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Abstract—The priority queueing mechanism is analysed to verify its ef- profile.
fectiveness when applied for the support of Expedited Forwarding-based The goal is to identify the requirements for an effective deploy-

services in the Differentiated Services environment. An experimental . . . .
measurement-based methodology is adopted to outline its properties and ment of PQ when applied to the Expedited Forwarding PHB:

end-to-end performance when supported in real transmission devices. A We derive a general law describing the queueing delay intro-
test layout has been set up over a metropolitan area for the estimation of duced by PQ under different traffic profiles and we evaluate the

the one-way delay. The effect of the buffering architecture and of the back-
ground traffic have been evaluated, moreover a worst case analysis of the

PQ nodal jitter as a function of the traffic profile when severa

average one-way-delay that validates the experimental results is proposed.EF Stréams run concurrently.
1

. INTRODUCTION

The Differentiated Servicesframework has been recently con-
sidered by the scientific community as ascalable solution for the
support of Quality of Service to time-sensitive applications. In
the Differentiated Services architecture (diffserv) [1], [2], [5]
traffic is classified, metered and marked at the edge of the net-
work so that streams with similar requirementsare placed in the
same class, i.e. are marked with the same label - the Differenti-
ated Services Code Point (DSCP) [3] -, and treated in an aggre-
gated fashion so that no per-flow differentiation is required.
QoS guarantees are applied to the class on the whole instead
of the single streams. Class differentiation is achieved through
gueueing, whichisplaced at critical pointsof the network so that
datagrams with identical DSCP are stored in the same queue.
Queues are drained according to the service order defined by
the scheduling algorithm adopted by the queueing system [4].
Several packet treatments - the so-called Per-Hop Behaviours
(PHBS) - have been standardized so far: the Expedited Forward-
ing PHB (EF) [6] for the support of delay - and jitter-sensitive
traffic and the Assured Forwarding PHB Group (AF) [7] for the
differentiation into relative levels of priority. The traditional
Best-Effort (BE) packet treatment is an additional valid PHB.

The experimental approach to the problem of delay and jitter
offersthe challenge of verifying the influence of scheduling[9],
[10], [11], one of the main QoS building blocks, on end-to-end
traffic performance when applied in a production-like environ-
ment.

In this paper we study the performance of a specific queue-
ing algorithm: Priority Queueing (PQ), when applied to delay-
and jitter-sensitive traffic. Several test scenarios are considered:
end-to-end performance is analysed as a function of the back-
ground traffic pattern and of the priority traffic characteristics
like the frame size, the number of concurrent flows and their

IThis work has been partially funded by M.U.R.S.T, the Italian Ministry of
University and scientific and technological research, in the framework of the
research project NEBULA. Thiswork is a joint activity carried out in collabo-
ration with the TF-TANT task force in the framework of the EC-funded project
QUANTUM [25], [26], [27].

Section |l introduces an high-level description of the queue-
ing system under analysis, while in Section Ill we provide a
description of the network testbed deployed for end-to-end per-
formance measurement, and of the measurement methodol ogy
and metrics adopted in this paper. In Section 1V focuses on the
nodal delay introduced by PQ in presence of different best-effort
traffic scenarios, while in Section V we develop the details of
the effect of EF aggregation on end-to-end one-way delay. The
worst case analysis used to validate measurements is described
in Section VI and the article is concluded by Section VII, in
which we summarize the main achievements here discussed.

Il. IMPLEMENTATION OF PRIORITY QUEUEING

In this section we present the queueing architecture of the
ingress diffserv node whose performance is the subject of our
analysis. The system can be represented as the combination of a
queueing system coupled with a FIFO transmission queue (see
Figure 1):

1. The queueing system is the diffserv nodal component traffic
differentiation relies on. In this study we assumethat it is based
on two scheduling algorithms: Priority Queueing and Weighted
Fair Queueing [21], [22], [23]. We restrict the analysis to a
single-level Priority Queueing model, in which only one prior-
ity queue is present, while the Weighted Fair Queueing system
can be composed of one or more different queues. Packets are
distributed among queues according to the label carried in the
IP header, which identifies the Behaviour Aggregate (BA) the
packet belongsto.

