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(57) ABSTRACT 

Data objects are Sent using a data carousel and forward error 
correction. This involves Segregating a file into groups, 
wherein each group represents k data blockS. From the k 
data blocks of each group, in erasure-encoded blocks are 
calculated, where n>k. The n erasure-encoded blocks are 
Sent in a round-robin fashion using IP multicast technology: 
the first erasure-encoded block for each group, then the 
Second block of each group, and So on. At a receiver, the 
blocks are Stored on disk as they are received. However, they 
are Segregated by group as they are Stored. When reception 
is complete, each group is read into RAM, decoded, and 
written back to disk. In another embodiment, the receiver 
Segregates allocated disk space into areas corresponding to 
Sets of groups. Received blocks are then Segregated only by 
set as they are written to disk. One or more RAM buffers can 
be used in this embodiment. When reception is complete, 
each set is read into RAM, decoded, and then written back 
to disk. 
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DATA CAROUSEL RECEIVING AND CACHING 

TECHNICAL FIELD 

0001. This invention relates to distribution of data files 
and other data objects using IP multicast techniques in 
conjunction with forward error correction and data carousel 
techniques. In particular, the invention relates to methods of 
receiving, buffering, and decoding data objects distributed in 
this manner. 

BACKGROUND OF THE INVENTION 

0002 The existence and popularity of the Internet has 
created a new medium for Software distribution. As this 
distribution method becomes more widely used, it will place 
more and more demands on Internet bandwidth. Thus, it will 
be important to distribute files and other data objects as 
efficiently as possible. 
0.003 Currently, data objects are distributed to individual 
network clients upon request. When a data object is 
requested, it is packaged in a plurality of IP (Internet 
Protocol) packets and transmitted to the requesting client. If 
another client requests the same data object, the IP packets 
are re-transmitted to that client. Thus, each request results in 
a full re-transmission of the entire data object over the 
network. 

0004. This type of data distribution is very inefficient. 
The inefficiencies become serious in certain situations where 
there is a rush to obtain a particular data object that has only 
recently become available. This situation has been dubbed 
the Midnight Madness problem because the mad dash for 
files often takes place late at night or in the early morning 
when files are first made available. Spikes in Internet activity 
have been caused by a range of phenomena: popular product 
releases, important Software updates; Security bug fixes, the 
NASA Pathfinder vehicle landing on Mars; the Kasparov vs. 
Deep Blue chess match; and the Starr report. The danger of 
Such traffic Spikes lies not in the data type, but rather in the 
data distribution mechanism. 

0005. The Midnight Madness problem is caused by the 
Internet's current unicast “pull” model. A TCP (Transmis 
sion Control Protocol) connection is established between a 
Single Sender and each receiver, then the Sender transmits a 
full copy of the data once over each connection. The Sender 
must Send each packet many times, and each copy must 
traverse many of the same network linkS. Naturally, the 
Sender and links closest to the Sender can become heavily 
Saturated. Nonetheless, Such a transmission can create 
bottlenecks anywhere in the network where over-Subscrip 
tion occurs. Furthermore, congestion may be compounded 
by 11 long data transfers, either because of large files or slow 
linkS. 

0006 These problems can be alleviated through the use 
of IP multicast protocols. IP multicast is a method of 
distributing data in which the data is Sent once from a data 
Server and routed Simultaneously to all requesting clients. 
Using this method, the Sender Sends each packet only once, 
and the data traverses each network link only once. Multi 
cast has been commonly used for So-called “streaming data 
Such as data representing audio or video. Typically, multicast 
is used to transmit live events Such as news conferences or 
audio from broadcast radio Stations. 
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0007 FIG. 1 shows a network system utilizing IP mul 
ticasting. The System includes a data Server 10 and a 
plurality of clients 12 and 13. The system also includes a 
plurality of routerS 14 that route data along different com 
munications links to the receiving clients. In this case, only 
the five clients referenced by numeral 12 have requested the 
data stream, while the clients referenced by numeral 13 have 
not requested the data Stream. The data Stream is forwarded 
to the requesting clients 12, as indicated by the shaded 
arrows. However, the data stream is not forwarded to 
non-requesting clients 13, thus preserving bandwidth on the 
links to those clients. 

0008 IP miulticast provides a powerful and efficient 
means to transmit data to multiple parties. However, IP 
multicast is problematic for transferS of data objects which 
must be transmitted reliably, such as files. IP multicast 
provides a datagram Service “best-effort' packet delivery. It 
does not guarantee that packets Sent will be received, nor 
does it ensure that packets will arrive in the order they were 
Sent. 

0009. Many reliable file transfer protocols have been 
built on top of multicast. However, Since Scalability was not 
a primary concern for most of these protocols, they are not 
useful for the midnight madness problem. The primary 
barrier to 1 Scalability is that most of these protocols require 
feedback from the receivers in the form of acknowledge 
ments (ACKs) or negative acknowledgements (NACKs). If 
many receivers generate feedback, they may overload the 
Source or intermediate data links with these acknowledge 
mentS. 

0010) A so-called data carousel protocol can be used to 
provide Scalable file distribution using multicast protocols. A 
data carousel is a simple protocol that avoids feedback from 
receivers. Using this protocol, a data Server repeatedly sends 
the same data file using IP multicast. If a receiver does not 
correctly receive part of the file, the receiver Simply waits 
for that portion of the file to be transmitted again. 
0011 Although a data carousel is workable, it often 
imposes a Significant delay as the receiver waits for the next 
iteration of the file transmission. Forward Error Correction 
(FEC) can be utilized in conjunction with a data carousel to 
reduce the re-transmission wait time. Using FEC, error 
correction packets are included in the data Stream. The error 
correction packets allow reconstruction of lost packets with 
out requiring a wait for the next file transmission. 
0012. Using IP multicast, corrupted packets are automati 
cally detected (using checksums) and discarded by the IP 
protocol. Accordingly, it is only necessary to replace lost 
packets. Therefore, the FEC protocol described herein deals 
only with erasure correction rather than with error correc 
tion, even though the broader terms "error correction' and 
“FEC are used throughout the description. 

