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PAPER

Class Mapping for End-to-End Guaranteed Service with Minimum
Price over DiffServ Networks∗

Dai-boong LEE†, Nonmember, Hwangjun SONG†a), Member, and Inkyu LEE††, Nonmember

SUMMARY Differentiated-services model has been prevailed as a scal-
able solution to provide quality of service over the Internet. Many re-
searches have been focused on per hop behavior or a single domain behav-
ior to enhance quality of service. Thus, there are still difficulties in provid-
ing the end-to-end guaranteed service when the path between sender and
receiver includes multiple domains. Furthermore differentiated-services
model mainly considers quality of service for traffic aggregates due to
the scalability, and the quality of service state may be time varying ac-
cording to the network conditions in the case of relative service model,
which make the problem more challenging to guarantee the end-to-end
quality-of-service. In this paper, we study class mapping mechanisms
along the path to provide the end-to-end guaranteed quality of service with
the minimum networking price over multiple differentiated-services do-
mains. The proposed mechanism includes an effective implementation of
relative differentiated-services model, quality of service advertising mech-
anism and class selecting mechanisms. Finally, the experimental results are
provided to show the performance of the proposed algorithm.
key words: differentiated services, end-to-end, quality of service, class
mapping, networking price

1. Introduction

The demand of multimedia services over the Internet has
been rapidly increasing. In general, networked multimedia
services such as Internet telephone and video-on-demand re-
quire stringent QoS (quality of service) requirements. As a
scalable network solution, DiffServ (differentiated-services)
[1] has got a spotlight because it controls the QoS of aggre-
gate flows of a certain class instead of the QoS of individual
flow. Hence it generically lacks the end-to-end QoS pro-
vision in the end-user point of view although DiffServ is a
scalable solution for network QoS. So far, several propos-
als have been proposed to enhance end-to-end QoS within a
single DiffServ domain. An extended approach of PHB(Per
Hop Behaviors) tries to define per domain behavior (PDB)
[2] as the expected treatment from edge to edge of a single
DiffServ domain. That treatment can be described as quan-
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tifiable attributes (e.g., delay and packet loss rate) that pass-
ing packets experience. But the specific methods to provide
absolute and statistical bounds for a DiffServ domain still
need to be investigated. For controlling the attributes within
a DiffServ domain and across DiffServ domains, a domain
server (e.g., bandwidth broker (BB) [3]) can be used to per-
form resource management in its own domain and to com-
municate with domain servers in the neighboring domains
for the negotiation of service level. There are some architec-
tures for enhanced domain server coming from the central-
ized BB to provide scalable support of guaranteed services
[4], [5]. The guaranteed services could be absolutely or sta-
tistically bounded services in DiffServ attributes for traffic
aggregates. Recently, Christin et al. [6] proposed a quan-
titative assured forwarding (AF) service with absolute and
proportional service differentiation in terms of loss, rates,
and delays for traffic aggregates. Also, it is worthwhile to
mention a study [7] in the differences of QoS experienced
between individual flows and aggregate flows. Then if these
extensions are added to the DiffServ architecture that IETF
defines basically, it can be expected that each DiffServ do-
main can provide a certain absolute service ranges (e.g., av-
erage packet loss rate with some upper/lower margins) in
DiffServ attributes. Another approach to provide absolute
QoS [8] tries changing class selection upon feedback infor-
mation from the receiver if the QoS request is not satisfied.

In this paper, we consider effective class mapping
mechanisms to provide the guaranteed service to end sys-
tems with the minimum price over the multiple domains.
The system of our consideration is shown in Fig. 1. In this
scenario, the consideration of single DiffServ domain is not
sufficient for the end-to-end QoS provision. The experi-

Fig. 1 An example of DiffServ network.
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enced QoS state (delay and packet loss rate in this paper)
and the price of each class may differ in accordance with
domains, and the QoS state may be time-varying accord-
ing to network conditions. In order to provide the end-to-
end QoS, coordination is required among domain servers
in DiffServ domains having the linked path between sender
and receiver. The problem we address includes how to ef-
ficiently advertise time varying QoS state and how to select
the classes based on the advertised QoS state so as to satisfy
end-to-end QoS request. This paper is organized as follows.
Problem formulation class mapping mechanisms, effective
implementation method of relative service model, and QoS
advertising mechanism are described in Sect. 2, experimen-
tal results and analysis are presented in Sect. 3, and finally
concluding remarks are given in Sect. 4.

2. Proposed Optimal Class Mapping Mechanism

In this paper, we consider delay and packet loss rate as QoS
factors. Over multiple domains, the end-to-end delay is the
sum of delays caused in the individual domain and the rate
that packet successfully arrives at the receiver is the prod-
uct of the rates that packet is transmitted safely in each do-
main. Thus, the variance of end-to-end QoS state generally
becomes larger compared with QoS state provided by each
domain, and thus the increased variance may degrade the
video quality seriously. In this case, dynamic class select-
ing mechanism is required. Now, we make the following
assumptions.
Assumptions:
1. Each domain supports the different number of classes that
provide different QoS states at the different price. And it is
assumed that the class i always provides the better QoS than
the class i + 1 with higher price in the domain.
2. The total price is the sum of prices charged by domains
along the end-to-end path. (The basic idea of the proposed
algorithm in the following can be extended to various pric-
ing mechanisms.)

