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Introduction 
 
Multiprocessing can be considered as the most characteristic common property of complex 
digital systems. Due to the more and more complex tasks to be solved for fulfilling often 
conflicting requirements (cost, speed, energy and communication efficiency, pipelining, 
parallelism, the number of component processors, etc.). Ordering the priority at the fulfilling 
of these requirements becomes critical also on the highest abstraction level in the design 
process. [1] Nevertheless, the consequences of such decisions are hard to predict on a high 
abstraction level before executing the whole design process. 
For most complex tasks, different types of component processors may be required by forming 
a so called Heterogeneous Multiprocessing Architecture (HMA). The component processors 
of such systems may not only be general purpose CPUs or cores, but also DSPs, GPUs, 
FPGAs and other custom hardware components as well. Therefore, the system-level design 
process should be capable to handle the different types of component processors in the same 
generic way. The hierarchy of the component processors and the data transfer organization 
between them are strongly determined by the task to be solved and by the priority order of the 
requirements to be fulfilled. For each component processor, a subtask must be defined based 
on the requirements and their desired priority orders. The definition of the subtasks, i.e. the 
decomposition of the task influences strongly the cost and performance of the whole system.  
Therefore, systematic algorithms may help the designer in comparing and evaluating the 
effects of different decompositions into subtasks in order to approach the optimal decisions 
already in the system-level synthesis phase. For decreasing the design time, existing solutions 
are often extended and reused intuitively in HMA design even though this does not guarantee 
beneficial results.  
In the system level synthesis phase of pipeline systems, the designer can apply several 
different HLS (High Level Synthesis) tools and algorithms [3][4]. Such tools usually start 
from a task description formalized by a dataflow-like graph or by a high level programming 
language [2] [3]. These algorithms can also be utilized after suitable modifications for HMA 
design and in case of hardware-software codesign [5] as well. The latter problem can also be 
considered a special case of decomposition [6]. 
 
There are several commercial system level synthesis (SLS) tools, however most of these can 
only be considered as HLS tools since they are only capable to transform a high level 
language (usually C) description into hardware description and/or machine code for several 
predefined architectures, usually for FPGAs or FPGA and CPU based SoC (System on chip) 
platforms. 
The most well known commercial tools are for example the Mentor Graphics Catapult HLS 
[7] and the Xilinx Vivado Suite [8]. In contrast to the commercial tools, there are other free 
and open source tools mostly created for academic purposes. Some free academic tools are 
really well documented and have comparative or even better features than the commercial 
ones. LegUp [9] for example is one of the most well-known free tools. Besides being an HLS 
tool, it is capable to synthesize heterogeneous architectures as well. However, it can only do 
so by using predefined templates and by considering the communication time only between 
components based on those templates. Most commercial HLS tools only support a restricted 
subset of the given high level language. LegUp however supports all ANSI C syntax elements 
including pointers, structures and global variables, the only exceptions being recursion and 
dynamic memory allocation. The final result of LegUp is a synthesizable Verilog code for 
several Altera FPGAs and one specific Altera SoC module. LegUp is also capable to handle 
loops by pipelining iterations or unrolling. It is however not capable for complete handling of 
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nested loops, only the outmost nested loop can be unrolled and only the innermost nested loop 
can be pipelined. 
Because of this limitation alone, to generate the source code in most image processing 
algorithm requires a substantial amount of work consisting of mostly nontrivial intuitive 
steps, in order to get an efficient implementation in an FPGA by LegUp. This is true for most 
commercial tools as well. 
There are several systematic methods and design patterns to facilitate the development of 
complex programs especially for HLS by LegUp such as [11]. However, it might be difficult 
to apply these for modifications in an already existing source code. 
 
There are other kinds of so called experimental system level synthesis tools, which are 
capable to show the expected results of some design decisions by modeling or simulating 
different architectures, but these tools usually do not make automated decisions. Such tools 
are also called Design Space Exploration (DSE) systems, such as Metropolis [12] or PeaCE 
[13]. 
The DSE tools which are able to perform partially automated decisions (e.g SysteMoC [14]) 
can take into account the communication time between components in advance, only if 
special system architecture is used. The usual assumption is that all the components are 
connected to a common synchronous parallel bus, which is usually the case in SoCs. 
However, it is impractical in case of distributed systems because of the large distances 
between components. 
A novel tool called SYLVA [15] is capable to select and model communication channels 
automatically. However, this tool is dedicated to implementing very efficiently small-size 
signal processing sub-systems. Thus, it is not efficient in handling large-size problems. The 
design time required by SYLVA is usually much shorter than that of any commercial tool for 
the same kind of problems. However, this short design time is achieved by mapping the 
original problem into a predefined set of functional building blocks (called FIMPs or function 
implementations). This approach can also be considered as a preliminary decomposition of 
the task description. 
 
