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To make cross-layer design tradeoffs spanning from application layer to physical layer, 

the interdependency of the control parameters at different layers should be quantitatively 
measured. A theoretical framework employing a non-additive measure based approach is 
proposed, which doesn’t need modelling and any prior knowledge of probability distribution. 
It captures the specific contribution by different design parameters and their interactions on 
the objective function at each layer. In this way the design parameter subsets with the most 
significant effect on the design objectives are identified.  A bottom-up mapping method is 
suggested to reflect the relation between the video quality at the application layer and the 
network condition at the MAC & PHY layers. Simulation results have shown that by 
dynamically adjusting the application layer parameters according to the bottom-up mapping 
table, the proposed application-MAC-physics cross layer design can provide higher video 
quality under a variety of channel conditions and traffic conditions. 

Keywords: non-additive measure; H.264; cross-layer; quantitative interdependency; 
Choquet integral 

 
1. INTRODUCTION 

 
In recent years, cross-layer design is thought as one of the most efficient ways to 

provide quality of service (QoS) over wireless networks, in which physical nature of the 
transmission medium poses a series of challenges such as limited bandwidth, fading, and 
interference. The cross-layer design problem can be formulated as an optimization 
problem, where the design objective is to reach an optimal tradeoff with multiple design 
variables (control parameters). Therefore, fully utilizing the control parameters residing 
in different network functional entities, and the interactions among them is crucial to 
achieve the optimal design objectives (system performance), which is especially urgent 
for wireless video applications. 

Researchers made studies from different aspects to improve the design objectives, 
such as QoS guarantees, throughput, video quality maximization, power saving and 
delay minimization. In [1], a joint source rate selection and power management scheme 
for hybrid ARQ/FEC is proposed to achieve a certain QoS level in wireless multimedia 
multicasting. For wireless multimedia transmission, [2]-[4] propose the rate distortion 
optimized joint ARQ/FEC schemes, where application (APP) layer parameters are 
adjusted according to the parameters in the physical (PHY) layer. With a viewpoint from 
information theory, [5]-[7] give the combined APP-MAC-PHY layer designs to achieve 
the optimum rate adaptation for real-time streaming. A practical approach is taken in [8] 
for adaptive optimization of cross-layer design parameters. The proposed framework 
adapts PHY-link-APP layer parameters jointly to achieve QoS requirements for real-time 
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video transmission. 
According to these studies, the improvement of design objectives is made by 

exchanging information among various layers adaptively. The adaptation is achieved via 
the utilization of the feedback information received from the lower layers. Although the 
existing studies have got some improvement, the wireless video transmission scenario 
poses significant difficulties to their applicability due to the following two reasons. First, 
the main problem is how to guarantee the rationality of the parameters selection. In the 
protocol stack of wireless multimedia, each layer has multiple design variables. It is 
necessary but difficult to distinguish the parameters which significantly affect the design 
objective. Second, the real-time adaptive tuning of control parameters according to the 
channel conditions is not practical since the relation between the lower and upper layer is 
ambiguous. Therefore both the effective parameters and cross layer relation should be 
quantitatively measured. 

In order to achieve the global optimality of cross-layer design, we need to consider 
the impacts on the design objective of the design variables and their interactions as much 
as possible. For the sake of conciseness, we will take ’design variables’ and ’design 
objective’ as synonym with ’control parameters’ and ’system performance’ respectively.  

In this paper, we propose a parameter-aware cross-layer optimization framework, 
which considers both the coding in APP layer and the transmission condition in 
MAC&PHY layers for wireless video applications. The major contributions are: 1) a 
non-additive measure based approach is employed to capture the specific contribution by 
different design variables and their interactions on the objective function at MAC&PHY 
layers and APP layer respectively. The approach doesn’t need modelling and any prior 
knowledge of probability distribution. 2) the key parameter subsets at MAC&PHY layers 
and APP layer, denoted as Lower={Li, i=1,2,…,I} and Upper={Uj, j=1,2,…,J} 
respectively, are extracted according to the measure results; 3) a bottom-up parameter 
mapping table is established at the APP layer, in which the MAC&PHY layers parameter 
subset can be mapped to the APP layer parameter subset. Tuning the parameters at APP 
layer according to the mapping table will achieve the maximization of the average 
received video quality in PSNR. 

