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Abstract—In our previous work, we proposed the TNPOSS 
(To Next-hop Port Sequence Switch) network which can 
achieve scalable fast forwarding and is suitable for 
delivering multimedia flows. However, TNPOSS network 
has no Quality of Service (QoS) tools to provide better QoS 
guarantee for multimedia flows which often have long-range 
dependence (LRD) property. To enhance the QoS ability of 
TNPOSS network, this paper proposes a QoS-enhanced 
TNPOSS (QTNPOSS) network model by introducing 
Fractal Leak Bucket (FLB) shaper and Weighted Fair 
Queuing (WFQ) scheduler into the original TNPOSS 
network. In the new QTNPOSS network, each packet of 
multimedia flows is shaped by the FLB when arriving at a 
node and is scheduled by the WFQ before being outputted. 
Based on study above, we further analyze the end-to-end 
(E2E) delay bound of QTNPOSS network by means of the 
network calculus theory which is an effective mathematical 
tool on analyzing the worst-case QoS performances of 
networks. The service curve and the formulation of E2E 
delay bound of QTNPOSS network are presented and 
proved. Extensive numerical experiments show that both the 
LRD property of multimedia flows and the WFQ weight 
have influences on the E2E delay bound, and the WFQ 
weight influences the E2E delay bound more greatly than 
the LRD property does.  
 
Index Terms—QTNPOSS network, end-to-end delay bound, 
multimedia flow, TNPOSS network, fractal leak bucket, 
WFQ, network calculus 
 

I.  INTRODUCTION 

A. Acronyms & Notations 

BDF Burst-delay Function 

E2E End to End 
FLB Fractal Leak Bucket 
GPS Generalized Processing Sharing 
LRD Long Range Dependence 
QoS   Quality of Service 
QTNPOSS QoS-enhanced TNPOSS 
RLF Rate-Latency Function 
SS Self-Similar 
TB   Token Bucket 
TNPOSS To Next-hop Port Sequence Switch 
WFQ Weighted Fair Queuing 
WIF Wide-sense Increasing Function 

Tδ  BDF with delay T   
,V Tβ  RLF with rate V and latency T  

ξ  Node processing delay 
ϕ  Link propagation delay  

B. Background & Motivation  

With the rapid development of network technology, 
more and more multimedia applications are expected to 
be delivered over IP-based Internet. Such applications 
often have strict QoS requirements on network metrics, 
including end to end (E2E) delay, jitter and packet loss 
probability, etc.  

To meet the transmission requirements of multimedia 
flows, we have proposed the TNPOSS forwarding 
approach in the previous work [1], which can perform 
scalable fast forwarding to achieve lower E2E delay. 
Since TNPOSS network adopts connection-oriented 
forwarding mechanism and works like explicit routing, it 
is capable of improving the QoS ability of packet 
networks. However, no other QoS tools have been 
designed for TNPOSS network to further enhance its QoS 
performances. 

To enhance the QoS ability of TNPOSS network, in 
this paper, we add two important components into the 
original TNPOSS network and then propose a novel QoS-
enhanced TNPOSS (QTNPOSS) network model. One of 
the components added by us is the traffic shaping module 
and the other is the queue scheduling block. One on hand, 
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because most internet flows have very high and stochastic 
burst rate, they must be shaped upon arriving at each 
node [2][3]. As is known, multimedia traffic often has the 
self-similar (SS) or long-range dependence (LRD) 
property. Thus, we introduce the fractal leak bucket (FLB) 
[4] model into our QTNPOSS network to perform traffic 
shaping for multimedia flows. On the other hand, there 
may be often several flows going through a same network 
node at a same time, so queue scheduling device is 
required to provide differentiated service for such flows. 
Among existing queue scheduling mechanisms, weighted 
fairness queuing (WFQ) [5] model is considered as one of 
the most effective ones, so we introduce WFQ into the 
QTNPOSS network.  

In network performance metrics, E2E delay is one of 
the most important targets of QoS guarantee and its 
bound has great significance for network congestion 
control, buffer-size adjustment and scheduling 
optimization. Therefore, we analyze the E2E delay bound 
of QTNPOSS network in this paper. The analysis tool we 
use is the Network Calculus [6], which is an effective 
mathematical tool on analyzing network performances 
quantitatively.  

