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Facilitating FPGA Reconfiguration through Low-level Manipulation 

 

Wenwei Zha 

 

Abstract 

 

 

The process of FPGA reconfiguration is to recompile a design and then update 

the FPGA configuration correspondingly.  Traditionally, FPGA design compilation 

follows the way how hardware is compiled for achieving high performance, which 

requires a long computation time.  How to efficiently compile a design becomes 

the bottleneck for FPGA reconfiguration. 

 

It is promising to apply some techniques or concepts from software to facilitate 

FPGA reconfiguration. This dissertation explores such an idea by utilizing three 

types of low-level manipulation on FPGA logic and routing resources, i.e. 

relocating, mapping/placing, and routing.  It implements an FMA technique for 

“fast reconfiguration”.  The FMA makes use of the software compilation 

technique of reusing pre-compiled libraries for explicitly reducing FPGA 

compilation time.  Based the software concept of Autonomic Computing, this 

dissertation proposes to build an Autonomous Adaptive System (AAS) to achieve 

“self-reconfiguration”.  An AAS absorbs the computing complexity into itself and 

compiles the desired change on its own. 

  

For routing, an FPGA router is developed.   This router is able to route the MCNC 
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benchmark circuits on five Xilinx devices within 0.35 ~ 49.05 seconds.  Creating 

a routing-free sandbox with this router is 1.6 times faster than with OpenPR.  The 

FMA uses relocating to load pre-compiled modules and uses routing to stitch the 

modules.  It is an essential component of TFlow, which achieves 8 ~ 39 times 

speedup as compared to the traditional ISE flow on various test cases.  The core 

part of an AAS is a lightweight embedded version of utilities for managing the 

system’s hardware functionality.  Two major utilities are mapping/placing and 

routing.  This dissertation builds a proof-of-concept AAS with a universal UART 

transmitter.  The system autonomously instantiates the circuit for generating the 

desired BAUD rate to adapt to the requirement of a remote UART receiver. 
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Chapter 1  

Introduction 

 

1.1. Overview 

A Field-programmable Gate Array (FPGA) is a special type of Integrated Circuit 

(IC) devices.  Instead of performing a specific functionality, the hardware 

configuration of an FPGA can be reconfigured repeatedly to serve different 

applications.  FPGA reconfiguration is the process to compile a new design and 

to generate the corresponding configuration binaries for programming the target 

FPGA device.  This process is becoming more and more challenging with the 

growth of FPGA device density and FPGA design complexity.  To facilitate FPGA 

reconfiguration, this dissertation proposes “fast reconfiguration” and “self-

reconfiguration”.   For “fast reconfiguration”, a Fast Module Assembly (FMA) 

approach is implemented based on reusing the configuration bitstream of pre-

built modules.  The FMA is an enabling technique for reducing the FPGA design 

compilation time.  For “self-reconfiguration”, a framework for building an 

Autonomous Adaptive System (AAS) is presented.  By managing hardware 

resources and functionality on its own, an AAS absorbs much of the computing 

complexity into itself and avoids extra compilation. 
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1.2. Motivation 

Since their invention in the middle of 1980s, FPGAs [1] have gained increasing 

success in various markets including digital signal processing, embedded 

microprocessor applications, physical layer communications and reconfigurable 

computing [2].  One main reason for FPGAs’ popularity is that they take 

advantage of the Application Specific IC (ASIC) based and the general purpose 

processor based designs [3].  On the one hand, FPGAs provide the hardware 

performance and reliability of an ASIC design.  On the other hand, FPGAs also 

offer the software reconfigurability and flexibility of a general purpose processor 

based design.  Traditionally, the FPGA tool chain puts too much emphasis on the 

first feature, i.e. the hardware performance and reliability.  It follows the process 

of compiling ASIC designs, which consists of a series of NP-hard problems [4, 5].  

This process needs a long time to run for optimizing area and maximum 

operating frequency.  It also requires vast computation power typically from 

personal or workstation computers.  In contrast, the second feature, i.e. the 

software reconfigurability and flexibility, has attracted relatively less attention.  

How to fully exploit this feature leads to the topic of facilitating FPGA 

reconfiguration. 

 

FPGA reconfiguration does not merely mean the feasibility of reprogramming an 

FPGA device after recompiling the target design.  It is the full process from 

compiling a new design into the physical netlist, to generate the configuration 
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binaries, and to program the target device1.  The process also calls for efficiency 

and flexibility.  Because of the limitations of the traditional tools mentioned above, 

the bottleneck here is still the time and effort required for compiling an FPGA 

design – an essentially NP-hard problem.  Following Moore’s Law, the density of 

FPGAs keeps growing exponentially from thousands of kilo-transistors to a few 

billion transistors per device.  Consequently FPGA designs keep increasing in 

size and complexity, which worsens the problem of compiling an FPGA design.  

As a result, FPGA reconfiguration is becoming more and more challenging. 

 

To help overcome the challenge of FPGA reconfiguration, this dissertation work 

presents a direct approach and an indirect approach.  The first approach is “fast 

reconfiguration”, which directly makes efforts toward reducing the FPGA design 

compilation time.  An FMA technique is implemented based on reusing the 

configuration bitstream of pre-built modules.  This technique is inspired by the 

software compilation technique of linking pre-compiled libraries at the final 

executable generation stage [6].    The second approach is “self-reconfiguration”.  

It is indirect because it does not optimize a single compilation run; rather, it 

applies the concept of Autonomic Computing [7] to avoid extra compilation.  This 

approach implements a framework for building an AAS.  An AAS is capable of 

managing its own hardware functionality in order to adapt to changes.  It 

autonomously runs an embedded tool set to compile any necessary changes into 

hardware configuration and to implement it on-the-fly as adaptation behavior.  In 

                                                 
1
 The action of reprogramming is only a very narrow definition of FPGA reconfiguration.  A wider 

definition like this is assumed throughout this dissertation. 
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other words, an AAS absorbs much of the computing complexity into itself so that 

there is no need to recompile the system externally. 

 

Another motivation behind “fast reconfiguration” and “self-reconfiguration” is to 

open new horizons for FPGA based applications.  The ultimate goal of “fast 

reconfiguration” by FMA is to boost the FPGA design productivity by reducing the 

FPGA compilation time significantly.  If FPGA designs are compiled as fast as 

software designs, FPGAs would become an alternative choice for applications 

such as GNU radio which normally favors the pure software implementation.  For 

“self-reconfiguration”, researchers on autonomous systems have long utilized 

software to implement adaptation behaviors, because it is fast and flexible to 

reconfigure software.  With an on-chip tool set to arbitrarily modify hardware 

configuration during runtime, FPGA becomes a good candidate for implementing 

an autonomous system, where hardware is no longer static. 

 

Both “fast reconfiguration” and “self-reconfiguration” rely on the low-level 

manipulation of FPGA resources.  By directly managing the configuration 

binaries of the logic and routing resources, it is essentially feasible to alter the 

functionality of an FPGA device under software control.  To some degree, 

altering FPGA functionality is potentially as easy as altering software functionality 

and compiling FPGA is potentially as fast as compiling software.  Therefore, the 

low-level manipulation is one key to ensure the speed and flexibility of FPGA 

reconfiguration. 
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In short, this dissertation work aims to facilitate FPGA reconfiguration by 

manipulating FPGA configuration at a low level.  The next section presents the 

detailed problem statement. 

 

 

1.3. Problem Statement 

To investigate how the low-level manipulation facilitates FPGA reconfiguration, 

there are naturally two questions to ask: 

Question I: What kinds of manipulation are desired?  

Question II: More importantly, what are the benefits of such manipulation 

and how to demonstrate? 

 

The answer to the first question is straightforward.  Three types of manipulation 

of FPGA resources are exploited: 

1) Relocating: relocate the logic and/or routing configuration of a pre-

compiled module to a new location; 

2) Mapping and placing: translate the logic elements of a module into 

the corresponding logic configuration and place them onto logic sites; 

3) Routing: use routing resources to connect given logic sites and 

generate the corresponding configuration. 

To ensure high speed, the manipulation is low-level, i.e. it directly instantiates the 

binaries that configure the FPGA.  Consequently, there is no need to generate 
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the actual physical netlist2 (which may take a very long time for a big design) or 

to translate the physical netlist into configuration bitstream.  To help achieve 

flexibility, first, the manipulation is fine-grained through managing the minimum 

configurable logic and routing resources; and second, manipulation utilities are 

able to run on multiple platforms, especially in the embedded environment. 

 

To explore the second question, the first step is to re-examine the conventional 

use-models of contemporary FPGAs.  In many areas including consumer 

electronics, telecommunication appliances, and medical instruments, people 

have chosen to use FPGAs because of performance, time to market, cost, and 

reliability considerations.  Traditionally, all these applications belong to two use 

models in general.  One is replacing ASICs as the final design solution [8].  The 

other is emulating the functionality of an ASIC design for the purpose of 

simulation acceleration [9].  In either case, the core task is to prototype a digital 

system in an FPGA device and the main challenge is to reduce the design 

compilation time.  Since modular design [10] has become a standard practice in 

many disciplines including digital hardware design, reusing pre-compiled 

modules naturally becomes an ideal candidate for reducing FPGA compilation 

time.  By utilizing the manipulation of “relocating” and “routing” at a low level, an 

FMA 3  approach is developed.  It is potentially an enabling technique for 

significantly reducing FPGA compilation time.  It is worth to mention that the FMA 

                                                 
2
 At some point, physical netlist is still used for debug purpose, since it is very difficult to directly 

debug configuration bitstream. 

3
 Section 1.5 reveals some details about the limitation of this work. 



 

7 

 

is not only fast by directly “relocating” the configuration bitstream of pre-compiled 

modules, but it is also flexible.  It is flexible on where the pre-compiled modules 

may reside by applying the idea of soltless reconfiguration [11].  It is also flexible 

on how a module is pre-compiled.  There is no constraint about where its 

input/output pin should be.  There is no need for extra input/output logic to build 

inter-module connection channels.  The manipulation “routing” which uses a 

dedicated FPGA router to build the inter-module connections during assembly on 

the fly ensures such flexibility. 

 

With the emergence of Dynamic Partial Reconfiguration (DPR) technique [12] it 

is feasible to change part of an FPGA design’s functionality at runtime.  This 

technique leads to a novel use model of FPGAs, i.e. AASs.  Such systems adapt 

to environmental changes including external disturbance (such as temperature 

fluctuations or communication protocol changes) and/or internal mutation (such 

as a defect or time-varying optimizing objectives) with little or no outside 

intervention.  There are roughly two levels of autonomy.  For the lower level of 

autonomy, the system makes the adaptation decision on its own about which 

kind of adaptation is desired and then picks up the right partial configuration from 

a library of pre-compiled adaptation behaviors.  For the higher level of autonomy, 

the system not only makes the decision by itself, it also autonomously compiles 

the desired adaptation behavior into FPGA configuration binaries and instantiate 

it.  This dissertation work presents a framework for building an AAS based upon 

a minimal set of requirements, namely an FPGA and a modest amount of 
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external memory.  The highlight of the framework is a lightweight embedded 

version of utilities to convert a circuit netlist describing the adaptation behavior 

into real FPGA hardware configuration in order to achieve the higher level of 

autonomy.  Two key components of the utilities is the manipulation of “mapping 

and placing” and “routing”. 

 

To sum up the targeting problems and the proposed solutions, this dissertation 

work deals with three tasks: 

Task I: Invent a versatile FPGA router. 

Task II: Propose an FMA technique. 

Task III: Develop a framework for building an AAS. 

Details about these tasks, i.e. implementation, demonstration, results, etc., are 

discussed in Chapter 3, 4, and 5, respectively. 

 

 

1.4. Contribution 

By investigating the two questions and by accomplishing the three tasks 

mentioned in the previous section, this dissertation makes the following 

contributions: 

1. This dissertation exploits the low-level manipulation of FPGA 

configuration to facilitate FPGA reconfiguration, i.e. to achieve flexibility by 

managing the minimal configurable logic and routing resources, and to 

ensure the speed of reconfiguration by directly manipulating the 

configuration binaries.  To demonstrate this idea, the dissertation 
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proposes two techniques for facilitating FPGA reconfiguration, i.e. “fast 

reconfiguration” and “self-reconfiguration”. 

2. This dissertation develops an FPGA router with the following 

features.  Instead of targeting a specific device or a family of devices or 

some special customized devices, this router targets a wide range of 

commercially available FPGA devices.  It does not make any architecture-

specific or application-specific simplifications or assumptions, so that it is 

able to route different kinds of circuits.  It applies the well-accepted 

PathFinder [13] algorithm with A* search [14] in order to handle complex 

routing.  It produces routing results in the real device format which can be 

directly applied to FPGA reconfiguration.  Most existing FPGA routers only 

implement a portion of these features but not all of them.  With these 

features, this router is an ideal candidate for various FPGA reconfiguration 

applications, such as the FMA technique and the AAS framework 

developed in this dissertation. 

3. This dissertation proposes an FMA technique by combining the 

speed advantage of the configuration bitstream level module assembly 

and the flexibility advantage of the slotless reconfiguration.  The FMA is 

faster than the physical netlist based module assembly adopted by recent 

work on the slotless reconfiguration without the configuration binary 

capability.  The FMA is also flexible and its flexibility has two meanings.  

First, it is more flexible than the early work on the slot-based bitstream 

level module relocation where any change in the design may lead to the 
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re-compilation of most of the modules.  Second, it applies less constraint 

on how modules are pre-compiled as compared to the recent work on the 

configuration bitstream based slotless reconfiguration.  Modules may be of 

any shape, their I/O pins may locate on the boundary or deep inside, and 

they may use any routing resources.  The FMA is an enabler for the 

configuration bitstream level module reuse which helps to significantly 

reduce FPGA compilation time.   It also potentially enables software-like 

exploration for hardware: many design iterations per day, easy debug, etc. 

4. This dissertation explores an alternative way to implement 

autonomous computing, i.e. through hardware.  Early work only focuses 

on software where hardware is static and hardware only denotes to 

computers with proper peripherals for running software.  FPGA 

reconfiguration makes hardware autonomy feasible, but the research is 

still in an early stage.  This dissertation adds value to this area in the 

following ways:  it proposes a framework for building an autonomous 

system with limited resources so that the system is suitable for the 

embedded environment; it demonstrates how hardware autonomy is 

achieved through the low-level manipulation of FPGA configuration;  and it 

develops a proof-of-concept autonomous system with an adaptive UART 

transmitter. 

5. This dissertation develops utilities that run in the embedded 

environment to manage the FPGA logic and routing resources at a low 

level.  Most tools from the literature rely on vendors' utilities at some point, 
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for example to generate the physical netlist or to generate the 

configuration binaries.  Therefore, they lack the flexibility to run in the 

embedded environment.  To fill in such a gap, this dissertation implements 

a tool set for translating digital logics into FPGA configuration within the 

autonomous adaptive system framework.  It makes some dedicated 

manipulations on the placer and the router for fitting the embedded 

environment. The placer applies a greedy algorithm with linear runtime 

and abandons the popular Simulation Annealing algorithm [5]. The router 

applies a few simplifications as compared to the versatile router: first, the 

routing database is compact by removing redundancies; second, non-

iterative A* method is used instead of the PathFinder.  Developed in C++, 

the module assembly technique can also be cross-compiled into an 

embedded version with limited effort. 

 

 

1.5. Limitations 

This section briefly talks about a few limitations of this work. 

 

First, the router does not have an accurate wire delay model.  While the timing 

information for logic elements of a specific FPGA device is found in the device’s 

datasheet, the wire delay information is not released.  Ideally, a router should be 

timing-aware by directly minimizing the overall wire delay; but the router here 

only optimizes timing indirectly by minimizing the routing depth. 
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Second, the FMA has a few limitations.  Module assembly is only the last step of 

a complete compilation flow through module reuse.  Other steps include: building 

and manage the library with pre-compiled modules, selecting the most suitable 

module, and placing the module.  This dissertation only focuses on the assembly 

step.  It is part of [15], which discusses a whole compilation flow.  Also, details 

about how to manage the intermediate meta-data through XML are omitted in 

this dissertation and they are found in [16, 17].  Moreover, reducing compilation 

time by reusing pre-compiled modules essentially trades compilation quality for 

run time.  Compared to compiling the full design, the pre-compiled modules 

freezes a large portion of the solution space and the globally optimal solution 

may become unreachable.  [18] discusses details about this trade-off. 

 

Third, the primary objective of the AAS work is to be proof-of-concept, 

constrained by a short development time and limited resources in the embedded 

environment.  It does not exploit the state-of-the-art techniques in dynamic partial 

reconfiguration, placing algorithms or routing algorithms.  Instead, it makes 

simplified implementations here and there.  Consequently, head-to-head 

quantitative comparison with peer’s work is limited in availability and utility. 

 

Forth, the low-level manipulation on configuration binaries is based on the 

unpublished work by the Configurable Computing Labs of Virginia Tech and 

Brigham Young University.  It has the complete knowledge of all the routing 

configuration bits of Xilinx Virtex-4 and Virtex-5 devices as well as most of the 
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logic configuration bits of Virtex-4 and Virtex-5.  Recent work such as [19] may 

be used to acquire similar knowledge about configuration bitstream, but that work 

is only applicable to a much coarser granularity than the manipulation here.  As a 

result, even though in theory this dissertation work may apply to FPGA devices 

newer than Virtex-4 and Virtex-5, it may not be feasible in practice. 

 

 

1.6. Organization 

The remainder of this dissertation is organized into the following chapters: 

Chapter 2: Background and Related Work 

This chapter reviews the preliminary knowledge as well as the peers’ work 

representing the state of the art, including FPGA architecture and configuration, 

FPGA reconfiguration, FPGA routing, fast system prototyping, and autonomous 

adaptive systems. 

 

Chapter 3: A Versatile FPGA router 

This chapter discusses the data structure and algorithms for developing the 

router as well as the experiment results on the well accepted MCNC benchmark 

circuits, and a demonstration of how to generate a routing-free sandbox. 

 

Chapter 4: Fast Module Assembly. 

This chapter presents the implementation details of the FMA technique and 

proves its significances through quantitative results. 
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Chapter 5: Autonomous Adaptive Systems 

This chapter shows the details about the framework for building an AAS, 

including the details of software implementation and hardware implementation.  It 

also has a demonstration of a universal UART transmitter as well as limited 

quantitative analysis on the performance and characteristics of the embedded 

tool set. 

 

Chapter 6: Conclusion 

This chapter summarizes the main conclusions of this dissertation. 

