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Abstract: Control Circuits can be described using a top-down approach with the aid of 
Hierarchical Graph-Schemes (HGSs). The implementation of HGSs in a fine
grain FPGA has been done using a Hierarchical Finite State Machine structure 
where each sub-algorithm implementation is independent from the others. 
Static and dynamically reconfigurable implementations using the XC6200 
FPGA have been obtained by applying a number of commercial design tools 
together with tools developed by the authors. 

1. INTRODUCTION 

FPGAs are being widely used in the design of complex digital systems 
involving both single and multiple FPGAs [Hauck 98], but the properties of 
plain, dynamic, or partial reconfigurability are not explored in most of these 
applications. The absence of CAD tools that support the design flow of 
reconfigurable circuits and the lack of published application expertise are 
certainly some of the main difficulties that a designer of reconfigurable 
circuits must handle [Hutchings95). On the other hand several research 
groups have developed applications that prove the possibility (and in some 
cases the economic efficiency) of dynamically reconfigurable applications 
[Eldredge96, Wirthlin95, Robinson98, Shirazi98, Sklyarov98). 

We think that one ofthe application areas where dynamic reconfiguration 
can prove its usefulness is in the implementation of control circuits. The 
specification of control circuits can be made using a top-down approach 
where the details of behaviour are at the lowest level and the top level gives 
an overview of the whole system. A top-down approach leads to a modular 
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specification of the circuit that is also weIl adapted to a modular 
implementation. In our view, circuits that are modular and well-structured 
are good candidates for implementation using dynamic reconfiguration. A 
reconfiguration model has been developed that allows the management of 
sets of FPGA resources as if they were pages in a virtual memory system. A 
dynamically reconfigurable implementation of an HFSM has been used as a 
proof-of-concept example for the reconfiguration model. Section 2 presents 
the specification of control circuits using a top-down methodology known as 
hierarchical graph-scheme (HGS) [Rocha97]. Section 3 discusses the 
implementation of HGSs using a Hierarchical Finite State Machine model, 
the synthesis method adopted, and its static and dynamic implementation 
using a XC6200 FPGA. 

2. HIERARCHICAL GRAPH-SCHEMES 

The standard method to describe a control circuit is using astate 
transition table or astate transition diagram [Baranov94]. While these 
specification methods are very useful, the specification of control circuits 
can be done at a behavioural level using HGSs. An HGS specification of a 
control circuit gives us a visual description of the control algorithm. Any 
HGS must have one BEGIN node and one END node and it may have 
rectangular and rhomboidal nodes that link the BEGIN and END node 
forming a directed connected graph (Figure 1) [Sklyarov97]. Rectangular 
nodes determine which micro-operations (denoted Yi) and macro-operations 
(denoted Zj) have to be activated at each step. Rhomboidal nodes are used to 
select from two different execution flows of the HGS. The value of a 
conditional signal (denoted XI) that is inserted in the rhomboidal node 
determines wh ich path is executed. HGSs are powerful specification tools as 
they allow the specification of the control algorithm to be seen at several 
layers of abstraction. This is achieved by the use of macro-operations, Le. 
one HGS can invoke another HGS in a way similar to procedure calls, and 
execution of the HGS that makes the call will only proceed when the HGS 
that was invoked has reached its END node. 

3. HGS IMPLEMENTATION 

Synthesis of a control circuit that is described by a set of HGSs is the 
process of transforming the HGS specification of the control algorithm to a 
hardware implementation. In our case we are interested in the 
implementation ofthe HGS in the Xilinx XC6200 FPGA family [Xilinx97]. 
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Figure 1. Example ofHGS specification 

This FPGA has a fine-grain sea-of-gates architecture and is dynamically and 
partially reconfigurable. 

3.1 HF SM implementation model 

The HGS specification is to be implemented in hardware using the 
Hierarchical Finite State Machine (HFSM) model shown in Figure 2. This 
model is an extension of the FSM model, where the state register has been 
replaced by a combination of a stack memory and a normal register. This 
modification has been introduced to accommodate hierarchical calls between 
HGSs. When an HGS call is executed, the current state is stored on the stack 
and the stack pointer is incremented. The state of the HGS that was called is 
recorded and managed at the new stack level (Figure 3). This mechanism 
can even be used for recursive HGS calls. The standard FSM model has also 
been extended with a new component called the code converter, which is 
responsible for the selection of the invoked HGS. This is implemented as a 
RAM based device. Rewriting the contents of this RAM allows an easy (and 
fast) change in the behaviour of the HFSM. This is an important feature as it 
embodies the concept of virtual HGSs, Le., dynamic binding of sub
algorithms. The management of the HFSM model demands a multi-phase 
clock synchronisation scheme. 