C. Contributions & Organization 

The main contributions and novelties of this paper are: 
1) proposing the QTNPOSS network model to improve 
the QoS ability of TNPOSS network; 2) modeling the 
E2E delay of the QTNPOSS network; 3) giving the 
formulation of the E2E delay bound of QTNPOSS 
network; 4) analyzing the parameters’ influences on E2E 
delay bound of the QTNPOSS network by numerical 
experiments. 

The rest of this paper is organized as follows: Section 
II is the related work. The original TNPOSS network, the 
traffic shaping models, the WFQ scheduler and the tools 
of network calculus are introduced. In section III, we give 
the network model of the QTNPOSS network. Based on 
these, in Section IV, we analyze the E2E delay bound of 
QTNPOSS network. In Section V, extensive numerical 
experiments are performed to discuss the parameters’ 
influences on the E2E delay bound. Finally, Section VI 
summarizes the work of this paper with some concluding 
remarks. 

II.  RELATED WORK 

A.  TNPOSS Network 

In TNPOSS Network, a set of binary codes are used to 
identify the ports of a router. For example, consider the 
network shown in Figure 1,  and  are terminal devices. 

, , ,  and  represent the routing devices. The 
solid lines between any two nodes are the communication 
links. The binary code near each node is the port code of 
the corresponding link interface. Suppose S a  

 is the selected path for delivering 
the packets from S  to , the path can be represented by 
the output port sequence 10 11 11 100 01 which consists of 
the port code of the output link at each hop on the path. 

S D
a b c d e

→ →
b d→ c e D→ → →

D

D

 

If the sender S  wants to send multimedia flows to its 

destination , it will initiate a PATH_SETUP request to 
setup one or more output-port code sequence paths at first. 
Then it can use the output port sequence to do explicit 
routing.  

In TNPOSS network, just during the path establishing 
stage, routing tables have to be visited, but during the data 
sending stage, each packet is forwarded directly according 
to the path code in the packet’s header, so the cost of 
routing lookup is greatly reduced and it can achieve fast 
switching. Moreover, TNPOSS is able to work on any 
routing protocol. If the routing protocol provides QoS 
routing, TNPOSS will transmit the packets on QoS-
supported path. Since TNPOSS is able to deliver the 
packets of a flow on the specified connection-based path, it 
has better QoS ability than today’s IP networks. The 
detailed working procedure of TNPOSS network can be 
found in [1]. 

01
0

100

 
Figure. 1  TNPOSS network model 

Although TNPOSS is suitable for transmitting 
multimedia flows due to its special working procedure and 
its explicit routing nature, it has no QoS tools to meet the 
strict QoS requirements of multimedia applications. Thus, 
this paper aims to improve the QoS performances of 
TNPOSS network.  

B. Fractal Leaky Bucket (FLB) 

To enhance network QoS ability, traffic is required to be 
policed in order to guarantee that the sender does not send 
more than specified by the contract of a connection into the 
network. Policing devices inside network often do 
buffering, which are called shapers. One of the simple and 
effective shaper models is token bucket (TB) [4]. TB 
regulates the traffic by a linear function of a time intervalτ .  

If we denote the traffic the sender transmits over the 
time interval τ  wi ( )th A τ , the traffic is said to be 
regulated by TB, if there exists a pair ( , )bρ such that: 

( )A bτ ρτ + 0 for any ≤ τ > .                                        (1) 
Where ρ represents the long-term average rate of the 

traffic (i.e. the output rate of the TB) and b  represents the 
maximum burst allowed to be sent into the network in any 
time interval τ (i.e. the buffer size of the TB). TB has good 
ability to describe the characteristic of the linear-bounded 
arrival processor, but it can not describe the LRD traffic 
very well. More detailed information about TB can be 
found in [7]. 

[2][3][4] state that the LRD property may bring down 
network performances, including increasing the E2E delay, 
the buffer size and the packet loss probability, etc. Thus, it 
is necessary to select a proper traffic shaper for TNPOSS 
network to support multimedia traffic. [4] proposes the 
FLB instead of TB to regulate the LRD traffic and the 
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numerical results show that FLB outperforms TB in terms 
of shaping LRD flows. Hence, we choose the FLB shaper 
for TNPOSS network. 

