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Abstract 

The demand for compute power is steadily rising. This also holds for embedded systems. 

Many-core processors provide a large computation power with less energy consumption 

compared to single core processors. In this thesis, we present a real-time capable 

communication mechanism for Network-on-Chip based many-core processors. Message 

passing mechanisms are required to enable communication among the applications 

executing on the different cores. We provide an implementation of the two presented 

message passing mechanism, targeting the Epiphany processor, as well as response time 

analysis to guarantee the timeliness of the messages. Additionally a simulation 

environment is presented, yielding the same behavior as experienced on the Epiphany 

processor. 

To enable real-time capable communication among different cores of a many-core 

processor, a data structure is proposed to store more than one message from several 

tasks executing on the different Epiphany cores. To evaluate the proposed approach, we 

measured the traversal time of messages between Epiphany cores. An experimental 

evaluation is performed to compare the measured traversal times with the results of the 

response time analysis and the simulation. 
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1. Introduction 

Parallel processing is gaining popularity in embedded systems due to the need   for more 

computing power of the embedded applications. Nowadays, many-core architectures 

become popular for embedded systems; they provide higher performance and less 

energy consumption than single-core processor. Many-core architectures increase the 

number of programmable cores and increase the computational power in embedded 

applications. 

The many-core processor is typically organized in tiles, which are connected by the 

Network-on-Chip (NoC) [1]. The main purpose of this thesis is to find a real-time capable 

communication mechanism for Network-on-Chip based many-core processors and 

analyze the response time for this mechanism. As most of embedded system platforms, a 

many-core processor needs an Operating System (OS) to handle resources usage in an 

efficient way. 

For the many-core processor, it is beneficial to execute one OS instance on each core. 

This thesis will focus on the communication mechanisms among those instances.  

Most of OS's are designed to work with a single-core processor or they are adapted to 

work with multi-core processors. Using an operating system on a many-core platform is 

problematic, because the structures of the traditional operating system are shared 

among all cores. These structures can only be accessed by one core at the same time. 

That is why having a huge number of cores implies a large blocking time [2]. In this 

thesis, one instance of FreeRTOS (Free Real Time Operating System) is running on each 

core of the Epiphany processor. 

2. Background 

Many-core processors is starting to obtain importance in the embedded and real-time 

systems area. Working with those processors is challenging and interesting due to the 

fact that it is a new field and has a lot of problems to deal with. The NoC is used as an  

interconnection medium for the many-core processor, because the traditional 

interconnection mediums such as the shared bus only work with a relatively small 

number of cores. 
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2.1 Real Time Embedded System 

Embedded systems are computers that are designed to do specific tasks, and most of 

embedded systems are cheap and have small memory space compared to a normal 

computer. Typical examples of an embedded system are pacemaker, digital watch and 

some parts in a modern car. 

A Real-Time system is a system that should perform tasks in a predictable time. A task in 

the embedded system is an executable program to perform a specific function. 

Real-Time systems are divided into two categories, soft and hard real time. Soft real time 

is a system that should perform tasks in time and it can afford to miss deadline. Hard 

real time systems should perform tasks in time and it cannot have any missed deadline 

because the results will be catastrophic. For example a missed deadline in a pacemaker 

will lead to human death. 

2.2 Network on Chip 

Many-core processors use the NoC as the interconnection medium, which has a layered 

and scalable architecture. The NoC is a interconnect technology used in system on chip 

(SoC)  for communication between intellectual property (cores). It solves on chip traffic 

transport and bus limitations that lead to system segmentation[3]. The 

NoC  architecture is a mesh of routers which has a different layout such as a 2D mesh of 

routers. Each router is connected to four neighbouring routers and the core it self.  

The structure of the many-core processors is based on tiles, which are connected by the 

NoC, these tiles are connected to the NoC by a router that controls the communication 

between the cores. The Epiphany NoC uses different networks for reading and writing 

transactions [4]. The NoC uses the wormhole switching routing mechanism. It splits the 

message into fixed size flow control digits (flits). Header and tail flits are then appended 

to the message. The wormhole routes the header first and once the header reaches the 

next node, it blocks the route until the body and the tail follow the header flit. The 

routers typically use the XY routing method and round-robin scheduling to arbitrate 

between packets arriving from different channels [4].  
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2.3 Hardware  

The Parallella board [6] from Adapteva is used in this thesis which is a scalable parallel 

processing platform that implements the 16-core version of the Epiphany processor [4] 

next to an ARM dual-core ARM-A9 Zynq System-On-Chip [6]. Figures (1) and (2)  show 

features, I/O Peripherals and Interfaces of the Parallella platform. 

 

 

Figure (1) Parallela Board Top View [6] 

 

 

Figure (2) Parallela Board Bottom View [6] 
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2.3.1 Epiphany Architecture 

The Epiphany processor is designed as a co-processor; thus it requires a host processor 

to run with [4]. The Epiphany processor implements a number of RISC (Reduced 

instruction set computing)  [7] CPUs, which can operate two floating point operations 

and load 64-bit memory per clock cycle. The Epiphany processor has a shared memory 

structure; each core has its own unique addressable address from a 32-bit address space 

[4], a network interface and a multi-channel DMA (Direct Memory Access) engine [4]. 

Figure (3) shows the epiphany architecture. 

 

Figure (3) Epiphany architecture [4] 

 

 

 

2.3.2 Memory Architecture  

The Epiphany memory architecture uses a single address space of 232 bytes. Each mesh 

node has a local memory that can be accessed by the core on the node and other cores in 

the system. A core cannot send a message directly to the other cores; however it can 

access their local memory through the NoC. The NoC in the epiphany processor has a 2D 

mesh layout and uses three mesh  structures, each mesh is used for different 

transactions:  

1. cMesh:  is specified for on-chip mesh node write transaction.  

2. rMesh: is specified for on-chip mesh node read transaction.  

3. xMesh:  is specified for off-chip  write transaction. 

 

 

The starting address for local memory access is 0x0 and the end address is 0x0007FFF. 

For global memory access, each mesh node has a global addressable ID that allows 
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access to the memory regions located on other tiles. Figure (4) shows the global and 

local memory map of  the Epiphany processor. 

 

 

Figure (4) Epiphany memory global and local map [4] 

 

As can be seen in figure (4) each core has a specific memory address assigned for all 

other cores. For example, if a core x wants to write to a variable of core y, which is 

located at the address 0x0010 (as seen from core y), the core first  acquires the offset to 

the memory of core y. After it adds the relative address, i.e. globalAddress = offsetCoreY 

+ 0x0010.   

2.3.3 CrossBar 

The on-chip memory on each Epiphany core is divided into 4 banks. Each bank has a size 

of 8 KB, which can be accessed one time during each clock cycle and can operate at a 

frequency of 1 GHz. To avoid problems of shared resource conflicts, the crossbar 

arbitration is based on the fixed priority arbitration. Figure (5) depicts the crossbar of 

one processing node [4]. 
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Figure (5) Processor node [4] 

  It is up to the crossbar  to transfer the packet from the router to the memory banks. The 

crossbar  handles all arriving packets from the writing channel, reading channel and 

DMA channel and more. Table (1) shows the fixed priority behavior of the crossbar [4], 

where the low numbers denote low priority. 