By examining the variability of the components of the HFSM model of 
the behaviour of the control circuit, one can separate the components into 
two groups: one group containing components that will be parameterised and 
the other containing components that will be synthesised. 
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Figure 2. HFSM implementation model 

The parameterised components are those that are alm ost independent of 
the behaviour of the HFSM. This group includes the stack memory, the code 
converter, and the synchronisation scheme. Optimised versions of structural 
VHDL descriptions of these components have been developed and are 
included in a library. 
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Figure 3. Execution ofHGS 

The synthesised group includes those components that are very 
dependent on the actual HFSM behaviour. These include the combinational 
scheme and the non-stack part of the state register. Synthesis tools have been 
developed to generate structural VHDL descriptions in accordance with the 
HGS behaviour. These tools use a textual description of the HGS (Figure 4). 
The syntax of the HGS text file was developed having in mind that it should 
be understandable for a human reader, its parser should be simple and it 
should be open to the inclusion of further HGS characteristics. 



Dynamically Reconjigurable Implementation ofControl Circuits 141 

GRAPH 0 zo 
-- node num type next 
NODE 0 0 Begin 2 
NODE 1 1 End 
NODE 2 3 Reetl 3 MICRO 1 4 MACRO 
NODE 3 4 Rhomb 1 1 6 4 
NODE 4 3 Reet2 5 MICRO MACRO 1 
NODE 5 3 Reet3 1 MICRO 2 3 MACRO 
NODE 6 4 Rhomb 2 2 5 7 
NODE 7 3 Reet4 1 MICRO 3 4 MACRO 

Figure 4. Textual description ofFigure l's ro. 

The synthesis of the combinational scheme is done considering each 
macro-operation as a different module, and generating a structural VHDL 
entity for each of them. Then the whole combinational scheme is an 
aggregation ofthe mentioned above entities [Oliveira98]. 

3.2 HGS synthesis 

The synthesis of each macro-operation, representing a sub-algorithm, is 
done using a direct mapping of the macro-operation graph description onto 
its hardware implementation. To achieve a simple direct association between 
an HGS and its circuit implementation we have used one-hot state 
assignment This provides an implementation of a sub-algorithm that is 
independent of the behaviour of the others, and also allows for the possibility 
of internal states, as we will explain later. In the mapping for each of the 
rectangular nodes of an HGS there is a memory element and for each of the 
rhomboidal nodes there is ademultiplexer. Figure 5 shows a simple example 
for which the HGS does not have macro-operations. 

If one-hot state encoding is used, the mapping of the rectangular nodes of 
an HGS is dependent on their contents: 

• Those that include macro-operations must be mapped onto stack 
memory. The corresponding states will be called hierarchical states. 

• Those that include just micro-operations are mapped onto a D-flip
flop. The flip-flops can be instantiated as internal components of the 
VHDL entity that implements the macro-operation. This makes the 
routing of the system easier and provides a simpler interface for the 
entity. 

The number of states that are mapped in RAM should be minimised in 
this implementation. If one hot state assignment is used inside the stack then 
the number of states that it can map is very limited, i.e., a stack of 8 bit 
registers would be able to map 8 states. One can minimise the problem by 
providing a coder and a decoder for stack contents, which enables the same 
stack of 8 bit registers to map 256 one-hot states, but this inevitably has 
significant costs in terms of area and performance of the whole system. 
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Figure 5. Mapping HGS onto the respective circuit 

3.3 Static model 

In this model of HGS implementation, all eomponents of the HGS eireuit 
are permanently mapped onto the FPGA. The eombinational seheme is an 
aggregation of the various maero-operations optimised for eaeh of them, Le., 
if a eertain sub-algorithm only uses eonditional signals 1 and 2 from the four 
available then only these two signals are provided for that sub-algorithm. 
The synthesis tools generate this optimised aggregation. 

