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Abstract— Video servers are essential in Video-on-Demand and other multimedia applications. In this
paper, we present our high-performance clustered CBR video s€sgssey Odyssey is a server con-
necting PCs with switched Ethernet. It provides efficient support for normal play and interactive browsing
functions such as fast-forward and fast-backward. We designed a set of algorithms for scheduling, syn-
chronization, and admission control, which results in a high utilization of resources. Odyssey is able to
deliver a large number of video streams.

keywords— video content retrieval, clustered video servers, real-time scheduling, Quality-of-Service,
interactive browsing operations.

1 Introduction

Rapid advances in computer, storage and network technologies make it feasible and imperative to build
video servers capable of providing a large variety of services, ranging from Video-on-Demand (VoD)
for home entertainment, digital library for information retrieval, to distance learning for education. This
on-demand service must satisfy users in terms of its high availability, various browsing functions, and
quick responsiveness. Increasing demand on the capacity of video servers makes parallel video servers
inevitable. Limited resources must be fully utilized to increase availability to users. A stream can switch
between normal play and browsing functions at any time without interfering any other service streams.
And the responses to these interactive operations must be fast enough to make users more productive and
have an enjoyable experience.

Expensive high-end engines have been used to provide on-demand availability, while their browsing
functionality and responsiveness have yet to be fully realized. Following the development footprints of
supercomputers, parallel computers, and clustered computers, it is believed that using a cluster of low-cost
machines in parallel to provide the large-scale on-demand service is an inevitable direction. We developed



a clustered parallel video-on-demand server architecture with deterministic service guarantee. This high-
performance, low-cost clustered constant-bit-rate (CBR) video seDaysseyis a server connecting

PCs with switched Fast Ethernet. It provides efficient support for normal play and interactive browsing
functions such afast-forwardandfast-backward'. A set of algorithms for scheduling, synchronization,

and admission control results in an efficient utilization of resources.

Some important issues are identified in providing availability and functionality for retrieval of stored
media. The number of deliverable streams should be maximized with the same amount of available re-
sources. Instead of relying on statistical multiplexing, this design meets the challenge by precisely allo-
cating, scheduling, and coordinating storage, network, and processor resources to maximize the resource
utilization. Providing high availability is hard; at the same time, providing full browsing functions with
fast response is even harder, since resources are fully utilized while many browsing functions raise dif-
ferent requirements of resources. We investigated how to preserve the high availability and at the same
time provide a full spectrum of browsing functionalities without requiring additional resources. Three
important topics for clustered multimedia servers are:

e scheduling of multiple resources;
e providing complete interactive browsing functions; and
e providing quick response to user's commands.

Although each of these can be researched separately, integrating all of them into a clustered server becomes
a real challenge. We propose a unified model to solve these problems. By taking full advantage of the
cluster capacity, we focus on developing the system-level infrastructure and techniques that enable future
networked multimedia systems to be effectively and efficiently constructed, paving a way to achieve the
goal of scalable high-performance VoD and digital library engines.

Several research projects investigated techniques for designing video servers. Related issues include
disk layout and scheduling strategies, admission control policies, real-time support, etc. [1, 2, 3, 4, 5, 6].
Most research assumed a single-node system; other research projects investigated the design techniques
for parallel video servers [7, 8, 9, 10, 11, 12, 13]. Video data striping schemes have been studied in [14, 1,
2, 12, 13]. However, many systems rely on statistical multiplexing, which cannot truly guarantee quality
of service. System resources cannot be fully utilized without a good scheduling strategy. If the video
streams are not arranged properly, a large buffer space is required, which introduces long delay [15]. A
greedy stream scheduling algorithm for clustered architectures has been proposed [7]. Our approach aims
at precise scheduling of video streams to maximize system throughput and to minimize delay and buffer
usage. As an example, th@er project [12] uses the wide striping strategy to balance the load. However,
it does not have a conflict-free stream scheduling algorithm to avoid unnecessary delay. After the system

1Fast-backward is often calledwind



load reaches 55%, the delay suddenly increases to more than 13 seconds [12], while in our system, when
the system load reaches 90%, the delay is about one second and rejection rate is less than 3%.

Interactive play can be accommodated by displaying frames at a rate higher than the normal play [16].
Displaying frames at a higher speed increases bandwidth consumption. Bandwidth smoothing techniques
are used to solve the bandwidth problem for interactive operations [17]. It provides the fast-forward and
fast-backward capacity within a VCR-window by using large buffers. Scan outside of the VCR-window re-
quires renegotiation. The bandwidth requirement can be reduced by skipping blocks, such as one proposed
in [18]. Different data layout schemes for interactive playout have been described in [19]. Our prefetching
algorithm and grouping algorithm provide formal models for browsing functions on clustered servers. A
stream can switch between normal play and others without requiring additional system resources. Skip-
ping frames will provide VCR-quality browsing, however, it is difficult to implement, especially on parallel
servers.

There have been little research on minimizing the response time of browsing functions on parallel
clustered servers. Reddy has proposed a method to reduce the response time by scheduling urgent requests
with a higher priority [20], which can be applied to a sequence of short video clips. We have developed
methodologies to minimize the delay for general interactive browsing functions.

We present a clustered video server in this paper. The scheduling and synchronization techniques for
CBR servers are discussed. The techniques for variable-bit-rate (VBR) servers are presented in a different
paper [21]. We also present the experiments and performance results. This paper is organized as follows.
Section 2 describes the clustered video server architecture. Section 3 presents data partitioning and layout.
Scheduling and synchronization for normal play are discussed in Section 4. In Section 5, support for
interactive functions are described. Implementation is described in Section 6 and experiment results are
presented in Section 7. Section 8 concludes the paper.

