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Abstract

As the number of video streams to be supported by a Dig-
ital Video Delivery System (DVDS) increases, we more
and more start to understand that the ability to reliably
and cost-efficiently support a considerable number of video
streams (in the magnitude of tens of thousands) largely
depends on software capabilities. FEven in the presence
of the best hardware configuration (not ignoring software
vs hardware costs), the software exploitation of the hard-
ware capabilities is of paramount importance. It is imper-
ative that current software developments account for the
eventual scalability of the number of video streams with-
out commensurate increase in hardware. In this paper, we
present strategies for the management of video streams in
order to maintain and satisfy their space and time require-
ments. We present a detailed analysis of the issues related
to queuing I/0 requests and data buffering. The designs
for the arrangement and scheduling of 1/0 requests and
data buffers are presented with the objective of guaran-
teeing the required data availability rates for continuous
media display.

Keywords: buffer queues, buffer scheduling, data allo-
cation, data striping, stream management, video delivery.

1 Introduction

As the realization of Digital Video Delivery Systems
(DVDS) progresses, it becomes clearer that the major
challenges and obstacles to supporting the magnitude of
video streams for video customers lies mainly in intelli-
gent and sophisticated exploitation of the hardware tech-
nologies. Functions and operations in conventional Oper-
ating Systems and File Systems that pertain to process
scheduling, data management, and I/O’s, do not, inher-
ently, address the requirements of video streams. The
continuous nature of video data, with respect to displays,
necessitate that a DVDS be able to maintain minimum
required throughput per video or audio stream. Although
there may be high bandwidth and fast networks, and high
speed CPU’s, the relative speed dispartity in storage de-
vice speed and the number of streams needed, may ad-
versely offset those hardware advantages. It is necessary
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to remember that one of the perturbing characteristics of
video data is its enormous size. A result of that is the
amount of data that is consumed per unit time during
video display. Its continuous nature requires that there
should not be a data lapse with respect to data availabil-
ity during display. In addition to the fact that video data
are inherently large, even after compression, the quaility
of video affects its size. The better the quality, the larger
the size.

Several architectural configurations for efficient and re-
liable storage and delivery of video data have been pro-
posed and utilized [1]-[8]. Some of these works address
only the configurability of the system components while
others address only the support of small number of video
streams, in the magnitude of less than 10,000. Although
it is arguable that the DVDSs are relatively in their in-
fancy, it is necessary that current software developments
account for the scalability of the number of video streams
without commensurate increase in hardware. As the num-
ber of video streams increases, the ability to support them
increasely depends on the software capabilities.

In this paper, we describe a protocol for the manage-
ment of video streams in order to maintain and satisfy
their space and time requirements. We use a DVDS ar-
chitectural model based on partitioned nodes where one
node partition is responsible for data retrieval while the
other accepts user requests, determines object locations,
and routes requests through the network that connects
both partitions. We present a detailed analysis of the
issues related to queuing I/O requests and data buffer-
ing. The designs for the arrangement and scheduling of
I/0 requests and data buffers are presented whose objec-
tive is to guarantee the required data availability rates for
continuous media display.

2 DVDS Architectural Model

In this section, we briefly describe our working DVDS
model. Although there are myriad of architectures and
configurations for DVDSs, we use, without loss of gener-
ality, Figure 1 as the working model. We only address
the streams management problems with respect to the



DVDS server nodes. The figure assumes a partitioned
DVDS server that consists of Storage Nodes (Snodes)
and Network Nodes (Nnodes). The Nnodes are the nodes
that connect to either public access networks or private
networks for the customer sites. They accept customer
requests, determine the location of a target object, and
route the requests through the network. The network is
a non-blocking interconnection network that permits any
Nnode access to any storage device attached to any of the
Snodes. The Snodes contain the storage devices where
the video data are stored. Their primary function is data
retrieval.

