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Abstract. For routing assignments a special model and an optimization algorithm are
proposed.  The efficiency of the routing assessments is evaluated by the average value of 
the total cost of delays for all packets in the network. It is the objective function.  The 
main idea is the traffic, which is transmitted from the source node to the destination node 
can be split between two or more logical paths.  The minimum of the objective function 
can be found by varying the traffic on every path and simultaneously from all the source 
nodes to the destination notes. If this approach is applied, then the objective function is 
no separable and nonlinear. Because its shape is unknown in advance an adoptive 
nonlinear optimization algorithm is proposed. For evaluating its efficiency special set of 
test function has been used. 
 
Keywords: Routing, communication, networks  
 

1. Introduction 
 

Nowadays complicated communication networks are developed and implemented. At the 
same time routing optimization for this networks is studied very intensively and literature 
in this field is vast, for example [1-5]. This article discusses the same problem, and a 
special method to design he mathematical models of the networks is described. The first 
model has been developed and implemented in computer language in 1970 and published 
in 1971 [6]. For optimization in the early version of the model, a method similar to [7] 
has been used. Later a more efficient optimization algorithm was created [8]. This article 
is dedicated to it generalize the approach, which can be used to simultaneously create and
update the routing tables at all the nodes of the network. Before the approach is 
described, we analyze the network properties.  
 
Usually a communication network consists of hosts and a transmission system [9].  The
transmission system is a set of packet switches (notes) and channels which carry packets 
from the source nodes to the destination notes. The common situation is: The same note 
can serve different kinds of packets. As usual the same packet can be transmitted through 
the network by different paths. The total time of transmitting a packet from the resource 
note to the destination node dependents on the selected path. Particularly this time 
depends on the traffic intensity ratios for all the nodes which constitute the path. In turn,
the traffic intensity ratio depends on the fraction of the traffic that is transmitted through 
the path (i.e. assignment all of the traffic flows within the network). Usually the delay in 



the network is the main factor used for evaluation the transmission system efficiency. 
Therefore the routing problem is a common problem during network development. To 
control the traffic assignments a special model may be used. This model must reflect all 
principal properties of the real network. For adaptation to the current situation of the 
network the model should be easily updated and have facilities needed for simulation and 
optimization the network. The main network property is the fact hat the communication
network is a queuing network. These ideas are utilized in the approach described below. 
 

1. Mathematical model 
 
Assume that in transmission system every node needs some time for pocket service. It is 
a service time st  . Because 0≠st  a queue of packets can build up in every node.  The 
time a packet to waits in the queue depends on an average value and distribution of  st
and an average value and distribution of interarrivail  times. it  Let  it/1=λ  and st/1=µ
. Assume that from every source note to the destination note more than one path can be 
selected (i.e. traffic from the source to the destination node can be split). We will 
consider only the essential paths between every source and destination node. (An 
essential path does not contain all the nodes of any other path.) For instance, let us 
consider the network of Fig. 1.  
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Fig. 1 Example network

 
 
This network has three source nodes (1, 2 and 3) and two destination ones (8 and 9).  The 
nodes 2 and 3 generate only one kind of messages each, but then node 1 generates two 
kind of messages for the same destination node 8. (We will designate the messages as 
different if they have a different distribution of service time in any transmission node.) 
For the model development, one can use the idea of a logical path. By definition a logical 
path transmits only one kind of messages. Therefore, every physical path can contain one 
or more logical paths. For example, the path 158 contains the logical path 1’5’8’ for the 



first kind of messages and the logical path 1’’5’’8’’ for the second kind of messages. The 
usual situation is when the same node belongs to different paths, i.e. it services different 
kind of messages (for example, the notes 4 and 6 of Fig.1) 
 
 Assume that note 1 generates the packet traffic for the note 8’ and  '8'1Λ  is the traffic 
rate for this notes.  If the traffic can be split between two logical path 1’5’8’ and 1’6’8’
than  

'8'6'1'8'5'1'8'1 λλ +=Λ                                                                                    (1) 
 
Let ABΩ  = {n | n is an essential logical path between the source node A and destination 
node B}, A,B ∈ S, where S is the set of hosts in the network. If some source and 
destination notes are connected by only one essential path, than one or more nonessential 
logical path can be added. For the source node A and destination node B, 

)(n
ABn

ABAB ∑
Ω∈

=Λ λ ,                                                                                       (2) 

where )(nABλ  is the fraction of the total traffic from A to B that has been assigned to the 
path n; 
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The entire network is 
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A static model with stationery traffic inputs and unchanging network configuration is 
considered. Under these conditions the average delay in path n is 
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Where 
=nC  {z | z is a node, which belongs to the path n}; 

gzt  is the average value of the service time for the packets at the node z (for the packets 

are transmitted from A to B ); the value of qzt can be calculated in accordance with 
queuing theory [10]; 

qzt is the average value of the service time for the AB packets at the note z: and  

)(nTp  is there an average value of the total propagation delay for the path n.  
 