2 Video Server Architecture

There are two major types of parallel video servers: shared memory multiprocessors and distributed mem-
ory clustered architectures. In a multiprocessor system, there are a set of storage nodes, a set of computing
nodes, and a shared memory. The video data is sent to the memory buffer through a high-speed network
or bus, and then to the clients. A mass-storage system has presented the capacity of supporting hundreds
of requests [9]. However, it is not yet clear that a multiprocessor video server can be scalable. A clustered
architecture is easy to scale to hundreds of server nodes. In such a system, a set of storage nodes and
a set of delivery nodes are connected by an interconnection network. Data is retrieved from the storage



nodes and sent to the delivery nodes, which send the data to clients. The clustered architecture can be
extended to the direct-access architecture, which provides an interface between the storage system and the
network [8, 12].

The clustered architecture is shown in Figure 1. There are three kinds of nod#srage nodes,
delivery nodesand acontrol node. The storage nodes are responsible for storing video data in some
storage medium, such as disks. Each storage node deals with its own disk scheduling. The delivery node
is responsible for taking requests from clients and forwarding them to the control node for scheduling.
Video blocks from storage nodes are buffered in delivery nodes, where video blocks are re-sequenced
if necessary, and then sent to clients. Although video streams can bypass delivery nodes and be sent
directly to the clients, the delivery nodes have many functions such as buffering and re-ordering video
blocks. Thus, the server architecture is made transparent to clients since a client receives video data from
a single delivery node that simplifies the system and network management. Admission control, network
scheduling, synchronization, and content management of video data reside at the control node. Upon
receiving requests from delivery nodes, the control node schedules requests to the next time cycle, if
admitted. This centralized control can scale up to at least one hundred nodes. Extra control nodes can
be used for more nodes. In this server-push model, unless receiving further notices from clients, the
control node keeps updating the current schedule table and sends it to storage nodes for retrieving video
blocks. This architecture presents a single-system image to its clients and has been employed by many
other servers [7, 11, 10, 22, 23].

Odyssey employs #at architecture where a logical storage node and a logical delivery node are
mapped to a single physical node, callegracessing nodeThe control node is implemented also on one
of the processing nodes. The SCAN algorithm is used for disk scheduling. A buffer for each stream is
used to decouple disk access and network transmission so that disk scheduling and network scheduling
can be considered separately. Also, time variation in accessing the data in different locations on the disk
can be tolerated.

Odyssey uses a Fast Ethernet switch for its interconnection network. Unlike the shared Ethernet, a
dedicated link bandwidth is available for each node in the server. To guarantee the real-time constrains,
port contentiorhas to be addressed. Without scheduling the incoming traffic in advance, multiple packets
arriving simultaneously through different incoming links may be forwarded along the same outgoing link.
To deal with such output contention, most of modern VLSI switches use buffering where packets failing to
be selected for the desired link are buffered inside the switch and go out at a later time. The buffer size is
normally not large enough to cope with the worst case of traffic pattern in most of switches where some of
packets are still dropped and retransmitted. In Odyssey, our focus is mainly on the design of traffic pattern
for a clustered video server to eliminate port contention. Our unique QoS-aware software makes the server



more efficient, more dependable, and more responsive. This suite of software includes conflict-free stream
scheduling, server-level synchronization and support of interactive browsing functions.

3 Data Partitioning and Layout

A video file is a sequence of ordered video frames. To facilitate distribution of video data, a video file
is partitioned into consecutive video blocks. There are two approaches for partitioning video files —
Constant-Data-LengtifCDL) and Constant-Time-LengtQCTL). With CDL, a video stream is divided

into fixed-size video blocks. Each block has the same data size, but may not have the same play time.
On the other hand, with CTL, each block has the same length of play time, but may not have the same
data size. Apparently, the CDL partition is suitable for CBR video streams since at each interval the client
requires the same size of data. However, many compressed CBR videos are not exactly constant-bit-rate
and each CDL block does not play for exactly the same length of time. Although the CDL block is easy
to handle, it has some drawbacks. First, some video stream requires more blocks than others, making
scheduling more difficult. Second, interactive browsing functions that must drop some frames are very
hard to implement with CDL. Taking these issues into consideration, we selected the CTL patrtition.

With CTL partition, each video block contains a number of video frames. In MPEG [24], several
frames can be grouped together so that the frames that depend on each other are confined into the same
group as aroup of pictures It turns out that such a group can define a natural boundary for partitioning.
Therefore, a video block can consist of one or more groups of pictures. The size of video blocks can be
determined by optimal I/O access time without loss of parallelism.

Video blocks are distributed to the storage nodes in order to 1) exploit parallelism and hence increase
the bandwidth provided for video stream retrieval, 2) maintain load balance over the storage nodes, and
3) reduce the capacity requirement of each single storage node and hence construct a scalable on-demand
storage system. In order to serve thousands of clients simultaneously, we can evenly distribute video blocks
overN storage nodes in a round-robin fashion, so calléke striping When video blocks are distributed
to a subset of nodes, itis callstiort striping In this paper, we assume wide striping. The results obtained
here can be easily extended to short striping.

4 Normal Play

In normal play, data blocks are retrieved from disks in order and sent to clients. For deterministic delivery,
data streams are scheduled to time slots to avoid possible port contention.



4.1 Time partitioning

Accessing a video block is accomplished by a thread. The scheduling module must be integrated with
real time capability to handle these threads with soft-deadline constraints. When more than one thread
accesses the same storage node at the same time, some threads must wait. For this reason, a conventional
storage server is typically light-loaded in order to maintain a certain level of performance guarantee. Such
a system usually leaves sufficient room for unexpected bursts, resulting in an inefficient use of resources.