The common property of the above mentioned solutions is that even though they are starting 
from the system level abstraction level, many architectural constraints (such as the type of 
component processors, the communication architecture or the functional components) are 
already fixed in the first step. Therefore, they are usually only capable to provide ready-made 
solutions for a limited range of problems (for example signal processing tasks) utilizing only a 
given set of components. This makes it harder to consider and compare many other alternative 
options and so does not offer enough freedom for the designer’s decisions and forecasting in 
system level. 
The new design method provided in this dissertation aims to solve some of the 
aforementioned problems. The advantage of this method can be illustrated by redesigning and 
evaluating of some existing systems. 
The new methods will be based on the HLS tool PIPE [3] and the C to dataflow-graph 
complier PipeCOMP [S8] both developed by the Department of Control Engineering and 
Information Technology. These tools were chosen mainly because they provide a modular 
framework where all the algorithms can be easily exchanged and the partial results of each 
separate algorithm can be observed independently. Besides these, the source codes and all the 
developer documentation for both the framework and the algorithms have been available and 
a large amount of development experience has accumulated over the years in developing this 
tool. 
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This dissertation aims to provide a novel system level synthesis method and several new 
algorithms, which utilize the HLS principles and methods and are capable to reduce the 
number of intuitive designer’s decisions during the synthesis process of multiprocessing 
systems, and also help to predict the possible consequences of several design decisions. 
The new methodology and algorithms presented in this dissertation are summarized in three 
theses. 
The first thesis provides a system level synthesis methodology (DECHLS), which is based on 
combining the decomposition and the modified HLS algorithms. The application and benefits 
of this method are illustrated by redesigning and evaluating some versions of an existing high 
performance practical embedded multiprocessing system. 
The second thesis provides a novel method for HLS algorithms to handle the software loops 
occurring in the task description of complex systems. The main contribution of this new 
method is that it divides the loops into several independently executable operations. 
Therefore, it can simply find parallel execution paths while enabling the designer to prescribe 
a limit for the number of elementary operations to be handled. Thus, the runtime and memory 
demand of the HLS algorithms remain acceptable and controllable. 
The third thesis provides a method for a possible practical application of the new 
methodology presented in the first two theses. The chosen field of application is the industrial 
distributed control. A method is provided for adapting the DECHLS’s algorithms to 
application-specific needs of industrial control system design. First, some additional 
requirements (e.g. the redundancy and maintainability criteria) should be handled. The second 
important extension is an algorithm for transforming the standardized task description form of 
the specific field into a dataflow graph model acceptable for DECHLS. 
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The results of the dissertation 

1. The DECHLS design methodology 
In designing high performance multiprocessor systems, the system-level synthesis phase is 

performed essentially by intuition. Therefore, automating the design steps may eliminate most 
of such intuitive decisions. The synthesis procedure already starts with a requirement list and 
the priority order of requirements along with some kind of a task description formalized by a 
dataflow-like graph or by a programming language. To each component processor of the 
multiprocessor system, a subtask must be assigned considering various special requirements 
(communication cost, speed, pipelining, etc.). The definition of the subtasks, i.e. the 
decomposition of the task strongly influences the cost and performance of the whole system. 
This proposed novel method (DECHLS) can also to be considered as a design space 
exploration and it is based on combining the decomposition (DEC) and modified high level 
synthesis (HLS) algorithms. For the preliminary decomposition of the task description, the 
user can choose several different algorithms, some of which can also take into account the 
priority order of different requirements as well. 

First Thesis 
 
Based on the combination of preliminary decomposition and high level synthesis 
algorithms, I have developed a novel method for the systematic design and analysis of 
heterogeneous multiprocessing architectures. As a framework, the new method allows 
applying several different algorithms in an exchangeable way to prepare the task-
description for different HLS scheduling and allocating algorithms, including the 
intentional change of the latency as well. Due to the preliminary decomposition 
algorithm, several user defined optimization criteria and the prescribed priority order 
of the partially conflicting criteria can also be considered. 
The method is also capable to compare, evaluate and redesign of existing systems by 
considering user defined requirements. 
 
