

[0045] When an SM object is received at a HS 22-24, disk 
blocks are allocated on demand. Given that SM objects are 
represented in chunks, caching begins at the ?rst available 
chunk at the HS 22-24. For example, assuming that disk 
block 302a represents the ?rst available storage location at 
the HS 22-24. The ?rst chunk of the received SM object, 
Chunk [0], Will be allocated to disk block segments 302a 
302d. When the chunk boundary is reached, i.e., 302d, 
caching begins at the next disk block 302e. That is, chunk 
[l] of the SM object Will be allocated to disk block 302e 
302h. It is noted that a chunk of an SM object chunk may not 
alWays be cached to its chunk boundary because an SM 
object stream can terminate at any time. 

[0046] In practice, allocating cache storage in accordance 
With the principles of a chunk siZe in?uences the siZe and 
number of gaps in an object. Dividing the cache storage into 
larger chunk siZes increases the probability of blocking 
Where blocking is de?ned as the inability of being able to 
store a neW SM object at the HS When the disk space is full. 
Alternatively, dividing the SM object into smaller chunks 
increases the probability of creating gaps, i.e., non-contigu 
ous stored chunks, at an HS. In either case, it may be 
necessary for a client to get all the constituent segments of 
a SM object from more than one HS 22-24. To do so, some 
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form of intelligent pre-fetching is required Which pre-fetches 
subsequent segments While a current segment is being 
streamed to the client. 

3. Data Distribution 

[0047] A third aspect for describing cache placement and 
replacement policies of the present invention is data distri 
bution. Data distribution encompasses tWo distinct sub 
aspects. A ?rst sub-aspect refers to hoW data is distributed 
betWeen the various communicating elements (i.e., content 
server 12, HSs 22-24, and clients) in the netWork 14, as Will 
be described With reference to the folloWing placement 
policies (1) server pushiWhere the content server 12 pushes 
popular multimedia SM objects to a plurality of HSs 22-24, 
(2) helper pulliWhere each HS 22-24 individually pulls 
popular SM objects from the content server 12, and (3) 
demand driveniWhere clients 26-40 request SM objects 
from particular HS caches and HS 22-24 in turn passes the 
request to the content server 12. 

[0048] The second sub-aspect of data distribution pertains 
to hoW data is stored on disk, Which is embodied in tWo 
approaches, a deterministic approach and a random 
approach, and Which is discussed in detail beloW. 

3.a Server Push 

[0049] Server push describes a ?rst cache placement 
policy associated With the data distribution aspect. Studies 
have shoWn that access patterns for static objects folloWs a 
Zipf like distribution. See, for example, L. Breslau, P. Cao, 
L. Fan, G. Phillips, and S. Shenker. “Web caching and 
Zipf-like distributions: Evidence and implications”, Pro 
ceedings of IEEE Infocom >99, March 1999 NeW York, NY. 
Zipf s laW states that for a given set of static objects, the 
probability that a request is for an object With a rank r is 
inversely proportional to r, de?ned as: 

P=K(1/R) (3) 

[0050] The above result may be intuitively extended to 
access patterns for SM objects, de?ned by: 

P=E(1/R) (4) 

[0051] Equations (3) and (4) state that for objects, both 
static and streaming, having the highest rank, their associ 
ated probability of request Will also be high. It therefore 
folloWs that requests for popular objects (i.e., those having 
a high probability of request) are likely to come from many 
clients. An intuitive response to this result is to distribute the 
objects having a high probability of request to many HSs 
22-24 in the netWork 14. This prior art approach is referred 
to as a rank-based approach and is successfully applied in 
the case of static objects. HoWever, While the rank-based 
approach is a non-optimal solution for both static and SM 
objects. By de?nition, the rank-based approach requires 
periodic recalculation of the rank r as SM objects are added 
and deleted at the content server 12. In the case of SM 
objects, deletions and additions at the content server 12 
necessitate a periodic recalculation of the rank r of the 
remaining objects, Which results in a continuous redistribu 
tion of the fraction of HSs 22-24 the SM objects are 
distributed to. Accordingly, the rank-based approach of the 
prior art proves unstable. To reduce this instability for SM 
objects, the present invention uses a category-based 
approach. 
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[0052] The category-based approach is characterized, not 
by an objects rank r, as applied in the rank-based approach, 
but rather by a server hotness rating, hsewer, maintained by 
the server for each SM object it is hosting. The hotness 
rating hSewer can be manually assigned or collected from 
HSs 22-24 in the netWork 14, as de?ned by equation (2) 
above. Based on the SM objects hotness rating at the server, 
hsewer, the content server 12 assigns the SM object to one of 
four categories: cold, Warm, hot, and very hot as folloWs: 

[0053] SM object is cold, if its server hotness rating, 
0§hSeWer<Rl; Warm, if its server hotness rating, 
Rl§hSeWer<R2; hot, if its server hotness rating, 
R2§hSeWer<R3; very hot, if its server hotness rating, 
R3 éhserver, Where 0<Rl<R2<R3 are input parameters. 

