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Abstract — Scalable encoding scheme enables the player 
or streaming server to adaptively change the playback rate of 
multimedia content.  However, in scalable streaming of layer 
encoded content, sequential playback of content does not 
necessarily coincide with the sequential scan of a file. This 
property introduces another dimension of complexity in the 
scheduling of data block retrieval.  In this work, we develop a 
novel file organization strategy, Harmonic Interleaving, 
which can effectively handle the dynamically changing 
playback rate of multimedia data retrieval.  The proposed 
scheme not only eliminates the retrieval of unnecessary 
blocks but also minimizes disk head movement. Via 
experiment, Harmonic Interleaving exhibits superior disk 
utilization on a moderately loaded network.1 

Index Terms — Scalable Streaming, Multimedia File System, 
Multimedia Data Transmission  

I. INTRODUCTION 

Due to the sequential access nature of real-time multimedia 
playback, file system puts great emphasis on placing data in 
seek optimized fashion. Hence, file systems support for real-
time multimedia playback has been the subject of intense 
research recently. Some of these studies strive to find the 
relationship between real-time requirements of individual 
playbacks and file system level data retrieval scheduling[1, 4, 
8]. Others exploit the variability in linear bit density of the hard 
disk track in placing the multimedia blocks[10, 12, 6]. More 
recently, a number of studies propose to support not only real-
time multimedia playback but also legacy text based file in 
single file system partition and propose various scheduling 
algorithms[13, 11, 14, 7].  

However, those works do not consider the disk access pattern 
under scalable streaming service. When the file is organized as 
a sequence of logical units, e.g. frames, playback of a single 
layer multimedia file yields a simple sequential scan. However, 
when content is created with a layered encoding scheme, 
playback no longer yields a sequential scan. This is because 
only a subset of individual frame information may be selected 
for transmission. The subset selected for transmission 
dynamically changes as a function of network bandwidth 
availability. Therefore, a layered  encoding scheme introduces 
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another dimension of complexity from the file system's point of 
view. A legacy file system model and a disk scheduling strategy 
do not incorporate the characteristic of layered encoding and 
leaves much to be desired. 

In this work, we examine the effect of a layered encoding 
scheme on file system efficiency and propose a new file 
organization technique for layer encoded multimedia content. 
Multimedia content consists of a collection of logical data units. 
Each data unit consists of layers. Application dynamically 
selects the proper subset of layers for transmission for each 
logical data unit. There can be two extreme ways of organizing 
a file: (i) As in legacy file organization, the file is physically 
organized as a sequence of logical units (frames) and each 
logical unit is organized as a collection of a layers, or (ii) a file 
is physically organized as a sequence of layers and each layer 
consists of the data blocks of the respective layer for each 
logical unit. Neither of these organizations yields satisfactory 
efficiency under dynamically changing network conditions. Fig. 
1 illustrates the underlying server organization. 
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Fig. 1 Underlying Service Model 

User can access the content via wide variety of different 
network medium whose bandwidth capability varies widely, 
e.g. cable modem, xDSL, T1, 56 Kbps modem and etc. To 
effectively cope with the variety in connection medium,  
content providing system consists of a number of servers and 
each server is dedicated to harbor the contents for a given 
bandwidth connection. Once the connection speed of the 
incoming request is determined, the incoming request is 
directed to the appropriate server and is serviced from the 
respective server. In this work, we propose a novel file 
organization technique, Harmonic Interleaving which 
effectively exploits the access characteristics of layer encoded 
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Fig. 2 Progressive placement scheme 

 

 
Fig. 3 Interleaved placement scheme

multimedia content. Harmonic Interleaving combines 
advantages of the above mentioned two file organization 
types. 

The rest of the paper is organized as follows. In section 2, 
we present three different file organization techniques. In 
section 3, we develop the performance model for each file 
organization scheme. In section 4, we examine the efficient of 
individual file organizations via simulation as well as physical 
experiments. In section 5, we conclude the paper. 