0013 Using forward error correction, a data object is 
broken into data blocks for transmission in respective IP 
packets. ASSuming that there are k Source blocks, these 
Source blocks are encoded into n erasure-encoded blocks of 
the same size, wherein n>k, in a way that allows the original 
k Source blocks to be reconstructed from any k of the 
erasure-encoded blocks. This is referred to as (nk) encod 
ing. Many (n,k) encoding techniques are based on Reed 
Solomon codes and are efficient enough to be used by 
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personal computerS. See RiZZO, L., and Vicisano, L., “Effec 
tive Erasure Codes for Reliable Computer Communication 
Protocols", ACM SIGCOMM Computer Communication 
Review, Vol. 27, No. 2, pp. 24-36, April 1997, and Rizzo, L., 
and Vicisano, L., “Reliable Multicast Data Distribution 
Protocol-Based on Software FEC Techniques”, Proceedings 
of the Fourth IEEES Workshop on the Architecture and 
Implementation of High Performance Communication Sys 
tems, HPCS'97, Chalkidiki, Greece, June 1997, for 
examples of an (nk) encoding method. So-called Tornado 
codes are viable alternatives to Reed-Solomon codes. 

0.014. It is desirable in many situations to utilize system 
atic (nk) encoding, in which the first k of the n encoded 
blocks are the original data blocks themselves. If no blocks 
are lost during transmission, a receiver does not incur any 
processing overhead when decoding the k blocks of a 
systematic code. The methods described herein work with, 
but do not require, Systematic encoding. 
0015 FIG. 2 shows how this scheme works. A data file 
in this example contains k blocks, indicated by reference 
numeral 20. These k blocks are encoded in a Step 21 using 
a Reed-Solomon encoding algorithm, resulting in n erasure 
encoded blockS 22, which are Sent repeatedly in a step 23 
using IP multicast. Each of the n erasure-encoded blockS is 
the same size as one of the original k blocks. The receiver 
waits until it has received any k of the erasure-encoded 
blocks (indicated by reference numeral 24), and then 
decodes them in a Step 25 to recreate the original k Source 
blocks 26. 

0016. In practice, k and n are limited when using Reed 
Solomon-based codes, because encoding and decoding with 
large values becomes prohibitively complex. Typical limits 
are k=64 and n=255. 

0017. Because most files are larger thank blocks (assum 
ing k has been limited to Some pre-defined maximum), Such 
files are broken into erasure correction (EC) groups, each 
group representing k blocks of the original data file. Erasure 
correction is performed independently for each group. Thus, 
the k blocks of each group are encoded into n erasure 
encoded blocks. Each erasure-encoded block is identified by 
an indeX relative to its group, Specifying which of the n 
encoded blocks it is, as well as a group identifier associating 
it with a particular EC group. The indeX and group identifiers 
are packaged with the block in a header that prepends the 
data itself. The data and header are packaged in an IP packet 
and transmitted using the multicast and data carousel tech 
niques already described. 
0.018 When using EC groups in this manner, the order of 
block transmission affects the time required to reconstruct a 
data object. Suppose, for example, that all n erasure-encoded 
blocks are Sent from one group before Sending any from the 
next group. Receivers with few losses are forced to receive 
more blockS than they actually need. To avoid this, the data 
server sends the first block (having index=1) from every 
group, then the next block (having index=2) from every 
group, and So on. 
0019. This is illustrated in FIG. 3, in which each group 
30 is shown as a row of erasure-encoded blocks 32. The 
arrows show the order of block transmission, from left to 
right. Upon transmission of block n of the last group, 
transmission begins again with the first block of the first 
grOup. 
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0020. To complete the reception, a receiver must receive 
k distinct erasure-encoded blocks (i.e. with different index 
values) from each group. For Some groups, more than k 
blocks may be received, in which case the redundant blockS 
are discarded. These redundant blocks are a Source of 
inefficiency, as they increase the Overall reception time. 
Supposing that only one additional block is needed to 
complete the reception, it is possible that a receiver may 
have to wait an entire cycle of G blocks (receiving blocks 
from all other groups) before obtaining another block from 
the desired group. Thus, the inefficiency is related to the 
number of groups G, which is equal to the number of blockS 
in the file divided by k. 
0021 One danger with this transmission order is that a 
pattern of periodic network losses may become Synchro 
nized with the transmission So as to always impact blockS 
from certain groups; in the worst case, a single group is 
always impacted. One Solution to this potential problem is to 
randomly permute the order of groups Sent for each index 
value, thereby spreading periodic losses randomly among 
groupS. 

0022. During the reception process, a client buffers 
incoming blocks as they are received. If enough RAM is 
available, the blocks are received, Sorted, and decoded in 
main memory before being written to disk. For larger files, 
a client Simply writes all blocks to disk in the order they are 
received, discarding any blocks over k that are received for 
a particular group. When reception is complete (i.e., kblocks 
have been received for each group), the blocks are Sorted 
into groups and then decoded. This method of writing to disk 
imposes a delay as the file is Sorted and decoded. This delay 
can be minimized to Some extent by partial Sorting of the 
blocks before writing them to disk. However, disk I/O can 
quickly become a bottleneck under this approach. Because 
there is no mechanism to slow down the Sender, allowing the 
transmission rate to outpace disk writes results in wasted 
network bandwidth. With next generation networks running 
at 100 Mbps, and disks running much slower, this can be a 
Serious problem. Furthermore, random disk writes can be ten 
times slower than Sequential disk writes. 
0023 The prior art methods described above provide 
workable Solutions to the challenging of distributing popular 
data objects to a plurality of network clients, while making 
efficient use of available bandwidth. However, the prior art 
does not describe an actual embodiment of a System in 
which these methods are used. In developing Such an 
embodiment, the inventors have developed certain improve 
ments which increase the efficiency and usefulness of the 
multicast file distribution using data carousel and erasure 
correction techniques. 