[0054] The category-based approach is advantageous for 
SM objects in that object category assignments are made 
strictly on the basis of the server hotness rating, independent 
of the SM object’s dynamically changing rank, thereby 
reducing the instability associated With the prior art rank 
based approach. 

[0055] The category-based ranking approach of the 
present invention, de?nes What fraction of the HSs 22-24 an 
SM object is to be multicast to. The category-based based 
ranking approach is embodied in tWo Ways: a category 
based Whole object server push approach (WOSP), and a 
fractional object server push approach (FOSP). Each of 
Which Will be described in detail beloW. 

[0056] The WOSP approach is given by the following: an 
SM object is multicast to a fraction al of the HSs, if the SM 
object is ranked cold; an SM object is multicast to a fraction 
a2 ofthe HSs, ifthe SM object is ranked Warm; an SM object 
is multicast to a fraction a3 of the HSs, if the SM object is 
ranked hot; an SM object is multicast to a fraction a4 of the 
HSs, if the SM object is ranked very hot, Where al-a4 are 
provided as input parameters and 0<=al<a2<a3<a4<l. 

[0057] As an illustrative example of the WOSP approach, 
assume parameters al-a4 are input as al=1/s, a2=%, a3=1/2, 
and a4=l. Accordingly, very hot objects Would be multicast 
to all HSs 22-24 in the netWork (e.g., a4=l), hot objects 
Would be multicast to one half of all HSs 22-24 in the 
netWork (e.g., a3=1/2). It is noted that the fraction of HSs 
22-24 selected for multicast distribution is made randomly 
in the preferred embodiment, hoWever other methods for 
determining Which HSs to distribute to are Within the scope 
of the present invention. 

[0058] As previously stated, the category ranking (i.e., 
very hot, hot, Warm, cold) of an SM object depends only on 
its server hotness rating. Therefore, adding and deleting SM 
objects at the content server 12 Will not affect an existing SM 
object’s server hotness ranking leading to enhanced stability 
over prior art methods. 

[0059] In the FOSP approach, all SM objects are multicast 
to all HSs 22-24 in the netWork. HoWever, only a fraction of 
the SM object is multicast as determined by the object’s 
category label. It should be noted that the storage require 
ments of the fraction-based server push approach is equiva 
lent to the category-based server push approach described 
above. This is apparent by considering that an equivalent 
amount of storage is required to store an SM object in its 
entirety in l/q of the HSs 22-24 as is required to store l/q of 
the SM object in all the HSs 22-24. In practice, it is common 
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for a client to start streaming video from its beginning and 
then lose interest and tear doWn the connection. Therefore, 
storing only a fraction of the SM object in accordance With 
the fraction-based server push approach better utiliZes disk 
resources. 

[0060] In the FOSP approach, the fraction of the SM 
object to be distributed to all HSs 22-24 in the netWork is 
determined by the object’s category label, given as folloWs: 
if an SM object’s rank is cold then a fraction al of the SM 
object is multicast to all HSs; ifan SM object’s rank is Warm 
then a fraction a2 of the SM object is multicast to all HSs; 
if an SM object’s rank is hot then a fraction a3 of the SM 
object is multicast to all HSs; ifan SM object’s rank is very 
hot then a fraction a4 of the object is multicast to all HSs, 
Where 0§a1<a2<a3<a4§l are input parameters. 

[0061] As an illustrative example of the FOSP approach, 
assume parameters al-a4 are input as a1=/1;4, a2=1/3, a3=1/2 
and a4=l. Accordingly, very hot objects are distributed in 
their entirety (e.g., a4=l), only the ?rst half of hot objects are 
distributed (e.g., a3=1/2), only 1/3 of Warm objects are dis 
tributed (e.g., a2=1/3), and only one quarter of cold objects 
are distributed (e.g., al=%). 

[0062] It is further contemplated that the WOSP and FOSP 
category-based approaches discussed above may be used in 
combination, Whereby a content server 12 Would multicast 
a fraction 0t of each object, in accordance With WOSP 
approach, to a fraction [3 of the HSs in accordance With the 
FOSP approach, Where both 0t and [3 depend on the SM 
object’s hotness rating. 

3 .b Helper Pull 

[0063] Another cache placement and replacement policy 
associated With data distribution is helper pull. In helper 
pull, each HS 22-24 in the netWork 14 independently 
requests SM objects from the content server 14 based on the 
SM object’s popularity. Further, each HS 22-24 assigns and 
maintains a helper hotness rating for each SM object. Each 
SM object is then classi?ed at the HS in accordance With its 
helper hotness rating (i.e., cold, Warm, hot, very hot). 

