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through network interfaces. These computation elements can be either general purpose 

PowerPC 750, PowerPC 750 extended by custom instructions as shown in Fig. 4 above 

or custom hardware IPs written using systemC and synthesized with Agility compiler. 

 

Figure 5-5   A typical Network on Chip modelled using our framework 

 

5.7          Results and Discussion 

We have tested our approach of MPSoC synthesis with custom instruction extensions 

for Harris corner detector application described in Fig. 6(a).  

Harris corner detector is frequently used for Point of Interest (PoI) detection in many 

real time embedded applications during data preprocessing phase for real time object 

detection in a video stream. It might seem at first that only parallelism in the application 

is at the point where there are three gaussian operators or point to point multiplication 

operators being executed. But in fact, there is a lot more parallelism in the application 

that can be unleashed by changing the implementation model from SPMD model to full 

pipelined and half pipelined models by dividing the image into subsections. Fig. 6 (b), 

Fig. 6(c) and Fig. 6(d) show the examples of different updated task graphs where each 
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task is divided into subtasks dealing with separate sections on an image in parallel.  

 

 

Before the start of implementing our design flow on the application, we first explain the 

implementation details of SIMD instruction library and HW accelerators repository to 

estimate performance/ area requirements for the components.  

• Custom SIMD Instruction Library:   

As mentioned in previous section, we have developed a library of AltiVec 

instructions in VHDL and synthesized it to get area requirements for each instruction. 

Fig. 7 represents the area taken by various components of AltiVec on a Virtex-4 FPGA. 

Some components like Vector Permute Units and the modules related to shift 

instructions take as much as one thousand slices, which is more than 20 % of total 

ML403 area, while most of the modules are less expensive in terms of area 

requirements. An obvious reason for this fact is that the shift capabilities in AltiVec 

instructions are more than that of a “barrel shifter” since every block of the vector can 

be shifted by a different value. For standard implementation of the VPU, whole 

 

              
Fig 5-6(a): Image Processing Application to be Synthesized   Fig. 5.6(c): Updated Task Graph for Half Pipeline Mode 

 

    
 Fig. 5.6(b): Task Graph for SPMD Model   Fig.5. 6(d): Task Graph for Fully Pipelined Model 
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“crossbar” functionality has to be implemented to keep it compatible to standards 

resulting in adding a lot of RTL logic. Area might have been smaller for shift 

instructions if same shift value was used for every data component in the instruction. 

Similarly, the instruction with saturation takes up more area because of additional logic 

for implementation of saturation functionality. 

 

Figure 5-7   Area of AltiVec Modules on Virtex-IV FPGA 

 

• Image Processing Operators Library 

We have implemented a few image processing operators in hardware as hardware 

accelerators. These operators include various commonly used filters, corner detectors, 

point and geometric operators.  Each operator is synthesized and its area and 

performance estimations are obtained. These performance vs. cost values are 

benchmarked with general purpose processor and SIMD instruction extended processors 

to compare various implementations of each operator.   If an operator used in 

application is found in the library, it is used directly from there otherwise hardware 

designer has to implement the operator manually and synthesize it to get the 
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performance and area results.  For the operator found in given application, Table 2 

provides a comparison of performance results for each operator in three different 

implementations while Table 1 provides the area requirements of each operator when 

implemented in dedicated hardware. It can be seen that computation time or hardware 

accelerators is better than SIMD implementations however it should be noted that to 

assure that adding a hardware accelerator results in a speedup on a system level 

involving a NoC, communication time between two tasks mapped over two different 

processors should also be reduced to get benefit of the dedicated hardware design effort. 

On the other hand, although SIMD implementation involves programming effort in 

software development (if auto-vectorization option doesn't give good results and 

programmer opt or manual vectorization), there are no communication overheads 

involved because extended instructions are closely coupled to the general purpose 

processor where vector and scalar instructions travel simultaneously in their respective 

pipelines.  

Table 5-1  Synthesis Results for Harris Corner detector Chain 

Area ( Computational Logic and  

Memory) 

Module Name 

Comp. Logic 

Slices 

Memory 

(bits) 

Critical 

Path 

(ns) 

Synth 

Freq. 

