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Abstract. Parallel video servers are necessary for large-scale video-on-demand and other mul-
timedia systems. This paper addresses the scheduling problem of parallel video servers. We
discuss scheduling requirements of constant bit rate (CBR) video streams. Optimal algorithms
are presented for con
ict-free scheduling, delay minimization, request relocation, and admission
control. With these algorithms, video streams can be precisely scheduled for Quality of Service
requirements. Performance of these algorithms is also presented.
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1. Introduction

There is an increasing demand on capacity of video servers in large-scale video-on-
demand systems [9, 3]. Parallel video servers become inevitable to provide large
capacity required by the system that can service thousands of concurrent clients.

There are two major types of parallel video servers: shared memory multiproces-
sors and distributed memory clustered architectures. Figure 1 shows the diagram
of shared-memory architecture. In this architecture, a set of storage nodes and a
set of computing nodes are connected to a shared memory. The video data is sent
to the memory bu�er through a high-speed network or bus, and then to the clients.
A mass storage system has presented the capacity of supporting hundreds of re-
quests [13]. However, it is not yet clear that a multiprocessor video server can be
scalable. A clustered architecture is easy to scale to thousands 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. Figure 2 shows the diagram of the
clustered architecture. A number of works describe clustered systems [18, 14, 15].
The clustered architecture can be extended to the direct-access architecture which
provides an interface between the storage system and the network [4, 7]. Figure 3
shows the diagram of direct-access architecture. It eliminates the delivery nodes
in the clustered architecture. Storage nodes send video data directed to the high
speed WAN through a network interface. If a video �le is not stored in a single
storage node this architecture cannot guarantee the order of data arrival from dif-
ferent storage nodes. This problem is solved in project MARS by using a chain
connection, an ATM-based interconnection within the server to connect storage
devices to an ATM-based broadband network [4].
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Figure 3. Direct-access Architecture for Video Servers.

In this paper, we evaluate scheduling strategies for the clustered architecture. As
shown in Figure 2, an interconnection network connects storage nodes and delivery
nodes. The storage nodes are responsible for storing video data in some storage
medium, such as disks. Each storage node deals with its disk scheduling problem
separately to provide the speci�ed bandwidth. The delivery nodes are responsible
for client's requests. On receiving a request from a client, the delivery node will
schedule it to a time interval and deliver appropriate data blocks within some time
deadline to the client during the playout of a video. Each delivery node has an
output bu�er as the interface to the high-speed WAN. If the WAN has congestion
and the output bu�er becomes full, a feedback signal is sent to corresponding
storage nodes to stop sending video blocks. The logical storage and delivery nodes
can be mapped to di�erent physical nodes of the cluster. This con�guration is called
the \two-tier" architecture in [18]. Also, a node can be both a storage node and a
delivery node, called the \
at" architecture. In this paper, the 
at architecture is
assumed.

Scheduling policies are critical to performance of video servers. Currently, there
are not many scheduling algorithms for parallel video servers, in particular, for
clustered video servers. Without a good scheduling algorithm, video streams may
con
ict each other, resulting in delays and rejections. A larger bu�er size may
be required to tolerate this delay. Good scheduling algorithms can guarantee the
quality-of-service, e�ciently utilize resources and reduce the bu�er size, and in-
crease system throughput.

This paper is organized as follows. Section 2 brie
y describes an underlying model
of a parallel CBR video server. A con
ict-free scheduling algorithm and delay
minimization are presented in sections 3 and 4. In section 5, a request relocation
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algorithm is presented. Admission control is discussed in section 6. Performance
comparison is presented in section 7. Section 8 gives related works and section 9
discusses future works.