At any given time, a particular Nnode may be servic-
ing any number of customers (streams) and a particular
Snode may also be servicing any number of 1/O streams.

Since each Snode may have several streams to service
at any given time, and due to the I/O latencies, it must
have a means of storing pending requests and data that
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Figure 1: The working architectural model of a DVDS.

are ready for transmission to the Nnodes. Consequently,
each Snode employs a queue for pending I/O requests and
buffers for pending data transmissions. The arrangement
and scheduling of the buffered data and requests must be
done with the objective of satisfying each stream’s data
availability. These requirements also apply to the Nnodes
when servicing individual customer or stream.

As has been numerously discussed, e.g., in [9]-[11], data
striping is a sine qua non for any meaningful data al-
location strategy for continuous media or large objects.
Therefore, we assume that a given video object is decom-
posed into a number of segments whose size is defined by
a system-wide Allocation Unit (AU). A set of consecutive
AUs of an object are allocated to different storage de-
vices or Snodes to foster parallel accesses. Multiple AUs
of a single video object may be stored in a single stor-
age device or Snode. The contiguity or de-clustering of
related AUs within a single target is implementation de-
pendent. Assuming that two video objects, O' and O?,
were allocated sequentially (i.e., O before O?), then Fig-
ure 2 shows an example of a striped allocation between
two Snodes, Snode; and Snodey, where Snode; has two

storage devices and Snodes has one storage device. AU;
is the jth AU of O and AU;,k is the kth stripe unit (unit
of allocation per storage device when an AU is striped) of
AU;. Obviously, the maximum parallelism on the Snode
level is two, i.e., we can read two consecutive AUs of an
object in parallel. Also, several uniformly-defined com-
binations of different AUs of different objects can be re-
trieved in parallel. We assume that the contiguous or
de-clustering allocation of AUs are done at optimal loca-
tions with respect to seek and rotational latencies of the
storage devices.

Another important property of the data allocation is
that the AUs of a video object may be replicated across
different storage devices or Snodes. For the purposes of
data availability and system reliability, it is imperative
that objects be replicated to foster failure independent lo-
cations. That is, in the presence of a single-server Snode
with multiple storage devices, the storage devices for a
video object’s AUs must be mutually exclusive. On the
other hand, when multiple Snodes are utilized, copies of
a video object’s AUs must also be allocated on mutually
exclusive Snodes. Data replication allows for load balanc-
ing among storage devices and Snodes. I/O requests that
may have been directed to a single copy can be directed to
a different, less utilized device. Furthermore, when either
a storage device or Snode becomes unavailable, requests
for the data stored in it are directed to the alternates.
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Figure 2: An example of a striped allocation.

3 Problem Formulation

Using the requirements discussed in the preceding sec-
tion, we formulate the problem thus: Given that
- each video stream requires a given expected data avail-
ability rate,
- each Snode maintains a queue for pending requests and
buffers for pending data transmissions,
- there is a limit on the number of each Snode’s buffers,



- there is a quantifiable time delay for retrieving each AU
from storage,

- there is a quantifiable time delay to service a buffer,

- there may be several copies of an AU across an Snode
or several Snodes.

Therefore,

- how do we arrange, prioritize, and schedule the I/O re-
quests and data transmissions to guarantee each stream’s
data availability?

4 Problem Analyses

We now present, in more detail, the implications of
the problem formulation as they pertain to the expected
objective. The data availability rate of a video stream
is a function of its data consumption rate (der). The
der of a stream is the amount of data that is used at
the display device per unit time. It depends on the image
quality and display speed. For example, a fast-forwarding
of a video stream consumes more data per unit time than
its slow-motion. We have already mentioned that the
encoding rate of a video object determines its quality.
Therefore, during fast-forwarding of a video stream, the
delivery protocol must adjust its data transfer rate or
scheduling frequency to satisfy the new data availability
rate.
4.1 Request Queues and Data Buffering