When a storage node is dedicated to the retrieval of video streams, the access time and access duration
of video blocks can be known in advance. Furthermore, the time of transmitting video blocks in an
interconnection network, that is dedicated to video stream transmission, is predictable. To take advantage
of this knowledge, retrieval of video streams can be prescheduled. If a storage node can retrieve video
blocks form video streams, the storage node can be time-multiplexeah.bifor CBR video, all video
blocks are about the same size. Thus, the length of time slots can be equal.

With explicit partitioning of the available bandwidth and prescheduling of video streams onto specific
time slots, we constructed a more deterministic scheme. This scheme can better utilize the capacity of
resources, provide a better quality of service, reduce the buffer size, and save the real-time scheduling
cost. Such a scheme is attractive economically.

The constant time-slot partition is described as follows. The starting blocks of video files are uniformly
distributed over all disks. Depending on a selected blocksa®l the base stream (play) r&etime is
partitioned intatime cycleswhere the length of a cycle {s= s/R. In general, the data transfer rate of a
single disk or a disk array can be much higher than base streafR.raterefore, in a time cycle, multiple
requests can be serviced by a storage node with time multiplexing. Thus the time cycle is dividiexddnto
slots where the length of the sldt, is equal to or longer than the time required for retrieving a block from
the storage node or transmitting to the delivery node, whichever is larger. The number of slots in a cycle,
m, is determined byn= [t./ts|]. The concept of the time-slot might not seem necessary in a single node
server, however, it is extremely important in parallel servers to avoid network conflict. A similar model
has been used in the Tiger system [12]. This is a very practical model, which has been justified by the
experimental results [25], providing a good quality of service.

Improper scheduling of data retrieval may result in various resource conflicts, such as port contention,
where two storage nodes are transmitting to a single delivery node, or disk contention, where more than
one request retrieves blocks from the same disk at the same time. Such a resource conflict can cause a
poor stream throughput. Our conflict-free stream scheduling algorithm eliminates contentions so that high
system throughput can be achieved.



Assume that a server consists fstorage nodes armd delivery nodes. An individual requestis
handled by a delivery node which is responsible for delivering the data blocks retrieved from storage
nodes to the client via network during the entire life-time of requeshless a dynamic relocation is
required. Since the blocks of a video is consecutively distributed M siibrage nodes, if requestat time
cyclet, retrieves a data block from storage ngdé will retrieve a data block from nodg j + 1) mod N
at time cycle (+1), wheret = (1,2,3,...). In each time cycle{N x m) requests can be scheduled at most.

Video block scheduling can be illustrated by a simple example. Figure 2 shows a schedule, where
N =4 andm= 3. An entry in the figure shows the request numfpethe delivery node numberand the
storage node numbgr That is, requesty retrieves a block from storage nogleénd sends it to delivery
nodei. A video stream has its access pattern listed horizontally in a row. For example, regjigest
scheduled to time slot 0 in the first row. For this request, delivery node 0O retrieves a block from storage
node 1 in time cycle 0. It then retrieves blocks from storage nodes 2, 3, and 0 in next three cycles. The
schedule table is wrapped around. In a time slot, if more than one request needs to retrieve blocks from
the same storage node, they compete for the resource. In order to avoid such a conflict, only the requests
that access different storage nodes can be scheduled onto the same time slot. Thus, in every time slot,
at mostN requests can be scheduled, each of which retrieves a block from a different storage node. The
conflict-free schedules a schedule where in each time slot, no two video streams request a block from
the same storage node. Once the first cycle has a conflict-free schedule, the following cycles will not have
conflict.

In this paper, a scheduling algorithm is presented for multiple disks per node. To fully utilize the disk
bandwidth, the load must be balanced among the disks.

4.2 Stream scheduling

The conflict-free schedule implies two constraints. The first one is imposed by the link bandwidth of
storage nodes, which is measured by the total number of requests retrieving blocks from the storage node
j:

vi=[{r | snt) =},
whereS(r, t) is the request that retrieves blocks from storage rjcaigtime cyclet. Because no more than
one request can access the same storage node in each time slot, no mongdhaasts can access the
same storage node in a time cycle. In addition, since each storage nodelisks, no more tham/d
requests can access the same disk in a time cycle. The second one is limited by the link bandwidth of
delivery nodes. Within a time slot, a delivery node cannot handle more than one stream from different



storage nodes. The total number of requests handled by a delivery node

w; =|{r | D(r)=i}|

is bounded byn, whereD(r) is the request handled by delivery nad&hese requests may access arbitrary
storage nodes, which are not necessarily distinct. These two constraints are summarized in the following
Lemma.

Lemma 1: The necessary condition for a conflict-free schedule in a time cycle is
(Vv <mforj=0,1,..,N-1;and
2)w; <mfori=0,1,....N—1. O

How do we generate a conflict-free schedule for a given set of requests suum thatandw, = m

for everyj andi? A Greedy algorithm has been proposed in [7], which schedules requests in their arriving
order. Whenever arequest arrives, the next available slot that is not in conflict with the existing ones will be
assigned to the request. Despite of the simplicity of the algorithm, an optimal conflict-free schedule cannot
be achieved. In the following, a systematic approach to generate an optimal conflict-free stream schedule
is presented which maximizes the number of video streams to be admitted. This algorithm converts the
scheduling problem to a matching problem on bipartite graphs. Then, the perfect matching algorithm can
be applied to solve the problem.

Conflict-Free Scheduling (CFS) algorithm.

