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Abstract ceives the entire file. Reordering relies on the client to re-
assemble the content, similar to P2P “content swarming”
Whole-file transfer is a basic primitive for Internet con- systems that disperse file blocks across multiple servers
tent dissemination. Content servers are increasingly lim{such as BitTorrent [14]).
ited by disk arm movement given the rapid growth indisk ~ This paper investigatespportunisticblock reorder-
density, disk transfer rates, server network bandwidthjng as a technique to improve the cache effectiveness of
and content size. Individual file transfers are sequential@ content server. More effective caching can increase the
but the block access sequence on a content server is egerver throughput for a given disk subsystem, and de-
fectively random when many slow clients access larg&rease the disk and memory cost needed to fill the server
files concurrently. Although larger blocks can help im- network link. Block reordering complements well-known
prove disk throughput, buffering requirements increasetechnigues to improve cache effectiveness with improved
linearly with block size. replacement algorithms (e.g., [20]) or integrated caching
This paper explores a novel block reordering tech-and prefetching [10]. Most obviously, it changes the
nique that can reduce server disk traffic significantly wheplock access sequence to suit the needs of the storage
large content files are shared. The idea is to transfersystem, instead of just managing the storage cache to suit
blocks to each client in any order that is convenient fora specific block access sequence. In essence, block re-
the server. The server sends blocks to each client oppoerdering extends the server memory by using the client
tunistically in order to maximize the advantage from thememory as a reassembly buffer.
disk reads it issues to serve other clients accessing the Block reordering is helpful primarily when multiple
same file. We first illustrate the motivation and potentialclients request large shared files concurrently. Workload
impact of opportunistic block reordering using a simple studies have shown this case to be quite common and im-
analytical model. Then we describe a file transfer systenportant for overall performance. Typically a modest per-
using a simple block reordering algorithm, called Circus. centage of popular files receive most of the requests in a
Experimental results with the Circus prototype show thatcontent server, and larger files account for a dispropor-
it can improve server throughput by a factor of two or tionally large share of the data traffic [3,5,7,11,27]. A
more in workloads with strong file access locality. recent workload characterization of a popular P2P sys-
tem concluded that 42% of the data requested from a
. typical academic site involved transfers of a few hun-
1 Introduction dred large objects with an average size of several hun-
dred megabytes each [27]. In that study, large object
Many Internet services are based on whole-file transfergaching on its own could yield a byte hit ratio as high as
or file downloads For our purposes, the file download 38%. Block reordering is especia”y promising in con-
primitive has three defining characteristics: (i) each clientent networks that employ content-based request routing
initiates transfer of an entire file, rather than a block ortg concentrate the requests for each file on a small set
fragment, (ii) the client postpones interpretation of theof servers; recent studies show large improvements in
data until the transfer completes, and (iii) the transferseryver cache locality from this technique [16, 22, 30].
may occur as rapidly as permitted by the server, the client, \when files are small it is sufficient to cache them in
and the network resources. Whole-file transfer is a buildtheijr entirety to capture most of the benefit from shar-
ing block of peer-to-peer (P2P) file sharing, the Web, meing. But caching of large files is less effective because
dia services, and data grids [2]. they consume more cache space and therefore they are
Conventional file download protocols such as FTP ormore vulnerable to eviction before the next request can
HTTP transfer each file as an ordered stream of bytesyenerate a cache hit. As file size increases relative to the
and use the underlying transport protocol (e.g., TCP) t&erver memory, the hit ratios degrade and the disk access
deliver data in sequence. Nevertheless, the semantics @fnsaction rate limits server throughput[6, 27]. Unfortu-

file download permit the server to deliver data to eaChnateiy, Ongoing advances in disk bandwidth—due to in-
client in any order, as long as the client eventually re-