For simplicity we restrict our analysis to a scenario based on
only two per-hop behaviours: the Expedited Forwarding PHB
(EF) and the Best-Effort PHB (BE). PQ is used to handle delay-
and jitter-sensitive traffic, i.e. EF traffic, while background BE
traffic is stored in a WFQ queue. Nevertheless, results are gen-
eraly applicable to a WFQ system with multiple queues, since
PQ is independent of the number of WFQ queues by definition
of the algorithm.

Despite of the above-mentioned restrictions, the WFQ system
can be composed of an arbitrarily large number of queues. The
combined presence of a PQ queueing module and of a WFQ
queueing module in an output interface gives the possibility to
support at the same time services for delay and jitter-sensitive

0-7803-7206-9/01/$17.00 © 2001 IEEE
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Fig. 1. Architecture of the diffserv node queueing system

traffic aswell as services for loss, delay and jitter sensitive traf-
fic.

Queues handle aggregated traffic streams, not per-flow queues,
in other terms, each queue in the queueing system illustrated in
Figure 2 collects packets from two or more micro-flows. Ag-
gregation is a key feature in diffserv networks introduced to in-
crease the scalability of the architecture.

Thelength of the priority queueis assumed to be limited in com-
parison with the BE queue?: The availability of queue space is
not relevant in a high-priority queue since the instantaneous ac-
cumulation of data is avoided through policing and shaping in
order to minimize the corresponding queueing delay.

2. Thetransmission queueisan additional buffering stage intro-
duced to capture the common architecture of many transmission
devicesin which the line adapter is separated from the queueing
block by an internal transmission element, e.g. abus. Thetrans-
mission queue gathers packets issued by the queueing system
according to the order defined by the scheduler and it is emp-
tied at line rate. In this study we assume that the transmission
gueueis serviced in a FCFS fashion as this is the service policy
commonly adopted for production devices.

Given therelatively small rate of the wide area ATM connection
(2Mbps), the time needed to dequeue a packet and to placeit in
the transmission queueis assumed to infinitely small in compar-
ison with its transmission time. 3

Memory in thetransmission queueis allocated so that as soon as
one unit is freed, the unit can be immediately allocated to store
a new packet, the one selected by the first queueing stage for
transmission. If the memory unit size is not enough to store the
whole packet, then, additional units can be temporarily added to
the transmission queue so that the packet can be entirely stored.
This means that if the transmission queueis 5 unit long and the
MTU size is 1500by, then the maximum instantaneous queue
length is 7 units when the queue stores two best-effort packets
and 1 EF packet.

The original contribution of this paper comes from the fact
that two queueing algorithms (PQ and WFQ) are coupled with
a finite-length and discrete transmission queue like in rea-life
network systems and from the fact that different traffic models
are used at the same time to feed different queues.

Analytic studies of both PQ and WFQ can be found in literature
[13], [14].

2In the experimental environment analysed in this work the priority queue
length is limited to 10 packets, while the best-effort queue length is set to the
maximum allowed by the system, i.e. 64 packets

31n this paper the set of WFQ and PQ queues was configured on an ATM
interface and the transmission queue isemptied at line rate, i.e. at the PVC rate,
which is2Mbps.
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Fig. 2. Diffserv network including CISCO routers (7200 and 7500) and one
SmartBits 200

Site 1

I11. NETWORK LAYOUT AND MEASUREMENT
METHODOLOGY

A metropolitan network based on 2Mbps ATM connections
was deployed as illustrated in Figure 2. Packet classification,
marking and policing are enabled on router C7200 4 (experi-
mental |0S version 12.0(6.5)T7) and PQ is the scheduling algo-
rithm configured on its output interface. The first router C7200
on the data path is the only one that enables QoS features, while
the two remaining routers C7500 are non-congested FIFO de-
vices introducing a constant transmission delay which is only a
function of the EF packet size. The two routers C7500 have no
influence on jitter, since the minimum departure rate at the out-
put interface is always greater or equal to the maximum arrival
rate, as a consequence the input stream profile is not distorted
when handled by the C7500s.