 

  



 

15 

 

Chapter 2  

Background and Related Work 

 

2.1. Overview 

The foundation of this dissertation depends on a wide range of preliminary 

knowledge and related work.  It is split into five topics: FPGA architecture and 

configuration, FPGA reconfiguration, FPGA routing, fast system prototyping and 

autonomous adaptive systems.  Each topic will be reviewed regarding the 

following aspects: 

1. What is the preliminary knowledge and what incentives (capabilities 

and/or challenges) does it offer? 

2. What existing works are related to this dissertation; what are the 

similarities and/or differences between this dissertation and related 

works? 

3. What are the strengths of this work as compared with related work4? 

Figure 2.1 serves as an overview and the detailed review will be presented later. 

                                                 
4
 In most cases, head-to-head comparison with quantitative analysis is either difficult to make or 

of limited utility.  The reason is that most works do not necessarily have exactly the same problem 

domain, resource constraint, and premise for solution.  This background section mainly makes 

qualitative comparison with the related work and later sections will make quantitative 

comparisons with selected works. 
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Figure 2.1 Background Overview 

 

 

2.2. FPGA Architecture and Configuration 

The popular island style FPGA architecture is illustrated by Figure 2.2 [20].  CLB 

refers to Configurable Logic Block and PSM refers to Programmable Switch 

Matrix.  CLBs contain various logic elements such as Look-Up Tables (LUTs), 

Flip-flops (FFs) and dedicated multiplexers (MUXs).  PSMs consist of 

programmable interconnection points (PIPs).  One CLB is connected to another 

CLB through one or more PSMs.  These terms are from Xilinx FPGAs, but they 

may apply to devices from other vendors as well.  The insights of the CLB and 

PSM of the Xilinx XC4000 FPGA family are shown in Figure 2.3 and 2.4, 

respectively. 
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Figure 2.2 A Simplified FPGA Architecture [20] 

 

Figure 2.3 The Simplified Block Diagram of the Xilinx XC4000 CLB [20] 
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Figure 2.4 The Programmable Interconnect of the Xilinx XC4000 Family [20] 

 

Even though modern FPGAs have hybrid logic elements, including block random 

access memory (BRAM), digital signal processing unit (DSP), etc., and more 

complex PSMs, Figure 2.2 and 2.3 are still acceptable simplifications. 

 

The FPGA configuration process involves the settings of the CLBs and PSMs, in 

the vendor specific netlist format (such as Xilinx NCD format) or in the 

configuration bitstream format (such as Xilinx BIT format).  For Xilinx FPGAs, all 

logic block and switch matrix settings are defined in files of architecture 

description for Xilinx devices (XDLRC).  From XDLRC files, Xilinx Design 

Language (XDL) terms are extracted.  These terms not only map to certain 

configurations of logic elements or routing resources, they also map to a set of 
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binaries which turn on the corresponding configuration on real devices.  This is 

the key concept of the proposed low-level manipulation.  For more details about 

XDL and XDLRC, [21] should be referred to.  Moreover, XDLRC may also be 

extracted for FPGA devices manufactured by other vendors such as Altera by 

converting their architecture information into the description that is compatible 

with XDLRC’s format. 

 

Recently, Tools for Open Reconfigurable Computing (TORC) [22] has been 

developed as an open-source C/C++ infrastructure and tool set for reconfigurable 

computing.  TORC is jointly developed by Information Sciences Institute of 

University of Southern California and Configurable Computing (CCM) Lab of 

Virginia Tech.  It makes use of XDLRC/XDL to manage FPGA configuration.  

TORC infrastructure is able to read, write and manipulate not only generic 

netlists, such as EDIF, Berkeley Logic Interchange Format (BLIF), etc., but also 

physical netlists in the XDL format.  TORC provides exhaustive wiring and logic 

information for 140 Xilinx devices in 11 families—Virtex, Virtex-E, Virtex-II, Virtex-

II Pro, Virtex-4, Virtex-5, Virtex-6, Virtex-6L, Spartan-3E, Spartan-6, and Spartan-

6L.  This dissertation is strongly related to TORC.  The first author of TORC, 

Steiner, conceived quite a few ideas for TORC when he did his PhD project on 

Autonomous Computing System [81] at CCM Lab.  When the AAS project of this 

dissertation was launched, TORC was in a very early phase of development.  

Independent of TORC, the Application Programming Interfaces (APIs) developed 

in the AAS project here essentially implemented functions similar to a subset of 
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TORC’s.  When the FMA project started, TORC had already been published, and 

hence the FMA implementation is able to reuse a large portion of TORC’s code.  

The FMA project did extend TORC with the ability to manipulate Xilinx bitstream 

for Virtex-4 and Virtex-5 families. 

 

Another open-source tool set for reconfigurable computing is RapidSmith [18, 33].  

It shares numerous similarities with TORC.  Both tool sets leverage XDLRC/XDL 

and provide APIs to manage FPGA configuration.  RapidSmith is developed in 

Java instead of C++ and it provides a Graphical User Interface (GUI).  Another 

difference is that TORC aims to be architecture-independent – meaning that it 

intends to support any FPGA device as long as its architecture information is 

compatible to the XDLRC format – and consequently no simplification is 

assumed.  In contrast, RapidSmith applied certain simplifications to optimize their 

APIs toward Xilinx FPGAs and the approach may be invalid for FPGAs from 

other vendors. 

 

In the other direction, ReCoBus-Builder [24] and GoAhead [25] are examples of 

achieving the low-level manipulation of FPGA configuration through managing 

vendor tools with scripting.  Even though they provide a GUI, they heavily 

depend on vendor tools and cannot be as extended as open-source utilities.  The 

main objective of GoAhead is to provide a framework to facilitate Partial 

Reconfiguration, while TORC has a broader objective of building an extendable 

infrastructure and tool set to facilitate custom research applications based FPGA 
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reconfiguration. 

 

 

2.3. FPGA Reconfiguration 

FPGA reconfiguration applications normally divide a design into two parts: the 

invariant part or the static design, and the variant part of the design represented 

by the dynamic modules.  While the configuration of the invariant part is 

preserved, the key of these applications is to generate the configuration of the 

dynamic modules within the static design.  The configuration of the dynamic 

modules is either from the pre-built library, adopted in many works on reusing 

pre-compiled modules including this dissertation’s FMA technique, or generated 

during runtime like this dissertation’s AAS work.  The configuration of the 

dynamic modules is either stitched with the static into a full bitstream of the whole 

design which is configured offline like this dissertation’s FMA work; or the 

configuration is directly loaded online using the dynamic PR techniques like this 

dissertation’s AAS work. 

 

There are two categories of FPGA reconfiguration: the slot-based and the 

slotless reconfiguration [11].  For the slot-based reconfiguration, a pre-compiled 

module is assigned to a fix slot (such as Xilinx PR [12] and PaDReH [26]) or a 

few fixed slots (such as COMMA [27] and PARBIT [28]).  Consequently, it is 

either infeasible to relocate the module or only feasible to relocate the module to 

a few locations.  The left half of Figure 2.5 illustrates the slot-based 

reconfiguration.  Module A is only allowed to reside at Site A and Module B is 
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only allowed at Site B.  The connections between the static and the dynamic 

modules, i.e. the interface nets between the static and Module A, between the 

static and Module B, and between Module A and Module B, are all pre-built, 

shown as the solid lines.  The benefit of the slot-base reconfiguration is that the 

inter-module connections are also pre-built: they are either static or bit selectable 

which means either zero or negligible module stitching time.  The overhead is 

that the pre-compiled modules and the static design are coupled: if there is a 

change in the static design, not only itself but also all pre-compile modules must 

be re-compiled. 

 

In contrast, the slotless reconfiguration is much more flexible, where the module 

relocation is not constrained to a few pre-defined slots. As the right half of Figure 

2.5 shows, any site from Site 1 to Site 5 is a candidate for holding either Module 

A or Module B, as long as the following constraint is satisfied: the actual site of 

one module does not overlap with the actual site of another module.  For 

example, if Module A resides at Site 2, Site 1 and Site 3 become invalid for 

Module B.  Where a module locates may change from one configuration to 

another and the candidate sites for the same module may overlap.  Therefore, it 

is extremely hard, if possible at all, to pre-build the connections between the 

static and the dynamic modules.  The advantage of the slotless reconfiguration is 

that the pre-built modules and the static design decoupled, meaning they are 

compiled independently of each other. The cost is that the inter-module 

connections must be built at runtime.  Existing work on the slotless 
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reconfiguration includes the 2D partial dynamic reconfiguration technique by [29, 

30], Wires-on-Demand (WoD) [31], GoAhead [25], Dreams [32], etc. Generally, a 

dedicated FPGA router is needed to make the inter-module connections, for 

example [31] make use of the fast router [33] with limited routing resources, [25] 

makes use of the Xilinx router, and [32] develops a router based on RapidSmith. 

Alternatively, [29] and [30] avoid requiring a dedicated FPGA router by compiling 

the modules in such a way that there are I/O buses on the boundaries following 

certain communication rules. [31] is able to directly turn the result of inter-module 

routing into configuration binaries and download them onto the device.  

Consequently, it is much faster in terms of assembly time as compared to [25] 

and [32],  where vendor tools have to be used to convert the routing result into a 

physical netlist and then to generate the corresponding configuration bitstream. 

The work of [31] can be improved with a better router which fully utilizes all 

routing resources so that the constraint on how a module should be compiled is 

relaxed. 

 

One challenge of FPGA reconfiguration is how to create sandboxes, i.e. clean 

regions, for dynamic modules.  If a region contains any logic and routing 

resources used by the static design, a dynamic module may not be loaded there, 

otherwise resource conflicts may occur.  A sandbox is defined as a portion of a 

device, normally a rectangular region, where all logic and routing resources are 

unused.  Take Figure 2.5 for example.  The logic and routing elements occupied 

by the static design are simplified into gray rectangles.  The box with dash-dot 
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boundary represents the sandbox, where no gray rectangle is allowed.  

Prohibiting logic elements from being placed in a sandbox region is relatively 

easy, but creating a routing-free sandbox is much more difficult.  Early work, 

such as PARBIT, assumes that the modules are built with a set of routing 

resources that are guaranteed to have no conflicts with any possible static 

routing that may reside in the sandboxes.  The idea is to divide the routing 

resources within a sandbox into two exclusive groups – one group is reserved for 

routing the dynamic modules, and the other group is used for routing the static 

design.  However, this method is depreciated due to two issues: first, dynamic 

modules are built in such a constrained way that not only the routing quality 

might be degraded but also some nets may fail to be routed at all; second, it is 

questionable how to make two groups of routing resources completely exclusive.  

The Xilinx PR flow applies the same approach and it eases the two issues 

mentioned above with the privileges of being a vendor’s tool.  However, this 

approach implies dependences between the static design and the dynamic 

modules.  A dynamic module must be aware of what routing resources have 

been used by the static design and avoid using them.  Hence, the Xilinx PR flow 

only applies to the slot-based reconfiguration.  Alternative approaches of creating 

a routing-free sandbox are required for the slotless reconfiguration.  OpenPR [34] 

developed a method by making use of XDLRC but it does not have a dedicated 

router.  It relies on the vendor tool.  Worse still, it calls Xilinx fpga_edline to 

perform routing, which is known to be slow.  A faster approach is proposed in this 

dissertation as a demonstrating application of the versatile FPGA router.  It first 
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clears any net in the static design which passes through the sandbox and then 

reroute the net with the versatile FPGA router to bypass the sandbox. 

 

 

Figure 2.5 The Comparison between the Slot-based and the Non-slot-based 
Reconfiguration 

 

 

2.4. FPGA Routing 

The routing of ICs is known to be a challenging problem, since almost every 

routing sub-problem is intractable [35].  For example, the Steiner Tree problem, 

which aims to find the shortest route for a net, is one of the simplest routing 

problems.  Though the problem is not very computation intensive due to its 

limited size, it is essentially NP-hard.  Compared to the well-studied problem of 

routing ASICs, the problem of FPGA routing is different because FPGAs do not 

have a Cartesian rectilinear grid like ASICs.  Rather, FPGAs are normally 

represented as a connectivity graph where the nodes of the graph are the routing 
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segments and the edges are the PIPs.  The implication is that the mature 

rectilinear grid based routing algorithms for ASICs must be modified for FPGAs 

[36]. 

 

A typical model of the FPGA routing problem is illustrated by Figure. 2.6 [36]: 

 

 

Figure 2.6 A Typical Model of the FPGA Routing Problem [36] 

 

In Figure 2.6, nodes L1, L2 and L3 represent three routing terminals; S1 and S2 

represent two internal routing segments; edges A, B, C, D and E represent five 

PIPs between the terminals and segments.  A net with L1 as the source node 

and L3 as the sink node can be routed as PIPs C and E through segment S2.  A 

net with L1 as the source node and L2 as the sink node can be routed as PIPs C 

and D through segment S2, or as PIPs A and B through segment S1.  A real 

FPGA contains millions of connectivity graphs that are similar to or even more 

complex than that of Figure 2.6, which makes FPGA routing a difficult problem. 

 

Significant progress has been made in FPGA routing, in both the academia and 

the industry.  The PathFinder algorithm proposed in [13] is a milestone and 

inspires many other works, including the router of VPR [37].  Most of these works 
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fall into either or both of the following two categories: algorithm enhancement or 

architecture exploration [38 ~ 42]. 

 

On algorithm side, Maze Router based on Lee Algorithm [43] invented half a 

century ago is a candidate.  Maze Router is non-iterative without rip-up and re-

route.  A net is routed one by one.  When the current net is routed, the wires 

used are marked as unavailable and the maze is updated accordingly.  However, 

it is known to be slow.  Its routing quality is highly dependent on the order on 

which the nets are routed, yet there is no solution to determine an optimal order. 

 

A more popular algorithm for solving the FPGA routing problem is PathFinder.  

PathFinder consists of two parts: a detailed router, which routes one net at a time 

by finding the shortest path constrained by routing cost; and a global planner5, 

which updates the congestion cost for all routing resources and calls the detailed 

router to reroute any net with conflicting resources.  PathFinder operates by 

calling the global planner iteratively.  Its details are discussed later in Chapter 3.  

The core idea of PathFinder is the Negotiated Congestion based on the equation 

below: 

 

      (      )          (1) 
 

                                                 
5
 In the original paper, the term “global router” is used.  The term “global router” originates from 

ASIC routing.  Instead of detailed fine paths consisting of real wire segments, a global router 

generates coarse paths.  For modern FPGA devices with a huge routing graph, an actual global 

router is desired.  Therefore, a different term “global planner” is used here. 
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Equation (1) defines the cost of using a routing resource n, where dn denotes the 

basic cost (the estimated delay is used in [13]), hn is the history congestion (or 

the number of conflicts) of the resource, and sn reflects the congestion (or the 

number of conflicts) of the resource in the current iteration.  As hn keeps 

increasing through iterations, the cost of using the routing resource is increased.  

Therefore, this routing resource is less likely to be used and alternative routing 

resources that cause less congestion are preferred.  As long as routing 

congestion exists, the conflicted nets will be ripped-up and re-routed during the 

next iteration.  Finally, all routing congestions are resolved. 

 

Related work adopts the PathFinder algorithm with different implementations for 

the detailed router and with modifications on (1) to boost performance.  As a 

graph search problem, there are many solutions for implementing the detailed 

router.  Originally, Breadth First Search (BFS) is applied by [13].  Although it 

guarantees to find the optimal path, BFS may have run-time overhead.  In the 

worst case, the whole routing graph has to be iterated before the solution path is 

found.  A better solution is the A* search [14].  A* is best-first.  Although A* still 

has to search the whole solution space in the worst case, it normally searches a 

much smaller space than BFS does, with the help of proper heuristics.  Typical 

modifications on (1) include: applying different interpretations of dn, introducing 

new terms, etc.  An example set by VPR can be found in [44].  This dissertation 

applies a similar approach which is presented later. 
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Recently, Boolean Satisfiability (SAT) has been successfully applied to FPGA 

routing [40].  However, the SAT-based routing suffers from a high memory 

requirement.  Another shortcoming is that it either succeeds or fails – it cannot 

provide a partial solution, for example, 99% of the nets are routed and optimized 

according to certain cost heuristics, while the remaining 1% of the nets can be 

routed using different cost heuristics.  Therefore, the PathFinder algorithm still 

dominates. 

 

On the architecture side, most of the works such as [38 ~ 42] make use of an 

FPGA architecture that is simpler than that of the real-world FPGAs (even though 

some have a silicon prototype of the proposed architecture). They cannot directly 

translate the outcomes of their routers into physical netlists for commercially 

available FPGAs such as Xilinx devices.  Therefore, they have limited capability 

of facilitating FPGA reconfiguration applications.  A lot of works make use of a 

channel-based routing graph extracted from a simplified FPGA architecture as 

illustrated by Figure 2.7 [44].  The logic block pins are directly connected to 

vertical and horizontal routing channels.  Each routing channel has multiple 

tracks, which connect adjacent channels through programmable points in 

switching boxes.  A similar model with more details is found in [38].  Most prior 

work cannot produce routing results that can be directly mapped to a real device; 

rather, they are more interested in finding a minimal routing architecture with as 

fewer channels and racks as possible where benchmark circuits can be routed.  

Although these simplified architectures have gained success, they have a few 
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problems, compared to the architectures of the real devices.  First of all, real 

FPGAs have many more pins than the simplified models.  For example, the logic 

block of the Xilinx Virtex-5 FPGA has at least 56 input pins and 24 output pins 

[45] (clock and reset pins are ignored).  Second, wires and segments of real 

FPGAs are hard to map to routing channels.  The number of tracks per channel 

may be too irregular to model.  Moreover, there may be bidirectional wires that 

make the routing graph partially bidirectional.  The upgraded version of VPR [46] 

is able to model the modern FPGAs more closely, but still it lacks accurate 

routing graphs for real devices and its result may not be directly used for FPGA 

reconfiguration. 

 

 

Figure 2.7 A Simplified FPGA Routing Graph [44] 

 

Traditionally, FPGA reconfiguration is manipulated by the vendor tools – like 
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Xilinx ISE (Integrated Software Environment) – which perform the routing.  

However, alternative reconfiguration approaches prefer to become independent 

of vendor tools and to have a dedicated router.  The main reason is that a 

dedicated router has the capability of managing routing resources at a fine 

granularity and thus the flexibility to only route the nets connecting the 

reconfigurable modules.  Another advantage is that the router may be open-

source and any user is able to adapt it for any specific case like applications in 

the embedded environment.  Given the progress made in FPGA routing, it still 

remains a challenge to develop a dedicated router for a wide range of 

commercially available devices.  The router must be versatile to fit as many real 

devices as possible, and it must provide routing result in the format of real device 

configuration that can be directly applied to facilitate reconfiguration. 

