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Abstract

Traffic dispersion, which means spreading traffic from a
source over multiple disjoint paths through a network, has
gained interest for the handling of bursty multimedia traf-
fic. The strategy has been shown to improve network per-
Sformance and to increase security and tolerance to faults.
Our study focuses on the implementation of the technique
in an ATM network, and discusses the protocol functions
and signalling procedures necessary to support traffic dis-
persion. These include connection establishment and re-
lease for multiple paths, and the dispersion of cells at the
sender with resequencing at the receiver. There are also
simulation results included to show how dispersion affects
the delay a cell suffers through a network. Lastly, we give
an example of pseudocode for implementing resequencing
and decoding of dispersed cells in a receiving AAL.

1. Introduction

Traffic dispersion denotes a technique of spreading traf-
fic over multiple disjoint paths from source to destination,
transmitting it in parallel through the network. The tech-
nique has gained attention during the last years as an effi-
cient means of handling bursty and strongly correlated
traffic from data and multimedia applications [6]. By split-
ting a traffic stream, the correlation in it can be reduced and
accordingly the queuing delay and loss performance in net-
work switches can improve. Dispersion also provides effi-
cient use of forward erasure correction, since losses due to
link faults on different paths are independent of each other.
Transmitting redundant information on one or several of
the paths can thus improve the network fault tolerance.
This, together with the difficulty to eavesdrop on a multi-
path transmission, makes traffic dispersion efficient in im-
proving network security and reliability.

In particular, traffic dispersion has the potential to im-
prove the multiplexing performance in ATM networks. The
Asynchronous Transfer Mode, ATM, which is the recom-
mended transfer mechanism for B-ISDN, establishes virtu-
al connections over which data is transmitted in fixed-size
packets called cells. Each cells carries 48 octets of payload
and a S-octet header, which contains routing and control
information for the cell. The traffic from several virtual
connections is statistically multiplexed on the network
links to maximize the capacity utilization. This may result
in occasional cell losses due to buffer overflow in the
switches, particularly when the traffic is bursty and strong-
ly correlated over long time periods. Data and multimedia
traffic, which is anticipated to occupy much of the resourc-
es in B-ISDN, has been shown to exhibit such behaviour
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[16][17]. Consequently, the capability of traffic dispersion
to alleviate the effects of large traffic bursts makes it a
strong competitor to ordinary traffic shaping. Although
several studies have shown the positive effects of traffic
dispersion [6], there has been no thorough discussion on
how to implement it in an ATM network, nor on how it af-
fects the protocol functions. The aim of this study is to fo-
cus on these issues.

The B-ISDN protocol reference model defines the dif-
ferent layers of ATM: the physical layer, the ATM layer
and the ATM adaptation layer (AAL) [4]. The physical
layer performs physical medium dependent functions [13],
while the ATM layer is responsible for the multiplexing
and demultiplexing of cells [9]. At the sending side the
ATM layer adds a header to each cell information field re-
ceived from the AAL, and at the receiving side the cell
headers are removed. The AAL is divided into a segmenta-
tion and reassembly (SAR) sublayer and a convergence
sublayer (CS), and its basic function is to adapt the servic-
es provided by the ATM layer to the requirements of the
higher layer [10]. At the sending side, the SAR sublayer
cuts the information stream arriving from the higher layer
into pieces, suitable for the information field of an ATM
cell. These information fields are at the receiving side reas-
sembled to form the original information flow of the higher
layer. In order to minimize the number of AAL protocols, a
certain service classification has been proposed, and differ-
ent AAL types (AAL type 1 to 5), reflecting the service
classification, have been defined [11].

Since the functions of the physical layer only deal with
the physical transmission of cells, they do not need to be
affected when traffic dispersion is implemented. Similarly,
the ATM layer should remain unaffected. The ATM layer
does not make routing decisions; it only inserts existing
routing information in the cell headers. When delivered to
the ATM layer, the cells should therefore already be dis-
persed. Consequently, the AAL should be the layer respon-
sible for the functions supporting traffic dispersion. When
it comes to practical implementation of ATM, the AAL
mostly used 1s AAL type 5 [20]. In this study, we discuss
modifications due to dispersion when applied to AAL type
5. This results in a modified AAL type 5, which we refer to
as AAL type 5.

We define the dispersion factor N as the number of
paths used for a transmission. The traffic from a source is
dispersed over k paths, where k < N, while the remaining
N-k paths carry redundant information. In the remainder of
this study, we infer dispersion to mean cyclic dispersion of
ATM cells, since this dispersion strategy has been shown to
give the best performance [7].
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In Section 2, we discuss connection establishment, and
Section 3 defines protocol functions for dispersion of cells.
The resequencing procedure is presented in Section 4, and
coding and decoding is discussed in Section 5. Section 6
presents a pseudocode example for the receiving protocols,
and Section 7 ends the study with a few concluding re-
marks.