The round trip time (RTT) of a 64-byte packet is approxi-
mately 2 msec, but RTT linearly increases with the packet size.

The SmartBits 200 by Netcom Systems is deployed as mea-
surement point and traffic generator, while EF and BE back-
ground traffic is introduced by test workstations both to congest
the egress ATM connection of router C7200 and to create ag-
gregation when needed. Both EF and BE traffic are received by
the C7200 from the sameinterface and they share the same data
path to the destination. The SmartBits 200 is a specialized plat-
form which performs packet time-stamping in hardware with a
precision of 100nsec and it is capable of gathering measures for
alargerange of performance metrics.

Sources and destinations are all located in Site 1 and con-
nected through a switched Ethernet. Both EF and BE traffic
are looped back to Site 1 so that the measurement point can be
deployed as source and receiver at the same time. In this way
accuracy in one-way delay measurement is not affected by clock
synchronization errors.

The priority queueing algorithm is evaluated by focusing on
one-way delay. The above-mentioned parameter was selected
to verify the suitability of PQ as scheduling algorithm when ap-
plied to the EF PHB.

One-way Delay is defined in RFC 2679 [15]. This metric is
measured from the wire time of the packet arriving on the link
observed by the sender to the wire time of the last bit of the
packet observed by the receiver. The difference of these two
values is the one-way delay. In our experimental scenario one-
way delay is derived from the cut-through latency measured by

4No shaping of IP traffic was applied in the test scenarios analysed in this
paper. However, ATM shaping was supported in router C7200. The study of the
impact of shaping on delay and jitter is subject of future research.
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the SmartBits 200 according to RFC 1242 [16].
One-way delay is analysed by computing the frequency dis-
tribution over a population of 10000 samples.
When several EF concurrent streams are run in parallel, per-
formance measurement is only applied to one stream, which in
this paper is referred to with the term reference stream. Such
a stream is generated by the SmartBits through the application
SmartWindows6.53, while additional EF flows are generated
through the application mgen 3.1 [18].
Theload of the EF classis kept limited to asmall fraction of the
line rate (32%). Both the priority queue size and the transmis-
sion queue size are constant: the former is equal to 10 packets,
the latter to 5 memory units. Both EF and BE streams are con-
stant bit rate, unidirectional UDP flows.
While in principle EF traffic can be both UDP and TCP, we re-
strict our analysis to UDP streams because we want to study
a queueing system which does not include traffic conditioning
modules (like shapers and/or policers), which are needed in case
of bursty traffic. Inthis paper we assume that input trafficis cor-
rectly shaped and does not exceed the maximum EF reservation.
In an idea system end-to-end performance of a flow belong-
ing to agiven class should beindependent of the traffic profile of
both its behaviour aggregate and of other behaviour aggregates
present in the queueing system.
However, test results show that one-way delay experienced by
packets subject to priority queueing is influenced by three main
factors:

1. The packet size frequency distribution of background traffic,
2. Theinstantaneous length of the priority queue,
3. The EF packet size.

In the former case the packet size has an influence on the
gueueing delay introduced by both the transmission queue and
the priority queue itself. In fact, an EF packet has to wait for
the completion of the current packet transmission before it is
selected next by the scheduler for transmission. However, aso
the profile of the reference behaviour aggregate can impact the
end-to-end performance: In presence of burstiness (for example
stemming from the packet clustering introduced by aggregation)
the priority queue length can be instantaneously non-zero. Asa
consequence the nodal queueing delay introduced by the prior-
ity queue can be different depending on the position of an EF
packet within a burst. In the following sections the impact of
the above-mentioned factors on one-way delay is analysed in
detail.