2. System Architecture and Background

In this section, we model the scheduling problem for video servers. First, we assume
wide striping, that is, video data is striped across all nodes in a round-robin fashion.
Di�erent video �les start from di�erent nodes for a balanced load. For example, the
�rst �le starts at node 0, the second �le starts at node 1, etc. The results obtained
here can be extended to short striping, which distributes video blocks to a subset
of nodes.
Depending on a selected block size s and the base stream rate R, time is divided

into time cycles, where the length of a cycle is tf = s=R. The time to access n blocks,
one from each storage node, is called time period. Thus a time period includes n
time cycles. In general, the data transfer rate of a single disk or a disk array can
be much higher than base stream rate R. Therefore, in a time cycle, multiple video
streams can be serviced by a storage node while the individual stream rate is still
preserved. The time cycle is thus divided into time slots, where the length of the
slot, ts, 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
value of ts can be determined by experiments. Similar to other Quality-of-Service
(QoS) problems, there are two type of guarantees, the deterministic guarantee and
statistical guarantee. Deterministic guarantee determines ts by using the the worst
case numbers. Such an approach is described in [15]. This approach guarantees
QoS for all requests but the system may be underutilized. The statistical guarantee
determines ts by using the the average numbers over a period of time. It increases
the system utilization but some data may miss its deadline and more bu�er space
is necessary to smooth the delay jitter. The number of slots in a cycle, m, is
determined by

m = btf=tsc:

Then ts is adjusted to tf=m. A similar model has been used in the Tiger system [7].
The experiment results showed that this model worked well on real systems.
Assume that a video server consists of N storage nodes and N delivery nodes,

interconnected by a high-speed network. An individual request r is handled by a
delivery node i = D(r), where node i is responsible for delivering the data blocks
retrieved from storage nodes to the client via network during the entire life-time
of request r unless request relocation is required. The blocks of a video �le is
consecutively distributed in all N storage nodes. If request r, at time cycle t,
retrieves a data block from storage node j = S(r; t), it will retrieve a data block
from node (S(r; t + � ) mod N ) at time cycle (t + � ).
Video block scheduling can be illustrated by a simple example. Figure 4 shows

a schedule, where N = 4 and m = 3. For a balanced load, each video stream
can start from di�erent storage nodes. An entry in the �gure shows the request
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Figure 4. A Complete Video Schedule in a Time Period.

number rk, the delivery node number i, and the storage node number j. Request
rk retrieves a block from storage node j to delivery node i. A video stream has
its access pattern listed horizontally in a row. The blocks of a single stream are
separated by m time slots. For example, request r0 is scheduled to time slot 0 in
the �rst row. For this request, delivery node 0 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. At most (N �m) requests can
be scheduled.

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 con
ict, only
the requests that access di�erent storage nodes can be scheduled onto the same
time slot. Thus, in every time slot, at most N requests can be scheduled, each
retrieves a block from di�erent storage nodes. Once the �rst cycle has a con
ict-
free schedule, the following cycles will not have con
ict. Therefore, when discussing
the scheduling problem, we can only show the �rst time cycle as long as the access
patterns of video streams do not change.

The same model can be extended to scheduling of interactive operations, such as
fast forward and rewind. The access patterns of interactive operations are irregular.
A set of scheduling algorithms have been designed which can retain the access order
of storage nodes [20].

Now, we de�ne the con
ict-free schedule as follows.
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De�nition 1: Con
ict-free schedule.
A con
ict-free schedule is a schedule where in each time slot, no two video streams

request a block from the same storage node. 2

A con
ict-free schedule imply two constraints. The �rst one is imposed by the
disk retrieving bandwidth of storage nodes which is measured by the total number
of requests retrieving blocks from storage node j, at time cycle t:

vtj =j fr j S(r; t) = jg j :

Because no more than one request can access the same storage node in each time
slot, no more than m requests can access the same storage node in a time cycle.
The second one is limited by the I/O bandwidth of delivery nodes. Within a time
slot, a delivery node cannot handle more than one stream from di�erent storage
nodes. The total number of requests handled by delivery node i

wi =j fr j D(r) = ig j :

is bounded by m. These 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 con
ict-free schedule in a time cycle is
(1) vtj � m for j = 0; 1; :::; N � 1; and
(2) wi � m for i = 0; 1; :::; N � 1. 2

Now, the question is that whether the necessary condition is also the su�cient
condition. In the other word, given a set of requests satisfying this necessary
condition, does there exist a con
ict-free schedule? In the next section, we will
prove that Lemma 1 is also the su�cient condition for a con
ict-free schedule by
giving an algorithm to �nd out a con
ict-free schedule.