The rest of this paper is organized as follows. Section 2 introduces the non-additive 
measurement for interdependency measure and significance analysis. Section 3 discusses 
the parameter-aware cross-layer optimization scheme for wireless video application. 
Section 4 describes the testing experiment and shows the simulation results to verify the 
proposed scheme. Finally, Section 5 concludes the paper. 

 

2. NON-ADDITIVE MEASUREMENT FOR INTERDEPENDENCY 
MEASURE 

2.1 Problem description 
Generally, an optimization problem can be formulated as 
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where X = {x1, x2, …, xN} is a set of design variables in different layers; ψ is the 
design objective, which is a nonlinear function of {x1, x2, …,  xN}; c1 to cL  are L design 
constraints. 

For interdependency measure and significance analysis, we want to know which 
parameter set X’ has the most significant effect on the objective function ψ, usually 

'X X⊂ . To get an in-depth understanding of these design variables’ affection on ψ, a 
non-additive measure on X is introduced to quantitatively evaluate the interdependency 
among the design variables for each subset of X. 

Definition 1: The non-additive measure on X is defined as a set of function μ: P(X)
→ [0, ∞], where P(X) is the power set of X, with the following constraints:: 

1） 0)( =φμ ; 
2）the monotonicity: XBA ⊆⊆  implies )()( BA μμ ≤ . 
Definition 2: The interaction between variable sets A and B is called positive 

interaction if 
 })(,)(max{)( BABA μμμ >∪  
where XBXA ⊂⊂ ,  and φ=∩ BA .  
Accordingly, if })(,)(max{)( BABA μμμ <∪  is called negative interaction. 
 

2.2 Non-linear regression model for the non-additive measure 
 

Based on the above definition, we apply a non-linear regression statistical model 
based on non-additive integrals for interdependency modelling and significance analysis 
[9]. The distinguishing feature of this model is that the impact of interactions among 
parameters on the performance metrics can be properly measured through the nonlinear 
integral, namely Choquet integral. The Choquet integral is a generalization of the 
Lebesgue integral, defined over a set of non-additive measures. It is more powerful than 
the Lebesgue integral model since the non-additive measure μ considers the interaction 
among attributes towards to the objective function. 

Assume that the observed data consists of M observations of {x1, x2, …, xN } and ψ  
are formed as Table 1. 

Table 1. Data formation 
x1    x2     …    xN      ψ 

f11   f12     …    f1N      ψ1 
f21   f22     …   f2N       ψ2 
…    …     …   …       … 

fM1   fM2     …   fMN      ψM 
where each row is an observation of design variables x1, x2,…, xN  and the objective 

function ψ. The observation of x1, x2,…, xN can be regarded as a function f : X→(−∞,+∞); 
hence the j-th observation of x1, x2,…, xN is denoted by fi, and we write fji=fj (xi) where 1 
≤ i ≤ N and 1 ≤ j ≤ M. 

As the above definition, interactions among the design variables X towards the 
design objective ψ is described by a set function μ defined on the power set of X 
satisfying the condition of vanishing at the empty set, i.e., μ: P(X)→(-∞; +∞) with 

0)( =φμ , where the set function μ is above defined non-additive measure. Based on 



the Choquet integral, the relationship between the design objective ψ and the interaction 
measure can be described by a new nonlinear multi-regression model [9]: 

∫ ++= ),0( 2
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where e is a regression constant, ∫ )(c  is Choquet integral, f is an observation of x1, 
x2,…, xN, μ is a non-additive measure, and ),0( 2δN  is a normally distributed random 
perturbation with expectation 0 and variance 2δ . The Choquet integral ∫ )(c of the data 
observation f, w.r.t. a non-additive measure μ, is defined as: 
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where ),(},,)(|{ ∞−∞∈∈≥= ααα XxxfxF , and is called the α–cut set of f. 
 