The waiting time qzt depends on the total traffic intensity zρ  for the node z. For example 
the total traffic intensity for the note 6 of  Fig. 1 is  

...'8'6'1'8'613683682682686 ' +++= µλµλµλρ  
 



Assume that 
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Let the average value of the coast of the n-path utilization be. 
 

)()()()( nDnTnRnQ ABABABAB =                                                                         (8) 
 
where )(nRAB  represents the weight (cost) coefficient and )(nDAB  the average number of 
packets in paths n. Because [9] 
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it follows that 
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Then, the average value of the cost for transmitting the packets from A to B is  
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The total average value of the cost of the network utilization is 
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The traffic flow assignment can be described by a vector: 
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Define the traffic flow assignment *V  to be optimal if 
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Because the function )( zqzt ρ  is nonlinear, the function Q (V) is nonlinear too; because 
the trffic intensity for every node depends on the traffic assignment for the whole 
network, the function Q (V) is a no separable function. We assume that Q (V) is a well-



behaved function admissible to nonlinear programming techniques. During optimization 
vector V may be changed as follows: 
 

.1 VVV mm ∆+= −                                                                                                  (14) 
 
Where V∆  is the step size and m is the step number. Because of the communication 
network is a queuing network, the optimization procedure must be implemented within 
the feasible area, where the vector mV  provides a steady conditions for every note in the 
network.[10]: 
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with =Ω f  {w | w is a path, which contains the f-node}. Usually it is very difficult to find 
the initial feasible point for the optimization that provides the above conditions. To 
resolve the problem, one dummy path which contains only one node with t=0 and a very 
big value of )(nRAB   may be added to a every ABΩ  in the network. This technique is 
similar to the penalty approach [10]. In the very beginning of the optimization procedure 
the whole traffic flow from a every source node can be assigned to the correspondent 
dummy path. The proposed method provides the condition (15) for the initial trial point. 
During optimization mV must satisfy (2) and (15) for every step m. For this kind of model 
the shape of the objective function depends on the choices of )(nRAB  and the current 
value of mV . Because the shape is nonlinear and unknown in in advance an advanced 
optimization technique must be used. For the actual model an algorithm similar to that 
described below has been implemented. 
 

1. Optimization algorithm 
 
For the simplification goals it will be useful to change the description of V to 
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where τjX  is the value of the j-th coordinate at −τ th step, =τ  1, 2,… 
 
The optimization is divided into sub-algorithms. These sub-algorithms are linked and 
used depending on their efficiency. The first and main algorithm is based on utilization of
a trial vector which has a random number of changeable variables during every 
realization. According to this algorithm the value of τjX   is calculated by 
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where )( 1+ΘGQ  represents the value of the objective function after the )1( −τ -th (last) 
successful step: the successful step is a step, that which provides the condition  

)()()( 11 +Θ−Θ = GQGQGQ τf ; 11 +Θ− = GGτ  is a vector, which corresponds to this step; 
 

1=τε j  if  P5.00 ≤≤ η  ;   0=τε j  if    P≥≥ η1     and   1−=τε j   if   PP 5.0≥≥η                                                  
(18) 
 
with η  = [0,1] a random number, P=[0,1] the probability that jX  will be changed for 
this step, and jX∆  the step size for the j -th variable; and 
 

1=τδ j  if  Θ+Θ jj XX f1 ;    0=τδ j  if    Θ+Θ = jj XX 1      and   1−=τδ j    if    Θ+Θ jj XX p1                                          
(19) 
 
For the optimization a random generator is used and one can see from (18) that the
number of variables that will be changed during the τ -th step up is determined by P. 
During optimization the value of P can be changed depending on the efficiency of search. 
The described approach helps to adapt the optimization procedure to the current shape of 
the objective function  If during the optimization two successful steps have been 
implemented,  than the next value τjX  is calculated by (17)  with 
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Then, the optimization procedure continues with jj XX ∆=∆ 2' .  This technique helps to 
accelerate the search when the shape it is a parabola. Sometimes the shape changes very 
sharply or very slowly.  In this situation it is expedient to cut of the acceleration in (20) 
and continue the optimization procedure with a double step. For testing purposes the next 
inequality may be used: 
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where "Ψ  is the threshold to cut off acceleration if the shape changes very slowly and 

"Ψ  if the shape changes very sharply. 
 
