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Abstract�In this paper we consider using p-medians 

searching algorithms in the design of modern systems-on-chip. 

This mathematical apparatus can be used for decision of some 

tasks that faced before developer. We consider the types of 

systems-on-chip, for which the p-median problem is useful. We 

describe different methods of calculating the P-medians. Also we 

examine which criteria can be used for searching P-medians. In 

this paper detailed describe the solving of the p-median problem 

for homogeneous systems-on-chip. 

I. INTRODUCTION 

Zillions of all of the entities of the world from mobile 
devices to human beings are integrated into an interacting 
community providing control and actuation through internet. 
Nowadays, we are witnessing formation of a new technological 
marvel: Internet of Things(IoT), [1]. Modern smart systems [2] 
and devices of IoT[3] based on compact high performance 
computer systems which are realized as System-on-chip (SoC). 
They complexity scales, capturing the system�s functionality 
has become increasingly difficult. Network-on-chip replaces 
bus in communication inside SoC. Count of IP-blocks inside 
SoC constantly grows.NoC technology is a relatively new 
approach to signaling that enables not only more efficient 
interconnects but also more ef!cient design and veri!cation 
processes for modern SoCs [4].IoT technology and Smart 
Spaces technologyrequire new characteristics from hardware, 
[5,6]. The search for P-medians in the graph can be used for 
solve different tasks of designof computing systems. The task 
of multiple medians (P-medians) is used for solve minisum 
location problems. 

II. USE CASES 

It is very important to arrangeIP-blocks on chip with 
required parameters such as distance, throughput and etc.A 
distance affects a transmission delay.A throughput should 
satisfy requirements.The search for P-medians is useful for 
following tasks. First, if system contains several controllers of 
access to external memory, then information about their 
optimal position on chip is important for developer.Second, if 
system should communicate with different external interfaces 
such as PCIExpress, USB, HDMI and others, then information 
about their optimal position on chip is important for developer. 
Third, if specialized IP-blocks are included in SoC, then may 
be very interested to know how to locate CPU and these blocks 
inside chip with minimum distance or other characteristics. 

For solving these problems, system can be presented as 
graph.Optimality criterion is to minimize the amount (or other 
functions) distances (cost) of the nodes of the graph to subset of 

vertices of the same graph - p, called the median, or a subset 
of the p-median graph (|  p | = P). The graph may include one 
or more p-medians. The median of graph is the vertex of the 
graph in which the sum of the shortest distance from it to other 
nodes of the graph is the minimum possible. 

For search P-medians in the graph is searched P points, in 
which the sum of the shortest distances between each of them 
to the rest of the nodes of the graph is the minimum possible. 
For other tasks also evaluated throughput and other parameters. 

III. METHODS OF CALCULATING THE P-MEDIANS 

Themethods of linear programming or directed tree search 

can be used to find the median graph. When using linear 

programming methods for a number of graphs can be obtained 

fractional coefficients. We described several methods of 

calculating the p-mediansbelow. 

A. An approximate algorithm 

A heuristic method based on vertex substitution is described 

by Teitz and Bart [7]. The method proceeds by choosing any p 

vertices at random to form the initial set S which is assumed to 

be an approximation to the p-median set . The method then 

tests if any vertex xj  X � S could replace a vertex xi S as a 

median vertex and so produce a new set S' = (S  {xj}) � 

{xj}whose transmission "(S') is less than "(S). Ifthe 

substitution of vertex xi by xj is performed thus obtaining a set 

S' which is a better approximation to the p-median set . The 

same tests are performed on the new set S' and so on, until a 

set S is obtained for which no substitution of a vertex in S by 

another vertex in X � produces a set with transmission less 

than "( ),[8]. This final set  is taken as required 

approximation to .The above method does not always give 

the best answer, [9]. 

