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Abstract: The paper analyzes the Class-Based Traffic Engineering Queue (CB-TEQ) model, which provides 

organization and management of class queues on the router interface, supporting differentiated and balanced 

packet service. It is demonstrated that the advantage of CB-TEQ lies in the implementation of an optimal 

interface bandwidth allocation between class queues based on a linear programming problem. At the same 

time, a shortcoming of the model has been identified, related to the need for heuristic selection of the 

normalization coefficient. To address this issue, an Enhanced Class-Based Traffic Engineering Queue (ECB-

TEQ) model is proposed, in which the normalization coefficient is considered as a control variable. This 

enabled the calculation of the optimal value of the normalization coefficient by solving a nonlinear 

optimization problem with a modified criterion and a system of constraints. The results of experimental 

studies confirmed the efficiency of ECB-TEQ, in particular its ability to provide the maximum level of 

differentiation when servicing packets in different class queues.  

1 INTRODUCTION 

Quality of service (QoS) is a primary concern in 

modern communication networks [1], [2]. 

Complexity of QoS provision is due to several 

factors, including geographical distribution, 

environmental heterogeneity, network state 

dynamics, growth in the number of users and 

services, limited resources, and the need to support 

various QoS models [3]-[5]. Ensuring QoS requires 

the coordinated operation of all OSI layers protocols, 

particularly at the network layer, where scheduling 

and resource allocation mechanisms play a crucial 

role [4]-[7]. They determine the bandwidth allocation 

between packet queues on the network equipment 

(routers and switches) and form the basis of the 

IntServ and DiffServ models [8], [9]. These 

mechanisms must support multiple queues, provide 

service guarantees, ensure consistent packet 

processing, and be easy to implement. In practice, 

routers use several mechanisms simultaneously, and 

their effectiveness is determined by the mathematical 

models and methods used.  

Modern queue management mechanisms are in 

demand in various network environments, as 

confirmed by studies [10]-[18]. The tasks of optimal 

resource allocation and QoS assurance are relevant in 

general-purpose networks [10], [19]-[21], industrial 

IoT solutions [11], specific environments [12], [13], 

[15], [17], and hierarchical solutions [16], [19], [20]. 

This highlights the importance of adaptive queue 

management methods for a wide range of scenarios. 

The purpose of this work is to optimize the queue 

management process to ensure differentiated packet 

servicing at the router interface. To this end, the 

existing solution will be considered, and its 

enhancement will be proposed, followed by proving 

its effectiveness on a set of computational examples. 

2 BASIC CLASS-BASED 

TRAFFIC ENGINEERING 

QUEUE MODEL 

Let the Class-Based Traffic Engineering Queue (CB-

TEQ) model, introduced in [21], serve as the basis for 

further enhancement. Within the CB-TEQ model, the 

resource allocation problem is considered. Pre-

aggregated packet flows are directed into class queues 

based on the proximity of their class values [21]. The 

following notations are used: 
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▪ 𝐵 – router interface bandwidth (bits per second);

▪ 𝑁 – number of class queues on the interface;

▪ 𝑏𝑖 – interface bandwidth allocated for the 𝑖th
class queue;

▪ 𝑟𝑖 – average intensity of the aggregated packet

flow arriving at the 𝑖th queue (bits per second),

𝑖 = 1, 𝑁̅̅ ̅̅ ̅.

The variables 𝑏𝑖 are subject to constraint:

𝑏𝑖 ≥ 0, () 

∑ 𝑏𝑖
𝑁
𝑖=1 = 𝐵. () 

Additionally, nonlinear overload prevention 

conditions must be met related to the optimal resource 

allocation and balanced bandwidth utilization among 

queues under the Traffic Engineering Queues [21]: 

ℎ𝑖
𝛼𝑟𝑖 ≤ 𝛼𝑏𝑖  (𝑖 = 1, 𝑁)  () 

where 𝛼 is the control variable for the upper 

dynamically regulated bound on queue utilization, 

following the condition: 

0 < 𝛼 ≤ 1 () 

The ℎ𝑖
𝛼 is the class coefficient for balanced

interface bandwidth allocation for the 𝑖th queue: 

ℎ𝑖
𝛼 = 1 + 𝑖 (𝑁 ⋅ 𝐷)⁄  (𝑖 = 1, 𝑁 )  () 