SUMMARY 

0024. The invention embodiments described below 
include new methods of receiving, buffering, and decoding 
erasure-encoded blockS Such as those described above that 
are received from a data carousel. In one embodiment, 
received blocks are written directly to disk as they are 
received. However, they are Segregated by group as they are 
Stored. After receiving the entire data object is complete, 
each group is read into RAM, Sorted, decoded, and then 
written back to disk. 

0025. In another embodiment, erasure-encoded blocks 
are Segregated into Sets of contiguous groups as the blockS 
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are written to disk. After reception is complete, each Set is 
read into RAM, Sorted, decoded, and written back to disk. In 
this embodiment, a buffer can be used to buffer incoming 
erasure-encoded blocks. Received blocks are buffered as 
long as they are from the same Set of groups. When a new 
block is received from a different set of groups, the buffer is 
flushed 11 to disk prior to buffering the new block. The 
blocks are Segregated by Set as they are written to disk. 
However, no other Sorting takes place at this time. Alterna 
tively, two buffers can be used so that the new block can be 
written to the second buffer while the first buffer is flushed 
to disk. 

0026. In another embodiment, a receiver maintains a 
buffer for every set of groups. Incoming blocks are buffered 
in the appropriate buffer, and each buffer is flushed to disk 
when the buffer becomes full. 

0027. In yet another embodiment, the receiver maintains 
a single buffer and repeatedly flushes certain blocks of the 
buffer corresponding to Sets of groupS. Prior to each write to 
disk, the System Selects a Set of groups whose blocks will be 
flushed from the primary memory buffer. If any set has at 
least b blocks in the buffer, that set is selected. Otherwise, 
any other set is selected. The value b is chosen so that the 
size of the memory buffer is bc--b-c--1, where c is the 
number of groups in each Set of groups. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0028 FIG. 1 is a block diagram of a computer network 
System, illustrating the use of multicast network distribution. 

0029 FIG. 2 is a block diagram showing the use of 
forward error correction in distributing data objects. 

0030 FIG. 3 is a block diagram showing the use of a data 
carousel in conjunction with forward error correction. 
0.031 FIG. 4 is a block diagram showing a computer 
network System in accordance with the invention. 
0.032 FIG. 5 is a block diagram of an exemplary com 
puter for use in conjunction with the invention. 
0.033 FIG. 6 is a block diagram showing a prior art 
method of organizing erasure-encoded blocks in groups. 

0034 FIG. 7 is a flowchart showing steps in accordance 
with the invention for Sending a data file using a data 
carousel in conjunction with forward error correction. 
0.035 FIG. 8 is a block diagram showing groups of a data 
carousel in accordance with the invention. 

0036 FIGS. 9-12 are block diagrams illustrating a 
method of receiving, caching, and decoding erasure-en 
coded blocks in accordance with one embodiment of the 
invention. 

0037 FIGS. 13 and 14 are block diagrams illustrating a 
method of receiving, caching, and decoding erasure-en 
coded blocks in accordance with another embodiment of the 
invention. 

0038 FIGS. 15 and 16 are block diagrams illustrating a 
method of receiving, caching, and decoding erasure-en 
coded blocks in accordance with yet another embodiment of 
the invention. 
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0039 FIG. 17 is a block diagram illustrating a method of 
receiving, caching, and decoding erasure-encoded blocks in 
accordance with yet another embodiment of the invention. 
0040 FIG. 18 is a block diagram illustrating an IP packet 
in accordance with the invention. 

DETAILED DESCRIPTION 

0041 Network and Computer Architecture 
0042 FIG. 4 shows a computer network comprising a 
data server 100 and a plurality of network clients 102. The 
data Server has access to one or more data objects 104 Such 
as files, program objects, etc. Such objects are typically 
located on a hard disk Storage medium of the Server itself or 
on disk Storage controlled by another network-accessible 
computer. The clients 102 are connected to communicate 
with the data server 100 using an IP (Internet Protocol) 
communications medium 106 such as the public Internet or 
Some other wide-area or local-area network. 

0043 FIG. 5 show a general example of a desktop 
computer 130 that can be used to implement data server 100 
and/or network clients 102. Computer 130 includes one or 
more processors or processing units 132, a System memory 
134, and a bus 136 that couples various system components 
including the system memory 134 to processors 132. The 
bus 136 represents one or more of any of several types of bus 
Structures, including a memory bus or memory controller, a 
peripheral bus, an accelerated graphics port, and a processor 
or local bus using any of a variety of bus architectures. The 
system memory 134 includes read only memory (ROM) 138 
and random access memory (RAM) 140. A basic input/ 
output system (BIOS) 142, containing the basic routines that 
help to transfer information between elements within com 
puter 130, such as during start-up, is stored in ROM 138. 
0044) Computer 130 further includes a hard disk drive 
144 for reading from and writing to a hard disk (not shown), 
a magnetic disk drive 146 for reading from and writing to a 
removable magnetic disk 148, and an optical disk drive 150 
for reading from or writing to a removable optical disk 152 
such as a CD ROM or other optical media. The hard disk 
drive 144, magnetic disk drive 146, and optical disk drive 
150 are connected to the bus 136 by an SCSI interface 154 
or Some other appropriate interface. The drives and their 
asSociated computer-readable media provide nonvolatile 
Storage of computer-readable instructions, data structures, 
program modules and other data for computer 130. Although 
the exemplary environment described herein employs a hard 
disk, a removable magnetic disk 148 and a removable 
optical disk 152, it should be appreciated by those skilled in 
the art that other types of computer-readable media which 
can Store data that is accessible by a computer, Such as 
magnetic cassettes, flash memory cards, digital Video disks, 
random access memories (RAMs), read only memories 
(ROMs), and the like, may also be used in the exemplary 
operating environment. 
0045. A number of program modules may be stored on 
the hard disk 144, magnetic disk 148, optical disk 152, ROM 
138, or RAM 140, including an operating system 158 (e.g., 
the server operating System 20), one or more application 
programs 160, other program modules 162, and program 
data 164. A user may enter commands and information into 
computer 130 through input devices such as a keyboard 166 
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and a pointing device 168. Other input devices (not shown) 
may include a microphone, joystick, game pad, Satellite 
dish, Scanner, or the like. These and other input devices are 
connected to the processing unit 132 through an interface 
170 that is coupled to the bus 136. A monitor 172 or other 
type of display device is also connected to the bus 136 via 
an interface, Such as a video adapter 174. In addition to the 
monitor, personal computers typically include other periph 
eral output devices (not shown) Such as Speakers and print 
CS. 

