








maximizing the open times of transmission link. The link 
model in this research combines the features of the 
objectives of the above models and adds a feature that 
transmits packets to gateways; by minimizing the holding 
cost on nodes, the nodes may transmit packets extensively. 
As the nodes in the model of this research transmit packets 
unilaterally towards the gateway (the actual construction 
method is given in detail in the experiments in Section 4), 
the effect of extensive packets arriving at the gateway may 
be achieved by maximizing the packet transmission 
amount. The objective is given as the following: 

,( , ) ( , )0 ( , ) 1
( )T N

t i j i jt i j
Min Q h

= =∑ ∑  

where h(i,j) is every possible kind of cost of the node (i, j), 
and the point of the objective is to minimize the total cost 
of all nodes after executing all time slots. Xt is the decision 
variable and is given in detail as: 
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1, if the th transmission link transmits at
slot  at node ( , );t i j w
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X t i j


= 

 0, otherwise.

3.1.4 Constraints in link model 
After considering the characteristics of the wireless 

mesh network under actual situations, the following 
constraints appear: 
1. Flow Constraints
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 (1) 
This constraint ensures that when the number of 

queuing data packets of node (i,j) is smaller than the 
number of packets that may be transmitted by the link per 
unit time, only the number of presently queuing data 
packets may be transmitted at maximum, and when the 
number of queuing data packets of node (i,j) is larger than 
the number of packets that may be transmitted by the link 
per unit time, only the number of packets that may be 
transmitted by the link per unit time may be transmitted at 
maximum. 

0,( , ) ,( , )( , ) ( , )i j T i ji j N i j Y
Q Q

∈ ∈
=∑ ∑    (2) 

This constraint ensures that every data packet at the 
start node may be transmitted to the end node; however, 
the following experiments will not adopt this constraint, 
but the ratio of data packets arriving at the gateway is used 
as the performance index. 

0,( , ) 0, ( , )i jQ i j Y= ∀ ∈      (3) 
This constraint ensures that the gateway does not have 

any packet at the beginning; i.e., it is not treated as the start 
of data transmission. 

,( , ), 0, ( , ) , 0,..., 1t i j wX i j Y t T≤ ∀ ∈ ∀ = −   (4) 
This constraint ensures that the gateway does not 

transmit any data packet, i.e., a data packet does not leave 
once it enters. 
2. Direct Compatibility Constraints
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      (5) 
In a certain programming time slot, no node may 

simultaneously receive data packets from more than two 
nodes.  
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In a certain programming time slot, no node may 
simultaneously transmit data packets to more than two 
nodes. 
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In a certain programming time slot, no node may 
simultaneously receive and transmit data packets. 
3. Interference Compatibility Constraints
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      (8) 
3.1.5 Use ADP for scheduling in the improved model 

After introducing the proposed improved model, an 
algorithm that effectively executes link scheduling is 
required. From literature, it is known that the 
performances of ADP is superior to other heuristic 
algorithms used in WMN link scheduling, and it largely 
reduces computing amount and achieves performances 
similar to the optimal algorithm of dynamic programming 
by simulation methods; therefore, this research adopts this 
algorithm. Since the wireless mesh network link model is 
improved, the programming information location and 
received packet sources in this research are different from 
the literature. 

3.1.6 Dynamic programming operation logic 
Before introducing the algorithm logic of ADP, how 

dynamic programming logic may be used to solve the 
problems of the redesigned WMN model should be 
understood first. In the model of the previous subsection, 
the focus of programming has already been placed on 
network nodes. In order to facilitate the execution of 
dynamic programming and enhance link transmission 
efficiency, more transmission information is added to 
transmission links on the nodes. First let Zt represent the 
transmission status of the mesh network at slot t, where 
Zt,(i,j),w is a binary variable defined as: 

,( , ),

1, if the th transmission link has not
transmitted before slot  at node ( , );

0, otherwise.
t i j w

w
Z t i j


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


 

then Zt,(i,j) may be defined as: 
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When not all transmission links of a node have 
transmitted data before the programming ends, the node 
receives a penalty because since link transmission does not 
create cost in this model, all links should transmit as much 
as possible without violating constraints. Subsequently, let 
St be the status of the wireless network at slot t, which 
equals {Qt, Zt}, and includes queuing data packet number 
and penalty information of the node. The status of each 
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stage of the WMN may be understood via St, which may be 
referred to in the dynamic programming optimization 
process and the status transfer of each stage. 