 

Early work on routing Xilinx devices dated back to the late 1990s.  [47] develops 

a maze router for the XC6200C device.  JRoute [48] is a run-time router for the 

Virex devices.  The major problem is on the algorithm side: these routers do not 

leverage a rip-up and re-route scheme like the PathFinder algorithm.  As a result, 

it is questionable how they can handle complex circuits, such as the big ones in 

the MCNC [49] benchmark set.  Both [50] and [51] apply the PathFinder 

algorithm and they successfully route the MCNC benchmark circuits.  [50] targets 

the old Xilinx XC4000 devices which are much simpler than the contemporary 

devices widely adopted in reconfiguration applications.  [51] targets the Xilinx 

Virtex-II architecture and makes a few simplifications and assumptions that are 
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not valid for the contemporary devices.  The major problem of [51] is the viability 

for new FPGA devices and the minor problem is the ability to provide routing 

results in the format of the real device configuration. 

 

There have been customized routers for various FPGA reconfiguration 

applications based on Xilinx devices, such as [33, 52, 53].  These routers apply 

device-specific and/or application-specific simplifications.  Their routing results, in 

the real device format, directly facilitate reconfiguration applications.   However, 

these routers lack the ability to serve as a general purpose router that is able to 

route the benchmark circuits for a wide range of devices.  Besides, they lack the 

flexibility to be utilized in a different reconfiguration application.  TORC [22] and 

RapidSmith [23] make great progress in providing the data structure for building 

a routing graph based on which a versatile FPGA router can be developed.  For 

VPR and related works, it is very difficult to develop the architecture description 

for real FPGA devices.  In contrast, RapidSmith and TORC extract the routing 

graph from the XDLRC files which are text reports of commercially available 

Xilinx tool.  This process is highly automated and it is also feasible to extend to 

FPGA devices from other vendors.  There have already been works such as [32, 

54] which utilize RapidSmith to develop routers; while TORC based approach is 

adopted in this dissertation work. 

 

 

2.5. Fast System Prototyping 

As mentioned in Section 1.3, for the conventional FPGA use models, the core 
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task is to prototype a digital system on an FPGA device and the main challenge 

is to reduce the design compilation time.  Traditionally, the FPGA design flow is 

very similar to the ASIC design flow [2], which contains the following phases: 

 Phase 1: Design Entry 

Describe the design in a format that can be easily translated into 

hardware resources, such as the Hardware Design Language (HDL) 

and the schematic. 

 Phase 2: Synthesis 

Analyze the logic of the design.  Extract Boolean equations, optimize 

them and implement them with generic logic cells. 

 Phase 3: Technology Mapping 

Map the generic logic cells to the primitive gates of a given device. 

 Phase 4: Placing and Routing 

Implement the physical netlist where the occupied primitive gates are 

optimally placed and connected. 

 Phase 5: Configuration bitstream generation 

Translate the physical netlist into the bitstream file that configures a 

given FPGA device. 

Phases 1 ~ 2 are normally called the front-end compilation.  The back-end 

compilation consists of Phases 3 ~ 4.  Phase 5 is different between the FPGA 

flow and the ASIC flow.  For the ASIC flow, this phase is to manufacture the 

design on silicon.  To expedite system prototyping, the efficiency of the above 
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development flow must be enhanced.   

 

One approach to accelerate FPGA compilation is to improve existing algorithms 

or develop new methods for each step in the design flow mentioned above. For 

example, High Level Synthesis (HLS) [55] utilizes C/C++ to reduce the design 

entry and synthesis time; [56] improves the placement efficiency by applying 

clustering and hierarchical Simulated Annealing (SA); routability-driven routing 

enhances the run time by sacrificing quality [57], etc 

 

Another approach is to exploit the incremental technique [58] which makes use of 

the preserved intermediate compilation data and only compiles design changes. 

Early efforts on incremental techniques such as incremental synthesis [59], 

incremental technology mapping [60, 61], incremental placing [62, 63], and 

incremental routing [48, 64] are effective for improving the performance of a 

single stand-alone compilation step. However, it is difficult to merge these works 

into a full FPGA compilation flow.   

 

Alternatively, reusing modules becomes promising for reducing the FPGA design 

compilation time, which fully makes use of the power of modular design [10] and 

of the partial reconfigurability of FPGAs.  The modular design methodology 

makes it relatively easy to identify design changes into modules.  The partial 

reconfigurability implies that it is feasible to reuse modules at one step, 

manipulate the intermediate compilation data, and merge the manipulation back 



 

37 

 

to a full compilation flow. 

 

Module reusing may apply to any compilation step. For design entry, Azido [65] 

creates technology-independent designs that are re-targetable and can be 

reused across a wide range of FPGA devices.  For synthesis, early efforts from 

FPGA vendors such as Xilinx’s SmartGuide [66] and Altera’s Incremental 

Compilation [67] resynthesize only the portions of the design that have changed 

and effectively reuse the unmodified portions.  These efforts at the front-end 

compilation phase fail to significantly reduce the overall compilation time because 

of two reasons.  Reason one: the back-end compilation phase normally takes 

much more time than the front-end.  Reason two: the thumb of rule is that the 

later phase at which pre-compiled modules are reused, the more compilation 

time is saved; for all the previous compilation phases are skipped and only the 

remaining steps are carried out.  It is worthy of noting that there is no free lunch: 

the decrease in compilation time comes at the cost of degraded performance, 

such as area and timing since there are fewer margins for optimizing the design.  

The next few paragraphs review the efforts to reuse modules at the back-end 

compilation phase in detail. 

 

HMFlow [68], based on RapidSmith, reuses the physical implementation of a 

module.  A fully placed and routed module is stored as a hard macro in the XDL 

format.  The module can then be assembled in any design by routing its I/O 

interface connections.  The FMA proposed here is similar to RapidSmith but has 
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the following advantages.  Instead of the physical implementation, the 

configuration bitstream of a module is reused, and thus more compilation time is 

saved.  In contrast, HMFlow has to convert the text-based XDL netlist into 

physical netilist in the NCD format (which may take as long as tens of minutes for 

a huge design) and then to the configuration bitstream.  For module connections, 

RapidSmith uses a simple non-negotiation based Maze router, but this 

dissertation implements a versatile FPGA router using the PathFinder and A* 

algorithms. 

 

QFlow [69, 70] is similar to HMFlow.  Modules are also pre-compiled as XDL-

based hard-marcos.  The difference is that in QFlow, pre-built modules are only 

placed but not routed.  To assemble the modules with the static design, vendor 

tool such as Xilinx par has to be utilized to route the internal nets of the modules 

as well as the inter-module connections.  Since the pre-compiled module is not 

routed, QFlow does not require a clean sandbox with all routing resources 

reserved.  Instead, any region with enough logic resources that match a pre-built 

module is valid.  Compared to the FMA, the advantage of QFlow is that routing 

by the vendor tool is more likely to have high quality in terms of timing (but timing 

requirement is normally relaxed for system prototyping); the disadvantage is that 

QFlow normally runs one magnitude slower, due to the fact that it has to route 

significantly more nets, i.e. the nets of the modules, and that it has to converted 

the physical netilist in the NCD format to the configuration bitstream. 
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Ma developed core-based incremental placement algorithms to reduce the FPGA 

compilation time [71].  She presented a prototype of FPGA design tool based on 

an incremental placement algorithm.  It has the feature of exploring a garbage 

collection and background refinement mechanism to preserve design fidelity.  [81] 

mainly focuses on placement with the argument that placement is the most 

important back-end compilation phase because of its difficulty and its effects on 

the routing performance.  It uses JRoute [48] to route a full design and JBits [72] 

to generate the configuration bitstream for the design.  JRoute and JBits are 

Java-based APIs developed by Xillinx, but they have been obsolete for years and 

it is impossible to extend them to new FPGA devices. 

 

Hortal and Lockwood [73] propose the idea of Bitstream Intellectual Property 

(BIP) cores.  The BIP cores are pre-compiled Intellectual Property (IP) modules 

that are represented as relocatable partial bitstream.  Similar to [73], the pre-

compiled modules for the proposed FMA are also represented as bitstream.  

However, [83] makes use of the slot-based reconfiguration.  Inter-module 

connections must match specific bus macro interfaces with fixed routes.  If a 

design needs a new module, the full compilation flow needs to be run on the 

whole design once more, although other modules in the design may not have 

changed.  By contrast, the proposed FMA is slotless without fixed-location 

sandboxes or fixed-location bus-macros.  It is able to locate modules to wherever 

there are enough resources and then route the connections.  If a module must be 

updated, only that module has to be recompiled. 
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Last but not least, the Xilinx Hierarchical Design Methodology [74] has become a 

breakthrough for incremental compilation.  It provides the Partition Flow and the 

Preservation Flow, which enable a partition of the design to be reserved and 

reused at three different levels: synthesis, placement, and routing.  In order to 

improve timing, the routing preservation for a partition can be violated.  In 

contrast, the proposed FMA requires the routing preservation to be kept with no 

violation; otherwise, the bitstream level reuse cannot be leveraged.  The Xilinx 

PR Flow can also be used for fast system prototyping by reusing the partial 

configuration bitstream of a module.  The proposed FMA serves a different 

purpose from the current Xilinx PR Flow.  Each module in Xilinx PR is compiled 

with respect to a single design framework, i.e. the static design.  For a module to 

be reused with a different design framework, the whole design must be 

recompiled.  The proposed FMA can reuse modules for different (but compatible 

regarding the interface to modules) static designs.  Additionally, Xilinx PR is 

intended for the run-time reconfiguration, while the proposed FMA is for off-line 

full bitstream assembly.  All Xilinx utilities are closed-source and users have to 

comply with the required procedure.  GoAhead improves Xilinx Modular Design 

and PR Flow.  The difference from this dissertation is that GoAhead complies 

with the vendor’s tools and uses scripts to manipulate them, but this dissertation 

follows the C/C++ framework of TORC to develop the FMA technique, which has 

as little dependence on vendor tools as possible. 
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2.6. Autonomous Adaptive Systems 

In modern computing systems, the raw computing power coupled with the 

proliferation of computer devices has been growing at an exponential rate for 

decades, which has led to unprecedented levels of complexity [75].  To 

overcome the problem of complexity, the conception of AAS has been proposed.  

An AAS manages its functionality, resources and adaptation without outside 

intervention.  Consequently, the increasing complexity is absorbed into the 

system itself. 

 

Unlike a conventional system that only survives under a certain environment, an 

AAS adapts to changes in the environment by modifying its functionality without 

external intervention or guidance.  To a degree, this mimics living organisms, 

which have been autonomously making adaptations to survive in various 

environments over a long period of time. 

 

 

Figure 2.8 A Simplified Diagram of An AAS 

 

A simplified diagram of an AAS is illustrated in Figure 2.8.  A typical scenario 
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where an AAS would be useful is a system under extreme circumstance (like 

deep space, deep underwater, deep within the Earth's crust) that encounters a 

fault, a defect, or an unanticipated condition.  Humans may not be able to reach 

the site physically to service the device, and the remote repair via electronic 

signal might be unreliable.  While the well-established solution is to increase the 

redundancy of the system by applying fault-tolerant techniques, such as Triple 

Modular Redundancy (TMR) [76], autonomous systems also provide a promising 

solution where the system recovers by self-adaptation [77]. 

 

Four key properties of an AAS are introduced here: responsiveness, self-

awareness, intelligence and reconfigurability.  The system is responsive to 

stimulus caused by changes in the environment, for example, the temperature 

fluctuation, the radiation variation, or the protocol alteration.  It is self-aware of its 

internal resource utilization.  It exhibits properties of intelligence (albeit, artificially) 

by applying or developing a strategy on how to adapt to the changes.  It is 

reconfigurable, which means its behavior and functionality can be modified 

whenever necessary.  Currently, FPGAs are no longer just one part of an 

embedded system; they represent the entire platform [77].  Of the four properties 

of an AAS, the programmable nature of FPGAs conveniently provides 

reconfigurability.  Various FPGA IP cores meet the remaining three AAS 

properties.  For example, I/O peripherals serve as a channel for exchanging 

information with the environment and thus provide responsiveness property; 

intelligent and self-aware mechanisms can be implemented as programs running 
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on microprocessor cores.  Therefore, as a reconfigurable embedded System-on-

Chip (SoC) platform, FPGAs are ideal for implementing AASs. 

 

Dynamic partial reconfiguration (PR), mainly adopted on Xilinx FPGAs, is an 

enabling technique for autonomous embedded systems.  With PR, it is feasible to 

change part of an FPGA's functionality at run time by downloading configuration 

bits through the Internal Configuration Access Port (ICAP).  At the same time, the 

remaining part of an FPGA remains functioning normally with no hesitation.  

Although the Xilinx PR flow keeps improving, substantial research on extending 

the Xilinx PR flow has been done in order to reduce the time and effort required 

to successfully use the PR feature.  In [11], a slotless partial reconfiguration flow 

based on Wires on Demand [31] was presented and research activities on 

improving the original PR flow were briefly reviewed.  When an AAS is adapting, 

it is desirable that other parts of the chip remain working.  On the one hand, a 

fatal system error might occur if some critical application, such as a 

communication unit, ceases to work.  On the other hand, extra resources might 

be required to store the state of the machine to make the system resume normal 

work after being forced to pause during the adaptation.  Therefore, the 

adaptation process should apply a reconfiguration technique similar to dynamic 

PR.  In fact, quite a bit of research on autonomous systems use Xilinx FPGAs 

[78~81].  Moreover, [82] divides the FPGA reconfiguration based system 

adaptation into three types.  First, “blind reconfiguration”, i.e. the system blindly 

loads pre-built bitstream of the out-of-date modules until the system restores its 
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normal operation.  Second, “partial reconfiguration”, i.e. the system applies 

certain algorithms to determine which pre-built bitstream are desired and loads it 

to update the obsolete modules.  Third, “run-time reconfiguration”, where there 

are no pre-build bistreams and the system instantiates the desired functionality 

and generates the corresponding bitstreams for the modules in order to adapt.  

“Blind reconfiguration” [82] and “partial reconfiguration” [79, 80] applies a low 

level of autonomy since all possible adaptations are pre-determined by the pre-

built bitstream library and it is hardly possible to add new functionality into the 

library during run time; while “run-time reconfiguration” [78, 81] applies a high 

level of autonomy where any desired adaptation may be configured on the fly.  

This work adopts this “run-time reconfiguration”. 

 

Earlier work on autonomous systems focused on how software drives the system 

and considered hardware to be static – the system cannot arbitrarily modify its 

hardware configuration. Carlisle [83] defined the data management system 

functions that integrated all space station subsystems to enable space station 

autonomy.  Ganek and Corbi [7] announced the dawning of the autonomic 

computing era and extended autonomic computing concepts to general IT 

systems.  Since then, research has been actively carried out on autonomous 

systems.  The HELI project by Bergerman in the CMU Autonomous Helicopter 

Lab [84] developed a software controller that autonomously stabilized a 

helicopter's flight.  Roman et al.  [85] invented the situation awareness 

mechanisms that enabled nodes in a wireless sensor network to autonomously 
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determine the existence of abnormal events.  Research on autonomous systems 

that dynamically manipulate their hardware configuration only began in the past 

decade [78~81, 86]. 

 

One of the early efforts to apply dynamic hardware is the work of [87] by Stitt et 

al.  It focuses on how to partition an application among software running on a 

microprocessor and hardware co-processors implemented in on-chip 

configurable logic.  Besides proposing a method to do the partition, it develops a 

tool set to implement the hardware in the configurable logic during run-time.  

Even though this ability to dynamically build hardware is the key in many of the 

works on autonomous systems reviewed below, the main motivation of this work 

is performance optimization rather than autonomous adaptation.  Another 

limitation of this work is that unlike [78~81], it does not target a widely adopted 

commercially available FPGA device. 

 

Macias and Athanas proposed an autonomous and highly self-reconfigurable 

artificial system using the Cell Matrix architecture in [86].  Cell Matrix stipulates 

the two key features of biological systems, i.e., autonomy and locality of control.  

This architecture is futuristic, and is premised on the scalability to billions of cells.  

Upegui and Sanchez in [78] presented an approach to convert concepts of 

artificial intelligence from software modeling into real evolvable hardware.  The 

authors built Random Boolean Networks (RBN) using off-the-shelf reconfigurable 

hardware – the Xilinx Virtex-II Pro (XUP) FPGA board [88].  A RBN cell is 
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designed as a hard macro whose configuration bits are manipulated through PR 

to stimulate the RBN evolution rules.  Macias and Athanas [86] and Upegui and 

Sanchez [78] used a bottom-up approach to build autonomous systems with the 

main focus on the function of low-level cells as hard macros.  The authors of 

[79~81] applied a mixed-level approach: the system autonomy and adaptation 

behaviors are abstracted at a high level as circuit functionalities while low-level 

effort is required for implementing them in hardware.  The same general 

approach is applied by this dissertation. 

 

Steiner in [81] generated a working prototype of an Autonomous Computing 

System on the Xilinx XUP board.  It not only used PR for system adaptation, but 

also generated configuration bits autonomously.  Famhy et al. in [89] claimed that 

Steiner’s work provided a foundation for building adaptive systems.  [89] mainly 

tackled adaptation challenges by proposing the software architecture.  This 

software framework absorbed away the low-level hardware details.  However, the 

AAS developed in [81] as well as in this dissertation tends to achieve a high level 

of autonomy with the ability to implement the adaptation in hardware.  It might be 

over-optimistic to assume that based on Steiner’s work, it is trivial to implement a 

hardware framework for building an AAS on newer FPGA devices.  From a 

practical perspective, various challenges need to be overcome to implement an 

AAS on different platforms, such as adapting to different hardware IPs and 

developing different embedded utilities.  
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Steiner in [81] also proposed a roadmap for building an autonomous system and 

defined the levels of autonomy.  To implement the lower levels of autonomy, a 

vendor tool is sufficient.  For example, French et al. in [80] developed an AAS 

dedicated to signal processing with the Xilinx PR flow.  However, it does not have 

the ability to autonomously implement new functionality and update the hardware 

configuration accordingly.  For the higher levels of autonomy, the system must 

have the ability to manage the logic and routing resources at a fine granularity to 

instantiate any new functionality, as demonstrated by [81]. 
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Chapter 3  

A Versatile FPGA Router 

 

Section 2.4 discusses the preliminaries, background and incentives of the 

proposed FPGA router.  Here is a brief summary.  Like many established FPGA 

routers, the router here utilizes the well adopted algorithms for FPGA routing, i.e. 