3. Con
ict-free Scheduling of Video Streams

We are going to generate a con
ict-free schedule for a given set of requests such
that vtj = m and wi = m for every j and i. A greedy algorithm has been proposed
in [15], which schedules requests in their arriving order. Whenever a request arrives,
the next available slot that is not in con
ict with the existing ones will be assigned
to the request. An example illustrates this algorithm.
Example 1: Assume a set of requests arrive in the order as shown in Figure 5(a).
The greedy algorithm schedules these requests as shown in Figures 5(b) to (d).
Request r1 cannot be scheduled to slot 0, so it is scheduled to slot 1; same is r3.
Requests r4 and r7 must be scheduled to slot 2. Requests r8; r10, and r11 are not
able to be scheduled. Thus, only nine requests have been scheduled. 2

The greedy algorithm cannot schedule some requests even if the Lemma 1 is
satis�ed. By rearranging the allocation of some existing requests, more requests
can be accommodated. Let's revisit Example 1. In Figure 5(c), when request r8
arrives, it cannot be scheduled to the only empty slot, slot 1, due to its con
ict
with r3. However, if we exchange r3 and r7, r8 can be scheduled to slot 1 as shown
in Figure 6(a). Then r9 is scheduled to slot 2 as shown in Figure 6(b). When
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Figure 5. Example of Greedy Scheduling Algorithm.
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request r10 arrives, it cannot be scheduled to slot 2 since it con
icts with r9. The
table is rearranged by moving r2 from slot 0 to slot 2 and r3 from slot 2 to slot
0. Thus, r10 can be scheduled to slot 0 as shown in Figure 6(c). Finally, r11 is
scheduled to slot 2 as shown in Figure 6(d). This example shows that a better
schedule can be achieved by rearranging requests. We need a systematic approach
to schedule requests without con
ict. Now, we present an optimal algorithm for the
con
ict-free scheduling problem. 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.
Algorithm 1: Con
ict-free scheduling.
Construct a bipartite graphGwith bipartition (X;Y ), whereX = x0; x1; :::; xN�1,

Y = y0; y1; :::; yN�1, and xi is joined to yj if and only if delivery node i handles a
request that retrieves a block from storage node j. Because each delivery node han-
dles m requests and there are m requests retrieve blocks from storage node j, the
constructed graph is an m-regular bipartite graph. For the �rst time slot, whether
there exists a set of requests each of which accesses a di�erent storage node from
a di�erent delivery node is equivalent to �nd a perfect matching in G. According
to the marriage theorem [12], if G is a k-regular bipartite graph with k > 0, then
G has a perfect matching. After determining a perfect matching for time slot 0,
eliminate the matched edges, the original problem of scheduling Nm requests to m
time slots is reduced to a problem of scheduling N (m� 1) requests to (m� 1) time
slots. Thus, applying the perfect matching algorithm m times, a schedule for all
time slots can be generated. 2

The perfect matching algorithm, so called the Hungarian method, can be found
in [2]. Here we give a brief description of the algorithm. Start with an arbitrary
matching M . If M is not a perfect matching yet, an M -unsaturated node u is
chosen. We search for an M -augmenting path with origin u to construct a larger
matching. This procedure is repeated until a perfect matching is found.
An example of the con
ict-free algorithm is shown in Figure 7. It uses the same

set of requests in Figure 5. After three iterations, the resultant schedule is shown
in Figure 7(d) which is equivalent to Figure 6(d).
This algorithm can also be used for the situation that less than Nm requests

exist. When vtj < m or wi < m, dummy requests can be inserted. From this
algorithm, it is easy to see that Lemma 1 is also the su�cient condition of con
ict-
free scheduling. This algorithm should be called when a request arrives but there is
no con
ict-free slot. When multiple requests arrive simultaneously, these requests
are scheduled to empty slots one by one. When a con
ict occurs, this algorithm is
called to scheduling all the requests instead of only a single request.
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4. Request Delay Minimization