 

Table (1) Fixed priority behavior for Crossbar [4] 

 

Shared 

Resource 

Priority 1 Priority 2  Priority 3 Priority 4 Priori

ty 5 

Mem0 cMesh rMesh Load / 

Store 

Program Fetch DMA 

Mem1 cMesh rMesh Load / 

Store 

Program Fetch DMA 

Mem2 cMesh rMesh Load / 

Store 

Program Fetch DMA 

Mem3 cMesh rMesh Load / 

Store 

Program Fetch DMA 

rMesh Load / 

Store 

Program Fetch DMA n/a n/a 

cMesh rMesh Load / Store DMA n/a n/a 

xMesh rMesh Load / Store DMA n/a n/a 

Register File cMesh rMesh Load / 

Store 

n/a n/a 
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2.3.4 XY Routing  

XY routing follows some simple rules, at each node the router compares its address with 

the destination address, if the row address found different it will route the packet 

directly to the east or west; and if the column address found different it will route the 

packet directly to the north or south. Figure (3) shows the 2D mesh layout of the NoC. 

The core ID has 6 row-ID bits and 6 column-ID bits. The  row-ID and  column-ID bits are 

used to route packets to their destination. The packet is routed east if the destination 

column-ID is less than the current node column-ID  and it is routed west if the 

destination column-ID is larger than the current node column-ID. The transaction is 

always routed to the row direction before the column [4]. Table (2) explains the routing 

rules of the NoC [4]. 

 

Address Row Tag Address Column Tag Routing 

Direction 

Greater than Mesh 

Node Column 

Do not Care East 

Less than Mesh Node 

Column 

Do not Care West 

Matches Mesh Node 

Column 

Less than Mesh Node 

Row 

North 

Matches Mesh Node 

Column 

Greater than Mesh Node 

Row 

South 

Matches Mesh Node 

Column 

Matches Mesh Node Row Into Mesh 

Node 

Table (2) Routing rules of mesh-node IDs [4]  

 

2.4 Software  

The Parallella board is running an Ubuntu Linux, which can boot from the SD-Card. All 

installation steps can be found in [8].   

The Epiphany SDK  is designed for the Epiphany multi-core architecture, it contains a C-

compiler, simulator and debugger. Each core of the Epiphany processor can be 

programmed to execute an independent program. The program can be loaded onto the 
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processor by using a loader. The  loader is an Epiphany SDK utility, which loads 

Epiphany program onto the Epiphany processor [9]. Figure (6) shows the programing 

flow for the Epiphany architecture. 

 

 

Figure (6) Programing flow for Epiphany architecture [4] 

 

The user can compile and run one program for each core, and the same program can be 

deployed on more than one core.  The user can use the Epiphany SDK APIs to specify the 

core where the executable will run. It provides the user control over the code and data 

placement inside the memory. The linker script gives the user the ability to manage the 

memory allocation.  

Epiphany uses the common GNU GCC compiler which involves the general compiler 

options, debugging, linking, error, and warning options. 

The Epiphany linker e-ld combines the object files, relocates their data, and produces an 

elf executable for the Epiphany [9].  

2.5 Programing the Epiphany  

As mentioned before, the Epiphany processor can be programmed via the C language. 

The Epiphany Software Development Kit (eSDK) provides APIs that allow the user to 
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write programs to the Epiphany processor. To program the Epiphany processor the user 

will need to write at least two programs, one for the host CPU and one or more for the 

Epiphany cores. To program the Epiphany cores it is necessary to create a workgroup of 

cores by specifying the number of rows and columns of cores and determine the location 

of the starting core. The host program creates a workgroup, loads the executable image 

onto a specific core in the workgroup, and starts the execution. 

2.6 Operating System 

In general, an OS is a low level system software  that acts as a bridge between computer 

hardware and programs. The OS manages computer hardware and software resources 

and provides services such as task scheduling. Nowadays, there are many devices that 

have an OS, like cellular phones, web servers, and embedded devices. 

2.6.1 FreeRTOS (Free Real Time Operating System) 

FreeRTOS is a real-time operating system kernel for embedded devices, that has been 

ported for more than 22 processor architectures [10] and recently to the Epiphany 

processor [11]. 

FreeRTOS supports many different compiler tool chains, and is designed to be small, and 

easy to use for real time embedded systems [12]. The kernel of FreeRTOS has pre-

emptive, cooperative and hybrid configuration options and it is written mostly in C 

language. A Pre-emptive kernel[13] means that the OS can pre-empt (stop or pause) the 

currently scheduled task if a higher priority task is ready to run, while in a cooperative 

kernel [13] the running task is not allowed to be interrupted by other task until it yield 

or it finishes its execution. 

For better understanding of FreeRTOS the following parts are explained: 

Tasks in FreeRTOS: A task is a user‐defined code with a given priority that 

performs a special function. In FreeRTOS tasks can have the following states: 

Ready: When a new is task created, it will go directly to the ready list.  

Running: The task is currently running.  

Blocked: Task could be blocked due to accessing of a shared resource. 

Suspended: All tasks except the running one will be suspended, the suspended tasks 

are out of scheduling and it needs to be resumed. 

http://en.wikipedia.org/wiki/System_software
http://en.wikipedia.org/wiki/Cellular_phone


13 
 

At the end of the tasks lifecycle the tasks can be deleted. A state diagram of FreeRTOS 

tasks is shown in Figure (7). 

 

Figure (7) State diagram of FreeRTOS tasks [12] 

 

FreeRTOS Scheduler: A scheduler works as a decision center that decides which 

task should run at a particular time. In the ready list the tasks are ordered according to 

their priority. The scheduler runs the highest priority task in the list, i.e. fixed priority 

scheduler. The timer interrupt makes the scheduler run periodically at every period tick.   

Communication: In some systems, tasks need to communicate with each other. In 

FreeRTOS message queues are used to communicate between tasks.  

Resource Sharing: Due to the fact that embedded systems have small recourses, a 

way to synchronise the usage of shared resources is required. FreeRTOS use binary 

semaphore and mutexes to this purpose. 

3.Motivation 

As mentioned before in section 1, the traditional operating systems are shared among all 

cores, which can only be accessed by one core at the same time, thus a new paradigm 

has been proposed. This paradigm is exploiting the distributed nature of many-cores to 

structure an OS for many-core systems. One such example is the factored operating 

system (FOS) from Massachusetts Institute of Technology (MIT)[14]. The new OS 

paradigm treats the machine as a network of independent OS instances, and assumes no 

inter-core sharing at the lowest level [15], those OS instances communicate via message-

passing. Using messages can solve scalability problems for operating systems (such as 

memory management) [15]. 

The read and write transactions between cores cannot be done on the same network, 

since each transaction happens on separate networks. For instance, if a core tries to read 
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memory located on a different node, it sends a read request from its router via the read 

network, and receives the data that was requested through the write network. For the 

write transaction the data, together with the destination address, are sent over the write 

network to the destination node as shown in Figure (8). 