PathFinder and A* Search.  Unlike the routers with a simplified or artificial routing 

architecture, the router targets real devices with the help of TORC, and produces 

results directly applicable to FPGA reconfiguration applications.  Compared to 

early work on routing real devices, the router here is more versatile without any 

application-specific or architecture-specific assumptions.  Being versatile, the 

router is able to route benchmark circuits on a wide range of commercially 

available devices. 

 

This chapter focuses on the implementation details of the router, the experiment 

results as well as the demonstration applications.  Section 3.1 presents the 

routing graph based on the data structure of TORC.  Section 3.2 shows the 

overall flowchart.  Section 3.3 discusses the implementation of an actual Global 
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Router.  Section 3.4 presents the Detailed Router (or Signal Router6) based on 

the A* algorithm.  Section 3.5 explains the core idea of PathFinder algorithm, i.e. 

iteratively rip-up and re-route, through the Global Planner.  Section 3.6 lists the 

results of applying the router to route 18 MCNC benchmark circuits on five 

selected Xilinx devices.  Section 3.7 demonstrates how to use the router for the 

reconfiguration application of creating routing-free sandboxes.  Section 3.8 first 

summarizes the topic of this chapter regarding the big picture, and then draws 

conclusions about the router and highlights the potential future work. 

 

 

3.1. Routing Graph 

The problem of accurately modeling an FPGA routing graph is solved by TORC 

[22].  TORC has a Device Database with exhaustive knowledge on the logic and 

wiring of many real devices.  TORC builds the database through parsing and 

compressing non-proprietary XDLRC files, similar to the work of the Alterative 

Wire Database (ADB) [90].  TORC has an API that grabs the logic and wiring 

information of a given device from the Device Database and stores the 

information in a C++ object.  This object contains the architecture description of 

the give FPGA device, from which an accurate routing graph is built. 

 

The preliminaries of the FPGA architecture based on TORC’s data structure are: 

 A device is divided into two-dimensional grids of tiles. 

                                                 
6

 Detailed Router and Signal Router are equivalent terms and this chapter uses them 

exchangeable. 
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 A tile contains a set of wires, which are electrical nodes. 

 A segment is a collection of abutting wires on adjacent tiles. 

 A PIP is the programmable connections between two wires. 

A segment is a node and a PIP is an edge in the routing graph by applying the 

graph theory terms. 

 

For a given Xilinx FPGA device, all tiles, wires, segments and PIPs are fully 

described in its XDLRC file, from which the routing graph is built.  An example of 

a simplified version of such a routing graph is illustrated by Figure 3.1.  The 

graph is different from the widely used channel-based model, and it accurately 

models a real device.  Another feature of this routing graph is being architecture 

independent.  No matter how big or how small a device is and no matter how 

simple or how complex it is, its XDLRC file is processed in the same way by 

TORC and the similar data structure is used to build the routing graph. 

 

 

Figure 3.1 A Simplified Example of the Routing Graph Extracted from 
XDLRC 

 

Currently, this method only applies to Xilinx FPGAs, but the idea is extendable to 
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devices from other FPGA manufacturers if they made device data available in a 

similar format to that of XDLRC.   

 

With the help of TORC, the router is able to produce results as routing PIPs in 

the XDL format.  An example of PIP is: 

pip INT_X62Y84 LOGIC_OUTS3 -> NW2BEG2, # comment 

“pip” is the keyword denoting that the remaining of this line defines a PIP.  

“INT_X62Y84” is the name of the tile where this PIP locates.  “LOGIC_OUTS3” is 

the name of the source wire of the PIP and “NW2BEG2” is the name of the sink 

wire. “->” indicates the type of the PIPs is unidirectional and buffered.  Most of 

the PIPs are of this type.  “,” means the end of the PIP definition.  “#” is for 

adding comments. 

 

Moreover, other types of PIPs include: “==” for “bidirectional and unbuffered”, “=>” 

for bidirectional and buffered in one direction”, and “=-” for “bidirectional and 

buffered in both directions”.  These types of PIPs are relatively scarce.  Being 

bidirectional, they offer routing flexibility to a large degree; but they also make the 

routing graph more complicated, because the graph is no longer acyclic 

 

 

3.2. Overall Flowchart 

The overall operation of the proposed router is illustrated in Figure 3.2.  There 

are four steps: 

 Step I: Initialization: The design is imported in the XDL format.  The 
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corresponding device database is loaded and the routing graph is built.  If a wire 

or a PIP has already been used in the imported design, the corresponding node 

or edge is marked as used on the routing graph and becomes unavailable for the 

router.  In this way, incremental routing is feasible. 

 

 Step II: Global Router: All nets in the design are coarsely analyzed.  The 

global analysis determines whether the actual global routing should be run.  

 

 Step III: Initial Routing: All unrouted nets are routed greedily without 

considering any congestion, i.e.     is set to 0 and    is set to 1.     and     are 

initially used in equation (1) and defined in Section 2.4. 

 

 Step IV: Rip-up and Reroute: The routing resource conflict map is updated 

to renew    and   .  If any net uses a wire that has     , the net is unrouted 

and then routed again.  The above process is repeated iteratively until no routing 

conflict exists. 

 

The Global Planner part of the PathFinder algorithm consists of the Initial Routing 

step and the Rip-up and Re-route step.  To route a net, it calls the Detailed 

Router. 

 

Note that no particular processing on the net ordering is performed.  Whatever 

ordering resulted from converting the design into XDL format is accepted.  [35] 
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suggests that rip-up and re-route technique normally eases the problem of net 

ordering, but it also admits that there are cases where smart planning on net 

ordering helps.  Intelligent net ordering may be a branch of future work. 

 

 

Figure 3.2 The Overall Flowchart of the Proposed Router 
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3.3. Global Router 

The function of a Global Router is to generate a coarse route for a net.  The 

coarse route is then obeyed by the Detailed Router.  As mentioned earlier, a 

device is presented by two-dimensional grids of tiles.  These are very fine grids.  

For example, the Virtex-5 LX110T device has a grid of 177   164 tiles.  The 

Global Router divides the device into much coarser grids, say 8   6 bins. 

 

An example of a Global Router is illustrated in Figure 3.3.  The device is divided 

into 12 bins, from grid (0, 0) to (3, 2).  Each bin consists of some invisible grids 

which represents tiles. Net 1 gets the coarse route: (0, 0) → (1, 0) → (2, 0) → (3, 

0) → (3, 1); Net 2 gets the route: (1, 1) → (2, 1) → (2, 2) → (3, 2).  How a Global 

Router runs is described in detail later. 

 

 

Figure 3.3 A Global Router Example 

 

The reason a Global Router is needed is because without global routing, the A* 

based Signal Router may become trapped in a congested region.  Multiple nets 

compete for one specific routing resource in this region and no alternatives are 
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available, which leads to unresolvable routing conflicts.  In this case, a Global 

Router may noticeably reduce the routing conflicts that the Pathfinder algorithm 

has to resolve and the runtime of Pathfinder may decrease.  However, as shown 

later (the last paragraph of Section 3.4), the course-grid route generated by 

Global Router constrains the Signal Router and slows it.  Therefore, Global 

Router may or may not help reduce the overall run time and it should only be run 

if the Global Analysis phase determines that it is necessary. 

 

It is difficult to quantify the Global Analysis.  The original PathFinder algorithm [3] 

does not require a Global Router to generate coarse nets.  How a Global Router 

improves the performance of the original PathFinder is not a well-studied 

problem7.  This dissertation applies the following policies learned from practice: 

 If initially there is an existing design and the router is to add some new 

nets, calculate the density of the used routing resources of each bin.  If 

any bin is highly crowded (say more than 80% of all the segments 

within the bin are used), the Global Router has to be run. 

 If initially there is no existing design, or if the existing design does not 

have a region where the routing resources are highly crowded, Initial 

Routing is run without the Global Router.  If the results show that the 

majority of the nets (say more than 80% of all the nets) have conflicting 

wires, the Global Router has to be run and then continue with Initial 

                                                 
7
 The original PathFinder does not have a real Global Router.  Xilinx par uses a Global Router to 

facilitate later detailed routing, but how it works is not published.  VPR also has a Global Router, 

but that is for its channel and rack based routing graph. 
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Routing again. Otherwise, there is no need to run the Global Router 

and the next step is Rip-up and Reroute. 

 For the experiments performed in this dissertation, the following 

lessons are learned.  For the application of creating a routing-free 

sandbox, the Global Router must run.  The reason is that all routing 

resources in the sandbox region are treated as occupied which is an 

extreme example of a highly crowded region.  For routing benchmark 

circuits, the Global Router is not needed, because generally the 

signals to route spread throughout a device and there is no highly 

crowded region.  Stitching modules for the FMA is somewhere 

between the above two examples.  In theory, it is possible that the 

starting point and the ending point of an inter-module connection is in a 

congested area, so that Global Routing is required; however, in 

practice, it is difficult to produce a case to demonstrate this8. 

 

Admittedly, the above policies are more or less tentative. Deterministic and 

quantitative heuristic analysis on whether Global Router has to be run should be 

developed.  However, no satisfying solution is available now.  It should be a 

candidate for future work.  Currently, it is sufficient to conclude that the Global 

Router is essential and successful for the routing-free sandbox creation 

application, as demonstrated later in Section 3.7. 

 

                                                 
8
 The modules are compiled by Xilinx tools with as little constraint as possible, and the tools are 

intelligent enough to avoid putting I/O pins in a very congested area. 
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The Global Router starts by calling the Kruskal’s algorithm [91] to generate a 

minimal spanning tree for each unrouted net.  The tree covers the bins where a 

net’s source pin and sink pins are.  A coarse net for each minimal spanning tree 

is generated through a rip-up and re-route process similar to Pathfinder.  During 

one iteration, the cost map for all bins is firstly updated.  Then, for each net, its 

coarse route generated by the previous iteration is cleared and a new coarse 

route is generated using the Dijkstra’s algorithm [91]. 

 

 

3.4. Detailed Router 

The Detailed Router routes a single source wire to one or more sink wires.  It 

makes use of the A* algorithm to search the XDLRC based routing graph for 

minimal cost paths.  How the Detailed Router operates is illustrated in Figure 3.4. 

 

The Detailed Router runs with a priority queue of route nodes, where a node is a 

directed arc on the routing graph.  Initially, if the net is partially routed, the arcs 

already been used by the net are inserted into the queue; otherwise, a dummy 

arc representing the source wire of the net is inserted. 

 

A route node has a source wire and a sink wire.  If the current route node’s sink 

wire is the same as the destination sink wire, routing is done.  Otherwise, a new 

route node is created for each arc going out of the current route node’s sink wire 

or any abutting wire that belongs to the same segment.  The new route node is 

set as a child of the current node, so that once the destination sink wire is 
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reached, it is easy to trace back to the root route node to complete the routing 

path. 

 

 

 

Figure 3.4 The Flowchart of the Detailed Router 

 

Before a new route node is inserted into the routing queue, its cost is evaluated.  

A* is a best-first search and its cost function must have good heuristics to guide 

the search. The evaluation of A* is given by the following equation: 
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             (2) 
 

   is the path cost of using a node N.     is the estimated optimal path cost from 

the current node N to the goal node G.  It is heuristic because the actual path 

from N to G does not exist until the search reaches G.  It has to be admissible, 

meaning that "the cost of N to G is never overestimated".     is the optimal path 

cost from the start node S to N.  Since the path is already built, this cost should 

be accurate.  The requirement for     is that it “never decreases along the path”.   

 

If    is always 0 (or equivalently a constant), the special case of A* becomes the 

"greedy" search, which makes the locally optima search at each searching stage 

and does not in geneneral produce the optimal solution.  In normal cases,    

counts for the established path cost from the starting node to the current 

expanding node, not simply the local cost of the estimation from the expanded 

nodes to the desitnation node.  In other words,    represents the effort towrd 

finding the global optima.   

 

If    is always 0, this special case of A* becomes the "uniform cost" search, 

which only considers the global optima of the expanded path cost from the 

starting node to the current node.  The problem here is without being constrained 

by   , the search tends to be blind about where the destination is.  As a result, 

the search may take too much time or it may even fail to converge to the 

destination.  More or less,    helps to achive a fast convergence in the way 

similar to the “greedy” search. 
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It is feasible to apply the A*   with BFS.  If BFS reaches the destination at a 

certain depth, it may finds more than one path leading back to the root node and 

it selects the most optimal one.  However, BFS needs to fully search the tree 

from the root node to all the leaves at the current depth.  In contrast, A* normally 

only has to search a portion of such a tree, and hence is faster and more 

memory efficient than BFS.  Such benefits come at a cost – A* may not find all 

candidate paths as BFS does so that it may miss the most optimal path.  

 

Because of the limitation that the accurate timing information is not available and 

the fact that the original PathFinder does not apply the A* search, equation (1) 

must be modified here.  By considering the routing graph built from TORC and 

the explanation of equation (2), the cost of using a route node n is defined by the 

following equation: 

      α        β            (3) 

 

Equation (3) is explained as the following: 

 The first term is the “path heuristic”, which is the product of “distance 

heuristic” and “delay heuristic”.  “distance heuristic”           reflects 

the distance between the tile where the current route node n is and the 

tile where the destination sink wire is.  Its purpose is to make sure that 

the A* search finally reaches the destination.    “delay heuristic” helps 

to improve the timing of the final route.  A thumb of rule for a route from 

a source wire to a sink wire is: the fewer PIPs that the route consists of, 
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the smaller the delay of the route is.  The reasoning is that fewer PIPs 

lead to fewer resistors and capacitors.  Therefore, “delay heuristic” 

       of a route node is simply set as its depth in the searching tree.  

Ideally, timing information like wire delay model from FPGA 

manufacturers should be used.  However, such knowledge is not 

published and thus not applicable for determining “delay heuristic”. 

 

      
                       (4) 

 

How to calculate           is discussed in detail later.  As the 

searching tree expands, n gets closer to the sink wire, and hence 

          decreases.            between n and the sink wire is never 

overestimated.         reflects the delay cost of using n to get to the 

sink wire.  It is never overestimated as well since the actual depth to 

get to the sink wire cannot be smaller than the depth of n.  Therefore, 

the product of           and        is admissible and serves as the A* 

heuristic cost    in equation (2). 

 The second term is the “congestion heuristic” which helps to resolve 

the routing conflicts.  The term is the product of     and   .     is the 

sum of the historic conflict count    of all routing nodes from the source 

wire to current node n.  Similarly,    is the sum of the current conflict 

count    from the source wire to n.  As the searching tree expands, 

more nodes are inserted into the path from the source wire to current 

node n, so    and    never decreases along the path.  The product of 
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   and    serves as the A* optimal path cost    in equation (2). 

 

     
 
               (5) 

 

 With two heuristics, the routing becomes a multiple objective 

optimization problem.  Both terms have distinct value domains so they 

may not be directly summed up.  Rather, they should be normalized 

and then weighted.  The normalization is the single-objective function 

used widely in Computer-Automated Design (CAD): 

 

   
 

   
     (6) 

 

 Apply (6) to (4) and (5), the normalized “path heuristic” and “congestion 

heuristic” used in (3) are calculated by the following equations 

respectively: 

 

      
     

   

     
   

  
  (7) 

       
     

   

     
   

  
  (8) 

 

   and   in equation (3) are weight coefficients for normalized distance 

and conflict heuristics  respectively.  In this work   is set to 0.1 and   is 

set to 0.9.  These are tentative values that are found to produce 

satisfying results through experiments. 
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Figure 3.5 How to Calculate the Distance Heuristic 

 

How to calculate the distance heuristic is illustrated in Figure 3.5.  If the Global 

Router is not run, the distance heuristic is simply the Manhattan Distance 

between the tile where the current route node resides and the tile where the sink 

wire is.  If the Global Router is run, the calculation is more complicated.  If the 

current route node is at a grid that is out of the coarse route, the distance is set 

as infinite and such route node is never inserted into the routing queue.  If the 

current route node is within the coarse route, locate the turning grid where the 

coarse route changes direction.  The distance heuristic is the summation of the 

following two terms: 

                : it is the Manhattan Distance between the tile where the 

current route node is and the center tile of the turning grid. 

              : if there is no further direction change from the turning 

grid to the sink node, it is the Manhattan Distance between the center 

tile of the turning grid and the tile where the sink wire is; if there is 
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further direction change, it is set to the length of the coarse route from 

the turning grid to the sink grid. 

 

In case that the Global Router is run, the distance heuristic is strictly larger than 

the distance heuristic in case that the Global Router is not run, according to the 

Triangle Inequality Theorem.  In other words, by following the constraint of the 

coarse route generated by the Global Router, the resulting route has a longer 

path, compared to the route without the Global Router constraints.  Generally, it 

takes more time to construct a longer route.  This is one reason why the Global 

Router constraints may slow the Signal Router, as mentioned previously.  In 

other words, the A* heuristic of the Signal Router has to learn to keep on the 

coarse route generated by the Global Router constraints. 

 

 

3.5. Global Planner 

The global planner keeps a hash table T that maps a routing resource n to its 

conflict count    at the current iteration and its overall conflict count    through all 

the iterations.  It first calls the detailed router to route any unrouted nets (initially, 

all nets are unrouted).  Then it iterates all the nets to update   : 

 If the current net uses a routing resource n that does not exist in T – it 

means n has not used by any routing through all the iterations up to now, 

create a new entry in T for n with      and     ; 
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 If the current net uses a routing resource n that exists in T – it means n 

has been already been used, increment    by 1 

 

The Global Planner performs rip-up and reroute iteratively through the following 

three steps: 

 Step 1: rip-up 

It iterates all the nets one by one.  If the current net uses a routing 

resource n with    equal to or greater than 2 – it means n is used by more 

than one net, i.e. a routing conflict occurs, mark the current net as 

conflicted; 

 Step 2: unroute 

It then iterates all nets again to unroute any net marked as conflicted.  

When a net is unrouted, decrement    by 1 for all routing resources which 

the net occupies.  A trick here is for a multiple-sink wire, it is not 

completely unrouted.  Instead, only the paths containing a conflicting 

routing node with       are undone.  This idea is similar to "maintaining 

wave-front" in VPR, which may help reduce the overall routing time. 