Now consider the situation that the total number of requests is less than or equal
to Nm and wi � m for all i, but there exists some j such that vtj > m. In this
case, only m requests can be ful�lled by storage node j, and (vtj � m) requests
must be delayed. Here, node j is called a \peg." On the other hand, there can be
other storage node j where vtj < m. That leaves (m � vkj ) empty spaces in node
j which is called a \hole." The \peg" requests can be ful�lled by delaying them
to \holes". In a large system, the delay can be signi�cant. The problem is how
to minimize the delay of these \peg" requests. This problem can be solved with a
simple peg-and-hole algorithm which is presented as follows.
Algorithm 2: Peg-and-hole.
Let R(j; k) hold the kth requests with S(r; t) = j, vtj =j fr j S(r; t) = jg j and
�(rk) = 0 for all k

ih = N � 1;
for node ip = N � 1 to 0

if (ip == ih) ih = ih � 1
if vip > m for each of (vip �m) extra requests

x = R(ip; vip); remove request x from node ip
while (vih � m) ih = (ih � 1 + N ) mod N ; found a hole
vip = vip � 1;
vih = vih + 1;
R(ih; vih) = x; transfer it to node ih
�(x) = �(x) + ((ip � ih +N ) mod N );
S(x; t) = (S(x; t) � 1 +N ) mod N ;

2

In this algorithm, each request ri is represented by fS(ri; t); �(ri)g, where �(ri)
stands for the number of cycles to be delayed on request ri and initialized to zero.
An entry of the two-dimension array R(j; k) indicates the kth request on storage
node j. Variables ip and ih are indices pointing to the \peg" and \hole" storage
nodes, respectively. Basically, a request that cannot be ful�lled in the current time
cycle is delayed to its nearest unpacked time slot. This algorithm guarantees the
minimum delay.
Example 2: A set of requests are given as shown in Figure 8(a), where v0 = 1,
v1 = 5, v2 = 4, and v3 = 2. Thus storage nodes 1 and 2 are pegs while storage
nodes 0 and 3 are holes. Requests r6 and r11 are delayed by two time cycles; request
r8 is delayed by one time cycle, as given in in Figure 8(b). The resultant schedule
is shown in Figure 8(c). 2
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5. Request Relocation

In this section, we consider the situation where the load is unbalanced. The de�-
nition of load balance is di�erent from the traditional de�nition because the video
stream scheduling is a real-time problem. In this system, as long as every wi � m,
it is considered as a balanced load. Otherwise, some requests need to be relocated.
We assume that the total number of requests is less than or equal to Nm. In the
case where the total number of requests is more than Nm, only Nm requests can be
ful�lled. Many existing load relocation algorithms can be applied to this problem.
The objective is to move requests from those overloaded nodes to the underloaded
nodes with minimal cost. RIPS [17], runtime incremental parallel scheduling, is an
algorithm designed to balance independent tasks on large-scale parallel machines.
The algorithm can be so modi�ed for parallel video servers that every node that
presently handles more than m requests will send excess load to its nearest under-
loaded nodes. In Figure 9, we present a modi�ed algorithm with assumption that
the nodes are arranged in a linear chain. Algorithms for other topologies can be
developed similarly.

The �rst step is to obtain the accumulated number of requests by using the scan
with sum operation from node N � 1 to node 0. Each node records a partial sum
Ti =

