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A Modular Multirate Video Distribution
System—Design and Dimensioning

Yiu-Wing Leung, Member, IEEE, and Tak-Shing Yum, Senior Member, IEEE

Abstract—A modular architecture is proposed for distributing
broadcast and switched video. The architecture consists of a
set of concentration buses (or input buses), a TDM-based bus
matrix and a set of distribution buses (or output buses). The
transmission time in each output bus is divided into fixed size
frames. Dedicated time slots in a frame are reserved for broadcast
video. The remaining time slots are allocated to switched video
on a first-come-first-served basis. Videos are switched via time
slot assignments which determine the connections within the bus
matrix. Two slot assignment algorithms are designed, one for
point-to-point transmissions and the other for point-to-muitipoint
transmissions. The advantages of this architecture include: 1) ac-
commodation of multirate video, 2) support of video broadcasting
and multicasting, and 3) modular growth at distributed locations.

1. INTRODUCTION

ROPOSALS for broadband video services can be catego-
rized into broadcast services and interactive services. For
broadcast services, videos are distributed to all the customers.
Customers do not usually have control over the content of
the broadcasts (e.g., TV programme distribution). For inter-
active services, video communication session is initiated by
customers and video is switched to those who have requested
this session (e.g., videoconferencing and video on demand [1]).
With the advances in fiber optics technology, switching
rather than transmission becomes the bottleneck in broadband
video services. In Hong Kong as an example, large quantities
of dark fibers are in place but good quality video communi-
cation is still a rarity because currently available switching
facilities cannot accommodate them economically.

In recent years, considerable effort has been made in de-
veloping high speed packet switches for broadband com-
munications. High speed packet switches are customarily
being classified into three broad types: shared-memory based,
shared-medium (or shared-bus) based and space-division based
[2], [3]. In particular, several high speed packet switches
designed by IBM, NEC and Fujitsu use shared-buses for high
speed switching. IBM’s PARIS switch [4]-[5] uses a high
speed shared bus for switching and it adopts an efficient bus-
access policy which can accommodate variable size packets.
NEC’s ATOM switch [6] also uses a single shared bus but
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it adopts the bit-slice organization to increase the speed of
the bus. For still larger switches, a multistage organization
was proposed and store and forward of packets is needed in
every stage. Alternatively, Fujitsu’s Bus Matrix Switch [7]
uses multiple shared buses which are connected in matrix
form with memory located at each crosspoint of the buses.
Packets contending for access to the same bus are stored in the
crosspoint memories. Arbiters scan the crosspoint memories
and remove packets from them.

In a previous study [8], we have proposed a TDM based
multibus packet switch where the inputs and outputs are
grouped for the sharing of buses and packets are switched
from the inputs to the outputs using a zero memory M x M
bus matrix. Based on this multibus packet switch, we propose
in this paper a modular architecture for distributing broadcast
and switched video and design algorithms for establishing
multirate point-to-point as well as point-to-multipoint connec-
tions. This architecture has three advantages. First, multirate
video can be accommodated. This can accommodate a variety
of video services that have different bit rate requirements.
Second, video can be broadcast or multicast to the customers.
Hence, multipoint communication services (e.g., video confer-
encing) can be provided. Third, it can be used as a building
block for constructing large video distribution networks.

II. A MODULAR ARCHITECTURE FOR VIDEO DISTRIBUTION

Fig. 1 shows a modular architecture for distributing broad-
cast and switched videos. It consists of a video multiplexer, a
video switch, a slot assignment processor, M output buses and
a set of output adaptors. All of these components need to be
confined to a “single box” to ensure the length of any bus is
short enough for high speed transmission.

We assume that each video source has a constant bit rate. For
example, compressed HDTV video without degradation has a
bit rate of 44 Mbps and compressed NTSC video with VCR
quality has a bit rate of 1.5 Mbps [9]. Asynchronous transfer
mode can support communication services having different
traffic statistics and variable bit rate transmission, but it must
guarantee a small delay and packet loss rate for real-time traffic
and regulate the input rate of each communication session. In
this paper, we considered a specialized service network for
fixed rate video transmissions. Such specialization can elimi-
nate the overhead of guaranteeing the delay, controlling packet
loss and regulating the input rate of each communication
session.