IV. INFLUENCE OF BEST-EFFORT TRAFFIC

In this section EF one-way delay is evaluated in presence of

different background BA packet size distributions. determinis-
tic, uniform and geometric. Results are then compared to the
corresponding performance figures achieved when background
traffic is generated according to a real packet size distribution
through the monitoring of production traffic.
The test characteristics are summarized in Table I. In order to
reduce the complexity of our analysisonly two BAsrunin paral-
lel: abest-effort BA composed multiple best-effort micro-flows,
each issuing data at constant rate, and a single constant bit rate
EF flow, serviced by the priority queue.

TABLEI
TEST PARAMETERS FOR ONE-WAY DELAY MEASUREMENT IN PRESENCE OF
DIFFERENT BACKGROUND TRAFFIC PROFILES

[EF traffic [BE traffic
Load Frame Sze Prot Load Frame Sze Prot
(Kbps) (bytes) (Kbps) Distribution
300 128 UDP | > 2000 Deterministic, UDP
Real

A. Constant Packet Sze

To begin with, an ideal test scenario has been considered in
which the BE traffic is characterized by multiple streams each
issuing packets of identical constant fixed payload length in the
range: [100, 1450] by. This case study is of interest to show
the importance of the background packet size in presence of
transmission queue-based systems (asillustrated in Figure 1), in
which the queue spaceis allocated in units of fixed length. This
length is equal to 512by in this paper. The EF packet dways
spans a single memory unit, while the BE packet can occupy
one or more depending on its size.

One-way delay is made of several components:

1. PQwaiting time: thetimewhich elapses between arrival time
and the time the packet moves from the first queueing stage to
the FIFO transmission queue. With PQ the maximum waiting
time corresponds to the transmission time of a MTU best-effort
packet.

2. FIFO queueing time: it represents the time needed wait until
a packet is dequeued from the FIFO transmission queue. It de-
pends on the maximum length of the transmission queue, which
in our test scenario is equal to 7 memory units of 512 by.

3. transmission time: the time needed to place the packet on the
wire, it isafunction of theline speed (2 Mbps) and of the packet
size. The end-to-end transmission time is additive and depends
on the number of hops.

As Figure 3-1 shows, the one-way delay sample mean curve
isnon-monotone: the discontinuity points correspond to specific
BE payload sizes, namely 485 and 1000by, i.e. for integer mul-
tiples of the transmission queue memory unit size as configured
inthistest (512hy).

Theoveral increasein one-way delay isdueto the small EF rate
(15% of theline capacity) in comparison with the BE rate. When
an EF packet arrivesinto the priority queue and a BE packet is
under transmission, the EF waiting time variesin relation to the
BE packet length, being the transmission queue occupancy char-
acterized by amix of BE and EF packets. In any caseif asingle
memory unit is allocated to best-effort traffic and the BE packet
sizeincreases, the average queueing delay introduced by PQ in-
creases, with a maximum when a BE datagram completely fills
the memory unit.

However, if the packet size is such that a single memory unit is
not sufficient to store it, an additional partially filled unit has to
be allocated to store the remaining part of the BE packet. As
a consequence, queue memory gets fragmented as completely
filled units are followed in the queue by non-complete ones. As
aconsequence, the time needed to empty the transmission queue
is less and the average EF queueing delay introduced by the
transmission queue decreases. After a minimum in the curve,
i.e. when the BE packet length further increases, the second
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EF Mean One Way Delay vs BE Packet Size
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Fig. 3. One-way delay sample mean for different BE payload packet sizes (1)
and comparison of one-way delay over time for BE payload size equal to
450 and 475 bytes (2)

memory unit increasingly gets more completed and the fraction
of queue space alocated to BE packetsis greater with a conse-
quent increase in delay.

This behaviour is confirmed by 3-2, which plots one-way delay
in time for consecutive EF packets. Two different BE I P payload
sizes are considered: 450 and 475 by, which correspond to one
and two transmission queue units respectively. It is evident that
lower delay values are achieved with longer BE packets. Peri-
odic fluctuations are dueto the different state of the transmission
queue as found by EF packets upon their arrival and mainly de-
pends on the different number of BE packetsin the transmission
gueue seen by two subsequent EF packets. These fluctuations
are around % of the absolute delay value and the step height is
strictly related to the particular BE traffic considered.