PN�1

j=i wj. In the second step, each node calculates an accumulation quota
Qi. This algorithm can be seen as another \peg-and-hole" algorithm, where the
\peg" is the overloaded node and the \hole" is the underloaded node with respect
to its quota. The corresponding 
ows are also calculated. A positive 
ow means
that a 
ow from node i � 1 to node i and a negative 
ow means that a 
ow from
node i to node i � 1. In the third step, proximities are calculated which are the
distance from nearest \hole" nodes. Assume every hole has unlimited capacity,
the minimal 
ow fi�1;i is the result of deliverying every extra work to its nearest
hole, in case of a tie, to its left-nearest hole. Hence, there is no 
ow across any
hole node. Therefore, between nodes i � 1 and i, the resultant minimal 
ow fi�1;i
can be determined only by all nodes from its left-nearest hole to its right-nearest
hole, which are bounded by indices from bli to bri . That is, fi�1;i is a summation
of possible 
ows from its left-handed nodes if node bri is their nearest hole and its
right-handed nodes if node bli is their nearest hole. In the fourth step, with two

ows yi�1;i and fi�1;i available, we can construct an optimal 
ow xi�1;i such that
it is closed to fi�1;i as much as possible, but does not overload any hole node. In
the case of T0 = Q0, the 
ow yi�1;i is an optimal one. Otherwise, an auxiliary
variable gi is used to record how many streams can be adjusted. Initially, g0 is the
maximum number of streams allowed to be adjusted. Once gi becomes zero, the
rest of optimal 
ows, fi;i+1; :::; fN�2;N�1 must be the same as yi;i+1; :::; yN�2;N�1.
According to the values of x, the workload is exchanged so that each node has no
more than m requests. The number of communication steps in this algorithm is
5N , where step 1 takes N steps to calculate Ti, step 3 takes 2N steps, one for
calculating p, one for f , and step 4 takes 2N steps, one for calculating x, one
for load exchange. This algorithm minimizes the number of communications and
communication distance. It also maximizes locality.
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Algorithm 3: Request Relocation.
Let wi be the number of video streams in node i, where i = 0; 1; :::;N � 1.

1. Global Reduction: Perform the scan with sum operation of wi:

Ti =
N�1X
j=i

wj

2. Quota Calculation: An accumulation quota and corresponding 
ow for each
node are computed:

Qi = (N � i)m

g0 = Q0 � T0; for i > 0; yi�1;i = Qi � Ti

3. Proximity Calculation:
For each node i, its proximity to the left/right-nearest hole is de�ned as pli/p

r
i

as follows:
pli = min(fi � j j 0 � j � i and wj < mg [ f1g)

pri = min(fj � i j i � j < N and wj < mg [ f1g)

For each node i, a segment from its left-nearest hole to its right-nearest hole
are bounded by indices from bli to b

r
i :

bli = max(fj j 0 � j < i and wj < mg [ f�1g)

bri = min(fj j i < j < N and wj < mg [ fNg)

Assume every hole has unlimited capacity, the minimal 
ow fi�1;i is the result
of delivering every extra work to its nearest hole, and in case of a tie, to its
left-nearest hole.
For i = 1; :::; N � 1:

fi�1;i =
X

bl
i
<j<br

i

8<
:

m � wj if j � i and plj � prj
wj �m if j < i and plj > prj
0 otherwise

4. Load Exchange:

For i = 1; :::; N � 1:

gi =

8<
:

yi�1;i � fi�1;i if gi�1 � (yi�1;i � fi�1;i) � 0
0 if (yi�1;i � fi�1;i) < 0
gi�1 if (yi�1;i � fi�1;i) > gi�1

xi =

8<
:

fi�1;i if gi�1 � (yi�1;i � fi�1;i) � 0
yi�1;i if (yi�1;i � fi�1;i) < 0
yi�1;i � gi�1 if (yi�1;i � fi�1;i) > gi�1

if i > 0 and xi�1;i > 0, wait to receive xi�1;i tasks from node i� 1.
if i < k � 1 and xi;i+1 < 0, wait to receive jxi;i+1j tasks from node i+ 1.
if i > 0 and xi�1;i < 0, send jxi�1;ij tasks to node i � 1.
if i < k � 1 and xi;i+1 > 0, send xi;i+1 tasks to node i+ 1.