 Step 3: reoute 

After a net is unroted, the detailed router route it again.  For any resources 

n used by this routing, increment    by 1 if n exisits in T; otherwise, create 

a new entry in T for n with      and     .   

 

When all nets are iterated,    is updated: 
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 Iterate all entries in T, for each routing resource n, its    is updated by 

adding    to it. 

 

The above process is repeated for as many iterations as possible, until there is 

no net to unroute in Step 2. 

 

 

3.6. Experiments on Benchmark Circuits 

The MCNC benchmark circuits are widely used by the research community for 

testing the performance of routers.  The main interest here is on the router only, 

so the Xilinx tools are used to map and place the circuits.  Since these circuits 

are only available in the BLIF [92] format, which is not supported by Xilinx tools, 

the BLIF tool [93] is used to convert the circuits into the VHDL format.  Then the 

Xilinx utilities are called to re-synthesize, map and place the circuits.  These post-

placed circuits are converted to the XDL format and then used by the proposed 

router. 

 

The benchmark circuits are routed for five different devices: XC3S100E, 

XC3S1600E, XC4VFX12, XC4VLX200, and XC5VLX110T (XC3S100E is the 

smallest Spartan-3E device and XC3S1600E is the largest in the Spartan-3E 

family.  XC4VFX12 is the smallest Virtex-4 device and XC4VLX200 is the largest 

in the Virtex-4 family.  XC5VLX110T is a widely used Virtex-5 device in the 

research community.)  Table 3.1 reports the run time of each routing as well as 

the run time of timing-driven VPR and Riverside On-Chip Router (ROCR) from 
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[38].  The results of VPR and ROCR are only used for rough reference rather 

than for competitive comparison.  The main reason is that these two routers use 

a much simpler routing model that is far from a real device.  Moreover, due to the 

re-synthesizing, mapping and placing mentioned above, the nets to route in each 

circuit are not 100% the same between [38] and the work here.  Another factor is 

that the results are not obtained from the same computers. 

 

TABLE 3.1 THE RUNTIME OF ROUTING THE MCNC BENCHMARK CIRCUITS ON 

DIFFERENT DEVICES (IN SECONDS) 

 
Router VPR ROCR XDLRC Router 

 
device [38] [38] 

XC3S100

E 

XC3S160

0E 

XC4VFX1

2 

XC4VLX2

00 

XC5VLX11

0T 

B
E

N
C

H
M

A
R

K
 

alu4 8.3 0.6 0.35 0.50 0.44 1.60 0.97 

apex2 12.4 4.3 6.38 3.34 3.58 10.23 7.63 

apex4 7.8 0.6 0.44 0.62 0.51 0.87 0.37 

bigkey 13.5 1.3 1.78 2.38 3.26 3.58 4.10 

des 12.8 1.0 1.40 1.62 1.71 2.43 2.08 

diffeq 5.8 0.4 6.32 5.50 4.59 13.31 9.33 

dsip 10.4 0.9 1.12 1.20 1.23 2.22 3.44 

E64 1.0 0.1 0.12 0.17 0.14 0.17 0.26 

elliptic 33.7 7.8 N/A 18.4 19.72 21.73 34.11 

Ex5p 6.3 0.3 0.05 0.05 0.05 0.06 0.05 

frisc 35.1 13.8 N/A 34.2 30.60 28.15 49.05 

misex 6.8 0.4 0.30 0.37 0.32 0.59 0.59 

s1423 0.5 0.1 0.86 0.97 0.70 1.13 1.95 

s298 11.6 0.7 4.85 6.69 3.73 6.84 4.33 

s38417 49.9 8.7 N/A 35.4 33.74 38.68 35.79 

s38584.1 36.0 8.8 N/A 17.1 11.22 11.25 24.25 

seq 11.4 2.2 0.68 1.31 0.56 0.81 2.05 

tseng 3.1 0.2 3.72 3.52 3.35 6.28 6.31 

 

Each test case, i.e. a specific benchmark circuit on a specific device, is run 10 

times.  The average of 10 runs is reported in the table.  The “N/A” for column 

XC3S100E means the circuit is too large to be implemented on that device.  

What is not shown in the table is that the results of the proposed router are in 
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Xilinx’s XDL format and can be directly converted to FPGA configuration.  

Therefore, the routing results can be directly applied in FPGA reconfiguration 

applications.  For example, they can be instantly converted into the configuration 

binaries to program a target FPGA device. 

 

Here are some interpretations about the fiures shown in the table.  First, by using 

a binary metric of success or failure, the italic figure in one cell explicitly proves 

that the proposed router is able to route the benchmark circuit for the given row 

on the target device for the given column.  The few “N/A”s on the column of 

XC3S100E does not imply that the router should fail but only indicates it is not 

big enough for the corresponding benchmark circuit.  Second, similar to the VPR 

and ROCR routers, whose results are quoted from [38] and listed in column 2 

and 3, respectively, the router succeeds in routing all the 18 MCNC benchmark 

circuits.   And the run time (0.05~6.38 / 0.05~35.4 / 0.05~33.74 / 0.06~38.68 / 

0.05 ~ 49.05 seconds for the device XC3S100E / XC3S1600E / XC4VFX12 / 

XC4VLX200 / XC5VLX110T, respectively) is comparable to that of VPR 

(0.5~49.9 seconds) and ROCR’s (0.1~13.8 seconds) – neither dominantly 

smaller nor dominantly larger.  Third, unlike the VPR and ROCR routers which 

model a hypothetical and simplified FPGA architecture [38], the router here 

targets the commercially available devices.  With the help of TORC, the router 

here is able to route all the selected five devices as in Table 3.1.  These devices 

represent a wide range of Xilinx FPGAs which are frequently used in applications 

leveraging FPGA reconfiguration. 
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The proposed router is only tested on Xilinx devices because currently only the 

Xilinx devices have XDLRC that describes its architecture and resource graph.  

For a similar reason, most research work on FPGA reconfiguration applications 

focus on the Xilinx devices.  However, the proposed router should apply to 

FPGAs from other vendors if they release the device architecture description in a 

similar format which is compatible to XDLRC. 

 

 

3.7. Demonstration Applications 

The router aims to facilitate FPGA reconfiguration, and two FPGA reconfiguration 

applications are developed to demonstrate this claim.  The first application, i.e. 

stitching modules for the slotless reconfiguration, is presented in Chapter 4 as an 

essential component of the FMA technique.  This section presents the details of 

the second application, i.e. creating a routing-free sandbox. 

 

The flow of creating a routing-free sandbox has four steps: 

Step I. Read in the design source files, such as the HDL files; 

Step II. Analyze the sandbox parameters and create  the implementation 

constraint file; 

Step III. Synthesis, map, and place the design using the constraint file; 

Step IV. Route the full design and reroute the nets that resides in the sandbox. 

 

Step I~III are the same as in the OpenPR flow [34], where the same Xilinx utilities 
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are used to implement the design.  For OpenPR, all the nets in the design are 

routed through fpga_edline in Step VI; for the flow here, after the design is routed 

by par, any net that goes through the sandbox is unrouted and then rerouted with 

the proposed router.  That’s why the flow here runs much faster than OpenPR for 

creating a routing-free sandbox.  It is worthy of noting that creating routing-free 

sandboxes is only part of OpenPR, and it also provides other features like 

generating partial configuration bitstream for any module to be put in the sandbox.  

However, OpenPR does not work on huge designs, like the Convey Computer 

[94]. 

 

 

(a)  (b)  (c) 

Figure 3.6 The Routing-free Sandbox Creation for A Video Filter Design 

(a) Original Netlist, (b) Sandbox Created by OpenPR, and (c) Sandbox 

Created by the Proposed Router 

 

Figure 3.6 (a) ~ (c) show the original netlist of a 24-bit VGA video filter, the 

sandbox created by OpenPR, and by the proposed router, respectively, on the 

Xilinx XC5VLX110T device.  Both sandboxes are routing-free.  The major 
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difference is the run time.  The OpenPR flow takes around 4 minutes and 30 

seconds and the flow here takes around 2 minutes 46 seconds - about 60% of 

the OpenPR’s run time. 

 

Regarding the timing performance of the designs shown in Figure 3.6, ideally the 

original design in Figure 3.6 (a) should have the best performance, since it is 

routed by Xilinx par in an iterative way similar to PathFinder without extra 

constraints.  Figure 3.6 (b) should have worse performance since not only it has 

extra routing constraints, i.e. a routing-free region, but also it is routed by Xilinx 

fpga_edline in a non-iterative way.  For the similar reason, Figure 3.6 (c) also 

should have worse performance than Figure 3.6 (a) – it has extra routing 

constraints and the offending net is rerouted by the proposed router.  It is not 

easy to determine whether Figure 3.6 (b) beats Figure 3.6 (c) in timing.  Figure 

3.6 (b) uses fpga_edline which is not iterative but as a vendor tool, it is able to 

optimize the absolute value of routing delay using the built-in wire delay model.  

Figure 3.6 (c) uses the proposed router which is iterative but since the wire delay 

model is not known, it is only able to relatively optimize the routing delay by using 

fewer PIPs.  The actual result is: the maximum frequency of Figure 3.6 (a) is 179 

MHz.  The maximum frequency of Figure 3.6 (b) is 210 MHz.  Since the target 

frequency is only 50 MHz and the design is relatively simple, the surprise that 

Figure 3.6 (b) outperforms Figure 3.6 (a) is an acceptable exception.  The 

maximum frequency of Figure 3.6 (c) is also 179 MHz, which implies the nets 

rerouted to bypass the sandbox are not on the critical paths. 
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(a)   (b) 

Figure 3.7 The Routing-free Sandbox Creation for Bigger Designs 

(a) medium size design – tseng, on XC5VLX110T, (b) huge size design – 

Convey, on XC5VLX330 device 

 

The results of using the proposed router to create a routing-free sandbox for 

larger designs are shown in Figure 3.7.  It is interesting to point out that there are 

two ways to implement the sandbox of Figure 3.7 (a).  The first method does not 

use a Global Router and the run time is 19.38 seconds.  The second method 

uses an actual Global Router, which takes around 0.04 seconds to generate 

coarse nets.  The overall run time is only 8.66 seconds, which is smaller than half 

of the run time without the Global Router.  The explanation is that without the 

Global Router, the PathFinder Signal Router based on A* has to learn that the 

routing wires in the sandbox are forbidden during run time.  It may hit into the 

sandbox many times before it eventually learns to go around it.  With the Global 

Router, coarse routes outside the sandbox are planned before the PathFinder 
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router is run.  Then the Signal Router only has to follow the guidance generated 

by the Global Router.  Moreover, without the Global Router, the routing result 

contains around 14.1k PIPs; with the Global Router, the figure goes down to 

13.0k, which implies a higher routing quality. 

 

 

3.8. Summary, Conclusion and Future Work 

To summarize, this chapter focuses on the topic of developing a versatile FPGA 

router.  It combines the desirable features of the routers from existing research 

on both routing architecture side and algorithm side.  The chapter starts by 

addressing the issue of building the accurate routing graph for real FPGA 

devices.  It then reveals the implementation details of the proposed router’s 

major components which adopt the well-accepted algorithms.  The experiment 

results and demonstration applications prove why the router is “versatile” - it is 

able to route the benchmark circuits over a wide range of commercially available 

devices and to directly facilitate applications based on FPGA reconfiguration. 

Consequently, the router is an upgrade as compared to many existing FPGA 

routers.  Moreover, it is essentially the “routing” manipulation which plays an 

important role in the “fast reconfiguration” and the “self-reconfiguration” 

discussed later. 

 

In conclusion, this chapter presents an FPGA router based on the PathFinder 

and A* algorithms.  By utilizing the routing graph built upon TORC Device 

Database with the information extracted from  XDLRC files, this router not only 
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targets a wide range of real devices, but also produces results that can be 

directly turned into FPGA configuration.  Therefore, the router is a candidate for 

FPGA reconfiguration applications where a dedicated router is needed.  The 

performance of the router was evaluated by running it on the MCNC benchmark 

circuits for five different devices.  The typical usage in FPGA reconfiguration was 

demonstrated by two applications, namely the FMA and the routing-free sandbox 

creation.   

 

For future work, the A* evaluation function should be modified such that the path 

cost models delay information more accurately.  Non-constant coefficients should 

be used.  For example, the congestion coefficient should be increasing through 

iterations.  Therefore, for later iterations, the penalty of using a conflict wire 

increases, the probability of using the wire decreases, and the time for resolving 

all conflicts shrinks.  Also, an individual net should be assigned a priority value 

according to whether it is on the critical paths.  A net with higher priority value 

tends to have a bigger path coefficient and a smaller congestion coefficient, 

which means the net has the higher priority to optimize timing and to use conflict 

wires.  Another enhancement is to find a detailed solution for the problem of how 

to improve PathFinder with a Global Router.  Moreover, it might be interesting to 

figure out a way to convert the XDLRC routing model into the simplified routing 

channel and rack model.  In this way, it is feasible to take advantage of existing 

algorithms for that simplified routing model. 
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Chapter 4  

Fast Module Assembly 

 

Here is a brief recall of the motivation and background of the FMA.  The FMA is 

part of the Turbo Flow (TFlow) [15].  TFlow aims to significantly accelerate the 

FPGA back-end compilation for modular designs and to enhance the productivity 

of the FPGA design development.  To achieve software-like compilation time, the 

FMA not only reuses the configuration bitstream of pre-built modules, but also 

stitches the loaded modules at the bitstream level.  With the help of the FPGA 

router from Chapter 3, the FMA applies the idea of slotless reconfiguration, 

where modules are pre-built flexibly without excessive constraints. 

 

This chapter is organized as follows.  Section 4.1 talks about the prerequisites for 

running the FMA, i.e. the briefs of all the preparation steps in TFlow before the 

design assembly stage.  Section 4.2 presents how to load and relocate a pre-

compiled module.  Section 4.3 presents how to stitch the loaded modules.  

Section 4.4 discusses the optional debug scheme to verify the correctness of the 

module assembly.  Section 4.5 shows experiment results as well as comparison 

against the traditional ISE flow and the recently developed QFlow.  Section 4.6 

starts with a brief summary of the general topic of the chapter.  It then draws 
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conclusions and makes suggestions for future work. 

 

 

4.1. Prerequisites 

Figure 4.1 [15] illustrates the process of how TFlow runs.  There are mainly two 

phases, i.e. the module creation phase, which generates the component library 

with pre-built modules, and the design assembly phase, which generates the 

configuration bitstream for a full design by assembling the modules.  Currently, 

TFlow only applies to Xilinx FPGAs, especially the Virtex-5 family. 

 

The module creation phase looks very similar to the normal process of how an 

FPGA designer implements a module.  The designer describes a module using 

any design entry method like HDL or schematic.  He/she synthesizes the design 

and generates its Electronic Design Interchange Format (EDIF) netlist using 

Xilinx XST.  Then he/she uses Xilinx’s Partition Flow [74] to place and route the 

design.  It is desired to repeat placing and routing several times with different 

shaping constraints.  As a result, each module has a profile with implementations 

of different shapes and different applications are free to pick up the best-fit shape.  

There are no constraints for later assembly, because the FMA does not apply 

any pre-built channel or specific communication protocol for stitching the 

modules.  The only constraint is to use Xilinx’s Partition Flow, which has a 

consistent naming convention for the anchor points, i.e. a module’s input and 

output pins, between the post-synthesis EDIF netlist and the physical netlist.  

TFlow uses the APIs from TORC to import the EDIF netlist of a module and the 
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physical netlist of each implementation of that module.  Then TFlow extracts key 

attributes, such as the shape, anchor points, resource usage, etc., and store 

these attributes in a meta-data file of the Extensible Markup Language (XML) 

format.  To register a module in the library is to create a profile consisting of XML 

meta-data files and configuration bitstream files for each shape. 

 

 

Figure 4.1 How TFlow Runs [15] 

 

The second phase is the design assembly phase.  The designer specifies what 

modules to use and how to connect them.  He/she stores the information in a 

meta-data XML file.  TFlow then processes the XML file, fetches the module 

profile from the library, and starts the module assembly.  The first step is to 

assign the modules optimal locations and update the meta-data XML file.  TFlow 
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applies a placing scheme similar to the placer in QFlow [69].  The second step is 

to relocate the configuration bitstream of the modules and this is when the FMA 

begins to take charge.  All previous steps of the module creation phase and the 

design assembly phase discussed above are prerequisites.  The FMA continues 

with the final step of the module assembly, i.e. stitching the modules into the final 

bitstream file for the full design. 

 

 

4.2. Module Relocating 

A Xilinx FPGA is configured by downloading a configuration bitstream file into its 

configuration memory.  A bitstream file consists of frames of binaries 

representing specific logic and routing configurations.  A frame is the smallest 

addressable segment in a bitstream file.  A frame has an address with fixed 

length and a certain amount of raw configuration bits 

 

 

Figure 4.2 How to Divide a 32-bit Frame Address into Six Fields [95] 

 

For the Virtex-5 FPGAs, the frame address is a 32-bit word and has six fields [95].  
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Figure 4.2 shows how to divide a 32-bit frame address9.  The details about these 

six fields are: 

 Bits 31 ~ 24 are reserved and unused. 

 Bits 23 ~ 21 represents the Block Type.  Normally, one block consists 

of one or more columns of tiles.  There are two block types which are 

programmable by the users.  One type is BRAM contents, with the 

block type code 001.  The other type is Interconnections and Non-

BRAM Blocks with block type code 000.  Non-BRAM Blocks include 

CLBs, DSP blocks, and Input/Output Blocks (IOBs). 

 Bit 20 is the Top/Bottom bit.  0 represents the top half of a device and 

1 represents the bottom half. 

 

 

Figure 4.3 The Top/Botoom Bit and the Raw Address in Xilinx FPGA10 [95] 

 

                                                 
9
 For other device family, the frame address normally still has six fields but the definition of each 

field may be different. 

10
 This applies not only to the Virtex-5 FPGAs but also to most other Xilinx FPGAs. 
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 Bits 19 ~ 15 represent the Row Address.  Vertically, a device is divided 

into several major rows, or Horizontal Clock (HCLK) rows.  Each row is 

20-tile in height.  Figure 4.3 shows how to decide top/bottom bit and 

major row address. 

 Bits 14~7 represent the Major Address.  Each major row has multiple 

columns of different block types.  Each column of tiles has a column 

address, determined by its column coordinate and its block type.  The 

column address is the same as the Major Address.  Figure 4.4 shows 

clearly how to assign the Major Address within a row, where the light-

gray sequence is for Non-BRAM blocks and the dark-gray sequence is 

for BRAM blocks. 