A worst case evaluation of the average EF one-way-delay has
been performed using the general model for priority queueing
presented in [13]. By assuming al units in the transmission
gueue completely full the local maxima of Figure 3-1 are val-
idated by the delay formulapresented in [13].

B. Real BE Packet Sze Distribution

While in the previous section the analysis focuses on statis-
tical distributions of the BE packet size, in this section perfor-
mance is estimated when the BE packet size is modelled ac-
cording to the real cumulative distribution plotted in Figure 4.
In what followswe call it thereal distribution.

We computed this frequency over a population of more that
100 billion of packets belonging to traffic exchanged on an in-
tercontinental connection in both ways. For the following test
scenariosit was chosen as reference distribution to model packet

size according to the pattern of traffic exchanged at typical po-
tential congestion points.

In this study, packet size is the only traffic parameter which
is considered for real traffic emulation, since we focus on the
worst-case scenario in which the queueing system under anal-
ysis described in section 11 is assumed to be under permanent
congestion. Assuch, rate variability and autocorrel ation of best-
effort traffic are not considered, even if they can influence the
perf

9% 128 i

cumulative distribution function
o
@
3

0.40 /
0.20

frame size (bytes)

Fig. 4. Real cumulative BE packet size distribution

Probability
°
4 °

0.001 \

17 19 21 23 25 26 28 30 32 34 36 37 89 41 43 45 47

Fig. 5. EF complementary delay probability for areal BE packet sizes distribu-
tion

Figure 5 plots the complementary probability distribution we
derived from the frequency distribution computed experimen-
tally during the test session, i.e. the probability that the de-
lay d experienced by a packet is greater than a given value D
(p(d) > D). We express the variable delay in transmission
units, i.e. in integer multiples of the transmission time of an EF
packet of known size at agiven linerate (for an EF payload size
of 128 by it corresponds to 0.636 msec). Figure 5 shows that
in the system under analysis we can assume that the probability
that one-way delay is greater than 36 transmission unitsis neg-
ligible. This threshold can be adopted as an upper bound of the
playout buffer size used by interactive multimedia applications
and is useful for the optimization of memory utilization.

V. PERFORMANCE WITH EF AGGREGATION

Aggregationis one of the fundamental propertieswhich char-
acterize the differentiated services architecture and we want to
estimate its impact to verify in which cases and to which ex-
tent the differentiated services can provide effective end-to-end
services as opposed to the integrated services, which can pro-
vide per-flow performance guaranteesthrough signalling. Inthe
prervious scenarios PQ performance was analysed under the as-
sumption that at any time its occupancy is not greater than one

1837



packet (represented by the datagram waiting for the end of the
current BE transmission). This hypothesis holds only when in-
put traffic is evenly shaped. However, in presence of bursty traf-
fic the nodal delay introduced by the priority queue becomes
non-negligible. Burstiness can stem from traffic aggregation, i.e.
from packet clustering, which occurs when packets of the same
BA arrive at around the same time from different input inter-
faces and are destined to the same output interface. Even asin-
gle sourceinjecting multiple streams can be apotential source of
burstiness since independent streams are not synchronized and
they can produce instantaneous bursts of packets, even if each
single stream is perfectly shaped.

Test results confirm that in this case the priority queue size

can instantaneously hold two or more packets and performance
depends on the percentage of traffic injected by a given source
and by its size. Results show that in absence of shaping and
policing aggregation can propagate through a wide area network
by increasing the burst size step by step in an avalanche fashion,
as aso confirmed by the simulation results presented in [19].
In thistest scenario aggregationis produced by injecting several
EF streams from different interfaces as illustrated in Figure 6.
The reference stream load decreases from 300 Kbps (when the
EF reference stream is present) to 50 Kbps (when several EF
streams arerun in parallel). The test conditions are summarized
in Tablell.

