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(57) ABSTRACT 

A design system for generating con?guration information 
and associated executable code based on a customisation 

Instruction 
iniurmetion 

FIP template 
generator 

speci?cation, Which includes application information includ 
ing application source code and customisation information 
including design constraints, for implementing an instruction 
processor using re-programmable hardware, the system com 
prises a template generator for generating a template for each 
processor style identi?ed as a candidate for implementation; 
an analyser for analysing instruction information for each 
template and determining instruction optimisations; a com 
piler for compiling the application source code to include the 
instruction optimisations and generate executable code; an 
instantiator for analysing architecture information for each 
template, determining architecture optimisations and gener 
ating con?guration information including the architecture 
optimisations; and a builder for generating device-speci?c 
con?guration information from the con?guration informa 
tion including the architecture optimisations. In another 
aspect, a management system for managing run-time re-con 
?guration of an instruction processor implemented using re 
programmable hardware, comprises a con?guration library 
containing con?guration information for a plurality of 
instruction processor implementations; a code library for 
containing associated executable code for the implementa 
tions; a loader for loading application data and, as required, 
con?guration information and associated executable code 
into re-programmable hardWare for implementation and 
execution of an instruction processor; a loader controller for 
signalling the loader to load application data and, as required, 
con?guration information and associated executable code, 
and execute the executable code; a run-time monitor for 
obtaining run-time statistics relating to operation of the 
instruction processor; an optimisation determiner con?gured 
to receive the run-time statistics, and being operable to 
instruct the loader to load neW con?guration information and 
associated executable code for a neW implementation into the 
re-programmable hardWare; and an optimisation instructor 
for invoking the optimisation determiner. 
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FLEXIBLE INSTRUCTION PROCESSOR 
SYSTEMS AND METHODS 

RELATED APPLICATION DATA 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/416,977, ?led Oct. 30, 2003, Which is 
a national phase of International Patent Application No. PCT/ 
GB01/05080 ?led Nov. 19, 2001, which US. patent applica 
tion issued on Jun. 2, 2009 as US. Pat. No. 7,543,283, all of 
Which are hereby incorporated by reference in their entireties. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the design-time and 
run-time environments of re-programmable instruction pro 
cessors, such instruction processors being referred in the 
speci?cation as ?exible instruction processors (FIPs). 
[0003] In one aspect the present invention relates to a FIP 
design system for generating FIP con?guration information 
and associated executable FIP code for FIP implementations 
based on user-speci?ed customisation speci?cations, and a 
related method of generating FIP con?guration information 
and associated executable FIP code for FIP implementations 
based on user-speci?ed customisation speci?cations. 
[0004] In another aspect the present invention relates to a 
FIP management system for managing the run-time adapta 
tion of the PIP con?guration information and associated 
executable FIP code of a FIP implementation, and a related 
method of managing the adaptation of the PIP con?guration 
information and associated executable FIP code of a FIP 
implementation during run-time. 