Before the detail description, we define the CV (class
vector)(c1, c2, · · · , cN)that is the selected classes over multi-
ple DiffServ domains along the path. That is, ci is the se-
lected class in the domain i. So, the proposed class mapping
mechanism is to search for the optimal CV.

2.1 Problem Formulation and CV Selection Based on
Trellis

First of all, end-to-end guaranteed service problem is for-
mulated into the optimization problem with multiple con-
straints. Then, optimal approach and fast approach are ex-
amined to get the solution of the problem.

2.1.1 Problem Formulation

CV along the path is determined to guarantee QoS with the
minimum price. As mentioned earlier, the end-to-end de-
lay is the sum of delays caused in the individual domain,

and the rate that packet successfully arrives at the receiver
is the product of the rates that packet is transmitted safely
in each domain. Now, we can formulate the problem to pro-
vide the guaranteed end-to-end QoS state with the minimum
networking price as follows.
Problem Formulation: Determine CV (c1, c2, · · · , cN) to
minimize

N∑
i=1

Price(ci) (1)

subject to
∑N

i=1 Delay(ci) ≤ Delayreq,

N∏
i=1

(1 − PLR(ci)) ≥ 1 − PLRreq

where ci is the selected class in the domain i, N is the num-
ber of DiffServ domains between two end systems, Price(ci)
is the price of the class selected in the domain i, Delay(ci)
and PLR(ci) are the delay and packet loss rate of the class
selected in the domain i, respectively, Delayreq and PLRreq

are the delay and the maximum tolerable packet loss rate re-
quired by the end systems, respectively. It is an optimization
problem with multiple constraints.

2.1.2 Optimal CV Selecting by Viterbi Algorithm

To solve the above problem, dynamic programming algo-
rithm based on Trellis [14]–[16] is employed and fast prun-
ing algorithm is used to reduce the computational complex-
ity. It is summarized in Fig. 2. As shown in this figure, each
domain corresponds to a node and each class is mapped to
the circle. When the cumulative QoS state by the domain
(i−1) is (

∑i−1
k=1 Price(ck),

∏i−1
k=1(1−PLR(ck)),

∑i−1
k=1 Delay(ck))

and the selected class in the domain i is (Price(ci), 1 −
PLR(ci),Delay(ci)), the cumulative QoS state by the
domain i becomes (

∑i
k=1 Price(ck),

∏i
k=1(1 − PLR(ck)),∑i

k=1 Delay(ck)). If the cumulative QoS by the domain i
does not satisfy the required QoS, then we do not need to
check the CV including this part from the domain (i+1) any
more. Thus the required computational complexity can be
reduced.

Fig. 2 Trellis for the optimal CV: the dot lines do not satisfy the given
constraints.
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2.1.3 Fast Converging Algorithm by Lagrange Multiplier
Method and Iterative Gradient Method

The trellis grows exponentially as the numbers of domains
and/or the numbers of classes are increasing. In this case, we
need a fast algorithm with a low computational complexity
for the real-time processing. In this paper, Lagrange multi-
plier method [18], [19] is employed. By the Lagrange mul-
tiplier method, the constrained optimization problem can be
converted to unconstrained optimization problem. It guaran-
tees that the following (c∗1, c

∗
2, · · · , c∗N) satisfying the multiple

constraints is the optimal solution of the original problem.

(c∗1, c
∗
2, · · · , c∗N)

= arg min
(c1,c2,···,cN )

J(c1, c2, · · · , cN), (2)

J(c1, c2, · · · , cN)

=

N∑
i=1

Price(ci) + λ · P(c1, c2, · · · , cN), (3)

where λ is the Lagrange multiplier, and

P(c1, c2, · · · , cN)

= max


∑N

i=1 Delay(ci) − Delayreq

Delayreq
, 0


+min


∏N

i=1(1 − PLR(ci)) − (1 − PLRreq)

1 − PLRreq
, 0


+min

(
min(1≤i≤N) BW(ci) − BWreq

BWreq
, 0

)
, (4)

where BW(ci) and BWreq are the bandwidth of the class
selected in the domain i and the minimum tolerable band-
width required by the end systems, respectively. In general,
Price(ci) is a non-increasing function and P(c1, c2, · · · , cN)
is a non-decreasing function, thus J(c1, c2, · · · , cN) is a con-
vex function. By using the iterative gradient methods, the
optimal solution can be easily found. In this paper, Cyclic
Coordinate Descent with Unit Stepping algorithm [20] is
employed due to the simplicity and the convergence. It can
be summarized as follows.
Step 1: Initialize the index variable i = 1, and make an
initial guess for (c1, c2, · · · , cN).
Step 2: Search for c1 such that

J(c∗1, c
∗
2, · · · , c∗i−1, ci, · · · , cN) (5)

is minimized, subject to
ci − 1 ≤ c∗i ≤ ci + 1

Step 3: Increase i by one. If i ≤ N, go to Step 2.
Step 4: Check for convergence: Check if∣∣∣∣∣∣

j(c∗1, c
∗
2, · · · , c∗N) − j(c1, c2, · · · , cN)

j(c1, c2, · · · , cN)