Each Snode maintains a queue for pending requests
and buffers for pending data transmissions. If an Snode
were to service only one video stream, then it may be
able to move data directly from the permanent storage to
the network without an intermediate buffering. However,
that is the best case scenario. In most cases, at any given
time, an Snode may be responsible for any number of 1/O
requests for several video streams whose immediate data
requirements are contained in the Snode’s storage devices.
Due to the fact that the storage devices cannot satisfy
all the arriving requests due to its slower speed, and the
fact that the network has to schedule its transfer during
each cycle, it becomes impossible for every 1/O request
for numerous concurrent video streams to be satisfied on
arrival. Consequently, some of the requests may have to
be queued before they are satisfied and, after extraction
from the storage devices, may have to be buffered before
being transferred to the applicable Nnode.

An important requirement of data buffering is the total
amount of data that may be buffered. Buffers are limited
resources in any computing system, and may become very
expensive. In determining the amount of data that may
be buffered, the maximum number of video streams that
can be targeted to a single Snode plays a paramount role.
We have denoted this value, in Section 2, as II. However,

that is a theoretical limit. It can only occur, for example,
when every end-user requests for different parts of differ-
ent movies such that every requested data resides in one
Snode. Its hard to conceive of a situation when accesses
to a single video object may create this limit. However,
the limit may occur, but the probability is close to zero.
The fact that it may occur may necessitate using II as
a determinant for the amount of buffers reserved in each
Snode. This may be practical when II and buffer size
are small. On the other hand, a fraction of II may be
used, and the routing of requests to any Snode depends
on buffer availability. That may be catastrophic, if the
video stream is active and there does not exist an alter-
nate site for the request. If § is the degree of replication
of each video object and there are §p*"°%** Snodes such
that all the single copies of all the stored objects can be
accommodated in p*™°%* Snodes, then the best estimate
is to use a normalized value, [I707melized — %, as the ex-
pected maximum number of streams per Snode. It will
take a near concurrent failure of [(§ — 1)p*"°?¢*] Snodes
for the expected maximum number of streams per node
to become II.

A very good way of controlling the request traffic is for
each Nnode to have an intelligent way of knowing when
two or more streams require, at the same time, the same
blocks of data of a video object. In that case, only one
request will go over the network.

4.2 Data Retrieval Delays

Irrespective of the physical layout of data in perma-
nent storage, one always incurs data retrieval overhead
(tr) which is the sum of the data access (¢4) and block
transfer (¢;) times. For certain types of devices, there
is a rotational latency for the initial word of the desired
block to come into position and additional seek latency
to move the arms into the proper track position. In re-
ality, one can eliminate or significantly minimize the ro-
tational and seek latencies with intelligent contiguous al-
locations of objects. But for all practical purposes, it is
more reasonable to account for these latencies because of
the worst case situations. Given that we have consecutive
I/0 requests to a given storage device, for related or unre-
lated AUs, we need to account for the worst case delay in
satisfying both requests. That can easily be determined
from the maximum expected elapsed time from the time
of completing one request and starting and completing
the next. Therefore, using the t,’s, we can dynamically
determine when it is propitious to schedule any particular
request to maintain its data availability rate.

4.3 Data Migration Overhead

Usually, data buffers have to be moved from their point
of resident (in Snodes) to the network adapters for trans-
mission over the network. This movement takes some



quantifiable time delay. If it takes t,, time to prepare a
buffer for network transfer, then given that a given buffer
is preceded by n buffers implies that nt,, time must elapse
before it is ready to be transferred. If this waiting time
will adversely affect the data availability rate of the ob-
ject, then n becomes unacceptable. Therefore, we can
use t,, to determine the acceptable number of buffer net-
work transfer schedules that may precede a given buffer,
whenever applicable.

