
 

 
Abstract: One of the main limiting factors in 
dataflow supercomputing is the discrepancy 
between the topology of a typical dataflow graph 
(produced by the compiler) and the typical 
topology of FPGA structure (produced by the 
manufacturer) onto which the execution graph has 
to be mapped. One possible school of thought is to 
study cases where infinitesimal changes in 
hardware domain may generate much more than 
infinitesimal impact in the benefit domain (speed / 
complexity / power / risks). This research analyses 
the effects of one such infinitesimal add-on in the 
hardware domain (moving from two input adders 
to three input adders). Different compilation 
techniques, debugging and optimizing tools and 
methods, offered by “Maxeler Technologies Ltd”, 
are presented and elaborated. 

 
Index Terms: DataFlow, supercomputing, FPGA  

 

1. INTRODUCTION 

NE of the main limiting factors in dataflow 
supercomputing is the discrepancy between 
the typical topology of a dataflow graph 

(generated by the compiler) and typical topology 
of the FPGA structure (generated by the card 
manufacturer). 

One of the possible doctrines is to study cases 
where the infinitesimal change in hardware 
domain can generate immense impact in benefit 
domain (speed/ complexity/ power/ risks). 

This research analyses the effects of one such 
small add-on in hardware domain (substitution of 
two-input adders with the three-input adders). 

Benefit domain, mentioned above, is defined 
as 4-tuple of speed, complexity, power, risks, 
where risk recursively create new 4-tuple - 
benefit domain. Primary goals of the research are 
speed and complexity, increasing the first and 
reducing the second parameter. On the other 
hand, dataflow technology implicitly achieves a 
reduction in terms of power consumption, 
compared to controlflow equivalents. Risk, will 
remain as a possible topic for future research. 
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Dataflow solutions are based on products of 

“Maxeler Technologies Ltd.”, which is a leader in 
the domain of dataflow supercomputing. 

The most efficient procedure, based on 
author’s experience, that will take programmers 
to completely functional and maximally optimized 
solution, is described in the following chapters. 
 

2. MAXELER DATAFLOW PARADIGM 

2.1 DataFlow graph 

A Dataflow graph, described in this chapter, is 
a direct graph modeled in MaxJ programming 
language. MaxJ is an extension of Java 
programming language. Besides Java constructs 
it has constructs that describe hardware 
elements and support stream manipulation. 

Compiling MaxJ code is similar to classic Java 
compilation, the results are .class files, which are 
further executed in order to generate dataflow 
graph. 

“Original graph” is the term used for dataflow 
graph after initial instantiation before any 
optimization process took place. After original 
graph is produced, compiler conducts multiple 
optimization graph passes in order to increase 
speed and reduce the time necessary to map 
graph on hardware. At the end, when no more 
optimization passes are possible, the graph is 
called “final graph”. The programmer should keep 
in mind that mentioned optimization passes are 
not completely automated. There are graph 
passes that compiler executes always; however, 
there are graph passes that compiler executes on 
demand. The programmer needs to see the need 
for certain optimizations. One of on-demand 
optimization techniques is Tri-Add graph pass 
that replaces a network of two-input adders with 
an appropriate network of tri-input adders. 

The final graph is passed to hardware 
synthesis tools that map the topology of dataflow 
graph to available dataflow structure. 

2.2 Maxeler way to accelerated application 

Over the years, Maxeler has developed a 
method how to proceed from an algorithm to its 
fully accelerated implementation, utilizing the 
Maxeler’s static dataflow approach. This section 
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explains the method step by step. Steps from 1 to 
5, given below, are rarely done during only one 
single pass. Typically, at each step, if a problem 
occurs, the developer has to go back to the 
previous step, fix the problem and then continue. 
The sequence of such iterations could be 
repeated as many times as necessary. The five 
steps of the Maxeler method are: 

1. The first step is to write a C implementation, 
the so-called C model. C model could be used 
as a reference point against which the 
accelerated version could be compared. This 
step does not include Maxeler tools, but widely 
spread and commonly known tools for C 
language. The result of this step (1) is a 
baseline C application that reflects the 
intended DFE organization. Please note that 
the baseline C model does not have to be 
optimized for performance. 

2. The next step is to locate the segments of the 
code that could be accelerated with DFEs. By 
the nature of dataflow, loops are the code 
structures targeted first. After we locate the 
segments of code with a potential for 
acceleration, we have to transform these 
segments of code from C to MaxJ. The result 
of this step (2) is a DFE design in MaxJ with a 
potential for acceleration, which yet has to be 
proved. 

3. Generating a working hardware 
implementation is time-consuming, so initial 
functional testing is done using simulation. 
Simulation mock real hardware functionalities, 
but the execution is much slower. On the other 
hand, the programmer has a chance to see 
signal and block states which are not 
accessible when a design is on the chip. The 
result of this step (3) is a design working at 
simulation time. 