Subsequently, the cost is collected from the 
information in St, and the purpose of maximizing the data 
packet transmission amount is achieved by minimizing 
these costs. Let h(i,j) represent the data packet holding cost 
of node (i, j), and p(i,j) represent the penalty cost on node (i, 
j) for any unused transmission link. Up to now, every
single node contains four kinds of different information
(not including link information on the node), wherein the
number of queuing data packets Qt is basic information in
the link model, and holding cost h, penalty cost pz, and
variable Z for judgment of whether to collect penalty are
new information added to the original link model for the
convenience of executing dynamic programming. Various
costs are denoted as Ct(St, Xt), and the collection method is 
in below:
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Subsequently, the recursive formula for the status 

transfer of each stage is defined; the number of queuing 
data packets and penalty of transmission links of nodes are 
included in each of the previously defined stage statuses, 
and the recursive formula for the number of queuing data 
packets may be given as: 
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From the equation it can be observed that the number 
of queuing data packets of the node in the next stage equals 
the number of queuing data packets in this stage plus the 
number of received data packets from neighboring nodes 
and the number of randomly arriving data packets minus 
the number of data packets transmitted from neighboring 
nodes close to the gateway. The recursive formula for 
penalty may be given as: 

1,( , ) ,( , ) ,( , )(1 ) ,t i j t i j t i jZ X Z t T+ = − ∀ <
Next, the optimization formula Vt(St) is designed for 

each time slot to determine the decision variable of each 
time slot, and is given as: 

( ) ( ) ( )t t t t T TV S V Q V Z= +  
This formula takes into account both the holding cost 

and penalty cost, which includes recursive logic with 
reversed time and represents all generated costs from 
programming time t to programming end time T and is 
given in detail in below: 

1 1

1 1
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Due to the dynamic programming using reverse-time 
computing logic, the optimization function is set to 0 for 
programming time T+1, and the optimization function is 
recalculated for each stage in decreasing time slot order; 
the calculation is complete when the time slot decreases to 
the lowest value. 

t

,( , )t i j

To gain insight into reverse-time programming of 
dynamic programming, all the node information St that 
might be generated in all stages are listed first, and then the 
optimal decision variable is sought by the optimization 
function starting from time T; since the optimization 
function Vt(St) in a new stage includes the optimization 
function Vt+1 in the previous stage, the decision of the new 
stage is made by taking into account the optimization 
function of the previous stage. In other words, the decision 
variable of this stage will generate a certain node status St+1, 
and the corresponding optimization function Vt+1(St+1). 
When the time slot reduces to the lowest value 1, all 
possible node statuses will correspond to a function value, 
including slot 1 to T, and the minimum value is the desired 
minimum cost value. All stage node statuses at the end of 
programming may be traced back via decision variables at 
each stage, as shown with the red arrows. However, since 
all possible node statuses of all stages must be listed first, 
the computing amount may rapidly increase if the network 
extent is overly large; thusly, an algorithm that reduces 
computing amount needs to be adopted for handling larger 
computing amount. 

3.1.7 Reducing computing amount with ADP 
ADP uses simulation to approximate dynamic 

programming results and is a heuristic algorithm; as long 
as the parameters are appropriately designed and the 
simulation time is sufficient, performances similar to 
dynamic programming may be achieved. Improved link 
models were used in dynamic programming units in above, 
and there already are four kinds of information at each 
node, and two other kinds of information require to be 
added in order to use ADP algorithm, which is the 
approximate holding cost slope to simulate holding cost 
qk and the approximate penalty cost slope to simulate 

,(i, j )

penalty cost zk . The definitions are below: 
,( , )

k
t i jq = Approximate holding cost slope of the kth 

simulation of node (i, j) at time slot t. 
,( , )

k
t i jz  = Approximate penalty cost slope of the kth 

simulation of node (i, j) at time slot t. 
Up to now, there are six kinds of information included 

in the nodes of the model, and except for the number of 
queuing data packets that belong to information of the 
conventional linear WMN link model, all other 
information is added for the scheduling algorithm of the 
model. The approximate optimization function 

tV  with 
approximate cost features are redesigned in detail below: 

1 1 1
ˆ( , ) [ ( , , ) ( , )]

ˆ ( , )
t t t X t t t t t t

T T
t t t t t

V Q Z Min C Q G X V Q Z

V Q Z q Q z Z
+ + += +

= +

  

where  tV  is the prediction of the optimization function Vt 
which stands for the lowest predicted cost from time slot t 
to time slot T, and by using the approximate holding cost 
slope 

,( , )
k
t i jq  and the approximate penalty cost slope 

,( , )
k
t i jz , 



tV  may be used to predict future penalty cost and holding 
cost. The calculation of 

,( , )
k
t i jq  and 

,( , )
k
t i jz  are as below: 