 

Figure 4.4 The Assignment of Major Addresses in a Major Row [95] 

 

 Bits 6~0 determine the Minor Address.  Given the Block Type, the 

Top/Bottom Bit, the Row Address and the Column Address, a specific 

column is hit.  One column contains a certain number of frames and 

the Minor Address is used to access the desired frame.  The exact 
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number of frames inside a specific column depends on the column’s 

block type, as Table 4.1 shows 

 

TABLE 4.1 THE EXACT NUMBER OF FRAMES PER COLUMN 

Block Type Number of Frames 

CLB and CLB Interconnections 36 

DSP and DSP Interconnections 28 

IOB and IOB Interconnections 54 

BRAM Interconnections 30 

BRAM Contents 128 

 

 

Figure 4.5 How the Bitstream Level Module Relocation Works 

 

The right side of Figure 4.5 also explains the above six fields with the snapshot of 

the XC5VLX20T device’s layout.  There are two major rows on the top half with 

the Row Addresses 0 and 1; there is one major row on the bottom half with the 

Row Address 0.  There are three columns of the block type 001 (BRAM content), 



 

82 

 

so their Major Addresses are 0, 1, and 2; all other columns are of the block type 

000 (including CLBs, DSP blocks, and IOBs) and their Major Addresses are 0, 1, 

2, 3, …. , 30.  For the group of frames marked by the red ellipse, they belong to 

column 3 of Major Row 0 at the bottom half.  They are either CLB tiles or CLB 

Interconnection tiles, so there are 36 frames in the group, with the Minor Address 

from 0 to 35. 

 

The basic idea of the configuration bitstream relocation is illustrated in Figure 4.5.  

Raw bits of all configuration frames are stored in the bitstream file.  The location 

of a configuration frame determines a Frame Address Register (FAR) value, from 

which the frame index within all configuration frames is calculated.  This frame 

index maps to a file address, which is used to grab the raw bits of the 

corresponding frame from the bitstream file.  To relocate the configuration bits to 

a new location, the new FAR value is generated for this location and then 

converted to the new frame index.  The new frame index hits a new file address.  

Relocating one frame is accomplished by moving the raw bits at the old file 

address to the new file address in the bitstream file.  Take relocating one frame 

in the green ellipse for example.  Its location on the device determines that its 

FAR value is 0x11808E.  This FAR value means that the frame is the #16308 

frame in among all configuration frames.  The Frame Index of 16308 maps to the 

file address of 0x103456 in the module bitstream file.  The raw bits of the frame 

to relocate reside at this address.  Grab them and put them in a buffer.  Suppose 

the target location is in the red ellipse.  This location determines the target FAR 
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value of 0x300C9.  This new FAR value is the #21321 frame in the base design 

bitstream file.  This new Frame Index of 21321 maps to the file address of 

0x20654 in the base design bitstream file.  To relocate the frame is to copy the 

buffered raw bits of the frame to this new file address in the base design 

bitstream file.  To relocate a module is to repeat the above frame relocation 

process for all the frames in the module.  Effectively, all the logic and routing 

configuration of the module are moved, and this is effectively the manipulation 

“relocating” defined in Section 1.3. 

 

The raw bits of a Virtex-5 configuration frame consist of 41 32-bit words.  Its 32-

bit address maps to 20 tiles on the same major row.  40 out of the 41 words 

encode the configuration of each tile’s logic elements and routing resources (2 

words per tile) and the middle word has miscellaneous information including the 

clock network settings.  Currently, a module is relocated on the base of offsets as 

major rows by moving the raw bits of a frame from the old location on a major 

row to the new location on another major row for all frames.  Therefore, there is 

no need to further parse and modify the raw bits.  However, in order to relocate 

with a higher resolution, i.e. not on the base of major row but on the base of tile 

row, raw bits must be modified.  This will be discussed later in the future work 

section. 

 

It is worthy of noting that this relocation scheme only works if the target region is 

a completely empty sandbox where no logic or routing resource is occupied.  The 
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reason is explained in Section 2.3 which discusses the challenge of creating a 

routing-free sandbox.  The demonstration application in Section 3.7 provides one 

way to create such a sandbox.  Another approach is to force Xilinx par to follow 

routing constraints by creating a dummy net which occupies all possible routing 

resources for entering and exiting a region.  The second approach is able to 

maintain the maximum clock frequency of the static design as much as possible, 

because the primary goal of par is to optimize timing.  However, in theory, this 

approach still does not guarantee that the routing constraints are 100% followed; 

par allows violation in order to enhance timing. 

 

 

4.3. Module Stitching 

After placer places the modules, the updated meta-data XML file contains the 

following information for stitching the modules: the inter-module connections and 

the routing constraints.  Each inter-module connection has one source pin and 

one or multiple sink pins.  The source and sink pins are in the XDL format as 

“Site_Name. Pin_Name”, such as: 

Source: SLICE_X24Y40.D 

Sink: SLICE_X18Y74.B3   SLICE_X21Y73.C5 SLICE_X22Y72.D5 

The routing constraints are the routing resources used by the relocated modules.  

They are also in the XDL format as PIPs, such as: 

  PIP INT_X21Y34 CTRL2 -> CTRL_B2 , 

An API calls the FPGA router from Chapter 3 and makes use of the above 

information to route the inter-module connections through the following steps: 
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Step I. Load the static design by using TORC XDL importing utility.  By 

importing an existing design, the router automatically knows what routing 

resources are used by the static design. 

Step II. Load the routing constraints from the meta-data file and flag 

the PIPs as used.  The router then avoids using these PIPs. 

Step III. For each inter-module connection, create an unrouted net in 

the loaded design.  Create an array with these unrouted nets. 

Step IV. Call the router to route the array of unrouted nets from Step III.  

The output of the router is the routing PIPs of the routed inter-module 

connections in the XDL format. 

Step V. Translate the routing PIPs from the XDL format into 

configuration bits.  Set up the configuration bits in the bitstream file of the 

full design with relocated modules, which is generated in Section 4.2. 

 

The two key steps are Step IV and Step V.  They represent the manipulation 

routing defined in Section 1.3.  For Step IV, Chapter 3 has discussed the router 

in detail.  Step V is the low-level manipulation that ensures the assembly speed.  

This step relies on a “routing configuration bits database”.  Each PIP needs a set 

of configuration bits to activate.  Recall the explanation on the definition of a 

routing PIP in Section 3.1.  Each routing PIP has a “tile name”, which represents 

its the location.  Section 4.2 has mentioned that the location of a tile maps to a 

FAR value representing the address of a configuration frame with 41-word raw 

bits.  In fact, the (X, Y) coordinate of a tile determines a “word offset” D_offset 
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which means that among the 41 words, the configuration of all routing resources 

at this tile is in word #D_offset.  To hit a specific bit, two more offsets are needed, 

“byte offset” B_offset and “bit offset” b_offset, because one word has four bytes 

and one byte has eight bits.  How to calculate B_offset and b_offset?  There is a 

one-to-many mapping between the pair of a PIP’s source wire and sink wire and 

a few pairs of byte offset and bit offset.  The “routing configuration bits database” 

stores such information.  A PIP has a few entries in the database and each entry 

has values including the source wire name, the sink wire name, the byte offset 

and the bit offset.  The database is on a MySQL server and Step V accesses the 

database through a MySQL client to query the configuration bits for a given PIP. 

 

Without the capability of low-level manipulation, Step V has to generate the XDL 

netlist for the full design.  Such an assembly scheme is almost the same as that 

from RapidSmith, i.e. through reusing the XDL netlists of fully placed and routed 

modules.  This scheme needs two more actions: to convert the XDL netlist into 

the physical netlist and to generate the configuration bitstream file based on the 

physical netlist.  The second action alone inevitably requires more time than 

directly setting a portion of the bits in a bitstream file – tens of seconds vs. a few 

seconds.  Worse still, the first action may take a few hours for a big design like 

the Convey.  In this case, the only difference from RapidSmith may be that the 

router here potentially has better performance since the original RapidSmith only 

has a basic non-iterative maze router. 
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Currently, the configuration bit level module stitching approach only applies to the 

Virtex-4 and Virtex-5 devices.  It is not applicable to other devices, since the 

relationship between the routing PIPs and the corresponding configuration bits is 

unknown. 

 

 

4.4. Debugging 

Manipulating FPGA configuration at the configuration bit level is so delicate that a 

debugging scheme is necessary.  The approach is to perform the module 

relocation and stitching at the XDL level instead of at the configuration bit level.  

It is exactly the same assembly scheme without the low-level manipulation as 

discussed in the last section.  Because this XDL-based assembly scheme is 

much less error-prone, the resulting bitstream file for the full design is treated as 

golden.  This golden bitstream file is compared to the assembled bitstream file 

generated through the configuration bit level manipulation.  If there are zero 

different configuration frames between them, the assembled bitstream is error-

free.  Otherwise, the assembled bitstream has errors and they can be debugged 

using the contents of the different frames.  Possible errors include: configuration 

bits of a module are relocated to a wrong place, or the router makes a bad route, 

etc. 

 

One debugging trick is to isolate the configuration bits modified by module 

relocating from those modified by module stitching.  To achieve this, instead of 

directly comparing the golden and the assembled bitstreams files of the full 
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design, compare the bitstream files for the intermediate design after module 

relocating first.  If there are no different frames, it means the configuration bit 

level module relocation has no error.  Then compare the bitstreams files of the 

full design after module stitching.  If there are different frames, it must come from 

the PIPs of inter-module connections generated during module stitching. 

 

 

4.5. Demonstration and Experiment Results 

Figure 4.6 shows a demonstration of applying the FMA to the GNU radio 

development [96] on the XC5VLX110T device. 

 

 

(a) (b)  (c) 

Figure 4.6 Applying the FMA for a GNU Radio System Development 

(a) the static design, (b) relocating the modules, (c) stitching the modules 

 

The static part of the system is a basement design for receiving and transmitting 

radio signals.  As Figure 4.6 (a) shows, there is a big sandbox for holding 

modules that perform signal processing.  In Figure 4.6 (b), seven modules are 
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loaded into the sandbox, including a Low Pass Filter (LPF), the ZigBee radio core, 

FIFOs, etc.  The configuration bits of each module are read from the pre-built 

bistream file and then relocated into the bistream file of the static design.  The 

router from Chapter 3 is called to make the connections to assemble the modules.  

The resulting nets are marked in red in Figure. 3.4 (c).  Note that it is feasible to 

do the assembly by using Xilinx par with the “-k” option in the re-entrant route 

mode.  However, that takes around 40 seconds.  In contrast, the proposed FMA 

finishes module stitching in around 0.5 seconds.  This is 80 times speedup.  

Moreover, it takes Xilinx utility bitgen more than 30 seconds to generate the 

configuration bitstream for the full design.  With the FMA, the total assembly time 

including module relocating and module stitching is around 1 second. 

 

Since the FMA is the final steps of TFlow, it would be more meaningful to show 

the results of comparing TFlow with other compilation flows.  Two other flows in 

consideration are: the traditional Xilinx ISE flow and QFlow.  The traditional ISE 

flow is the normal compilation flow which does not reuse any pre-built modules.  

QFlow reuses the physical netlist of modules that are pre-placed but not routed.  

TFlow reuses the configuration bitstream of pre-built modules that are fully 

placed and routed. 

 

A test case is designed as follows.  Each flow starts with a post-synthesis EDIF 

netlist of a given design for a target FPGA device.  The ISE flow first packs and 

maps the EDIF netlist onto the target device.  It then performs placing and 
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routing using its utility par and implements the physical netlist of the design.  

Finally, it converts the physical netllist into configuration bitstream using the utility 

bitgen. QFlow uses the EDIF netlist as guidance to pick up the desired static 

design and the pre-built modules.  It then runs the module placer to assign 

optimal locations for each module.  After that, it merges the physical netlists of 

the static design (fully placed and routed) and the relocated modules (placed but 

not routed). To stitch the modules into the final physical netlist, it calls par to 

route the intra-module nets and the inter-module connections.  It also relies on 

bitgen to generate the final configuration bitstream file.  TFlow uses the EDIF 

netlist for the same purpose as QFlow does.  It also runs a similar module placer 

as QFlow does, but the later steps are different from QFlow.  TFlow merges the 

configuration bitstream of the static design and the pre-built modules into a full 

bitstream file.  To stitch the modules, it runs the dedicated router from Chapter 3 

to build the inter-module connections.  It converts the routing results into 

configuration binaries and directly set them in the full bitsream file.  TFlow does 

not need to run bitgen.  Essentially, each flow performs the back-end compilation 

starting with a post-synthesis netlist of a design and ending with the configuration 

bitstream of the full design. 

 

For each flow, there are four test cases.  The first test case is to implement an 

Edge Filter in the video filter design as Figure 3.6 shows.  The second test case 

is the same as the first one except that it replaces the Edge Filter with a 

Gaussian Filter.  The third test case is similar to the radio design shown in Figure 
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4.6.  The static design is still a basement for receiving and transmitting radio 

signals, and the dynamic modules represent the core components of a ZigBee 

Radio.  The fourth case is the huge Convey design as Figure 3.7 (b) shows with 

a Vector Adder to implement in the sandbox.  While the ISE flow directly 

implements the full design from scratch, QFlow and TFlow reuses pre-built static 

design and modules and implement the full design through module assembly.  

Table 4.2 compares the resource utilization of the different flows.  Table 4.3 

summarizes the performance of each flow on different test cases in terms of the 

overall compilation time. 

 

TABLE 4.2 THE RESOURCE UTILIZATION COMPARISON (THE FULL DESIGN) 

Test Case 

SLICE DSP BRAM 

ISE 

Flow 

QFlow / 

TFlow 

ISE 

Flow 

QFlow / 

TFlow 

ISE 

Flow 

QFlow / 

TFlow 

Edge Filter 2865 2838 14 14 0 0 

Gaussian 

Filter 
2062 2068 18 18 0 0 

ZigBee Radio 1648 2028 10 10 8 9 

Vector Adder 22444 11443 0 0 53 60 

 

Table 4.2 shows that QFlow and TFlow have the same resource utilization.  This 

is because QFlow and TFlow compile a module in a similar way.  The difference 

is QFlow only places but does not route the module and reuses its physical 

netlist, while TFlow fully places and routes the module and reuses its 

configuration bitstream.  Compared with the ISE flow, there is no resource 

utilization overhead.  This proves the claim that with the FMA, modules are pre-
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compiled in a flexible way without excessive constraints – just as many 

constraints as the normal ISE flow may use; no more, no less.  Therefore, TFlow 

should have the similar resource utilization as compared to the ISE flow.  Test 

Case One to Three supports this statement.  Test Case Four, however, is an 

exception where the resource utilization of the TFlow implementation is almost 

50% of the resource utilization of the ISE flow implementation.  The reason is 

that in Case Four, the Convey design is very large and takes up almost half of 

the total SLICEs available on the target device.  For a dense design like this, 

TFlow’s effort in shaping the modules and the static design to some degree tends 

to compact the logic and hence reduce the resource utilization.  In contrast, for a 

dense design, ISE tends to use as much logic resource as possible.  In this way, 

most logic elements have a low fan-out count and they have limited load, which 

helps to improve the timing performance 

 

TABLE 4.3 DESIGN COMPILATION (BACK-END) TIME COMPARISON 

Test Case 
Compilation time (seconds) TFlow Speedup QFlow Speedup 

ISE Flow QFlow TFlow Over ISE Flow Over QFlow Over ISE Flow 

Edge Filter 184.6 170.8 21.6 8.5x 7.9x 1.1x 

Gaussian Filter 159.8 156.7 17.8 9.0x 8.8x 1.0x 

ZigBee Radio 236.2 157.7 23.8 9.9x 6.6x 1.5x 

Vector Adder 3891.7 805.1 98.7 39.4x 8.2x 4.8X 

 

The compilation time of ISE flow in Table 4.3 not only serves as a base for 

calculating the QFlow/TFlow speedup, it also reflects the complexity of the 

design to a certain degree.  For test Case 1 and Case Two, the filter designs as 
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well as the static design are not very complicated.  Therefore, QFlow fails to 

achieve a noticeable speedup against the ISE flow, and the speedup is only 1.1x 

and 1.0x respectively.  In contrast, the compilation time of TFlow is significantly 

less than that of the ISE flow, and the speedup is 8.5x and 9.0x respectively.  For 

Case Three, the ZigBee radio design as well as the static design is slightly more 

complex than the designs of the previous test cases.  As a result, the speedup of 

TFlow over the ISE flow increases moderately to 9.9x and the speedup of flow 

over the ISE flow increases noticeably to 1.5x.  The Convey design of test Case 

Four is very dense and very complex.  Therefore, the speedup of TFlow over the 

ISE flow and that of QFlow over the ISE flow take a sharp jump to 39.4x and 4.8x 

respectively. 

 

The conclusion of the above observation is that TFlow has a significant speedup 

over the ISE flow for accelerating the back-end compilation and the speedup 

increases as the design complexity grows.  However, with an extremely 

complicated design, this increase may slow down, it may become negative, or 

there will be no speedup at all.  For such a design, it may not be possible to 

create routing-free sandboxes for modules.  In this case, the FMA technique is 

not applicable because it is impossible to relocate the modules.  Hence TFlow 

fails at module relocating and the speedup is 0.  Even if routing-free sandboxes 

are available, the router may have difficulty in routing the inter-module 

connections.  Admittedly, the router from Chapter 3 is not as powerful as par.  

Particularly, there is a trick called “pin swapping” in par.  Suppose a net’s sink is 
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the 3rd pin of a LUT.  When par reaches this LUT, it may select its 2nd pin as the 

net’s sink.  In this way, par does need to take time to trace back its routing tree to 

search for an actual path that leads to the original sink pin.  However, since now 

a different pin is used, the configuration of this LUT needs to be modified.  Such 

a trick does not apply to the FMA, because the modules are pre-built and their 

configuration binaries are fixed.  Therefore, the router may take very long time to 

route the inter-module connections so that the overall TFlow run time exceeds 

the ISE flow’s run time; or the router may simply take forever and hence TFlow 

fails at module stitching and the speedup is 0.  In contrast, QFlow has much 

more chance to survive in case of an extremely complicated design, because it 

does not require routing-free sandboxes and it uses par to do the routing. 