B. Method �traversing a path� 

An alternative approach via linear programming is given by 

Marsten [10], who shows that the solution of the p-median 

problem is an extreme point of a certain polyhedron H, and 

that all other p-medians for  are also extreme 

points of H. By using lagrange multipliers and parametric 

linear programming, Marsten gives a method of traversing a 

path among a few of the extreme points of H. This path 

successively generates the p-medians of the graph G in 

descending order of p, although certain p-medians (for some 

values of p) may be missed and never generated, or, 
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conversely, extreme points of H may be generated which do 

not correspond to p-medians of G. Thus, although this method 

is both theoretically and computationally attractive, it may fail 

to produce the p-median of a graph for the specific value of p 

that may be required. In work[10] is described the case of a 

complete 33-vertex graph all of whose p-medians have been 

successfully generated for p = 33, 32, ..., 10, but whose 

9-median and 8-median could not be obtained by this method. 

C. Direct tree search method 

The algorithm for finding the p-medians based on directtree 

search has the following structure. Based on any of the forms 

describing the graph is constructed matrix M dimension VxV. 

J-th column of M contains all the vertices of the graph, 

arranged in order of increasing distance from the xj. The first 

vertex j-th column is xj. 

The search begins with the sequential scan of all nodes of 

the graph (for example, from the vertex of number 1 to the 

vertex with the highest number).xj initially is attached to m1j, 

then to the m2j, and so on until all possibilities are tried. For 

each of the possible attachment xj defines all the possible 

options of attachment xj + 1 and etc., until not be executed all 

vertices attachment. 

Each of the possible attachment of vertices forms a partial 

solution - a subset of vertices that can be p-median. For this 

subset is calculated cost.Once obtained all the possible partial 

solutions, are selected those, which the cost is minimal. These 

solutions are the p-medians of graph. 

With this method, you can find all the possible p-median. 

However, the number of potential solutions is the number of 

combinations in p nodes of n nodes, where n - the number of 

nodes of the graph G. It follows from (1).If number of nodes 

in the graph and p close in meaning to the n / 2 will increase, 

then the number of combinations will increase rapidly and 

time to find the true solution will also increase. This method is 

best used for small graphs. 

!)!(

!

ppn

n
! p

n
×-

=  (1) 

IV. CLASSIFICATION THE SYSTEM-ON-CHIP FOR P-MEDIAN 

SEARCH 

To search p-median System-on-Chip are classified by type 

of nodes. 

A. Homogeneous systems 

The system consists of homogeneous cores of the same area 

(Fig. 1).For example, this idea is used in the homoGENEous 

Processor arraY (GENEPY) platform for 4G applications, 

[11]. Also The Epiphany architecture defines a multicore, 

scalable, shared-memory, parallel computing fabric, [12]. It 

can be used in modern high performance computer systems for 

IoT devices. 

B. Heterogeneous systems 

The system consists of heterogeneous coreswith various 

sizes (Fig. 2), [13].A typical heterogeneous multiprocessor 

System-on-Chip (MPSoC)in mobile applications consists of 

multiple CPU cores of varying capabilities, GPU cores, DSP 

cores, and crypto accelerators and such cores differ widely in 

their physical size and their bandwidth requirements, [14].For 

example,Exynos is a series of ARM-based System-on-Chips 

(SoCs) developed and manufactured by Samsung Electronics, 

[15]. And Tegra is a SoC series developed by Nvidia for 

mobile devices, [16]. They areheterogeneous SoC. 

IP core IP core IP core IP core

IP core IP core IP core IP core

IP core IP core IP core IP core

 

Fig. 1. Example of homogeneous system 

IP core

IP core
IP core

IP core

IP core

IP core

 

Fig. 2. Example of heterogeneous system 

C. Hybrid systems 

The system comprises parts of the system, which consist of 

a homogeneous cores of the same area, also the system 

includes parts, which are composed of dissimilar cores of 

different size (Fig. 3). 