2.3 To determine the non-additive measure 
 

The basic idea to solve the Choquet model is a two-step procedure. The first step is 
to reduce the non-linear multi-regression model to the traditional linear multi-regression 
model by converting each n-dimensional vector attribute data to a 2n-dimensional vector 
data, which is defined over the power set of the design variables. The second step is to 
solve the linear model by using the standard least-square method. 

As mentioned in [10], since some measure coefficients are not directly applied 
during the data modeling, raw data are often not good enough to identify all 2n non-
additive measure coefficients so that direct reduction on raw data from the Choquet 
model to linear multi-regression model may cause ‘bad’ solutions. So we apply a data 
normalization approach based on median alignment. The main idea is to align the 
observed data along their medians so that, if the data samples are reasonably large, it is 
expected to have non-zero observation for each subset S∈  P(X). Its non-additive 
measure can therefore be determined properly.  

Given observation data, the optimal regression coefficients in formula (3) can be 
solved by using the least square method in order to make 2δ  minimal [9]. The algorithm 
can be described as follows: 

1) The initial settings are:  
Number of the chosen system parameters = N; 
Number of observations = M 
2) Data normalization 
For each set of observation data of xi, we denote the normalized results of xi as '

ix : 

 
3) Construct the )12( +× NM  augmented matrix ][ jkbB =

 
as follows: 
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'
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where 12,2,1 −= Nk  and  Mj ,2,1= . 
2) Find the least square solution of the linear equations having above augmented 

matrix for unknown coefficients 
1221 ,,,
−Ne μμμ …

.
 

3) The regression residual error 
∧
2δ can be calculated by: 
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3. PARAMETER-AWARE CROSS-LAYER OPTIMIZATION SCHEME 
FOR WIRELESS VIDEO 

In this section, we will propose the parameter-aware cross-layer optimization 
scheme for wireless video. 

 
3.1 Scheme model & Architecture 
 

The cross-layer optimization scheme model and architecture is shown in Fig. 1. In 
the protocol stack of wireless multimedia, each layer has multiple design variables which 
affect the design objective. In this scheme, we implement ITU-T H.264 standard at the 
APP layer. The rate-distortion tradeoff in video source coding makes it crucial to select 
suitable video coding parameters such as prediction mode (PM), quantization parameter 
(QP) etc. At the MAC layer, automatic repeat request (ARQ), media access control 
protocols, and packetization are often used to maintain a low packet loss rate. At the 
physical layer, modulation and coding schemes (MCS) have been adopted to achieve a 
good tradeoff between transmission rate and transmission reliability. In this paper, we 
consider MAC layer and PHY layer together, as shown in Fig.1. 
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Fig. 1 The system model for the cross-layer optimization multimedia transmission over wireless 

networks 
The model construction of the proposed cross-layer optimization scheme is 

described in the right part of Fig.1. The non-additive measure based on the Choquet 
integral described in Section 2 is adopted to capture the contributions made by each 
design parameter and by the interactions among them on the objective function at 
MAC&PHY layers and APP layer respectively. According to the measure results, the 
key parameter subsets at the MAC&PHY layers Lower={Li} and Upper={Uj} at the APP 
layer are extracted respectively. Then we establish a bottom-up parameter mapping table, 
which guides the parameter tuning at the APP layer to achieve the maximization of the 
average received video quality in PSNR. 

The application realization of the proposed scheme is depicted in the left part of Fig. 
1. The QP is computed according to mapping table with the observed network conditions, 
and is adjusted to encode the current frame. 