All video channels are packetized into the same fixed size
packets before entering the network. The transmission time in
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each output bus is divided into fixed size frames as shown
in Fig. 2. A frame is divided into g slots of broadcast video
subframe and h slots of switched video subframe where each
slot can accommodate one video packet. The basic rate in
this network is one packet per frame. A higher rate video can
be accommodated by assigning multiple slots per frame. In
the rest of this paper, the slot positions for broadcast video
and switched video are in reference to the broadcast video
subframe and the switched video subframe respectively.

A. Video M, ultipléxer

The video multiplexer combines up to B broadcast videos
by time division multiplexing and feeds them onto the M
output buses. Fig. 3 shows the block diagram of a video
multiplexer. It consists of B broadcast video adaptors and M
bus relays. Each broadcast video is connected to a broadcast
video adaptor, which converts the serial input into parallel
bit streams, stores the packets in the buffer and transmits a
packet when its control input is HIGH (i.e., “1”). The bus
relay is a high input impedance two-state device which copies
the content in the input bus to the output bus when its control
input is HIGH and disconnects the output bus from the input
bus when its control input is LOW. Because these relays have
high input impedance, they can ensure a certain fanout at the
output buses.

The B+ 1 control lines from the slot assignment processor
consist of B transmission enable lines and 1 relay enable
line. Each transmission enable line is connected to the control
input of a broadcast video adaptor and the relay enable line
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is connected to the control inputs of all the bus relays. In the
broadcast video subframe, the relay enable line is HIGH so
that all the broadcast video adaptors can transmit to all the
output buses. Let the ith broadcast video require b; slots per
frame. Then, the first transmission enable line is set to HIGH
for b; slots to enable broadcast video adaptor 1 to transmit
packets to the output buses and then the second transmission
enable line is set to HIGH for the next by slots, etc.

B. Video Switch

Fig. 4 shows the video switch. The switched-video inputs
are partitioned into M groups of L inputs each. There are two
reasons for grouping the inputs. First, the data transfer rate of
a bus is usually much higher than the data rate of a switched
video channel (e.g., the bus in the IBM PARIS prototype is
operated at 6 Gbps [10] and the data rate of a compressed video
at VCR quality is 1.5 Mbps [9]). Therefore, a bus can serve
many switched video channels. Second, very often, only some
of the input ports have traffic. Many ports can therefore share
a bus by statistical multiplexing. In section V, the group size
dimensioning problem for a specified blocking performance is
posed and solved. Similarly, a specific output bus can serve
a group of customes.

Every switched video is connected to a switched video
adaptor. Group i adaptors are connected to the ith horizontal
bus, and group j output ports are connected to the jth vertical
bus. The M horizontal buses are connected to the M vertical
buses in bus matrix form, with a total of M2 switching
elements. The switching element placed at the crosspoint of the
ith horizontal bus and the jth vertical bus is denoted by S;;.
A common clock line is connected to all the switched video
adaptors and switching elements (not shown in Fig. 4). Video
channels are switched to the outputs via the switching elements
which are controlled by the slot assignment processor.

When the current slot assignment needs to be changed, the
slot assignment processor sends the new slot assignment at
the beginning of a frame to all the switched video adaptors
and switching elements through the 2M control lines (Fig. 4).
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Fig. 5. Slot assignment signal unit formats.

These new slot assignments will be used in the next frame.
Fig. 5(a) shows the slot assignment signal unit format for the
group i switched video adaptors. w;; is a bit map of the slot
positions assigned to the jth input port of group ¢. Thus h =
10 and w34 = 0001001000 means that the 4th input port
of group 3 can transmit at slots 4 and 7. When a new slot
assignment arrives at a switched video adaptor, it removes the
first . bits and passes the remaining bits to the next switched
video adaptor. Fig. 5(b) shows the slot assignment signal unit
format for the switching elements on the ith horizontal bus.
Here tg-“) = 1 indicates that S;; is to connect the ith horizontal

bus to the jth vertical bus in slot k; tg?) = 0 means otherwise.
When a new slot assignment arrives at a switching element,
it removes the first h bits and passes the remaining bits
to the successive switching elements. {w;;} and {tg?)} are
determined in Sections III and IV.