2. ATM connection establishment

An ATM virtual connection is defined by its VPI/VCI,
that is, the virtual path identifier and the virtual channel
identifier, where the VCI only has local significance within
a virtual path [8]. When a user wants to transmit it asks the
network to establish a virtual connection. Based on the
traffic descriptors declared by the user, the quality of serv-
ice (QoS) required for the call and the current network
load, the network decides whether to accept or deny the re-
quest [12]. When a request is accepted, the network indi-
cates the VPCI (virtual path connection identifier) and/or
VI values to be used, and the virtual connection is estab-
lished.

When implementing traffic dispersion, we propose that
the decision of whether to use dispersion or not for each
call should be in the hands of the network, and not the indi-
vidual users. The network has better knowledge than an in-
dividual user of the network load and topology, and of the
number of users currently employing dispersion. It can de-
cide whether dispersion is useful or not, given the current
network utilization, and it can find the number of paths
which are actually available for dispersion at the time of
the connection request. If the user wants to disperse the
traffic for other reasons than capacity gain, for example in-
creased security or reliability, it should explicitly ask for a
dispersed transmission. In that case, the network should
meet the user requirements, without consideration of
whether capacity gains can be obtained or not.

Thus, the connection establishment proceeds as follows.
The user sends a call request to the network. Depending on
the number of available disjoint paths in the network and
the demands from the user, the network decides the disper-
sion factor for the call. It indicates the VPCI/VCI values in
the order that they should be used for the dispersion of
cells, and the connection is established. In this study, we
consider dispersion for point-to-point transmission, also re-
ferred to as unicast.

2.1. Connection establishment with dispersion

When a user requests a connection, it sends a SETUP
message over an established signalling channel to the net-
work, and the network sends a SETUP message to the
called user. As part of the message, there is a call refer-
ence, which is used to identify the call at the local user-net-
work interface. The call reference value is set at the
beginning of a call and remains unchanged for the duration
of the call. When using traffic dispersion, we let the call
reference value be the same for all the connections estab-
lished for a call, in order to minimize the required number
of signalling messages.

Fig. 1 shows an example of the exchange of signalling
messages at connection establishment [21]. All the mes-
sages contain the call reference. Each of these messages,
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except the CONNECT ACKNOWLEDGE message, may
also contain a connection identifier information element,
which is used to identify the VPCI/VCI values for the con-
nection. The sender can use this element to declare a pre-
ferred virtual connection identifier to the network, and the
network uses the connection identifier information element
to declare a virtual connection, defined by a VPCI and a
VCI value, to the users [14].

Sending user Network Receiving user
ATM ATM ATM ATM
end sy stenl switch switch end syste
' SETUP P
CALL
PROCEEDING |
ALERTING | ¢
CONNECT CONNECT
CONNECT ACKNOWLEDGE
ACKNOWLEDGE

Fig. 1. Example of exchange of sighalling messages at
connection establishment.

In order to set up and maintain multiple connections for
traffic dispersion, the connection identifier element will be
extended to contain the VPCI and VCI values for all the
connections used for the dispersion (Fig. 2). Connection 1
is thus defined by the VPCI/VCI values in octets 6 to 9 of
the element, while connection N is defined by the VPCI/
VCI values in octets (6 to 9) + 4(N — 1) . The overhead in
a signalling message due to the extended connection identi-
fier information element for traffic dispersionis 4(N —1)
octets. For example, with N =5 and a signalling message
size varying from 17 to 178 octets or more without disper-
sion [14], the overhead ranges -from below 8% up to 45%.

Bits
8 7 6 5 4 3 2 1
Connection identifier Octets
0 1 0 1 1 0 1 011
information element identifier

1 Coding 1E Instruction Field
ext | Standard | Flag|Res. [IE Action Ind. | 2
-Length of connection identifier contents-] i
1 Spare [VP-assoc.| = Preferred/
ext| 0 0 I|Signalling] exclusive |35
| 16
Connection 1 vedl 7
— VeI — 8
9
LT VPCI -
Connection2y — — — — — — — — — — n
L e . _ 3
r—— — - — — = — — = -1
o VPCI —_
ConnectionNkF — — — — — — — — — — 8
L______YCI_.__.._____J

Fig. 2. Connection identifier information element used
in the control messages at connection establishment
with traffic dispersion.

The SETUP message also contains an ATM traffic de-
scriptor, which specifies the ATM peak cell rates in the for-
ward and backward directions. This traffic descriptor is not
affected by dispersion: once the dispersion factor and the
redundancy level are decided, the declared peak rate of the




source together with these values forms the base for capac-
ity allocation on the paths.