0.046 Computer 130 commonly operates in a networked 
environment using logical connections to one or more 
remote computers, Such as a remote computer 176. The 
remote computer 176 may be another personal computer, a 
Server, a router, a network PC, a peer device or other 
common network node, and typically includes many or all of 
the elements described above relative to computer 130, 
although only a memory storage device 178 has been 
illustrated in FIG. 5. The logical connections depicted in 
FIG. 5 include a local area network (LAN) 180 and a wide 
area network (WAN) 182. Such networking environments 
are commonplace in offices, enterprise-wide computer net 
Works, intranets, and the Internet. 
0047. When used in a LAN networking environment, 
computer 130 is connected to the local network 180 through 
a network interface or adapter 184. When used in a WAN 
networking environment, computer 130 typically includes a 
modem 186 or other means for establishing communications 
over the wide area network 182, Such as the Internet. The 
modem 186, which may be internal or external, is connected 
to the bus 136 via a serial port interface 156. In a networked 
environment, program modules depicted relative to the 
personal computer 130, or portions thereof, may be stored in 
the remote memory Storage device. It will be appreciated 
that the network connections shown are exemplary and other 
means of establishing a communications link between the 
computerS may be used. 
0.048 Generally, the data processors of computer 130 are 
programmed by means of instructions Stored at different 
times in the various computer-readable Storage media of the 
computer. Programs and operating Systems are typically 
distributed, for example, on floppy disks or CD-ROMs. 
From there, they are installed or loaded into the Secondary 
memory of a computer. At execution, they are loaded at least 
partially into the computer's primary electronic memory. 
The invention described herein includes these and other 
various types of computer-readable Storage media when 
Such media contain instructions or programs for implement 
ing the Steps described below in conjunction with a micro 
processor or other data processor. The invention also 
includes the computer itself when programmed according to 
the methods and techniques described below. 
0049. For purposes of illustration, programs and other 
executable program components Such as the operating Sys 
tem are illustrated herein as discrete blocks, although it is 
recognized that Such programs and components reside at 
various times in different Storage components of the com 
puter, and are executed by the data processor(s) of the 
computer. 

0050 Data Object Distribution 
0051) The data server or sender 100 is configured to 
continuously Send data object 104 to any requesting clients 
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or receiverS 102, using a multicast IP data carousel in 
conjunction with (n,k) erasure correction, generally as 
described above in the “Background” section of this docu 
ment. Specifically, the data Server transmits the data object 
to the network clients as a plurality of erasure-encoded 
blocks in a multicast data carousel, each erasure-encoded 
block being packaged in a respective multicast IP packet, 
with a Self-describing header. Even more specifically, the 
data Server breaks the data object into G groups of Source 
blocks, each group having no more than k Source blockS. 
The value k is predetermined in order limit the complexity 
of computations and to keep Such computations within the 
capabilities of available computer hardware and Software. 
0052 From the k source blocks of each group, the data 
Server computes in erasure-encoded blocks in accordance 
with a known (n,k) encoding method Such as a Reed 
Solomon encoding method. The n erasure-encoded blockS 
preferably include the originalk Source blockS. AS described 
above, the k erasure-encoded blocks have sizes that are 
equal to the sizes of the original k Source blocks. AS also 
described, the originalk Source blockS can be decoded from 
any k of the erasure-encoded blockS. 
0053 Using this scheme, a single sender (data server 
100) initiates the transfer of a single file to a multicast 
address. The Sender loops continuously either ad infinitum, 
or until a certain amount of FCE redundancy has been 
achieved. Receivers (network clients 102) tune in to the 
multicast address and cache received packets in a temporary 
file until the client receive enough blocks to recreate the file. 
Receivers may then drop out of the multicast, or they 
continue to receive blocks in anticipation of the next file to 
be sent. In either case, the file is then decoded, and the file 
name and attributes Set. 