Fig. 6(a) shows a switched video adaptor. It converts the
serial input into parallel bit streams and stores the packets in
the buffer. When the controller receives a slot assignment from
the slot assignment processor, it removes and stores the first 2
bits and passes the remaining bits to the next switched video
adaptor. It then initiates packet transmissions according to the
bit patterns received.

Fig. 7 shows the realization of a switching element. The
relay is a high input impedance two-state element. When its
control input is HIGH, it passes the signal from the input
to the output; when its control input is LOW, it disconnects
the output from the input. The high input impedance of these
relays can ensure a certain fanout at the output buses. The shift
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register stores a set of bits that determines when to connect
the horizontal bus to the vertical bus. When a clock pulse
arrives, all the bits shift to the left by one position and the least
significant bit is shified to the most significant bit position.
If the current least significant bit is HIGH, the relays copy
the content in the horizontal bus to the vertical bus. When
a new slot assignment arrives, the receiver extracts the first
h bits, stores them in the register and passes the remaining
bits to the successive switching elements. At the end of the
current frame, the receiver enables the relays connecting the
two registers, allowing the updating of the slot assignment in
the shift register.

By controlling the switching elements, a switched video
can be sent to one or more output queues. Fig. 8 shows an
illustrative example in which group 2 videos are connected
to output buses 2, 4, and 5, group 4 videos are connected to
output bus 3 and group 5 videos are connected to output bus 1.

By incorporating a video multiplexer and a video switch
in the same architecture, the network only needs to provide
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one type of output interface (i.c., the output adaptors) for
the customers to receive both broadcast and switched videos.
An added advantage is that the number of slots allocated for
broadcast video and the number of slots allocated for switched
video can be changed with the change of traffic composition
during different times of the day.

C. Slot Assignment Processor

The slot assignment processor records the number of slots
required by every broadcast and switched video. It also records
the output group numbers of the switched videos. It coordi-
nates broadcast video distribution through the B+ 1 control
lines that run to the video multiplexer. When a customer
requests a new switched video session, the slot assignment
processor determines whether it can be admitted. If this new
session can be admitted, it sends the new slot assignment to
the video switch through the 2M control lines.

D. Output Adaptor

Fig. 6(b) shows the block diagram of an output adaptor.
The bus receiver is a high input impedance device that copies
the content in its input to its output. The packet filter inspects
the circuit number contained in the header of every incoming
packet and accepts packets destined for it. The received
packets are stored in the buffer and then converted into serial
bit streams for transmission.

The fanout problem [11] limits the maximum number of
output adaptors that can be connected to each output bus. This
problem can be solved by connecting the output bus to a set of
bus relays of high input impedance and each bus relay drives
a subgroup of output adaptors in an output group.

III. SLOT ASSIGNMENT FOR POINT-TO-POINT TRANSMISSIONS

In this section, we consider the case where every switched
video packet is sent to one output group.
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A. Data Structure

Let (4, j;d) be the number of packets to be sent from the
jth input port in group 7 to output group d in each frame.
The total number of Backets sent from input group ¢ to output
group d is cia = Y ;g (8,55 d). We call the {cia} arranged
in matrix form a group traffic matrix C. Since only h slots
per frame are available for switched videos, all the row sums
and column sums of C cannot be larger than h. The mth
slot transmission matrix T, = [tgi")] Mmxm describes the
transmitting and receiving group pairs in slot m. Specifically,
tgg‘) = 1 indicates that group ¢ videos can transmit a packet
to group d outputs in slot m and tgd'") = 0 otherwise. Since
each vertical or horizontal bus can transmit at most one packet
in a slot, all the column sums and row sums of T, cannot
be larger than one.