 

Figure (8) Communication between the routers 

4.Problem formulation 

In order to get the traversal time through the NoC, we need to calculate the time taken 

for reading and writing request between the cores.  The question that should be 

answered is: 

Can we find a proper response time analysis to get the worst case traversal time for 

resulting messages on the NoC ? 

Since main goal of our work is to bound the end-to-end delay for the communication 

between two cores we also need to find an analysis to calculate the worst case delays 

encountered during the memory access on the tiles themselves. By looking at the 

hardware architecture and using formulas to describe the hardware’s behavior, allows 

us to extract the end to end delay. 

The question will be: 

Can we calculate the end to end delay of the underlying architecture? 

Because that we run one OS instance on each core, to enable communication between 

the different OS instances a message passing mechanism is needed. The next question 

will be:  
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How can we transport all messages on many-core processor by introducing a message 

passing mechanism ? 

In order to get no conflicts between cores, the need to guarantee mutual exclusion is 

required. The question that should be answered is: 

Can we find a suitable method for synchronizing memory accesses between cores? 

5.Methods 

Solving the problems listed above require a well-defined strategy in order to structure, 

plan, and control the process of  this thesis. The research method used in this thesis is 

System development research methodology [16]. The system development research 

methodology takes a place in Information System (IS) researches, which connects the 

theory building and applied IS research [16]. Figure (9) shows the main parts of the 

system development research methodology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Flow diagram for System development research [16] 

 

 

Construct a conceptual 
framework 

Develop a system 
architecture 

Analyze and Design the 
system 

Building the 
(prototype) system 

Observe and Evaluate 
the system 
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1. Construct a conceptual framework: In this step the research problems should be 

well-defined, and the solution should be proposed  to solve the problems. It is necessary  

to prove the new solution by demonstration.  In this step a framework needs to be 

created, which includes all the new ideas and methods to solve the problems. These 

ideas will be checked for validation in later steps. 

2. Develop a system architecture: In this step it is necessary to identify the system 

architecture in order to be validated in the evaluation step. The system architecture 

involves all the parts of the system with their functionalities. This step defines the 

relationship among the system components and the way they interact with each other. 

Requirements and assumptions should be listed because the system will be designed  

and implemented based on these requirements. 

3. Analyze and Design the system: The design is one of the important parts in all 

engineer projects and researches. It requires a good understanding of technical parts 

and scientific knowledge of the studied area, which give several alternatives to propose 

various solutions. Theory and modelling are two important paradigms, which the 

system should be designed based on them. In this step all functions, APIs and the data 

structures should be determined for the system . 

4. Building the (prototype) system: In this step the proposed design will be 

implemented in order to build a system or a prototype to test the functionality of the 

system in the real world. The implementation discovers the weakness, feasibility and the 

usability of the system design. The system will be tested and evaluated after this step.  

5. Observe and Evaluate the system: In this step an experimental evaluation will be 

performed to test the system performance and prove that all objectives have been 

achieved. The results will be evaluated based on the requirements that are listed in the 

earlier phases. Experiences obtained from the developed system, could lead to introduce 

new theories and assist the developers to improve and extend the system. 

6. Expected outcomes 

This work will address the problem of communication between the different OS 

instances executing on a many-core processor. Evaluation of the work should be carried 

out on the Epiphany processor. This should include: 

1. Find a suitable abstraction from the memory architecture.  



17 
 

2. Implement message passing mechanisms to enable the communication 

between the individual FreeRTOS instances on the Epiphany processor and 

adjust the response time analysis for the NoC communication. The idea of 

message passing mechanism is to develop APIs that allow the user to perform 

both read and write transaction.   

3. Delay measurements for both read and write transactions. 

4. A simulator for the NoC that has the same features as the Epiphany processor 

NoC.  

5. Delay measurements for both read and write transactions on the simulator. 

6. Compare the proposed response time analysis with the delay measurements 

of the real implementation and simulations. 

7. System Model 

The structure of the many-core network is based on tiles, which are connected by the 

NoC. Each tile is connected to one or more cores and they are connected to the NoC by a 

router. The Epiphany processor has a 2D mesh layout of low-latency NoC which 

connects mesh nodes. The edges of the 2D mesh are not only connected to the epiphany 

interfaces, it can be connected to other interfaces as well, such as SRAM and I/O. Figure 

(9) shows 2D mesh network [4]. The epiphany mesh NoC has three mesh structures 

cMesh, rMesh and xMesh, each mesh is used to different transaction as mentioned in 

Section 2.3.2. 

 

 
Figure (9) 2D mesh network [4] 
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The NoC based many-core system implements the wormhole switching technique [17]. 

In the wormhole network each packet is split into fixed-size flits. The header flit 

contains the routing information, once the header reaches the next core it blocks the 

route for the body and the tail to follow as long as there is space in the buffer. 

 In this thesis the work will focus on the epiphany processor [4], which is implements 16 

cores and arranged as 4x4 matrixes.  In this work, each core is assigned an individual ID, 

which is represented by a decimal number.  The ID is in the range [0,15]. The ID is 

assigned to make the system more flexible for the APIs that perform the message 

passing between cores in all three parts (Response time analysis, Delay measurements 

and Simulation). Instead of using the cores coordinates for fetching and storing 

messages, cores IDs has been used. Figure (10) shows the corresponding core ID to its 

coordinates. 

 

 

 

 

 

 

  

 

Figure (10) Corresponding core ID to its coordinates 

7.1 Message  

A message is data, which needs to be sent from one core to an other core.  
A Message is represented in flows. A flow is a data that is transferred between two cores, 
each flow has a specific size, a source and a destination addresses. A flow traverses 
between nodes via links until it reaches it’s destination.  Since an instance of FreeRTOS is 
running on each core, thus messages are sent within a task. The message has a period 
and is sent periodically, which is done by the task. The maximum size of one message is 
a double word, which is equivalent to 64-bits. A message f is represented by the tuple {s, 
dest, source, T}, where s is the message size in flits, dest and source are the destination 
and source node respectively and T is the period of the message.  

 

 

 

 

ID(0) ID(1) ID(2) ID(3) 

ID(4) ID(5) ID(6) ID(7) 

ID(8) ID(9) ID(10) ID(11) 

ID(12) ID(13) ID(14) ID(15) 

0 

0 1 2 3 

1 

2 
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8. Message-passing between Cores 

The cores communicate via message-passing. Since the cores cannot pass messages 

directly, instead they access other core’s local memory. It is possible to get a global 

address of a memory location in another core’s local memory [9]. Once a global address 

is known, it is always possible to pass messages via read and write transactions directly 

to the local memory of that core. For achieving message passing, suitable APIs has been 

developed. These APIs can access cores local memory explicitly. The user can use those 

APIs to communicate between the cores through assigning the destination core ID 

without having knowledge about the underlying operation. 

Before starting using APIs for message passing, it is important to create a message box 

to store messages in each core. The following features should be considered in the 

message box: 

1. It is important to keep the size of the message box small, because the Epiphany 

cores have a small amount of memory, which is 32 KB for both data and code.  

2. The message box should be able to save messages from more than one task of the 

cores. 