Input interface 1
—
reference stream

—

pmmm  Output interface

Priority queue

| streams { T T
Iy |
Behavior aggreg —
Input interface 2|

Fig. 6. Packet clustering effect with traffic aggregation

We introduce a new metric: the Aggregation Degree (which
we referencewith letter A) to quantify the amount of bandwidth
shared among different streams within a BA:

lmar
A=1 Toa (@)
where 1,4 1S the maximum load of a micro-flow and L g4
the overal BA load, i.e. the total traffic volume generated by
streams belonging to the class). A isequal to O if just asingle
stream is active, while it is close to 1 when only the BA load is
divided among many tiny flows.

Inthistest scenario adecreasing load injected by thereference
stream indicates that A increases, in fact competing EF streams
consequently issue a greater amount of traffic and this implies
a higher packet clustering probability. BE traffic is modelled
according to the real distribution described in Par. 1V-B.

A. One-Way Delay

Figure 7-1 shows the delay distribution measured in presence
of multiple EF flows but with constant BA load. We can see
that when the aggregation degree A increases, the delay distri-
bution clearly gets more spread giving rise to greater delay vari-
ability and larger average one-way delay, as indicated in Table
I11. Thus, we can conclude that also the aggregation degree is

TABLEII
TEST CONFIGURATION FOR MEASUREMENTS UNDER DIFFERENT
AGGREGATION PATTERNS

[EF traffic (UDP)
BA Load Number Ref. stream Ref. stream
(Kbps) of streams load framesize
(Kbps)
300 variable [50, 300] Kbps 128by
[BE traffic (UDP)
BA Load Number Frame Szedistribution
of streams
> 2000 20 real, [0,1500]

a design parameter that needs to be upper bounded in order to
achieve acceptable performance. This is important during the
admission control phase.

In Figure 7-2 the complementary probability distributions
corresponding to the different frequency distributions of Figure
7-1 are plotted and show that for agiven delay D the probability
significantly varies with the aggregation degree A. If stringent
design requirements need to be met, then the number of flows
must be bounded through admission control.

Analyzing Figures 7-1 and 7-2 we see that the influence of
the BE traffic profile on delay is greater that the corresponding
effect produced by the EF profile. The impact of the EF stream
on burstiness depends on the number of hops as explained in
[20]. Infact, the presence of a single aggregation point limits
the burst accumulation phenomenon, which is visible in multi-
hop data-path with a chain of aggregation and congestion points.
In addition, the presence of a short EF queue (10 packets in
this test scenario) limits the maximum instantaneous burst to
1280by which corresponds to a maximum queueing delay of
5.12 msec.
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Fig. 7. One-way delay frequency distribution with EF aggregation (1) and its
corresponding complementary one-way probability functions for different
Aggregation Degrees
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TABLEIII
RELATIONSHIPBETWEEN THE AGGREGATION DEGREE A AND THE
AVERAGE ONE-WAY DELAY

A= % A= % A= % A=0
EF ref. EF ref. EF ref. EF ref.
load load load load
50Kbps 100 Kbps 200 Kbps 300Kbps
Avg
one-way | 18.29msec | 17.66msec | 17.23msec | 16.75msec
delay

V1. WORST CASE ANALYSIS OF THE AVERAGE DELAY

A simple analytical approach has been developed in order to
evaluate the average delay of EF packetsin the worst cases that
give rise to the local maxima of figure 3. The reference sys-
tem model that has been considered consists of two serialized
gueues, the priority queue and the transmission queue. The
evaluation of the worst case average delay W is performed by
considering the sum of the worst case average delay W, in the
priority queue and an upper bound W of the delay in the trans-
mission queue during congestion, that is

W = Wy, + Wi @

An EF packet in the priority queue is served when it can be
transferred to the transmission queue. This happens when a
transmission unit in the transmission queue get free. Several
models are present in literature for priority queueing [13], [14].
By referring to [13] the average waiting time for the highest pri-
ority packets, the EF packetsin thiscase, isgivenforan M /G/1
system with non-preemptive priority by

p=_f_ 3)
1-p

where R isthe mean residual servicetime and p isthe system
utilization for the highest priority service. A worst case analysis
is developed by adopting the maximum residua service time
that an EF packet can experience, so