B. Point-to-Point Slot Assignment Algorithm

The point-to-point slot assignment (PPSA) problem is to
determine {T;} such that T; + Tz + ---Tp = C for a
given C and h. A related System of Distinct Representative
(SDR) problem [12] is to find a transmission matrix with a
maximum number of non-zero elements or maximum rank.
To find one transmission matrix, the SDR algorithm [12] has
time complexity O(M*) [13]. The PPSA problem studied
here, however, does not require the transmission matrices
to have maximum rank. If we use the SDR algorithm to
obtain the transmission matrices one by one, the resulting
time complexity is O(hM*?). As we shall see below, the time
complexity of our proposed PPSA algorithm is only O(hM 2.
Another slot assignment problem considered in [14]-[18] is
to minimize the number of slots required to switch the traffic
defined by C. In other words, the problem is to find T1, Ty, . ..
and T}, such that & is minimum. Thus, the PPSA problem is a
simpler version of the SDR problem and the “minimum # slot
assignment” problem and the corresponding PPSA algorithm
has a smaller time complexity.

The following algorithm called the PPSA algorithm com-
putes Ty, T, ... in turns. In the computation of T, let matrix
B be a running “matrix variable” recording the part of C still
to be processed. For the computation of T, B is updated by
subtracing T from C. For T3, B is set to C — Ty — T3, etc.
Let r; and C; be the number of non-zero elements in row ¢ and
column 7 of B respectively, and let r = [r; 72 7|
andc=[c1 ¢ cu]- The idea of the PPSA Algorithm
is based on the fact that in any iteration, group % videos
can be connected to one of the r; possible output groups,
and output group j can be connected to one of the c; video
groups. Row ¢ has the smallest number of nonzero elements
means group 4 videos has the smallest number of connection
choices. Therefore, we should connect group ¢ video channels
to one of the r; output groups specified by B in the present
slot. Similarly, column j has the smallest number of nonzero
elements means that output group j has the smallest number
of connection choices. We should therefore connect output
group j to one of the ¢; video groups specified by B in the
present slot. When group ¢ video channels are connected to
group j outputs in a slot, the former cannot be connected to
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other output groups and the latter cannot accept packets from
other video groups in the present slot. Hence, the elements in
row % and column j of B are set to zero. The above steps
are executed h times to determine a transmission matrix. The
details of the PPSA algorithm are given below:

PPSA Algorithm:

M; h; C
Ty, Ts,...,Th
1) FOR m =1 TO h DO

2) T, « 0; B~ C;
3)  FORn=1TO M DO

Inputs:
Outputs:

4) compute arrays r and ¢ from B;
5) find the smallest nonzero entry 7, in r
and the smallest nonzero entry ¢, in c;
6) IF r, < ¢ THEN select a non-zero element

in row p of B and denote its
column number as 3; tz(;") - 1;
and set all elements in Tow p
and column ¢ of B to zero;
ELSE select a nonzero element in column

g of B and denote its row number as

i;tg;n) «— 1; and set all elements in

row ¢ and column q of B to zero;

7 ENDFOR;
8) C—C-Ty;
9) ENDFOR. .

The inner loop is executed M times, each with O(M)
steps. The outer loop is executed h times. Therefore, the
time complexity of the PPSA Algorithm is O(hM?). Since
time slots are assigned only when a new request for switched
video is received, a few seconds of delay for call setup
and time slot assignment computation should be acceptable
to the customers. Therefore, the PPSA algorithm with time
complexity O(hM?) is efficient enough. The correctness proof
of the PPSA algorithm can be found in [19].

Example 1: Let M = 3, h = 4 and the group traffic matrix
C be

Q

Il
— =N
W= O
O NN

The details of determining T are given below (the numbers
below matrix B are the ¢;’s and the numbers to the right of
B are the 7;’s).