3. To get faster communication, accessing the message box must have a high 

performance. The following structures are tested in the Epiphany processor to 

obtain the best message box  architecture: 

8.1 FreeRTOS Queues 

Since each core executes an instance of FreeRTOS, it is possible to use FreeRTOS queues 

as a message box. They can be used to send messages between tasks.  They use a FIFO 

(First In First Out) buffer and the data can be sent to the back or the front of the queue. A 

task can be blocked if it is attempting to read from an empty queue or to write to a full 

queue to avoid CPU time consumption [12]. The problem with this method is that the 

queue takes too much memory space, because it will require creating a queue for each 

core. This means that each queue will need an allocated memory for it, and as the 

Epiphany processor has 16 cores, this means that each core will have 16 queues, one 

queue for each core, and it will require to allocate memory for the entire 16 queue. In 

Addition, messages cannot be stored directly in the queues, It will need a variable to 

store the arrived message, and then pass this variable to the queue. 
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The equations (1), (2), (3)  and (4) have been used to find a total size that is required for 

the data structures inside each core’s local memory. 

Qs=Nm*S 

Equation (1) Queue size 
Where: 
Qs: Queue size 
Nm: Number of messages per core 
S: Size of one message 
Equation (1) calculates the size of the queue that is used to store messages from each 
core by  multiplying the number of messages with the size of one message.  
 
 

S=Ds+Ms 
Equation (2) Size of one message 

Where: 
Ds: Data size 
Ms: Mutex size 
Equation (2) calculates the size of one message by adding the data size with the mutex 
size. The data size is specified by a data type of message data, i.e. integer, float or double. 
The mutex size is a size of integer. 

Y= Qs 
Equation (3) size of variables to store messages 

Where: 
Y: The size of variables that store messages before sending it to the queues 
Equation (3) calculates the size of the variable that is used to store the message to pass 
it to the queue. The size of variables is the same as the queue size. 
 

 
Ts= Qs*Nt*Nc +Y 

Equation (4) Total size of FreeRTOS Queue 
Where: 
Ts:Total size 
Nt: Number of tasks per core (each core can run more than one task) 
Nc: Number of cores 
This equation calculates the total size of the data structure by using the results from the 
previous equations. 
 

8.2 Linear Hash Table  

A hash table is a data structure that stores items. It is a data structure that maps keys to 

values by using a hash function, which calculates the index to an array of buckets [18]. It 

is very easy to implement a hash table for the Epiphany cores, because hash values are 

fixed values, which are numbers of cores (1-16). The idea is to create a hash table, and 

each node of a hash table is an array of linked lists, this is called a linear hash table. This 
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array of linked lists is used to store the messages from different tasks, coming from all 

cores.   When task n in core x sends message m to a specific memory location in core y, 

the hash value of the hash table in core y is x while n, m will be a task ID, message ID 

respectively. Figure (11) shows the hash table. 

Figure (11) Linear hash table 

The drawbacks of this structure are performance and memory allocation problems. It is 

very slow, because it needs to loop through an array of linked lists to store a message.  

And it takes too much memory space since it needs to allocate memory for both hash 

table and the linked list. This method will require more memory allocation, since it uses 

two pointers to point to next and previous node in the list. Equation (5) has been used to 

calculate the total size of the linear hash  table. 

Tsh= Nc* Nt* (Nm* S)+p 
Equation (5) Total  size of the linear hash table 

Where: 
Tsh: Total size of  the linear hash table 
p: Is the number of pointers that point to the previous and next node 

Equation (5) calculates the total size the linear hash table as seen in equation (5) the 

linear hash table require more memory than the 3D array structure, which will be 

explained in Section 8.3. 

8.3 Structure with 3 Dimension (3D) Array 

As a result a structure with 3 dimensional arrays has been chosen. A 3D array can store 

all messages without any looping or too much memory allocation. The idea is that the 

first dimension of the array is a core ID, the second dimension is a task ID and the third 
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one is the message ID. This array is a member of a structure which is called the message 

box. This structure is used because other elements, such as mutex, are needed for the 

communication (will be explained in Section 8.4). Figure (12) shows the 3D array 

message box. Equation (6) has been used to calculate the total size of the 3D array. 

Tsd= Nc* Nt* (Nm* S) 

Equation (6) Total  size of 3D array 

Where: 

Tsd: Total size of 3D array 

This equation calculates the total size of the 3D array by multiplying the cores number 

with the number of tasks that sends messages with the number of messages with the 

size of one message. 

 
 Figure (12) 3 Dimension array  

8.4 Mutual Exclusion 

The Epiphany processor uses mutexes to guarantee mutual exclusion while accessing 

shared resources. Read and write mutexes have been added to the message box 

structure to ensure mutual exclusion between cores during write and read transactions. 

In the many-core processor each core has a read and write mutexes for locking of a 

shared resource. Once the mutex is locked,  no other core can access the resource of that 

core until the mutex is unlocked.  All cores can lock and unlock mutexes across core 

boundaries. 
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8.5 Creating the Message Box 

Before passing messages between cores it is necessary to initialize a message box. An 

API (create_box()) has been developed for this purpose. The API initializes the message 

box as follows: 

1. Allocate a memory for the message box. 

2. Initialize reads and writes mutex. 

3. Lock a read and unlocks a write mutex to make sure that the message box has got a 

message. 

8.6 Transactions 

The Epiphany mesh NoC consists of three separate mesh structures (cMesh, rMesh, 

xMesh), each one is used for different type of transaction [4].  Based on these structures, 

two message passing mechanisms are implemented: 

1. On-chip write transaction: Use cMesh channel to communicate between cores. 

2. On-chip read transaction: Use rMesh channel to communicate between cores. 

While xMesh has been used to make sure that the on-chip write and on-chip read 

transactions are performing correctly, by sending the result to the off-chip memory and 

printing it out to show the results. 

8.6.1 On-chip Write Transaction 

An API (add_message ()) has been developed to write messages from a source core to 

the destination core. To perform a write transaction the following steps are considered: 

1. In the destination core (create_box()) is called to create a message box. 

2. In the source core add_message () is called and it will try to lock the write mutex 

in order to start the write transaction.  

3. Once it got the lock, it will enter into the critical section to prevent any pre-

emption. 

4. After finishing writing, it will unlock the read mutex which means, the message 

box has got a message and then exit from critical section. 

Figure (14) shows write and read transactions diagram 
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8.6.2 On-chip Read Transaction 

For the read transaction a read request for the memory is sent out on the rMesh 

network to the destination core. The source address is sent also with the read 

transaction, because once the data has been read from the destination, it returns to the 

source address on the cMesh. Figure (13) shows read transaction. 

 

 

 

Figure(13): Read Transaction in Epiphany processor 

 

An API has been developed (read_message ()) to perform the read transaction which 

includes the following steps: 

1. In the destination core a message box has been created and it contained 

messages. 

2. In the source core read_message () is called and it will try to lock read mutex 

from the message box in the destination core.  

3. Once it got a lock, it will enter into the critical section to prevent any pre-emption 

4. After finished reading, it will unlock a write mutex, which means the message box 

is ready to perform a new write transaction. 