0054 When sending, the data server can either read the 
original file and compute the erasure-encoded blocks on the 
fly, or the erasure-encoded blockS can be pre-computed and 
stored on disk. The choice of which method to use involves 
a tradeoff between disk Storage and processor utilization. 
0055) Selecting k 
0056 Assuming that the original data object contains S 
blocks, the number of groups G will be equal to S/k if S is 
evenly divisible by k, or S/k+1 if S is not evenly divisible by 
k (assuming the use of integer division). This is expressed as 
G=ceiling(S/k), where the function "ceiling()' performs a 
mathematical operation of rounding up to the closest integer. 
From this expression, it is clear that increasingk reduces the 
number of groups G. Reducing G in turn produce more 
efficient data transmission. The most efficient choice would 
be to set k to the number of blocks S in the original file, 
whereupon G would equal one. AS mentioned above, how 
ever, a large k tends to complicate both encoding and 
decoding operations. In the described embodiment, k is 
limited to k=64. 
0057 For purposes of explanation, assume that k=8, 
and that a data object has S=9 data blocks. The number of 
groups in this example will be two: G=ceiling(S/k)=2. 
0.058 FIG. 6 shows two groups 190 and 191 and their 
erasure-encoded blocks 192, assuming that k=kmax=8. Note 
that the Second group requires Seven empty placeholder or 
padding blocks (indicated by Xs within the blocks). In this 
extreme example, the wasted overhead of these Seven pad 
ding blocks is nearly 50%. 
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0059. In accordance with the invention, k is chosen for a 
particular data object based on k, and on the actual 
number of blockSS in the original data object, in a way that 
reduces the wasted overhead of padding blockS. 
0060 FIG. 7 shows a method of transmitting a data 
object in accordance with the invention, including Steps that 
select the number of data object blocks k to be included in 
each group of erasure-encoded blockS. A Step 200 comprises 
determining the minimum number of groups G of erasure 
encoded blocks that can represent the S data object blocks, 
So that each group of erasure-encoded blockS represents no 
more thank, data object blockS. In the described embodi 
ment, this step comprises evaluating the integer expression 
G=ceiling(S/k max). 
0061 A Subsequent step 202 comprises determining the 
smallest number of data object blocks kmin that can be 
represented in each group while Still requiring no more than 
G groups of erasure-encoded blocks to represent the S data 
object blocks. In the described embodiment, this step com 
prises evaluating the integer expression kmin=ceiling(S/G). 
0.062. In accordance with this aspect of the invention, no 
more than kmin data object blocks are represented within 
each group of erasure-encoded blockS. For the example 
discussed above, in which S=9 and k. =8, G will be 2 and 
kmin will be 5 (using the equations above). ASSuming that 
the same value of k is used in every group, each group will 
use a k=kmin=5. 

0063 Step 204 is FIG. 7 comprises calculating the n 
erasure-encoded data blocks for each group G. 
0.064 Step 206 comprises transmitting the erasure-en 
coded blocks of the groups in a data carousel over a network 
for reception by multiple network receivers. 
0065. The result is illustrated in FIG. 8, in which the first 
of two groups 195 has five data object blocks 196 corre 
sponding to the first k=5 data blocks of the original data 
object, and the second of the two groups 197 has the 
remaining four data object blocks 196 of the original data 
object plus a single placeholder data block 198. 
0.066 Steps 200, 202, and 204 allow k to be reduced in 
Situations where doing So does not increase the overall 
number of groups G. This increases the efficiency of carou 
Sel transmission. In accordance with one embodiment of the 
invention, these StepS are performed only where S is greater 
thank, and less than k. If S is less than or equal to 
k, G will be equal to 1, and k is Set to S. Otherwise, 
if G is greater than or equal to k=the Value of ki is Set 
to kinax. 
0067. In one embodiment, k is the same for all groups 
used to transmit a data object. However, it might be desirable 
to vary k for each group. In the example above, for instance, 
the Single placeholder blockS can be eliminated entirely by 
using k=5 in the first group and k=4 in the Second group. In 
each case, k is kept at or below the calculated ki. Thus, one 
embodiment of the invention might vary k between groups. 
In the described embodiment, a header associated with each 
data block indicates the particular value of k used in the 
group with which the data block is associated. 
0068 Receiving and Decoding 
0069. In implementing the encoding and transmission 
scheme described above, it has been found that disk perfor 
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mance can become a bottleneck when receiving and decod 
ing a data object. If received packets cannot be written to 
disk as quickly as they are received, they must be dis 
carded-there is no way to instruct the Server to Slow the 
data transmission. 