Iteration 1: B is initially equal to C:

2 0 2|2

B=C=(11 2|3
1 3 02
3 2 2

We see that row 1, row 3, column 2 and column 3 of B have
the smallest number of nonzero elements. We can select any
one of them and suppose row 1 is chosen. Then, we select
a nonzero element in row 1 to B, say b;3, and set t%) to 1.
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Therefore, T; is given by:

T, =

o oo
(= el )
o O

Iteration 2: In slot 1, input group 1 cannot send additional
packets and output group 3 cannot receive additional packets.
Therefore, all the elements in row 1 and column 3 are set to
Zero:

0 0 0|0
B=|1 1 0|2

1 3 0]2

2 20

Now, rows 2, 3 and columns 1, 2 of B have the smallest
number of nonzero elements and we can choose any one of
them. Suppose row 2 is chosen. Then, we choose a nonzero
element in row 2 of B, say by;, and set t§,11> to 1. Therefore,
T, is given by:

0 0 1
T;=1|1 0 0
0 00
Iteration 3: Since input group 2 and output group 1 cannot

handle additional packet transmissions, we set all the elements
in row 2 and column 1 to zero:

B =

o oo o

= W oo

o O o O
[e=]

Now, we select the element b3z and set t;(,lz) to 1. Therefore,
T, is given by

T, =

o= O
-0 o

1
0
0

For the computation of T2, we start with B = C-T,.
Following the same procedure, we obtain

1 00 100
T=(0 0 1|Tz3=(0 0 1
010 010

0 01

T,=10 1 0

1 00

C. Slot Assignments

The slot assignment matrix W = [w;;],,, ; can be found
by matching the destination output group number of every
switched video with the nonzero elements of the transmission

atrices:

Inputs: M;h; Ty, Ts,...,Th

Outputs:  [wij]as .1

1) W« 0;

2) FORi=1TOM,m=1TO handd=1TO M
DO
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3) IF tg;") =1 and (i, j; d) > 0 for some
je{l,2,...,L} THEN

4) set the m*? bit of w;; to one;

5) v(%, 45 d) — (i, 5;d) — 1

6) ENDIF;

7) ENDFOR.

IV. SLOT ASSIGNMENT FOR
POINT-TO-MULTIPOINT TRANSMISSIONS

In this section, we consider the general case where a
switched video packet can be multicast to a specific set of

output groups.
A. Data Structure

Let group i video channels generate a total of v; packets
per frame. Label these v; packets as packet 1, packet 2, ...,
and packet v;. The group i traffic matrix C; = (¢ glvix vt i
defined such that c@d = 1 if packet j in group i is sent to
output group d and C;’d = 0 otherwise. The jth row sum of
C; gives the number of output groups to which packet j will
be destined, and the d** column sum of C; gives the total
number of packets sent from input group 7 to output group d.

Since each group of switched video channels can send
at most h packets in each frame, we have the following
constraint:

0<v;<h (1a)
Since each output group can receive at most h packets in each
frame, we have the following constraint:
M v
YD Cla<h
i=1j=1

The row sum of any transmission matrix (defined in Section
II) is now larger than one for multicast packets. Let cij
denote the input port number of packet j in group % and let
r; = [rgl) 7‘1{2) r§”‘)] (i=1,2,...,M) be the slot
assignment array of group i, where rgl), r§2), ... denote the
input port number in group 7 that can transmit a packet in slot
1, slot 2,..., respectively.

(1b)