Figure (14) shows write and read transactions diagram. 
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Figure (14) Write and read transactions diagram 

Figure (14) shows write and read transactions. The first step is to create a message box 

in destination core, the source core 1 sends a message to the destination and then the 

source core2 can read the message from the destination. 

9. Response Time Analysis  

The response time analysis is very important in this project, because this will allow us to 

get the end to end delay for the communication among the cores. In order to get an 

accurate response time analysis, a closer look must be taken to the hardware and the 

memory architecture of the epiphany processor. After reading the epiphany architecture 

[4] and knowing more about the reading and writing channels in the epiphany 

processor, the end to end RTA has been performed for both the on-chip read and on-

chip write transactions. 

Equation (7) and (8) show the epiphany processor behavior for the writing, reading 

transactions respectively. 

 

Ew= Tc + Tw + Tc 

Equation (7)  The Epiphany processor behavior in the writing process. 

Where: 

Ew: end to end delay for writing transaction. 

Tw: Time for a message to go through the NoC (writing channel). 

Tc: Time for a message to go through the Cross Bar. 
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Equation (7) calculates the end to end delay of a message between two cores during the 

write transaction. 

 

Er= Tc+Tr+Tc + Ew 

Equation (8)  The Epiphany processor behavior in the reading process. 

Where: 

Er: end to end delay for reading transaction. 

Tr: Time for a message to go through NoC (reading channel) 

Equation (8) calculates the end to end delay of a message between two cores during the 

read transaction. 

9.1 NoC Traversal Time 

To analyze the traversal for a message through the NoC, more than one algorithm was 

studied. Three approaches were found that can match the NoC behavior of the Epiphany 

processor [19]. The following will give a summary about these three approaches to get 

the Worse Case Traversal Time (WCTT) for NoC: 

1. Recursive Calculus [20]: This approach is introduced by Dasari, which computes 

the WCTT by assuming that all the buffers in the routers between the source and 

the destination are filled to their capacity.  

2. Branch and Prune [19]: This approach gets the WCTT by looking into all the flows 

scenarios and how each flow will be delayed by other flows on each node. 

3. Branch and Prune and Collapse [19]: This is a new approach that is introduced by 

Dasari[19]. This approach is similar to the BP approach, by creating the List of 

possible scenarios. Once the list is ready, it introduces the scenario information 

retention limit (SIRL) which will limit the number of possible scenarios and 

introduce the dummy flow.  

9.1.1 Recursive Calculus (RC) 

To understand the concept behind the RC, an approach was presented to get the WCTT 

for a flow that travels from a source node to a destination node, the RC looks at the links 

that connects the nodes together and checks if the link is occupied by another flow, then 
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the WCTT is increased on this link. Figure (15) will show an example of the flows and 

how they can travel from node to node through the links [19]. 

 

 

Figure (15): Example to show RC algorithm  

 

Figure (15) shows three flows are generated in the network. Flow 1(f1) and flow 3 (f3) 

have the same destination. Flow 1 has a path through links (L1, L6, L9). According to  RC 

algorithm [20], first the (f1,L1) will be analyzed and f1 can be blocked if there is another 

flow on L1 is going to node 1(n1), otherwise it will return null, which means that f1 has 

reached n2, if a flow is blocked by another flow a delay time is returned . This delay is 

the round robin arbitration delay (dsw) which is usually 25 Microseconds [19], plus the 

dacroos [19] time, which is the time that taken for a flit to be read from an input 

buffer[19]. At the end, the algorithm adds all the delays that took place to the flow and 

get the WCTT for the flow. 

9.1.2 Branch and Prune (BP) 

Even though the RC approach works fine to get the WCTT for the NoC, but it has 

pessimistic results and the following drawbacks: 

1. The RC does not take care of the nodes in between the source node and the 

destination node.  

2. The RC does not have any information about the flows. 

The BP is a more advanced approach introduced to give tighter results for the WCTT by 

having closer behavior to the actual node behavior in the NoC. The concept behind the 

BP is the same as in RC, but it takes the context of the flows into account.  Each context 

contains a list of scenarios for the flow and its delay time, which assures to have 
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knowledge on each flow. Once the list of possible scenarios (LIS) is generated, it starts 

by branching out all the scenarios by looking at all the flows that are coming and going 

on the nodes. Once that is done, it starts by pruning (deleting) some of the scenarios that 

cannot occur or they are not feasible. This operation assures to get a tighter WCTT.  

Figure (16) shows, an nx, which is a node that can receive and send more than one flows 

fa and fb through different links lq and lp . This figure will show how the BP algorithm 

takes care of what happens in the nodes it self, by taking into account all the flows that 

arriving and leaving the nodes through the links [19]. 

 

Figure (16) Example of BP  

9.1.3 Branch and Prune and Collapse (BPC) 

The RC approach [20] gives a very pessimistic WCTT and the BP gives tighter WCTT but 

it takes long time to get the WCTT, therefore a new approach is introduced by Dasari 

[19] called BPC.  BPC is more advanced compared to both RC and BP. Figure (17) shows 

an example to illustrate the BPC approach [19]. 

 

 

Figure (17) An example to study the BPC algorithm  
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 Figure (17) gives an example of three nodes, this example will be used to demonstrate 

the work of BPC algorithm. BPC starts by getting the contexts for flow f and it generates 

the LIS for f. For example LIS(f, n1) =({fa,fb,f},{fb,fa,f},{fa,f},{fb,f},{f}).  

 Then it will explore the first scenario, at this time more list of scenarios will be 

generated from n2 (fa, n2) =({fc,fd,fa},{fd,fc,fa},{fc,fa},{fd,fa},{fa}) and do the same for 

second scenario (fb,n2) . All the scenarios will be studied and get their delay before flow 

f can move to n2, which means that a lot of scenarios will be studied, analyzed and that 

will take a long time in cases that have a lot of cores and flows.  The BPC will introduce 

the SIRL which is a number to reduce the number of scenarios. For instance, let assume 

that (5) is a number of the 25 scenarios from fa and fb. Once the scenarios reaches the 

SIRL number (5), they will be collapsed into a single dummy flow called fx and its delay 

will be set to the maximum delay among all the collapsed scenarios. When flow f moves 

to n2, it assumes that there is a fx flow arriving for the first time with no prior 

information just the delay of the flow, and thus the new LIS will be equal to 

({fx,fc,fd,f},{fx,fd,fc,f},{fx,fc,f},{fx,fd,f},{fx,f}). 

Choosing an appropriate SIRL, will either gives tighter WCTT or pessimistic WCTT. This 

SIRL control  the time it takes to capture the WCTT. 

9.2 CrossBar Delay 

In order to get the time for the crossbar to perform write or read transactions, Equation 

(9) introduced to calculate the crossbar delay time. This equation was introduced after 

reading the epiphany architecture [4] and based on the fixed priority behavior of the 

crossbars in table (1). 

 

 

Tc= Mt *n 

Equation (9) Cross bar writing time 

Where: 

Tc: Crossbar delay time. 