If we denote the traffic the sender transmits over the 
time interval τ  with * ( )A τ , the traffic is said to be 
regulated by FLB, if there exists a pair * *( , )bρ such that: 

* ( ) * *A bτ ρ τ≤ +  for any 0τ > .                                    (2) 
Where  

* (1 ) 2 ( )
1

H
H

H
H

ρ ρ σ γ −= + −
−

1                                 (3) 

and 

* (1 ) 2 ( )
1

H
H

b H
H

σ γ= −
−

 .                                        (4) 

Where γ  is a positive constant, whose value is usually 
assumed to be 6 [10]. σ is the standard variation of ( )A τ , 
and H is the self-similar parameter, which is in fact the 
burst parameter. 

C. Weighted Fair Queuing (WFQ) 

Scheduling is one of the most important mechanisms to 
provide QoS guarantee in packet networks. One of the 
most notable scheduling models is the Generalized 
Processing Sharing (GPS) model [5][6]. GPS can control 
the sharing of one link among packets of different classes, 
but it is only an ideal method and is not implementable. To 
approximate GPS, WFQ is considered as the most effective 
one, which does not make the assumption of infinitesimal 
packet size. So, we introduce WFQ scheduler into 
QTNOSS network. 

Suppose a WFQ scheduler serves N  flows and each 
flow is specified by a positive weight iw . ( )ig τ denotes 
the amount of served traffic of flow i  in the time interval 
τ . If  is the service rate of the network node,  R

1 k N

R( ) * *i
i

kw

w
g τ τ=

∑ ≤ ≤

( )

.                                            (5) 

D. Network Calculus 

Network calculus [6] is a collection of results based on 
Min-Plus algebra, which can be applied to deterministic 
queuing systems found in communication networks. It is a 
set of recent developments which provide a deep insight 
into flow problems encountered in networking, and is used 
with envelope bounded traffic models to provide a worst-
case analysis on network performance. Network calculus is 
based on the idea that given a regulated flow of traffic into 
the network, one can quantify the characteristics of the 
flow as it travels from node to node through the network. 
This means that traffic flows are constrained by shapers 
and delayed by the nodes' schedulers.    

In network calculus, the shapers are modeled by arrival 
curves and the schedulers are modeled by latency service 
curves. Now we introduce some important tools and 
conclusions of network calculus as follows.  

Definition 1. (WIF: wide-sense increasing function). 
f x  is a function, for any s t≤ , if ( ) ( )f s f t≤ , f is a 

wide-sense increasing function. 
The WIF is used to describe flow functions such as the 

( )A * ( )Aτ  and τ in this Section. 
Definition 2. (arrival curve). Give a WIF α  defined for 

a shaper, a flow f  is constrained by α if and only if for 
all s t≤ , 

f ( ) ( ) ( )s f t t s− α≤ −

S
( )

.                                                  (6) 
The arrival curve actually defines an upper bound on the 

arrival rate of a flow to a particular node. The arrival curve 
of FLB is can be modeled by Equation (2). 

Definition 3. (service curve). If a system  has an input 
flow f t ( ) and output flow of t

( )t
, then S  offers to the 

flow a service curve β , if and only if for all , 0t ≥
( ) inf ( ( ) ( ))o s tf t f s t sβ≤≥ + − .                                     (7) 

A service curve is a lower bound on the departure rate 
from a network node.  

Definition 4. (min-plus convolution). Let f  and g  be 
two WIFs. The min-plus convolution of f and g  is the 
function: 

0inf [ ( ) ( )], 0
( )( )

0, 0
s t f t s g s t

f g t
t
≤ ≤ − + ≥⎧

⊗ = ⎨ <⎩
              (8) 

Definition 5. (min-plus deconvolution). Let f  and g  
be two WIFs. The min-plus deconvolution of f and g  is 
the function: 

0( )( ) sup [ ( ) ( )]sf g t f t s g s≥∅ = + −

( ) inf{ 0 : ( ) ( )}od t f t f t

                                    (9) 
Definition 6. (virtual delay). The virtual delay at time t  

is 
= τ τ≥ ≤ +

S
( )

                            (10) 
The virtual delay at time t  is the delay that would be 

experienced by a bit arriving at time t  if all bits received 
before it are served before it.  