 
Publications related to this thesis: [S3] [S5] [S6] 
 



5 

The workflow of the DECHLS method can be seen in Fig 1. 
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Figure 1. Design flow of the DECHLS method 

 
The modified HLS tool in Fig. 1 – similarly to commercial tools – can provide a cost vs. 
restart time function depending on several latency times. These functions are useful for the 
designer in order to simply consider which are the most fitting solutions for the given task 
(e.g. choose the solution with the lowest possible cost, or the one with the shortest possible 
restart time). The most frequently used compromise is to choose the solution with the shortest 
restart time causing an acceptably low cost. The modified HLS tool is able to take into 
account the communication time as well [S2], and it is capable for changing the latency 
intentionally in order to lower the cost [S1]. 
 
An additional advantage of this method is that the algorithms for decomposition and the 
algorithms in the HLS tool can be freely exchanged to other similar algorithms. In the 
dissertation, I have presented the application of several different algorithms using different 
parameters for several characteristic cases by evaluating a complex benchmark example. 
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2. Handling software loops in the task description 
The system level synthesis methods usually start from a high level language description of the 
task to be solved. Software loops are unavoidable in the high level description of most 
algorithms mainly because they represent concisely repetitive operations on sequential input 
data or variable parameters. 
These loop constructs appear in a dataflow graph representation as directed circles and can 
not be handled efficiently by the system level and high level synthesis algorithms. 
The simplest and most frequent solution is to handle all such loops as single inseparable nodes 
with usually a large execution time. This method naturally prohibits assigning parts of the 
loop into different processing units. Thus the only possibility for decreasing the execution 
time is the replication of the whole loop and pipelining. However, this practice strongly limits 
the restart time, but only increases the latency of the pipeline system. 
Most high level language compilers perform loop transformations in order to reduce 
execution time or code size. Such transformations are also usually performed intuitively by 
programmers in special embedded systems with very low resources. 
These transformations can be divided into two categories: loop unrolling or loop splitting. 
[29] [31]. The most extreme case of both the unrolling and the splitting is called complete 
unrolling [31], which completely eliminates the loop and substitutes it by a sequence of 
simple instructions. 
Complete unrolling naturally greatly increases the compiled code size. However, it still might 
be beneficial because the execution time can be shorter in case of processor architectures 
where conditional branches would need extreme long time. 
In case of multiprocessing systems and high level synthesis, the unrolling or splitting have an 
additional and even more important benefit: they make it possible to allocate parts of the loop 
into separate processors. Therefore, parallelization and pipeline execution is enabled for the 
loop operations as well. 
A further problem is that loops are often nested, which means that loops may contain other 
loops. The nesting level is usually not limited in high level languages. A multilevel nested 
loop can only be eliminated by recursive complete unrolling which means completely 
unrolling all loops starting from the innermost nesting level followed by all the upper levels. 
In this way, the number of resulting operations increases exponentially with the number of 
nesting levels. The execution time of all efficient high level synthesis algorithms depends on 
the number of operations they handle. This dependency is usually a square or cubed 
polynomial function. Thus this greatly increases the runtime of a HLS tool. 
 
In order to illustrate the problem consider this following simple example: 
Let’s suppose an embedded system has to perform a convolution filter to a real time HD 
resolution video stream. In this case, the algorithm must execute the same simple scalar 
multiplication task on every pixel of every frame of the video. There are 1080x1920 pixels in 
each frame.  
This can be simply written in C language by a double nested loop as follows: 
 
for(i=0;i<1080;i++) 
{ 

for(j=0;j<1920;j++) 
 { 
  Dest[i,j]=fconv(Source[i,j],&convwindow) 
 } 
} 
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If this loop is handled as a single operation then this whole task is one single operation and 
the most HLS tools can replicate this single operation in order to decrease the restart time and 
thus increase the throughput of the system. In this way, the latency of the resulting system 
remains unchanged. In the supposed real time system however, low latency is much more 
important than a shorter restart time. Anyway, the restart time can not be chosen arbitrarily in 
this case, since the video’s frames will come at the input at a predefined frequency. 
It is apparent that the iterations of the loop are totally independent of each other in this case 
and they can be executed in parallel if needed. 
If a recursive complete unrolling is performed, the previous code would be transformed to the 
following code: 
 
{ 
Dest[0,0]=fconv(Source[0,0],&convwindow) 
Dest[0,1]=fconv(Source[0,1],&convwindow) 
Dest[0,2]=fconv(Source[0,2],&convwindow) 
………… 
Dest[1079,1919]=fconv(Source[1079,1919],&convwindow) 
} 
 