Mt: Time it takes to write message in memory. 

n: Is the number of flows from other nodes that can be written before the current flow. n 

is counted according to the flows priority. If the arrived flows have higher priority than 

the current flow, n will be the number of these flows.   
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9.3 Thesis Approach 

In this thesis the BP approach [19] is applied due to the reason that we are dealing with 

a small number of cores. In Section 8.6.1 and 8.6.2 two possible implementations for the 

message passing mechanism were introduced. Equation (10) shows how to get WCTT 

using BP approach. 

 

Tw=ni*(dacross + dsw) 

Equation (10) WCTT using BP approach 

Where: 

Tw: WCTT for NoC using BP approach 

ni: Number of intersections (how many times the flow gets blocked) 

 

10. Delay Measurements  

The timers of the Epiphany cores have been used for measuring delay time for both, on-

chip read and on-chip write transaction. Each Epiphany core has two 32-bit event timers 

[4]. They can be used to measure read and write transaction times. Two methods have 

been used to get a correct time of transactions: 

 

1. Synchronize a timer in all cores, which means starting the timer in all cores at the 

same time and then get the start time from the source core’s timer and the end 

time from the destination core. 

2. The start and end time of the transactions were captured from the source core’s 

timer. Before sending a message or sending a read request, the start time is 

captured and in add_message () and read_message () APIs the end time capture 

as well.  

The start and end time of transactions are measured in clock cycles, to get the delay time 

for transactions the following equations are used: 

Ck=Te-Ts 

Equation (11): Get the clock cycle 

Where: 

Ck: clock cycle 

Te: End time 

Ts: Start time 
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Rt=Ck/1GHZ/1000/1000 

Equation (12): Get the delay time in seconds 

Where: 

Rt: The response time in seconds 

11. Simulation  

The simulation is yielding the same behavior as experienced on the Epiphany processor 

NoC including: network topology, routing mechanism, and wormhole switching. In 

addition, it also contains parts of Epiphany processor such as crossbar, mutex, system 

cycle counter, read and write channels. The simulator is object oriented based and 

programmed in C++. It can be easily extended to include new features. This section 

presents an overview of the simulator. 

11.1 Initialize routers 

A function has been developed to initialize all routers with their messages. The function 

creates the user defined number of router and messages; it also sets the ID for all 

routers. 

11.2 Routing Algorithm 

As the Epiphany processor, the simulator uses XY routing to route messages from the 

source node to the destination node. A function (xy_routing ()) has been developed for 

this purpose. The message is routed to the destination by calling this function. 

At first it compares the destination coordinates, which represent the position of the 

node, with the current router's coordinates.  If the destination coordinates match the 

current router coordinates, then the message has reached the destination. Otherwise the 

API will do a calculation to find the next node for the message. 

11.3 Round Robin  

It is possible to have more than one message in each node, thus a function (round_robin 

()) has been developed to perform a round robin arbitration as the epiphany processor 

does. All nodes in the networks contain a round robin arbitration, which guarantee that 

there are no deadlocks and it splits the network bandwidth between competing agents 

[4]. All messages will be stored in a queue and the function will pick the first message 

from the queue and block all other messages that have the same direction. 
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11.4 Send message 

In order to send a message from a node to another node, a function has been developed 

(send_message ()). Once a message picked by round robin and the next node founded by 

the xy routing. This function will send the message to the next node and remove the 

message from the round robin queue. 

11.5 Wormhole Switching 

According to the wormhole switching mechanism, each message is divided into flits, the 

header flit, the body flits and the tail flit. These flits have the destination address and the 

data of the message. As in the Epiphany processor, the simulation also divides the 

message into flits called the body flits, and adds the header flit and the tail flit to the 

body flits. The header flit, always goes first, and then reserves the links for the body and 

the tail to follow.   

11.6 Timing 

As in the Epiphany processor, a function (get_ticks ()) has been developed to count and 

return the ticks during the simulation. These ticks will be used to run the simulator 

periodically. As in FreeRTOS all tasks run for the first time and then wait for a specific 

time (period) to run again, this function will make the simulator to have the same 

behavior. 

11.7 Run Simulation 

A function (run_simulator ()) is required to get the simulator to start simulations, and to 

run the entire functions of the simulator.  

11.8 Simulation Output 

Once the run function has been called, the simulation will be started and it shows the 

path of each message. The simulator will continue its execution until all periods are 

done, and all messages have reached their destinations. The user can define the number 

of simulated message instances of the simulator. Figure (18) shows a sample of the 

simulator output, which shows that at first a mutex will be locked, then the flits start 

transferring from node to node until it reaches the destination.. 
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Figure (18) Sample of the simulator output 

 

12. Evaluation 

The evaluation is divided into four parts (Message passing functionality, RTA, Delay 

measurement and Simulation). In this section experiments will be provided for all parts.  

12.1 Message Passing Functionality  

In order to make sure that the communication method works fine, several tests were 

made to validate the functionality of the communication between cores.  
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12.1.1 On-chip Write Transaction 

For on-chip write transaction as mentioned in section 8.6.1, first a message box will be 

created in all destination core. The developed API (add_message ()) transfers messages 

between cores. This API accesses the global address of the local memory of cores 

explicitly and writes the data to their data structure. 

Another API (read_after_write ()) has been developed to read a data locally after writing 

has been done, and then the results will be sent to the off-chip memory through the 

xMesh. This operation will make sure that all cores can communicate with each other if 

they received all messages. 

For testing communication for on-chip write transaction the following experiments have 

been performed: 

1. Test two cores: Send message from core 0 to core 1. Core 1 read the message 

locally, and then print the message through the xMesh. 

2. Test four cores: Send message from core 0 to core 1. Send another message from 

core 2 to core 1. Core 1 read the messages and subtract first message from the 

second, and then send the results to core 3.  Core 3 read the message locally, and 

then print the message through the xMesh. 

3. All sixteen cores have been tested by sending messages to each other and 

applying mathematical operations to make sure that communication between 

them have been established successfully.  

12.1.2 On-chip Read Transaction 

For on-chip read transaction as mentioned in section 8.6.2, the developed API 

(read_message ()) will read the data from the cores that already received a message 

from other cores through the write transaction. This API sends a read request, and then 

it receives a reply from the destination core to write what have been requested. This API 

accesses the global address of the local memory of cores explicitly as well. 

After reading has been done, the results will be sent to the off-chip memory through the 

xMesh. This operation will make sure that all cores can communicate with each other if 

they received all messages. 

For testing communication for on-chip read transaction the following experiments have 

been performed: 
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1. Test one: Core 0 sends a message to core 1. Core 2 read the message from 

Core 1. Core 2 read the message locally, and then print the message through 

the xMesh. 

2. Test two: All sixteen cores have been tested by reading messages from each 

other and applying mathematical operations to make sure that 

communication between them has been established successfully.  

12.2 Response Time Analysis 

One program has been developed for the RTA, which has the following steps: 

-Assign an ID to Cores: Initialize the cores coordinate and assign an ID to each core. 

-Generate Random Flows: The first operation of the program is to generate 16 random 

flows by calling an API (generate_flows ()). Each flow has the data, source and the 

destination addresses. The data is considered as one flit, which has the maximum size of 

the message. The API generates the flows based on a fixed start (source) and a random 

destination in the range [0,15], which is the maximum number of the Epiphany 

processor cores. The generated flows will be used for both read and write transactions. 