[0064] The helper pull approach is preferably imple 
mented as a category based fractional object (FOHP) 
approach. In accordance With the FOHP approach, each HS 
22-24 in the netWork 14 requests only a fraction of the SM 
object from the content server 12. It is important to note that 
in the present approach each HS independently requests SM 
objects from the content server 12, as distinguished from 
server push Where decisions to stream SM objects to the HSs 
22-24 are made by the content server 12. In the present 
approach, the fraction of the SM objects requested by the 
HSs 22-24 is determined by the object’s helper hotness 
rating, de?ned as folloWs: a HS requests a fraction al of an 
SM object, if the SM object is ranked cold; a2 of an SM 
object, if the SM object is ranked Warm; a3 of an SM object, 
if the SM object is ranked hot; and a4 of an SM object, ifthe 
SM object is ranked very hot, Where 0§a1<a2<a3<a4§ 1. For 
example, setting a1=1/4, a2=1/3, a3=2, and a4=l implies very 
hot objects are requested in their entirety, only the ?rst half 
of each hot object is requested, and so on. 

3 .c Demand Driven 

[0065] A third cache placement and replacement policy 
associated With the aspect of data distribution is referred to 
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as demand driven. In the demand driven approach, clients 
26-40 request SM objects from certain HSs 22-24 in the 
network. The HSs 22-24 which serve the requests cache the 
objects along with passing them to the clients. Each objects 
category identi?er (i.e., cold, warm, hot, very hot) is used in 
a category based fractional object demand driven (FODD) 
approach, where the fraction from the beginning of the 
object cached at a HS is determined by the category iden 
ti?er, de?ned as follows: a HS caches a fraction al of an SM 
object, if the SM object is ranked cold; a2 of an SM object 
is cached, if the SM object is ranked warm; a3 of an object 
is cached, if the SM object is ranked hot; a4 of an object is 
cached, if the SM object is ranked very hot, where 
0§al<a2<a3<a4§ 1. 

3d Deterministic vs. Random 

[0066] The ?rst aspect of the data distribution metric, 
discussed above, focused on how SM objects are distributed 
amongst the various communicating elements in the net 
work. The second aspect of data distribution concerns how 
SM objects are stored and replaced on disk at each HS 22-24 
in the network 14, upon receiving an SM object. This aspect 
of data distribution is implemented in accordance with two 
approaches: a deterministic approach and a random 
approach, which are discussed hereinbelow. 

[0067] In general, given that SM objects are made up of 
chunks, the chunk is used as the fundamental cache place 
ment and replacement unit to illustrate the principles of the 
deterministic and random approaches. Within each chunk, a 
pre?x caching principle is adhered to. That is, when a chunk 
is allocated, it is ?lled starting from the lowest order 
constituent segment which comprises that chunk. For 
example, referring again to FIG. 3b, the constituent seg 
ments of chunk[0] will be allocated in the following order: 
segment 302a represents the lowest order segment and will 
be ?lled ?rst followed by segments 302b, 3020, and 302d. 
Further, when a chunk of an SM object is selected to be 
overwritten, the chunk content is replaced from the end of 
the chunk on a segment-by-segment basis. Referring to FIG. 
3b, chunk[0] would be replaced segment-by-segment from 
the highest order segment to the lowest order segment as: 
302d, 3020, 302b, and 302a. 

[0068] When an SM object is streamed to a HS 22-24, it 
is stored on disk chunk-by-chunk, continuously from the 
beginning of the SM object. Since a stream can be torn down 
at any time, the last chunk might be only partially ?lled. 
Further, each stored SM object has an associated last access 
time recorded, to determine, among other things, the least 
recently used stored SM object. Each stored SM object will 
also have associated therewith an “in use” indicator, 
whereby if any chunk of an SM object is in use, the entire 
SM object will have an “in use” status. 

[0069] In the deterministic approach, two methods are 
considered for overwriting chunks on a HS disk when there 
is insufficient disk space available. A ?rst method is to 
choose the Least Recently Used (LRU) SM object, as 
indicated by the value of the last access time, for replace 
ment in successive chunk units starting from the end of the 
SM object. Further, within each chunk, pre?x caching is 
implemented as described above. 

[0070] A second method identi?es a number of candidate 
SM objects to form a victim set, whereby the highest order 
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chunks of the victim set are overwritten in a round robin 
fashion whenever an available cache entry is needed. 
Accordingly, newer SM objects replace a set of older SM 
objects by simultaneously replacing the end portions of the 
older SM objects, thereby leaving the pre?xes of as many 
SM objects in the cache as possible. 

[0071] Several approaches for forming the victim set 
include: choosing a number of SM objects that are least 
recently used, choosing a set of SM objects whose helper 
hotness ratings are below a certain threshold, and choosing 
SM objects that are labeled either cold or warm by the HS. 
Other methods, not explicitly described herein may also be 
used to form the victim set. In the case where it is deter 
mined that there is insuf?cient disk space available and no 
chunks belonging to other SM objects can be removed, the 
HS simply ignores the incoming SM object. 

[0072] An advantage of the deterministic approach is that 
each SM object is always stored in continuous fashion, 
without gaps. However, if any chunk of the SM object is in 
use, then the entire SM object is considered to be in use, 
thereby precluding any part of the SM object from being 
removed. 