Construct a bipartite grap8 with bipartition (X,Y), whereX = Xo, X1, ...,XN—1, Y = Y0, Y1, -+, YN—1,
andx; is joined toy; if and only if delivery node handles a request that retrieves a block from storage
node j. Because each delivery node handiesequests and there anerequests to retrieve blocks from
storage nodg, the constructed graph is amregular bipartite graph. If we can find a perfect matching in
G, then we have a set of requests each of which accesses a different storage node from a different delivery
node. According to the marriage theorem [26]Gifs ak-regular bipartite graph witk > 0, thenG has a
perfect matching. After determining a perfect matching for time slot 0, eliminate the matched edges, the
original problem of scheduliny mrequests tontime slots is reduced to a problem of schedulgn— 1)
requests tgm— 1) time slots. Thus, applying the perfect matching algoritimtimes, a schedule for all
time slots can be generated. O

The perfect matching algorithm, the Hungarian method, can be found in [27]. Here we give a brief
description of the algorithm. Start with an arbitrary matchivig If M is not a perfect matching yet, an
M-unsaturated node is chosen. We search for &fraugmenting path with origin to construct a larger
matching. This procedure is repeated until a perfect matching is found.

An example of the conflict-free algorithm is shown in Figure 3. After three iterations, the resultant
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schedule is shown in Figure 3(d).

This algorithm also can be used for the situation of less tarrequests. Wheml‘j <morw <m,
dummy requests can be inserted. This algorithm should be called when a request arrives while there is
no conflict-free slot. When multiple requests arrive simultaneously, these requests are scheduled to empty
slots one by one. When a conflict occurs, this algorithm is called to scheduling all the requests instead of
only a single request.

The round-robin placement policy could introduce a convoy effect when one node becomes overloaded.
That is, the overloaded condition will shift from one node to the next. This convoy effect can be avoided by
a random placement [22]. Our conflict-free stream scheduling algorithm completely prevents the convoy
effect because this QoS-aware policy eliminates overloaded conditions.

In addition tovtj < m, the number of requests accessing a particular Idisé](,k cannot be more than
m/d. When this condition is violated, only/d requests can be fulfilled by the disk. Othéirk— m/d
requests can still be scheduled, but must be delayed for a few time cycpesy-and-holealgorithm [28]
can be used to minimize the delay. A request relocation algorithm [28] can relocate requestg wian
for somei.

A new request can be admitted if and only if it can be scheduled without conflict. It could be scheduled
to a time slot immediately upon arrival at a delivery node if there is a conflict-free time slot available. Oth-
erwise, the new request must be delayed, or other video streams need to be rescheduled to accommodate
the new request. The admission control algorithm is shown in Figure 4’ L&t the current total number
of video streams being serviced. When one or more requests arrive, the cofiditiowm is checked,
whereT = T’ +r andr is the number of newly arrived requests. If the condition holds, the requests are
admitted. Otherwise, only = Nm— T’ requests can be admitted and others must be rejected. For the
admitted requests, it tests whether some delivery nodes are overloaded. If so, some requests are relocated.
The next step is to check whether some storage nodes are overloaded. If so, some requests are delayed.
Finally, it checks whether there are non-conflict time slots for the new requests. If not, the conflict-free
stream scheduling algorithm is applied to rearrange video streams.

The admission control algorithm deals with a single request and the multiple requests separately. The
following steps are applied to multiple requests arriving simultaneously at the system:

e if for any delivery node, w; > m, the request relocation algorithm is applied;
e if for any diskk in a storage nodg¢, v‘j,k > m/d, the request delay algorithm is applied;

e if any request cannot find an empty conflict-free slot, the conflict-free stream scheduling algorithm
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is applied.

In the situation that only a single request arrives at the system, a simple policy can be applied, which is
described as follows:

e assume the new requegtarrives, ifw; > m, the new request is transferred to an underloaded node;
o if v‘J « > m/d, the request is to be delayed to its nearest hole;

e if there is a conflict-free time slot for the new request, it is scheduled to the time slot, otherwise the
conflict-free scheduling algorithm is applied.

The policy of scheduling multiple requests together can reduce the scheduling overhead and sometime
lead to a better schedule.

In this admission control algorithm, the complexity of the request relocation, request delaying, and
conflict-free algorithm i©(N), O(mN), andO(mN logN), respectively. The time to execute the admission
control algorithm will be reported in section 7.

4.3 Server-level synchronization

In a switched interconnection network, each processing node has a dedicated link connecting to the switch,
which is capable of operating data in full-duplex mode, i.e., each node can send and receive data simulta-
neously. With careful design of conflict-free stream scheduling, each node can operate concurrently disk
access and network transmission within a node and between nodes without resources conflict. These op-
erations can be performed in parallel because each storage node has its own dedicated bandwidth for disk
access and network transmission. In order to increase system performgpiog-pong buffers are used

for pipelining data blocks between disk access and network transmission. For each data stream, one buffer
slot stores the data block retrieved from disk, while the other is used for transmitting data to the delivery
node.

Server-level synchronization is performed to synchronize the data movemewtledsynchronization
at the end of each time cycle is necessary to preserve the order of data block transmission. In MARS [8],
tightly coupled synchronization between server nodes is performed by customed APICs. In Tiger [12],
a separate network connecting all nodes is used to facilitate the synchronization task. Although there is
no synchronization problem in a video server with the client-pull model, where a client explicitly sends
a request to a particular node of the server for a specific video data block [29], the unbalanced workload
between nodes may result in poor system throughput.
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Moreover, to guarantee conflict-free data transmission on switched interconnection network, server-
level synchronization at the end of each time slotslet synchronization— may be applied. Cycle
synchronization ensures the right order of receiving data at clients, while slot synchronization eliminates
port contentions. IrOdysseywe apply a simple centralized synchronization mechanism to implement
a barrier synchronization. That is, each storage node sends a synchronizatiorS3ititalthe control
node. Once the control node recei@éNdrom every storage node, it broadcastsd&K signal to storage
nodes. The overhead of a barrier synchronization at each slot may overwhelm the benefit of eliminating
network contention. This trade-off needs to be justified by experiments.