D. System with fixed position certain IP-blocks 

 Systems in which the location of certain cores is fixed and 

can�t be changed (Fig. 4). For such systems it is typical that on 

the physical layer the length of the communication lines, 

which can be used for interaction with this core, is limited. 
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IP core IP core

IP core

IP core IP core

The homogenous part of the

system

 

Fig. 3. Example of hybrid system 

IP core IP core IP core

IP core IP core IP core IP core

IP core IP core IP core IP core

The fixed core in the system

 

Fig. 4. Example of the system with the fixed core 

For homogeneous systems IP-cores can be easily 

represented as a node in the graph, since all the vertices of the 

same type (and have the same functional and area). For such 

systems, the place where will be located P-median nodes is 

determined only by the restrictions that are defined by the 

user. For systems in which not all nodes can occupy any 

position, must take into account features of their possible 

locations within the chip and take this into account in solving 

P-median problem. 

V. SEARCH P-MEDIAN IN THE HOMOGENEOUS 

SYSTEMS-ON-CHIP 

To find the p-medians, there are the following criteria: 

1) Distance. 

2) Throughput. 

3) Load of P-medians. 

4) Support for multiple criteria. 

A. Distance 

In the graph are searched P nodes, which have minimum 

distance to all other nodes in the system. In evaluating the 

distance from one node to all others can be used a variety of 

approaches. 

1) Evaluation of distances by the shortest route. 

2) Evaluation of distances according to the routing 

rules. 

The distance corresponds to the number of links that 

connect the nodes to each other. If necessary, the distance used 

as the number of nodes.Consider the following example. Fig. 5 

shows the system which consists of 5 nodes. The distance 

from median node to the not median node will not exceed an 

established value d. As an example, we define p = 2, d = 1. 

Searching the p-medians will be implemented by a direct tree 

search method. 

 

Fig. 5. Example of the system for searching p-median 

For solving this problem is necessary to make the distance 

matrix D for a given system (Fig. 6) in which the di,j - distance 

from the i-th node to the j-th.In this example, the evaluation of 

the distance is calculated according to shortest distance. 

Therefore it is necessary to make a matrix of shortest distances 

MD (Fig. 7), in which mdi,j - shortest distance from the i-th 

node to the j-th node. To create this matrix, you can use the 

Wave algorithm. 

 1 2 3 4 5 

1 0 1 - 1 - 

2 1 0 1 - 1 

3 - 1 0 - - 

4 1 - - 0 1 

5 - 1 - 1 0 

Fig. 6. The distance matrix for given system 

After determined the shortest distance between the nodes of 

the graph, it is necessary to build the matrix M = [mhj] 

(Fig. 8). J-th column of M contains all the nodes of the graph, 

arranged in order of increasing distance from the xj. The first 

vertex j-th column is xj. For clarity in the indices of elements 

of the matrix M, we write the distance between the xj and mj. 
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 1 2 3 4 5 

1 0 1 2 1 2 

2 1 0 1 2 1 

3 2 1 0 3 2 

4 1 2 3 0 1 

5 2 1 2 1 0 

Fig. 7. The shortest distance matrix for given system 

1 2 3 4 5 

10 20 30 40 50 

21 11 21 11 21 

41 31 12 51 41 

32 51 52 22 12 

52 42 43 33 32 

Fig. 8. MatrixM 

In the problem statement there is a distance limit(d = 1) 

between the median and the not median nodes. In the matrix 

M elements, whose distance is greater than d, are removed 

from consideration. On the Fig. 9 nodes, which are 

markedindark gray, will not be considered in the later 

decision. 

1 2 3 4 5 

10 20 30 40 50 

21 11 21 11 21 

41 31 12 51 41 

32 51 52 22 12 

52 42 43 33 32 

Fig. 9. MatrixM, with the application of adistance limit 

The remaining elements of the matrix M will be considered 

in the search for p-median. xj element is a potential median 

node, mj,i - the potential not median node. Since p = 2, then 

the median set Mm must contain 2 nodes, therefore, the non 

median set Mn must contain N-p elements, where N - number 

of nodes in the graph. In other words, the union of the sets Mm 

and Mn must cover the total set of nodes in the graph G(2). 