,( , ) ( , )( , ) ( , )k K k k k k k
t i j t t i j t t t tq V Q e Z V Q Z= + −   
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From the above equation it may be seen that 
,( , )

k
t i jq

represents the optimization function value increase in time 
slots t ~ T when one unit of the data packet is increased on 
node (i, j); 

,( , )
k
t i jz  represents the optimization function 

value difference between links that have never transmitted 
data packets and links that have transmitted data packets 
on node (i, j); e(i,j) is the decision variable operator only 
operating on node (i,j); q  and z  are the approximation 
operators not yet smoothed with the previous experiment. 
Subsequently, a smoothing process is applied to ensure 
convergence, and the process is described as: 

1

1

(1 )
(1 )

k k k k k
t t t
k k k k k
t t t

q q q
z z z

δ δ

δ δ

−

−

= + −

= + −
 

where kδ  is the smoothing coefficient of the kth 
experiment, and the smoothing coefficients from the first 
to the kth experiment are required to satisfy the three 
following conditions: 
1: 

0
k

k
δ∞

=
= ∞∑

2: 2
0
( )k

k
δ∞

=
< ∞∑

3: 0 < kδ  < 1 
It may be observed that the estimation method of 

approximate cost is to try to increase the number of data 
packets or to open links to see how much change is done 
on the optimization value, and the changed value is the 
updated approximate cost after smoothing. In this research, 
the initial value of the approximate cost in the first 
simulation is 0, and the updated approximate cost after the 
calculation is used in the next simulation; after multiple 
simulations, the predicted value of the approximate cost 
shall come closer to the actual situation (i.e., dynamic 
programming results). Therefore, the ADP uses normal 
time algorithm and does not list all the possible node 
statuses St but predicts the best decision in the present 
stage by using approximate slope with the progress of the 
time slots, and the best decision in the present stage will 
transfer the node status of the present stage to the node 
status of the next stage until the time slot ends and then 
proceed with the next simulation. 

3.1.8 Executing ADP 
The following describes how the ADP algorithm may 

be executed.
Step 1. Initialize the approximate cost that affects the 

slope variation of the optimization function and 
let 0

tq  and 0
tz  be 0. 

Step 2. Initialize programming time and testing times and 
let k = 1, t = 0. 

Step 3. Generate random variables on all nodes k
tG . 

Step 4. Determine decision variable Xt,(i,j) by the 
approximate optimization function ( , )t t tV Q Z : 
If t < T – 1: 

1 1
1 1( , , ) ( ) ( )k k k T k k T k

X t t t t t t tMin C Q G X q Q z Z− −
+ ++ +

If t = T – 1: 

1( , , ) ( )k k T k
X t t t z tMin C Q G X p Z ++

Step 5. Determine all node statuses of the next stage by the 
recursive formula 

Step 6. Update k
tq  and k

tz  as 1k
tq +  and 1k

tz +  by the 
optimization function ( , )t t tV Q Z . 

Step 7. If t < T – 1 then let t = t + 1 and return to Step 3; 
otherwise go to Step 8 

Step 8. If k < K, then let k = k + 1 and return to Step 3; 
otherwise, stop the algorithm. 

4. Experimental results and analysis
In this section, different algorithms are used in the

scheduling of the new network model, and the same 
performance index is used for comparison. In previous 
literature, the comparison results of dynamic programming, 
ADP algorithm, ADP optimal algorithm, dynamic 
programming heuristic algorithm, and packing heuristic 
algorithm show that dynamic programming has the best 
performance but is not beneficial for large scale computing, 
while ADP optimal algorithm has second-best 
performances but largely saves computing time. Therefore, 
this research uses these two algorithms along with genetic 
algorithm to perform scheduling on the new model to 
compare the results for the purposes of observing whether 
ADP still effectively reduces computing amount and 
simulates dynamic programming results in the improved 
link model and comparing the performances of genetic 
algorithm and ADP. In the following experiments, link 
scheduling performances of the three algorithms in a small 
scale WMN model are compared; as for large scale 
network link scheduling experiments, since possible 
statuses of hundreds of nodes at each stage cannot be 
completely listed, only performances of ADP and genetic 
algorithm will be compared. 

4.1 Performances of the algorithms in a small scale 
WMN model 

Figure 1 shows the network topology generated in the 
present experiment having 8 nodes and 11 links. 