Definition 7. (backlog). If a system  has an input flow 
f t ( )o and output flow f t

( ) ( ) ( )ot f t f t

, the backlog at time t is 
defined as  

φ = −                                                        (11) 

The backlog is the amount of bits that are held inside 
the system; if the system is a single buffer, it is the queue 
length. 

Definition 8. (horizontal deviation). Let f  and g  be 
two WIFs. The horizontal deviation is defined as ( , )h f g

0( , ) sup {inf{ 0; ( ) ( )}}th f g f t g t= τ τ≥ ≥ ≤ +              (12) 
Definition 9. (vertical deviation). Let f  and g  be two 

WIFs. The horizontal deviation is defined as ( , )h f g

0( , ) sup { ( ) ( )}tv f g f t g t≥= −
( )T t

                                      (13) 
Definition 10. (BDF: burst-delay function). WIF δ  

is called burst-delay function, if  
0,

( )
,T

t T
t

t T
δ

<⎧
= ⎨+∞ ≥⎩

, ( )V T t

                                                     (14) 

Definition 11. (RLF: rate-latency function). WIF 
β  is called rate-latency function, if  

,
( ) 0

( ) [ ]
0 0

lat
V T lat

V t T t
t V t T

t
β + − >⎧

= − = ⎨ ≤⎩

lat V

                   (15) 

Where T  is the latency delay and  is the service rate. 
The service curve of a GPS node can be represented by a 
RLF [6]. 
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Property 1. (service curve of concatenation nodes). 
Assume a flow traverses systems , , …, and in 
sequence. Suppose that  

1S
[1, ]

2S
m

mS
,iS i∈ , offers a service 

curve of iβ  to the flow. Then the concatenation of the 
systems offers a service curve of 1 2 ... mβ β ⊗β⊗ ⊗  to the 
flow. 

Property 2. ( ) ( , )d t h α β≤ . 
Property 2 shows that the virtual delay of a system is the 

horizontal deviation between its arrival curve α  and 
service curve β . 

Property 3. ( ) ( , )t vφ α β≤ . 
Property 3 shows that the backlog of a system is the 

vertical deviation between its arrival curve α  and service 
curve β . 

Property 4. 
1 2 1T T T T2

δ δ δ +⊗ = . 
Property 5. 

1 2 1, ,V T T V T T2
β δ β +⊗ = . 

Property 6. 
1 1 2 2 1 2 1 2, , min{ , },(V T V T V V T T )β β β +⊗ = . 

Given three WIFs f , g  and ζ , the following 
properties hold in network calculus.   

Property 7. f g g f⊗ = ⊗ . 
Property 8. ( )f g f gζ ζ⊗ ⊗ = ⊗ ⊗ . 
More detailed information can be found in [6]. 
Recently, many researches [8][9][10] analyze network 

QoS performances with network calculus. [8] discusses the 
E2E delay bound of the Expedited Flow defined in RFC 
3246. [9] analyzes the E2E delay bound of the wireless 
sensor networks via the statistical network calculus and [10] 
proposed the E2E delay bound for LRD flows under the 
shaping model of FLB. In this paper, we use network 
calculus to analyze the E2E delay bound of our QTNPOSS 
network. The detailed work will be described in Section IV.   

III.  QOS-ENHANCED TNPOSS NETWORK 

From the description of Section II.A, it can be seen that 
TNPOSS network performs QoS provisioning just via 
explicit routing mechanism and the output-port-code based 
fast forwarding. No additional tools are provided to 
enhance the QoS ability of TNPOSS network. 

In this section, we add FLB shapers and WFQ schedules 
into the nodes of TNPOSS networks and call the new 
network model the QoS-enhanced TNPOSS (QTNPOSS) 
Network. 

Figure 2 gives a topology example and the node 
structure of QTNPOSS Network. 