Dispersion requirements from the user could be de-
clared in the AAL parameters field in the SETUP message,
as suggested in Fig. 3. The dispersion factor N and the type
of coding is stated, so that the network can notify the re-
ceiver of what code and k value to use. If the desired
number of paths is not available in the network, the net-
work denies the request. The denial is made through the
sending of a RELEASE COMPLETE message [14], with
the cause information element indicating that the requested
number of paths was not available.

Bits
8 7 6 5 4 3 2 1
AAL parameters Octets
0 1 0 1 1 0 1 0 |1
information element identifier
1 Coding IE Instruction Field 2
ext | Standard | Flag| Res.| IE Action Ind.
—  Length of AAL parameter contents —] i
AAL type 5
Coding type Dispersion factor N | 5.1

Fig. 3. AAL parameters information element (first
octets).

The release of connections belonging to a call is initiat-
ed by a RELEASE message, which requests the end-to-end
connections identified by the call reference to be cleared.
Dispersion does not affect the signalling messages for the
release procedure.

3. Dispersion of cells

The SAR sublayer is responsible for dispersing the SAR
protocol data units over the appropriate virtual connec-
tions, as well as resequencing these units at the receiver.
There is normally one SAR process for each end of a virtu-
al connection. In order to perform dispersion though, there
has to be a single SAR process for all the N virtual connec-
tions used for the transmission. The scenario is shown in
Fig. 4.

Sender Receiver
1 CS1CS11CS ) 1 CS |
SAR| [SAR] [SAR SAR| AAL
. . ATM layer
l | [ Virtual connection
No dispersion
Sender Receiver
[ _ CS_ __ ] [ _C5 _ ]
SAR TSAR — AAL
| [ [-1 _|ATM layer

LVinual connectionj
Virtual connection 2

Virtual connection N

Dispersion
Fig. 4. How the SAR and ATM layer processes should
be organized to handle multiple parallel virtual
connections.
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When dispersing the units cyclically over the virtual
connections, the SAR process at the sender steps in round-
robin order from ATM layer process to ATM layer process,
delivering one SAR protocol data unit at each step. The N
ATM layer processes with different VPI/VCI values are or-
ganized in the order specified at connection establishment.
At the receiving side, the SAR process reads one SAR pro-
tocol data unit at a time from each ATM layer process in
the same order, again defined at connection establishment.
The interface between the ATM layer and the AAL at the
receiver is assumed to be resequencing buffers, where units
are stored until the SAR process takes them out. This
means that the resequencing of the units is performed just
before the reassembly at the receiving SAR sublayer. A
method to implement the resequencing is described in the
next section.

4. Resequencing

Since the connections used for a dispersed transmission
may extend over paths of various lengths, cells will experi-
ence different amounts of queuing and propagation delay
during their individual transfers. It may hence be difficult
to determine whether an absent cell is late or lost. There
could be a time limit after which an absent cell is treated as
lost. However, the distance between cells might decrease in
the network due to multiplexing, causing delay variations,
and a later cell could be mistaken for an earlier sent cell.
This would violate the ATM guarantee of orderly delivery,
and it is therefore more secure to use sequence numbers.

We suggest sequence numbers to be included in AAL
type 5 (Fig. 5). The resequencing of the cells is performed
before the reassembly at the receiving SAR sublayer, and
accordingly, the generation of sequence numbers at the
sending side is performed at the SAR sublayer. As part of
the resequencing procedure, the SAR sublayer also dis-
cards detected misinserted cells.

1 octet 47 octets
ISN|SAR protocol data unit payloagl

l

J ATM cell
(53 octets)

Fig. 5. The cell format for AAL type &', including cell

sequence number (SN) for resequencing of dispersed

cells at the receiver.

I SAR protocol data unit

Icell headerl ATM service data unit

With non-dispersed transmissions over AAL type 5, the
unit exchanged between the SAR sublayer and the CPCS
(common part convergence sublayer) is an integral multi-
ple of 48 octets [11]. To achieve this, a padding function
provides 48 octet alignment of the CPCS protocol data unit
trailer. When employing dispersion with AAL type 5, the
aim of the alignment should be to achieve a CPCS protocol
data unit size which is a multiple of 47 octets. This is be-
cause of the one octet sequence number added to each SAR
protocol data unit. The sequence number may be chosen to
be smaller, but in this study, we suggest a one octet se-
quence number due to the increased hardware complexity
that would be the result of splitting the octet-based struc-
ture of AAL type 5. Furthermore, losses caused by link and
nodal failures could be in the range of ten to hundred milli-
seconds before the path is restored, by protection-switch-