 

(MHz) 

Sobel 896 131072 14.41 69.39 

P2P-Mul 604 262144 11.04 90.33 

Gauss 760 131072 6.32 61.1 

 Harris 1404 294912 19.32 51.76 

 

Table 5-2 Performance Comparison of Operators in HW, SIMD and GPP Versions 

 HW 

(cycles) 

Cycles/Pxl SIMD 

(cycles) 

Cycles/Pxl GPP  

( cycles) 

Cycles/Pxl 

Sobel 16676 4.07 24612 6.01 179670  43.86 

Mul 3152 .77 5675 1.39 41990 10.25 

Gauss 7966 1.94 18641 4.55 130490 31.85 

Harris 13225 3.23 9522 2.32 66440 16.22 
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For our application, performance constraint was given in terms of number of images 

treated in a second. Although, we have used image blocks of 64x64 during our 

simulations to keep the simulation times short, based on the cycle per pixel value 

obtained with simulation results, we estimate the number of 512x512 images treated 

with the same computation power in a second. Our target was to minimize the network 

complexity while achieving a 60 images/second throughput for the application. 

To estimate the amount of performance enhancement, we first executed our 

application on a single general purpose PowerPC 750 running at 333.33 MHz. The 

processor was not extended with custom instructions and no other computational 

elements were used in the environment. Instruction and data cache sizes, data bus width 

and related soft parameters were fixed to be kept constant or all the configurations in the 

design process to make realistic comparisons. Our initial simulation results showed us 

that it takes 186.4 clock cycles per pixel for performing all operation in the image 

processing chain. With this performance we can only process 6.8 images in a second 

that can be tremendously improved using our methodology without adding significant 

area/energy costs of the hardware. 

 

Table 5-3  Speedup of SIMD Extended Monoprocessor system vs. General Purpose Processor 

Function SIMD 

Version 

(Cycles) 

64x64 block 

SIMD 

Version 

(Cycles/pixel) 

 

Non-SIMD 

version 

(Cycles) 

64x64 block 

Non-SIMD 

Version 

(Cyc/pxl) 

Area Increase for 

SIMD Version  

(Number of Slices) 

Speedup 

of Vector 

over 

Scalar 

Version 

Sobel 24612 6.01 179670 43.86 1664 7.3 

Multiplication 5675 1.39 41990 10.25 271 7.4 

Gauss 18641 

 

4.55 130490 31.86 1590 7.0 

Harris 9522 2.32 66440 16.22 890 6.9 

Total 

(Monoprocessor 

System) 

107082 26.14 763550 186.41 1935 7.1 
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Another case to estimate performance improvements with SIMD extensions was 

tested. In this case, we still used a mono-processor system however difference was that 

the PowerPC processor was extended with custom SIMD instructions used by the 

application. We observed that with slight increase in area, we could get a significant 

speedup over the general purpose processor architecture. Results for each task and 

overall speedup are given in table 3 below. Our results showed that SIMD extension 

provided roughly seven times speedup allowing us to process 48 images/seconds. This 

was a significant improvement over base processor results however performance 

requirements were still not met requiring us to move to next steps in methodology 

involving MPSoC with an underlying NoC.  

As explained in design flow, we modelled the reference platform which was chosen 

to be a multiprocessor system with an underlying NoC of 2x2 with mesh topology.  This 

configuration uses one general purpose processor which is not extended with any SIMD 

instruction while three nodes are hardware accelerators modelled in SystemC. Our 

results showed a throughput of 15 images per second which is although more than 

double than the single general purpose processor results but it still needed significant 

performance improvements. At this point, we can see that although coarse grained 

parallelism is being exploited to a certain degree, as fine grained data parallelism is not 

dealt properly, our application still far away from meeting the constraints. If our 

methodology was based on traditional MPSoC synthesis techniques, we might have 

needed to increase the complexity of NoC to 3x3 to have further performance 

improvements. But in our case, our next exploration step involved implementing the 

scalar tasks into vector versions. Bottleneck tasks are vectorized and processor is 

extended according to the new instruction added in the task because of vectorization. 

After simulation, we observed that vectorization of tasks had resulted in an image 

throughput of 67 images per second meeting the performance constraints even with 2x2 

mesh topology.   

According to our methodology, once performance constraints were met, network 

simplification process was started which was done by shifting some functionality as 
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vectorized tasks instead of dedicated hardware accelerator. Bottleneck tasks are 

vectorized and processor is extended according to the new instruction added in the task 

because of vectorization. Tasks from hardware accelerators are shifted to extended 

processor and performance results are obtained. 