This program contains 2073600 similar elementary operations, scheduling so many operations 
will take a significantly long design time for the HLS tool. 
Instead of this, it is easy to divide this task intuitively into e.g. two parts by splitting the outer 
loop into two as follows: 
 
for(i=0;i<540;i++) 
{ 

for(j=0;j<1920;j++) 
 { 
  Dest[i,j]=fconv(Source[i,j],&convwindow) 
 } 
} 
for(i=540;i<1080;i++) 
{ 

for(j=0;j<1920;j++) 
 { 
  Dest[i,j]=fconv(Source[i,j],&convwindow) 
 } 
} 
 
This means that the HLS tool has to schedule and allocate only two operations. This splitting 
expressively means that one component processor can handle only the upper half of the image 
while the other one handles only the lower half of the image in parallel. If the execution of the 
two component processors is scheduled and pipelined appropriately, the latency can be 
halved. 
 
The dissertation shows a generalized systematic method, principally similar to the previous 
example. This new method is based on the recursive complete unrolling but it reduces the 
number of resulting operations by applying a decomposition algorithm in every step of the 
recursion. Therefore the name of the method is Recursive Segmented Complete Unrolling 
(RSH). 
 
Different types of loops must be handled differently. Therefore, the following classification of 
loops can be introduced. 
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Classification of loops 
Software loops can be classified by many different criteria. Regarding the automatic loop 
unrolling, the most important factor is the execution time of the loop. It can be constant, or 
data dependent. Furthermore, the constant execution time can be known or unknown in design 
time. 

1. Data independent execution time loops (CVI): 
The whole execution time of such loops can be determined by only analyzing the 
program code, since they do not contain any branching or instructions with a data 
dependent execution time and the number of iterations is also given in the code and 
does not depend on input data. 

2. Constant iteration number loops (CI): 
The number of iterations is fixed in the program code. This definition does not exclude 
branching and data dependent execution inside an iteration. 

3. Data dependent iteration number loops (ACI) 
The number of iterations depends on input data and therefore can not be determined at 
design time. If any loop contains other ACI type loops, it must be considered itself as 
an ACI loop as well. Such loops are not allowed in conventional HLS tools, and are 
not directly usable for RSH as well. 
 

In case of ACI loops, the only possible option is to estimate the maximal execution time of 
such loops. In this way, such loops become usable for the RSH algorithm. A possible 
estimation method is described in [S4]. 

Classification of variables in loops 
The instructions in a loop can prescribe operations on different kinds of data variables. These 
variables can be classified as follows: 
 

1. Cycle variable: CV 
This variable must be changed in each iteration of the loop, because its value is used 
directly or indirectly to count the number of iterations. The value of a CV must be 
known in all iterations. 

2. Local variable: LV 
Temporary storage of data for internal operations in a loop. Its value is never used 
outside the loop. 

3. Loop independent variable: IV 
Variable or parameter that does not change during any iteration of the loop. 

4. Critically modified variable: CMV 
This variable may be modified by instructions of the loop. The order of its 
modifications must be preserved even in parallel executing iterations. 

5. Aggregated modified variable: AMV 
This variable may be modified by instructions of the loop. The order of the 
modifications can be arbitrary. Such variables are often aggregated by a specific 
function (for example summing) at the end of all the iterations. 
 

The different variables should be handled differently by the RSH. The methods for each 
variable type are explained in the dissertation. 
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Details of the RSH algorithm 
The nested loops must be handled in opposite order of nesting, i.e. if a loop contains other 
loops, then it must not be unrolled until all the inner loops are already unrolled by RSH. 
At first, the innermost loop will be unrolled and this unrolled program code (list of 
operations) is to be transformed into dataflow graph as a loop-free program code. This 
resulting dataflow graph is to be decomposed into at most Ni segments by applying such a 
decomposition algorithm which guarantees to avoid segment loops [S3]. The segments 
created in this way are handled as inseparable ones in the further steps. The resulting 
subgraph (Ri) obtained in this way can be substituted instead of this loop during the further 
unrolling of the upper level loops. 
Due to this order, each actual loop (Hi) containing originally inner loops (e.g. Hn and Hk) 
already will not contain inner loops at unrolling because the inner loops have already been 
substituted by subgraphs (Rn and Rk). In this way, any desired number of nested loops can be 
handled by the algorithm. 
The decomposition algorithms applied for the preliminary decomposition step in DECHLS 
are also applicable for the RSH as well. In this case, only the low communication cost 
between segments and the uniform distribution of execution time among segments make 
sense to be considered as requirements. The other possible parameters (e.g. filled ratio) are 
not meaningful at this level. The priority order of these two possible requirements however 
can be user-defined. 
 