5 Interactive Functions

Interactive functions offer users more flexible control on the content they are watching. In particular,
browsing functions help user to allocate the content to be viewed. We have implemented important inter-
active functions such as pause, resume, fast-forward, and fast-backward.

5.1 Fast-forward and fast-backward

A simple solution to implementing differeffiadst-forward (fast-backward) ratios to reserve a separate
encoded video file for each ratio. When switching between different play modes, the corresponding video
files will be used. This solution requires extra disk space for the interactive operations and the fast-forward
(fast-backward) ratios are limited and fixed. We aim for more efficient and flexible solutions to minimize
the system requirement and to provide different fast-forward (fast-backward) ratios. One solution is to
retrieve the fast-forward (fast-backward) data from the normal video stream, which can be implemented
by block or frame skipping. Experiments showed that, with the block-skipping approach, the client got
the impression of watching each scene (block) at regular speed with jumps between scenes, similar to
watching a slide projector operating at a high speed. Clients can see the details in each scene so that they
are able to locate the position of interest [18]. This approach can solve the bandwidth problem and is easy
to implement. We have implemented block-skipping in Odyssey with two approaches, prefetching and

grouping.
The Prefetching Approach

Block-skipping implements fast-forward by skipping video blocks. When performintj play of
ratio f, a block to be played next is the one after skippfng 1 blocks. To avoid a hot spot, the number of
storage nodes arftiratio must be relatively prime. An example is shown in Figure 5(a), wNee5 and
theff ratio is 3.
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To fully utilize the allocated slot, upon request offanwve do not retrieve the block to be played next
if it conflicts with other requests in the same slot. Instead, the block that does not conflict with other
requests in the same slot is retrieved. This method is callefiétching Since the retrieved block is not
delivered immediately, it is buffered in the delivery node. Figure 5(b) shows the prefetching approach for
the example. The delivery node receives blocks in the sequence of (0, 6, 12, 3, 9, 15, ... ) and it delivers
blocks in the sequence of (0, 3, 6, 9, 12, 15, ...).

The Grouping Approach

Different from the prefetching approach, which changes the retrieval order to avoid conflicts, the
grouping approach clusters streams into different groups based on their paces. For example, we may
have all normal play streams in one grdbpwith p= 1, and allff streams of the sanferatio f in another
groupG¢. Furthermoreff plays with differentff ratios are in different groups. In this way, all requests in
the same group will not conflict with each other as long as they do not conflict in the first time cycle. The
system allows a request to change its ppcynamically, and change its group membership subsequently.
Therefore, the key to supporting interactive play is how to handle dynamic reconfiguration of groups.

With multiple groups existing in the system, not every time slots can be fully utilized since the number
of requests in a group is not necessarily a multipleNof Figure 6 shows a case with = 3, m= 5,
andK = 3, whereK is the number of groups. The number of time slots allocated to géiypeeds
to be varied to support dynamic reconfiguration. Two operations have been defined for changing the
membership of a request -addingandremoving Other two operations have been defined to change the
number of time slots allocated to a group expandingandshrinking It has been proved that a request
can always change to another group as long as the number of requests in the system is no more than
N xm— (K—-1) x (N-1)[30].

Both prefetching and grouping approaches can support a full spectrum of interactive browsing func-
tions to all admitted clients with a guarantee of Quality-of-Service. This is an important feature to be
targeted, especially for information search and educational uses.

5.2 Pause and resume

The pauseandresumefunctions have been implemented in Odyssey. paesefunction is not difficult
to implement. We implement two different pause functions. The first one reserves the bandwidth for the
client who makes th@auserequest so that the video stream can resume immediately. The second one
releases the bandwidth to other clients. From the server’s point of view, it is the sautog dowever, it
is different fromstopin that a client record is maintained so that the stream can be resumed from where it
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pauses. It may take longer to resume, or is not guaranteed to resume if there is no more bandwidth.

The implementation afesumeds not simple. It should resume from where the video has been paused.
When resuming frorif or fb play, due to buffer and network transmission delay, it is difficult to start normal
play from where the viewer pressed thiay (resumé button. We use a uniform approach to handle this
problem. That is, when thglay button is pressed, the client feedbacks a block ID of the currently played
block or frame. Then the normal play can start from exactly where the viewer wants to see.

6 Implementation

The current implementation of Odyssey consists of three Pentium Il 333 PCs, running the RedHat 6.0
Linux operating system. Each node is equipped with 64MB RAM and three UW SCSI disks. These nodes
are connected by a CISCO CATAYSTA 2916M Fast Ethernet Switch. Video files are partitioned into video
blocks and wide striped into three processing nodes.

The system is implemented with three modules plus a client interface. The three modules are the
control node module, storage node module, and delivery node module.

6.1 Control Node Module

The task of the control node is to provide functionality of admission control, scheduling requests, server-
level synchronization, schedule table delivery and content query. Such services can be realized as four
concurrent threads, which aRroc_Client, Scheduler SyncSchand ContentQuery, as shown in Fig-

ure 7. Proc_Client performs admission controlScheduleris responsible for processing and scheduling

the queued-up requests according to their play ma8gscSchis responsible for synchronizing network
transmission among storage nodes followed by broadcasting schedules to storageQuaste€ontent

is designed for being responsible for a client’s query for a list of video files currently available in the video
servers.