[0073] A second approach pertaining to the data distribu 
tion metric regarding how SM objects are stored on disk is 
the random method. In the random method when a SM 
object is streamed to a HS, a number of chunks are randomly 
selected to be stored on disk. In addition, the last access time 
for each SM object is recorded. In contrast to the determin 
istic approach, if a particular chunk of an SM object is in use, 
only that chunk is marked in use, as opposed to the entire 
SM object. 

[0074] A primary objective of the random approach is to 
distribute chunks evenly to HSs 22-24 in the network 14 to 
minimize the amount of requests sent to the content server 
12. SM objects (i.e., SM objects) may be generally classi?ed 
as being globally or locally popular SM objects. Globally 
popular SM objects are expected to be popular in the future 
among all clients. Therefore, it is desirable to distribute their 
chunks evenly to all HSs 22-24 in the network 14. For 
locally popular SM objects, which are popular among a 
certain set of clients, it is desirable to distribute their chunks 
to only a subset of the HSs 22-24 that are close to the 
interested clients. 

[0075] The random approach may be implemented in a 
number of different embodiments. A ?rst embodiment 
employs the principles of server push, described above. In 
the server push random approach, it is assumed that for each 
globally popular SM object, the sender multicasts the entire 
SM object as a succession of chunks to all HSs 22-24 in the 
network 12. Each HS 22-24, however, does not cache the 
entire SM object on its disk, but rather employs a random 
algorithm to cache only certain chunks of the SM object. 
Further, each HS 22-24 keeps an estimate of the total 
number of HSs 22-24 in the system K, and upon receipt of 
streaming media object chunks, caches only a fraction of 
them that is proportional to l/ K The algorithm utiliZes inputs 
K and A, where K represents the estimated siZe of the HS 
caching system, andA is a constant. The algorithm employs 
a random number generator with a uniform distribution 
between 0 and 1. Whenever a chunk arrives at a represen 
tative HS 22-24, a random number R is generated. In a 
preferred embodiment, the random number is generated by 
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utilizing the IP address of the HS as the seed. If the random 
number R is betWeen Zero and P (i.e., if 0<R<P), Where 
P=A/K then the chunk is cached, otherwise the chunk is 
ignored. The algorithm is given as follows: input: K is the 
estimated siZe of the HS caching system; A is a constant and 
l§A<K; and P=A/K. 

[0076] The total number of chunks to cache for each SM 
object at each HS is a function of the total number of HSs 
22-24 in the system K. The total number of HSs 22-24 in the 
system, K, can be made assigned statically or measured 
dynamically. Based on the algorithm described above, if a 
representative HS estimates the total number of HSs 22-24 
in the system to be K, then for a SM object having N 
constituent chunks, the representative HS Would cache 
(A*N/ K) chunks in accordance With the random server push 
algorithm. 
[0077] A second embodiment of the random approach 
employs the principles of helper-pull. Recall that helper-pull 
is characterized by each HS 22-24 individually pulling 
popular SM objects from the content server 12. In the 
helper-pull random approach, a HS cluster is de?ned for a 
SM object as the set of HSs 22-24 that has requested and has 
cached the same media object. Each HS maintains an 
estimate of the siZe of the HS cluster K', and upon receipt of 
media object chunks, caches only a fraction of the chunks 
that is proportional to l/K'. Thus, With high probability the 
entire object is cached chunk by chunk in a subset of the HS 
caching system. The algorithm is given as folloWs: input: 
K=is the estimated siZe of the HS cluster; T is the time When 
the beginning of the stream arrives at the HS; A is a constant 
and l§A<K', P=A/K'. Use T as the seed for a random 
number generator With normal distribution betWeen 0 and 1. 
Whenever a chunk arrives; generate a random number R, 
and if 0<R<P then cache the chunk; otherWise, ignore the 
chunk. 

[0078] The time T When the beginning of a stream arrives 
at each HS depends on user request patterns and therefore 
are uncorrelated. Each HS uses the arrival time T as the seed 
for its random number generator to guarantee that each HS 
does not cache an identical sequence of chunks, and to 
further ensure that the chunks are evenly distributed among 
all the HSs 22-24 requesting the SM object. 

[0079] The helper-pull random approach is advantageous, 
as compared to the server push random approach in that 
popular SM objects (i.e., SM objects that are popular among 
certain clients) are only distributed to HSs 22-24 serving 
those clients. 