creasing areal density and faster rotation speeds—do not
help appreciably. In fact, seek overheads dominate be-
cause concurrent requests from a large number of clients
tend to destroy the inherent sequentiality of block ac-
cesses to each file, producing a block access sequence
that is effectively random. Since seek times improve
more slowly than disk bandwidth, faster disks actually
make the problem worse because these seek overheads
consume a larger share of the arm time. 0] ‘
Several other techniques are directed at serving large 0o 02 04 06 08 10
. . . . . Cache Size/File Length
shared content files, primarily for continuous media. One
solution is to abandon caching and use large disk transrigure 1: The maximum ratio of network bandwidth to disk band-
fers to reduce seeking, a technique that is well-studieavidth, as a function of the portion of the data set size that fits in the
for Streaming video servers (e.g., [4]) But buffer de- c_ac_he. The system is heavily disk-limited unless the bulk of the data set
. . . : fits in memory.
mands increase linearly with transfer size and the number
of clients. A second alternative is to encode the shared
files using forward error correcting codes (FEC) [9, 26], L bytes should complete after approximate delayz".
e.g., the Tornado codes used by Digital Fountain. FEC  Since this paper focuses on the design of the server
yields optimal caching effectiveness, since every receiveand its storage system, we will claim success when the
can benefit from each block fetched from the disk. Un-serveris network-limited, i.e., it consumes all of its avail-
fortunately, FEC increases the volume of data neededble network bandwidth. Suppose the average file length
to store and transmit a stream by as much as an ordes L bytes. For low client loads, the server may be lim-
of magnitude, depending on the skew of client transfelited by the aggregate network bandwidth to its clients:
rates. Other techniques include stream merging methods (V) < R.N/L. If the client population is large, or if
[17,18]. Section 6 discusses related work in more detailthe clients have high-speed links, then the server may be
The rest of this paper is organized as follows. Secdimited by its own network link: X (N) < R,,/L (with
tion 2 uses a simple model to explore the performanceainicast). We assume without loss of generality that the
behavior of file download servers and motivate oppor-server's CPU and memory system are able to sustain the
tunistic block reordering. Section 3 proposes a simplepeak data rat&,, when serving large files.
parameterized block selection algorithm for reordering.  Our objective, then, is to minimize the memory and
Section 4 describes its implementation in the Circus constorage resources needed to feed content to the network
tent server, and Section 5 presents experimental resultat the peak raté,, for a sufficiently large client popu-
Section 6 sets opportunistic block reordering in contextation: N > R,,/R.. Suppose the content server has a
with previous work, and Section 7 summarizes our conmemory of sizeM and D disks delivering a peak band-
clusions. width of R, byte/s each. Our purpose is to explore how
block reordering can reduce the number of dikseeded
. . . for a givenM, and/or reduce th&f needed for a giveP
2 Overview and Motivation andR,. Equivalently, we may view the objective as max-
. . . imizing the network spee,, or client population size
We first defln(_athélle download probl_em_wre formally,  n thata given configuratiof/, D) can support. The
and then outline the goals and motivation for our Work'problem is uninteresting for smaft,,, e.g., in serverless

Consider a content server with a network link of band-p;p gy stems that distribute server functions across many
width 12,, bytes/s and a population of clients concur- gy clients. The problem is most interesting for servers
rently downloading shared files. We use the t6iln0  j, a4 centers with high-capacity network links, serving
mean a unique ordered set of data blocks; thus it could "Garge client populations with slow transfer ratgs. N

fer to any segment of a larger data set. Suppose that eagh,y e quite large for commercial content servers with a
client can receive data at a sustained r&fle < Rn,  |arge bandwidth disparity relative to their clients: IP net-
with an average client rat&. bytes/s. The goal i 10 oy handwidth prices are dropping [13], while broad-
schedule block reads from disks and block transfers {544 geployments for the “last mile” to clients continue
clients in order to maximize&(IV), the system through- 5 |35 nehind. Although our approach does not require
put for V- concurrent requests, or the number of down-p, ,icast support, it is compatible with multicast and

load requests completed per time unit. Unless it is Sat'may be even larger when it exists.
urated, the server should be fair and it should complete

each request in the minimum time that the network al-

lows: a request from clieritto download a file of length
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2.1 Caching reduces the rate of disk operations required to sustain
, , ) a given effective bandwidth, which is inversely propor-
The server's memory of siz&/ consists of a common sng) to B. This technique can significantly reduce the
pool of shared buffers. A server uses these buffers fof, mper of disks required. Suppose each disk has an
some combination of disk buffering, network buffering, average head positioning time per accesggf, sec-
and data caching. For example, suppose the server fetChggys (seek plus half-rotation). Every disk access moves a
data from storage in blocks of size bytes. A typ|ca}l block of sizeB bytes, and takes tii,, + B/ Ry. Thus,
server would buffer each fetched block until all client _each disk Support?,,osjB/Rd random accesses per time

transmits of the block to clients have completed; the SUrnit. and the aggregate peak disk bandwidthodisks
plus memory acts as a cache over blocks recently fetcheg BxD