 

The compilation time in Table 4.3 does not consider the module compilation for 

building the component library in TFflow.  The time spent on building the module 

might be negligible in TFlow for two reasons.  Ideally the Module Creation Phase 

is a one-time operation and it is finished offline.  The normal on-the-fly operation 

is the Design Assembly Phase and usually this operation is sufficient for 

compiling a target design.  In case that the design needs a new module or an 

existing module needs updating, the overhead of compiling a module using Xilinx 

tools may not affect the overall TFlow run time.  This is because the proposed 

FMA as well as the placer does not need Xilinx tools, meaning that the whole 

Design Assembly Phase can run in parallel with the Module Creation Phase. 
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4.6. Summary, Conclusion and Future Work 

In summary, this chapter presents an FMA technique for “fast configuration”.   

The inspiration is the software compilation through linking pre-compiled libraries 

as executable, which utilizes the reconfigurability and flexibility of software.  This 

technique consists of two steps: relocating pre-compiled modules and stitching 

the modules with the versatile router from Chapter 3.  Both steps exploit the low-

level manipulation of FPGA configuration to ensure speed and flexibility.  After 

discussing the implementation details of these two steps, this chapter 

demonstrates an application of how the FMA works for fast developing a radio 

system.  Following the demonstration, the chapter shows experiment results of 

comparing different compilation flows.  These results prove the following 

statement: the FMA has the potential to be an enabler for an alternative FPGA 

compilation flow that dramatically reduces the design compilation time.   

 

The major conclusion is that the proposed FMA is an instant module assembly 

technique with flexibility.  Compared to running par in the re-entrant route mode 

to stitching modules, building inter-module connections with a dedicated FPGA 

router is much faster.  Another factor for significantly saving compilation time is 

the low-level manipulation on configuration binaries, which eliminates the need 

for generating physical netlist and converting that netlist into configuration 

bitstream.  The flexibility comes from the slotless reconfiguration idea which to a 

large degree decouples the dependencies between different pre-built modules as 

well as the dependencies between the modules and the static designs.  With the 
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help of FMA, TFlow is able to achieve 8 ~ 39 times speedup as compared to the 

traditional ISE flow on designs with various complexities. 

 

As mentioned earlier, relocation with a higher resolution is feasible.  This 

relocation is one possibility for future work.  It is more complex and it has to 

manipulate the raw bits of a frame.   Generally speaking, the raw bits of the 

configuration frame at the old location should be split into two parts and merged 

with the raw bits of two adjacent frames at the new location.  Moreover, the 

proposed FMA may be extended to newer devices, like the Virtex-6 or Zynq 

FPGAs, which may encourage the adoption of TFlow as a productivity tool in 

both the academia and the industry. 
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Chapter 5  

Autonomous Adaptive Systems 

 

An autonomous adaptive system is a system that operates independently and 

enhances its own behavior and functionality beyond its initial design.  In short, an 

AAS is a system with the capability of autonomous self-reconfiguration.  On the 

one hand, FPGA’s run-time partial reconfiguration facilitates to implement an 

AAS with the ability to dynamically manipulate its own hardware configuration.  

The rest of an AAS should keep functioning while a part of it is undergoing 

modification for adaptation.  On the other hand, the self-reconfiguration idea from 

an AAS helps to ease the difficulty of recompiling a complex FPGA design for 

reconfiguration.   AAS absorbs much of the computing complexity into itself so 

that there is no need to recompile the system externally. 

 

The organization of this chapter is as follows.  Section 5.1 describes a framework 

for building an AAS.  Section 5.2 and 5.3 describe the hardware and software 

implementation of a proof-of-concept AAS, respectively.  Section 5.4 presents a 

demonstration of an AAS with a universal UART transmitter.  Section 5.5 

analyzes the performance of the embedded tool set designed for an AAS.  

Conclusions and potential future work are in Section 5.6, following a brief 
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summary of the whole chapter.. 

 

 

5.1. A Framework for Building an AAS 

Figure 5.1 shows a diagram that represents the proposed framework of hardware 

and software for implementing an AAS. 

 

 

Figure 5.1 A Framework for Building an AAS 

 

The static requirements of this framework are simple and straightforward. A 

configurable fabric like an FPGA is needed so that the system is able to change 

its own hardware functionality via run-time partial reconfiguration without being 

shut down.  Adequate memory is necessary to hold a library of adaptation 

strategy and support adaptation applications.  The memory also contains a 

model of the AAS system itself that contains the logic and routing resource usage 
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map.  A microprocessor, such as the PowerPC, is needed to manage the 

hardware resources and the software utilities.  A proper I/O interface is required 

through which the system accepts stimulus and feeds back a response.  These 

requirements are easily met by almost every deployed Xilinx FPGA system, 

including the development boards [88, 96]. 

 

An AAS built with this framework does not require more resources than a typical 

system implemented with FPGAs - most systems consist of an FPGA, memory 

and I/O devices anyway.  Moreover, the autonomy and adaptation come at an 

affordable cost.  If the AAS works in a normal environment, its microprocessor 

and applications for adaptation can be in the standby mode for most of the time.  

Access to the processor may be very light, leaving the processor free to perform 

other embedded duties or simply do nothing at all.  Only in the unexpected 

situations, where self-adaptation is required, should the AAS work in full power. 

 

There are additional costs that could possibly be diminished, yet they greatly aid 

the system development.  An operating system such as Linux is used to manage 

hardware resources and software applications.  Embedded Electronic Design 

Automation (EDA) utilities like an EDIF netlist parser, mapper, placer, router and 

configuration bits manipulator are needed to manipulate hardware at a fine 

granularity and instantiate reconfiguration through the ICAP.  A suitable cross-

compile tool and/or Java Virtual Machine (JVM) are required for 

building/executing these utilities.  These runtime requirements, especially the 
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task of developing the EDA tools, are the main challenge that this chapter 

addresses.  However, such effort should be nonrecurring.  Most aspects of the 

developed tools are able to abstract away the physical details of the underlying 

FPGA device, making portability an important development criterion. 

 

 

5.2. System Implementation – Hardware 

The hardware platform for the proposed proof-of-concept AAS is the Xilinx 

ML410 board [97]. The board has a Xilinx Virtex-4 XC4VFX60 FPGA containing 

two PowerPC 405 hard-core processors and two ICAPs.  The board has many 

peripheral components connected to the FPGA, such as a DDR2 DIMM memory 

slot, two RS-232 serial ports, and a tri-mode Ethernet MAC/PHY.  It meets all the 

requirements and is an ideal platform for developing a prototyping AAS. 

 

With the Xilinx Embedded Development Kit (EDK), it is fairly easy to build an 

embedded system using the Base System Builder (BSB).  For a proof-of-concept 

AAS demonstration, the system should be as simple as possible.  The detailed 

hardware structure of the "Adaptive UART Transmitter" demonstration is 

illustrated in Figure 5.2. 

 

The demonstration system is built with EDK 10.1 BSB and contains the following 

components: one PowerPC microprocessor, one DDR2 memory controller, one 

ICAP interface, and I/O devices such as GPIO, the UART and the Ethernet MAC.  

All components are IP cores provided by Xilinx, except "uart_0", which is a 
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customized simple UART transmitter with 8 data bits, no parity check and no 

handshaking.  "uart_0" contains a counter that determines the transmission 

BAUD rate.  The BAUD rate counter is the dynamic module for autonomous 

adaptation.  The whole system without this counter is referred to as the static 

system.  The slot-based reconfiguration is applied here for simplicity and the 

static system communicates with the counter through bus macros.  The details 

about the operation of the proof-of-concept demonstration will be presented later 

in Section 5.4.  It should be noted that this process does not use the Xilinx PR 

flow, though they share a few terminologies.    

 

 

Figure 5.2 Hardware Components of the Demonstration AAS 
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A 512M DDR2 memory chip is not shown in Figure 5.2, but it is a required 

peripheral to support the embedded software. 

 

It is relatively easy to apply the hardware implementation discussed here to 

another AAS for different applications.  The basic idea is to design a module 

where adaptation is supposed to occur and replace the “uart_0” module with it. 

 

 

5.3. System Implementation – Software 

As mentioned earlier, runtime requirements of the adaptation utilities are the 

primary challenge in the proposed framework.  The effort within the software 

domain is explained here.  At first sight, much of the software framework appears 

familiar – an operating system, the front-end and back-end compilation tools to 

translate a digital design into physical implementation, and the utility to 

instantiate the design onto an FPGA.  Similar utilities are well established for 

desktops or workstations, but they are relatively less mature for the embedded 

environment, where the proposed AAS is supposed to operate.  Therefore, the 

main focus of this paper is to ensure the following feature: the feasibility of the 

proposed utilities in an embedded environment.  Note that for the sake of being 

proof-of-concept, limited effort has been made to pursue high performance for 

these utilities.  Compared to well-studied algorithms from the literatures, simple 

and straightforward strategies are preferred with little consideration regarding the 

complexity of the problem. 
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5.3.1. Operating System 

Linux, due to its high portability, has been successfully used in the embedded 

systems based on microprocessors including PowerPC, ARM and MIPS for a 

long time [98].  Moreover, many commonly available I/O device drivers map the 

device to a character stream in the file system, so reading from and writing to the 

I/O device becomes a file operation.  Therefore, Linux is the chosen OS here. 

 

Brigham Young University's Linux on an FPGA project serves as a good guide on 

configuring and installing a Linux kernel 2.4 onto XUP boards [99].  After the 

release of Kernel 2.6.28, the Xilinx Open Source Wiki community [100] has 

published the "Device Tree Generator", which makes porting Linux onto the 

Xilinx FPGA boards much easier.  With this tool, a hardware configuration file is 

generated for a system built by BSB, and it is then used to generate a Linux 

image for this specific system [101], which contains basic drivers for almost all of 

the Xilinx IP cores, including the ICAP.  Details of this porting process are 

omitted here, and those who interested in this are referred to [102]. 

 

A cross-compile tool is required to build executable binaries on the PowerPC - for 

the kernel image and the embedded EDA utilities.  Embedded Linux 

Development Kit (ELDK) [103] is used here. 

 

5.3.2. Pre-processor 
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To prepare for operating the EDA utilities, a program called the pre-processor, is 

run off-line to analyze the static design.  It extracts key information that is used 

later online by the embedded EDA tools: the position of the input and output bus 

macros, the dimension constraints (where the PR region is on the device), the 

resource usage constraints (what logic and routing resources are initially 

occupied and must not be reused), and the clock tree configuration.  Also, the 

bitstream file for the static system generated by the Xilinx tools is patched so that 

all columns of a clock tree within the PR region are turned on11.  Moreover, it 

generates a partial bitstream file of clean_bits for the PR region that clears the 

configuration of the region so that no logic and routing resource are used. 

 

5.3.3. EDIF parser 

The AAS framework translates an abstract description of the new adaptation 

behavior into the actual FPGA configuration with available logic and routing 

resources.  The AAS is expected to associate events (a detected fault, a new 

interface, etc.) to a digital circuit or a set of digital circuits.  It is expected to 

interpret the abstract descriptions of these circuits and translate them into 

available FPGA resources.  The AAS maintains a library of potentially deployable 

circuits for adaptation. 

 

Ideally, the library should use HDL descriptor, such as Verilog or VHDL, or even 

more abstracted language, such as SystemVerilog and SystemC, to describe 

                                                 
11

 This approach is more stable than setting the clock bits using the configuration bits manipulator 

during run time through ICAP. 
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these anticipated behaviors.  This dissertation work assumes that an AAS does 

not need to perform synthesis.  Therefore, an adaptation description is a 

technology-specific post-synthesis netlist in a widely accepted format, such as 

the Electronic Design Interchange Format (EDIF).  The reason is that an FPGA 

synthesizer is difficult to develop: the problem of converting design entry files into 

Boolean equations and optimizing these equations is NP-hard; and how to map 

the optimized equations on to FPGA-specific logic cells is proprietary. 

 

An EDIF netlist needs to be parsed before being passed to the placer and router.  

The EDIF parser created by Brigham Young University [104] serves this role 

 

5.3.4. Mapper and placer 

After parsing, all information about a netlist, including what cells are instantiated, 

what ports each cell has, what nets exist, how the cells are connected, and what 

properties each cell has, etc., is extracted and stored in an internal data structure 

in the memory.  The embedded mapper and placer are also written in Java so 

that they can directly use the EDIF parser's internal data. 

 

The mapper and placer begin by building a circuit graph, where each node is a 

cell and each edge is a net connecting two cells.  Since the EDIF netlist is 

assumed to be synthesized targeting a specific technology, i.e. a Xilinx FPGA, 

each cell is an instance of basic elements within the Xilinx Unified Library [105].  

Currently, only a subset of the library is supported: all kinds of LUTs, all kinds of 
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FDs, MUXF5, MUXCY and XORCY.  This is nonetheless sufficient for simple 

demonstrating designs. 

 

The mapper works by merging two connected nodes into a new super-node if the 

super-node fits into the smallest logic unit of the FPGA, or SLICE for the Xilinx 

Virtex-4 FPGA.  For example, a LUT and FD are merged into a LUT-FD pair; two 

LUTs, one MUXCY and one XORCY are merged into a MUXCY-XORCY pair, etc.  

Also, any carry chain formed by MUXCY-XORCY pairs is detected.  More 

formally, the mapper performs the task of "slice packing”. 

 

After the mapper packs cells into super-nodes and maps them to real 

components on an FPGA slice, the placer assigns a location to each super-node.  

First, input and output buffer nodes are placed, since they have a fixed location 

at input and output bus macros.  Second, special groups of super-nodes, for 

example, carry chains, are placed, since they normally consume multiple slices 

and are less flexible to place.  Then, for the remaining nodes, a simple greedy 

strategy is applied: the super-nodes are sorted accordingly to their weight, which 

reflects their fan-in and fan-out and is a metric of congestion.  The greedy 

strategy begins by placing the super-node with the highest weight and places its 

fan-out super-nodes around it.  These super-nodes become the first cluster.  

Then, the placer chooses the node with the highest weight among the remaining 

unplaced super-nodes, places it at some distance away from the first cluster, and 

places its fan-out super-nodes around it.  These super-nodes become the 
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second cluster.  Eventually all nodes are clustered and placed in this way.  The 

flowchart of the above process is illustrated in Figure 5.3.  The outcome of the 

placer is an intermediate text file containing routing paths for the router and logic 

configuration directives in the XDL format. 

 

 

Figure 5.3 The Flowchart of the Greedy Placer 

 

The placer has two additional features.  To ensure the routability of the 

placement, it is desired that no locations become too crowded.  Therefore, a local 

weight parameter that adds the weight of all nodes placed around a location is 
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checked.  If the local weight exceeds a threshold, the remaining super-nodes of a 

cluster are placed at the current location but moved to a new location.  The other 

feature is that the placer takes resource usage constraints from the preprocessor 

and gains knowledge about which locations are forbidden for placement.  With 

this feature, existing circuitry can be avoided, and it is feasible to isolate and 

replace defects in the device by adding more entries in the constraint list. 

 

The performance of this placer is not optimal, yet the goal here is not to develop 

an expert placer; rather, any placement that can be routed by the router is 

deemed to be an as proof-of-concept one.  Moreover, there is no dedicated 

floating-point unit in the Virtex-4 PowerPC.  Established placing algorithms, such 

as Simulated Annealing [5] would need to rely on software emulation, and would 

require too much memory and time – at lease more than what is necessary for a 

proof-of-concept system. 

 

5.3.5. Router 
The intermediate file generated by the placer provides the input for the router.  

The router’s task is to route each path and generate the corresponding PIPs.  

The router makes use of a connectivity database derived from XDLRC, which 

contains most connection pathways within the Virtex-4 FPGA.  Ideally, the router 

from Chapter 3 should be used here.  Even though that router is potentially able 

to run in the embedded environment, a lightweight version of it is actually 

developed here.  Figure 5.4 lists the pseudo code of this lightweight router. 
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Figure 5.4 The Pseudo Code of the Router 

 

Table 5.1 summarizes the difference between the versatile router from Chapter 3 

and the lightweight router for the proof-of-concept AAS.  The versatile router is 

able to route a wide range of commercially available Xilinx devices, but the 

lightweight router only targets the Virtex-4 family.  For each Virtex-4 device, the 

versatile router stores an absolute connectivity database based on TORC.  There 

are 17 databases in total and the overall size is bigger than 40MB, even after 

compression.  During run time, the versatile router loads one database for the 

target device and builds the corresponding routing graph.  Obviously, the 

database of the smallest device, i.e. Virtex-4 FX12, needs the least time to load, 

which is about 309 milliseconds; the loading time for the largest device, i.e. 
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Virtex-4 LX200, is around 2161 milliseconds; and on average the loading time is 

860 milliseconds.  However, there are many redundancies among these 

databases.  Different devices have different sizes, but their layouts generally 

consist of a huge two dimensional array of tiles.  Each tile contains some 

programmable logic elements and routing resources.  Differing from locations to 

locations, tiles may contain different logic elements (i.e., CLBs, DSPs, IOBs or 

BRAMs).  However, the majority of the wires and PIPs within a PSM are the 

same.  Admittedly, there are exceptions.  At irregular locations such as the 

boundaries or the reserved tiles for hard IP cores, some PIPs may be missing, 

but this situation is rare.  There may also be some special PIPs dedicated to a 

specific logic elements such as IOBs and DSPs, but most such PIPs are fake 

meaning that they do not have corresponding configuration bits.  By ignoring the 

missing PIPs and the fake PIPs, it is feasible to build a compact connectivity 

database where the redundancies among the databases based on TORC are 

eliminated.  Without compression, this compact database is only 81 KB in size, 

490 times smaller than the connectivity database from the versatile router.  The 

lightweight router adopts the compact database and the loading time is only 1.4 

milliseconds.  Regarding algorithm, the lightweight router just applies the A* 

algorithm to route the nets one after another, but it does not apply PathFinder to 

do rip-up and reroute.  This maneuver may lower the router’s memory 

consumption.  Because of the compact connectivity database and the non-

iterative routing scheme, the lightweight router typically requires 4.08 MB of 

physical memory to run; but the versatile router needs 127 MB. 
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TABLE 5.1 DIFFERENCES BETWEEN THE VERSATILE ROUTER AND THE LIGHTWEIGHT 

ROUTER 

 Versatile Router (Chapter 3) Lightweight Router 

Target Device A wide range of devices Only Virtex-4 

Connectivity 

Database Size 

> 40MB,  compressed 81KB, uncompressed 

Database Loading 

Time (milliseconds) 

309 / 2161 / 860 

(min / max / average) 

1.40 

Algorithm  Rip-up and reroute with PathFinder 

Graph searching with A* 

No rip-up and reroute 

Just A* 

Memory Usage 127MB 4.08MB 

 

 

5.3.6. Configuration bits manipulator 
The configuration bit manipulator has two duties.  The first one is to convert the 

generated logic configuration and routing PIPs into frames of configuration bits, 

where a "logic and routing bits database" is used.  For more configuration details, 

[106] and [107] should be referred to.  Briefly speaking, most of the statements 

on the Virtex-5 configuration frame from Section 4.2 also apply to the Virtext-4 

configuration frame, with some modifications.  Regarding format and structure, 

the "logic and routing bits database" here looks similar to the “routing 

configuration bits database” for Virtex-5 FPGAs which is introduced in Section 

4.3.  However, the contents (wire names and the values of offsets) are totally 

different and the database here also contains logic configuration bits.  This 
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mapper and placer plus the database accomplish the “mapping and placing” 

manipulation defined in Section 1.3. 