ing [19]. Such long outages require a substantial range of
the sequence numbers per virtual connection. The se-
quence number employed here is able to detect the loss of
up to 28 -1 =255 consecutive cells on a path. It introduces
an overhead of 1 octet or 2.1% per cell. In return, its capa-
bility to detect lost cells may prevent retransmissions in the
case of redundant dispersion. The 47 octet alignment at the
CPCS and the segmentation at the SAR sublayer are illus-
trated in Fig. 6. The SAR sublayer utilizes the AUU (ATM-
layer-user to ATM-layer-user) parameter of the ATM layer
primitives to indicate that a SAR protocol data unit con-
tains the end of a SAR service data unit. AUU = 1 indicates
the end of a SAR service data unit, while AUU = 0 indi-
cates the beginning or continuation of it [11]. The AUU pa-
rameter is transported transparently by the ATM layer in
the payload type field of the cell header.

CPCS
CPCS-SDU I
|CPCSPDUpayload  |PAD| CPCS;PDU
o : . CPCS-PDU., "
SAR A RPDU ! ! ;
payload |SAR-PDU . !
. -1 payload ‘ .
SARPDU| ! SAR-PDU
SN| "payload | . - payload
AUU=0 SAR-PDU : X
SN|"payload ' )
AUU=0" : - '
; ' SAR-PDU
: : AUU<1 SN| " payload
! . P m—
! ; SARPDU
ﬂﬁ _—— e . Y o e e e e
Cell
header Cell payload PDU Protocol data unit

4——————-» SDU Service data unit

ATM-SDU "~ pAD Padding 0..46 octets

SN Sequence number 1 octet
Fig. 6. Exchange of units between the CPCS and the
SAR sublayer for AAL type 5. The padding provides for
the CPCS protocol data unit to be an integral muitiple
of 47 octets. At the SAR sublayer, sequence numbers
are added to the SAR protocol data units. The ATM cell
payload consists of the SAR protocol data unit payload
(47 octets) and the sequence number (1 octet).

Two ways to use the sequence numbers are illustrated in
Fig. 7. When numbering the protocol data units according
to Fig. 7 (a), the SAR process at the receiver can verify the
order of the virtual connections from the sequence num-
bers. If numbering according to Fig. 7 (b) is employed,
there need to be separate resequencing buffers for the arriv-
ing virtual connections in order not to confuse the units.
We suggest to use sequence numbering according to Fig. 7
(b), where the SAR sublayer generates a sequence number
and inserts it in the next N available sequence count fields.
Furthermore, we choose to employ physically or logically
separate FIFO resequencing buffers at the arriving connec-
tions.
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. .
(b) Sequential numbering
at each virtual connection, N = 3.

(a) Sequential numbering
before dispersion, N = 3.

Fig. 7. Example of how to employ sequence numbering
when dispersing ceils.

4.1. Resequencing delay

In the following, we discuss how dispersion affects the
delay that cells suffer during transmission. The total trans-
fer delay through a network is the sum of transmission de-
lay d;, propagation delay d,,, queuing delay in the switches
dg, and resequencing delay d,. We define x to be the
number of hops along a path. With a link capacity C b/s, a
link length /; m at hop i, a buffer size B; cells in switch i,
and a velocity of propagation v m/s, the delay along a path
can be expressed as

X X
d=3d, ,, ., =ax/C+ Y /o+ Y aq;/C+d,
i=1 i=1
where g; is the current queue size, measured in cells, that a
cell experiences in switch i (0<¢q;<B;), and a = 53-8
is the cell size in bits.

We consider the delay difference among cells from dif-
ferent paths, at the time of arrival at the resequencing buff-
ers. To simplify the calculations, we assume equal buffer
sizes of B cells in the switches, and a constant link length
of I m. We assume that the distance in time between suc-
cessive cells on a path is preserved during transmission,
that is, the delay variation is zero. Thus, the resequencing
delay will depend on the largest difference in delay be-
tween any two of the paths used for a transmission. We de-
fine this delay difference to be Ad . If the paths are of equal
length, measured in number of hops, Ad depends only on
the queuing delays in the switches. Theoretically, assuming
a load close to zero on one path and a load of one on anoth-
er, Ad would be limited by Ad < xBa/C.

Next, we consider paths of different lengths, but with
equal load, and we assume that the difference in queuing
delay among the switches on the different paths is negligi-
ble. We denote by Ax the largest difference in length,
measured in hops, between any two of the paths used for a
transmission. With a queue size of g cells in each switch,
Aa' can be expressed as

= (a/C+1/v +qa/C) - Ax. (1)

Assummg optical fibres, the velocity of propagation is
v = 2-10% m/s. According to (1), with optlcal fibres and a
link capacity C = 150 Mb/s, a one cell increase in switch
queue size has as large impact on Ad as a 565 meter in-
crease in link length. For a link capacity of 64 kb/s, the cor-
responding increase in link length is 1325 km. These
results indicate that a large difference in link lengths
among the paths corresponds to a small change in load.