for some client that are deemed likely to be needed soon ecomein ~ TrostB/Ra bytes/s_. The server needs
for another clieng requesting the same file. Caching is © = BT, 577y disks to fully pipeline the network.
effective for small files that can reside in the cache inFor example, Figure 2 illustrates the disk random access
their entirety until the next request [6]. Howeverji§  throughput wherl},,; = 0.005 s, a typical value. With
request arrives time units afteri’s, then the server has block sizeB = 256 KB, and disks ofi; = 50 MB/s, the
already fetched up teR’. bytes of the file into memory disk throughpufX'y becomes roughly 25 MB/s. We need
and delivered them to. The memory needed to cache aboutD = 5 such disks to feed a server network link of
the segment untjj is ready to receive it grows with the Rn =1 Gb/s.
inter-arrival timet. If R: > RJ then the required cache ~ However, Figure 3 shows that this approach consumes
space continues to grow as the transfers progress—whéarge amounts of memory with large client populations.
the system is constrained to deliver the data in order t&epending on the buffering scheme the minimum mem-
both clients, as for conventional file servers. ory sizeM for N active clients isVB/2 < M < 2N B.
Since each file request accesses each block of the filEhe 1 Gb/s server can suppd¥t= 647 T1 (1.544 Mbps
exactly once, block accesses are uniformly distributed™ 193 KB/s) client connections, consuming a minimum
over the entire file length. As the number of clients in- M = 81 MB just for device buffering withB3 = 256
creases, and as client rates and arrival times vary, thEB. If we increase the block size 1 = 1 MB then disk
block access request stream shows less temporal locdroughputbecomes,; = 40 MB/s, the number of disks
ity and becomes effectively random. Of course, theredrops toD = 4, and the minimum memory grows to
is spatial locality when the server delivers each block inM = 324 MB. If instead, we assume slower clients with
sequence; the system may exploit this by using a largefic = 56 Kbps, the server needs a minimum = 2.18
block size B, as discussed below (or, equivalently, by GB andM = 8.7 GB for block sizeB = 256 KB and
prefetching more deeply). Suppose without loss of genB = 1 MB, respectively. In media servers using large
erality that the content consists of a single file of lengthPlock sizes itis common to eliminate the cache and parti-
L >> M, or any number of equally popular files with tion memory into separate buffer regions for each client;
aggregate siz&. Then the probability of any block ac- each region is sufficient to hold any blocks in transit be-
cess being a cache hit Ighit — M/L, and Priss = tween the disk and the network for that client [4]
1— M/ L is the probability that the access requires a disk
fetch. Then the server’s storage system must be capabfz 3 Summary
of sustaining block fetches at rat&,,/B)(1 — M/L). ) ) )
Figure 1 shows the role of cache size in determining thd" this section we explained why accesses at the block

number of disks required to sustain this rate. level appear increasingly random as the client population
N grows. This minimizes the benefit of conventional

20 g Th h caching and weakens the locality of the disk accesses
: torage roughput from the cache miss stream. The combination of these ef-

The areal density of magnetic storage has been doublin§Cts increases server cost, since more disks and/or more
every year, and disks today spin several times faster thafemory are needed to fill any given network link. For
ten years ago [13]. While these trends increase sequefxample, the experiments in this paper use disks with av-
tial disk bandwidth, throughput for random block ac- €rage sequential throughput &f; = 33 MByte/s, but a
cesses (|OPS) has not kept pace. Seek costs tend to doﬁpnventional FTP server under even modest load deliv-
inate random accesses, and these costs are limited I§§S & per-disk throughput of roughly 10 MB/s, including
mechanical movement and are not improving as rapidlycache hits. Thus we need about a dozen such disks to
Unfortunately, the block miss stream for a content servefeed a network link of 1 Gb/s.
degrades to random access as the client populafion
creases, for the same reasons outlined above.

One solution is to increase the block siBe This
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Figure 2:Disk throughput with random block accesses in a disk withFigure 3:Minimum buffer space required to support clients at differ-
positioning timeT},,s = 0.005s across different transfer block sizes, ent rates in a server with a 1 Gbps network link. The minimum buffer
and sequential disk transfer rat&s. We show that as?, increases, space can reach several gigabytes for large populations of clients with
block size must exceed one megabyte to achieve peak disk throughpuiandwidth less than 1 Mbps.

3 Opportunistic Block Reordering the block reference to the queue tafircus strives to
guarantee forward progress and fairness by serving all