Table 5-4  Performance Results for Various MPSoC Configurations 

Configuration Details (Task Nature) Iteration 

Number 
Scalar  Vector Hardware 

Cycles 

Taken 

(64x64 

block) 

Cycles/Pixel Image 

Processed per 

second 

1 All None None 763550 186.41 6.8 

2 None All None 107082 26.14 48 

3 1 gauss, 3 

mul, harris 

None 2 gauss, 

sobel 

330488 80.68 15.06 

4 None 3 mul,harris 3 gauss 73413 17.92 70.95 

5 None 1 gauss, 3 

mul, harris 

2 gauss, 

sobel 

77221 18.85 67.45 

6 None Mul, harris, 

1 gauss 

1 gauss, 

sobel 

82837 20.22 62.88 

7 None Rest of 

operators 

Sobel 88440 21.59 58.89 

8 None Rest of 

operators 

2 Gauss 77586 18.94 67.13 

9 None Rest of 

operators 

1 Gauss 83190 20.31 62.60 

 

Last four configurations in Table 4 show the network reduction process in our 

methodology. We observed that with one Gaussian operator in hardware and rest of the 

operators shifted to vectorized software; our performance constraints were still met 

proving strong impact of vector extended instructions on MPSoC synthesis. This 

requires an MPSoC based on a customized SIMD instruction extended general purpose 

processor with only one hardware accelerator. It should also be clear that with this 

simple configuration, NoC might not be need and routers and network interfaces can be 

simplified further to reduce the implementation complexity.   
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5.8  Conclusions  

 

In this chapter, we have proposed a methodology to synthesize an MPSoC with an 

underlying NoC concurrently with extensible instruction set processors as individual 

MPSoC nodes. Doing both synthesis in a single step exposes new relationships that 

exist between mapping problem, processor architecture and network parameters. Our 

experimental results prove the effectiveness of our methodology by showing that 

network architecture can be significantly simplified by generating extended processors 

with custom SIMD instructions on individual nodes in a NoC.  

This work provides a first insight into the problem of MPSoC synthesis which allows 

the designers to exploit parallelism at two different levels in a single synthesis 

methodology. However further research is required on various aspects of the problem 

including irregular NoC topology synthesis with custom instruction generation, 

classifying applications suitable for the methodology  and understanding of inter-related 

parameters for MPSoC, NoC and instruction Set Extension synthesis problems.  

Considering that the productivity is a major concern for industry, our methodology 

already tries to address the productivity issues by simplifying the synthesis problem and 

restricting the application domain to data intensive DSP applications. However, there is 

still a need to automate the design flow to increase the productivity which requires 

significant improvements in auto-vectorization techniques and more automation in 

existing hardware and software synthesis techniques.   
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6. Conclusions and Perspective 

 

This chapter concludes the thesis by giving a summary of the previous chapters, where 

the key ideas and design flows are discussed. Based on the present state of our proposed 

design flow for combined SIMD customized instruction set generation as well as 

MPSoC synthesis, this chapter gives an overview about future directions for research 

with the objective to extend the methodology for more general types of NoC and 

MPSoC architectures. 

6.1 Summary of the Thesis 

 

In this thesis we have proposed a design methodology for MPSoC design with 

custom SIMD extended processor synthesis. The salient features of the methodology 

include: 

� Custom processor extension synthesis for data intensive applications. 
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� MPSoC and NoC Synthesis at high abstraction layers 

� Studying the effect of Processor customization on NoC architectures and vice 

versa 

Our SIMD customization design flow, unlike existing ASIP synthesis techniques, 

targets specifically data intensive multimedia applications. As a result, our instruction 

superset (set of candidate instructions) consists for well established industry standards 

simplifying the tasks of instruction set selection and instruction matching resulting in 

better design productivity as compared to existing methodologies targeting fine grained 

parallelism. 

 We recommend the use of behavioural synthesis, platform based design and TLM 

based modelling to achieve higher productivity without compromising the performance 

of synthesized systems. In our flow of MPSoC design, area and energy consumption 

issues are tackled at TLM level resulting in early bottleneck detection and hence shocks 

in late stages of the projects.  

Lastly, our design flow for integrated custom processor extensions along with 

MPSoC and NoC synthesis is one of the very first attempts to combine two inter-related 

sets of design methodologies which are often considered as two different problems.  