Figure 9. Request Relocation Algorithm for a Chain.
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Example 3: Table 1 and Figure 10 show an example for the load-balancing algo-
rithm, where m = 4. Ti; Qi, and yi�1;i are calculated in steps 1 and 2. In step 3, pli
and pri are calculated so that by comparing their values each overloaded node can
determine its intention of sending extra load, which is the value of f . For example,
node 3 intends to send a request to node 2 so that f2;3 = �1. Similarly, node 4 in-
tends to send a request to node 5 so that f4;5 = 1. When pli = pri , the node intends
to send its extra load to left. In step 4, the value of x is calculated according to
the values of y; f and g. Since the value of x must be in range (y � g; y), the �nal

ow could be di�erent from the value of f . For example, node 4 intends to send a
request to node 5 according to the value of f , but �nally it sends a request to node
3. Otherwise, nodes 5, 6, or 7 would be overloaded. 2

Table 1. Example for Request Relocation

Node i 0 1 2 3 4 5 6 7

wi 3 4 0 5 5 1 8 3
Ti 29 26 22 22 17 12 11 3
Qi 32 28 24 20 16 12 8 4

yi�1;i { 2 2 �2 �1 0 �3 1
pli 0 1 0 1 2 0 1 0
pr
i

0 1 0 2 1 0 1 0
bli -1 0 0 2 2 2 5 5
br
i

0 2 2 5 5 5 7 7
fi�1;i { 0 0 �1 0 1 �4 0
gi 3 2 2 0 0 0 0 0

xi�1;i { 0 0 �2 �1 0 �3 1

3 4 0 5 5 1 8 3

i=0 i=1 i=2 i=3 i=4 i=5 i=6 i=7

2 1 3 1

Figure 10. Example for Request Relocation.

The complexity of each algorithm is listed below:

Con
ict-free scheduling O(mN logN )
Request delaying O(mN )
Request relocation O(N )
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6. Admission Control

With the con
ict-free scheduling algorithm, request delaying algorithm, and load-
balancing algorithm, we are ready to de�ne the admission control policy for new
requests. A new request can be admitted if and only if it can be scheduled without
con
ict. It could be scheduled to a time slot immediately upon arrival at a delivery
node if there is a con
ict-free time slot available. Otherwise, the new request must
be delayed, or other video streams need to be rescheduled to accommodate the new
request.

AdmissionRejection

w <=m?

j

i

Yes

No

Yes

No

Ye
s

No

No

Yes

Request

Request 

Relocation

Delaying

Conflict-free
Scheduling

v <=m?

T<=Nm?

empty slot?
new request find an

Figure 11. Admission Control Algorithm

The admission control algorithm is shown in Figure 11. Let T 0 be the current
total number of video streams being serviced. When one or more requests arrive,
the condition T � Nm is checked, where T = T 0 + r and r is the number of newly
arrived requests. If the condition holds, the requests are admitted. Otherwise,
only r0 = Nm � T 0 requests can be admitted and others must be rejected. For
the admitted requests, it is to test whether some delivery nodes are overloaded.
If so, some requests are to be relocated. The next step is to check whether some
storage nodes are overloaded. If so, some requests are to be delayed. Finally, it is
to check whether there are non-con
ict time slots for the new requests. If not, the
con
ict-free scheduling algorithm is applied to rearrange video streams.

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

� if for any delivery node i, wi > m, the request relocation algorithm is applied;

� if for any storage node j, vtj > m, the request delay algorithm is applied;
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� if any request cannot �nd an empty con
ict-free slot, the con
ict-free scheduling
algorithm is applied.

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

� assume the new request rk arrives, if wi > m, the left-nearest and the right-
nearest underloaded nodes of node i are searched and the new request is trans-
ferred to its nearest underloaded node;

� if vtj > m, the request is to be delayed to its nearest hole;

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

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

7. Simulation and Performance

We have conducted a simulation study on various scheduling algorithms, which in-
clude Greedy algorithm, Con
ict Free Scheduling (CFS), CFS with Delay (CFS/D),
CFS with Delay and Relocation (CFS/D&R). The simulation is con�gured with �ve
parameters: the total number of storage/delivery nodes N , the number of slots per
time cycle m, the load measurement L based on the available capacity, the average
�le size Z speci�ed in terms of number of slots required to retrieve the entire �le,
and the duration of simulation in terms of number of time cycles. In the following
simulation, the average �le size is 200 time slots, and the simulation duration is
20,000 time cycles.
The arrival rate, R, can be calculated from the following equation:

R =
N �m � L

Z

At each step, the probability that there are exactly r new requests is given by:

P (r) = �r(1 � �);

where, � can be calculated as:

R =
1X
i=0

i � �r(1� �) and � = R=(1 +R):

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

(a) At each step the number of new requests is calculated according to probability
�.
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(b) For each new request, randomly generate its delivery node, its starting storage
node where the �rst block of the �le is stored, and the size of the �le in terms
of number of slots.

(c) 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 number of delayed requests,
the number of relocated requests, etc.
The di�erent versions of the CFS algorithm have �rst been studied. They are

tested with di�erent arrival rates. Table 2 shows performance of algorithms CFS,
CFS/D, and CFS/D&R on di�erent loads. For each instance, listed in the table are:
(1) the percentage of delayed requests, (2) the average delay per delayed request
in terms of time cycles, (3) the percentage of relocated requests, (4) the average
distance per relocated request in terms of hops, and (5) rejection rate, which is the
ratio of the number of rejected requests and the total number of requests. Here,
items (2) and (4) give more detailed information about the delayed requests and the
relocated requests, respectively. It is shown that when the system is lightly loaded,
the delay is around one time cycle. As the load increases, the average delay may
increase to a few time cycles. The number of delayed requests and the average delay
of the CFS/D&R algorithm are substantially larger than the CFS/D algorithm,
because CFS/D&R admits much more requests that are rejected by CFS/D. These
requests must be relocated and delayed. Also, the number of relocated requests
and the average distance of the CFS/D&R algorithm increase with the load. For
a heavily-loaded system, such as 90% or more, CFS or CFS/D exhibits a high
rejection rate, whereas CFS/D&R can reduce the rejection rate signi�cantly. The
penalty paid for a low rejection rate is the large number of relocations and delays
to be enforced for incoming requests due to the highly saturated system.
Next, we compare performance of Greedy algorithm and di�erent versions of the

CFS algorithm. Figure 12 shows performance for di�erent values of m, the number
of time slots in a time cycle. When m increases, the rejection rate for all four
algorithms decreases. The partially reason for this phenomenon is that when each
delivery node handles more requests the di�erence between the number of requests
arrived becomes smaller. Figure 13 shows performance for di�erent number of
nodes, N . There is no substantial change in rejection rates when N varies for
the Greedy, CFS, and CFS/D algorithms. But for CFS/D&R the rejection rate
decreases when N increases, since there could be more chances to relocate the
newly arrived requests. Finally, Figure 14 shows performance for di�erent loads.
Obviously, the rejection rates of all four algorithms become high as load increases.
For CFS/D&R, the rejection rate remains around 0 until the load becomes 80%,
and at load of 80%, the rejection rate is 0.64%. In general, a rejection rate of less
than 1% is considered to be acceptable.
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Table 2. Performance Variances with Di�erent Loads for m=10 and N=16.

Load Algorithms Delayed Avg. delay Relocated Avg. distance Rejection
requests per delayed requests per relocated rate