II. LAYER ALLOCATION STRATEGY 

In this section, we present three file organization strategies 
for scalable streaming. We view a media file as a collection of 
logical storage units, called  segments. A segment can be a 
frame or group of pictures. Table 1 illustrates the notations 
used in this paper.  

 
TABLE I 

NOTATIONS 
Parameters Description 
n  Number of layers 
m  Number of segments in a media file 

iB  Data rate of i-th layer in an object 

movieB  Total data rate of an object 

iα  Transmit ratio of layer i 

ijL  Data unit for j-th segment of i-th layer  

iL  Set of data units belonging to i-th layer 

T  Playback length of a movie 

segT  Playback time of a segment (eg. 1 sec.) 

l  Number of lower layers 

movieC  Number of cylinders that movie occupy 

totalT  Time of reading data from disk 

overheadT  Disk overhead 

dataT  Time of reading data purely of 
totalT  

 

A. Progressive Placement 

Progressive placement strategy clusters the data blocks in a 
layer together. This allocation strategy manifests itself when 
network bandwidth availability is very limited and when the 

streaming server can transport the lowest layers most of the 
time. The Progressive Placement scheme entails significant 
disk head movement overhead when the server transports 
larger numbers of layers. Fig. 2 illustrates the Progressive 
Placement strategy. 
 

B. Interleaved Placement 

In Interleaved Placement scheme, segments are placed in 
temporal order. This is plain sequential placement. When the 
streaming server retrieves data blocks in all layers, disk 
access yields sequential access pattern not only from a logical 
aspect but also from a physical aspect. When the server 
transports only the proper subset of layers, either file access 
entails undesirable seek operation or streaming server needs 
to discard the retrieved data blocks. Interleaved placement 
scheme manifests itself when the server transports most of the 
layers. Fig. 3 illustrates the Interleaved Placement scheme for 
scalable coded data. 

 

C. Harmonic Interleaving 

The Progressive placement and Interleaved placement 
strategies are two extremes in a wide spectrum of file 
organization techniques. In this section, we propose a novel 
file organization strategy, Harmonic Interleaving. Fig. 4 
illustrates the file organization under the Harmonic 
Interleaving placement strategy. 

In Harmonic Interleaving, data blocks are partitioned into 
two groups based upon the layers which they belong to. The 
layers are categorized into two groups: a set of lower layers, 

lowerL and a set of upper layers, 
upperL . For example, with five 

layers, the layers can be partitioned as follows: 
{ }321 ,, LLLLlower =  and { }54 , LLLupper = . In this case, we 

assume that up to layers 3 are frequently requested and layer 4 
and layer 5 are hardly requested. Harmonic Placement adopts 
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Fig. 4 Harmonic Interleaving placement scheme

Progressive Placement for inter-group placement and 
Interleaving for intra-group placement. Using this scheme, 
we can reduce disk seek time by increasing the physical 
continuity of data blocks belonging to frequently serviced 
layers. Hence, when only lower layers of information is 
streamed in most of the time and information in the upper 
layers is rarely used, this scheme outperforms other schemes. 
However, if the upper layers are accessed frequently, the 
required disk seek overhead can result in lower performance. 
Therefore, the boundary of the layer groups needs to be 
carefully determined by considering both network bandwidth 
and the client device. 

The effectiveness of Harmonic Interleaving is subject to the 
layer partitioning policy and the variability in network 
bandwidth availability. We will explore this issue more 
formally in the following section. 

III. MODELING OF DISK RETRIEVAL OPERATION 

We use disk utilization, ρ , to quantify the effectiveness of 

the placement strategy. Disk utilization, ρ , is a ratio between 

total elapsed time to read data and the time spent on reading 
the actual information from the disk excluding the disk 
overhead(Eq. 1). Total elapsed time, totalT , consists of the 

time to read the data, dataT , and overhead, overheadT . 
overheadT  

consists of seek, rotational latency, head switch, command 
processing, etc. dataT  depends upon the amount of data to read. 

overheadT  is governed by the data placement strategy. 
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Let ( )10 ≤≤ ii αα  be the fraction of playback duration during 

which 
iLL ,....,1

are presented. Fig. 5 illustrates the layers 

presented during playback. During 1T , only the first layer is 

presented. In 2T , the first and the second layers are presented. 