The final step in the implementation of this type of eireuit is the 
elaboration of the struetural VHDL deseription of the eireuits, whieh is 
performed by Velab and generates an EDIF file . Then the mapping, 
placement and routing of the cireuit are exeeuted by XACT6000, whieh 
generates the final configuration ofthe XC6200 FPGA. 

3.4 Dynamically reconfigurable model 

To explain the dynamieally reeonfigurable implementation of the HGS 
we should start by stating the general principles used in the development of 
our reeonfiguration model. 

We have defined some of the FPGA resourees (funetional eells and 
routing muxes) as "dynamically reeonfigurable" (calIed "reeonfigurable" in 
the rest of the paper), meaning that they are available for reeonfiguration 
during run-time, while other ("fixed") resourees must be configured only at 
startup. These "reeonfigurable" resourees have been divided into several sets 
where the objeetive is to ensure that modifying a "reeonfigurable" resouree 
of a speeifie set is guaranteed not to change the cireuit beyond the limits of 
the set where it belongs. In our ease these sets are non-overlapping 
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rectangular areas inside the FPGA and in each area (set) all functional units 
and local routing resources have been considered "reconfigurable". 

Each of the "reconfigurable" sets has the same shape and the same 
topology with respect to the routing resources of the FPGA, Le., if they all 
use length 4 routing resources then their position relative to a 4x4 boundary 
has to be the same for all "reconfigurable" sets. 

Each of the "reconfigurable" sets has a fixed interface, both structurally, 
where they all have the same signals as inputs and outputs, and spatially, 
where the relative position of inputs and outputs inside the set is the same for 
all sets. 

Each partial configuration describes a circuit that uses "reconfigurable" 
resources of only one of the sets. There should be more partial 
configurations than "reconfigurable" sets, otherwise the static model 
implementation is preferable. 

If several partial configurations use resources that belong to just one 
"reconfigurable" set, they are available for swapping. 

These assumptions are very important because they provide each 
reconfigurable set with characteristics similar to those of pages in virtual 
memory systems: 

• The configuration of a particular set is independent of the 
configuration of the others and does not affect the others. 

• Configurations can easily be moved from one set to another. 
• The maximum size of a configuration can be easily calculated. In fact 

we could consider configurations as being of a fixed size, but as we 
will see, not all of the resources of each "reconfigurable" set need to 
be programmed to change the configuration of that set. 

• All the information about each configuration can be saved in an 
external device. 

Another principle of our dynamically reconfigurable model is that the 
circuit is responsible for signalling some external device in the event that 
reconfiguration is needed. Areconfiguration handler implemented in the 
external device is responsible for loading the new partial configuration to the 
desired set. Additional information may be needed by the external 
reconfiguration handler in order to choose which configuration has to be 
mapped onto which of the "reconfiguration" sets. 

Let's turn our attention to the dynamically reconfigurable implementation 
of HGSs and to the methodology and tools that have been developed to 
support it. We'll also discuss some of the limitations of Xilinx tools when 
they are applied to dynamic reconfigurable circuits and how we have 
overcome these limitations. 
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As has already been said, our "reconfigurable" sets of resources have 
been defined as non-overlapping rectangular areas inside the FPGA. The 
interface of each "reconfigurable" area can be seen in Figure 6. Every input 
is fed to every reconfiguration area and every output is also received from all 
areas because neither the sub-algorithms that are going to be mapped nor 
their input/output needs are known,. Each of these areas can accommodate 
one sub-algorithm of the HGS if it is needed at a certain execution time 
(Figure 7). 

Start 
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State (Hier.) 

Clr 

Clk 

Reconfigurab le 

End 

y 

Nextstate (Hier.) 

Inc. Stack 

Code Converter 

Figure 6. Template for the external interface of an HGS component 

The need for reconfiguration has been easily incorporated into the HF SM 
model by reserving one bit of the code converter entries to specify if a 
certain macro-operation is configured inside the FPGA or not. If it is 
configured, the other code converter bits specify the mapping area, and if it 
is not mapped, these bits specify the macro-operation code (Figure 8). 