The RSH algorithm can be given by the following pseudocode: 
 
Helper function to find the first loop on the topmost nesting level: 
Find_first_outer_loop (input, startpos): 

startpos=startpos; 
endpos=0; 
in_loop_level=0; 
For each statement in input after startpos 
do 
 if statement starts loop //for, while, or do 

then 
  if in_loop_level=0 
  then 
   startpos=statement.position 
  in_loop_level=in_loop_level+1 

if statement ends loop //e.g. ”}” or no ”{ ” after starting statement 
 then  
  if in_loop_level=1 
  then  
   endpos=statement.position 
   return loop_at(startpos,endpos) 
  in_loop_level=in_loop_level-1; 
return „no_loops” 

end 
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Actual recursive function for performing the RSH algorithm 
output_graph=Segmentedunroll(input,in_a_loop,nesting_level) 

firstouterloop=Find_first_outer_loop(input,0) 
while firstouterloop <> „no_loops” 
do 
 looptype=determinelooptype(firstouterloop) 
 if looptype=”ACI” //data dependent iteration count, no handling 
 then  

estimateruntime(firstouterloop); 
insert firstouterloop to output_graph //single node 

  else 
inner_loop_graph=Segmentedunroll(firstouterloop,true,nesting_lev
el+1) 

   for each node in inner_loop_graph 
    insert node to output_graph 
  remove firstouterloop from input 

firstouterloop=Find_first_outer_loop(input,firstouterloop.endpos)  
//look for next loop 

end //after this point there are no loops in input 
 
if in_a_loop=true //was called from a loop => decomposition needed 
then 

for each statement in input 
  insert statement to temporary_graph 
 segment_graph=decompose(temporary_graph,N[nesting_level]) 
 for each segments in segment_graph 
  insert segment into output_graph 
else //no decomposition on out-of loop statements 

for each statement in input 
  insert statement to output_graph 
 for each variable in input 
  handlevariablebasedontype(variable) 
return //we are done, there were no loops in this input 

end 
 

Second Thesis 
I have developed a novel loop unrolling algorithm, which compared to the existing loop-
handling methods, handles the nested loops having data independent execution times in 
a more efficient way, including also the unrolling degree definable separately loop-by-
loop. The practical applicability of the method is also helped by an estimation algorithm 
for the execution times of loops with data dependent execution time as well. 
The novel algorithm – called Recursive Segmented Unrolling (RSH) – performs the 
complete unrolling always only on the innermost nesting level. Thereafter, a 
decomposition is performed on the subgraph resulted by the unrolled operations. This 
decomposition yields a user definable number of segments, which are considered as 
inseparable operations and form a segment graph. The innermost nesting level loop will 
be substituted by this segment graph before the recursive unrolling of the upper nesting 
levels. 
After the RSH algorithm, the loops will be substituted by a user definable number of 
indivisible operations in the task descripting dataflow graph.  
This method can be inserted into the framework described in the first thesis. In this way, 
the designer can be informed about the effects of the unrolling based on a single 
parameter (i.e. the number of segments). This allows creating and evaluating several 
possible solutions in short time. 
 
Publications related to this thesis: [S3] [S4] 
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3. Application of the novel methods for the design of industrial 
distributed control systems 

Distributed control systems as special cases of HMA 
Modern industrial Distributed Control Systems (DCS) are hierarchical, and consist of many 
different modules connected by standardized bus systems. Multiprocessing is a characteristic 
property of these systems, because they contain several intelligent modules (often called 
programmable logic controllers, PLCs) that execute some program parts repeatedly at 
prescribed cycle times. 
A high degree of similarity can be observed between the DCS and the HMA systems as 
shown in Fig. 2. 
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Figure 2. The architecture of a general HMA system (left) and that of a typical DCS (right)  