ASIP design and MPSoC design problems if combined together reveal a strong 

relationship between mapping problem and processor customization. To the best of our 

knowledge, it is the first work in this regard. As a first case of combined ASIP and 

MPSoC synthesis, we have shown that NoC architecture can be significantly simplified 

with the help of efficient processor customization resulting in lesser area and energy 

consumption.   

6.2 Future Research Directions 

Our work can be extended in several different research directions. Here are the few 

interesting directions requiring further inspection and research work. 
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1. Results of customized SIMD (vector) instruction synthesis are strongly dependent 

on compiler performance.  Evolution in compiler techniques especially in 

vectorization will directly affect the improved design flows for ASIP design with 

much more automation possible in the whole design process.   

2. Customized SIMD synthesis is a subset of generalized ASIP synthesis problem. As 

productivity remains a major issue, we are of the opinion that more domain specific 

ASIP design methodologies will appear in near future separately focusing on data 

level SIMD/vector type of parallelism and instruction level VLIW type of 

parallelism.   

3. Trend on number of cores on a single chip will keep on increasing in foreseeable 

future. Heterogeneous MPSoC with irregular NoC topologies will evolve to meet 

application specific system on chip solutions. As shown in chapter 5, number of 

cores can be significantly reduced by introducing ASIP synthesis design process in 

MPSoC design flows which will allow more useful utilization of resources without 

unnecessarily complicating the NoC structure. However our applications were not as 

large as usual application used in industry. More work needs to be done to apply our 

methodology  using larger industry scale applications which might results in many 

undiscovered aspects of inter-related system design parameters. 

 

The main contribution of the thesis is to show how ASIP design methodologies i.e. 

customized SIMD extensions can be introduced in MPSoC design process at higher 

level of abstraction. Although we have not used larger examples, the thesis should 

indicate the importance of our methodology that emphasized on processor 

customization concurrently with MPSoC and NoC synthesis. 

 

 

 

 

 

 

 

 



Abstract: 
 

An efficient system level design methodology for MPSoC synthesis should be able to exploit 
both coarse grained and fine grained parallelism inherent in the target application. 
Traditional MPSoC synthesis methodologies proposed so far emphasize on coarse grained 
(task level) parallelism exploitation where processor cores architecture is fixed before the 
start of multiprocessor design. On the other hand, extensible processor synthesis 
methodologies emphasize on fine grained (instruction level) parallelism ignoring the task 
level parallelism exploitation through multiprocessor design. We have observed that the 
problems of processor extension synthesis and general MPSoC synthesis are closely 
related and it is important to integrate both problems together to get optimal result. However, 
combining both problems complicates the synthesis even more because of large design 
spaces associated with these problems. In this thesis, we have proposed an MPSoC design 
methodology that combines the problem of traditional MPSoC synthesis with extensible 
processor synthesis to take benefit of both levels of parallelism. 
 

 

Résumé: 
 

Une méthode de conception de niveau de système efficace de synthèse MPSOC devrait 
être capable d'exploiter à la fois les parallélismes à gros grains et à grains fins inhérents à 
l'application cible. Les méthodes de synthèse traditionnelles ont jusqu’à lors proposé de 
mettre l’accent sur l’exploitation de parallélismes à gros grains (niveau des tâche) dans 
lesquelles l’architecture des coeurs de processeurs est définie avant le début de la 
conception des multiprocesseurs. D’un autre côté, des méthodologies de synthèse de 
processeur étendu portent leur attention sur les parallélismes à grains fins (niveau 
d’instruction) en ignorant l'exploitation des parallélismes de niveau des tâches par la 
conception de multiprocesseurs. Nous avons observé que les problèmes de synthèse 
d’extension de processeur et la synthèse général MPSoC sont étroitement reliés et il est 
important d’intégrer les deux problèmes ensemble pour obtenir un résultat optimal. 
Cependant, la combinaison des deux problèmes complique beaucoup plus la synthèse à 
cause des grands espaces de conception associés avec ces problèmes. Dans cette thèse, 
nous avons proposé une méthodologie de conception MPSoC qui combine le problème de 
synthèse MPSoC traditionnelle avec la synthèse de processeur étendu pour bénéficier des 
deux niveaux de parallélisme. 
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