-Get Contex in BP 

The following steps demonstrate the get contex operation in BP: 

-Find the Path of Flows: The most important step is to find the paths of the flows; an 

algorithm was developed to find the path of all 16 flows. It operates by getting the 

coordinates of the source for the flow and compares it with the flow destination. Based 

on the result of the comparison, several operations were performed to get the nodes 

that each flow will pass by. An API (get_path ()) was developed for this purpose.  

-Compare the Paths to get the WCTT: Once the paths are found, each flow will be 

compared with other flows to find how many times it will intersect (blocked) with other 

flows. When the number of the intersection is found, then the equation (10) will apply to 

all flows, and it will return WCTT for all the flows. An API (get_wctt ()) was developed 

for this purpose.  

-End to end delay: Once the WCTT is computed, the end to end delay will be calculated 

by using equation (7) for on-chip write transaction and equation (8) for on-chip read 

transaction . 

12.2.1 RTA for On-chip Write Transaction 

Table (3) shows the flows that have been generated randomly: 
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Flow 

ID 

Source Core 

ID 

Destination 

Core ID 

1 0 12 

2 1 0 

3 2 8 

4 3 7 

5 4 1 

6 5 14 

7 6 11 

8 7 9 

9 8 15 

10 9 2 

11 10 9 

12 11 3 

13 12 7 

14 13 7 

15 14 0 

16 15 11 

Table (3) Generated flows 

Find the paths for all the 16 flows, which can be seen in figure (19). 

 

Figure (19) The paths for all the 16 flows 
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Once the paths of all the 16 flows are found, calculate the WCTT of each flow by applying 

the BP method. One delay (blocking time) is equal to (dsw=25 micro second [19] + 

router switch=1ns [21] + transfer delay=3ns [21]). The maximum delay that can happen 

to the flow is added to the writing time delay for the crossbar. Figure (20) shows WCTT 

for the 16 flows. 

 

Figure (20) WCTT for the 16 flows 

Figure (20) shows that flow 13 has the highest WCTT, because it has the maximum 

number of blocking by other flows. Flow 2 has the lowest WCTT because it has the 

minimum number of blocking by other flows. The blocking for all flows can be seen in 

figure (19). 

12.2.2 RTA for On-chip Read Transaction 

To get the response time via the reading channels, the same random flows from table (3) 

have been used. The difference in this method is that the messages travel on two 

different paths on two different networks, first for sending the reading request from the 

source to the destination, second to get the response of the request from the destination 

to the source. Figure (13) showed the reading transaction [4]. 

Find read request path of the flows, which has the same path as on-chip write 

transaction in figure (19) . 
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Once read request is arrived, find write back (reply to read request) path of the flows, 

which can be seen in figure (21). 

 

Figure (21) Write back (reply to read request) path of the flows 

Once the Paths of all the 16 flows are captured, calculate the WCTT of each flow 

by checking how many times it will be delayed by other flows. One delay 

(blocking time) is equal to (dsw=25 micro second [19] + router switch=1ns [21] + 

transfer delay=3ns [21]). The maximum delay that can happen to the flow is 

added to the writing time delay for the crossbar. This operation will apply twice 

for both read request and write reply. Figure (22) shows the WCTT for read 

transaction. 
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Figure (22) The WCTT for read transaction 

Figure (22) shows that flow 13 has the highest WCTT, because it has the maximum 

number of blocking by other flows. Flow 2 has the lowest WCTT because it has the 

minimum number of blocking by other flows. The blocking for all flows can be seen in 

figure (19) and figure (21). Due to using the same random flows in the read and write 

transactions, both transactions have the same behaviors except the read transaction has 

higher WCTT. The comparison between write and read transactions has been done in 

figure (23). It shows that the write transaction is faster than the read transaction.  

 

 

Figure (23) Comparison between write and read transactions 
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12.3 Delay measurement  

As RTA tests, the same flows have been used on the platform. Two tests have been 

performed: 

1. Send one message from all 16 cores by sending the message once, and get the  

traversal time for each flow. 

Results for write communication can be seen in Figure (24).  

Figure (24) shows that flow 13 has the highest delay, because it has the maximum 

number of blocking by other flows. Flow 2 has the lowest delay because it has the 

minimum number of blocking by other flows.  

 

Figure (24) Delay measurement for one message in on-chip write transaction 

Results for read communication, can be seen in Figure (25). 

 

Figure (25) Delay measurement for one message in on-chip read transaction 
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Figure (25) shows that flow 13 has the highest delay, because it has the 

maximum number of blocking by other flows. Flow 2 has the lowest delay 

because it has the minimum number of blocking by other flows. Due to using the 

same random flows in the read and write transactions, both transactions have 

the same behaviors except the read transaction has higher delay. 

The comparison between write and read transactions for one message has been 

done in figure (26). It shows that the write transaction is faster than the read 

transaction as in the Epiphany processor. 

 

Figure (26) Comparison between write and read transactions 

It can be seen from figure (26) that the difference between the write and read is 

not as large as in figure (23), because the delay values in figure (26) is taken from 

the Epiphany processor which are the realistic results (tested on the platform)  

and the results in figure (23) represent the end to end delay RTA, which include 

the WCTT for the  NoC .  

2. Send 1000 messages from all cores by sending the same message for 1000 times 

according to its period. The period is in the range [15,90] milliseconds. The 

following results  are accomplished: 

 -Average and Standard Deviation (SD): Get the average time for all 1000 

messages from each core, and then the SD of the 1000 messages for the write 

transaction. Figure (27) shows the average and SD of the 1000 messages for the 

write transaction. 
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Figure (27) The average and SD of the 1000 messages for the write transaction 

- Min- and Max-time: Get the shortest and longest time among all 1000 messages 

from each core. Figure (28) presents the min and max messages among the 1000 

messages. The red dots represent the Max messages and the blue dots represent 

the min messages. 

 

Figure (28) The min and the max of the 1000 messages for the write transaction 

In figure (24), for one message both write and read mutexes are used to make sure that 

the communication work correctly as mentioned in section 12.1.1. But for 1000 
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messages only write mutex is used, because reading messages are not necessary. This 

makes the maximum values in figure (28) less than the delay time of one message in 

figure (24). 

 12.4 Simulation 

 As RTA tests, the same flows have been applied to the simulator. Two tests have been 

performed: 

1. Send one message from all 16 cores and get the communication time for all flows. 

Results for write transaction. Figure (29) and (30) shows the results for one 

message of the write and read transaction in the simulator. 

 

Figure (29) One message for write transaction in the simulator 
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Results for read transaction: 

 

Figure (30) One message for read transaction in the simulator 

2. Send 1000 messages from all cores by sending the same message for 1000 times 

according to its period. The following results  are accomplished: 

-Average and Standard Deviation: -Average and Standard Deviation (SD): Get the 

average time for all 1000 messages from each core, and then the SD of the 1000 

messages for the write transaction. Figure (31) shows the average and SD of the 

1000 messages for write transaction in the simulator. 