To support large client populations inexpensively, we neegctive clients at their maximum network transfer rates.
to minimize the number of disk fetches and maximize ~ The block selection policy is the key to t@rcusal-
the number of clients served with each fetch. Ideally,gorithm. For each active clien€ircusalso maintains a
when multiple clients request the same file, the server reset data structure (bitmap) to record the set of blocks al-
trieves each block from disk only once and sends it toready sent to the client. Thus, for each block of an active
every client. Then, using the notation introduced pre-file, it knows the set of active clients that have yet to re-
viously, serving a file taV clients at network through- ceive the block. The selection policy could select blocks
put N R, requires disk throughpu®. and buffer space to greedily maximize the number of clients that bene-
B/2 < M < 2B, all of which are independent d¥. fit from each block, or minimize the number of block
A file download server must transfer all the blocks fetches needed to fill up all block queues at any given
of a file to satisfy each file request; thus an arriving filetime. However, these policies are computationally com-
request from client reveals information about block ac- plex, and their cost scales with the file size.
cesses on behalf of clientor at least the next / R’ time We propose a simple block selection policy that is
units. The system can use these revealed block sequend@st and has modest memory requirements. Figure 5 out-
to improve performance and/or reduce cost. In particularlines the algorithm. Its complexity scales linearly with
it can improve cache performance by opportunisticallythe number of active clients for each file. To preserve lo-
reordering the accesses, e.g., to send each fetched blogRlity of reference among the active clien@ycus des-
opportunistically to all clients known to need the block in ignates andctive region for each file as preferred for
the future, before replacing it from memory. The serverblock selection and caching. The active region is a mov-
can send blocks out-of-order by attaching an applicationing contiguous region within a circular block space. The
layer header [12] to each transmitted block that specifie§le cursor specifies the front edge of the active region
its offset; clients resequence the data according to thesef a file. The length of a file’s active region (tletive
block headers. This section presents the block reorderingngth a tunable configuration parameter) controls the
algorithm in theCircus content server. amount of memory devoted to caching the file.
TheCircusserver maintains a list of files with down- Each active client has its ovatient cursorthat keeps
loads currently in progresative file$, and for each ac- track of the file offset of the block that was last queued
tive file a list of clients currently downloading that file to send to the client. Based on the client cursor posi-
(active clienty. For each active client the server createstions, we call the leading active client for a file (often the
a FIFO queue of references to the file blocks selected thighest-rate client) thontrunnerof the file; the trailing
send next to that client. The server transmits blocks fronglients active on the same file are folowers The fron-
the head of the queue when the client’s network transtrunner advances the file cursor according to its current
port send window opens. When a queue drains below glient cursor. This operation refreshes the system cache
threshold, the server selects another block to transmit tavith new data blocks that are likely also needed by the
that client, schedules a disk fetch if necessary, and add®llowers. When the cursor of a follower lags behind the



1. proc circus_algorithm
independent followers frontrunner 2. while  (true) do__ L )
clients ~x__ A P 3. file := next entry of active_file_circular_list
aTa AT & 4.  while  (true) do_
_——— 5. client := next entry of file.active_client_list
6. if__ (client = nil) break
7. if__ (client.fifo_queue = full) continue
offset 0 v File Length 8. if__ (file.cursor-client.cursor > active_length AND o
7 9. client.sent_blocks_fraction < client.threshold)
o . 10. client.cursor = file.cursor - active_length/2
active region 11. client.cursor := next block not transmitted
12. if __ (client.cursor = invalid) continue
13. insert client.cursor location to client.fifo_queue
; . . . : 14. if__ (client.cursor > file.cursor AND _
'.:Igure. 4 We ca!l theactive regionof a ﬂl? the part of the 15. client.cursor-file.cursor < leapfront_distance)
file that is resident in server memory. The client who downloads 16 file.cursor = client.cursor
the file with highest ratefontrunner) advances the active region, | 17.  done
while clients with lower ratesgllowers are kept within the active | 18. done

region. Some clientsiidependentare allowed to move outside

the active region. Figure 5:Pseudocode of thgircusblock selection algorithm.

frontrunner at a distance that exceeds the active length} .1 Prototype Implementation
the follower’s cursor advances to the middle of the active ) ] ) ]
region. Moving the cursor to the middle rather than the?Ve incorporated th€ircus algorithm into a version of
front of the active region prevents the follower from im- the FTP daemon of FreeBSD Release 4.5 (Figure 6). We
mediately becoming a frontrunner. We can summarizdnedified both the FTP client and server to support block
these operations with the following two rules: reorderlqg using a simple block transfer protocol with
sequencing headers.
e Advance the file cursor to the current cursor loca-  The current version of th€ircus server is a fully
tion of the fastest clienffiiontrunner). functional implementation that required no kernel mod-
. _ ifications. For each active file the server constructs a
* When the cursor of a trailing clientoflowen) falls o5 jer structurdile heade) containing information about
behind theactive regionadvance the cursor ofthe e file, This includes a linked list of headeri¢nt
followerto the midpoint of the active region. headers for the active clients of each file, and a block

To avoid stalling clients that are missing only a small FIFO queue of Iim_ited length for each active client. The
number of blocksCircustracks the fraction of file blocks P10k sizéis a configurable parameter that serves as log-
each client has already received (ttieent threshold. ical unit of disk and network transfers. When the socket