 
It can be noted that the DCSs are special cases of HMA where the types of component 
processors and the communication busses are given always in advance. During the design of a 
DCS, the most problematic phase is the decomposition of the task into several functions. In 
addition, the preliminary determination of the number of required processing units (PLCs in 
this case) may cause a special difficulty in this application field. In spite of that, the DECHLS 
methodology automating the design of HMAs can be adapted for automating and optimizing 
the design process of DCS. The application of the adapted method DECHLS-CS is shown in 
Fig. 3. 
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Figure 3. Application of DECHLS for DCS design 
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Special requirements of DCS 
Usually many specialists work together in an industrial control project (e.g. architects, 
mechanical technologists, power engineers and control engineers) [38]. All participants must 
be able to understand the complete documentation of the project. Therefore, a standardized 
and traditional documentation form is needed. 
The actual control system design process can only be performed based on this standardized 
documentation. 
The task description of a DCS is given in the form standardized in IEC 61131 [39]. This task 
description basically contains all inputs and outputs of the designed system and a formal 
description of all the control algorithms to be implemented. This formal description usually 
takes the form of visual programming languages such as the Sequential Function Chart (SFC) 
or the Functional Block Diagram (FBD) [39]. It can be observed that neither of these 
programming languages can be directly used in the existing system level synthesis tools. 
However, these task description forms must be used for historical and standardization reasons. 
In order to adapt the DECHLS, I have developed a transformation algorithm for transforming 
the standard task descriptions (SFC, FBD) into a dataflow graph acceptable by DECHLS. 
This new Functional Dataflow Graph (FDFG) is as follows: 
 

},,{ FEVFDFG = , where V is the set of nodes, E is the set of directed edges and F is the set of 
subfunctions. 
Every node in V represents an operation in the task description and a tuple of natural numbers 
is assigned to each node as: },{, iiii mtvVv →∈∀ , where ti means the execution time of vi and mi 
is the required redundancy of vi.  
Every directed edge of the graph has a source and a destination node and also has a natural 
number assigned to it: NcceVVVvveEe iiibabaii ∈→∈=∈∀ ,,,},,{, , where ci is the number of data 
bits used in the communication between the two nodes belonging to the edge. The value of ci 
can also be 0, in this case there is no data communication, only timing dependency between vs 
and vd.  
Set F consists of fi sets, each of them representing a subfunction. These fis are disjoint sets of 
nodes: },...,,{ 21 nfffF = , where Vvvf jji ∈∀= ,...},{..., , and ),(, iiii PTfFf →∈∀ , where Ti is a 
natural number that means the maximum possible execution time limit of fi . Ti can be 0, if 
this subfunction does not have a maximum execution time. The Pi is a boolean value, it is true 
if all parts of this subfunction must be allocated to the same processor. 
 
Based on this task description, the modified SLS algorithms of DECHLS can be utilized 
according to Fig. 4. 
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Third thesis 
 
I have developed a novel task description formalism (Functional Dataflow Graph, 
FDFG) which is capable to accommodate the standard task description form of 
industrial control systems as the input of the DECHLS system level synthesis tool. It is 
also capable to give the application specific constraints and the algorithm together in a 
unified form. 
For this end, I have also developed a Converting Algorithm (CA) which converts the 
traditional formal task description of industrial control systems (given in SFC or FBD 
languages) into this extended functional dataflow graph (FDFG). In this way, DECHLS 
after minor modifications will be able to handle the application-specific requirements 
occurring in industrial control systems and also help to discover the optimization 
possibilities in the implementation of the system. In addition, the compliance and 
feasibility of timing constraints can be forecasted in advance. Race conditions caused by 
execution time differences can be automatically eliminated and the communication 
between the components can be properly scheduled. 
 
 
Publication related to this thesis: [S7] 
 

Application of the results 

1. Application of the DECHLS in a benchmark example 

The benchmark example 
The chosen benchmark example is a sound source localization system that may be used in 
video conference systems to automatically move and orient cameras. The system works by 
detecting sound from several appropriately placed microphones and continuously finds the 
approximate coordinates of the actually loudest sound. In the current implementation, there 
are 4 microphones in fixed positions in the room. The 4 signals are digitized by the built in 
A/D converters in microcontrollers and then apply a computationally intensive, iterative 
algorithm to approximate the resulting coordinates. 
The chosen benchmark is not complicated enough to justify a HMA implementation since it 
can be solved by a higher performance PC in real time. However, this system already has to 
contain some microcontrollers to digitize the sounds from microphones and the computing 
capacity of those microcontrollers could be utilized efficiently to perform the same task, while 
avoiding may additional hardware components. Besides, not using a PC or any high 
performance processor will have the additional benefit of lowering cost and power 
consumption. 
The existing segment graph (SG) possibly obtained by intuition is shown in Fig. 5. 
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Figure 5. Segment graph (SG) of the benchmark example [20] 
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Figure 6. Execution time ratios of the segments in Fig. 8. 