6.2 Storage Node Module

The primary function of a storage node is to provide storage space for video files. Recall that to balance the
workload and aggregate the I/O bandwidth of storage nodes, a video file is wide striping into all storage
nodes. To facilitate the search of a video block, each video file in a storage node is associated with an
index file, which contains the block position corresponding to the starting address of the file and block
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size. Since this information for a video is indexed in order, the entry point for the index of a block number
is self-explanatory. Such an index file is loaded into memory as a fast look-up block directory once the
corresponding video file is opened for access.

Due to the diverse characteristics between disk access and network transmission, the ping-pong buffer
with the length of two time cycles is applied to decouple them. Since the video data are now retrieved and
transmitted at the granularity of a time cycle, this approach also offers a chance to optimize disk access
by using round-based scheduling algorithms sucB@A&N Each disk in a storage node is associated with
one access queue handled by threads for reading data to the buffer.

When surplus network bandwidth occurs, a video block is retrieved from a storage node and delivered
to a delivery node residing in the same physical node without real network transmission. Without any
optimization, such a data delivery between two processes through a UNIX socket may take three memory
copies. To save this system overhead, a shared memory buffer is created to facilitate the data delivery.

The storage node module performs four basic tasks, which are receiving schedule tables, dispatching
requests into corresponding disk access queues, retrieving video data from disks into buffer, and conveying
them to delivery nodes. In order to ensure the correct order of execution, semaphores for synchronization
are applied. These tasks RecvSch Dispatcher Disk ReadandSendDel — are implemented as threads,
as shown in Figure 8RecvSchis responsible for receiving schedule tables from the control node. The
main task forDispatcheris to open and close sessions of video files and dispatch disk access operations
into corresponding disk access queues. Recall that there is one access queue associated with each disk.
Disk Readkeeps consuming requests in the queue for disk access until the queue is empty. The major task
of SendDel is to deliver data from storage nodes to delivery nodes. There are two possibilities for data
delivery, which are through the network or shared memory. If the destined delivery node does not reside in
the same physical node with the sending storage node, then the header and the body of a buffered block are
transmitted into the network through a specified socket as usual. However, if these two nodes reside in the
same physical node, only the header of the video block is sent through the connected socket to indicate the
availability of video block in shared memory buffer. In addition, the network transmission is synchronized
by sending &8YNto the control node and waiting for &CK coming back. The receivefiCK explicitly
indicates that the network traffic is cleared to start the transmission of the next video blocks.

6.3 Delivery Node Module
In general, the delivery node provides an access point for clients to access video files in the server. When

a new client wants to connect to the video server, it first sends a request to the designated delivery node.
This request is forwarded to control node for admission control. Once the request is granted, an open
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entry of theclient tablein the delivery is used to register the new client. Information for a client such

as client ID, socket ID, play mode, etc., are kept in the client table. In order to avoid network conflict,
video blocks transmitted from storage nodes are received according to designated schedules, which are
periodically broadcasted by the control node.

In addition, each client is associated with a ping-pong buffer of two video blocks to facilitate the
data forwarding. When a client switches into fast forward mode, then additional buffer sphice »f
video blocks obtained from the buffer pool is required to re-sequence the order of video blocks before
transmission to the client.

Figure 9 shows the system diagram of the delivery node module. It consists of five concurrent threads
— RecvSch RecvStg SendClient, Proc_ClientandProc.New— which are discussed as follows.

RecvSchis responsible for receiving a schedule at each time cycle. Once received, it is passed to the
RecvStothread to start receiving video blocks based on the order of request in the schedule so that network
conflict can be avoidedRecvStois responsible for receiving video blocks transmitted from storage nodes.
The header of a video block is received to indicate the incoming body of a video block will be received
through regular network socket or available in the special shared memory §gawtClient sends video
blocks to clients when they are available in the buffer. Thré&rds ClientandProc_Newaccept requests
from clients.Proc_Clientis responsible for processing requests from existing clients and forwarding them
to the control nodeProc_Newprocesses only new requests.

A client interface has been developed for this video server. It can be used in the set-top-box for a VoD
system. Figure 10 shows the interface. It provides a movie list, makes a connection request, and selects
different play modes such gday, pause, stop, fast-forwamhd fast-backward For ff andfb, different
ratios can be selected. Currently available ratios are 4 and 8. A trackbar is provided for fast browsing too.

7 Experiments

With the current Odyssey system, we are able to conduct some experiments. Six MPEG-1 movies are
stored,Toy Story Lost in SpaceGoldeneyeSingin’ in the Rain StepmonandTop Gun The video files

are partitioned into consecutive video blocks, which are evenly distributed to three storage nodes (nine
disks). Each video block consists of 15 frames (one group of pictures) representing 0.5-second play time.
The base stream rate is 1.4Mbps.

We have implemented also a client-pull video server as a baseline video server for comparison. The
client-pull model does not have explicit scheduling. The client is responsible for sending a request for
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a specific video block to the video server whenever needed. Without loss of generality, the client sends
a request to a particular storage node every half second. An FCFS access queue is implemented in each
storage node to line up requests. The storage node then sends the video blocks to clients.

In the following, we present a strength test first before the performance test.

7.1 Strength Test

The strength test measures the maximum capacity of the server. It includes the system utilization, disk
bandwidth, network bandwidth, and system throughput.