When a packet of a flow arrives at a node of QTNPOSS 
network, it is shaped by the FLB shaper, and then is 
scheduled by the WFQ scheduler according to the weight 
of the flow it belongs to. 

Suppose the service rate of a QTNPOSS node is , in 
terms of Equation (5), the service rate V  for flow i  is  

R

i

1 k N

Moreover, according to [11], the maximum delay of 
WFQ model is  

( ) * ( )i
kw

V t R t
≤ ≤

=
∑

iw
                                              (16) 

max max
_ max

i

wfq
i

l L
d

V R
= +

max
i

maxL

 

                                                 (17) 

Where l  is the maximal packet length of flow i  and 
is the maximal packet length of all flows in the node. 

 
(a) 

 
1w

2w

1Nw −  
(b) 

Figure 2  QTNPOSS network (a) and its node structure (b) 

IV.  END TO END DELAY BOUND  

The components of the E2E delay of QTNPOSS 
network can be divided into two classes. The first class is 
denoted by D  consisting of the shaping delay and the 
scheduling delay, and the second class is denoted by 

v

sD  
consisting of the link propagation delay and the node 
processing delay. The delay of the first class is variable, 
while the delay of the second class is relatively stable. 

Theorem 1. (single node QTNPOSS network E2E delay 
bound). Suppose a LRD flow goes through a QTNPOSS 
network consisting of only one node. The delay caused by 
this node satisfies  

max max
2

i
i

E E
i

b l L
d

V R

+
ξ≤ + +                                          (18) 

Where, ξ  denotes the forwarding processing time and 
the other parameters have the same definitions with those 
of the corresponding parameters in Equation (17). 

Proof: Since the single node has the arrival curve of 
FLB and the service curve of WFQ, we denote them in a 
time-bit coordinate plane of Figure 3. 

 
* *( ) i it t bα ρ= +

β

t

bit

s ilope V=

 
Figure 3  Arrival curve and service curve of a single node QTNPOSS 

network for flow i 
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12 2 k k k kE E E E V ,T
ˆ

ξ ϕ

From Figure 3 and Property 2, it can be inferred that  

1 2( , )vD h t tα β≤ = +                                                   (19) 
According to Equation (17),  

max max
1

i

i

l L
t

V R
= + .                                                           (20) 

Hence, 

2 max 1 2

max max

s
E E v s

i
i

s
i i

d D D D t t

l L b
D

V R V

≤ ≤ + = + +

= + + +

sD

                         (21) 

Since in the single node system, there is no link 
propagation delay, thus sD only consists of ξ . So, 

max max
2

i
i

E E
i

b l L
d

V R
ξ

+
≤ + + .                                               □ 

Theorem 2. (single node QTNPOSS network backlog). 
Suppose a LRD flow goes through a QTNPOSS network 
consisting of only one node. The backlog of the network 
must satisfies  

max max(
i

)s i i                                               (22) 
i

l L
b

V R
φ ρ≤ + +

Proof: According to the definition 7, property 3 and 
Figure 3, it is easily to be inferred that 

1( , ) *s iv it bφ α β ρ= ≤ + .                                            (23) 
By substitution of the Equation (20) into (23), we can 
prove that 

max max(
i

)s i i .                                               □ 
i

l L
b

V R
φ ρ≤ + +

Theorem 3. (QTNPOSS network service curve). 
Assume that a LRD flow goes through a QTNPOSS 
network and the service curves of the m  nodes on the 
transmission path are 

1 1,V Tβ , 
2 2,V Tβ , 

3 3,V Tβ , …, ,m mV Tβ , 
respectively. Denote the propagation delays of the links 
among the m  nodes with 1ϕ , 2ϕ , …, 1mϕ −

m

in turn, and 
denote the node processing delay of the  nodes with 1ξ , 

2ξ , 3ξ , …, mξ , respectively. The service curve of the 
QTNPOSS network is 

1 2
1 1 1 1

2 min{ , ,..., } )m i i

i m i m i m

E E V V V T iξ ϕβ β
≤ ≤ ≤ ≤ ≤ ≤ −

+ += ∑ ∑ ∑，(
                    (24) 

Proof: As both the link propagation service curve and 
the node processing service curve can be represented by 
BDF function [6], we denote their service curves with 

kξ
δ  

and 
kζ

δ respectively. Now, we prove this theorem by the 
mathematical induction.  