 
3.2 Key parameters acquirement through non-additive measure at different layer 
 

In this paper, we choose the IEEE802.11 WLAN as the platform due to its 
popularity and complicated interdependency among different system parameters. The 
initial chosen parameter set includes the number of users, the minimum contention 
window size, MAC-frame size, retransmission time and data rate. The experimental data 
sets have been collected by running simulations with different combinations of these 
parameters under different channel states (Good or Bad) and number of users. Table 2 
shows the throughput data collected from observation data. As shown in Table 2, the 
minimum contention window size is increased exponentially from 16 to 256, the frame 
size is chosen from 500 bytes to 1500 bytes with the step size of 250 bytes, the data rates 
are selected from 1, 2, 5.5, and 11 Mbps, and the retransmission times are selected from 
2 to 10 with the step size of 2. 

Table 2. The collected observation data 

CWmin Frame 
Size 

Data 
rate 

Retransmission 
times Throughput

16 500 1 2 0.445E+06



16 1000 2 4 0.903E+06
… … … … … 
16 1500 11 10 3.177E+06
… … … … …
32 500 1 2 0.438E+06
32 1000 2 4 0.918E+06
… … … … … 
32 1500 11 10 3.086E+06
… … … … … 
64 500 1 2 0.451E+06
64 1000 2 4 0.878E+06
… … … … … 
64 1500 11 10 3.088E+06
… … … … … 

128 500 1 2 0.439E+06
128 1000 2 4 0.893E+06
… … … … … 

128 1500 11 10 2.987E+06
… … … … … 

256 500 1 2 0.432E+06
256 1000 2 4 0.852E+06
… … … … … 

256 1500 11 10 2.704E+06
We use the proposed approach in Section 2 to quantitatively capture the 

interdependency among IEEE 802.11 MAC protocol parameters and identify which 
subset of system parameters has the most significant effect on the throughput 
performance under different network conditions. Table 3 shows the quantified 
significance of system parameters and interdependency patterns among them on the 
throughput performance. There are four different network conditions considering both 
network status (lightly-loaded with 10 users or heavily-loaded with 50 users) and 
channel quality (good channel quality BER=10-5 and bad channel quality BER=10-3). In 
the rest of this paper, good channel quality is abbreviated as Good and bad channel 
quality is abbreviated as Bad. Each μ[i] in the table gives the quantified significance 
(positive or negative) by a chosen set of parameters (minimum contention window size, 
frame size, data rate and retransmission time corresponding to cw, fm, dr and r as shown 
in Table 3) on the throughput performance. 

Table 3. Non-additive measures over different networks 

μ Parameter 
subset 

lightly-loaded 
(number of users=10) 

heavily-loaded 
(number of users=50) 

Good 
BER=10-5

Bad 
BER=10-3

Good 
BER=10-5

Bad 
BER=10-3 

μ[1] {cw} -0.0229 -0.0272 0.0331 -0.0012 
μ[2] {fm} 0.3437 0.2358 -0.3390 -0.1278 
μ[3] {cw, fm} 0.3721 0.2647 0.0193 0.0929 
μ[4] {dr} 0.7644 0.4961 0.2424 0.1547 
μ[5] {dr, cw} 0.5862 0.3756 0.6372 0.3326 
μ[6] {dr, fm} 3.0575 1.9643 1.6536 1.0212 



μ[7] {dr, fm, cw} 3.0334 1.8538 2.4404 1.3275 
μ[8] {r} 0.0120 -0.0216 -0.4497 -0.1973 
μ[9] {r, cw} 0.0209 0.0178 -0.0285 -0.0085 
μ[10] {fm, r} 0.2998 0.2231 -0.1841 -0.0461 
μ[11] {r, fm, cw} 0.3538 0.2345 0.1100 0.1736 
μ[12] {dr, r} 0.7358 0.4811 -0.1272 -0.2542 
μ[13] {dr, r, cw} 0.5715 0.3359 0.6385 0.2952 
μ[14] {dr, r, fm} 3.0609 1.9730 1.2545 1.1846 
μ[15] {dr, r, fm, cw} 3.0217 1.8546 2.3174 1.2678 

In order to achieve a good tradeoff between the complexity and system performance, 
we choose (dr, fm) as the most significant subset of these parameters, i.e. Lower={Li, 
i=1,2,…,I}={L1, L2}={ dr, fm }. The original four-dimension (dr, r, fm, cw) problem can 
be approximated by two-dimension problem. 