 

Figure (31) The average and SD for the 1000 messages for write transaction in the simulator 
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-Min and max: Get the shortest and longest time among all 1000 messages from 

each core, figure (32) shows the min and max  messages from the write 

transaction in the simulator. 

 

Figure (32) The min and the max messages from the 1000 messages from the write transaction in the 

simulator 

12.5 Comparison between RTA, Delay Measurement and Simulation 

As noticed in sections 12.4, 12.3, 12.2, it can be observed in all parts, flow 13 has highest 

blocking time while flow 2 has lowest blocking time. 

The comparison between the maximum of 1000 messages of on-chip write transaction 

of the Epiphany processor and simulation with end to end RTA for write has been done 

in figure (33). It shows that end to end RTA has longer time compared to the Epiphany 

processor and the simulation because it is pessimistic, which include the WCTT for NoC 

using BP approach. The end to end RTA guarantee the timeliness of the messages, which 

means a message cannot be delayed more than the delay time of the RTA. As it can be 

noticed in figure (33), the simulator gives higher results than the delay measurement in 

the Epiphany processor, due to the simulator sends messages with a maximum size to be 

on the safe side, on the other hand, the Epiphany processor sends messages in different 
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sizes. The comparison of the read transaction of 1000 messages was not done due to 

lack of enough time. 

 

Figure (33) The comparison of maximum messages from Epiphany processor and the Simulator with 

the  end to end RTA 

13. Related Work 

13.1 WCTT for NoC in many-core  

Many researches were done on NoC communication in many-core processor. Similar 

researches to our work were found starting from the work of Ferrandiz et. al [22] in the 

Recursive Calculus (RC) algorithm, which gives a pessimistic result. Another algorithm 

with tighter result was found, such as the Branch and Prune (BP) algorithm by Dasari 

[19]. BP takes a long time to calculate the WCTT [19]. The work of Dasari exceeds the BP 

algorithm to get more advanced algorithm in The Branch and Prune and collapse (BPC), 

this algorithm is more efficient, especially for systems with a lot of many-cores with a 

huge number of flows. The BPC will save time and try to cut the list of scenarios to go 

through.  

 

 



47 
 

13.2 Hardware 

The many-core processor is starting to gain importance in embedded systems, due to it's 

scalable architecture.  Several hardwares are presented with similar behavior as the 

Parallella board, which has been used in this thesis. For instance the Tile-Gx72 with 72 

cores from Tilera [23]. The Tile-Gx chip has 72 cores connected by iMesh on-chip 

network [24]  which is the interconnection medium that connect the  tiles with five 2D 

mesh networks [25]. Each tile has 64-bit processor, L1 and L2 cache and a switch that 

connects the tiles to the mesh [24]. 

Another example is MPPA MANY-CORE from Kalray [26] with 256 cores. It is structured 

as an array of 16 clusters and 4 I/O subsystems, that connected by two NoCs.  The NoC is 

a 2D-wrapped-around the torus, that has a bandwidth of 3.2 GB per second between 

each cluster [27]. Another example of such hardware is Intel's Single Chip Cloud 

Computer Processor (SCC) [28], which has 48 general-purpose x86 cores. 

13.3 OS for Many-core 

Researchers are working on exploiting the distributed nature of many-cores to structure 

an OS for many-core systems. An example is Barrelfish operating system [29], which is a 

multi kernel paradigm, which treats the platform as an independent network of cores.  

MITs factored operating system [14] is another example of an OS that has been 

proposed for many-core systems with thousands of cores. FOS divides the OS services to 

a set of processes that can communicate via a high performance message passing 

system. 

13.4 Simulation 

Designing and testing experiments on real many-core processors is costly, thus 

simulators are commonly used in system design. A simulator allows implementing a 

design for the system before getting it up and running on the actual hardware [30].    

VNOC is an example of a NoC simulator, most of it is written in C++, it can simulate more 

than one type of traffic for instance uniform random, transpose and hotspot. VNOC uses 

2D mesh topology and it allows the user to choose the size of the mesh, it also uses the 

xy routing algorithm. VNOC also has a GUI [31]. 

NIRGAM is another NoC simulator, it is designed in systemC, and it allows having 

different experiments according to user defined options for every stage of the NoC such 

as topology, switching algorithm, buffers and routing mechanism [32]. 



48 
 

NoCTweak is an open source NoC simulator, which is developed in SystemC [33] and 

C++ plugging. It uses a 2D mesh, wormhole switching, round robin arbitration and xy 

routing [30]. 

     

13.5 Message Passing 

Communication on many-core processor was performed by using message passing. SCC 

is an example of many-core processor that use message passing for communication 

between its 48 general-purpose x86 cores. 

SCC has two communication libraries Rckmb and RCCE [34]. Rckmb provides data link 

layer in the network such as TCP/IP and RCCE provides APIs for message passing.   

Another example is the Intel iPSC/2, which has two Intel 80386 processors [35]. The 

connection between the processors was performed by network hardware with a 

hypercube topology [35]. 

The network hardware performs routing and transferring messages. The routing is the 

wormhole routing that use a virtual circuit from the source to the destination and then 

virtual circuit will be used to transfer messages by using dynamic memory access [35]. 

14. Future work 

- Performing more tests for our APIs, such as writing and reading many messages from 

all cores by using many tasks in FreeRTOS. 

-Develop features from Epiphany cores in the simulator, such as interrupt, timers, DMA. 

- Develop a graphical user interface for the simulator in order to make it easy to use. 

-Develop a routing algorithm for the Epiphany processor, that can act as source routing 

algorithm [36]. In the source routing algorithm the message has all information about 

routing path and these information are stored in a header of packet before sending it. 

The packet will travel through the network,  according to the sender information. 

-Use many-core processors in a vision system. The idea is to make all cores perform 

image processing by dividing video frames between all cores. This idea produces a very 

high performance vision system, but it will require more on-chip memory space. 

15. Conclusion 

It was challenging to find a proper data structure for message passing and to develop a 

simulator for the Epiphany NoC.  BP algorithm has been used to calculate the WCTT for 

NoC based on Dasari's paper [19]. The RTA for end to end was calculated by using 
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mathematical equations by adding WCTT for NoC and crossbar delay. Two message 

passing mechanisms (On-chip write transaction and On-chip read transaction) have 

been developed among Epiphany cores. Mutual exclusion has been achieved by using 

write and read mutexes in the message box. 

A simulator that has the same behavior as the Epiphany NoC was developed. Delay 

measurement and sending messages were applied to the Epiphany processor and the 

simulator. 

As a result the transactions have a similar behavior in RTA, simulator and the Epiphany 

processor, which show that the developed systems are probably working. Except that 

the Epiphany is realistic and the RTA is the pessimistic one, because it includes the 

WCTT for NoC. It was shown that the on-chip write transaction is faster than the on-chip 

read transaction due to the fact that the read transaction sends a read request first, then 

receives a write reply. The simulator is the first attempt to develop a simulator for the 

Epiphany NoC. It has similar behavior as the Epiphany processor, but it gives higher 

results because the  message size is set  to the maximum to be on the safe side. 
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