If after few successive successful steps an unsuccessful steps follows, then coordinates 
for the next step are calculated according to 
 



 
jjj XXX ∆−= +Θ 1τ  if  {{ 01 pΘ−Θ − jj XX   and   01 ≥− +ΘΘ jj XX } or { 01 ≥− Θ−Θ jj XX  

and 01 f+ΘΘ − jj XX }}; 

1+Θ= jj XX τ  if  11 +ΘΘ−Θ == jjj XXX ;                                                                                                                               

jjj XXX ∆+= +Θ 1τ   if  {{ 01 fΘ−Θ − jj XX   and  01 ≤− +ΘΘ jj XX }  or  
{ 01 ≤− Θ−Θ jj XX  and 01 p+ΘΘ − jj XX }}    (22) 
 
This approach uses the idea that the current shape resembles a ravine. If the step is 
unsuccessful, than the procedure continues by rule (17). We will denote every trial value 
of P as ...)2,1( =ββP . During optimization the two last values of βP ,  which permit us to 
find one or more successful points, are memorize  as 1−αP  and  αP . When one or more 
successful steps follow a set of successive unsuccessful steps and their number exceeds a 
particular threshold ,...)2,1( =σσN the next value of βP  is calculated by 
 

PPP ∆+= αβ   if  PPP ∆+= −1αα    and   PPP ∆−= αβ   if  PPP ∆−= −1αα                                                                      
(23) 
 
 
This approach helps us to use the accumulated information about shaped behavior.  If 
after σN  steps the value of βP  does not permit any successful steps, than the next value 
of 

1+βP is calculated by 
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where γ  is incremented by 1 every time if no successful step was done. As a result, the 
value of βP  is changed periodically by )( P∆γ . This procedure continues until either one 
or more successful steps will be done (then we can assume γ =1 and αβ PP =  or whole 
set of P will be tested. Then the procedure is switched to the value of αP  which provides 
the last successful step; but for the condition 
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where π  is the number of changes of X∆ . 
 
The it is often the case that in an area close to the extremum point, the shape is almost flat 
and it is very difficult to find a successful point. In this situation the area around the last 
successful point needs to be tested carefully. How carefully depends on the value of σN . 
The large σN  the more careful a search will be; on other hand the less often the value of  



P will be changed the more time will be needed for the optimization. To create the fair 
conditions for all optimization stages the value of σN  can be controlled by 
 

MLN N ≥σ
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(26) 
where σN  is the number of successful steps realized with αP during the α -th stage of 
optimization; αL  is the total number of steps at the same stage. Each stage of the search 
continues until the inequality (26) is valid. As a criterion to terminate the optimization,
the inequality ϕπ ≥jX  = constant ( for example ) may be used. The same algorithm can 
be utilized if the model is employed in real time mode. In this mode the optimization is a 
continuous procedure and information about network statues is updated currently 
 
This  optimization algorithm has been tested at this special set of test objective functions. 
The functions included in the set represent a wide spectrum of possible shapes. In [11,12] 
one can find a detailed description of each function and its shape. The universality of the 
search may be determined by the number of tests functions, for which the extreme points 
or their close neighborhood can be found. The efficiency of the optimization algorithm is 
evaluated by  the number of steps needed to accomplish the search. The test results (see 
the Appendix) have shown that the proposed algorithm is universal and effective for all 
the test function. In addition, during the routing optimization the time needed to find 

)()(min nVQ
ABλ  depends on the distance between the initial point and the point that provide 

the optimal value of Q, the choices of )(nRAB ,  the network configuration, the service 
and interarrival rates.  
 
The model developed here will be useful in the study of the stability and sensitivity 
properties of the network as well as in optimization. The first property shows to what 
limits the values of the network parameters can be changed upon the condition that the 
values dependable parameters will stay within described limits. The second property 
shows how the speed of variation of some parameters depend on the speed of variation of 
the other parameters. This information can be used together with information about the 
dynamic properties of the network for the calculation of different kind of thresholds, for 
the control and optimization procedures and for network improvement. 
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Appendix 
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