When reconfiguration is required the reconfiguration handler reads the 
code converter register (inside the FPGA) in order to know which macro
operation has to be loaded. In this model, reconfiguration only happens 

FPGA 
extemal RAM 

Fif?Ure 7. HGS reconfiguration model 
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during macro-operation invocation and not during macro-operation return, as 
it is a constraint of this model that all macro-operations in the path from the 
main graph to the present macro-operation cannot be swapped out. The 
reconfiguration handler maps the macro-operation onto one of the available 
areas, determined by reading stack contents, then changes the contents of the 
code converter so that it retlects the actual configuration of these areas and 
indicates that execution may proceed. 

FPGA Code FPGA Code 
Converter Converter 

AreaO HGSI 1100 4 AreaO HGS3 1100 4 

1011 0000 3 

Area 1 HGS2 0001 2 Area 1 HGS2 0001 2 

1001 

a) Reconfig bit b) 

Figure 8. Code Converter contents before (a) and after (b) reconfiguration 

Most of the components belonging to the parameterised group didn't 
have to undergo any modification to allow reconfigurability. Only the 
synchronisation scheme had to be changed. This is the circuit that signals the 
need for reconfiguration and that manages the protocol with the 
reconfiguration handler to resurne HGS execution when reconfiguration is 
finished. 

The synthesis tools had to be adapted to this new model as the interface 
of all macro-operations implementations is now the same, wh ether that 
particular implementation is using all interface signals or not (inputs that are 
not used are left open while unused outputs are connected to ground). The 
combinational scheme has a fixed structure that does not depend on the HGS 
specification and depends only on the specified interface and on the number 
of "reconfigurable" areas. The contents of each of these areas are only 
defined during run-time by loading the relevant partial configuration. 

To respect the principles stated above, the "fixed" configuration should 
not use any of the "reconfigurable" resources. If they are used then partial 
configurations might affect the circuit implemented by the "fixed" 
configuration. XACT6000 provides a designer attribute to exclude all 
functional units within a certain area from being used, but it doesn't provide 
anything similar with respect to routing resources. In order to generate a safe 
"fixed" configuration, we have made XACT think that all "reconfigurable" 
resources were already being used (so that it wouldn't use them for other 
purposes) by generating a dummy layout (in the form ofaXACT layout file 
[Xilinx97b]) that occupies all these resources (Figure 9). 

In our case we have a different partial configuration for each area and for 
each macro-operation, so if we have two reconfiguration areas and 4 macro-
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operations we need 8 partial reconfigurations. Only 4 partial configurations 
would be required if we had a translation operator for partial configurations 
available, so this operator is planned for the near future. 

_.li 

--' 
j 

1--' 

Figure 9. Dummy layout for reeonfiguration area 

The generation of usable partial configurations is not directiy supported 
by XACT6000. We have created them by using XACT to generate aglobai 
configuration for the entities of each macro-operation located in each area, 
and then filtering these global configurations to obtain partial configurations 
where only "reconfigurable" resources are modified. The filtering process is 
based on a textual description of the "reconfigurable" resources of each area 
(Figure 10). The methodology to obtain the initial and partial 
reconfigurations is shown in Figure 11. 

Cells (16,7-17) 
NORTH Reconfigurab1e 
SOUTH Reconfigurab1e 
EAST Reconfigurable 
WEST Fixed 
Xl Fixed 
RP Fixed 

End 

Figure 10. Defining reeonfigurable resourees 

The reconfigurable control circuit and design procedures have been 
tested in hardware using the Annapolis FireFly ™ PC board. Two vers ions of 
the reconfiguration handler have been used, one implemented in software 
using C++ and the other implemented in hardware using an XC4010XL 
FPGA mounted on a XS40 board [Xess98] that interfaces to the PC through 
the parallel port. 
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Figure 11. Creating initial and partial reconfigurations 

4. CONCLUSION 

Complex control circuits can be specified using HGSs by detailing the 
properties of the system at several layers of abstraction. These complex 
control circuits can be implemented in fine-grained FPGAs using the HFSM 
structure proposed. This structure provides a high degree of modularity for 
the implementation of the sub-algorithms (macro-operations) of the HGS, 
and so it is weil adapted to a dynamically reconfigurable implementation. 

General principles for a model to use reconfigurability have been 
presented and these principles have been applied with success to the 
dynamically reconfigurable implementation of HGSs using the XC6200 
FPGA. Several tools had to be developed to overcome the lack of proper 
support for dynamic reconfigurability in standard tools. 
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