In the following we consider the total resequencing
buffer capacity required for a transmission over N paths.
The worst case that may occur is" when the cells on one
path experience a delay d,+ Ad, while the cells on the




other (N - 1) paths experience a delay dj. Given a source
peak rate & b/s before dispersion, cells are transmitted on
the paths at time intervals a/h s. The sending rate on each
pathis h/(aN) cells/s. Thus, during the time Ad, the first
path delivers Adh/(aN) cells to the resequencing buffer,
the next path delivers (Ad —a/h) - h/(aN) cells, and path
idelivers §; = (Ad—a(i~1)/h) - h/(aN) cells to the re-
sequencing 'buffer. The buffering capacity required in the
resequencing buffers, and measured in cells, can then be
expressed as

z 8, =
i=1
For instance, with a delay difference of Ad = 100 ms,
h =5 Mb/s and N = 5, the total required resequencing buff-
er capacity, accordmg to (2), is B, =942 cells. By select-
ing appropriate limits on the delay differences among the
paths, the resequencing delay and buffers may be kept at a
tolerable level.

Adh(N— D_(N-D(N-2)
2N

2)

4.2. Experimental results on resequencing delay

In the following, we present two examples on total de-
lays and resequencing delays in a network. These examples
consider non-redundant dispersion over N paths, and Fig. 8
presents the simulated network topology. When N=1 and
N=2, the paths are of equal length. The differences in path
lengths for N=5, measured in number of hops, were chosen
to investigate the effects of dispersion when not all paths
are of equal length. When using dispersion, the back-
ground traffic in the network is dispersed as well, to obtain
the possible capacity gains.

Source Destination

Fig. 8. Studied network topology. Each network node is
an output-buffered switch with infinite buffer capacity.
The measurements are made from the marked source
to the marked destination.

In the first example, the link capacity in the network is
150 Mb/s, which corresponds to 155.52 Mb/s links includ-
ing SDH/SONET overhead [18]. The distance between two
adjacent nodes is / = 1000 m, and the velocxty of propaga-
tion, assuming optical fibre links, is 2 108 m/s. We use out-
put-buffered switches with infinite buffer capacity, in order
to study the effects of dispersion without losses. There is a
separate FIFO resequencing buffer with infinite capacity
for each arriving connection at the destination. In these
simulations, we assume that if the cells arrive in order, the
resequencing delay is zero. Otherwise, the cells are placed
in the buffers, which are served at link capacity. The total
simulated time is 10 minutes.

The traffic source used in the simulations is a two-state
Markov chain with exponentially distributed sojourn times
spent in the on and off states. The mean on and off times
are 0.5 s and 10 s respectively, and while on, the source
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generates traffic at constant rate, 150 Mb/s. This corre-
sponds to a mean burst size of 75 Mb, and a source peak-
to-mean ratio of 21. The traffic characteristics were chosen
to exemplify transmission of medical images [3].

In the second example, we consider voice source pa-
rameters, and the mean times on and off are 227 ms and
596 ms respectively [15]. This corresponds to a source
peak-to-mean ratio of approximately 4. The source peak
rate is h = 64 kb/s, and the link capacity is C = 64 kb/s. The
network structure and the rest of the system parameters are
as above, and the simulated time is 5 minutes.

Table 1 and Table 2 present the simulation results for
the medical image transfer example and the voice source
example, respectively. The results show that dispersion in
these examples reduces the mean total delay through the
network, even though the cells experience resequencing
delay at the receiver. Furthermore, the results show that
both the mean total delay and the mean resequencing delay
for a transmission decrease with increasing dispersion fac-
tor. This indicates that dispersion not only reduces the
mean delay through the network, but also the variance of
the delay. Since the transmission and propagation delays
are constant for N=1 and N=2, and even increase on some
paths for N=5, the reduction is due to reduced queue sizes
in the switch buffers. This confirms earlier results on queu-
ing performance [7]. In the simulation model, an increased
traffic load is obtained by increasing the mean rate of the
sources, hereby reducing the source burstiness. This is a
plausible explanation to the reduction in resequencing de-
lay for N=2 and high loads in Table 1. Finally, in the exam-
ples considered, the impact of the resequencing delay on
the total delay for a transmission in most cases decreases
with increasing load and increases with increasing disper-
sion factor. A plausible explanation to the latter phenome-
na is the increased difference in delay among the paths.

In Table 1, for the medical image transfer example, a re-
duction in mean total delay of up to 90 to 99%, depending
on the network load, is obtained with dispersion. The rese-
quencing delay constitutes 1 to 50% of the total delay.