GMnMm =È  (2) 

  
Fig. 10 shows three solutions, which are derived by directed 

tree search for the given parameters p = 2, d = 1. Nodes, which 

are encircled by a bold line, are median nodes. Dashed links, 

which originate from the median nodes, show the relationship 

between the median and non median nodes. 

Fig. 11 shows the algorithm for finding p-medians with a 

distance limit. This algorithm allows to find only that 

solutions, which have minimal sum of distance between 

median and not median nodes. 

 

 

Fig. 10. Solutions of the p-median problem for given system with a distance 

limit, d=1 

Start

Loading NoC 

topology

Create matrix 

of minimal 

distance

Adapt matrix of min 

distances to sorted 

matrix M, applying 

distance limits

For each possible 

combination of p nodes 

from N nodes

Create new solution set S[]

Add combination of p 

nodes to Mm

Sum=0

For each median node in 

Mm

Add unmedian node to Mn

Sum=sum+M[median node,unmedian node] 

S[cost]>sum

Clear S

S[cost]=sum

S[med]=Mm

S[unmed]=Mn

Mm U Mn =G

yes

yes

There are no any 

solutions

Show 

solutions S

End

Create new median set Mm[p]

Create new unmedian set Mn[N-p]

S[cost]=sum

Add Mm to S[med]

Add Mn to S[unmed]

yes

For each unmedian 

node in Mmed

 
Fig. 11. Algorithm for finding p-medians with a distance limit 
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B. Throughput 

In the graph are searched P nodes, from which data can be 

transmitted to all other nodes in the system with user-specified 

throughput. In evaluating the throughput from one node to all 

others can be used a variety of approaches. 

1) Evaluation of throughput by the shortest route. 

2) Evaluation of throughput in accordance with the 

rules of the routing (XY-routing, routing table). 

3) Evaluation of throughput by several routes of the 

data transmission between a pair of nodes. 

In this paper we consider the case where throughput is 

evaluated by the shortest route. 

Throughput is equal to the minimum value of all the 

throughputs of the links, which are included within the 

shortest route. If there are several shortest routes, you need to 

find all the minimum values of throughputs, and choose the 

maximum value from it(3). 

 

{ }min, max ThrThr ji =  (3) 

 
Fig. 12 shows an example of such a situation. To transfer 

data from node 1 to node 2, there are 3 shortest routes: 1-3-2 

with Thrmin = 3, 1-4-2 with Thrmin = 2, 1-5-2 with Thrmin = 1. 

Throughput between node 1 and node 2 in this case is equal to 

3. 

 
Fig. 12. Determination of the throughput in case of the several shortest routes 

To solve the p-median problem with set throughput limit, 

generated the matrix of minimum throughputs between the 

nodes of the system. The structure of the system is shown in 

Fig. 13. 

 
Fig. 13. Example of the system for searching p-median with a throughput limit 

On the links you can see the layout of the form x/y, where x 

- the load of link, y - throughput of link. The loading is taken 

into account, when calculating throughput, so that the true 

value of the throughput is equal to the difference between the 

link's throughputand its loading. Matrix of the minimum 

throughputs is shown in Fig. 14. 

 1 2 3 4 5 

1 0 2 2 1 2 

2 2 0 2 1 2 

3 2 2 0 1 2 

4 1 1 1 0 1 

5 2 2 2 1 0 

Fig. 14. Matrix of the minimum throughputs 

Further, it is necessary to sort matrix of throughputs in 

order of increasing throughputs from a given node to the all 

others. Sorted matrix is shown in Fig. 15. 