5 Stream Display Factors

In order to present design solutions to the problems as-
sociated with the streams’ management, it is important
to present the pertinent display properties and character-
istics. We use the following variables:

data consumption rate (dcr): The amount of data
that is consumed by a display device. It is related
to a video object’s data availability rate.

minimum utilization value (muv)
The expected minimum amount of data that must be
available during each display session. It is expressed
as:

muv = der X n

(1)

where n > 1. The value n is used to create a read-
ahead strategy or time comfort zone. It implies that
we try to maintain n time units of available consum-
able data in case of unforeseen circumstances in I/O
delays or system mishap. The objective is to always
keep the muv maintained at each Nnode per stream.

startup time (stime) The amount of time required for
the muv of an object to become available. At the ini-
tiation of a video stream, it takes stime time before
data are actually sent to the display device. Actually,

. muv
stime =

(2)

der

buffer utilization rate (bur): The minimum number
of buffers required by a stream control process at
an Nnode to maintain muv. If we denote the size of
a buffer as buf***¢, the maximum fraction of a sys-
tem’s buffers that a single process can utilize as r,
and the number of buffers in a node as bu f"*™, then

muv

bur = I—bufsize—|

(3)

This is acceptable only if

bur < (buf™v™ x r).

6 Design and Management of Queues

Having presented the analyses of the problems and is-
sues in satisfying a video stream’s expected data avail-
ability, we now discuss the designs and mechanisms to
address the problems. First, we discuss the arrangement
and scheduling of the I/O requests and data buffers. Ob-
viously, from the preceding discussions, given a number
of requests with uniform der (which implies uniform muwv
and stime), I/O requests can be serviced using First-
In-First-Out (FIFO) queue. Furthermore, in order to
maintain muv, it is imperative that the time to service
[Inermelized pequests per node be at most stime. However,
we have ascertained that in spite of uniform encoding for
some given video objects (e.g., MPEG!-1 and MPEG-II),
the der may dynamically change as a result of either fast-
forward or slow-motion display of a video object. Obvi-
ously, a set of video streams that are being displayed with
a certain slow-motion rate has the same der. It, therefore,
becomes necessary that streams with similar der has to
be grouped together. Given that there are n?*" different
der rates, Figure 3 shows an example design for the re-
quest and data buffer queues. It shows a Request Hash
Table (RHT) and Buffer Hash Table (BHT) where each
der request queue is represented by R, 1 <i < n" and
each der buffer queue by BY, 1 < j < nder. rfc is the kth
request in R?, and b{ is the Ith buffer in B/. We assume
that the der of R is greater than the der of R™,if i > m.

1/0 Request Hash Table Buffer Hash Table

Rl Bl :
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Figure 3: Arrangement of request and buffer queues.

6.1 Request and Buffer Queues Scheduling

The most important thing in the I/O process is the
scheduling priorities of the requests and buffers which
greatly affect the satisfiability of each stream’s data avail-
ability rate. It is necessary to guarantee that the time
for servicing each I/O request (retrieval and transmis-
sion times) for a given stream does not exceed or be very
close to the stream’s stime. If that happens, then it
means that all the data, at the display site, may have
been consumed before requested data becomes available,
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thereby, violating the stream’s muv. Since the two re-
sources, I/O requests and data buffers, are independent
of each other, they are serviced by different processes. A
retrieval process (P7¢') services a pending request from
the queue and appends the data read in the applicable
buffer queue. A different process (P*"¢9) schedules the
buffers for network transfer. Each R’ or B? is controlled
by a process, Pret Piched respectively, that schedules
one of its I/O requests or data buffers for P"¢! or Psched
respectively. Each P/¢' continuously monitors all the re-
quests in R? with respect to the request’s arrival time and
current time. Periodically, each P/¢! obtains from P*¢h¢d
the average waiting time, t‘, ;,, for a buffer in B’ and the
average waiting time, $7¢%,, of a request in P"*"’s queue.
Consequently, a P/¢" makes a decision based on the ¢!
(the t, of R, ! (the t,, of BY), and t! ., about when
to schedule its oldest request. The goal is that, if 7 is the
expected maximum elapsed time for the data arrival at
the Nnode, t%%* the time the request was initiated, ¢°%"
the current time, then