[0080] If each HS had an in?nite amount of disk space, the 
chunks of SM objects have a high probability of being 
evenly distributed among all HSs in the netWork. HoWever, 
as a practical matter, each HS has only a limited amount of 
disk space. As such, a cache replacement method is needed 
to guarantee that the chunks Which comprise the SM objects 
are evenly distributed When existing chunks on the disk are 
frequently replaced. One method, contemplated by the 
present invention, combines the principles of a least recently 
used replacement method (LRU) With a randomiZed algo 
rithm. In accordance With the method, each stored SM object 
has an age parameter associated With it indicating the most 
recent access time, as is performed in the LRU method. As 
previously stated, each clip is comprised of a plurality of 
chunks, and each HS in the netWork stores some subset of 
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these chunks. If a chunk is requested by a client, then only 
that chunk is marked in use and cannot be purged from the 
disk. When a neW SM object arrives at an HS, and neW disk 
space is required, the present method determines Which 
chunks to replace. The method operates by ?rst ?nding a set 
of SM objects Whose associated age parameter is above a 
certain threshold. For each SM object in the set, the chunks 
Which comprise the SM objects are randomly replaced With 
chunks from the incoming SM object stream. 

4. Co-Operation of HSs 

[0081] Upon receiving a request for an SM object, a HS 
22-24 decides Where to get the requested data. This method 
is referred to as helper selection. The objective of the helper 
selection method is to ?nd an optimal sequence of cache 
accesses in order to service the request. The HS 22-24 could, 
for example, get portions of the SM object, or the entire SM 
object, from its oWn local cache. Alternatively, the HS 22-24 
could obtain the requested data directly from the server, or 
from the cache of any other HS 22-24 that is able to service 
the request. In general, a HS 22-24 could receive the 
requested data from multiple sources or from a single source 
(e.g., the server). One Way to ?nd an optimal sequence of 
cache accesses is to determine all possible sequences and 
assess them before any data is streamed. This solution 
requires a look-ahead in time, Which is not viable in the 
context of streaming media because the content of caches 
may change during the time interval in Which a complete 
cache sequence is being calculated. Further, a data stream 
might be interrupted at any time by performing VCR opera 
tions such as stop, pause, forWard, and reWind. The unpre 
dictability of user behavior may necessitate the re-calcula 
tion of an optimal sequence. A preferred solution for ?nding 
an optimal sequence of cache accesses is to use a step-Wise 
approach. The method employing the step-Wise approach 
?nds the loWest cost cache currently among all active HSs 
22-24, in addition to the content provider 12, to service a 
client request for an SM object, using a minimum normal 
iZed cost function to be described. During each iteration of 
the method, an HS Which receives the initial client request 
for an SM object looks internally to satisfy the request. If the 
request cannot be satis?ed internally from the local server 
cache associated With the local HS, the local HS then looks 
to every other HS in the netWork and the content server to 
determine Which server can satisfy the request at a minimum 
cost. Once the HS identi?es a minimum cost server, the local 
HS retrieves as much data as there is in the identi?ed 
server’s cache up to the point Where the HS can again 
service the request. 

[0082] FIG. 4 is a How chart of the method for ?nding an 
optimal sequence of cache accesses to satisfy a client request 
for an SM object. Reference shall also be made to FIGS. 6a 
and 6b. FIG. 6a is a representation of an SM object made up 
of a number of chunks Where the i-th chunk has an associ 
ated time-stamp, ti, for its starting time. FIG. 6b is a 
particular illustrative example of hoW the various chunks 
Which make up a representative SM object may be stored 
throughout at the various entities throughout the netWork. As 
shoWn, chunks {1, 2, 3, 4, 7, 8, and 9} ofthe SM object are 
stored at a local HS. Remote HS stores chunks {1, 2, 5, and 
6}, etc. . . . The exemplary illustration of FIG. 6 is used to 

as an aid in the understanding of the method for ?nding an 
optimal sequence of cache accesses to satisfy a client request 
for an SM object, as described in FIG. 4. 
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[0083] Referring to FIG. 4, the method for ?nding an 
optimal sequence of cache accesses to satisfy a client request 
for an SM object begins at step 402 with a client 26 making 
a request for an SM object from its local HS 22 in the 
network 14. In the request, the client speci?es a requested 
playback starting time, which may be the beginning of the 
object, t 1 (see FIG. 6a). In accordance with the method of the 
present invention, whenever a client request is received at a 
HS 22 that server will, as a ?rst resort, attempt to satisfy the 
request locally from its own local cache. Only when a 
request cannot be satis?ed internally will the HS 22 access 
a remote cache. Assuming the client requested the SM object 
from the beginning of the SM object, the local HS 22 would 
?rst look to its own cache to determine whether the ?rst 
chunk having an associated time stamp equal to the 
requested playback starting time, t1, resides there. If yes, 
then the HS 22 will retrieve the requested chunk having the 
associated starting time in addition to any additional chunks 
which are stored locally and follow in consecutive time 
order. Step 404 describes the step of looking ?rst to the local 
cache of the HS. In the illustrative example of FIG. 6, the 
local HS 22 determines that chunks l-4 may be retrieved 
locally, see step 406. It is then determined at determination 
step 408 whether the end of the SM object has been reached. 
If yes, the process terminates at step 410. Otherwise, the HS 
22 then updates (i.e., advances) the playback request time in 
accordance with the last chunk retrieved from its local cache 
at step 412. In the present example the request time will be 
updated to re?ect that the 5th chunk is the next chunk to be 
retrieved at step 412. The 5th chunk must be retrieved from 
one of the other HSs 23, 24 in the network or the content 
server 12. Step 414 recites that a lowest cost cache will be 
identi?ed in the network to retrieve the 5th chunk. In accor 
dance with the teachings of the present invention, a mini 
mum normaliZed cost function is utiliZed to calculate the 
lowest cost cache currently among all remote HSs 23, 24 in 
the network, and the content server 12 to retrieve chunks 
remotely when they are not contained in the local cache 
(e.g., chunk 5). The cost function is generally denoted as 
min_normaliZed_cost (Union(S,C)), where S represents the 
content server 12, and C represents all HSs 22-24 in the 
network. The details of how the cost function is calculated 
will be explained in detail further below. 