0070 The task of efficiently writing received packets to 
disk is complicated by the round-robin transmission Scheme 
described above, in which erasure-encoded blocks are Sent 
out-of-order. Furthermore, in an IP network, packets may 
arrive in an order that is different from the transmission 
order. Additionally, certain blocks might not be received at 
all, and redundant blocks are to be ignored. 
0071 Generally, a receiver in accordance with the inven 
tion is designed to reconstruct a data object regardless of the 
Sender's block transmission order and regardless of whether 
certain blocks are missing from the received data Stream. 
The receiver does this by accumulating erasure-encoded 
blocks for respective groups. When k blocks have been 
received for a particular group, any further received blockS 
for that group are ignored and discarded. In addition, any 
new copy of a block that has previously been received is 
ignored and discarded. Each block is accompanied by a 
header Structure that indicates the group to which the block 
belongs and the block position (index) within that group. 
0072 FIGS. 9-12 show how erasure-encoded blocks are 
received, Stored, and decoded in one embodiment of the 
invention. In the following figures, erasure-encoded blockS 
are shown as hatched rectangles. Decoded data blocks are 
shown as Solid-shaded rectangles. Empty rectangles indicate 
reserved disk or memory Space. 
0073 Referring to FIG. 9, a transmission stream includes 
a number of groupS 302, each of which includes n erasure 
encoded blocks 304. The erasure-encoded blocks within a 
Single group represent contiguous data blocks of the original 
data object-any k of the erasure-encoded blocks can be used 
to reconstruct k data blocks of the original file. Erasure 
encoded blocks of respective groups are transmitted non 
contiguously. Specifically, the blocks are transmitted in a 
round-robin fashion: a block from the first group, then a 
block from the next group, and So on. 
0074 As an initialization step, the receiver allocates 
Secondary Storage for a data object or file that is to be 
received using the FEC data carousel described above. This 
disk space is shown at the bottom of FIG. 9. In this step, the 
receiver allocates a Space on its hard disk that will eventually 
contain the received and decoded file. The receiver further 
determines group locations 306 within the allocated disk 
Space. Each group location corresponds to a respective one 
of groups 302 of the transmitted data stream, and will 
eventually hold the decoded data blocks represented by the 
corresponding group. 
0075). Each vertical arrow in FIG. 9 represents the trans 
mission and reception of a single erasure-encoded data 
block. Transmission and reception proceed in a round-robin 
fashion, with one block from Group A, then a block from 
Group B, and so on. FIG. 9 shows the transmission and 
reception of three erasure-encoded blocks, from Group A, 
Group B, and Group C consecutively. In this example, 
reception begins with the first group, but with the third block 
within that group. 
0076) Note that FIGS. 9 and 10 show a situation in 
which blocks are received in an orderly fashion from one 
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group to the next and from one position to the next within 
each group. In a more practical example, data losses might 
disrupt this regular order. In addition, randomizing group 
order in each round of transmission would further disrupt the 
regular order shown. Regardless, the receiver Simply Stores 
each received block in its corresponding group location until 
k blocks have been received for each group, and disregards 
any blocks belonging to groups for which k blocks have 
already been received. 
0.077 As the erasure-encoded blocks are received, they 
are Segregated by group on disk. More Specifically, the 
blocks of any particular group are Stored as they are received 
at the location on disk that has been allocated for that 
particular group. Within each group, the blocks are Stored in 
the order received-no attempt is made to Sort or decode the 
erasure-encoded blocks within each group. 
0078 FIG. 10 shows four more erasure-encoded blocks 
being transmitted, received, and written to disk. The indi 
cated blocks are transmitted in the order shown, from left to 
right. AS each new block is received, it is written to its 
corresponding group location on disk, without Sorting. 
0079 Reception is complete when k blocks have been 
received for each group. This is illustrated in FIG. 11, in 
which each of the group locations 306 in Secondary Storage 
has been filled. After Storing k blocks for each group, each 
group is Sorted and decoded individually. Specifically, each 
group is read into a RAM buffer 312 or other primary 
memory buffer from secondary storage. This is indicated by 
the curved arrow of FIG. 11. The erasure-encoded blocks of 
the group are then Sorted and decoded to produce the 
original k Source data blocks represented by the group. The 
decoding is performed in accordance with the particular 
(n,k) encoding method employed by the Sender. 
0080 FIG. 12 shows that the blocks of Group A have 
been decoded in primary memory buffer 312. After decod 
ing, these blocks are written back to their group location 306 
on Secondary Storage, replacing the received k erasure 
encoded blocks. The process eventually reconstructs the 
original file as the blocks of group are decoded. 
0081 FIGS. 13-14 shows how blocks are received and 
stored in another embodiment of the invention. In this 
embodiment, groupS330 are organized in Sets of groupS332, 
wherein each Set 332 includes a plurality of contiguous 
groups 330. Referring to FIG. 13, a first set in this example 
is formed by Groups A, B, and C. Group D and two 
following groups (not shown) form a second Set. 
0082) This organization does not take place at the sender, 
which sends the individual erasure-encoded blocks in the 
same order as described above. However, the receiver 
defines its disk areas in terms of these Sets of groups, rather 
than in terms of individual groups. Thus, the receiver 
allocates Secondary Storage for each Set of groups and 
Separately identifies an area 333 for each Set of groups. 
When a block is received from a particular set, the block is 
written to the location of that Set on disk-no attempt is made 
at this point to Sort the erasure-encoded blockS or to Segre 
gate the blocks by group within each Set. 
0.083. In this embodiment, the receiver maintains one or 
more primary memory buffers 334 for buffering incoming 
erasure-encoded blocks. A Single buffer is large enough to 
Store a plurality of erasure-encoded blocks, although per 
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haps not large enough to Store an entire Set of blockS. The 
receiver buffers contiguously-received erasure-encoded 
blocks in a single primary memory buffer 334 as long as the 
contiguously-received blocks are from a common Set of 
groups. This is shown in FIG. 13, where erasure-encoded 
blocks from the first set are being written to a first of two 
available buffers 334. As long as the received blocks are 
from the same set of groups and the buffer is not full, the 
blocks are written to buffer 334. Each block is written to the 
next available position in the buffer. Blocks are disregarded 
if they are from a group for which k blocks have already 
been received. 

0084. Upon receiving a new erasure-encoded block from 
a Set of groups other than the previous, common Set of 
groups, or upon filling the buffer, the receiver flushes the 
buffer by writing the buffered blocks to the set area 333 that 
has already been allocated for the Set of groups contained in 
the buffer. This is shown in FIG. 14, where the buffered 
blocks are written to their corresponding disk area 333. The 
buffered blocks are copied to the next available locations in 
the corresponding disk area without Sorting or Segregating 
by block. Thus, the blocks are buffered and stored on disk 
within each Set in the order of their reception. 
0085. As the blocks from the first buffer are being copied 
to disk, the newly-received block, from a different Set, is 
buffered in the second of the two buffers 334. Use of the 
buffers alternates in this fashion until k blocks have been 
received for each group of each Set. 
0.086 Once reception is complete (k blocks have been 
received for each group), the blocks are decoded in a process 
similar to that shown in FIG. 12, except that sets of groups 
(rather than individual groups) are read into primary 
memory, Sorted, decoded, and then written back to disk. 
0087 Assuming that there are b groups in each set, each 
buffer is allocated with a size of b blocks. When blocks are 
received in an orderly fashion from one group to the next, b 
blocks belonging to a single Set of groups will be received 
together, and a disk write will in most cases be performed 
only after receiving b blocks. Two buffers work well in this 
Situation-one is used to receive data while the contents of 
the other is written to disk. However, randomizing the group 
order in each round of transmission as discussed above will 
either greatly increase the frequency at which buffers are 
flushed or will require many more buffers to simultaneously 
receive blocks from many different sets. 
0088 Rather than randomizing group order in this situ 
ation, it is preferable to randomly Select a starting group for 
each round, and then complete the round in order. Within 
each round, a starting group is randomly Selected and an 
erasure-encoded block is transmitted from this group. Trans 
mission then proceeds in group order, with an erasure 
encoded block being transmitted from each of the remaining 
groups. “Group order' is defined to wrap from the last group 
back to the first group. 
0089. When transmitting in this manner, three primary 
memory buffers work well. Typically, transmission Starts 
with a block from a group that is in the middle of a set. This 
block and any following blocks from the Same Set are 
buffered in a first buffer. When transmission reaches a block 
from another Set, Second and third buffers are used alter 
nately to buffer blocks from remaining sets. Finally, the 
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transmission order wraps back to the beginning groups of 
the initial Set, remaining blocks (for the current round) of 
that set are received in the first buffer, and the first buffer is 
then flushed as a new round begins into one of the other 
buffers. 