When this fraction exceeds a configured maximum valuegPuffer for a client is ready to send, a server process re-
the client becomeindependentthe algorithm selects MOVes a block descriptor from the queue, and submits a
blocks for independent clients by scanning their blockf€duest to transfer the block to the network socket. We
maps for needed blocks, even if they are outside of th&!Sed thesendfile()system call—available in FreeBSD
active region. A client also becomes independent if it is2"d Other operating system kernels—for zero-copy trans-
the frontrunner and its next missing block is more thanf€rs from the disk to the network. A background pro-
a configuredeapfront distancehead of the current file C€SS runs_the bloc_k selection algorithm to r_ef|II the FIF_O
cursor. This avoids damage to the reference locality ofiueues with descriptors of blocks to tran_sml_tto egch client.
the other active clients. In our experiments, we found al '€ headers and the queues are maintained in shared
leapfront distance equal to the active length of the file toM&Mory accessible by all server processes. _
achieve stable operation in the system. We investigate | Nnemodified FTP clientreassembles downloaded files
the sensitivity of the system to several configuration pa-2nd optionally writes them to the local file system on the
rameters in Section 5.5. client. We disabled the writes in our experiments so that
multiple clients (up to a few hundred) could run on each
test machine.

4 Evaluating Circus

. o . 4.2 Metrics and Workload
This section gives an overview of our methodology for

evaluatingCircus including the performance metrics of We definedisk throughputas the total disk bandwidth
our experiments. (byte/s) used by the server, andtwork throughputs
the total network bandwidth (byte/s) used to send data
over the network to clients (with unicast). We can ap-
proximate themiss ratiofrom the ratio of disk throughput
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Figure 6: Simplified diagram outlining the prototype implementation of theconnected to the client workstations through a gigabit Ethernet
Circusdownload server. Solid arrows show data transfers, while dotted arrovgsvitch. Dummyneis used to control the per flow rate from the
illustrate transfer of control. server to each client workstation.

to the network throughput, ignoring locality effects. A bytes) to reduce network protocol overhead.
low ratio indicates that disk block fetches are contribut-  We focus on handling download requests of files with
ing to multiple outstanding transfers for a shared file.total storage footprint that exceeds the memory of the
The reduced disk activity can improvdownload time  server. Most of our experiments use files of size 512MB.
and server throughput (the download completion rate). Our results also apply when files fit in server memory
We assume Poisson arrivals for the download requestsut the aggregate footprint exceeds server memory. Due
because they closely match real workloads studied in preo reported correlations between the transferred file size
vious work [3]. For the definition of the system load and the client link capacity [31], and to reduce experi-
during steady-state operation, we take the delivered netmentation time, we conservatively consider clients with
work throughput as the aggregate transfer rate requestditfoadband transfer rates. For each different client link
by the users; ideally, each download request should beapacity that we support, we dedicate a separate client
served at the client’s network link rate. Based on thenode and configure its connection speeds to the server
analysis of Section 2, we consider the server’'s networkhroughDummynet
bandwidth to be the limiting resource: maximum sys-  From recent studies in peer-to-peer network systems
tem loadp = 1 occurs when the arrival rate generatesit has been found that 20-30% of the users have down-
network throughput that saturates the server's networlstream network links less than 1Mbit/s, about 80-90%
link. Depending on the file sizes, this load definition have downstream links less than 10Mbit/s, and the re-
leads to different request arrival rates and different in-maining 10-20% have links that exceed 10Mbit/s [28].
terarrival gaps. We derive the mean request interarrivaln accordance with the above results and the fact that
time corresponding to the maximum system load frombroadband user population tends to increase over time,
the ratio of the average file size over the outgoing servewe specified three groups of clients with 1.544 Mbit/s
link capacity. For lower loads, the interarrival gap is the(T1), 10 Mbit/s (we call it 10T), and 44.736 Mbit/s (T3).
ratio of the peak load interarrival time to the load lewel We experiment with each of these groups separately, and
also with a mixed workload (Mx) where 20% of the users
4.3 Measurement Environment are of type T1, 60% are of type 10T, and the remaining
20% are type T3. In several cases, we focus on 50%-50%
All experiments use Intel Plll-based systems with 256mixes of two client groups. We allow each experiment
MB main memory running FreeBSD 4.5 at 733 MHz to run for betvveen% hour andl% hour, depending on
or 866 MHz. A group of client workstations run multi- the network link capacity of the clients. Measurements
ple client instances to generate request loads to a servestart after one or more initial download requests com-
On the server node, we ugssummyne{25] to specify plete. Each experiment is repeated until the half-length
the per flow transfer rate from the server node to eaclof the 95% confidence interval of the measured network
client (Figure 7). We store the file data in a 18GB Sea-throughput lies within 5% of the estimated mean value
gate Cheetah 10K RPM disk with sequential transfer rateacross different trials.
26-40MByte/s. The systems are equipped with both 100
Mbit/s and 1 Gbit/s Ethernetinterfaces connected via two
separate switches. File network transfers take place over
the gigabit switch using jumbo Ethernet packets (9000
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Figure 8: We compare the network throughput of the unmodified (sequential)Cineds (out-of-order) download server implementations at
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5 Experimenta| Results spawns an extra server process with resident memory
space of about 1MB. Consequently, we show only T1