[0084] In accordance with one embodiment of the present 
invention, an HS is determined to be eligible for selection as 
a minimum cost cache if that cache stores at least M chunks 
of the SM object stream in its local cache, having a starting 
time equal to the updated playback request time. The value 
of M may be a static value or determined dynamically in 
each iteration. It should be noted that while the HS 22 
requires that eligible remote server caches have at least M 
chunks of the SM object available to be retrieved, the HS 
will not necessarily retrieve all M chunks. That is, a HS 22 
will always retrieve a chunk from its own internal cache if 
it can do so. To further illustrate this point, referring to FIG. 
6, HS 24 is identi?ed in the present iteration of the method 
as being a minimum cost cache having at least M chunks, 
i.e., chunks 5-10, where M=5 has been predetermined. That 
is, in the present iteration the cost function computed for HS 
24 was determined to be a minimum cost function as 

compared with all other servers in the network (i.e., HS 23 
and content server 12). In the present example, remote HS 
24 will return chunks 5 and 6, which are not cached locally 
at HS 22. Although chunks 7-10 are available from the cache 
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of HS-24, those chunks are retrieved locally at HS 22 since 
they are available there. That is, although HS 24 satis?ed the 
criteria of caching at least the next 5 required chunks, only 
two chunks, chunks 5 and 6 were actually retrieved from HS 
24. This is recited in the ?owchart at step 416. 

[0085] The process then continues at step 418 to determine 
if the end of the SM object has been reached. If yes, the 
process terminates at step 410, otherwise the playback 
request time is updated in accordance with the last chunk 
retrieved at step 420 and the next iteration begins at step 404. 

[0086] In determining an appropriate cost function to 
determine a lowest cost cache at each iteration, a large 
number of cost factors could be taken into consideration. 
However, considering a multitude of cost factors adds 
unnecessary complexity to the system. A reasonable alter 
native solution is to de?ne a subset of useful indices and to 
specify a good heuristic to ?nd an optimal solution accord 
ing to user requirements. In de?ning useful and practical 
cost functions that attempt to strike a balance between 
network and HS system load associated with using a static 
or dynamic cache, two cost factors must be considered, 
network load and system load. Network load is discussed in 
detail in US. application Ser. No. , ?led on Mar. 29, 
2000 by Katherine H. Guo, Markus Hormann, Sanjoy Paul, 
TZe Sing Eugene Hg, Hui Zhang, and having a common 
assignee; the contents of which are incorporated herein by 
reference. 

4.b System Load 

[0087] The second cost factor to be considered in de?ning 
a useful and practical cost function to determine a lowest 
cost cache among all active HSs is the system load. It is 
desirable to evenly distribute load among the HSs and to 
avoid overloading popular HSs. A good indicator of the 
current processing load at a system is the total number of 
incoming and outgoing streams. Accordingly, this data is 
included in the system’s advertisement messages. Each HS 
has a maximum number of streams it can serve concurrently. 
When the number of streams served is much less than the 
capacity limit, serving one additional stream has little 
impact on performance. However, when the system is oper 
ating close to its capacity, serving one additional stream will 
degrade performance signi?cantly. Accordingly, the system 
load cost should increase very little for a low load and 
increase sharply for a high load. Therefore, the load cost L 
for requesting a stream from an HS or the content server is 
de?ned as follows: L=l, if the cache is local; and if the cache 
is remote, L=maxload/(maxload-current load) where cur 
rent load is the current load at the HS or the content server, 
and the max load is the maximum allowable load for the HS 
or the content server. It should be noted that load cost is 
minimiZed for a local cache because it does not incur any 
additional load at another HS or the content server. 

[0088] The normaliZed cost function for using a cache is 
de?ned as the cost of getting a single segment from that 
cache. Using the two cost factors de?ned above (i.e., N and 
L, where N is the network cost and L is the load cost), the 
normaliZed cost is de?ned as follows: f=N><L. 