In addition, 𝐷 is the normalization coefficient that 

determines both the influence of the queue class on 

ℎ𝑖
𝛼 and the degree of bandwidth balancing across

queues. As shown in [19], [20], the minimum 

allowable value 𝐷𝑚𝑖𝑛 ensures the highest level of

service differentiation among packets in different 

class queues. A higher queue class corresponds to a 

larger ℎ𝑖
𝛼, which in turn leads to lower utilization 𝜌𝑖

for the same boundary value 𝛼. Within the framework 

of model (1)-(5), the utilization coefficient is given 

by: 

𝜌𝑖 =
𝑟𝑖

𝑏𝑖
  ( 𝑖 = 1, 𝑁)  () 

An increase in the normalization coefficient 𝐷 

reduces the influence of the queue class on allocated 

bandwidth. Using expressions (3)-(6), the model 

provides differentiated allocation of router interface 

bandwidth among class queues. Maximum 

differentiation is achieved when 𝐷 is set to its 

minimum permissible value [19], [20]. Condition (3) 

is nonlinear because of the product of the control 

variables 𝑏𝑖 and 𝛼, and bandwidth balancing is

ensured by 𝛼. As shown in [21], (3) can be 

transformed into a linear form: 

𝛽ℎ𝑖
𝛼𝑟𝑖 ≤ 𝑏𝑖  (𝑖 = 1, 𝑁)  () 

where 𝛽 is the control variable, inversely proportional 

to the upper bound of queue utilization 𝛼, i.e., 

𝛽 =
1

𝛼
  () 

The variable 𝛽 is subject to the constraints: 

𝛽 > 1  () 

The queue management optimality criterion is 

given by: 
𝛽 → 𝑚𝑎𝑥  () 

Criterion (10) minimizes the upper bound of 

queue utilization, with weights determined by the 

class values in (3) and (5). Thus, the CB-TEQ 

solution (1)-(10) is a linear programming problem 

with criterion (10) and constraints (1), (2), (7), 

and (9). 

3 ENHANCED CLASS-BASED 

TRAFFIC ENGINEERING 

QUEUE MODEL 

A limitation of the CB-TEQ model is that it requires 

prior configuration, namely the heuristic selection of 

the normalization coefficient 𝐷. This coefficient must 

be set so that, first, the minimization problem (10), 

subject to constraints (1), (2), (7), and (9), admits a 

solution, and second, that a sufficient degree of 

differentiation is achieved in the service of packets 

across different queues. To address this, the present 

work proposes an enhancement of the CB-TEQ 

model in which the optimal (minimum) value of 𝐷 (5) 

is computed jointly with the control variables 𝛽 and 

𝑏𝑖. This approach guarantees differentiation in packet

servicing across queues. Then, considering (5), 

condition (7) is reformulated as follows: 

𝛽𝑟𝑖(1 + 𝑖 (𝑁 ⋅ 𝐷)⁄ ) ≤ 𝑏𝑖  (𝑖 = 1, 𝑁)     ()

Analysis of expression (11) and the results 

obtained in works [19]-[21] show that, with an 

increase in the coefficient D, there will be no 

differentiation in the servicing of packets across 

different queues, since their utilization coefficients 

(6) will be equal. To increase service differentiation,

the normalization coefficient must be reduced to a

specific, but previously unknown, value. Thus, with a

very small 𝐷, it will be impossible to satisfy the

requirements of condition (11) even with a small load

on the queue. Therefore, there is a need for an

optimization formulation of the problem to determine

the minimum acceptable value of the normalization

coefficient 𝐷.
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Table 1: Input data variants. 

Var. 