[ = 77) by ai + G+ +E7T] <7 (4)

where t7¢'°"* ig the anticipated network transfer time.
Given the expected waiting time for an I/O, we introduce
a time zone at which the request must be dispatched when
in a queue. This time zone is created with ¢ time units.
When an I/O request has spent a total time which is
within € time units to its expected waiting time, then it
must be dispatched to the next queue. We use Figure 4
to illustrate the transitions of a single I/O video data re-
quest. The time scales do not imply any time-magnitude
relationships between the different events.

1/0 REQUEST
TRANSITIONS

arrival a Nnode L

sched
senttoP I
i
daabuffer a B .
ret
senttoP L \
arival asSnode(R') L ______________

requestinitiateda | ____
Nnode

TIME

Figure 4: Transitions of an I/O request.

The following apply to Figure 4:

t! = time for the request to get from source node
(Nnode) to the target Snode,

t? = waiting time in R'’s queue,

13 = waiting and data retrieval time in P7¢%’s

queue, (i.e., tTel. + 1),
t* = waiting time in B'’s queue, (i.e., ! ),
15 = time to transfer data over the network,
(1e tnetwork).

We use the algorithmic pseudo-code of Algorithm I to
describe the activities of the processes. When the service
queue of either the P7¢* or P*°*¢? becomes empty, the
process sends a message (SENDMSG) to all the P/"’s
or Pj“hed’s such that any of those processes can dispatch
an I/O request or data buffer when the respective queue
is not empty. A process checks its message queue via
RECVMSG. By sending the messages when the queues
are empty, we minimize the idle times of the processes.
We use the function COM P1 to compute the left-hand
side of equation (1) and COM P2 to compute the total
time already spent by a request since its initiation. We
use R:,,, or Bl . to denote the first I/O request or data
buffer, respectively, of a FIFO queue.

Algorithm I: Algorithmic pseudo-code for satisfying
I/0O requests.

begin
Forall (peched, pret, pgehed pPret) do in parallel
Pret: begin
Forever do
If queue is not empty do
Extract a request
Schedule the request for I/O (asynchronously)
Put data in proper buffer queue
endif
else
SENDMSG to all P/*’s
endelse
endforever
endbegin
Psched: hegin
Forever do
If queue is not empty do
Extract a buffer
Send buffer to network (asynchronously)
endif
else
SENDMSG to all Pi“hed’s
endelse
endforever
endbegin
Pret: begin
Forever do
T = COMPI(R;ead)
If ((T+¢) > (r—¢) or RECVMSG) do
Extract R;wad
Schedule on PTet
endif
endforever
endbegin
Pfc’wd: begin
Forever do
T = COMP2(R}, ,
If ((T > (7 —¢)) or RECVMSG) do
Extract B;‘wad
Schedule on Psched
endif
endforever




endbegin
endforall
endbegin

7 Simulation Model

In order to verify the temporal satisfiability of video
streams data requirements, we simulated the control pro-
cesses described for streams management. The architec-
ture of the processes and their inter process communica-
tions are shown in Figure 5. It consists of a main process
Initp which creates a number of child processes (Nnodep)
that represent the Nnodes. Each Nnodep, periodically,
generates a request that stipulates the video file to dis-
play. The time to generate a display request and the
object to display are randomly determined. Upon gener-
ating a display request, a Nnodep forks off a child process
(Pcont that is responsible for the data retrieval. Each
Pcont controls one video stream. Inifp also creates the
Pret and P*°"*d processes that run forever. It also creates
the Pret and Pgc"¢d processes depending on the number
of different der rates. Each Pcont communicates with any
of the P/®* via a named pipe (pipe"). Each pipe repre-
sents an R'. A Pcont writes information about a given
I/0 request to the applicable ¢ where it is read by P/¢t.
Each P/ similarly communicates with P"¢* through a
named pipe (piperc;). After retrieving some given data,
Prét gends it to the applicable P#°"¢? via a named pipe
(pipesched). The named pipe, pipescheq, is used by the
Picheds o schedule data transfers for P#°h¢?. As is ev-
ident from Figure 5, more than one Pcont may want to
write to the pipe at any given time. Consequently, exclu-
sive write access must be obtained by the process before
writing the request. Each Pcont is responsible for satis-
fying each streams stime and muv. Mapping this sim-
ulation model to the designs and management strategies
described in Section 6, the Pret psched pret and psched
processes run in the Snodes while the Pcont processes run
in the Nnodes.