[0089] It is important to note that, the cost function is 
minimiZed for a local cache solution (i.e., servicing the 
request entirely at the receiving HS), in which case both N 
and L are one. As a result, whenever a local cache solution 
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is available, it Will be used. The algorithm is given as 
follows: 

input: a playback request 
tStart = start playback time of request; 
done = false; 

While not(done) do 
S = server; 

C = list of all caches in known HSs With more than M chunks 
of the SM object after tStart; 

soln = rnininorrnalizedicost ( union(S,C)); 
Request as much data from soln as possible, up to the point 

Where more data for the object exists in local cache; 
if (End of SM object is reached) then 

done = true 

else 
tStart = end playback time of request sent to soln; 
Sleep for the playback duration or request sent; 
continue; 

end 
0d 

[0090] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof have been shoWn by Way of example in the drawings 
and have been described in detail. It should be understood, 
hoWever, that it is not intended to limit the invention to the 
particular forms disclosed, but on the contrary, the intention 
is to cover all modi?cations, equivalents and alternatives 
falling Within the spirit and scope of the invention as de?ned 
by the appended claims. 

What is claimed is: 
1. A method for servicing a client request for a streaming 

media (SM) object in a netWork having a content server 
Which hosts SM objects for distribution over the netWork 
through a plurality of HSs to a plurality of clients, the SM 
object being comprised of a plurality of successive time 
ordered chunks, the method comprising: 

receiving a request for at least a portion of an SM object 
at a local HS, the request including a playback starting 
time; 

determining Whether a chunk having a starting time equal 
to the requested playback starting time resides on a disk 
associated With the local HS; 

delivering to one of the plurality of clients the one or more 
chunks having an associated starting time equal to the 
requested playback starting time from the local HS and 
updating the playback starting time; 

identifying a server in the netWork storing at least M 
chunks Which have a starting time equal to the updated 
playback starting time and Which satis?es a minimum 
cost criterion, if it is determined that the updated 
playback starting time is not equal to an end-time of the 
SM object; and 

receiving the at least M chunks from the identi?ed server 
at the local HS until it is determined that a next chunk 
to be retrieved is stored at the local HS. 

2. A method for servicing a client request for a streaming 
media (SM) object in a netWork having a content server 
Which hosts SM objects for distribution over the netWork 
through a plurality of HSs to a plurality of clients, the SM 
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object being comprised of a plurality of successive time 
ordered chunks, the method comprising: 

receiving a request for at least a portion of an SM object 
at a local HS, the request including a playback starting 
time; 

determining Whether a chunk having a starting time equal 
to the requested playback starting time resides on a disk 
associated With the local HS; 

if the chunk having a starting time equal to the requested 
playback starting time resides on a disk associated With 
the local HS, delivering at least that chunk to the one 
of the plurality of clients; and 

if the chunk having a starting time equal to the requested 
playback starting time does not reside on a disk asso 
ciated With the local HS, identifying a server in the 
netWork storing at least that chunk and receiving at 
least that chunk from the identi?ed server at the local 
HS until it is determined that a next chunk to be 
retrieved is stored at the local HS. 

3. The method of claim 2, further comprising: 

storing at least a portion of the SM object at the local HS. 
4. The method of claim 3, Wherein a chunk is further 

comprised of an integer multiple number of HS storage disk 
blocks, Wherein storing at least a portion of the SM object 
at the local HS comprises: 

receiving the SM object; 

determining Whether suf?cient disk space is available on 
the local HS to store the received SM object; 

storing the received SM object at the local HS, if it is 
determined that there is suf?cient disk space; and 

performing the folloWing steps, if it is determined that 
there is insu?icient disk space available to store the 
received SM object: 

identifying at least one SM object from among a 
plurality of SM objects hosted by the local HS Which 
is not in use and has an access time Which is least 
recent, Wherein the access time corresponds to a time 
When the SM object Was last requested; and 

replacing chunks of the identi?ed at least one SM 
object corresponding to the received SM object to 
store at least a portion of the received SM object. 

5. The method of claim 4, Wherein the step of replacing 
chunks further comprises the step of replacing the chunks 
having the largest associated time-stamp value of the at least 
one identi?ed SM object. 

6. A method as recited in claim 5, Wherein the step of 
replacing the chunks having the largest time-stamp value 
further comprises the step of replacing the chunks having the 
largest time-stamp value on a disk block by disk block basis 
starting from the end of the chunk. 

7. The method of claim 3, Wherein a chunk is further 
comprised of an integer multiple number of disk blocks, 
Wherein storing at least a portion of the SM object at the 
local HS comprises: 

receiving the SM object; 

determining Whether there is disk space available on the 
local HS; 
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storing the SM object at the local HS, if it is determined 
that there is sufficient disk space available; and 

performing the following steps, if it is determined that 
there is insufficient disk space available: 

composing a set of SM objects from among a plurality 
of SM objects stored on the disk space Whose access 
time is determined to be least recent, Where the 
access time corresponds to a time When the SM 
object Was last requested; and 

replacing chunks of the SM objects belonging to the 
composed set With chunks of the received SM object. 