1) When , 1m =
1 1 12 ,E E V T ξβ β δ= ⊗

1 1 1,V T

. According to 

Property 5, 2E E ξβ β= + .                                             (25) 

2) When , suppose that 1m k= −

1 2 1
1 1 1 2

2 min{ , ,..., },( )
ˆ

k i

i k i k

E E V V V T iξ
β β

−
≤ ≤ − ≤ ≤ −

+= ∑ ∑                               (26) 

holds.  
3) When , according to Property 1,  m k=

β β β δ δ
−

= ⊗ ⊗ ⊗

1 2
1 1 1

2 min{ , ,..., },( )k i i
i k i k

E E V V V T

.                             (27) 
Based on Property 7, Property 5, Property 6 and 

Property 8, it can be obtained that 
                                  (28) β = β

≤ ≤ ≤ ≤ −

+∑ ∑

1

ξ

□ 
Theorem 4. (QTNPOSS network E2E delay bound). 

Assume that a LRD flow goes through a QTNPOSS 
network, the arrival curves of the m  nodes on the 
transmission path areα , 2α , 3α , …, mα  respectively for 
all 1 i m≤ * *

i i it b, where α ρ≤ = +
m

1 1V T

. The service curves of 
the  nodes are , , β

2 2,V Tβ , …, 
m mV ,Tβ .Let the 

propagation delays of the links among the  nodes be m 1ϕ , 

2ϕ ,  …, 1mϕ −  in turn and the node processing delay of the 
 nodes be m 1ξ , 2ξ , 3ξ , …, mξ ,respectively. The E2E 

delay E2ED  of the QTNPOSS network satisfies that 
*
1

2
1 21 1 1 1

min{ , ,... }E E k k k
mk m k m k m

bD T V V V ξ ϕ
≤ ≤ ≤ ≤ ≤ ≤ −

≤ + + +∑ ∑ ∑

_ max
k

k WFQ

(29) 
Where T d= , which denotes the maximal delay 

of the WFQ scheduler in the -th node of the transmission 
path and V is the service rate of the flow in the -th node. 

 is calculated by Equation (17) and V  is 
calculated by Equation (16). 

k

k k

_ max
k
WFQd k

1

Proof: Under assumption of Theorem 3, the whole 
QTNPOSS network can be seen as a virtual node with the 
arrival curve of α  in the network edge and the service 
curve of Equation (24). The arrival curve and the service 
curve of such virtual node are shown in Figure 4. 

 
* *
1 1( )N t t bα ρ= +

2Eβ E

t

bit

1 2

2 2 1 2( , )E E N E ED h

 
Figure 4  Arrival curve and service curve of QTNPOSS network 

According to property 2,  
α β≤ = +

_ max
1 1 1 1

1
k

WFQ k k

k m k m k m

d

.  
Based on Definition 11 and Equation (24), 

ξ ϕ
≤ ≤ ≤ ≤ ≤ ≤ −

+ += ∑ ∑ ∑                            (30) 

*
1

2
1 2min{ , ,..., }m

b
V V V=  .                                          (31) 

Therefore, 
_ max

1 1 1
2 1 2

*
1

k
WFQ k

k m k m

E E dD

b

1 1 2min{ , ,..., }k

k m mV V V

ξ

ϕ

≤ ≤ ≤ ≤ −

+

+

≤ + =

+
≤ ≤

∑ ∑

∑
.    
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    □ 
Corollary 1. When , the conclusion of Theorem 4 

is identical to that of Theorem 1. 
1m =

Proof: This corollary can be proved easily by assuming 
in Equation (29).                                                       □ 1m =

Corollary 2. The greedy FLB does not cause extra 
increase of the E2E delay of QTNPOSS. 

Proof: From Equation (29) and Figure 4, we can see 
that the 2α , 3α ,…, mα have no influence on E2E delay of 
QTNPOSS network.                                                            □ 

A similar conclusion of corollary 2 was proposed in [10], 
which is about LRD flows. 