Let iD  and B  be the amount of data blocks in 
iL (Byte) and 

maximum disk transfer rate(Bytes/sec), respectively. Then, 
the amount of time spent on reading data blocks, excluding 
disk overhead, during the entire service time can be calculated 
as in Eq. 2. 
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Fig. 5 Layers presented during the playback. 

Modern disk drives consist of one or more platters and heads. 
Each platter consists of concentric circles. Circles on a platter 
are partitioned into a number of zones. A zone is a group of 
consecutive cylinders with the same number of sectors. 
Developing a file organization technique mandates an 
accurate disk model which enables us to precisely predict the 
performance of a given placement strategy.  
Let PN  and RT  be the number of tracks per cylinder and time 

to read single track, respectively. A number of disk heads are 
attached to the disk arm assembly. Usually, only one of the 
disk heads is active at any time. The process of reading 
cylindrical data consists of the time to read individual tracks 
and the time to switch the active disk head, sT . Eq.3 

formulates the time to read a single cylinder(
cylT ). When all 

tracks are read, the first disk head becomes re-activated, and 
it is repositioned. We define this cylinder switch time as cT . 

cT  is subject to the position of the next data blocks to be read. 

When a file is placed in consecutive fashion, cT  consists of 

the head switch and a very short seek. Very short seek is 
equivalent to resettle in modern disk drive due to the high 
tracks/inch(TPI) factor. 
 

( ) rpcspcyl TNTTNT ×++×−= 1                  (3) 
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A. Modeling Progressive Placement Scheme 

Progressive placement clusters the data blocks in the same 
layer together. Accessing data blocks across multiple layers 
can incur excessive disk seek. Let iC  be the number of 

cylinders occupied by iL . Then, ×= movie
movie

i
i C

B

B
C . 

Let )(iTseek  be the seek time for i cylindrical distance. Let us 

assume that the disk retrieves data for the lower i  layers. The 
overhead incurred in retrieving a single data unit is the sum of 
seek times between adjacent layers and the seek time 
returning to the lowest layer from layer i , i.e. 
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in playback can be formulated as in Eq. 4. 
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As we can see from the equation, Progressive Placement 
scheme results in large disk overhead when 

1α  is small and 

)2(, nii ≤≤α  is large. On the other hand, if 1α  is very large, 

e.g. due to poor network bandwidth, then this file 
organization scheme yields efficient disk utilization. 
 

B. Modeling Interleaved  Placement Scheme 

In Interleaving Placement scheme, segments are placed with 
respect to their temporal order. For a segment, the data blocks 
are placed with respect to their layers. If the application needs 
to retrieve all layers for a segment, it will simply yield a 
sequential scan. A problem may occur when the application 
retrieves data blocks in a proper subset of all layers. When we 
do not need data blocks in all layers, there can be two 
retrieval strategies: (i) we can either read all layers and 
discard unnecessary data blocks, or (ii) we can read only the 
data blocks in the selected layers.  
In second strategy, which is called selected retrieval, the file 
system retrieves data blocks of selected layers and the disk 
head jumps to the  beginning of the next data block. It is 
possible that dependent upon the cylindrical distance between 
the current disk head position and the beginning of the next 
block, the file system can adaptively switch between blind 
scan and selective retrieval. In this paper, we assume blind 
scan strategy. Using blind scan, the total time to read data 
blocks can be modeled as in Eq. 5, where tT  represents the 

seek time between adjacent cylinders. 
 

tmoviecylmovietotal TCTCT ×−+×= )1(              (5) 

 

C. Modeling Harmonic Interleaving Placement Scheme 

Both Progressive and Interleaved file organization have their 
own advantages and disadvantages. In Progressive Placement, 
inter layer data block accesses can cause excessive disk seek. 
On the other hand, Interleaved placement can cause retrieval 

of unnecessary data blocks. We propose a novel placement 
scheme, Harmonic Interleaving, which effectively addresses 
these issues. Let 

lowerC  and 
upperC be the number of cylinders 

occupied by the layers in 
lowerL  and 

upperL , respectively. 