∣∣∣∣∣∣ < ε, (6)

where ε is the predetermined small value. If the above in-
equality is satisfied, the solution of the unconstrained opti-
mization problem is (c∗1, c

∗
2, · · · , c∗N). Otherwise, set i = 1

and (c1, c2, · · · , cN) = (c∗1, c
∗
2, · · · , c∗N), and then go to Step 2

for the next iteration.
However, we need to iteratively adjust the above La-

grange multiplier to find satisfying the given multiple con-
straints. To reduce the number of iterations, bisection
method is employed for the fast convergence. It is summa-
rized in the followings.
Step 1: Select the initial values, λl = 0 and λu = M, where
M is a large real number that satisfies the given constraints.
Step 2: Make an initial guess for λ.
Step 3: Solve the unconstrained optimization problem with
λ by using the above Cyclic Coordinate Descent with Unit
Stepping algorithm.
Step 4: If the above solution (c∗1, c

∗
2, · · · , c∗N) satisfies the

multiple constraints,

λu = λ. (7)

Otherwise,

λl = λ. (8)

Then,

λnew =
λu + λl

2
. (9)

Step 5: Check if∣∣∣∣∣λnew + λ

λ

∣∣∣∣∣ < γ, (10)

where γ is the preset small value. If the above inequality
is satisfied and (c∗1, c

∗
2, · · · , c∗N) satisfies the multiple con-

straints, it is the optimal solution of the constrained opti-
mization problem. Otherwise go to Step 3 with λ = λnew.

The computational complexities of the optimal ap-
proach using Viterbi algorithm and the fast conversing algo-
rithm are O

(∏D
i=1 Nci

)
and O(2D · I(λ)), respectively. Where,

D is the number of domains, Nci is the number of classes in
the domain i and I(λ) is the number of iteration to find the
optimal Lagrangian multiplier. As the numbers of classes
and domains become larger, the difference increases. In ad-
dition, the required complexity of fast converging approach
can be more reduced when the advanced gradient method is
employed.

2.2 Relative Service Model and QoS Advertising Mecha-
nism

Now, we consider the case that QoS state is time-varying.
First, we address an effective implementation of relative ser-
vice model, and then describe QoS advertising mechanism
in detail. Note that the proposed class mapping mechanism
can be extended to any other relative service model.

2.2.1 Implementation of Relative Service Model

In the case of assured forwarding (AF) service, queue struc-
ture generally consists of four physical queues to which in-
dependent forwarding services are provided. Each queue
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(a)

(b)

Fig. 3 Performance of queuing structures: (a) RFC 2597 and (b) the pro-
posed method.

has three virtual queues to support three dropping levels as
shown in (a) of Fig. 3 [9]. The packets with the same class
enter the same physical queue and then these packets are
classified into three virtual queues according to their drop
precedence. The drop precedence of each class is deter-
mined by its policy when packets arrive. The possible po-
licer types are TSW3CM [11], Single Rate Three Marker
[12], and Two Rate Three Color Marker [13], etc. The rela-
tive service model can be implemented by this queue struc-
ture and forwarding mechanism only when routers monitor
the QoS state of each class continuously [10]. However, it is
a big burden to routers and does not match to the basic idea
of DiffServ.

In this paper, the relative service model is simply im-
plemented by changing the queue structure as shown in (b)
of Fig. 3. One of the unique features of the proposed method
is that the packets with the same precedence are sent to the
same physical queue and then they are divided into virtual
queue according to the class. Token bucket model is em-
ployed as policer type due to the simplicity. In this case,
the successfully forwarding packets enter the buffer with
the high precedence while the dropping packets move to the
buffer with the low precedence. It is achieved by controlling
token. An arriving packet is marked with the lower prece-

dence if and only if it is larger than the token bucket. The
token rate is controlled to satisfy Eq. (11), and then packet
forwarding mechanism makes the relative service model by
setting to satisfy Eq. (12) under the assumption that class
1 provides the best service. In this paper, WRR (weighted
round robin) is used for packet forwarding mechanism and
the weight factors are determined by QoS states of classes.

Ryx

Ry+1
x

>
Ryx+1

Ry+1
x+1

(11)

Ryx

Ry+1
x

<
WPQ(y)

WPQ(y+1)
(12)

where x is the class number satisfying x ∈ {1, 2, . . . ,m −
1}, y is the drop precedence level number satisfying y ∈
{1, 2, . . . , n − 1}, m and n are the possible maximum num-
bers of class levels and drop precedence levels respectively,
Ryx is the rate of packets assigned to class x and drop prece-
dence level y, and WPQ(y) is the weight of physical queue
y. The proposed implementation method does not need to
remember the states of router and just forward the incom-
ing packets according to the weighing values of physical
queues. Hence the required computational burden of router
can be significantly reduced.

2.2.2 QoS-State Advertising Mechanism

Since QoS state is random in each DiffServ domain sup-
porting relative service model and end-to-end QoS state is
function (sum/product) of these random variables, end-to-
end QoS state is also random, whose variances generally
become larger as the number of domains between two end
systems increases [17]. As a result, the continuous media
service can be seriously degraded due to the increased vari-
ances. Therefore, our object is to dynamically change CV
along the path to provide the guaranteed service with the
lowest price.