1 2 3 4 5 

10 20 30 40 50 

41 41 41 11 41 

22 12 12 21 12 

32 32 22 31 22 

52 52 52 51 32 

Fig. 15. Sorted matrixof the minimum throughputs 

The column of matrix is a sorted list of vertices in 

ascending order of throughput from a given node to all other 

indicating the value of the minimum throughput to the 

corresponding vertex of the system. The column number 

corresponds to the given vertex. 

Very often for the systems is necessary to find a set of p-

median nodes which must be satisfied that the throughput from 

p-median node to any of the other nodes will be not less, than 

a user-defined value. For such problems, in sorted matrix of 

minimum throughputs easily eliminated those nodes, which 

throughput is less, than a user-defined value, and searching of 

P-median is implemented in an adapted matrix. 

Consider a situation that presented the matrix in Fig. 15 is 

given by the restriction that the throughput between the nodes 

of the system should not be less, than 2. This means that in an 

adapted matrix nodes, which throughput is less than 2, will be 

removed. Adapted matrix is shown in Fig. 16, where the dark 

gray marked nodes will be removed from consideration in the 

later solving. 

1 2 3 4 5 

10 20 30 40 50 

41 41 41 11 41 

22 12 12 21 12 

32 32 22 31 22 

52 52 52 51 32 

Fig. 16. Adapted matrix of the minimum throughputs 

Fig. 17 shows four solutions, which are derived by directed 

tree search method for the given parameters p = 2, thr = 2. 
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Nodes, which are encircled by a bold line, are median nodes. It 

should be noted that the node 4 in this case is the median node, 

which has not any attached of other nodes.In the fact that after 

was given throughput limit (thr = 2), we "cut off" 4-th node 

from the rest of the nodes, because from 4-th node comes out 2 

links, which the real throughput is equal 1. 

 

 
Fig. 17. Solutions of the p-median problem for given system with a throughput 

limit, thr=2 

Search P-medians by throughput allows to find such nodes 

in the system which have minimum possible throughput to 

other nodes of the system. Also you can find nodes for which 

will be found the greatest value of throughput for the given 

throughput limitations below. 

It helps the designer to identify the location of specialized 

blocks for which it is important to have a maximum 

throughput in relation to the other nodes of the system. To 

such blocks can be referred processors, controllers of access to 

external devices, etc. 

Algorithm for finding the p-medians with throughput limit 

is the same as the algorithm for distance limit, which was 

described on Fig.11. But a matrix of minimum throughput is 

used here instead of the distance matrix. Also, in contrast to 

the algorithm with distance limit, the selection is done by 

making the maximum sum of throughput. 

C. Load of p-medians 

For systems in which the location of the P-medians is 

already set, the actual problem is the evaluation of the load, 

which is distributed to selected nodes. Consider the following 

example illustrated in Fig. 18. As the p-medians were selected 

nodes 1 and 4. It is known that the 2-nd node transmits data to 

1-st node with an intensity of 100 Mbit/s, the 3-rd node 

transmits data to 1-st node with an intensity of 200 Mbit/s, the 

5-th node transmits data to 4-th node with intensity of 500 

Mbit/s. 

The total intensity of the transmitted data through the nodes 

that are selected as the p-medians is the sum of all intensities: 

100 + 200 + 500 = 800 Mbit/s. It is known that the number of 

p-medians is equal 2. The average load on each median node 

is 800/2 = 400 Mb/s. We can evaluate how much the actual 

load on each of the median nodes differs from the average 

load. It turns out that the load on node 1 is less than the 

average on 100 Mbit/s, which is (100/400) * 100% = 25%, and 

the load on 2-nd node more than the average on 100 Mbit/s, 

which is also 25%. 

1

3

5

4

2

P-median

2->1 100 Mb/s

3->1 200 Mb/s

5->4 500 Mb/s

 
Fig. 18. Example of system for load evaluation of p-medians 

With this information, the designer can evaluate the 

percentage ratio of the average load of median nodes and load 

of each selected node as the p-median. In addition, if the 

designer knows beforehand border of overload, he may set 

them as constraints and the software when searching for p-

medians can evaluate each of the found solutions for 

compliance with the valid values and create a solution that will 

meet the stated requirements, if they are attainable for the 

system with the specified parameters. If you can�t find a 

solution, the user will have the information that the 

restrictions, which he presented to the system is not feasible in 

the current configuration. 