# 

Class queue load, 𝑟𝑖
𝑅 𝐵 𝐷𝑚𝑖𝑛 𝜌𝑚𝑖𝑛 𝜌𝑚𝑎𝑥1 2 3 4 5 6 7 8 

1 14 9 9 5 11 8 21 13 90 100 5.413 0.8441 0.9774 

2 9 14 9 13 21 8 11 5 90 100 4.825 0.8283 0.9747 

3 5 11 8 21 13 9 14 9 90 100 5.3 0.8413 0.9770 

4 5 11 8 25 15 12 14 0 90 100 4.95 0.8498 0.9754 

5 5 11 8 25 15 12 14  90 100 5.657 0.8498 0.9754 

6 5 20 8 30 15 12 0 0 90 100 4.2 0.8485 0.9711 

7 5 20 8 30 15 12 0  90 100 4.8 0.8485 0.9711 

8 5 20 8 30 15 12   90 100 5.6 0.8485 0.9711 

9 5 20 10 30 25 0 0 0 90 100 4 0.8649 0.9697 

10 5 20 10 30 25 0 0  90 100 4.57 0.8649 0.9697 

11 5 20 10 30 25 0   90 100 5.33 0.8649 0.9697 

12 5 20 10 30 25    90 100 6.4 0.8649 0.9697 

13 12 7 8 5 10 8 19 11 80 100 2.43 0.7086 0.9511 

14 5 17 8 26 24    80 100 1.794 0.7416 0.9349 

15 10 6 8 5 9 8 15 9 70 100 1.4 0.5833 0.9180 

16 5 14 8 21 22    70 100 1.673 0.6259 0.8932 

17 14 11 9 6 13 8 21 13 95 100 11.275 0.9185 0.9890 

18 7 21 10 32 25    95 100 13.28 0.93 0.9852 

In (11), the set of control variables now includes 

not only 𝛽 and 𝑏𝑖, but also 𝐷. Consequently,

expression (11) becomes nonlinear with respect to the 

specified control variables. The next constraint is 

imposed on the new control variable: 

𝐷 > 0  () 

With the expansion of the control variable set, the 

optimality criterion must also be revised. In this work, 

the following criterion is proposed: 

(𝛽 − 𝑘𝐷) → 𝑚𝑎𝑥, () 

where 𝑘 is a sufficiently large positive constant 

introduced to prioritize the selection of the optimal 

(minimum) value of 𝐷. Thus, the Enhanced Class-

Based Traffic Engineering Queue (ECB-TEQ) model 

is formulated as a nonlinear optimization problem 

with criterion (13) and constraints (1), (2), (9), (11), 

and (12). 

4 NUMERICAL RESEARCH 

Several examples of the queue management problem 

were examined using different input data variants 

(Table 1) to identify the factors influencing the 

optimal values of the normalization coefficient 𝐷. 

The interface bandwidth 𝐵 was fixed at 100 Mbps. 

For clarity, the number of class queues on the 

interface varied between five and eight. The load on 

individual class queues (𝑟𝑖) was selected randomly,

but the total load on the interface 𝑅 = ∑ 𝑟𝑖
𝑁
𝑖=1  ranged

from 70 to 95 Mbps. Table 1 shows the results of the 

study for 18 input data variants, for each of which 

𝐷𝑚𝑖𝑛 was determined using the ECB-TEQ model, and

the minimum and maximum values of utilization 

coefficients (6) for class queues were calculated. For 

variants in which fewer than the maximum allowable 

number (eight) of queues were organized, a mark  

was placed in the corresponding columns of Table 1. 

If a queue was created but not loaded, i.e., remained 

empty, then zero is present in the corresponding 

column. 

Analysis of Table 1 shows that the value of 𝐷𝑚𝑖𝑛

is most sensitive to the interface utilization. For 

example, when the total interface load 𝑅 was 95 

Mbps, 𝐷𝑚𝑖𝑛 exceeded 10 (input data variants 17 and

18), whereas with a load of 70 Mbps, 𝐷𝑚𝑖𝑛 did not

exceed 2 (input data variants 15 and 16). Figures 1 

and 2 illustrate the dynamics of utilization 

coefficients across class queues for input data variants 

18 and 15, respectively. As shown in Figure 1, as the 

coefficient 𝐷 increases, the utilization coefficients of 

all queues converge, thereby reducing the level of 

differentiation in packet servicing across queues and 

effectively negating the purpose of organizing 

multiple class queues on the interface. 

 In addition, the number of formally organized 

versus actually utilized class queues also influenced 

the value of 𝐷𝑚𝑖𝑛, although to a much lesser extent.

To illustrate this, variants 9-12 in Table 1 are 

examined in detail.  
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Figure 1: Variation of utilization coefficients across class queues for input data variant 18. 

Figure 2: Variation of utilization coefficients across class queues for input data variant 15. 

These options share the same traffic structure at 

the interface, with only queues 1 through 5 being 

loaded. In variant 12, five class queues were created, 

whereas in variant 9, eight queues were created; 

however, queues 6 through 8 remained empty, 

meaning no packets were assigned to them. From a 

practical perspective, the ECB-TEQ model produced 

the same interface bandwidth allocation among the 

active queues from first to fifth in each case. This 

resulted in identical values of 𝜌𝑚𝑖𝑛 and 𝜌𝑚𝑎𝑥, but

different values of 𝐷𝑚𝑖𝑛, since expression (6)

explicitly accounts for the total number of queues 

organized on the interface (𝑁). 