Now, we need to estimate QoS state for each flow to
determine CV. Actually, it is observed that the QoS state of
each flow is almost same as that of the class including the
flow (See the Fig. 9) (The same phenomenon is observed in
[10]). The reason is that every individual flow in the same
class is handled by the same policy and forwarding mech-
anism that is designed to provide the guaranteed QoS to
the class, and thus the QoS state experienced by the indi-
vidual flow is almost same as that of the class. Hence, we
can estimate the QoS state of each flow by observing that
of the class in each domain. As a result, the computational
overhead can be significantly reduced because we do not
need to calculate the QoS of each flow. And, we take into
account how to advertise QoS state. The more advertise-
ment provides the more accurate QoS state, but increases the
signaling overhead and computing load. Thus, we need to
investigate effective QoS advertising mechanism and study
the relation between the interval of QoS advertisements and
the experienced QoS state. In this paper, we study two ap-
proaches: periodic approach and aperiodic approach.
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Fig. 4 State diagram of the periodic case.

Fig. 5 Sequential flow chart of BB in aperiodic case.

• Periodic QoS-state Advertisement
Every DiffServ domain calculates the QoS state every fixed
time interval and the QoS state is broadcasted to other Diff-
Serv domains. Based on the advertised QoS state, the CV
along the path between sender and receiver are recalculated.
• Aperiodic QoS-state Advertisement
To avoid the unnecessary QoS state advertisements, CV re-
searching and control signal overhead, aperiodic QoS state
advertisement is examined. In this work, sliding window
method is employed. That is, the QoS state is advertised
only when the average QoS state in the sliding window
abruptly changes more than the threshold value. Based on
the advertised QoS state, CV along the path are adjusted to
minimize the networking price. It can be summarized as
follows. If

|QoS cur − QoS prev|
QoS prev

> T, (13)

then broadcast the current QoS state,
otherwise QoS state is not advertised,

where QoS cur is the average QoS state of a class in the cur-
rent window, QoS prev is the average QoS state of a class in
the previous window and T is a threshold value. Actually,
the length of window and its coefficients are related to the
performance since it determines the characteristics of low-
pass filter. The state diagrams of the QoS-state advertise-
ment and the optimal CV selection are shown in Fig. 4 and
Fig. 5. Since the state diagrams of the BBs (Bandwidth Bro-
kers) of the aperiodic case and the periodic case are same,
that of the aperiodic case is abbreviated.

We would like to give some remarks on the signaling
overhead and the computational complexity of the proposed
algorithm. In general, aperiodic case may need more com-
putational complexity to continuously monitor QoS states
than periodic case, but signaling load is decreased since the
unnecessary advertisements are avoided. As the advertising
time interval of the periodic case decreases or the thresh-
old value (Eq. (13)) of the aperiodic case decreases, the ac-
curacy of advertisement is improved at the cost of the in-
creased signaling overhead. Now, we give some remarks on
two possible scenarios. First of all, if BBs are available, ad-
ditional computational complexity and signaling overhead
to compute the optimal CV is very small since BBs have
an effective mechanism to share service states of classes by
advisements among them. Secondly, if BBs are not avail-
able, edge routers can work instead of BBs. Because edge
router checks continuously both agreement and conformity
of SLA (service level agreement), it can monitor the service
states of each class and send them to other edge routers with
a small amount of overhead. Consequently, each edge router
can compute the optimal CV based on the updated service
state information of each class.

3. Experimental Results

NS-2 [21] is employed to compare the performance. As
mentioned earlier, we focus on the QoS advertising mech-
anism and class mapping mechanism. In this paper, three
cases are tested in the followings: no CV change, periodic
CV change and aperiodic CV change. The numbers of QoS
advertisements and CV changes are used as the measure of
control signaling overhead. On the other hand, packet loss
rate, time delay, and networking price are employed as the
performance measures for quality of service. The tested net-
work situation is shown in Fig. 6 and the specifications of
back traffics are summarized in Table 1. During the experi-
ment, mean, variance and maximum deviation are employed
as performance comparison. The reason that maximum de-
viation is included is that the instant QoS state deviation can
degrade the quality of continuous media. And the test trace
files are Star Wars (240*352 size) and Terminator-2 (QCIF
size) encoded by MPEG-1 [22], whose lengths are 40,000
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frames. The encoding structure is IBBPBBPBBPBB (i.e.
1GOP consists of 12 frames) and I-frames, P-frames, and
B-frames are encoded with quantization parameters 10, 14,
and 18, respectively. The encoding frame rate is 25 frames
per second. The output traffics are VBR and their statistical
properties are summarized in Table 2.