Table 1. Measured mean total (d;,;) and resequencing
delay (d,.s) for the medical image transfer example.

dyior MS
(load 0.9)

dpes Ms
(load 0.5)

dio ms
(load 0.2)

N dres ms | dyor M dres S
(load 0.2)|(1oad 0.5) (load 0.9)

bt

105 +22 0 367+ 88 0 1078 + 109 0

[\

524+09{182+03(274+2.11681+£1.0(428+82 (4.28%0.70

0.16 £ 0.05/0.08 £0.04{ 1.48 £ 0.2 [0.64 £ 0.07| 137+34 {262+62

Table 2 presents the results from the voice source exam-
ple, and a reduction of up to 86% is achieved on the mean
total delay with dispersion. The resequencing delay consti-
tutes between 10 and 20% of the total delay. Thus, the rese-
quencing delay has smaller impact on the total delay than
in the table above. A plausible explanation to this 1s that
the medical image transfer example generates larger
queues than the voice source example. Given the difference
in number of hops along the paths, larger queues in the
nodes result in longer resequencing delays. Furthermore,
according to the examples in the previous section, a differ-
ence in link length has larger impact on the resequencing
delay with link capacity C=150 Mb/s than with C=64 kb/s.




Table 2. Measured mean total (d;,;) and resequencing
delay (d,.¢) for the voice source example.

N (1§E°ér(r)l.ss ) (1?;?5 0.5) (13‘5’51 09) (1%2?3 0.9)
1| 181+23 0 689 = 86 0

2| 698443 | 10613 | 261433 | 30687
5| 471207 | 53401 | 984+39 | 209439

Table 3 and Table 4 present results for the same exam-
ples as Table 1 and Table 2, but with the link lengths in the
network increased to / = 100 000 m. We notice an increase
in total delay due to the increased link lengths, and a small-
er increase in resequencing delay. Thus, the ratio of rese-
quencing delay to total delay is not significantly increased.
On the contrary, it is decreased for the lowest load in the
medical image transfer example. This indicates that in the
examples considered, the increased difference in link
length among the paths has little impact on the resequenc-
ing delay. The same observation was made in Section 4.1.

Table 3. Measured mean total (d,,;) and resequencing
delay (d,s) for the medical image transfer example.

d,,, ms
N 10ad 0.2)

d;es ms
(load 0.2)

dyo ms
(load 0.5)

dpeg ms
(load 0.5)

dior ms
(load 0.9)

dpes Mms
(load 0.9)

o

107 £22

0

369 £ 88

0

1080 £ 109

0

[

722+09

1.82+03

204+2.1

6.81+0.8

43074

428%05

n

3.18£05

0.38+0.03

4.06 £ 0.08

1.00£0.01

136 £24

29.5+32

Table 4. Measured mean total (d;,;) and resequencing
delay (d,qs) for the voice source example.

5. Adding redundancy

In the case of redundant traffic dispersion, the coding is
performed together with the dispersion of the units. We
therefore let the SAR sublayer be responsible for the cod-
ing and decoding of information. The coding is performed
on the payload part of the SAR protocol data units, to en-
code k units into N units, as illustrated in Fig. 9. When the
coding is performed, the SAR sublayer adds a sequence
number to each of the N data fields, disperses the units and
passes them on to the ATM layer. If the message length is
not a multiple of k units, the last group of dispersed units
will consist of the last k' units from the message, where
k' <k, and redundant units, where the number of redun-
dant units depend on the code being used. The k' units are
sent on paths 1 to k', and the redundant units are sent on
paths k' + 1...N', where N' <N . The end of a message is
indicated by the AUU parameter. When the receiving SAR
sublayer is notified by the ATM layer process that an end
of message is received on path N', it only waits for k' in-
stead of k units before decoding. This assumes that the
amount of redundancy is constant even in the last'subset of
cells, that i1s, N—k = N'—k'. If the cell which indicates
the end of a message is lost, the receiver expects cells from
all the N connections. When these cells do not arrive, the
connections are timed out, and the received information is
forwarded to the CS. If the number of received units is less
than &, no decoding is performed. When these k received
units do contain encoded information, an erroneous se-
quence will be delivered to the CS. There are two possibili-
ties to avoid this: (i) not to encode the last k' units, that is,
toset N' = k'; (ii) to use a code where N' —~k' = 1.1Inthe
latter case, the loss of unit N' results in loss of the redun-
dant data, and no error is generated in the flow of informa-
tion delivered to the CS. One code with such properties is
the single parity check, which is discussed later in this sec-
tion.

The mean resequencing delay values in Table 1 and Ta-
ble 2 correspond to mean queue sizes in the resequencing
buffers, presented in Table 5. It should be noted that the
simulated examples in this study use infinite buffer capaci-
ty in the switches. This provides for zero loss, at the ex-
pense of long queuing and resequencing delays. A more
realistic scenario would be to assume a certain loss, and
smaller resequencing queues.