request request

CFS { { { { 0.21%
30% CFS/D .08% 1.00 { { 0.12%

CFS/D&R .08% 1.00 .12% 1.00 0.00%

CFS { { { { 1.32%
40% CFS/D .70% 1.00 { { 0.72%

CFS/D&R .70% 1.00 .72% 1.00 0.00%

CFS { { { { 3.80%
50% CFS/D 2.25% 1.07 { { 2.12%

CFS/D&R 2.54% 1.09 2.32% 1.00 0.00%

CFS { { { { 7.05%
60% CFS/D 4.87% 1.15 { { 4.07%

CFS/D&R 6.49% 1.28 5.49% 1.04 0.00%

CFS { { { { 12.32%
70% CFS/D 7.65% 1.24 { { 8.43%

CFS/D&R 13.1% 1.58 11.8% 1.11 0.05%

CFS { { { { 18.32%
80% CFS/D 11.7% 1.36 { { 13.32%

CFS/D&R 31.4% 2.36 31.7% 1.49 0.64%

CFS { { { { 21.46%
90% CFS/D 14.1% 1.44 { { 15.97%

CFS/D&R 42.4% 2.89 42.1% 1.75 2.57%

CFS { { { { 26.61%
100% CFS/D 17.0% 1.55 { { 21.27%

CFS/D&R 53.3% 3.69 52.6% 2.19 8.25%
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Figure 12. Rejection Rate as Number of Time Slots Varies.
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Figure 13. Rejection Rate as Number of Storage Nodes Varies.
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8. Related Work

During the past few years, several research projects investigated techniques for de-
signing video servers. Related issues include disk layout and scheduling strategies,
admission control strategies, real-time support, etc. [5, 10, 16, 19, 6]. Most research
works assumed single disk storage system. Several research projects investigated
the design techniques for parallel video servers [15, 4, 13, 18, 14, 7, 11]. Video data
stripping schemes have been studied [15, 1, 5, 10, 7, 11]. However, video stream
scheduling problem has not been formally addressed. Many systems rely on statis-
tical multiplexing which cannot truly guarantee the Quality of Service. The system
resources cannot be fully utilized without a sophisticated scheduling strategy. Not
arranging the video streams properly, large bu�er space is required. In particular,
the prefetch technique requests huge memory space [8]. A greedy scheduling for
clustered architectures has been proposed by Reddy [15]. Our approach aims at
precise scheduling of video streams to maximize system throughput and to minimize
the usage of bu�ers.
Mitra, a scalable media server, is a cluster of multi-disk workstations connected

using an ATM switch [11]. The data is partitioned into many blocks, each of them
is distributed across d disks. Each piece of this block is termed as fragment. The
time period is �xed for all media types. In each time period, the scheduler issues
a read request for the block to the d disks. Then each disk transfers its fragment
to the client. No scheduling has been applied to the transfer of these fragments.
Tiger, a direct-access architecture, uses the wide striping strategy to balance the
load and the similar delay strategy described in this paper. It assumes that all
of the �les have the same bit rate [7]. However, Tiger does not have a con
ict-
free scheduling algorithm to avoid unnecessary delay. Instead of scheduling to the
current time slot, a newly arrived request is delayed to next available slot. For
a large system, the delay can be signi�cant. After the system load reaches 50%
to 80%, the delay increases drastically. Our algorithms can be applied to direct-
access architecture equally well. By using the con
ict-free scheduling algorithm,
only requests that exceed the disk capacity are delayed. Our experimental result
shows that if a request has to be delayed, the average delay is less than three time
cycles and rejection rate is less than 3% when the system load is 90%.

9. Conclusion and Future Work

This paper addressed the scheduling problem for parallel CBR video servers. A
number of algorithms including con
ict-free scheduling, request delay minimiza-
tion, request relocation, and admission control have been presented. Combining
these algorithms, we are able to achieve optimal scheduling in distributed memory
clustered architectures.
Most current scheduling techniques are based on statistical multiplexing. To guar-

antee timely video signal delivery, a system is not able to reach its maximumcapac-
ity with statistical multiplexing. Our method precisely schedules video streams for
Quality of Service requirement. This method maximizes the video server capacity,
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and minimizes the delay time. It can minimize the bu�er size required to reduce the
e�ect of unpredictable network delay. The scheme described in this paper has been
extended to support interactive operations such as fast forward and rewind [20].
We did not discuss the network con
ict problem in this paper. Network tra�c

scheduling is an important issue to be addressed. For some topologies such as the
Omega network and hypercube network, once a set of requests has been scheduled
without con
ict for a time cycle, there is no con
ict for other cycles. However, for
other network topologies, it might be necessary to do scheduling for each individual
time cycle.
The paper only addressed scheduling problem for the CBR video. In some appli-

cations, clients may request the retrieval of variable bit rate encoded media streams.
Scheduling this type of requests is much more di�cult which is to be addressed in
the future work.
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