Similarly, at the APP layer, we vary the following encoding parameters in the 
experiments: I-frame period, number of reference frames and quantization parameter. 
Table 4 shows the quantified significance of encoding parameters and interdependency 
patterns among them on the encoding performance. In this table, I-P is I-frame period, 
RF is number of reference frames, QP is quantization parameter, and the Lagrangian cost 
function J is corresponding to the encoding performance Y defined as 

RateJ MODEPSNR ×+= λ
10

2

10

255
                                                                           (4) 

where PSNR is peak signal to noise ratio; λMODE is the Lagrangian multiplier related 
to the quantization parameter; Rate represents the bit cost for encoding the additional 
information such as motion vectors. 

In the latest H.264 standard, the allowed QP values are { 1, 2, … , 51}. To achieve 
a good tradeoff between performance and computational complexity, without loss of 
generality, in this work we choose {21, …, 51} as the operating points of the design 
variable QP. More information on the experiment setting and the solution procedure can 
be found in authors’ previous work [11]. 

Table 4. Non-additive measures under different encoding parameters 

μ Parameter subset
Sequences at different motion intensity 

Foreman
(high) 

miss-America 
(middle) 

Silent 
(low) 

μ[1] μ({I-P}) -0.1408 -0.1074 -0.1276 
μ[2] μ({QP}) 0.7760 0.6568 0.7406 
μ[3] μ({I-P, QP }) 0.4521 0.3333 0.4100 
μ[4] μ({RF}) -0.2001 -0.1702 -0.1807 
μ[5] μ({I-P, RF }) 0.0058 0.0206 0.0070 
μ[6] μ({QP,RF }) 0.7828 0.6519 0.7359 
μ[7] μ({I-P,QP,RF }) 0.3413 0.2280 0.2960 

According to Table 4, among these encoding parameters, QP and RF have the most 
significant effect on the encoded rate and encoding performance whether motion 
intensity is high or low. For middle and low motion intensity, RF is an insensitive 
parameter and can be ignored. In order to achieve a good tradeoff between the 
complexity and system performance, we choose QP as the most significant subset of 



these parameters, i.e. Upper= {Uj, j=1,2,…,J}={U1}={QP}. 
 

3.3 Bottom-up mapping table 
 

According to the above results, the key parameters at MAC&PHY layers and APP 
layer are derived respectively. The following step is mapping key parameters subset 
Lower={Li, i=1,2,…,I} at the MAC&PHY layers to the APP layer parameter Upper={Uj, 
j=1,2,…,J}.  

As mentioned above, we choose Lower={Li, i=1,2,…,I}= {L1, L2} = {dr, fm} and 
Upper ={Uj, j=1,2,…,J}={U1}={QP}. In our experiments, parameter fm is chosen from 
1250 bytes to 500 bytes with the decreasing step size of 250 bytes; parameter dr is 
selected from 11, 5.5 and 2 Mbps. For each tuples (dr, fm), we consider the QP value 
which corresponds to the maximum PSNR to generate the mapping table shown in Table 
5. In Table 5, the 15 combination indexes of dr and fm are noted as numbers 1 to 15 
respectively. 