Table 5. Mean resequencing queue sizes in cells
(from the results in Table 1 and Table 2).

Medical | Medical | Medical Voice Voice
N image image image sources sources
(load 0.2) | (load 0.5) | (load 0.9) | (load 0.5) | (load 0.9)
2 644 2409 1514 11 39
29 226 9269 7 15

306
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N ot res tot res SAR protocol SAR protocol SAR protocol
(load 0.5) (load 0.5) (load 0.9) (l0ad 0.9) data unit payload data unit payload data unit
1 183 +23 0 691 + 86 0 [T octets_ | —® [ 47 octets |— [SN| payload (47 octets)]
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2| 71.8+43 106+1.3 263 +33 32.0%+3.0 [47 octets | “a N units N units
_>
5| 498+07 | 580+03 | 101£38 | 21.11.1 L47 octets | [SN[payload (47 octets)]

Fig. 9. Encoding of information performed at the SAR
sublayer: k units (SAR protocol data unit payload
parts), are encoded into N units. A sequence number
(SN) is added to each of the N units, and the SAR
protocol data units are transmitted to the ATM layer.

The resequencing buffers are polled in the order deter-
mined at connection establishment to read out a correct se-
quence of units. If a unit is lost or severely delayed on one
connection, and there is no redundancy available to recon-
struct it, the resequencing must proceed without it. When a
unit is received on one connection, there should be a maxi-
mum time to wait for a unit on the next connection, before
considering it lost. The time limit must be short enough not
to cause severe performance degradation due to long rese-
quencing delays. When a traffic contract has been estab-
lished, specifying the cell transfer delay and the cell delay
variation [20], these parameters can be used to decide
when to time out a cell. If a unit does arrive, but with high-
er sequence number, the cell that did not arrive is known




for certain to be lost, and the resequencing proceeds with-
out 1t.

An encoded part of a message which is transmitted in N
units should be possible to reconstruct using any k units
thereof. A group of codes with these properties is the Reed-
Solomon codes, or, if N~k = 1, the single parity check
[2]. We propose the AAL to support the single parity check
code, which is applicable for all N > 1 through a simple ex-
clusive-OR calculation. Furthermore, the single parity
check can encode the last units of a message, even though
the number of units in that group is not equal to k.

The SAR process at the receiving side polls the rese-
quencing buffers of the terminating connections in a given
order until k units have been collected. The coding hence
enables the reconstruction of missing units. Since the units
are uniquely defined by the sequence numbers, a missing
unit that was merely late and not lost can be purged when it
finally arrives. As soon as any k of the N units arrive at the
SAR sublayer, they are resequenced, reassembled and
passed on to the CS.

Assume that the probability of cell loss on a path is ¢.
When using disjoint paths, losses on different paths due to
transmission faults are independent. Hence, the probability
of x losses in a group of N cells, dispersed over N paths, is
binomially distributed according to

Pr{xlosses} = (ﬁ/)(px(l - (p)N_x.

With a single parity check, one loss in each group of N
dispersed cell can be corrected. The probability of loss af-
ter decoding at the receiver can thus be expressed as
Prix22} = 1-(1-¢)" -No(1-¢)" " 3)

Fig. 10 shows the loss probability according to (3) as a
function of the loss probability on the paths, ¢ .

Probability of loss with single parity check for N=5 and N=10.

o

=3

o
x

Loss probability after decoding
5 8 & 3
3 5 S 3
X0
X0
X0
X0

O’

S

o:
25
\

Loss probability on a path

Fig. 10. The probability of loss after decoding as a
function of the loss probability on the paths. The code
is a single parity check and the graph shows the loss
probability for different degrees of dispersion.

The single parity check reduces the loss probability
from 10 t0 10711 or from 107 t0 10, fora dispersion fac-
tor N = 5. The coding thus improves the loss performance
at the expense of increased capacity, with an overhead of
N-k cells. However, dispersion was in [5] shown to reduce
the required capacity for a transmission, and adding a sin-
gle parity code may in many cases still require less capaci-
ty than an ordinary non-dispersed and non-redundant
transmission.
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6. Pseudocode for receiving AAL 5

Lastly, to illustrate the complexity introduced in an
AAL supporting traffic dispersion, we present pseudocode
for resequencing and decoding of information units at the
receiving AAL. The code in Fig. 11 assumes separate FIFO
resequencing buffers and sequence numbering as described
in Section 4. In this example, we put any k of N arrived
units in a vector and decode them to obtain the k original
units. The decoding function is not explicitly described.