Rmaz
I-p

Wpe = (4)

Thevalueof R,,,, dependsinitsturn by the number of trans-
mission unitsthat are necessary to host a BE packet. InfactaBE
packet is accepted in the transmission queue when a trnasmis-
sion unit get free. On the other hand a BE packet may require
k transmission units. The units exceeding the first are placed
in a stand by buffer to access the transmission queue as soon as
roomis available. So Rmax is given by kT, being T, the time
required to transmit a transmission unit . Thisleadsto

kT,
Wye = m )
As regards W; it is upper bounded by the time required to
transmit the transmisison units that can be queued in the trans-
mission queue, @, plus the transmission time of the transmis-
sion units @), that can be present in the stand by buffer. This
resultsin

Wy = (Qt + QE)Tu; (6)

with Q. = k£ — 1. Thefina formulafor the calculation of the
average delay is given by

Wz(%p—i—@t—i-k—l)Tu @)

To obtain numerical results, the test set up is considered,
where EF packetsare 128 bytelong and the EF rate is 300 kbit/s.
This resultsin a packet arrival rate of 292.97 packet/s. The ser-
vice time of an EF packet at 2 Mbit/s, the link speed, is 512 mi-
crosends. The system utilization p thusis K is assumed equal
to 1, 2 or 3 transmission unit and being the transmission unit
capacity equal to 512 bytes, its service time at the line speed is
2 milliseconds. The obtained values of W are presented in ta-
ble compared with the corresponding values,1W ,,, measured in
the test in the case of BE packet lengths that completely fill the
required transmission units (table 1V).

TABLE IV
WORST CASE ANALY SISFOR ONE-WAY-DELAY

K| W, | W, W W
1 | 2400.41 | 10240 | 12649.41 | 1016251
2 | 481882 | 12288 | 17106.82 | 15949.06
3 | 722823 | 14336 | 21564.23 | 19272.81

It can be seen that the major contributionto the delay is given
by the transmission queue. The analytical evaluation leads as
expected to an overestimation of the delay that can be explained
by the approximation introduced and in particular by the fact
that the transmission units in the transmisison queue are not all
full, for example when EF packets are present.

VIl. CONCLUSIONS AND FUTURE WORK

This paper provides an in depth measurement-based analy-
sis of the Priority Queueing algorithm when adopted for the
support of end-to-end QoS to delay and jitter-sensitive appli-
cations, which require EF-based services. Experimental results
show that the end-to-end performance of the queueing system
is strongly related to the system components - for example the
additional FCFS buffering stage (the transmission queue) - as
well as to traffic-related factors like the traffic pattern of active
BAs and the traffic profile of the EF stream itself. While Prior-
ity Queueing proved to be one of the most effective algorithms
to minimize queueing delay, a careful system design should be
adopted in order to providestrict one-way delay guarantees. The
transmission queue introduces an additional contribution to the
nodal delay produced by the priority queue, adelay that is pro-
portional to the average packet size in the background BAs. As
such, the transmission queue size should be limited.

The one-way delay distribution of EF traffic is strongly depen-
dent on the background traffic distribution and in this study
we compare: the constant, and the real distribution. Generally
speaking for larger background traffic packet sizes the one-way
delay standard deviation increases as values are more spread
over a large range. For a given distribution and a given EF
packet size the complementary delay probability can be com-
puted for delay estimation in complex network scenarios and
system design purposes. Background traffic profile is not the
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only relevant factor: Both the flow and the BA profile can im-
pact performance.

The stream aggregation within a class has an influence on the
end-to-end one-way delay experienced by each flow. In this pa-
per we define the Aggregation Degree parameter to describe the
load partitioning between flows within a class and we express
performance as a function of it. A high aggregation degree pro-
duces an increase in average one-way delay. As a consequence,
in case of stringent delay and jitter requirements, aggregation
has to be limited. The dimensioning of aggregation is subject
of future research: The effect of the number of streams, of the
nominal rate and of packet size will be investigated.
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