3.1 QoS Comparison between Traffic Aggregates and
Per-Flow Traffic over Relative Differentiated Service
Model

First, the performance of the proposed relative service
model is presented. Two cases are tested, i.e. input traf-
fics are constant bit rate (CBR) and variable bit rate (VBR).
VBR traffics are generated by Pareto [23]. As shown in
Fig. 7, packet loss rate and delay are proportional to their
class levels when input traffics are CBR. When the input
traffics are Pareto, the QoS state of class 2 always stays be-
tween those of class 1 and class 3 in Fig. 8. Based on these
observations, the relative service model works successfully.
The QoS states of a flow and a class including the flow are
given in Fig. 9. As shown in the figure, two plots are almost
same. Thus, it is reasonable that the QoS state of a class can
be used for that of a flow that is aggregated into the class.
As a result, the required computational complexity can be
significantly reduced since we do not need to calculate the
QoS state of each flow.

Fig. 6 Tested DiffServ network condition.

Table 1 Specification of back traffics used during the experiment.

traffic types Properties each class of domain1 each class of domain2 each class of domain3
Send Rate 26.4 Mbps 20.0 Mbps 20.0 Mbps

Back Traffic 1 Mean on-time 80 ms 80 ms 80 ms
(Pareto) Mean off-time 20 ms 20 ms 20 ms

Shape 1.5 1.5 1.5
Send Rate 2.4 Mbps 1.6 Mbps 1.6 Mbps

Back Traffic 2 Mean on-time 50 ms 50 ms 50 ms
(Pareto) Mean off-time 50 ms 50 ms 50 ms

Shape 1.5 1.5 1.5
Send Rate 26.4 Mbps 20.0 Mbps 20.0 Mbps

Back Traffic 3 Mean on-time 20 ms 20 ms 20 ms
(Pareto) Mean off-time 80 ms 80 ms 80 ms

Shape 1.5 1.5 1.5
Back Traffic 4 Rate 26.4 Mbps 20.0 Mbps 20.0 Mbps

(CBR)

Table 2 Statistical properties of test MPEG trace files.

Trace Mimimum Maximum Average Standard
Files: value value (Bytes) deviation

(Bytes) (Bytes) (Bytes)
Star Wars 275 124816 9313.2 12902.725

Termi- 312 79560 10904.75 10158.031
nator-2

(a)

(b)

Fig. 7 QoS state comparison of classes when input traffics are CBR: (a)
packet loss rate and (b) time delay.
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(a)

(b)

Fig. 8 QoS state comparison of classes when input traffics are Pareto
traffics: (a) packet loss rate and (b) time delay.

Fig. 9 Packet loss comparison between traffic aggregates and per-flow
traffic at the Domain 1.

3.2 CV Searching Method

3.2.1 Optimal Class Mapping by Viterbi Algorithm

For an example of performance evaluation, we assume that

Fig. 10 Simulation result by Viterbi algorithm: The parenthesis of each
node (packet loss rate, time-delay, effective bandwidth, price of the selected
class), and class identifier (DSCP) is assigned as shown: (000, 001, 010,
011, 100) in the first and the third domains and (00, 01, 10, 11) in the
second domains.

(a)

(b)

Fig. 11 Experimental results of iterative gradient and bisection meth-
ods: (a) Plot of the converging λ, and (b) Plot of penalty function when
λ=392.333984.

the requested 3-tuple QoS is packet loss rate: 0.08, time de-
lay: 400 ms, and effective bandwidth: 200 kbps. As shown
in Fig. 10, it is assumed that the path consists of three Diff-
Serv domains, and each domain has different number of
classes with different QoS states. By using Viterbi algo-
rithm, we can find that the optimal QoS CV is (000, 01,
010), and the packet loss rate is 0.03465, the delay is 200 ms,
the effective bandwidth is 300 kbps, and the price is 1000
units along the path. The details are given in Fig. 10. As
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shown in the figure, the solid lines meet the requested QoS
while the dotted lines do not satisfy the requested QoS. The
bold line represents the optimal CV. All paths passing the
fourth of the domain 2 cannot satisfy the required QoS, thus
we do not need to consider any CV passing through this
node.

3.2.2 Fast Converging Solution

For the visualization, we consider the 2-domain case (Do-

Fig. 12 Converging CV in the two domains when λ=392.333984.

Table 3 Average QoS state comparison between no CV change case and periodic CV change case.

Periodic CV Change No CV Change
Interval No. of CV Changes Avg. PLR Avg. Delay Ave. price Ave.price CV Avg. PLR Avg. Delay

10s 35 0.0424 0.0941 5.314 6 2-1-3 0.0554 0.0856
2-3-4 0.0547 0.0872
3-2-4 0.0558 0.0895
3-3-3 0.0578 0.0956

20s 18 0.0508 0.0966 4.971 5 2-4-4 0.0724 0.0918
3-3-4 0.0768 0.0949
3-4-3 0.0726 0.0957

30s 12 0.0538 0.0923 4.721 5 2-4-4 0.0724 0.0918
3-3-4 0.0768 0.0949
3-4-3 0.0726 0.0957

40s 9 0.0694 0.0951 4.539 5 2-4-4 0.0724 0.0918
3-3-4 0.0768 0.0949
3-4-3 0.0726 0.0957

50s 7 0.0898 0.0959 4 4 3-4-4 0.0898 0.0959

Table 4 Standard deviation and maximum deviation comparison of QoS state between no CV change
case and periodic CV change case.