0090 The benefit of this method is fewer, larger writes in 
place of many Small writes, which allows writing to be 
performed much faster. 
0091 FIGS. 15 and 16 show a variation of the embodi 
ment of FIGS. 13 and 14. In this embodiment, the receiver 
maintains a buffer 340 for each defined set of the incoming 
data object. A received erasure-encoded block is buffered in 
the primary memory buffer corresponding to the Set con 
taining the block. Individual buffers are flushed when they 
become full, by writing their contents to the corresponding 
Set area 342 on disk. Decoding proceeds as in the embodi 
ment of FIGS. 13 and 14. This method does not assume any 
particular group order, and thereby allows randomization of 
group order within each round. 
0092 FIG. 17 shows yet another scheme for buffering 
incoming blocks. This Scheme is similar to the one described 
above, in that which the incoming blocks are arranged on 
disk in Sets 340 of groups. However, only a Single primary 
memory buffer 342 is used instead of the multiple buffers 
334 indicated in FIG. 16. As blocks are received, they are 
written to the buffer 342 in any available location. Counts 
are maintained to indicate the number of currently buffered 
blocks for each set of groupS. Set areas 344 are reserved in 
Secondary Storage for eventual Storage of blocks belonging 
to those Sets. 

0093. In this scheme, disk writes happen repeatedly 
whenever the System has time to initiate Such writes. Each 
write involves blocks of a single set that have been buffered 
in memory 342. Prior to a disk write, the system selects a set 
whose blocks will be written from the primary memory 
buffer to disk. If any set has bor more buffered blocks in the 
primary memory buffer, that Set is chosen to have its blockS 
flushed to disk. Otherwise, any Set can be chosen to have its 
blocks flushed to disk. FIG. 17 illustrates a write operation 
to a first Set area. No attempt is made to Sort or decode the 
blocks of a particular Set as they are written to disk. Rather, 
each block is written to the next available location in the disk 
Space reserved for the Set. 
0094. The value b (the number of groups in a set) is 
predefined and relates to the size of the primary memory 
buffer. Specifically, b is chosen so that the size of the primary 
memory buffer is equal to bc-b-c-1 blocks, where c is the 
number of groups in each Set. This relationship between has 
been found to prevent buffer overflow when using this 
Scheme. 

0.095 The actual disk write can take place in one of two 
different ways. Some systems allow so-called "gather writ 
ing, in which a single contiguous disk write can utilize data 
from a number of discontiguous memory blocks. In System 
such as this, the disk write is specified to utilize the buffer 
locations having the b buffered blocks. In systems that do 
not Support gather writing, the b blocks are copied to an 
intermediate memory buffer and then written to disk in a 
Single disk Write. 
0096. After k blocks have been received and written to 
disk for each group, each Set it read into primary memory, 
Sorted, decoded, and written back to disk. 
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0097. Session and Meta-File Information 
0098. Senders and receivers need to agree on certain 
Session attributes to communicate. Session descriptions 
might include a multicast address and port number, which 
might be carried in a Session announcement, publicized on 
a Web page with Scheduling information, or conveyed via 
email or other out-of-band methods. 

0099. When files are the objects being transferred, the 
receiver needs certain metadata in addition to actual file 
data. Metadata consists of information which is needed or 
useful for creating a disk file, but which is not part of the file 
itself, for example, the file name, its creation-date, time last 
modified, file attributes, etc. In many cases, this information 
is part of a file directory or Similar disk organization 
structure rather than part of the file itself. 
0100. In the embodiment described here, metadata is 
appended to the end of the file as a “trailer and Sent as part 
of the data carousel. Once the erasure-encoded blocks are 
decoded, the metadata is extracted and used in creating the 
actual file Structure. 

0101 The length of the metadata might vary between 
files. In the described embodiment, a predefined number of 
bytes at the end of the file are reserved for a value that 
indicates the length of the metadata. 
0102) Appending the metadata in this manner allows the 
original file to be reconstructed by Simply truncating the file, 
rather than rewriting it. A checksum is included in the trailer 
to validate that the file was encoded and decoded correctly. 
0103 Packet Headers 
0104 FIG. 18 shows the general makeup of an IP mul 
ticast packet in the described embodiments of the invention. 
The IP packet itself comprises an IP header 400 and an IP 
payload 402 in accordance with conventional IP multicast 
technology. The IP payload comprises a block header 404 
and an erasure-encoded block 406. 

0105. The block header 404 includes the following 
parameters: 

0106 A sequence number that is unique for each 
packet of a transmitted data object. The Sequence 
number increases monotonically with each packet 
Sent, allowing the receiver to track packet loSS. 