Table 5. Bottom-up mapping table 

 

QP value 
lightly-loaded 

(number of users=10)
Heavily-loaded 

(numbers of users=50)
Good Bad Good Bad 

1 24 24 21 24 
2 24 27 27 30 
3 21 24 24 27 
4 21 27 21 27 
5 24 27 24 27 
6 21 24 24 27 
7 27 27 27 27 
8 24 24 27 27 
9 24 27 30 27 

10 27 30 24 30 
11 27 24 30 33 
12 27 30 24 30 
13 27 33 27 36 
14 24 33 30 33 
15 27 36 30 33 

Then, a bottom-up mapping model that captures the relation between the APP layer 
parameter and the network conditions is determined. The bottom-up mapping tables are 
shown in Table 5, in which the correlations of QP, dr and fm under various network 
conditions are described. The relation between the video quality at the APP layer and the 
network condition at the MAC&PHY layer are both taken into account by this mapping. 

4. EXPERIMENTAL RESULTS 

In this section, we show the simulation results to demonstrate that the proposed 
approach can effectively provide higher quality in PSNR in varying WLAN 
environments. 

 



4.1 Testing environment 
 

We investigate the video steaming transmission across a 802.11b wireless network, 
in which contention-based access to the medium provided by the DCF (distributed 
coordination function) controlled channel access protocol is assumed. In particular, 
several system parameters of MAC and physical layers used in the IEEE 802.11b 
standard are shown in Table 6. 

Table 6 MAC and PHY parameters of IEEE 802.11b WLAN 
SIFS 10 μs 
DIFS 50 μs 
Time slot 20 μs 
Data rate 1, 2, 5.5, 11Mbps 
MAC header length 214 bits 
ACK length 112 bits 
Minimum frame length 500 Bytes 
Maximum frame length 1500 Bytes 
Preamble length 144 μs(long)and 72 μs(short) 
CWmin 16,32,62,128,256 
CWmax 1023 
Maximum number of users 50 
Minimum number of users 10 

At the APP layer, the video codec is implemented based on H.264 reference 
software JM10.2 [12]. The test sequence foreman.yuv, which contains 300 QCIF frames, 
is encoded using only I and P frames (one I every 10 frames) at 25fps. 

 
4.2 Experimental results analysis 
 

As mentioned in Section 3.1, QP is computed according to mapping table with the 
observed network conditions, and is adjusted to encode the current frame. The objective 
video quality (PSNR of the decoded sequence) comparison is shown in Table 7, and the 
perceptual video quality comparison is shown in Figs.2. 

Table 7 The PSNR comparison of PACLO scheme with the default scheme 

Network condition PSNR(dB) 
PACLO default 

Lightly-loaded Good 34.64 33.97 
Bad 32.23 31.81 

Heavily-loaded Good 34.64 33.97 
Bad 31.12 28.85 

In Table 7, the average PSNR of the proposed parameter-aware cross-layer 
optimization scheme (noted as PACLO) is compared with the default QP-parameter 
encoding scheme in JM10.2. As we can see, PACLO scheme outperforms the default 
scheme in JM, whether under Good or Bad channel conditions. The perceptual video 
quality is shown in Figs.2 (a) to 2(d). This fact states that our approach reduces the 
quality degradation by adjusting the APP parameter according to the mapping table. 
From the simulation results, we can verify the performance of the proposed scheme for 



prioritized video. 

  
(a)  

  
(b) 

   
(c)  

   
(d)  

Fig. 2 Perceptual video quality comparison under different network conditions, the left is the result 
of the default scheme in JM and the right is the result of PACLO scheme. (a) lightly-loaded 
& Good; (b) lightly-loaded & Bad; (c) heavily-loaded & Good; (d) heavily-loaded & Bad 

5. CONCLUSION 

A parameter-aware cross-layer adaptive algorithm is proposed to dynamically adjust 
QP at the APP layer under different network conditions. In particular, an 
interdependency measure and significance analysis based on non-additive measure is 
employed to capture the specific contribution by each design parameter and their 
interactions on the objective function at MAC&PHY layers and APP layer respectively. 
The optimization approach utilizes non-additive measure to obtain the bottom-up cross-
layer optimizing scheme. The simulation results illustrate that under a variety of channel 
conditions and host amounts, the proposed adaptive scheme can provide higher quality in 



PSNR. 
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