V.  NUMERICAL ANALYSIS 

In this Section, we analyze the parameters’ influences on 
E2E delay bound of QTNPOSS network. The parameters, 
including the self- similar parameter H , the WFQ weight 

 and the number of nodes m  are taken into 
consideration in our analysis. The other parameters and 
their values used in the numerical experiments of this 
section are listed in the Table I. 

w

TABLE I.   
THE PARAMETERS AND THEIR VALUES 

name      value unit name      value unit 
ρ  4 kbit/s ξ  0.1 ms 

σ  8 kbit ϕ  3×10-4 kbit 

γ  6 - R  10 Mbit/s

maxl  1280 byte maxL  1280 byte 

Where ρ , σ and γ  are defined in Equation (3) and (4). 
 is the service rate of the node in QTNPOSS network. R ξ  

and  ϕ  are the parameters defined in Equation (24). l  
and are used in Equation (17). 

ma

maxL
x

Since we aim to analyze the E2E delay bound, which is 
the E2E delay in the worst case, we assume that all the 
nodes and links have the same processing delay ξ  and the 
same propagation delay ϕ  respectively in the numerical 
experiments. Moreover, l and are assumed to be 
the maximal value of the MTU (maximum transmission 
unit), which is about 1280 bytes. 

max maxL

A. E2E delay of single node QTNPOSS network 

In this Section, the QTPNOSS network is assumed to 
have only one node, which was introduced in Theorem 1. 
Figure 5 and Figure 6 show the influences of the self-
similar parameter H  and the WFQ weight w  on the E2E 
delay bound of the single node QTNPOSS network, 
respectively. 

From Figure 5 and Figure 6, we can see that the E2E 
delay bound of single node QTNPOSS network decreases 
with the increase of both H  and . The smaller the w H  
and  are, the higher the E2E delay bound is. Moreover, 
the results indicate that the influence of  on the E2E 
delay bound is bigger than that of 

w
w

H , especially when  
is small. Figure 6 shows that when w , the E2E delay 

increases very fast with the decrease of . 

w
0.3<

w
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Figure 5  E2E delay bound versus  in single node QTNPOSS network H
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Figure 6  E2E delay bound versus  in single node QTNPOSS network w

m

B. E2E delay of multi-node QTNPOSS network 

In this section, a flow is assumed to go through a path 
consisting of m  nodes in the QTNPOSS network. In the 
experiments of Figure 7 and Figure 8,  is assumed to be 
15, because the measurement work in [12][13] shows that 
the average number of hops between two communication 
nodes in Internet is about 15. Figure 7 shows the influence 
of the self-similar parameter H  on the E2E delay bound 
of and Figure 8 shows the influence of the WFQ weight  
on the E2E delay bound. 

w

From Figure 7 and Figure 8, it also can be inferred that 
the E2E delay bound of Q TNPOSS network is influenced 
by both H  and  and the influence of w  is greater than 
that of 

w
H , especially when is small.  w

mIn the experiments of Figure 9,  ranges from 10 to 25. 
The results in Figure 9 shows that the E2E delay bound 
grows with the increasing of m  and the growing rate 
shows linear growth trend.  

From all the experiments above, we can state that w  
influences the E2E delay bound more greatly than the other 
parameters do. The numerical results also indicate that by 
means of rising the degree of a flow’s self-similar property 
or elevating the flow’s WFQ weight, one can achieve 
acceptable low E2E delay.  
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Figure 7  E2E delay bound versus  in QTNPOSS network with 
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Figure 8  E2E delay bound versus  in QTNPOSS network with  
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Figure 9  E2E delay bound versus  in Q TNPOSS network m

VI.  CONCLUSIONS 

This paper proposes the QTNPOSS network model by 
introducing the FLB shaper and the WFQ scheduler into 
TNPOSS network. Based on this, we analyze the E2E 
delay bound of the QTNPOSS network using network 
calculus. We give the service curve and the formulation of 
E2E delay bound of QTNPOSS network. Extensive 

numerical experiments show that both the long-range 
dependence property and the WFQ weight have influence 
on the E2E delay bound, and the WFQ weight has greater 
influence on the E2E delay bound than that of the long-
range dependence property. 
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