B. Point-to-Multipoint Slot Assignment Algorithm

The point-to-multipoint slot assignment (MPSA) problem is
to determine the transmission matrices such that E:’n=l tg;")
is equal to the dth column sum of C; forall 1 <i,d < M.
The following algorithm called MPSA algorithm can be used
to find {T} one by one starting from T;. Consider the
computation of T,, which is started as a zero matrix. Let
x=[z1 2 zs] be an array where z; = 1 indicates
that group i videos can send a packet in slot m and z; = 0
otherwise, and lety = [y1  ¥2 Y| be an array where
y; = 1 indicates that output group i can receive a packet in
slot m and y; = O otherwise. If z3 V2 V---Vizy = 1 and
y1Vye V- Vyuy = 1, then some packets can be sent from
the input groups to the free output groups in slot mn. Let g; be
the input group with zy, = 1 and that has a set of packets H;
that can complete the multicast in slot m. Let G = {g:}-
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T,, is found in the following steps. Compute the sets G and
H; for all i € G. If G is not empty (i.e., at least one packet can
be sent to all of its destinations in slot m), select C; (where
i € G) such that, among the matrices C,, for all p € G, C;
has the largest number of nonzero rows. Then select row j
from C; (where j € H;) such that the jth row sum of C; is
the largest. The reasons for this choice are 1) Group ¢ video
channels have the largest number of outstanding packets, and
2) Packet j in group i has the largest multicast multiplicity
and can complete the multicast in one slot. On the other hand,
if G is empty, select C; such that z; = 1 and C; has the
largest number of nonzero rows. Then select packet j from
group i such that packet j can be sent to the largest number of
free output groups in slot m. Let D be a set of output groups
that packet j in group ¢ can be sent to in slot m. Packet j in
group 14 is then assigned to transmit in slot m, in other words,
set ti:,n) = 1 for all d € D. Next, set z; = 0 to indicate that
group i video channels cannot send other packets in slot m
and set yg = 0 for all d € D to indicate that output group d for
all d € D cannot receive other packets in slot m. Repeat the
above steps until z; Vxa V- xp =001 41 Vya V- -Vym =
0 to completely determine T4, .

When Ty, T, . .., T}, are found with some C; # 0, then the
call request cannot be accommodated by the current transmis-
sion schedule. We can either block the call or use backtracking
to search for other possible transmission schedules. However,
our computational experience reveals that backtracking is
seldom needed except when both v; and E,Ai1 Y1 S
are close to h [see (1)]. In other words, the algorithm can
obtain transmission schedules without backtracking unless the
traffic is so heavy that very few time slots are available. The
MPSA algorithm is given below:

MPSA Algorithm
Inputs:  h; M;v’;s;C;’s and a;;’s
Outputs: T1,T2,...,Th; r1,r2,...,TM

1) FOR m =1 TO h DO

2) Tm<—0;rim)e—Oforz'zl,Zy...,M;

3)  IF group ¢ videos (i =1,2,..., M) has at least one
outstanding packet THEN z; « 1
ELSE z; < 0;

4) TF at least one packet is sent to output group
d(d=1,2,...,M) THEN yg — 1
ELSE y4 < 0;

5) WHILEx1V:n2V~--V:1:M=1andy1Vy2V~~-VyM
=1DO

6) compute G; compute H; for all ¢ € G;

7 IF G is not empty THEN ~

among the matrices C,, for all p € G, select
C;(i € G) such that C; has the largest number
of nonzero rows; and select row j from C;
such that the 7% row sum of C;
is the largest
ELSE select C; with z; = 1 such that C; has the
largest number of nonzero rows; and
select row j from C; such that packet
j of group ¢ can be sent to the largest
number of free output groups;
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8) z; — 0

9) IFyd/\c;d=1ford=1,2,...,MTHEN
tz(;") “Lyae—0 ¢y 0 ™ @i

10) ENDWHILE;

11) ENDFOR;

The WHILE loop is executed at most M times, each with
O(LM) steps. The FOR loop is executed h times, each with
O(LM?) steps. Therefore, the time complexity of the MPSA
algorithm is O(hLM?). Since time slots are assigned only
when a new request for switched video is received, a few
seconds of delay for call setup and time slot assignment
computation should be acceptable to the customers. Therefore,
the MPSA algorithm with time complexity O(hLM?) is
efficient enough.

Example 2: Let M = 4, h = 4 and {C;} be:

0110
Ci=10 01 0 cFESéé]
0100
1100
Cs={0 0 0 1 c4=[(1)(1)8ﬂ
001 1

The details of determining T is given below:

Iteration 1: Initially, x =y = [1 1 1 1]. Since all packets
can complete the multicast in one slot, we can select either
input group 1 or 3 because they have the largest number
of outstanding packets. Then, we select a packet from input
group 1 or 3 such that this packet has the largest multicast
multiplicity. Suppose the first packet from input group 1 is
chosen. Therefore, T is given by:

01 10
0000
0000
0000
Iteration 2: In slot 1, input group 1 cannot send additional
packets and hence x = [0 1 1 1]. Similarly, output groups 2
and 3 cannot receive additional packets and hence y=1[01
1 1]. Now, the second packet from input groups 2, 3, and 4
can complete the multicast in one slot. We choose the second
packet from input group 3 because input group 3 has the largest
number of outstanding packets. Therefore, T; now becomes:
0110
0000
Ti=1o 0 0 1
0000
Iteration 3: Now, input groups 1 and 3 cannot send ad-
ditional packets and hence x = [0 1 0 1]. Similarly, output
groups 2, 3, and 4 cannot receive additional packets and hence
y = [1 00 0]. Now, the second packet from input group 2 is
chosen because only this packet can complete the multicast in
this slot. Therefore, T is given by

011
T, =

o= OO

100
0 00
0 0 0
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Fig. 9. A hierarchical video distribution network.

Following the same procedure, T3, T3 and T, can be found
to be:

0010 0100
0000 1 01 1
T2‘1100 T3‘0000
0 0 0 1 0000
0000
0000
T4‘0011
1100

C. Slot Assignments

The slot assignments w;;’s sent to the switched video
adaptors can be determined as follow:
[Inputs: ry,ro, ...,y

Outputs:  [w;;]arxr

1. FORm=1TO h and : =1 TO M DO
2)  the mth bit of w;; (where j = rz(m) ) is set to one.

V. NETWORK DESIGN EXAMPLE

A. Hierarchical Distribution of Video

To provide video services to a large number of customers,
it is possible to use multiple copies of the above designed
distribution network and connect them in a hierarchical man-
ner. Such an arrangement is shown in Fig. 9. This hierarchical
design consists of a central distribution hub and K local
distribution subnets. The central distribution hub is located
in a convenient place where there is access to the public
broadband network and a video warehouse. It is responsible for
distributing broadcast and switched video channels to the K
local distribution subnets through optical carriers. Each local
distribution subnet distributes the received video channels to
the customers in its service region. This hierarchical design
can replace a large switch (or bus matrix) by a network of
smaller switches and reduce the overall circuit mileage.
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Fig. 10. The combined multiplexer and demultiplexer.

A central distribution hub consists of J central modules and
K combined multiplexers. A central module is the architecture
shown in Fig. 1 but without a video multiplexer as only
switched video channels are connected. It can therefore devote
all the slots in a frame to switched video channels. The output
lines from each central module are divided into K groups
(one for each region) connected to K combined multiplexers.
The broadcast video inputs are fed into all K combined
multiplexers. The left half of Fig. 10 shows a block diagram
of a combined multiplexer. The broadcast and switched videos
are further divided into W groups and each group is connected
to a time multiplexer. The time multiplexed signals are then
converted to optical signals at specific wavelengths. The w
optical channels at wavelengths A1, A2,..., Aw are coupled
into an outgoing optical fiber for long distance transmission.

A local distribution subnet consists of a combined demul-
tiplexer and a local module. A combined demultiplexer is
shown in the right half of Fig. 10. It demuitiplexes the received
optical signals, converts them into electrical signals and time-
demultiplexes them into individual video sources. These video
sources are then connected to a local module, which is the
architecture shown in Fig. 1, for further distribution to the
customers in the local service region.

B. Blocking Probability

In the above design, requests for broadcast videos will
never be blocked because broadcast videos are sent to all the
local distribution subnets and then to all the output buses in
each local module. However, a request for a switched video
channel may be blocked because no time slot is available
in the local distribution subnet (called local blocking) or in
the central distribution hub (called central blocking). In this
subsection, we derive the blocking probability for point-to-
point transmission of switched video channels based on the
traffic model proposed by Yum [20].

At the busiest hour of a day, let p be the probability that a
customer requests a switched video session. We assume that
a customer is equally likely to request a switched video from
any one of the J central modules. Remind that the central
modules devote all the time slots for switched videos. If the
central module uses a R X R¢ bus matrix, it can handle a
maximum of Rc(g + h) switched video channels and hence
it can send Y = |Rc(g + h)/K] switched video channels
to each service region through a combined multiplexer and
a local distribution subnet. Each local distribution subnet has
|N/K | customers where N is the total number of customers.