Periodic CV Change No CV Change
Interval No. of CV Changes Max. PLR STDEV Ave. price Ave. price CV Max. PLR STDEV

of PLR of PLR
10s 35 0.2085 0.0512 5.314 6 2-1-3 0.4186 0.0736

2-3-4 0.4455 0.0794
3-2-4 0.4278 0.0764
3-3-3 0.4370 0.0751

20s 18 0.2914 0.0705 4.971 5 2-4-4 0.5314 0.0954
3-3-4 0.5412 0.0966
3-4-3 0.5347 0.0944

30s 12 0.3269 0.0722 4.721 5 2-4-4 0.5314 0.0954
3-3-4 0.5412 0.0966
3-4-3 0.5347 0.0944

40s 9 0.3364 0.0737 4.539 5 2-4-4 0.5314 0.0954
3-3-4 0.5412 0.0966
3-4-3 0.5347 0.0944

50s 7 0.3777 0.0784 4 4 3-4-4 0.5777 0.0984

main 1 and 3 of the above case are tested.). The required
QoS values are the following: packet loss rate is 0.05, time
delay is 200 ms, and effective bandwidth is 350 kbps. As
shown in (a) of Fig. 11, λ is initially set to 500 and converges
shortly with several iterations. And the penalty function is
convex as shown in (b) of Fig. 11. Actually, Fig. 12 is the
projection of Fig. 11(a) onto the domain 1-domain 2 plane,
which is inserted to explicitly show the convergence point. It
is observed that classes of the two domains converge to (001,
001) as shown in Fig. 12. Along the selected CV, packet loss
rate is 0.0445, time delay is 200 ms, effective bandwidth is
400 kbps, and its price is 800 units.

3.3 CV Change Case with the Periodic QoS-State Adver-
tisement

We assume that the following QoS is required: the max-
imum time delay is less than 0.16 sec. and the tolerable
packet loss rate is less than 5%. Various time intervals are
tested and the experimental results are summarized in Ta-
bles 3 and 4 and Fig. 13. It is observed that average QoS
state and QoS state fluctuation are improved as the interval
of QoS state advertisement decreases. However, the num-
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(a)

(b)

(c)

Fig. 13 Performance comparison between no CV change case and peri-
odic CV change case: (a) packet loss rate, (b) standard deviation of packet
loss rate, and (c) maximum deviation of packet loss rate.

ber of CV changes increases, which makes the control sig-
nal overhead larger. As shown in Table 3 and (a) of Fig. 13,
periodic CV change case can provide the better average end-
to-end QoS state with the lower networking price. Further-
more, the performance difference is much more obvious in
terms of QoS state fluctuation as shown in Table 4 and (b)
and (c) of Fig. 13. Especially, maximum QoS deviation of

periodic CV change case can be significantly reduced com-
pared with that of no CV change. When the advertising
time interval is 50 seconds, the standard deviation and max-
imum deviation are significantly reduced although the aver-
age QoS state are same as shown in Fig. 13.

3.4 CV Change Case with the Aperiodic QoS-State Ad-
vertisement

In this section, performance of aperiodic CV change case
is compared with those of no CV change case and periodic
CV change case. It is assumed that the required QoS state
is same as those of Sect. 3.2. The length of window is set
to 3 and the weighting values in the window are set to (2,
3, 5). The window moves to the right by one second per a
time. The performance comparison with no CV change case
is summarized in Tables 5 and 6 and Fig. 14. Compared with
no CV change case, average packet loss rate is reduced by
more than 30% and standard deviation and maximum devi-
ation are decreased by at least 50% and 70% respectively
with the almost same networking price.

The performance comparison with peroidic CV change
case is summarized in Tables 7 and 8 and Fig. 14. Com-
pared with the periodic case, it is observed that the average
packet loss rate is reduced by about 25%, and standard devi-
ation and maximum deviation are decreased by about 50%
and 65% respectively with the same number of CV changes.
Thus, aperiodic CV change case is more efficient that peri-
odic CV change case at the price of computational complex-
ity.

4. Conclusion and Future Work

In this paper, we have proposed class selecting mechanisms
for the guaranteed end-to-end QoS over multiple DiffServ
domains. The proposed mechanism includes effective rela-
tive service model implementation, QoS advertising mech-
anism, and the class mapping mechanism that searches for
the optimal CV satisfying the required QoS with the min-
imum networking price based on the advertised QoS state.
It has been shown by the experimental results that the dy-
namic class selecting mechanism can significantly improve
the average QoS state and the QoS state fluctuation com-
pared with no CV change. Furthermore, we have shown
that aperiodic CV change case can provide the better QoS
state than periodic CV change case with the same number
of CV changes. For the complete solution, the specific con-
trol protocols for QoS state advertisement and CV change
must be designed and the optimizing process based on these
protocols is needed to determine the effective CV changing
times. It is under our investigation.
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Table 5 Average QoS state comparison between no CV change case and aperiodic CV change case.