Accordingly, in Table 1, when the number of 

queues varied from five to eight (variants 9-12), the 

value of 𝐷𝑚𝑖𝑛 changed, while 𝜌𝑚𝑖𝑛 and 𝜌𝑚𝑎𝑥

remained constant. A similar situation is observed, for 

example, in input data variants 4–5 and 6–8. In 

variants 6–8, between six and eight queues were 

organized on the interface, but only six were actually 

utilized (Table 1). 
Another factor affecting the determination of 

𝐷𝑚𝑖𝑛 was the structure of the traffic arriving at the
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interface. Even with the same number of organized 

and active queues and the same total interface load 𝑅, 
differences in flow intensity across individual class 

queues (variants 1-3) led to variations in 𝐷𝑚𝑖𝑛,
although these variations were not substantial. 

Therefore, within the CB-TEQ model, the 
heuristic determination of the minimum value of the 

normalization coefficient 𝐷 in expression (6) is a 
nontrivial task. Its solution is influenced by numerous 
factors, including the interface utilization, the number 
of organized and active class queues, and the traffic 
structure both at the interface in general and within 
individual queues. Based on experimental results, 
specific recommendations for selecting the minimum 

value of 𝐷 can be formulated, as demonstrated 
in [19], [20]. However, even minor errors in this 
process may result in significant changes in queue 
utilization coefficients (Fig. 1 and 2) and the loss of 
packet service differentiation. 

For this reason, the ECB-TEQ model provides a 
more robust solution. The study conducted using the 
input data presented in Table 1 confirmed its 
effectiveness. The ECB-TEQ model consistently 

computed the optimal (minimum) values of 𝐷 
(Table 1), ensuring the highest level of packet service 
differentiation across class queues (Fig. 1 and 2). The 
trade-off for this extended functionality is the 
transition from solving a linear programming 
problem (as in CB-TEQ) to a nonlinear programming 
problem (ECB-TEQ). 

5 CONCLUSIONS 

This study examines the well-known Class-Based 
Traffic Engineering Queue (CB-TEQ) model (1–10), 
which enables the organization and management of 
class queues on a router interface while supporting 
differentiated and balanced packet servicing. In the 
CB-TEQ framework, the queue utilization 
coefficient, and consequently delay and packet loss, 
are directly determined by the queue class. The higher 
the class of a queue, the lower its utilization 
coefficient and the higher the level of QoS provided 
to the packets assigned to it. 

A key advantage of the CB-TEQ model is that the 
optimal allocation of interface bandwidth across class 
queues is achieved by solving a linear programming 
problem, which has a favorable impact on the 
computational complexity of its technological 
implementation. However, a certain disadvantage is 
the requirement for heuristic tuning of the 

normalization coefficient 𝐷. If 𝐷 is set too high, 
packet service differentiation among queues is 
diminished. If it is set too low, the optimization 

problem with criterion (10) and constraints (1), (2), 
(7), and (9) may have no feasible solution. As the 
study showed (Table 1), selecting an appropriate 

value for 𝐷 is complicated by its sensitivity to the 
interface state, including utilization level, the number 
of organized and active class queues, and the structure 
of incoming traffic.  

Therefore, this work proposes an improvement of 
the CB-TEQ model by including the normalization 
coefficient D in the set of control variables in addition 

to 𝛽 and 𝑏𝑖 (𝑖 = 1, 𝑁). This modification required a

revised optimality criterion (13) and an updated set of 
constraints, namely (1), (2), (9), (11), and (12). The 
computation of the optimal (minimum) value of the 
normalization coefficient within the ECB-TEQ 
model became possible by solving a nonlinear 
optimization problem, since constraint (11) is 
nonlinear with respect to the extended set of control 
variables. The study results presented in Table 1 
confirmed both the feasibility of the proposed ECB-
TEQ model and its effectiveness in automatically 
selecting the maximum level of differentiation in 
packet servicing across class queues. 

Future research directions connected with the use 
of AI techniques to improve scalability and further 
reduce the computation time required to solve the 
ECB-TEQ problem. Extending the model to 
hierarchical queue management is also demanded. In 
addition, the proposed approach will be prepared for 
integration into programmable networking 
environments and adapted for deployment on 
corresponding network devices. 
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