 

The second duty is to update the configuration bits through the ICAP with the 

read-modify-write strategy.  An AAS must be self-aware of its internal resource 

usage.  This self-awareness is achieved by reading the existing configuration bits 

of the AAS through the ICAP.  After these bits are read, they are modified by 

merging with the configuration bits generated above.  Finally, the system 

adaptation is accomplished by writing the bits back through ICAP.  In the 

prototype system, the ICAP is mapped as a character device, so it is easy to 

develop a program for reading and writing through ICAP [106].  Note that this 

ICAP driver trades off latency for being easy to use. 

 

5.3.7. Further Discussion 
A logical question to ask is: rather than the EDIF netlist, why not store the 

adaptation description directly in the form of FPGA configuration bits?  What is 

the benefit of spending time running the parser, mapper, placer and router?  For 

example, the adaptive system developed in [80] maintains a library of 

configuration bitstream files for various filters.  First of all, instead of depending 

on bitstreams pre-built by tools outside the system, a truly autonomous system 

should be able to translate and implement an adaptation description all by its 

own.  And thus it should have the built-in utilities as  proposed here.  Moreover, a 

pre-built bitstream is only allowed to be loaded onto a region with the same size 

and shape as the bitstream is originally built for.  However, an AAS should make 
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use of any available region, regardless of its size and shape, for implementing a 

new behavior.  The only constraint is that the region should contain sufficient 

logic and routing resources, so that the circuit for new functionality can be placed 

and routed within the region.  Therefore, the EDIF netlist is a better choice than 

the pre-built bitstream netlist for building the adaptation behavior library. 

 

Another concern over the proposed implementation is how much effort is 

required to modify the utilities for different FPGA devices.  For FPGAs that have 

a similar architecture to Virtex-4, the utilities can be directly reused without major 

changes.  However, for devices with a different architecture, like the Virtex-5 

FPGAs, the utilities have to be modified significantly, because there are many 

differences between these two architectures regarding the basic logic elements, 

the available routing resources and the configuration details.  For example, the 

CLB of Virtex-4 FPGAs has four SLICEs and each SLICE has two 4-input LUTs; 

but the CLB of Virtex-5 FPGAs has two SLICEs and each SLICE has four 6-input 

LUTs.  Actually, the remarkable differences between different FPGAs explained 

why based on the establishment of the milestone by [81], this dissertation still 

makes significant effort toward a different FPGA and the work deserves credits.  

Moreover, the effort of reusing the utilities may be eased by using the open-

source C/C++ framework of TORC [22]. 

 

Regarding the performance of the utilities, one may ask why not run them on a 

desktop server instead of on an embedded microprocessor?  Indeed, a server 
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normally has vast computational resources.  As a result, tools developed for a 

server normally have better performance than their counterparts for the 

embedded environment.  However, this goes against the proposed AAS 

framework that aims to use limited resources.  Also, as mentioned earlier, AASs 

are desired under extreme conditions where the system must rely on its own.  In 

such scenarios, it is unfair to assume that an AAS has the access to remote 

servers. 

 

 

5.4. Demonstration – A Universal UART Transmitter 

The operation of a proof-of-concept AAS is presented in this section, step by step.  

An illustrative example of a UART link is presented.  This demonstration consists 

of a special UART transmitter in whose circuitry is autonomously altered to adapt 

to changes in the required BAUD rate. 

 

5.4.1. Step I - base design creation 
To begin, a baseline design is created using the Xilinx EDK based upon the 

discussion in Section 5.2.  The synthesized system netlist is then processed by 

PlanAhead, where it is assigned a region that will serve as a sandbox for the 

construction and destruction of adaptation circuits.  Bus macros are instantiated 

for each of the primary inputs and outputs of the sandbox.  This initial step is 

similar to the Xilinx PR flow until generating the physical netlist in the NCD format 

for the static design.  Afterwards, the AAS utilities replace the Xilinx PR flow to 

perform the subsequent processing and assembly in the embedded environment. 
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5.4.2. Step II - baseline installation 
Next, the fully routed NCD netlist is converted into an XDL netlist, a Xilinx file 

format that describes the full configuration of an FPGA design in the human-

readable text.  The XDL file is analyzed by the preprocessor, which generates 

constraints for implementing the AAS and patches the baseline bitstream.  The 

result is a fully operational bitstream file, which is then downloaded into the target 

platform. 

 

5.4.3. Step III - system boot 
The generated AAS constraint files, the developed EDA tools, and the library of 

autonomous capabilities (expressed as EDIF netlists) are made available to the 

AAS system.  As a proof-of-concept implementation, an Ethernet connection is 

assumed.  This is used to mount a root file system through the Network File 

System (NFS).  For more general systems, the Ethernet link can be replaced with 

memory cards or flash memory, making the system more self-contained.  After 

this point, the AAS is operational.  Downloading the bitstream file generated in 

5.4.2 to the FPGA board and the AAS boots by invoking the embedded Linux. 

 

5.4.4. Step IV - normal operation 
The adaptation goal of this demonstration system is to change the 

implementation of the UART transmitter in response to the required BAUD rate.  

To demonstrate this capability, an external UART link is needed.  This terminal 

not only receives the serial data sent from the AAS but also provides its BAUD 

rate as a stimulus to the AAS.  Moreover, this UART link also serves as the 
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terminal to communicate with the embedded Linux.  CuteCom, an open source 

serial terminal tool [108], is used as the external UART terminal.  The source 

code of CuteCome has been modified so that whenever its BAUD rate is 

changed, the new BAUD rate is stored in a text file accessible by the AAS. 

 

5.4.5. Step V – adaptation 
Through NFS, the system constantly monitors the text file which stores the BAUD 

rate of the UART receiver.  If a change in the required BAUD rate is detected, the 

system first removes the previously constructed BAUD rate prescaler circuit via 

loading the clear_bits bitstream generated by the preprocessor.  It then chooses 

a new prescaler netlist from the adaptive library that represents the new BAUD 

rate.  This EDIF netlist is parsed, mapped, placed and routed.  Finally, the 

configuration bits manipulator turns the logic and routing directives produced by 

the placer and the router into configuration bits and set these bits through ICAP.  

As a result, the new BAUD rate prescaler circuit is implemented in the system 

and the UART transmitter once again transmits the correct data to the receiver.  

The adaptation process is illustrated in Figure 5.5.  The system is able to change 

its UART transmitter on its own to match the new BAUD rate. 

 

Note that although network connection is essential in this demonstration, this 

does not imply that a server is used.  This is only a design choice for the sake of 

simplicity.  Instead of implementing the root file system through NFS, a Compact 

Flash card as part of the system can be used to hold the files.  Rather than 

receiving the required BAUD rate through NFS, a dedicated circuit can be 
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designed to detect the required BAUD rate by sampling the incoming request. 

 

 

Figure 5.5 How the Demonstration AAS Adapts 

 

 

5.5. Performance Analysis 

In this section, a comparison is made between the embedded AAS tools and 

Xilinx ISE 10.1, regarding the implementation time, area and maximum frequency. 

 

A head-to-head comparison has limited utility since each tool is used within its 

own context.  Xilinx ISE is a design, implementation and verification environment 

for achieving high performance in terms of clock rate, area and power 

consumption.  The embedded tools are called by an AAS with limited memory 

and computational power so that it can dynamically change its behavior in order 

to survive through environmental change.  It is viable to compare mapping 

efficiencies and run-time performance when the underlying platform is 

normalized.  The results summarized in Table 5.2 and 5.3 indicate that the 

performance of the embedded tools is acceptable.  Moreover, the comparison 
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helps assess the characteristics of the embedded tools. 

 

Table 5.2 compares the run time of implementing a synthesized netlist using the 

Xilinx ISE tools and the embedded tools for AAS, on a desktop computer and on 

an embedded microprocessor.  The Xilinx implementation flow has three steps: 

ngdbuilder, map and par.  The embedded implementation flow has four steps: 

parser, mapper, placer and router, and is constrained in the dynamic region 

consisting of 240 slices.  The desktop computer has a 2.4 GHz Quad Core2 CPU, 

3 GB of main memory and running Ubuntu Linux.  The embedded 

microprocessor is the 300 MHz PowerPC 405 on a Virtex-4 XC4VSFX60 FPGA 

running Linux Kernel 2.6.  Three circuits are tested: 

Case A - 4-bit counter with increment and decrement operation; 

Case B - 16-bit counter that counts up to 41666, or a BAUD rate of 2400 

when the input clock is 100MHz;  

Case C - a normal 32-bit counter. 

 

TABLE 5.2 THE IMPLEMENTATION RUN TIME COMPARISON 

Case Run Time (seconds) Circuit 

Size 

(*) 
Desktop x86 PowerPC 

Xilinx 

Flow 

Embedded 

Flow 

Xilinx 

Flow 

Embedded 

Flow 

A 30.4 0.81 N/A 21.0 14 

B 30.4 2.34 N/A 49.3 60 

C 30.6 6.14 N/A 123.1 101 

* circuit size is the number of logic instances in an EDIF netlist 

 

Table 5.2 shows that the embedded flow runs very fast on a desktop computer 
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due to the simple strategies applied.  The run time increases to more than 20 

times on the PowerPC.  2 minutes for implementing a 32-bit counter is still 

acceptable, compared to the 30 seconds spent by the Xilinx ISE flow.  The 

embedded flow run time increases as the circuit size increases.  Moreover, 

Xilinx's bitgen takes about 1 minute to generate a partial bitstream for Case C 

and impact takes 1.2 seconds to download it, but the configuration bit 

manipulator only needs 1.5 seconds to instantiate Case C. 

 

TABLE 5.3 THE PERFORMANCE COMPARISON 

Case Area 

(# of slice used) 

Max Frequency 

(MHz) 

Xilinx 

ISE 

AAS 

Tools  

P by X 

R by X 

P by A 

R by X 

P by A 

R by A 

A 3 6 700.7 662.7 662.7 

B 14 15 285 229.6 218.6 

C 16 19 365 351.4 351.4 

 

Table 5.3 shows the area and speed performance for implementing cases A, B 

and C.  Area is measured in terms of the number of slices taken up by each 

implementation.  Speed is the maximum frequency reported by Xilinx's trce utility.  

Note that there is no direct way to use trce for reporting the timing of the 

embedded implementations since the embedded flow does not generate NCD 

netlists.  However, with several Perl scripts, it is possible to first generate a 

constraint file that forces the same placement in the ISE environment, and then 

to replace routing PIPs generated by Xilinx’s par with those generated by the 

embedded router.  The timing of the resulting NCD netlist can be subsequently 
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measured. 

 

Columns 2 and 3 show that the AAS tools leads to area overhead as compared 

to the Xilinx ISE, mainly due to the greedy placing algorithm.  By comparing 

columns 4 and 5, it is observed that the placement is the most important factor 

that affects the maximum frequency.  For cases A, B and C, if the embedded 

mapper and placer are used to generate the placement, and Xilinx ISE is used to 

route, the maximum frequency drops by 5.43%, 19.4% and 3.73% respectively, 

as compared to the performance of the Xilinx ISE.  By comparing column 6 to 5, 

it is found that routing does not affect the maximum frequency significantly.  

Another lesson learned is that for simple circuits like Case A, which only require 

a few slices, and for very regular circuits like Case C, which mainly contain a long 

carry-chain, the embedded tools do not worsen timing noticeably.  For general 

circuits that have less regular structures, as Case B, the embedded tools might 

degrade timing significantly. 

 

TABLE 5.4 THE COMPARISON (AGAINST [81]) FOR IMPLEMENTING A 32-BIT COUNTER 

 Area 

(# of slice 

used) 

Max 

Frequency 

(MHz) 

Run 

Time on 

Desktop 

Run 

Time on 

PowerPC 

ASS (Virtex-4 FX60) 19 351 6.14 123.1 

ACS (Virtex-II Pro) 25 256 6.03 453.1 

 

 

For the performance of the embedded tools, it is also interesting to compare with 

the work of [81].  Table 5.4 shows the difference of implementing a 32-bit counter.  
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The parameters of the desktop computers and the PowerPC in [81] are the same 

as described earlier in this section.  Even though this work targets a newer FPGA 

family, i.e. Virtex-4, its SLICE configuration is very similar to that of Virtex-II Pro.  

Therefore, the reason for the difference between area as shown in column 2 is 

most likely that algorithms of the tools are not 100% the same.  Generally, newer 

devices with advanced process technology are faster than older devices12, which 

is the main reason for the differences between max operation frequencies as 

shown by column 3.  Both tool sets have almost the same run time on the 

desktop computer.  However, column 5 shows that the tools of this work run 

much faster on the PowerPC.  One major reason is that the most of the tools 

from [81] are developed in Java whose performance in the embedded 

environment is not as good as C; while in this work, only the EDIF parser, 

mapper and placer are written in Java and the rest of the tools are written in C. 

 

 

5.6. Summary, Conclusion and Future Work 

The following sentence summarizes the topic of this chapter: how to implement 

and demonstrate “self-reconfiguration” through building an AAS which is able to 

manage its computing complexity by itself and avoid extra compilation.  The chapter 

first describes a framework for building an AAS, followed by the implementation 

details of the hardware and the software part of a proof-of-concept AAS.  The 

hardware and software infrastructure is the key to autonomously managing the 

adaptation functionality and to achieving “self-reconfiguration”.  Next, the chapter 

                                                 
12

 Virtex-4 is built with 90 nm process technology and Virtex-II Pro with 130 nm. 
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shows the operation of a demonstrating AAS which is able to autonomously 

implement new functionalities in hardware.  The performance analysis section later 

mainly compares the AAS tools with the standard vendor tools which only run on the 

desktop / workstation computers.  The main purpose is to show that the embedded 

version of EDA tools is able to perform the similar functions within a reasonable time 

in order to implement “self-reconfiguration”.  The demonstration as well as the 

performance analysis proves the feasibility of the framework for building an AAS. 

 

In conclusion, this chapter demonstrates that it is feasible to build an AAS in an 

embedded environment that only requires an FPGA, adequate memory, and a 

proper I/O interface. The developed embedded tools, including a mapper, placer, 

router and configuration bits manipulator, enable the system to manage its 

resource at a fine granularity. The system is able to autonomously alter its 

behavior in order to adapt to environmental changes.  Besides their unique value 

in the context of embedded environment, the performance of these tools is 

acceptable compared to the desktop counterparts.  Following the proposed 

framework for building an AAS, a proof-of-concept demonstration system with a 

UART transmitter was created, which autonomously adapts to a BAUD rate 

change by dynamically reconfiguring its internal hardware. 

 

Given the broad scope of this work, there are plenty of aspects of this work that 

can be explored further and refined.  First of all, there is always room for 

improvement in the mapper, placer and router.  The mapper can be improved to 

support more logic elements, such as the MUXF6 and the MULT_AND.  The 
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placer can be improved to optimize the greedy strategy for a large design.  

Besides the compact connectivity database, an auxiliary connectivity database 

can be built for each device with all the special and irregular PIPs.  The size of 

the auxiliary database is only a small fraction of the absolute database used by 

the versatile router.  With it, the lightweight router does not have too much 

memory or run time overhead and yet it is more robust.  The router can be made 

more intelligent in reusing PIPs.  PathFinder is worthy of trying in order to route 

more complicated adaptation circuits.  To mitigate timing performance overhead, 

it is may be necessary to design a timing model.  By making use of this model, 

the placer and router can become timing-aware.  If an AAS is fully aware of the 

usage of all its internal resources, its dynamic PR region will not be limited to be 

a sandbox of rectangular shape.  Any available resource can be used to 

construct a new circuit for adaptation.  When a system becomes fully 

autonomous and adaptive, there will be countless possibilities for future work. 
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Chapter 6  

Conclusion 

 

This dissertation exploits three types of low-level manipulation of FPGA 

configuration to facilitate FPGA reconfiguration, i.e. relocating, mapping/placing, 

and routing.  Being low-level, the manipulation is not only flexible by managing 

the minimal configurable logic and routing resources, but also fast by directly 

manipulating the configuration binaries.  To demonstrate this idea, this 

dissertation accomplishes three tasks. 

 

The first task is to develop a versatile router for the routing manipulation.  By 

extracting the routing graph from the device database based on TORC, The 

router is able to route a wide range of real devices frequently used in FPGA 

reconfiguration applications.  Moreover, it provides routing results as PIPs in the 

XDL format which can be directly turned into FPGA configuration.  By applying 

the iterative PathFinder Algorithm and the best-first A* search, the router is able 

to route the well-accepted MCNC benchmark circuits. 

 

The second task is to implement an FMA technique using the manipulation of 

relocating and routing.  The FMA relocates the configuration binaries of pre-
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compiled modules by moving the configuration frames one by one and it stitches 

the modules by calling the versatile FPGA router to build the inter-module 

connections on the fly.  Configuration bitstream based module relocation is the 

key to achieve instant assembly.  Compared to existing work, the FMA is flexible 

by adopting the idea of slotless reconfiguration.  By applying the FMA, TFlow 

dramatically reduces the FPGA compilation time, which potentially enables 

software-like “fast reconfiguration” for FPGAs. 

 

The third task is to propose a framework for building an AAS with limited 

resources.  The system is able to manage its own hardware functionality through 

a lightweight embedded version of EDA tool set.  Two key utilities in the tool set 

are the mapping/placing and routing manipulations, which help to convert a 

digital circuit from the post-synthesis EDIF description into the FPGA 

configuration bits.  With the ability of “self-reconfiguration”, the system manges 

FPGA reconfiguration by its own and there is no need for extra time and 

resources to compile adaptation behavior externally.  A proof-of-concept 

demonstration system with a UART transmitter is created, which autonomously 

adapts to the BAUD rate change by dynamically reconfiguring its internal 

hardware. 
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