Parameter settings in the experiment are as below: 
 Total number of time slots: 9
 Arriving amount and their probability of random

packets at single node:  0: p = 0.4792, 1: p = 0.25, 2:
p = 0.125,  3: p = 0.0833, 4: p = 0.0625

 Sample number: 50
 ADP simulation times: 20
 ADP smoothing coefficient: 0.3
 Performance index: Ratio of number of data packets

arriving gateway to the total number of data packets
where the arriving amount and their probability of random 
packets at a single node refer to the corresponding 
probability of randomly arriving packet amount at each 
node, which has an expected value of 1 in a time slot. 
Therefore, it may be inferred that when the programming 
time with a total of 9 slots ends, the total data packet 
expectation value of this network topology with 8 nodes is 
8 × 9 × 1=72. The ADP simulation times and smoothing 
coefficient are suitable values selected after multiple tests. 
To compare the three different algorithms, the ratio of the 
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number of data packets arriving gateway to the total 
number of data packets is uniformly selected to be the 
performance index; Figure 2 and 3 in below shows the 
results of experiments. 

Figure 1. Topology of small scale WMN experiment 

Figure 2. Schematic of scheduling performance 
of the algorithms 

Figure 2 in above shows the ratio of the three different 
algorithms transmitting data packets to the gateway under 
time; it may be seen that dynamic programming always 
has the lowest-cost solution under the optimization 
principle, and although the performance of ADP is slightly 
inferior to that of the former, the performance is still 
superior to a genetic algorithm as long as the parameters 
are designed properly and the simulation time is sufficient. 
Figure 35 shows the comparison of all costs of dynamic 
programming and ADP after the programming ends, 
where the total cost is the sum of the penalty cost and the 
holding cost; the genetic algorithm is not included since it 
does not have a cost calculation mechanism like the costs 
of dynamic programming. The performances of dynamic 
programming are still slightly superior to ADP. However, 
since the performances of the latter are all only slightly 
inferior to those of the former, it is worthy of continuing 
using in the following large scale network experiments. 

Figure 3. Cost diagram of DP and ADP 

4.2 Performances of the algorithms in a large scale 
WMN model 

Network topology of 256 nodes, 473 links, and 30 
gateways is generated in the experiment. Parameter 
settings in the experiment are as below: 
 Total number of time slots: 120
 Arriving amount and their probability of random

packets at single node:  0: p = 0.9479, 1: p = 0.025, 2: 
p = 0.0125,  3: p = 0.00833, 4: p = 0.00625

 Sample number: 50
 ADP simulation times: 20
 ADP smoothing coefficient: 0.3
 Performance index: Ratio of the number of data

packets arriving gateway to the total number of data
packets.

The expectation value of randomly arriving packets in 
a time slot of each node in this topology is 0.1. Therefore, 
when the programming time with a total of 120 slots ends, 
the total data packet expectation value of this network 
topology with 256 nodes is 256 × 120 × 0.1 = 3072. The 
ADP simulation times and smoothing coefficient are set as 
in the previous experiment, and the ratio of the number of 
data packets arriving gateway to the total number of data 
packets is similarly selected to be the performance index to 
observe the results of every slot. The experiment results in 
Figure 4 below show that as the time slots increase, the 
performance of transmitting data packets to gateways of 
ADP is gradually superior to that of a genetic algorithm. 

To observe when all the data packets in the network 
may be transmitted to the gateways, randomly arriving 
data packets are not further added after the programming 
time ends (T = 120), yet the scheduling activity is allowed 
to continue operating; at this moment the nodes still 
transmit data packets to the gateways, but it should be 
noted that the data packets received by any node now is 
either from itself or received by other nodes before T < 120. 
According to Figure 5, all experiment samples of the 
WMN using ADP scheduling have transmitted all data 
packets to gateways at t = 127, while the model using a 
genetic algorithm still cannot achieve 100% gateway 
transmission rate in all experiment samples up to t = 130. 

G
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Figure 4. Scheduling performance comparison of 
ADP and genetic programming (1) 

Figure 5. Scheduling performance comparison of 
ADP and genetic programming (2) 

5. Conclusion
The characteristics of WMN are nothing but the rapid

transmission of data packets by using a mesh structure and 
the constraints of capacity and interference encountered 
during transmission. However, due to differences in the 
emphasized purposes of the designers, many scheduling 
models contain variations and imperfections, such as the 
lack of randomly arriving data packets, the lack of gateway 
designs, or the unrealistic packet information saving 
location. The present research seeks to add as many as 
possible various characteristics of WMN into the model 
and make the models from literature reflect closer to 
reality. In this paper, the WMN model is improved, and 
programming information is moved to the nodes. In 
addition to conforming to reality, all algorithms may still 
be well applied to perform scheduling, and the effect of the 
simulation of dynamic programming by ADP is still 
apparent. The new WMN model comprises gateways to 
which the packets move, and the queuing of data packets at 
the nodes in each stage and the status of flow to the next 
stage may be observed via STDMA mechanism and 
decision variables of each stage. Finally, the experiments 
indicate that the performance of using ADP in the new 
model is superior to that of the genetic algorithm. 
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