Aperiodic CV Change No CV Change
Threshold Avg. PLR Avg.Delay No. of CV Changes Ave. price Ave. price CV Avg. PLR Avg. Delay

of Adv.
10% 0.0385 0.0924 15 5.7451 6 2-1-3 0.0554 0.0856

2-3-4 0.0547 0.0872
3-2-4 0.0558 0.0895
3-3-3 0.0578 0.0956

20% 0.0385 0.0924 15 5.7451 6 2-1-3 0.0554 0.0856
2-3-4 0.0547 0.0872
3-2-4 0.0558 0.0895
3-3-3 0.0578 0.0956

30% 0.0447 0.0929 12 5.3012 6 2-1-3 0.0554 0.0856
2-3-4 0.0547 0.0872
3-2-4 0.0558 0.0895
3-3-3 0.0578 0.0956

40% 0.0520 0.0934 12 5.1942 5 2-4-4 0.0724 0.0918
3-3-4 0.0768 0.0949
3-4-3 0.0726 0.0957

50% 0.0651 0.0975 10 5.1428 5 2-4-4 0.0724 0.0918
3-3-4 0.0768 0.0949
3-4-3 0.0726 0.0957

Table 6 Standard deviation and maximum deviation comparison of QoS state between no CV change
case and aperiodic CV change case.

Aperiodic CV Change No CV Change
Threshold MAX. PLR STDEV No. of CV Changes Ave. price Ave. price CV MAX. PLR STDEV

of Adv. of PLR of PLR
10% 0.1099 0.0337 15 5.7451 6 2-1-3 0.4186 0.0736

2-3-4 0.4455 0.0794
3-2-4 0.4278 0.0764
3-3-3 0.4370 0.0751

20% 0.1099 0.0337 15 5.7451 6 2-1-3 0.4186 0.0736
2-3-4 0.4455 0.0794
3-2-4 0.4278 0.0764
3-3-3 0.4370 0.0751

30% 0.1440 0.0356 12 5.3012 6 2-1-3 0.4186 0.0736
2-3-4 0.4455 0.0794
3-2-4 0.4278 0.0764
3-3-3 0.4370 0.0751

40% 0.2000 0.0380 12 5.1942 5 2-4-4 0.5314 0.0954
3-3-4 0.5412 0.0966
3-4-3 0.5347 0.0944

50% 0.2920 0.0694 10 5.1428 5 2-4-4 0.5314 0.0954
3-3-4 0.5412 0.0966
3-4-3 0.5347 0.0944

Table 7 Average QoS state comparison between periodic CV change case and aperiodic CV change
case.

Aperiodic CV Change Periodic CV Change
Threshold Avg. PLR Avg.Delay No. of CV Ave. price No. of CV Fixed Avg. PLR Avg. Delay

of Adv. Changes Changes Interval
10% 0.0385 0.0924 15 5.7451 15 23s 0.0512 0.0962
20% 0.0385 0.0924 15 5.7451 15 23s 0.0512 0.0962
30% 0.0447 0.0929 12 5.3012 12 30s 0.0538 0.0923
40% 0.0520 0.0934 12 5.1942 12 30s 0.0538 0.0923
50% 0.0651 0.0975 10 5.1428 10 35s 0.0670 0.0944

Table 8 Standard deviation and maximum deviation comparison of QoS state between periodic CV
change case and aperiodic CV change case.

Aperiodic CV Change Periodic CV Change
Threshold MAX. PLR STDEV No. of Path Ave. price No. of Path Fixed MAX. PLR STDEV

of Adv. of PLR Changes Changes Interval of PLR
10% 0.1099 0.0337 15 5.7451 15 23s 0.3145 0.0714
20% 0.1099 0.0337 15 5.7451 15 23s 0.3145 0.0714
30% 0.1440 0.0356 12 5.3012 12 30s 0.3269 0.0722
40% 0.2000 0.0380 12 5.1942 12 30s 0.3269 0.0722
50% 0.2920 0.0694 10 5.1428 10 35s 0.3352 0.0729
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(a)
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(c)

Fig. 14 Performance comparison among no CV change case, periodic
CV change case and aperiodic CV change case: (a) packet loss rate, (b)
standard deviation of packet loss rate, and (c) maximum deviation of packet
loss rate.

References

[1] S. Blake, D. Blake, M. Carlson, E. Davies, Z. Wang, and W. Weiss,
“An architecture for differentiated services,” RFC2475, IETF, Dec.
1998.

[2] K. Nichols and B. Carpenter, “Definition of differentiated services
per domain behaviors and rules for their specification,” RFC3086,

IETF, April 2001.
[3] K. Nichos, V. Jacobson, and L. Zhang, “A two-bit differentiated ser-

vice architecture for the Internet,” RFC2638, IETF, July 1999.
[4] Z. Zhang, Z. Duan, L. Gao, and Y.T. Hou, “Decoupling QoS con-

trol from core routers: A novel bandwidth broker architecture for
scalable support of guaranteed services,” Proc. ACM SIGCOMM,
pp.71–83, Aug. 2000.

[5] E. Nikolouzou, et al., “Network services definition and deployment
in a differentiated services architecture,” Proc. IEEE ICC, vol.2,
pp.1057–1062, April 2002.

[6] N. Christin, J. Liebeherr, and T.F. Abdelzaher, “A quantitative as-
sured forwarding service,” Proc. IEEE INFOCOM, vol.2, pp.864–
873, June 2002.