Fig.~\ref{fig:harmodel3} shows the general data retrieval 
sequence in Harmonic Interleaving scheme. In this figure, 

{ }21, LLLlower =  and { }43 , LLLupper = . We are to read segment 

3. Based upon the current network bandwidth availability, 
data blocks in 321 ,, LLL  and 4L  are selected for transmission. 

The total time for data read here consists of (i) time to read 
lower layer blocks 1T , (ii) seek time from the end of segment 

3 in a lower layer to the start of segment 3 in an upper layer 

iT , (iii) time to read upper layer blocks 2T  and (iv) seek time 

from the end of segment 3 in the upper layer to the start of 
segment 4 in the lower layer oT . i and o is used to represent 

in-sweep and out-sweep of the disk head. If only lower layers 
are requested, iT , 

2T  and 
oT  are not necessary. Since the disk 

head skips 1−m  segments during iT  and m segments during  

oT , iT  and oT  are approximately the same. Let oC  and iC  be 

the cylindrical distance in 
oT  and iT . Cylindrical distance is 

linearly proportional to the seek distance. Let segment size in 

lowerL  and 
upperL  be lowers and 

uppers . In our case, oC  and iC  

corresponds to )3*)3(*( upperlower sms +−κ  and 

)2*)3(*( upperlower sms +−κ , respectively. κ  is a constant 

coefficient which scales the linear byte distance into 
cylindrical distance. Therefore, when the application is to 
read thk  segment with up to 4L , oC  and iC  can be 

formulated as in Eq. 6 and Eq. 7. 
 

)*)(*( kskmsC upperlowero +−= κ           (6) 

))1(*)(*( −+−= kskmsC upperloweri κ   (7) 

 

oC  and iC  are subject to the segment size and the segment 

offset as well. The expected value of oC  and iC  is 

2/)( upperlower CC + . Subsequently, iT  and oT  can be 

formulated as in Eq. 8.  
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Assuming that up to the thi -layer belonging to 

upperL  are 

selected for transmission, we can calculate 2T  as in Eq. 9. 
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Throughout the playback, data blocks belonging to layers in 

lowerL are retrieved once and only once. Hence, the aggregated 

time of 1T  can be calculated as 
cyllower TC × . Therefore, the 

total time to read a file in the Harmonic Interleaving 
placement scheme is computed as: 
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As we can see from the above formula, when layers in 

upperL  

are frequently selected for transmission the Harmonic 
Interleaving placement scheme is expected to show large 
overhead, while only layers in 

lowerL  are selected mostly it is 

expected to show little overhead. 
 

IV. PERFORMANCE EXPERIMENT 

A. Experimental Setup 

We examine the efficiency of each file organization technique. 
We generate synthetic trace for network bandwidth variability 
and transform the trace into a sequence of layers. This 
equence of selected layers are fed to the disk. We examine the 
utilization of the disk under different file organization 
techniques. It is very important that the analytical model for 
each file organization technique properly reflect the behavior 
of the physical disk. We examine the disk utilization obtained 
from the analytical models(Eq. 4, Eq. 5 and Eq. 10) as well as 
the physical experiment. The disk model used in this 
experiment is the IBM ultrastar 36LP DPSS-309170 (Table 
II). 
 

TABLE II 
Disk Specification : IBM DPSS-309170 

Interface Ultra 160 SCSI 
Number of zones 
Number of heads 
Number of disks 
Rotation speed 

Track to track seek time 

11 
3 
2 
7200RPM 
0.6ms 

 
We obtain the seek time of the disk[11]. Fig. 6 illustrates the 
result.  