We compare the performance of ti@rcus prototype = measurements for up to 30-40% load, roughly correspond-
with an unmodified FreeBSD 4.5 ftpd implementation. ing to about 200 concurrent clients. Beyond this point
The experiments investigate alternative client featuresmemory paging interferes with the measurements.
network conditions, file characteristics, and server con-  In all the three cases of a single client link rate (a-c),
figuration parameters. We fin@ircus to improve the the out-of-order network throughput increases propor-
server throughput and file download time when files aretionally with the system load. In particular, at 40% load,

shared by multiple clients. we expect to receive 51.2MByte/s throughput, which is
roughly what we observe in cases (b) and (c). The mea-
5.1 Client Link Capacity sured throughputis somewhat lower (in case d) with clients

of different rates on the same server, but still reaches
A key challenge in the design of a download server is tc50MByte/s at 50% load. Quite remarkably, the sequen-
adapt automatically to different client rates without man-tial system only matches the out-of-order performance at
ual tuning. The closer the transfer rates of two clients10% load in the four cases, and never exceeds 30MByte/s
match, the easier it becomes to exploit the data sharinfpn average) as the load increases.
among them. As the difference increases, it becomes Figure 9 shows disk throughput for the same exper-
more difficult to share cached data effectively. iment. With sequential transfers, the disk is highly uti-
Figure 8 depicts the network throughput of an un-lized even at low loads, regardless of the client rates. In
modified (sequential) and @ircus (out-of-order) server contrast, with out-of-order transfers (a-c) the disk through-
as clients with different rates download a single file of put drops to the transfer rate of a single client. For ex-
size 512MB. In typical ftpd implementations (including ample the disk throughput is about 1MByte/s with 10T
the one that we use here), each active download requetsansfers (b), an order of magnitude lower than the se-
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Figure 10:with out-of-order transfers, download requests take almost constant time to complete as the load increases. When file data transfers
are served sequentially, however, the download duration increases significantly as a function of the system load. We consider the case where all
clients have the same network link capacity (a-c), and when clients of different link capacities are served by a single server (d-f).

quential case. When we mix clients of different capac-5.3 Multiple Files
ities (d), this behavior holds at low loads with the disk L . ) )
throughput about 5.6 MByte/s. At higher loads, the pro_Even though it is likely that only a few files will be in

portion of non-sharing (independent) clients increases:?ea"y demand by the clients, we investigate how the per-
raising the disk throughput accordingly. Figure 10 fur-formance of the system is affected when the number of

ther verifies these observations. With out-of-order transPOPular files increases. We consider 1 to 16 different files

fers, the download latencies remain roughly constant a¢f 912 MB each, all stored on a single server disk, and re-
different system loads, according to the client rates. Bufluested with equal probability. The clients receive data

when sequential transfers are used, the download Iatenc&’er 10Mbit/s links, and the system is at 40% load. In
increases rapidly with the system load. igure 12(a), we illustrate the network throughput of the

server with sequential and out-of-order transfers respec-
. . tively. In the out-of-order case, the measured throughput
5.2 Transferred File Size remains roughly 50 MByte/s with up to 8 files, and drops

This section investigates how the file size affects the sysSlightly to 48MB/s with 16 files. From Figure 12(b), the
tem performance. Figure 11(a) shows the server networRverage disk throughputincreases linearly with the num-
throughputin a file size range between 256MB and 1GB.bef of files up to eight, and reaches 10MB/s at 16_f|les.
We observe that, with out-of-order transfers, the network! Nis behavior is expected because the number of disk ac-
throughput remains above 50MByte/s, consistent withC€SS streams increases with more active files, and the disk
the 40% offered load. Sequential transfers cause the nellroughput begins to limit the system as it approaches
work throughput to drop below 20MByte/s, approach_loMByte/s._V\/_nh sequential transfers, the disk through-
ing the disk throughput. As a result, download latencyPut always limits the system and performance only wors-
(not shown) increases dramatically for sequential trans€nS as the number of files increases.

fers to several tens of minutes. For the out-of-order case

all downloads complete within a few minutes at all the 5.4 Round-trip Delay and Packet Loss

file sizes that we examined. . o
Packet loss rate and propagation delay can vary signifi-

cantly in a wide-area network depending on the physical
span and the operating conditions of the network. We in-
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Figure 11:Server network throughput and disk throughput for transigure 12:Server network throughput and disk throughput when the
fers along T3 links of a file with size between 256MB and 1GB. Thenumber of concurrently requested files varies from 1 to 16. The system

system load is set equal to 40%. With out-of-order transfers the the ngbad is 40% and the file size is always 512MB. All files are requested
work throughput is always higher and the disk throughput is constangith equal probability.