D. Using multiple criteria in solving P-median problem 

For some computer systems it is very important to choose 

the location of specific nodes in the system with several 

requirements. To solve such problems, it is important to take 

into account the distance between nodes, throughput, and load 

of P-medians. For such problems, it is possible to use the 

incremental search of p-medians. 

For multicriteria p-medians problem, you can search 

solutions in the following ways: 

1) At the first step you get the set of solutions with the 

distance limit. After that you find solutions satisfying the 

constraints on throughput among solutions with distance 

limit. 

2) At the first step you get the set of solutions with the 

throughput limit. After that you find solutions satisfying 

the constraints on distance among solutions with 

throughput limit. 

3) Constraints on distance and troughput are taking into 

account during the search of the solution. 

In this paper we described first method of solving 

multicriteria p-median problem. If you want to analyze the 

distance and throughput, you get all the possible solutions 
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using only the principle of the search p-median in accordance 

to the criterion of the distance, then you get a solution that 

meets the criteria of throughput. Incremental search of 

p-medians is shown in Fig. 19. 

As an example of solving p-median problem with several 

restrictions, we consider the system shown in Fig. 13. For 

example, we define a limit distance limit d = 1, throughput 

limit thr = 2, and the load limit for p-medians ld = 15%. First, 

we should find solutions that satisfying distance limit, then 

from these solutions are selected solutions that satisfying 

throughput limit. Further, in the obtained solutions we should 

to verify that the load of p-medians is within the limits set by 

the user. The solution of this example is shown in Fig.20. 

Search P-median by distance

Search P-median by throughput

A set of solutions sorted by ascending to the

sum of the distances of all pairs of vertices

outside of the median set

A set of solutions sorted by descending to the

sum of the throughputs of all pairs of vertices

outside of the median set

Evaluation load of P-Median

A set of solutions satisfying the requirements of the

distance, throughput and load on the nodes that are

selected as the P-Median

 

Fig. 19. Step-by-step search of p-medians with several requirements 

It is known that the load of the 2-nd node is equal 4, and the 

load of the 4-th node is equal 3. The average value of the load 

at the p-medians is equal (4 + 3) / 2 = 3.5. Loads of both nodes 

are different from the average load of 0.5. We can evaluate 

how much the actual load on each of the median nodes differs 

from the average load: (0.5 / 3.5) * 100% = 14.3%. This 

means that the 2-nd node is overloaded by 14.3%, and the 4-th 

node underloaded by 14.3%. Since the load limit was set to 

15%, the solution satisfies the requirements. 

 
Fig. 20. Solution of the p-median problem for given system with following 

requirements: d=1, thr =2, ld =15% 

VI. CONCLUSION 

Solving the p-median problem helps to find nodes, with a 

minimum distance to other nodes and a maximum throughput 

for data transmission. Also we can set another criteria and 

requirements in solving p-median problem, which are 

important in the system-on-chip design.  

We can get information about placement controllers for the 

external memory using p-medians algorithm. Access to 

external memory often is the bottleneck. It is usefull to 

allocate controlles with minimum distances to all 

system-on-chip nodes. 

The most reliable way to solve p-median problem is using 

the �directed tree search� method, but we must remember, that 

this algorithm performs an exhaustive search of all possible 

solutions. And for large graphs this method is time 

consuming.In this paper we considered p-median problem 

with some criteria such as distance, throughput and load of the 

medians nodes. We describe how to use several parameters for 

finding p-median. The use of these criteria in solving the p-

median problem allows optimally distribute the nodes in the 

system. Optimal allocation of nodes helps to improve system 

performance and reliability. 
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