The objective of the proposed file organization technique is to 
effectively support scalable streaming service from the file 
system’s point of view. 
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Fig. 6 Seek time characteristics of DPSS-309170 

Thus, it is prerequisite to obtain the network bandwidth 
availability trace. In this experiment, we obtain the bandwidth 
trace from the simulation. Fig. 7 illustrates the network 
topology in our network simulation. We obtain bandwidth 
availability trace using ns[12]. 
There are four sources and four sinks. Two sources generate 
TCP flow. The two network pairs {6,8} and {7,9} are ftp 
 

 
Fig. 7 Network topology for simulation 

server and ftp client pairs. The other two sources generate 
real-time video traffic. The two sources which generate the 
multimedia streaming traffic adaptively change the number of 
layers to cope with the congestion status of the subnet. We 
assume that these nodes control the transmission rate using 
RAP protocol. Table III shows the network simulator 
parameters. 

TABLE III 
Parameter Settings in Simulation 

Parameter Value 
Flows 
Fine Grain Adaptation 
Bottleneck Bandwidth 
Bottleneck Delay 
Bottleneck Queue Type 
TCP Source Type 
TCP Delay Acks 
TCP Timer Granularity 
Data Packet Size 
Acknowledge Packet Size 
Simulation Length 

4(TCP  2, RAP  2) 

True 
6,000 Kbps, 2400 Kbps, 1440 Kbps 
50ms 
Drop Tail 
TCP/Sack1 
False 
50ms 
1024bytes 
40bytes 
2400secs 
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To examine the network bandwidth trace under various 
different network conditions, we use three different bottleneck 
bandwidths: 6,000 Kbps, 2400 Kbps and 1440 Kbps. TCP 
Sack1 protocol is used. Drop tail management is used in the 
bottleneck queue. Fig. 8 illustrates one of the bandwidth 
traces used in our simulation. It shows that RAP flow exhibits 
relatively smoother bandwidth fluctuation than TCP flow. The 
network throughput for the RAP nodes fluctuates  between 
180 KBytes/sec and 250 KBytes/sec. 
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Fig. 8 Network throughput of a RAP(Rate Adaptive Protocol) session 
and a TCP session (Bottleneck bandwidth:6,000 Kbps) 

The file used in our experiment is 40 min long and partitioned 
into 5 layers. The bandwidth requirement for each layer 
should be carefully chosen so that the file can support a wide 
variety of connection bandwidth. Table IV shows the 
bandwidth requirement for each layer used in our experiment. 
This partition strategy is based upon Helix Producer user's 
guide[13]. 
 

TABLE IV 
Partition of Layers 

Layer 
Bandwidth 

(Kbps) 
Cumulative 

Bandwidth(Kbps) 
Network Medium 

1 
2 
3 
4 
5 

34 
46 

270 
350 
800 

34 
80 

350 
700 

1500 

56K Dial-up 
128K Dual ISDN 

384K DSL or Cable Modem 
768K DSL or Cable Modem 

DVD Quality 

 
We compare the disk utilization of individual placement 
strategies under different network settings. We use three 
different bottleneck bandwidths between node 0 and node 1 in 
Fig. 7 : 1440 Kbps, 2400 Kbps and 6,000 Kbps. 
 

B. Statistics on Layer Selection 

In Harmonic Interleaving, layers are partitioned into two 
groups. The disk utilization and the efficiency of Harmonic 
Interleaving is largely dependent on the layer partitioning. To 
examine the performance of Harmonic Interleaving, we 
examine the performance under three different layer grouping 
policies: 

32 , HH  and 
4H .   

 

L1 L2 L3 L4 L5
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H4

H3

File:

Llower

Llower
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Fig. 9 Grouping of Layers in Harmonic Placement Strategy 

In Fig. 9, 
432 ,, HHH illustrate the different partitioning 

schemes. 
2H  partitions the layers into two groups 

},{ 21 LL and },,{ 543 LLL . 
2H  is intended to be used for 120K 

Dual ISDN connections. 
3H  partitions the layers into two 

groups },,{ 321 LLL  and },{ 54 LL . 
3H  is used for 384 Kbps 

DSL connections. 
4H  partitions the layers into two groups 

},,,{ 4321 LLLL and }{ 5L . 
4H  is used for 768 Kbps DSL 

connections. 