System utilization

Table | lists the percentage of system overhead and utilization for both slot and cycle synchronization.
The barrier synchronization time is the round-trip communication time between the storage node and the
control node. The time for each synchronization only depends on the number of nodes and is independent
of the system load. The measured barrier time is@%s8r three nodes. Since the barrier synchronization
time is proportional tdogN, the system is scalable to hundreds of nodes. The execution time of the
admission control program is negligible in this setting since we only have three nodes. The admission
control spends less than Qrisper cycle for 64 nodes and the system should be able to scale to hundreds
of nodes when cycle synchronization is used. Slot synchronization strictly synchronizes the video block
transmission and completely eliminates the conflict between different blocks. Cycle synchronization has
small synchronization overhead but the conflict between blocks causes some system idle. Since this is a
synchronous system, the time between synchronization is used purely for video transmission.

| Slot synchronizatior| Cycle synchronization

Synchronization 12% 0.16%
Admission control negligible negligible
System idle 0.9% 4.2%

System utilization 87% 95%

Table I: Analysis of System Overhead and Utilization.
Disk bandwidth

For the SCSI disk used in our system, we have measured the disk bandwidth for various data block
sizes with the SCAN disk scheduling algorithm, as shown in Table II. In general, a large block size results
in higher disk bandwidth. However, the delay for initiating a video stream and interactive operations is
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proportional to the block size. In Odyssey, we selected the block size of 0.5-second play time. The largest
block size is 95KB and the smallest block size is 77KB. The block size is 86KB on average, and the disk
bandwidth is about 4.5MB/s. There are three disks in each storage node, so the total bandwidth of a storage
node is 13.5MB/s, equivalent to about 77 streams. Using four disks did not improve the performance.

Block size (KB) | 43| 86| 172] 344

# of Blocks/s 66 51 28 19
Bandwidth (MB/s)|| 2.90 | 4.50 | 5.05| 6.89

Table II: Disk Bandwidth vs Block Sizes.
Network bandwidth

We measured the interconnection network bandwidth. For each link, the measured bandwidth is about
10.2MB/s. When a storage node sends data to itself through the shared memory, it sends a small head
message only. Thus, the achievable bandwidth can be even higher. The measured bandwidth with utiliza-
tion of shared memory is shown in Table Ill. The network bandwidth is affected by the TCP buffer size.
The default TCP buffer size is 64KB, and can be set up to 128KB. In most cases, larger TCP buffer results
in higher bandwidth. In Table Ill, measured bandwidth for the two different TCP buffer sizes is listed.
As it can be seen from the table, higher bandwidth can be achieved at smaller block sizes. Therefore, we
packetized the block for network transmission to maximize the network bandwidth.

Block size (KB) | 11 | 22 | 43 | 86 | 172
TCP buffer=64KB || 13.0MB/s| 12.8MB/s| 12.2MB/s| 11.2MB/s| 9.9MB/s
TCP buffer=128KB|| 14.6MB/s| 14.6MB/s | 14.4MB/s | 13.7MB/s | 11.0MB/s

Table Ill: Network Bandwidth.

Maximum throughput

The system throughput of the server is shown in Table 1V, where the CFS algorithm is used for the
server-push mode. The prefetching approach is applied for interactive functions. We tested the maximum
throughput by increasing the number of requests until the delay exceeds a threshold, that is, more than 5%
of streams have a delay more than a given time limit. For server-push mode, the delay time is no more than
1 second, and for client-pull mode, it is no more than 1 second and 5 seconds, respectively, as indicated
in the table. With conflict-free stream scheduling and slot synchronization, each storage can deliver 69
streams. Three storage node can deliver 207 streams. It is no difference with or without interactive
operations since the synchronous scheduling guarantees that each stream has its own slot for normal or
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interactive operation. With cycle synchronization, the system throughput is 228 streams with each storage
node delivering 76 streams. For client-pull, two delay restrictions are shown in the table. With 5-second
delay restriction, it performs better than the one with 1-second delay but requires more client buffering
and imposes at least 5-second on response time. The interactive operations cause more conflicts and result
in less streams supported. The client-pull server does not perform well as the synchronous scheme due to
many network conflicts and the convoy effect.

# of streams | # of streams

per storage node with 3 nodes
Server-push, slot sync. all normal 69 207
Server-push, slot sync. 20% interactive| 69 207
Server-push, cycle sync. all normal 76 228
Server-push, cycle sync. 20% interactive 76 228
Client-pull, 1-second delay, all normal 42 126
Client-pull, 1-second delay, 20% interactiye 37 111
Client-pull, 5-second delay, all normal 58 174
Client-pull, 5-second delay, 20% interactiye 55 165

Table IV: Number of Clients Supported by Various Video Servers

7.2 Performance Test

The performance test measures the system performance under various system load. The main performance
metric is the rejection rate. The delay time and buffer usage are also tested.

Figure 11 shows the rejection rates for client-pull and server-push with cycle synchronization on the
three-node server. The ratio of normal operations and interactive operations is 4:1. For server-push,
rejection rates of both the Greedy algorithm [7] and conflict-free scheduling (CFS) algorithm are shown.
The Greedy algorithm schedules requests in their arriving order. When the waiting time exceeds certain
limit, the request is rejected. For the client-pull mode, a request wait for up to five seconds before it is
rejected. The client-pull mode does not guarantee continuous play. Even if the initial delay time is less
than five seconds, the delay of some blocks may exceed five seconds. For the server-push mode, a request
wait for one second before it is rejected. In fact, if a request cannot be accepted in one second, the system
is running in its full capacity, and further requests are unlikely to be accepted even if they are waiting for
a long time. That is because the requests must wait until a stream releases its slot, and a stream runs for
about two hours. Actually, the video length is chosen from a uniform distribution between 100 and 140
minutes with an average of 120 minutes. The full capacity here is defined as 76 stream per node and 228
streams for the three-node server. Thus, 100% load implies an arrival %%:oﬂ.g requests per minute.
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The client-pull mode does not schedule the streams so a request may wait for a long time to start. The
Greedy algorithm, though performs better than the clint-pull mode, does not schedule streams well and
has many conflicts, resulting in a high rejection rate. The CFS algorithm full utilizes the system capacity.
It only rejects requests when the system runs in its full capacity. Only 4.8% requests are rejected when the
arrival rate reaches 1.9/minute.