count=0 // to poll buffers in cyclic order; modulo N
buffer[0]..buffer[N-1] // resequencing buffers
vector[0]..vector[N-1] // vector for decoding
seq_nr=0 // sequence number for N units ; modulo 256
group_size = k // number of non-redundant units in a group

number in vector =0 // starting with an empty decoding vector
start timer // to check for late or lost units

while !end of message
while number in vector < group_size
check first unit in bufferfcount]
if sequence number = seq_nr
put the unit in vector[count]
number in vector = number in vector + 1
restart timer
else
if sequence number < seq_nr // modulo 256;
late arrival discovered
discard cell
if sequence number > seq_nr // modulo 256
block the buffer /f do not try to read this
buffer until seq_nr has changed
if vector[count] is empty // loss discovered
mark vector[count] empty
number in vector = number in vector + 1
restart timer
if timer > limit
mark vector[count] empty
number in vector = number in vector + 1
restart timer
if end of message reached
set group_size  // may not await k cells in the last group
count=count + 1 // modulo N
decode vector // exclusive-OR for single parity check
forward SAR protocol data units from decoded
vector[0]..vector[group_size-1] to CS
seq_nr=seq_nr+1 // modulo 256
empty vector
number in vector = 0

Fig. 11. Pseudocode for resequencing and decoding of
dispersed units at receiving AAL.

7. Concluding remarks

In this study, we have discussed the protocol functions
necessary to support traffic dispersion in an ATM network.
We suggest that the network decides what degree of disper-
sion to employ for each call. If the user explicitly requests
dispersion, it should be stated in the AAL parameters in the
SETUP message. The connection setup is performed with a
call reference common to all the virtual connections used
for a transmission, to minimize the number of signalling
messages.

Earlier results have shown a general tendency for bene-
fits due to dispersion to increase with increasing dispersion




factor [5]{7]. However, there may be practical limitations
to finding a large number of disjoint paths of similar
lengths through a network. We propose that the maximum
dispersion factor to be supported by AAL type 5" is set to
10. This suggestion is supported by the results in [5][7],
which show that in general, a dispersion factor between
two and ten appears sufficient to obtain most of the possi-
ble queuing and capacity gains due to dispersion. Conse-
quently, we suggest that a dispersion factor N € [1, 10] is
selected. The choice of dispersion factor for a call is based
on the number of available paths in the network, the source
peak-to-link ratio and, if known, the source peak-to-mean
ratio. As discussed in this study, the differences in load and
length among the paths should also be small to minimize
the resequencing delay.

Considering the traffic classes defined by ATM Forum
[20], traffic dispersion may be used for reliability or securi-
ty reasons for constant bit-rate traffic (CBR), or to provide
more capacity than a single link can offer. For variable bit-
rate (VBR), available bit-rate (ABR) and unspecified bit-
rate (UBR) traffic, dispersion may also improve the per-
formance of statistical multiplexing and reduce the number
of retransmissions by using forward error correction. ABR
traffic provides a possibility for the network to continuous-
ly change the maximum allowed transmission rate for a
source [1]. This requires further refinement of some proto-
col functions for traffic dispersion. Another topic which re-
mains for future work is protocol functions supporting
multicast with traffic dispersion.

We have discussed how to structure the SAR sublayer
and the ATM layer processes, how to introduce coding and
how to perform resequencing. To be able to resequence
cells from different connections at the receiver, we intro-
duced sequence numbers in AAL type 5". We suggest the
AAL type 5’ to support a single parity check coding. With
redundant dispersion over five paths, a single parity check
was shown to improve the cell-loss probability from 107 to
107, provided that losses on different paths are independ-
ent. Resequencing is suggested to be performed at the re-
ceiving SAR sublayer with physically or logically separate
FIFO resequencing buffers for the arriving virtual connec-
tions. We also presented a few examples on cell transfer
delay through a network, with and without dispersion.
Even though the cells suffered resequencing delay at the
receiver, dispersion reduced the total delay in these exam-
ples. Lastly, the increased complexity of the AAL due to
dispersion was illustrated through a pseudocode example.

In summary, the overhead introduced by dispersion is
4(N -1) octets in the signalling messages defining VPCY/
VCI values for a call, N - 1 additional ATM layer processes
for each call, encoding and decoding in the case of redun-
dancy, and resequencing at the receiver. There is also a 2%
overhead per cell due to cell sequence numbers when using
AAL type 5, and routing overhead due to the need of find-
ing multiple paths for each call. In return, dispersion has
been shown to decrease the capacity requirements [5], to
decrease the network delay despite resequencing in the ex-
amples considered, and to increase the network security
and tolerance to faults. We therefore believe traffic disper-
sion to be a competitive strategy when dealing with unpre-
dictable and strongly correlated traffic in ATM networks.
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