 
Fig. 10 Fraction of selected layers under different bottleneck links 

Fig. 10 illustrates the percentage of layers transmitted during 
playback. The Y-axis denotes the transmitted layers and the 
X-axis denotes the percentage. Let us consider the case when 
bottleneck link capacity is 1,440 Kbps. When four sessions 
evenly share the available bandwidth, the data can be sent on 
the average at 360 Kbps. This intuition is well aligned with 
the test result. As can be seen in the figure, during 85% of the 
playback duration, three layers( 21, LL and 3L ) are transmitted 

when the bottleneck bandwidth is 1,440 Kbps. Data blocks in 

4L  are rarely transmitted(0.6% of the playback time) and 5L  

is not transmitted at all. Therefore, in this situation, placement 
strategy 

3H outperforms others as shown in Fig. 11. When 

network bandwidth bottleneck is 2,400 Kbps, four layers 
{

321 ,, LLL and 4L } are transmitted in most of the playback 

duration(94.3% of the playback duration). In this case, 
placement strategy 

4H  yields the best disk utilization. Let us 

consider the case when bottleneck link is 6,000 Kbps. If four 
sessions uniformly share the bandwidth capacity, individual 
session can have 1.5 Mbps transmission bandwidth on the 
average. All five layers are transmitted during 65% of the 
time and four layers {

321 ,, LLL and 
4L }  are transmitted 

during 34% of the time. In this case, Interleaving placement 
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outperforms other placement strategies, and we can think of 
the Interleaved placement scheme as one extreme case of 
Harmonic Interleaving scheme where all layers are included 
in the lower layer group. 
 

C. Disk Utilization 

 
(a) bottleneck bandwidth:6,000 Kbps 

 

 
(b) bottleneck bandwidth:2,400 Kbps 

 

 
 (c) bottleneck bandwidth:1,440 Kbps 

 
Fig. 11 Disk Utilization 

 
Fig. 11 illustrates the relationship between the placement 
strategy and disk utilization under different bottleneck 
bandwidths. When network capacity is 6,000 Kbps, 
Interleaving exhibits the best disk utilization. This is because 
there is sufficient network bandwidth availability and thus 
most layers are transported. When the bandwidth of a 
bottleneck link is 2,400 Kbps, each of the four sessions is 

allocated on average 800 Kbps data rate and hence up to layer 
4 is transferred most of the time. In this case, placement 
strategy 4H  yields the best performance. When the 

bandwidth of a bottleneck link is 1,440 Kbps, placement 
strategy 

3H  yields the best performance. 

 

V. CONCLUSION 

Temporal variation of network bandwidth availability gives 
rise to layered encoding and scalable streaming technology. 
However, in rate adaptive transmission of layer encoded 
multimedia content, sequential playback of data does not 
necessarily imply the sequential retrieval of data blocks in a 
file. Scalable coding and rate adaptive transmission brings 
another dimension of complexity from file system's point of 
view. Legacy file organization of multimedia contents places 
the data blocks in a temporal order. This placement strategy 
may not yield optimal performance in a scalable streaming 
environment. We find that organizing the file data blocks 
solely in a temporal order or via layer major order does not 
properly exploit the disk performance. In this work, we 
propose a novel file organization technique, Harmonic 
Interleaving. Harmonic Interleaving elaborately combines the 
temporal order based file organization and layer order based 
organization. It partitions the data blocks into two groups 
based upon its layer. We use a progressive placement strategy 
for inter-group placement and an interleaving strategy for 
intra-group strategy. We developed an elaborate model to 
capture the behavior of the disk. In our experiment, we 
examine the disk utilization via a physical experiment and 
verify that our disk model closely captures the physical 
behavior. Via simulation and physical experiment, we show 
that harmonic placement scheme yields superior disk 
utilization on a moderately loaded network. This placement 
technique effectively addresses the issues aroused by layered 
encoding scheme and TCP-friendly rate adaptive protocol. 
The results of this study serve as a guide on how to store 
scalable coded files. They can also be used by file system 
designers or multimedia content publishers. 
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