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 2, NO. 6, DECEMBER 1994

If the local module use a Rz x Ry bus matrix, there are Rp
output groups of X = |N/KRy| customers each.

Consider local blocking. Since each local module provides
h time slots to each output group, blocking occurs when more
than h customers in the same output group request switched
videos. The local blocking probability By, is given by

X
y L h (X)p"(l -p)* "
n=h+1 n n

Consider central blocking. Without loss of generality, we
consider central module 1 and service region 1. Let Z; be
the number of requests from group i customers in service
region 1 to central module 1. Since each group consists of
X = |N/KRy) customers and each customer requests a
switched video channel from central module 1 with probability
p/J, the probability P|[Z; = 2] is given by

PlZi=4] = (Xf)(%)z({_‘gj)xq |
T ROE T

j=h
Since there are Ry, groups of customers in service region 1,
the total number of requests from service region 1 to central
module 1 is ZSUM = Zl + 22 + -+ ZR,,- Since all Z;’s
are identical and independently distributed random variables,
the distribution of Zsum is just the Rp-fold convolution of
the distribution of Zl with itself. Since central module 1 can
send at most Y = [Rc(g+h)/K| switched videos to service
region 1, blocking occurs when more than Y customers in
service region 1 request switched videos from central module
1. In other words, central blocking occurs when Zsum > Y
and its probability B¢ is given by

B szl n=Y pz ]

c = SUM = 7).
n=Y+1 n

The overall blocking probability B, is Br + Bc-

Bp = @

z<h
3)

(C))

C. Optimal Network Dimensioning

The complexity of a distribution network can be grossly
measured by the number of switching elements used. In the
above hierarchical design, this is equal to JRE + K R%. The
size of a network depends on the service requirement. Here,
we stipulate that the overall blocking probability B, must
be less than a specified value B*, say equal to 10~3. The
minimum complexity network configuration can be determined
by minimizing JRZ + KR} with respect to J,K and X
subject to B, < B*. As an example of optimal design, we
take g = 10, h = 30 and p = 0.25 and show in Fig. 11 the
complexity of the optimal hierarchical networks as a function
of N. Thus for N = 5000 and B* = 1073, the complexity
of the optimal hierarchical network is 508. The corresponding
values of J, K, X, Rc and Ry, are J* = 63, K* =16, X" =
79,R: = 2 and R} = 4. In other words, the optimal
hierarchical network consists of 63 2 x 2 bus matrix based
central modules in the central distribution hub and 16 4 x 4
bus matrix based local modules for the 16 local distribution
subnets. This reveals that bus matrices with a smaller number
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Fig. 11. Complexity versus N.

of input buses are preferred because the complexity of a bus
matrix increases as the square of the number of input buses.
When the blocking requirement B* is relaxed to 1072, the
complexity of the optimal hierarchical network is decreased
to 356, a 30% reduction from 508 for B* = 10~3. The actual
effect of B* on the customers is subjective and is not the aim
of this study. Also shown in Fig. 11 is the complexity of the
optimal single-stage network. It is seen that the complexity of
the hierarchical network is only a small fraction of that of the
single-stage network. For B* = 1073, this fraction decreases
from 0.19 for N = 3000 to 0.146 for N = 5000.

VI. CONCLUSION

Video channels require relatively large bandwidth and there-
fore it is essential that they are switched and transmitted to
the customers in a cost effective manner. In this paper, we
proposed a modular architecture which uses high speed shared
buses to distribute broadcast and switched videos. Two slot
assignment algorithms were designed, one for point-to-point
transmissions and another for multipoint transmissions. Their
respective time complexities are O(hM?) and O(ALM?). A
network design example was given to illustrate how a large
video distribution network can be constructed and dimensioned
using this architecture as building blocks. Extensions of the
present work include traffic engineering for point-to-multipoint
transmissions of switched videos in the hierarchical video dis-
tribution network and the resolution of bus access contention
for variable bit rate video channels.
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