The above performance test is for a three-node server. To fully understand the performance of the
server-push mode in a larger configuration, we have conducted a simulation study. The simulation is
configured with five parameters: the total number of nddethe number of slots per time cyah, the
average video length side the load measuremefitbased on the available capacity, and the duration
of simulation. In the following simulation, the average video length is 120 minutes. and the simulation
duration is 24 hours.

The request arrival pattern is Poisson distribution with an arrival aaighich can be calculated from

the following equation:
a N« mx 3

L 9’
wheref3 is the percentage of full loady « m.

The simulation proceeds step by step for each time cycle as follows:

(1) At each step the number of new requests is calculated according to Poisson distribution with arrival
ratea.

(2) For each new request, randomly generate its delivery node, its starting storage node where the first
block of the file is stored, and the file size.

(3) The admission control policy is applied to determine which requests are to be admitted or rejected,
and if admitted, the scheduling algorithm is used to schedule the requests. If a single new request
is generated in this step, the algorithms for the single request are employed. If more than one new
requests are generated, the algorithms for multiple requests are employed.

At the end of the simulation, statistics obtained include the total number of requests generated, the
number of rejected requests, the initial response time, etc.

Figure 12 compares performance of the Greedy algorithm and the CFS algorithm. The number of
nodesN is 16, the number of slots is 80, thus the capacity is 80 = 1280 streams. The arrival rate
for the 100% load is 10.66/minute. Obviously, the rejection rates of all algorithms become high as load
increases. For CFS, the rejection rate remains around O until the load becomes 80%, and at load of 80%,
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the rejection rate is 0.1%. For 90% load, the rejection rate of Greedy is 12.3% and that of CFS is only
1.2%. The initial delay time is shown in Figure 13. What we measured was only the server-level delay.
The end-to-end delay may take a longer time, depending on the traffic and the size of client buffer. With
the server-push mode and its admission control a, algorithm QoS guarantee is provided. Once a request is
accepted and a stream is scheduled, at every time cycle, a data block will be delivered. The initial delay
is between 0.5 and 1 second under a light load. For a heavy load, some requests cannot find an immediate
slot to schedule and must be delayed for a few cycles.

Figure 14 shows performance for different valuesmfthe number of slots in a cycle. Whemin-
creases, the rejection rate decreases. The partial reason for this phenomenon is that when each delivery
node handles more requests the variation of the number of requests among nodes becomes smaller. Fig-
ure 15 shows performance for different number of nodesThere is no substantial change in rejection
rates wher varies for the Greedy algorithm. But for the CFS algorithm the rejection rate decreases when
N increases, since there could be more chances to relocate the newly arrived requests.

Prefetching and grouping approaches guarantee QoS of interactive functions. In the prefetching ap-
proach, fast-forward data can be delivered after a predefined delay time which can be minimized by a
proper design. The buffer requirement is fixed and can be further reduced by sharing buffer space among
streams. In the following simulation, we add one more parameter: the percentffgepefations in
addition to the five parameters in the normal play.

(a) For Prefetching approach
(i) At each step some of the clients are randomly chosen andftmatios are changed.

(ii) For each client, data are fetched from the storage node, as per the original schedule. If the data
fetched is not needed immediately, itis stored in a buffer. Delay is calculated for each interactive operation.

(b) For Grouping approach
(i) At each step some of the clients are randomly chosen andftmatios are changed.

(i) Due to the change in th# ratio of the clients, the number of slots required for a particiflar
ratio group may increase. If slots are available, more slots are allocated to that group. If no more slot is
available, shrinking is applied to other groups until enough slots are available. We limit the number of
admitted clients toN x m— (K — 1) x (N — 1), whereK is the number of groups [30]. Thus, ffaequest
will be rejected.

The simulation was run witthN = 17 andm = 80. The permittedf ratios were 1 (normal), 4 and
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8. Figure 16 shows the maximum buffer size required in a delivery node under different load, where
the percentage of interactive operations is 20%. The buffer requirement increases as the load increases.
Figure 17 shows the maximum buffer size required for different numbers of interactive operations, where
the load is 90%. As the percentage of interactive operations increases, the buffer required also increases.

The average delay of interactive operations are shown in Figures 18 and 19, where the 100% load
is 17+ 80— 2% 16 = 1328 streams. In Figures 18, the percentage of interactive operations is 20%. In
Figures 19, the load is 90%. In the prefetching approach, the delay increases with the load and the number
of interactive operations. In the grouping approach, the value is relatively low when the load is less than
60%. When the load is more than 60%, there is a steep increase in the average delay. The average
delay decreases as the percentage of interactive browsing operations increases beyond 20% since many
interactive operations forms moifegroups.

8 Conclusions

Odyssey is a CBR video server with stream scheduling, synchronization, and fast-forward functions. The
ultimate goal of Odyssey design is its efficiency, functionality, and responsiveness. An admission control
with QoS performance guarantee ensures that after a request is accepted, the server will deliver every block
of its stream on time for normal play or interactive play. The delay of interactive operations is bounded.

A three-node implementation demonstrates its high performance, interactive browsing functions, and low
delay. This clustered server configuration can deliver 228 MPEG-1 video streams of a mix of normal play
andff play at the cost below $10,000, resulting in less than $50 per stream.
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Figure 18: Average Delay as Load Increases in Grouping Approach.
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Figure 19: Average Delay as Interactive Operations Increase in Grouping Approach.
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