regardless of the size of the file.
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Figure 13:in the base case we assume round-trip delay less than 1ms and packet loss close to 0%. In the delay case we increase the round-trip
delay to 75ms and in the loss case we increase the loss rate to 10%, correspondingly, with respect to the base case. Both the download time and
the miss ratio of sequential and out-of-order transfers can be affected when combining round-trip delay of 75ms with packet loss rate of 10%
(delay+loss). T1 and T3 links are used with equal probability to connect a single server to multiple clients.

vestigated the impact of such factors to file transfers byplicate acknowledgments (rather than timeouts), and the
experimenting with round-trip times of aboutand 75 congestion window increases by at most one data seg-
ms, and with packet loss rates ab06t and 10%, re- ment every round-trip time [21]. Individual sequential
spectively, using Dummynet. In Figure 13, we measurdransfers have low throughput due to the disk bottleneck,
the download time and server miss ratio when transferand are not affected further at low load. However, rais-
ring a 512MB file over T1 and T3 links from the same ing the system load from 10% to 30% doubles the time
server. When packet loss of 10% and delay of 75ms aref T3 sequential transfers, while leaving the out-of-order
combined in out-of-order transfers, download time overtransfer time almost unchanged. When combining de-
T3 links increases by an order of magnitude approachinday and loss with out-of-order transfers, disk through-
the level of sequential transfers. This ten-fold increaseput drops because data retransmissions hit in the buffer
from the base case can be attributed to the mechaniseache. We don't observe similar effects for sequential
used by the congestion avoidance algorithm to recovetransfers, which provides additional evidence about the
the congestion window at the sender. poor disk access locality of this policy.

Longer round-trip delays increase the recovery time
and the wasted network bandwidth. This can be explained
by the TCP operation: packet losses lead to triple du-
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Figure 14: We examine the sensitivity of the system to the blockFigure 15:We investigate the effect of the queue length limit, when
size parameter, when mixing equiprobable requests from clients withixing equiprobable requests from clients with 10T and T3 links for a
10T and T3 links requesting a file of 512MB at system load 20% and12MB file at different loads. As the queue length limit increases, the
40%. Both the network throughput and the miss ratio are adverselyiisk throughput also grows leading to higher miss ratio. Eventually, the
affected by block sizes smaller than 64KB, but remain insensitive tdisk bandwidth becomes bottleneck which makes the server network
larger values. throughput to drop.
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Figure_ 16: We examine the sensitivity of the system performancefFjgure 17:we show the effect of the leapfront factor using equiprob-
to the client threshold when mixing download requests over T1 and Tgpje download requests over 10T and T3 lines at different system loads.

network links. We found the client thresholds equal to 75% or higher to\g the leapfront factor increases, network throughput drops and miss
keep both the download time over T3 links and the miss ratio low.  ratio surges, especially at high system load.

5.5 Sensitivity to System Parameters loads show higher miss ratios because there is less shar-
ing. Smaller block sizes increase the disk access over-

This section examines how sensitive the system behay;eaq and block selection overhead. In general, we found
ior is to important configuration parameters. We did ®X-the block size equal to 64KB to perform well, and we
tensive experimentats to ensure that the system remaingeq it in all the other experiments.

robust across a wide range of workloads, but we include )
only a few representative measurements here. Overalffueue Length Bound. Figure 15 shows the effect of
the system behavior is affected by the configuration pavarying the bounds on the block queue FIFOs for ac-

rameters below, but remains stable when the parametef¥e clients. Shorter queues make the system more adap-
remain within the ranges that we suggest. tive to the variability of the client behavior, because the

blocks sent to each client are chosen based on recent sys-
Block Size. Theblock sizeis a configurable parameter (o conditions. On the other hand, large queue lengths
that specifies the unit of disk access and network transzgn, increase the throughput of the system by keeping
fer requests in the server. Its value affects the utilization,;cpy client's network path fully pipelined. We exam-
of the devices, the overhead involved in the operation of 4 the impact of thejueue length limibn the perfor-
the system, and the overall server throughput. In Fignance of the system using 512MB download requests
ure 14, we illustrate the network throughput and miss raer equiprobable 10T and T3 links. With longer queues
tio across different system loads for block sizes rangingne miss ratio increases, the disk bandwidth becomes a
between 4KB and IMB. We observe that both the meay,giijeneck, and the server network throughputdrops. This
sured metrics remain constant with block S|zellarger thang expected because longer queue lengths can lead to stale
16KB and 64KB at low and high load, respectively. LOW roqyests for blocks that have been evicted from the cache



and incur extra disk activity. In all the other experiments,in a multicast setting. The system can be extended to
the queue length limit is set equal to 5. transport large files to a client from multiple collaborat-