8. The method of claim 7, Wherein the replacing step 
further comprises the step of replacing a chunk having an 
associated highest time-stamp value from each of the SM 
objects belonging to the composed set in a round-robin 
basis. 

9. The method of claim 7, Wherein the composed set is 
formed by including only SM objects having a helper 
hotness rating beloW a prede?ned threshold. 

10. The method of claim 3, Wherein a chunk is further 
comprised of an integer multiple number of disk blocks, 
Wherein storing at least a portion of the SM object at the 
local HS comprises: 

receiving the SM object at the local HS in the netWork; 
and 

randomly determining a fraction and storing the fraction 
of the SM object at the local HS in the netWork. 

11. The method of claim 10, Wherein the step of randomly 
determining the fraction comprises the steps of: 

estimating at the local HS, the number of HSs in the 
netWork, K; 

calculating a value, P, that is inversely proportional to the 
value K; 

generating a random value, R, for a received chunk of the 
received SM object; 

comparing the generated random value, R, With the cal 
culated value P; 

caching the received chunk, if it is determined that the 
generated random value, R, is less than the calculated 
value P; and 

discarding the received chunk, if it is determined that the 
generated random value, R, is greater than the calcu 
lated value P. 

12. The method of claim 11, Wherein the step of gener 
ating the random value R is performed by utiliZing the IP 
address of the local HS as a seed. 

13. The method of claim 3, Wherein a chunk is further 
comprised of an integer multiple number of disk blocks, 
Wherein storing at least a portion of the SM object at the 
local HS comprises: 

requesting the SM object at the local HS in the netWork; 

receiving the SM object the local HS in the netWork; and 

randomly determining a fraction and storing the fraction 
of the SM object at the local HS in the netWork. 

14. The method of claim 13, Wherein the step of randomly 
determining the fraction comprises the steps of: 
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estimating at the local HS, the number of HSs in the 
netWork, K; 

calculating a value, P, that is inversely proportional to the 
value K; 

generating a random value, r, for a received chunk of the 
received SM object; 

comparing the generated random value, R, With the cal 
culated value P; 

caching the received chunk, if it is determined that the 
generated random value, R, is less than the calculated 
value P; and 

discarding the received chunk, if it is determined that the 
generated random value, R, is greater than the calcu 
lated value P. 

15. The method of claim 14, Wherein the step of gener 
ating the random value R is performed by utiliZing an arrival 
time as the seed of the SM object at the local HS. 

16. The method of claim 3, Wherein a chunk is further 
comprised of an integer multiple number of disk blocks, 
Wherein storing at least a portion of the SM object at the 
local HS comprises: 

receiving the SM object at the local HS; 

determining Whether there is disk space available on the 
local HS to store the SM object; 

storing the SM object at local HS, if it is determined that 
there is sufficient disk space available; and 

performing the folloWing steps, if it is determined at the 
determining step that there is insufficient disk space 
available: 

composing a set of streaming media objects from 
among a plurality of streaming media objects stored 
on the disk space, Whose access time is determined 
to be above a predetermined threshold, Wherein the 
access time is a time When the SM object Was last 

retrieved; 
assigning a unique integer value to each chunk of the 
composed set of SM objects based at least one of a 
name of the SM object, a time-stamp of the chunk, 
and a last access time of the chunk; 

generating a random value, R, having a range betWeen 
one and the largest unique integer value assigned; 
and 

replacing a stored chunk having the assigned integer 
value Which corresponds to the generated random 
value With a chunk of the received SM object. 

17. A method for determining an optimal sequence of 
cache accesses to service a request for a streaming media 
(SM) object in a netWork including a content server Which 
hosts SM objects for distribution over the netWork through 
a plurality of helper servers (HSs) to a plurality of clients, 
the SM objects being comprised of a plurality of successive 
time-ordered chunks, the method comprising the steps of: 

(i) receiving a request at a local HS for an SM object, the 
request including a requested playback starting time; 

(ii) determining Whether a chunk of an SM object having 
a starting time equal to the requested playback starting 
time is stored at the local HS; 
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(iii) retrieving the one or more chunks of the SM object (vii) repeating step (ii) through step (vi) until the entire 
When step (ii) is satis?ed and updating the requested streaming media object has been retrieved. 
Playback Stamng tune; 18. The method of claim 17, Wherein the minimum cost 

(iv) identifying a minimum cost server in the netWork server comprises one of the content server or another one of 
Which stores at least M chunks of the SM object having the H85, 
a_ Starting time equal to the updated playback Starting 19. The method of claim 17, Wherein at step (v), a chunk 
nme; is alWays retrieved from the local HS if it is available. 

(V) retrieving the at 16851 M Chunks 011 a Chunk by Chunk 20. The method of claim 19, further comprising the step 
basis from the identi?ed minimum cost Server and the of returning chunks of the requested SM object to one of the 
106211 HS; plurality of clients as they are retrieved at the local HS. 

(vi) retrieving the next chunk from the local HS and 
updating the requested playback starting time; and * * * * * 