4. After the programmer is satisfied with the 
simulation results, the next step is to proceed 
to hardware build. The result of this step (4) is 
a working hardware design. 

5. Having a working design is never the final 
goal, which should be the maximal 
acceleration. Issues related to maximizing 
performance are in synergy with issues in 
increasing utilization of hardware resources. 
The result of this step (5) is a fully optimized 
DFE design that meets the performance goals. 

3. PLACE AND ROUTE 

After the design is compiled and dataflow 
graph generated, we approach to FPGA mapping 
process. Mapping process is non-deterministic, 
random. In Maxeler terminology random mapping 
process with specified seed is called cost table 
and is based on simulated annealing. Maxeler 
mapping process: 

1. Define constraints; 
2. Select the range of random processes for 

design to be compiled with; 
3. Try random processes one by one until 

mapping constraints are satisfied; 
4. If all processes failed, change constraints, or 

design, or both. 

3.1 Simulated Annealing 

Simulated annealing is a general metaheuristic 
in probabilistic theory for global optimization 
problem of locating good approximation of global 
optimum for given function in large search space. 
The name and inspiration come from annealing in 
metallurgy, a technique involving heating and 
controlled cooling of a material with the aim to 
increase the size of its crystals and reduce their 
defects. This notion of slow cooling is 
implemented in the Simulated Annealing 
algorithm as a slow decrease in the probability of 
accepting worse solutions as it explores the 
solution space. 

3.2 Cost Tables 

Cost tables, based on simulated annealing, are 
numbered and placed in the collection. The 
programmer uses the collection to choose which 
of these cost tables he will apply to the mapping 
process. For a given design same cost table will 
give the same result, but different cost tables will 
give different results. If one cost table failed to 
meet the timing, another should be chosen. At 
this point, a naive approach is used: try cost 
tables, one by one, until one of them meet timing. 
Although, if eight cost tables fail, the programmer 
should consider changing the design. Another 
solution, that excludes changes in the design, is 
to change desired frequency, with lower 
frequencies it is easier to meet the timing. (Of 
course, if that does not affect the functionality of 
the design.) 

3.3 Constraints 

There are two types of constraints: implicit - 
defined by the nature of design, and explicit - 
defined by the programmer, either through 
desired frequency or options for the design build. 

At this point, we shall assume that the 
programmer has done everything in his power to 
generate the best possible design and we shall 
avoid discussion regarding optimization matter, It 
was elaborated previously. 

By implementing a larger design (high 
resources requirements), programmer increases 
the probability of having different data paths on 
different frequencies. Problems that should be in 
the main focus are: maximal frequency and clock 
skew. Maximal frequency is determined by flip-
flop signal propagation time in the design. 
Propagation time is the sum of all hold times 
required for the successful signal transition from 
the input of one flip-flop to the output of another 
flip-flop, at the end of the combination logic, 



 

including setup time (time necessary to setup 
signal). Also, bear in mind that delays cause that 
the signal comes to different elements of logic at 
the different time. Asynchronous logic is another 
part of the problem, it may cause a metastable 
state in design that can seriously decrease 
design performance, even to bring it to 
malfunction. Metastable states appear when time 
requirements of flip-flops are not fulfilled, thus 
making the whole design non-deterministic. 
Unfortunately, although the process of choosing 
the right (and maximal) frequency and design 
optimization is hard, there are more problems. It 
is necessary to fit the design onto the limited 
resources of the chip. 

MaxCompiler offers some embedded build 
configuration optimization methods to help 
programmers in optimizing their designs. 

4. TOPOLOGY INCONSISTENCY 

As demonstrated so far, the topology of the 
original dataflow graph, designed by the 
programmer, and the topology of execution graph 
mapped on chip (constrained with limited 
hardware resources), can be completely different. 
Design development process starts with 
negligence of hardware limitations, with the 
presumption that the programmer has unlimited 
hardware resources at his disposal. The goal of 
this approach is to make the entire process 
easier and to let programmer to be focused on 
algorithmic analysis and finding the best solution. 
In the later stages of the development process, 
physical resources are taken into a count. 
Hardware resources create boundaries for the 
design and the programmer. As the development 
process comes to an end, the programmer must 
govern his actions by hardware limitations. At the 
end, there are three possible situations: 

1. The design is completely functional and it can 
be mapped onto limited hardware resources; 

2. The design is completely functional, but it 
cannot be mapped on limited hardware 
resources. 

3. The design failed to prove its functionality. 

The third case is the worst, and it will force the 
programmer to return to the beginning of the 
development process. The second solution 
requires additional effort to place the design onto 
a chip, using described techniques. Alternative is 
to split design over multiple DFEs, but this 
technique and associated problems 
(communication and synchronization between 
DFEs) are off topic. 