Client Threshold. Theclient thresholdcontrols the cre- ing sources in overlay networks [8].

ation of independent clients according to the percentage Ina unlcas_t ”EtW_OT"' FEC encoding can be applled to
. . . ~Improve caching efficiency at the server [26]. Since the
of file blocks the client has received. From our experi-

ments we found the system to perform well with client client can reconstruct the data from any sufficiently large

threshold around 0.75. Lower client thresholds reduceSUbSEt of the encoded blocks, a block fetched from disk

data sharing, increase disk access activity and lead gy be.useful 0 ”?“'“p'e clients with differe:\nt request
longer download duration (Figure 16), while higherclientamval times and d!ﬁgrent rates. If. a block is lost, an-
thresholds make the system operation less stable esp%t-her may be sent in its place, ayo@ng the need for th_e
cially with large number of clients. server to buffer datq for retran§m|s§|on. quever, dupli-
cate blocks waste client bandwidth; in a typical heteroge-
Leapfront Distance. Theleapfrontdistanceletermines neous environment, where client receiving rates can dif-
when a client is allowed to play the role of a frontrun- fer by several orders of magnitude, the encoded version
ner depending on how far ahead from the file cursor thef the transmitted file is much larger than the original
client cursor has moved. For convenience, we introduceo limit the probability that any arbitrary block is a du-
theleapfront factoras the ratio of théeapfront distance plicate for some active client [9, 26]. Recent theoretical
over theactive length In Figure 17, we notice that as the work begins to address this problem [19]; if a satisfactory
leapfrontfactor grows larger than 1, the network through-solution is found, then FEC could meet our objectives
put drops and the miss ratio increases. Setting the leapfrémt downloading large files with a high degree of shar-
distance equal to thactive lengthgives good perfor- ing with low network impact, e.g., when multicasting is
mance by allowing the active region to move smoothlyavailable.
forward; larger leapfront distances tend to reduce spa- Circus demonstrates a technique with similar goals
tial locality among different clients and lead to lower for content distribution: to maximize the advantage of
throughput. The active length was set equal to 16MBdata sharing across concurrent requests, while allowing
throughout our study. clients at different rates to reassemble the requested file
quickly and efficiently. HoweverCircus does not use

FEC codes, and it is effective for unicast, although it
6 Related Work could also benefit from multicast.

File Transfer and File Sharing. FTPand HTTP trans- Stream Merging Methods. A class ofmerging meth-
fer objects sequentially, relying on the TCP transport toods for multicast delivery of streaming media allows a
preserve byte ordering. With marker blocks [23] it is pos- client to receive data transmitted concurrently to other
sible to restart a transmission after a failure. Raman eglients [17,18]. These file segmentation schemes bal-
al. improve the interactive transfer of images over theance the server network throughput, the client network
Internet by delivering data to the client as they arrive,throughput, and the playback initiation latency. Those
weakening the in-order abstraction of TCP [24]. Diot Schemes are significantly different fro@ircus because
and Gagnon examine benefits of out-of-sequence packétey have been specifically designed to support real-time
processing [15], but do not consider large file delivery ordelivery guarantees over reliable multicast-enabled net-
interactions with storage devices. works assuming a fixed receiving rate for each client. In
Many wide-area storage systems allow a client to dov@@ntrast,Circus supports efficient file (or file segment)
load different parts of a file from multiple servers (e.g., download transfers over unicast networks for clients with
BitTorrent [14]); these clients resequence the data to toldifferentrates, and exploits the complementary technique
erate out-of-order delivery. Acharya et al. propose aof block reordering.
server architecture for repetitive transmission of dataover ~ The insights underlying our approach are related to
a broadcast channel [1]. The frequency of transmittedSteere’s work with asynchronous set iterators [29], al-

data is determined by data popularity across the servetiiough our approach does not affect the order in which
client population. data is delivered to a client application.

Forward Error Correction.  Digital Fountain [9] en-

codes content with forward error correcting (FEC) codesf  Conclusions

(e.g., Tornado codes) for distribution over a multicast

network. FEC allows a client to reconstruct a file onceThis paper explores opportunistic block reordering to ex-
it has received a minimum number of distinct blocks. ploit the data sharing among concurrentfile transfers. We
This approach eliminates the need for acknowledgmentititroduce theCircusalgorithm for scheduling disk access



and reordered network transfers, and evaluate an impldi2]
mentation in a modified FTP file server and client under
synthetic file access workloads. We conclude that block, 3,
reordering can significantly improve server cache perfor-
mance for large, shared files. The average file down-
load time withCircusremains close to minimum across
the workloads, and is significantly lower than with con- (15
ventional sequential file download. Additionaltyircus
more than doubles the server network throughput when
there is significant sharing, and reduces the required dis
bandwidth by an order of magnitude in some cases.
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