0107 A file identifier-an identifier assigned by the 
Sender. 

0108) A file length specification indicating the 
length, in bytes, of the original data file. The file 
length is included So that the receiver can allocate 
memory Structures for receiving the file once it has 
received the first erasure-encoded block. 

0109) A group identifier, indicating the group to 
which the erasure-encoded block belongs. 

0110. The value of k used in encoding and decoding 
the blocks. This value, in conjunction with the file 
length, allows the receiver to calculate the number of 
groupS G. 

0111. An index value, indicating the position of the 
erasure-encoded block within its group. Packets with 
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indices 0 through k-1 are original file blocks, while 
packets with indices k to n-1 are encoded blockS. 

0112 By including the file length and k in every packet, 
a receiver can begin receiving without having to obtain 
additional, out-of-band information. Additionally, including 
k in each header allows k to be varied for different groups 
as discussed above. 

0113. The packet size and the value of n are not specified 
in the block header-they are not needed by the receiver for 
proper reception. 

CONCLUSION 

0114. The embodiments described above provide useful 
improvements over previously described methods of distrib 
uting data files and other objects using data carousels and 
forward error correction. In particular, the discussion above 
allows optimization of k and also provides a practical 
Solution to the problem of caching received blocks at a speed 
Sufficient to keep up with a fast multicast transmission, while 
also minimizing Subsequent decoding time after reception 
has been completed. 

0115 Although the invention has been described in lan 
guage Specific to Structural features and/or methodological 
Steps, it is to be understood that the invention defined in the 
appended claims is not necessarily limited to the Specific 
features or StepS described. Rather, the Specific features and 
StepS are disclosed as preferred forms of implementing the 
claimed invention. 

1. A method of reconstructing a data object that is 
transmitted from a remote Source using a data carousel of 
erasure-encoded blocks, the erasure-encoded blocks being 
encoded in groups, wherein the erasure-encoded blocks of 
respective groups are transmitted non-contiguously, the 
method comprising the following Steps: 

receiving the erasure-encoded blocks, 
Storing erasure-encoded blocks of the groups in Secondary 

Storage as they are received without decoding the 
erasure-encoded blocks, 

the Storing Step including a step of Segregating the era 
Sure-encoded blocks by group within the Secondary 
Storage as the erasure-encoded blocks are Stored. 

2. A method as recited in claim 1, further comprising: 
decoding each group after receiving its erasure-encoded 

blocks. 
3. A method as recited in claim 1, further comprising: 

after receiving the erasure-encoded blocks for a particular 
group, reading the group into primary memory from 
Secondary Storage; 

decoding the erasure-encoded blocks of the particular 
group to produce decoded blocks of the data object; 

replacing the erasure-encoded blocks of the particular 
group in Secondary Storage with the decoded blocks of 
the data object. 

4. A method as recited in claim 1, the Storing Step further 
including a step of Storing the erasure-encoded blocks of 
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each group within the Secondary Storage in the order in 
which the blocks of the group are received. 

5. A method of reconstructing a data object on Secondary 
Storage, wherein the data object is transmitted from a remote 
Source using a data carousel of erasure-encoded blocks, the 
erasure-encoded blocks being encoded in groups that rep 
resent contiguous data blocks of the data object, wherein the 
erasure-encoded blocks of respective groups are transmitted 
non-contiguously, the method comprising the following 
Steps: 

allocating Secondary Storage for the data object and 
determining locations in the allocated Secondary Stor 
age for the respective data blockS represented by the 
groups of erasure-encoded blocks, 

receiving the erasure-encoded blocks, 
Storing erasure-encoded blocks of any particular group as 

they are received at the determined location in the 
allocated Secondary Storage for the contiguous data 
blocks represented by the particular group. 

6. A method as recited in claim 5, further comprising: 
decoding each group after Storing its erasure-encoded 

blocks. 
7. A method as recited in claim 5, further comprising: 
after receiving and Storing the erasure-encoded blocks for 

a given group, reading the given group into primary 
memory from secondary storage; 

decoding the erasure-encoded blocks of the given group 
to produce the data blocks represented by the given 
grOup, 

replacing the erasure-encoded blocks of the given group 
in Secondary Storage with the decoded blocks of the 
data object. 

8. A method as recited in claim 5, the Storing Step further 
including a step of Storing the erasure-encoded blocks of 
each group in the order in which the blocks of the group are 
received. 

9. One or more computer-readable Storage media contain 
ing a program for reconstructing a data object on Secondary 
Storage, wherein the data object is transmitted from a remote 
Source using a data carousel of erasure-encoded blocks, the 
erasure-encoded blocks being encoded in groups that rep 
resent contiguous data blocks of the data object, wherein the 
erasure-encoded blocks of respective groups are transmitted 
non-contiguously, the program comprising the following 
Steps: 

allocating Secondary Storage for the data object and 
determining locations in the allocated Secondary Stor 
age for the respective data blockS represented by the 
groups of erasure-encoded blocks, 

receiving the erasure-encoded blocks, 
Storing erasure-encoded blocks of any particular group as 

they are received at the determined location in the 
allocated Secondary Storage for the contiguous data 
blocks represented by the particular group; 

after receiving and Storing the erasure-encoded blocks for 
a given group, reading the given group into primary 
memory from Secondary Storage; 
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decoding the erasure-encoded blocks of the given group 
to produce the data blockS represented by the given 
grOup, 

replacing the erasure-encoded blocks of the given group 
in Secondary Storage with the data blockS represented 
by the given group to construct the data object in the 
allocated Secondary Storage. 
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10. One or more computer-readable Storage media as 
recited in claim 9, the Storing Step further including a step of 
Storing the erasure-encoded blocks of each group in the 
order of their reception. 