4.1 Consequences 

In Maxeler dataflow paradigm interaction 
between the FPGA and the programmer is done 
through MaxJ. MaxJ offers a comfortable 
environment, and an easier development, 
compared to classic VHDL. However, the same 
sequence of MaxJ instructions can result in a 

different physical appearance on FPGA. 
Hardware result depends on the rest of MaxJ 
environment and selected FPGA (manufacturer’s 
tools). This phenomenon gets more intense as 
the chip gets more full. Mentioned difference 
effects the system behavior, especially when it 
comes to the matter of speed and working 
frequency. On a higher level of abstraction, the 
same effect can disturb the programming 
paradigm. The whole idea of dataflow 
programming is defined by bringing the execution 
closer to data. High chip density can force 
mapping tools to place computation further away 
from the data (in a matter of chip position). 
 

5. TRI-ADD GRAPH PASS 

As a concrete example for the discrepancy 
between the topology of a typical dataflow graph 
and the typical graph of FPGA structure, a two-
input and tri-input adder optimization is presented 
here. 

2.2. Initial Compiling 

An adder is the far most common element of 
almost any design and that is why it is chosen for 
this demonstration purpose. After building the 
design, the programmer starts Place and Route 
process for a desired Maxeler card. We are going 
to follow the statement of interest: 

������	������ = � + � + � 
The first state is compilation: besides Java, 

there are Maxeler elements that abstract 
hardware. While parsing instructions, the 
compiler creates appropriate nodes in the design 
graph. Given instruction has three input streams 
which are added together to form an output 
stream. As there are no elements to suggest 
priority, ordering of operations, the compiler 
generates two-input adder for first two operands. 
The output is combined with the third operand 
using another two-input adder, to eventually form 
the output stream (see Figure 1). 

 
Figure 1. Original graph of two-input adders network. 



 

4.2. Optimization 

One of the optimization graph passes is the 
one that transforms network of two-input adders 
to network of tri-input adders. Tri-Add graph pass 
is more of a technique than a pass, as it contains 
several passes. It is important to point out that 
Tri-Add graph pass cannot be used with the 
streams of floating point numbers. By default, Tri-
Add graph pass is not enabled. In order to 
change this behavior, in Manager code do the 
following: 
 

�������. ����������������( ) 
. ������������. �����������������(����); 

 
The entire process consists of two main steps:  

1. Find connected components in graph;  
2. Change two-input adders with tri-input 

adders, trying to maximize the number of 
replacements.  

Connected components of the graph are 
defined as sub-graphs of two-input adders, where 
an appearance of any other element marks the 
end of one sub-graph. When all connected 
components are located, the algorithm tries to 
replace every two-input adders with one tri-input 
adder, and remaining signals are connected to 
the next two-input or tri-input adder. 

 
Figure 2. Final graph after Tri-Add graph pass. 

6. CONCLUSION 

 Science and industry are increasing demands 
for computer power every day. Even today we 
can see the limits of control flow structures. 
Increasing the number of cores is reaching its 
limits, as the power consumption gets extremely 
high. Dataflow approach already displayed its 
supremacy compared to control flow for specific 
purposes. 
 Within dataflow approach, there are different 
methodologies in terms of organizing and 
orchestrating data. Paradigm and tools of 
Maxeler Technologies Ltd., the leader on the field 
of dataflow supercomputing, were the main topic 
of this chapter. 

 Maxeler approach to dataflow paradigm is 
elaborated. It is unique, multidisciplinary 
approach to problems of science and industry, in 

which problem passes through different levels of 
optimizations. For each problem, a team of 
scientists and engineers comes up with a unique 
hardware-software solution, specifically defined 
architecture, in order to provide the best possible 
performance. 

 The development process is elaborated, 
along with tools that are at programmers’ 
disposal, during a development process. Besides 
the tools and the process itself, previous sections 
demonstrate optimization techniques. 
Optimization techniques are organized into two 
groups: ones that are used on Kernel basis, and 
the others that are available on Manager basis. 
Methods from both groups are described in 
details with the way of their usage. Optimization 
methods related to DFE mapping with limited 
hardware resources are elaborated separately. 
This reflects the desire of Maxeler team to 
emphasize most delicate part of the development 
process – hardware synthesis. Maximizing the 
control over these tools and abilities of tools to be 
modified according to design, Maxeler can offer 
high-performance solutions. 

Benefits are expected from every technology. 
In the introduction, benefits are earlier defined as 
4-tuple of speed, complexity, power, risks. Focus 
was on speed and complexity. Presented 
techniques have their goal in minimizing 
complexity and maximizing speed. As an 
example, a transformation of a network of two-
input adders to a network of tri-input adders is 
demonstrated. 

Although not directly, power consumption is 
treated implicitly with Maxeler technology itself. 
Namely, Maxeler cards bring great savings in 
power consumption, because of working 
frequencies of design. Maxeler solutions work at 
~200Mhz, and control flow equivalents are 
working at ~4GHz. 

Risks and their consequences, for which we 
can discuss domains of benefits again, remain for 
further researches.  
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