Nodep, Nodep ...+ . Nodep Nodep.

ipe srhed

- »erzm

i Retrieved Data.

Figure 5: Simulation architecture.

7.1 Simulation Results

The simulation effort was primarily to determine the
satisfiability of the temporal requirements of the data
availabilities of a number of simulated video streams. Us-
ing the model described, we were able to generate a num-
ber of Pcont processes that were controlling the display
of a number of large files. We use the following observed
(real) time:

e average waiting time for a buffer in B*,
e average waiting time for a request in R’

e time for actual retrieval of data from physical stor-
age.

The network transfer time is related to the amount of data
being transferred. We started with 20 Nnodep’s where
each of the processes was able to generate a maximum of
200 Pcont’s. Each Pcont was generated after some speci-
fied time intervals. The original time interval was at least
as big as the maximum stime. We need to understand the
impacts on data availability of the streams by the varia-
tions in magnitude of some of the variables. Specifically,
we did one of the following:

1. increased the number of Pcont’s per Nnode,

2. increased or decreased the inter-Pcont generation
time, or

3. increased the degree of replication.

Given a number of Nnodep’s, as the number of Pcont’s
increased substantially, the average waiting times of the
requests and buffers increased until newly generated
Pcont’s became inadmissible due to the fact that equa-
tion (1) became unsatisfiable (i.e., the left hand side ex-
ceeded the right hand side). Under realistic environments,
at this point, it becomes necessary to increase the num-
ber of Snodes. Using the original inter- Pcont generation
time, it took more number of Pcont’s than when the inter-
Pcont was reduced to almost zero, before some requests
were rejected. When a large number of requests are con-
currently initiated, then all those requests will invariably
need their requests satisfied concurrently, thereby, creat-
ing longer queues that affect succeeding requests. Figure 6
shows an example behavior with regards to increasing the
number of Pcont’s per node and increasing the degree of
replication (dr). It shows that both factors have profound
impact on the average waiting times of each I/O request.
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Figure 6: Impacts of increasing Pcont’s and/or degree of
replication

8 Conclusion

In an effort to address the problems of video streams
management in Video-On-Demand Systems, much of the
attention has been focused on the capabilities of the hard-
ware. Although a number of DVDSs have become opera-
tional, their ability to deliver the required services mainly
depend on the small number of streams supported and
the hardware trade-offs. As the number of streams to be
supported increases, it becomes obvious that the cost of
the hardware becomes exorbitant and unaffordable. The
provision of a cost-effective DVDS depends on intelligent
and sophisticated exploitation of the hardware technolo-
gies. An obvious way of achieving that is through ef-
ficient streams’ management. In this paper, we present
strategies for the management of video streams in order to
maintain and satisfy their space and time requirements.
We present a detailed analysis of the issues related to
queuing 1/0 requests and data buffering. The designs
for the arrangement and scheduling of I/O requests and
data buffers are presented with the objective of guaran-
teeing the required data availability rates for continuous
media display. An experimental model was implemented
and its results presented to show the effects of some of
the streams’ management variables as they increase or
decrease. This paper, in addition to analyzing the impor-
tant issues for streams’ management, presents simple (in
terms of complexity) strategies to handle the high-lighted
problems.
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