Fig. 6 shows the ratio of calculated relative execution times of each segment in Fig. 5. It can 
be observed that there is a significant difference in the execution times, this obviously has a 
negative effect on the performance parameters of the system when using this intuitive 
decomposition. The decomposition algorithms applied in HLS will start from the elementary 
operation graph of the task (not shown for space reasons) and not this segment graph and 
attempt uniformly distributing workload between processor as much as possible. Due to the 
uniform task distribution alone, the system will have better performance at the same or lower 
cost. Actually, the almost uniform workload distribution makes it possible to implement the 
whole system by utilizing only several of a single kind of 16 bit microcontroller (MSP430). 
The dissertation contains many different possible solutions obtained by different algorithms 
and different parameters. 
The following example solutions were obtained by the decomposition algorithm in [S3] 
because it can also take into account the priority order of communication, cost and execution 
time due to different weighting of terms in its cost function. This algorithm will also consider 
the utilization or “filled ratio” of the configuration or program memory of component 
processors. 
This algorithm yields the system architectures in Fig. 7. The execution time step is 10 μs. The 
numbers on the edges mean the communication burden as the number of bits to be transferred. 
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Figure 7. Possible system architecture versions with different priority order of requirements 
 
Based on the scheduling results, the first two versions (speed>cost>communication, and 
communication>speed>cost priority orders) need 5 processors and are capable to operate with 
1.07 s and 1.12 s restart time respectively. The last version only has a slightly lower restart 
time of 1.62 s, but it only needs 3 processors. 
Even tough the first (leftmost in Fig. 7) solution has the shortest restart time, it can be noted 
that between segments #2 and #3, there is more than 1MB of communication burden. This is 
technically not feasible, since neither of the MSP430 microcontrollers have enough RAM 
memory to implement such a large temporary buffer. This shows that if not all parameters and 
constraints are taken into consideration or if some parameter is set incorrectly, a systematic 
design method can yield impractical or impossible to implement results. 
 
The previous solutions only applied MSP430 microcontrollers for cost reasons. The same 
system was also redesigned as a heterogeneous system, demonstrating the capability of 
DECHLS to handle different kinds of component processors as well. In case of the 
microcontroller implementation, most of the execution time is needed for complex number 
multiplication operations. Most of these operations could also be performed in parallel wit the 
appropriate hardware accelerator. However, the MSP430 only has one simple hardware 
multiplier. Implementing the required complex number operations in a CPLD device can 
improve execution times. Intuitively dividing the task between a CPLD and several 
microcontrollers is not trivial. DECHLS is capable to automate this process. 
 

         x2      x2 
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Figure 8. Heterogeneous system using CPLD and Microcontroller 

 
It can be observed in Fig. 8 that the whole execution time of operations in the CPLD is very 
short compared to the amount by which the execution time of the microcontroller has 
lowered. This is because the CPLD can execute most of the operations allocated to it in 
parallel and the shown execution time is only the time of its longest operation. Performing all 
the operations currently handled by the CPLD in only 500 μs would need almost 1.5 s with 
the microcontroller. It can also be noted that both components have a high fill ratio, the 
program memory of the MSP430 is almost full (94%) while over 85% of the CPLD area is 
being used. 
Obviously the total cost of this solution is much more than the one with 5 identical 
microcontrollers, but its latency is significantly lower. 
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2. Utilizing the RSH loop handling method in DECHLS 
 
The task description of the previously explained sound source localization benchmark 
contains many nested software loops. The resulting restart times and processor count 
decreases even if only the upper level loop is unrolled. By completely unrolling all nesting 
levels, it is possible to get much lower latency and restart times with the same cost. In this 
was however, the number of operations to be handled increases substantially making the 
runtime of the design tool impractically long (even several days). 
Fig. 9 shows that by applying RSH even with a relatively low segment count (N), the latency 
and restart time values approximate those that can be obtained by the complete unrolling 
without the extremely long design time increase as seen in Fig. 10. 
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Figure 10. The increase of design time in the function of N number of segments 
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In summarizing the results, in this particular benchmark, the RSH algorithm with a maximum 
number of segments N=32 gives similar results to the complete recursive unrolling which 
generates several thousands of segments. And at N=16 it is already providing better results 
than an existing simple intuitive loop splitting. With these parameter values, the design time 
required by the DECHLS tool did not increase significantly. 