[7] Y. Xu and R. Guerin, “Individual QoS versus aggregate QoS: A loss
performance study,” Proc. IEEE INFOCOM, vol.3, pp.1170–1179,
June 2002.

[8] C. Dovrolis and P. Ramanathan, “Dynamic class selection: From
relative differentiation to absolute QoS,” Proc. ICNP 2001, pp.120–
128, 2001.

[9] J. Heinanen, F. Baker, W. Weiss, and J. Wroclawski, “Assured for-
warding PHB group,” RFC2597, IETF, June 1999.

[10] C. Dovrolis and P. Ramanathan, “A case for relative differentiated
services and the proportional differentiation model,” IEEE Netw.,
vol.13, no.5, pp.26–34, Sept./Oct. 1999.

[11] W. Fang, N. Seddigh, and B. Nandy, “A time sliding window three
color marker,” RFC2859, IETF, June 2000.

[12] J. Heinanen, T. Finland, and R. Guerin, “A single rate three color
marker,” RFC2697, IETF, Sept. 1999.

[13] J. Heinanen, T. Finland, and R. Guerin, “A two rate three color
marker,” RFC2698, IETF, Sept. 1999.

[14] A.J. Viterbi and J.K. Omura, Principle of Digital Communication
and Coding, McGraw-Hill, New York, 1979.

[15] A. Ortega, K. Ramchandran, and M. Vetterli, “Optimal trellis-based
buffered compression and fast approximations,” IEEE Trans. Image
Process., vol.3, no.1, pp.26–40, Jan. 1994.

[16] D.P. Bertsekas, Nonlinear Programming, Athena Scientific, Mas-
sachusetts, 1995.

[17] A. Papoulis, Probability, Random ariables, and Stochastic Process,
McGraw-Hill, 1991.

[18] D.P. Bertsekas, Nonlinear Programming, Athena Scientific, Mas-
sachusetts, 1995.

[19] Y. Shoham and A. Gersho, “Efficient bit allocation for an arbi-
trary set of quantizers,” IEEE Trans. Signal Process., vol.36, no.9,
pp.1445–1453, Sept. 1988.

[20] D.G. Lueberger, Linear and Nonlinear Programming, Addison-
Wesley, 1984.

[21] UCB/LBNL/VINT, “Network Simulator - ns (version 2),” http://
www.isi.edu/nsnam/ns/, 1998.

[22] http://trace.eas.asu.edu/TRACE/ltvt.html
[23] http://en.wikipedia.org

Dai-boong Lee received his B.S. and M.S.
degrees from Hongik University, Seoul, Korea,
in 2002 and 2004, respectively. He is cur-
rently working toward his Ph.D. degree in Mul-
timedia Communication System Lab., Dept. of
CSE, POSTECH(Pohang University of Science
and Technology). His research interests include
multimedia communication, packet scheduling,
quality-of-service network, Int/Diffserv, net-
work resource renegotiation algorithm, network
management, visual information processing, IP-

TV system, HFC networks, and DOCSIS QoS.



LEE et al.: MULTIPLE DIFFSERV
471

Hwangjun Song received B.S. and M.S.
degrees from Dept. Control and Instrumentation
(EE), Seoul National University, Korea in 1990
and 1992, respectively. From 1992 to 1994, he
served (full-time) in Korea army. He received
his Ph.D. degree from the Department of Electri-
cal Engineering-Systems at University of South-
ern California in May 1999. He was a Research
Assistant/Associate at SIPI (Signal and Image
Processing Institute) and IMSC (Integrated Me-
dia Systems Center) sponsored by NSF. From

2000 to 2005, he was an Assistant Professor/Vice Dean of Admission Af-
fairs at Hongik University, Seoul, Korea. Since February, 2005, he has been
with POSTECH (Pohang University of Science and Technology), Korea.
His research interests include multimedia communication (H.32x, H.26x),
wired/wireless network protocols necessary to implement a functional real-
time image/video application, multimedia applications, image/video com-
pression, digital signal processing, control system and fuzzy-neural system.

Inkyu Lee received the BS degree (with
honors) in control and instrumentation engineer-
ing from Seoul National University, Seoul, in
1990 and the M.S. and Ph.D. degrees in electri-
cal engineering from Stanford University, Stan-
ford, CA, in 1992 and 1995, respectively. From
1991 to 1995, he was a Research Assistant at the
Information Systems Laboratory, Stanford Uni-
versity. From 1995 to 2001, he was a Member
of Technical Staff at Bell Laboratories, Lucent
Technologies, where he studied wireless com-

munication system design. He later worked for Agere Systems (formerly
Microelectronics Group of Lucent Technologies), Murray Hill, NJ, as a
Distinguished Member of Technical Staff from 2001 to 2002. In September
2002, he joined the Faculty of the Department of Radio Communications
Engineering, Korea University, Seoul, Korea. He received the Young Sci-
entist Award from the Ministry of Science and Technology, Korea, in 2003.
He is an Editor for the IEEE Transactions on Communications and is also
a Chief Editor for “4G wireless systems” special issue in the IEEE Journal
on Selected Areas in Communications.