3. Applying the results for system level synthesis of industrial control 
systems 
 
In order to test the methods outlined in the third thesis, I have chosen an existing industrial 
control system as benchmark. The existing system is implemented using the ABB Freelance 
development environment, and it consists of 29 program blocks given is FBD language. All 
such program blocks implement logically coherent functions. Most of the blocks are 
scheduled with either 1000 ms or 500 ms cycle times. These programs are distributed between 
two ABB AC800F3 PLCs. There are two special blocks that are the redundant 
implementation of the same safety critical function (burner control). These two tasks must 
never be allocated to the same PLC for safety reasons. This is the reason the two separate 
PLCs were needed in the implementation. 
 
The first step is to transform the existing task description into FDFG. Only an essential part 
(one subfunction) of the original FBD and the resulting FDFG is illustrated in Fig. 11. and 12. 
 

 
Figure 11. Subfunction #27 of the benchmark in FBD form 
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Figure 12. Subfunction #27 of the benchmark transformed in FDFG form 

 
The FDFG was further processed by the decomposition algorithm and it became divided into 
97 subfunctions instead of the original 29. For example, the #27 subfunction was divided into 
6 parts as seen in Fig. 13. 
 

 
Figure 13. Subfunction #27 decomposed 

 
After the decomposition of the task description, the experimental DECHLS-CS tool has 
determined the necessary number of PLCs and their average utilization levels, as well as the 
average communication bus utilization at several different cycle times.  
The resulting data can be seen in Fig. 14. The cycle time indicated in the figure is the longest 
cycle time in the system, some functions actually run at faster cycle times. This is because the 
critical functions that had 500 ms cycle time in the original implementation had their maximal 
cycle time value set to 500 ms, and the rest of the functions did not have a maximum cycle 
time set. This means that if the actual cycle time is less than this prescribed value, the whole 
system runs at the actual cycle time. If the actual cycle time is higher, then the critical 
functions still run with at least as frequently as the preset cycle time, while the rest of the 
functions run with the actual cycle time. 
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The markers on the diagram at a specific cycle time value show the values where actual 
solution versions were obtained. It can be seen, that between 400 ms and 450 ms there are 
many markers this is because I restarted the modified HLS tool many times in this interval in 
order to find the shortest possible cycle time where the task becomes solvable by only 2 
processors. 
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Figure 14. The required number of PLCs and their utilization levels in the benchmark 
example at different cycle times 

 
In Fig. 14 it can be observed that the required number of PLCs drops to 2 az 450 ms cycle 
time. In this case, all functions are able to run at this speed and the utilization of the PLCs is 
still about 80%. The task can not be solved by less than 2 PLCs because of the redundancy 
constrain. Therefore, the number of PLCs does not drop further, but the utilization decreases 
as the average cycle time gets increased. It can be determined, that it was not necessary to 
prescribe 1000 ms cycle time in the original implementation. 
The results of DECHLS-CS can also be used to determine, that the level of CPU and 
communication bus utilization in the existing system is only around 37% and 11%. This could 
not be done in the official ABB Freelance development environment without actually 
downloading, running and profiling the whole software on an already built system. 
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Summary 
According to the benchmark results, the system level synthesis framework DECHLS is 
capable to provide a system designer a way to predict the consequences of some priority 
decisions in advance. It is also possible to quickly generate and compare many alternative 
solutions to the same problem in order to select the one nearest to the optimal. The second 
thesis extends this DECHLS framework with an efficient way to handle the loops in 
parallelizable iterative algorithms. The main advantage of the provided method is that there is 
only a single parameter to be adjusted and it directly influences the number of handled 
operations, which indirectly influences the time of the design process. The benchmark results 
show, that a relatively low, but already sufficient parameter value can be found in a relatively 
short time, when the design tool already gives acceptable results. 
The third thesis summarizes the modifications to the DECHLS method in order to be able to 
be applied in a specific field of application. The introduction of new task description form and 
the modification of the existing algorithms provide a tool that is capable to supply valuable 
data to the designers about the performance and utilization ratios of existing systems, while 
also capable to generate and compare various alternative designs in order to find the most 
beneficial solution for a given task. 
Because the DECHLS is an automated process where results are generated mostly by simply 
iteratively changing several parameters, the benchmark results show that in some cases it is 
possible to get unusual, but effective solutions. Such solutions would not even be considered 
by an actual system designer, who would approach the problem by starting from existing 
solutions as patterns. 
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