BACKGROUND 

[0005] General-purpose instruction processors, such as 
those from AMD Corporation (US) and Intel Corporation 
(US), have dominated computing for a long time. HoWever, 
such processors have ?xed architectures, and tend to lose 
performance When dealing With non-standard operations and 
non-standard data Which are not supported by the instruction 
set formats [1]. 
[0006] The need for customising instruction processors for 
speci?c applications is particularly acute in embedded sys 
tems, such as cell phones, medical appliances, digital cameras 
and printers [2]. 
[0007] It is possible to develop customised integrated cir 
cuits for executing programs Written in a speci?c language. 
An example is the GMJ30501 SB processor Which is custom 
ised for executing the Java language (Helborn Electronics, 
Segyung, Korea). HoWever, the design and fabrication of such 
integrated circuits is still expensive, and, once designed, its 
customised function is ?xed and cannot be altered. 
[0008] Re-programmable hardWare, such as Field-Pro 
grammable Gate Arrays (FPGAs) from Xilinx Inc. (San Jose, 
Calif., US) or Complex Programmable Logic Devices 
(CPLDs) from Altera Corporation (San Jose, Calif. US), pro 
vides a means of implementing instruction processors using 
standard, off-the-shelf components. The use of such devices 
not only eliminates the risks associated With integrated circuit 
design and fabrication, but also opens up the possibilities of 
having a customisable processor. 
[0009] One route to supporting customisation is to augment 
an instruction processor With programmable logic for imple 
menting custom instructions. Several vendors are offering a 
route to such implementations [3-5]. The processors involved 
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are usually based on existing architectures, such as those from 
ARM, IBM and MIPS. These ?xed instruction processor 
cores are interfaced to programmable logic, Which provides 
the resources for implementing a set of custom instructions 
for a given application. One such implementation utilises one 
or more FPGAs as programmable execution units in combi 
nation With a de?ned execution unit [6] . This system includes 
a data processor Which comprises a de?ned execution unit 
Which is coupled to internal buses of the processor for execu 
tion of a pre-de?ned set of instructions, combined With one or 
more programmable execution units Which are coupled to the 
internal buses for execution of programmed instructions. This 
approach does not, hoWever, encompass customising the 
overall architecture of the de?ned execution unit and pro 
grammable execution units, or the set of tools supporting such 
customisation. 
[0010] Another route to supporting customisation of 
instruction processors is to implement instruction processors 
using existing FPGAs [7]. With such an implementation, it is 
possible to customise the entire instruction processor at com 
pile time [8] or at run time [9, 10]. An automated method for 
instruction processor design and optimisation based on cap 
turing the instruction interpretation process as a parallel pro 
gram has been developed [11], and a number of instruction 
processors have been implemented [12-14], although the per 
formance of these processors has not been reported. 
[0011] A further prior art approach involves methods and 
tools for the automatic generation of con?gurable processors 
at design time [15] . This approach does not, hoWever, encom 
pass methods and tools for the automatic generation of pro 
cessors customisable both at design and run time. 
[0012] Automatic methods for producing compile-time 
and run-time customisable datapaths have also been devel 
oped [16], but the instruction set architectures (ISAs) in these 
designs are ?xed, as implemented on a commercial micro 
processor, for example, and the architecture is not customis 
able. 

SUMMARY OF THE INVENTION 

[0013] It is an aim of the present invention to provide 
design-time and run-time environments for ?exible instruc 
tion processors (FIPs) Which provide for user customisation 
and design-time optimisation, in order to exploit the re-pro 
grammability of current and future generations of re-pro 
grammable hardWare. 
[0014] Accordingly, the present invention provides a sys 
tem for and method of automatically generating a customis 
able processor and the executable processor code. Both the 
code and the processor can be customised both at design time 
and run time according to a user-provided customisation 
speci?cation. 
[0015] FIPs advantageously provide a means of creating 
customised processors Which can be tuned for speci?c appli 
cations. FIPs are assembled from a skeletal processor tem 
plate, Which comprises modules Which are interconnected by 
communication channels, and a set of parameters. The tem 
plate can be used to produce different processor implemen 
tations, such as different processor styles, for example, stack 
based or register-based styles, by varying the parameters for 
that template, and by combining and optimising existing tem 
plates. The parameters for a template are selected to trans 
form a skeletal processor into a processor suited to a particu 
lar application. When a FIP is assembled, required 
instructions are retrieved from a library that contains imple 



US 2009/0235241 A1 

mentations of these instructions in various styles. Depending 
on Which instructions are included, resources such as stacks 
and different decode units are instantiated, With the commu 
nication channels providing a mechanism for dependencies 
betWeen instructions and resources to be mitigated. 
[0016] As compared to a direct hardWare implementation, 
FIPs have the added overheads of instruction fetch and 
decode. However, FIPs have many advantages. 
[0017] FIPs alloW customised hardWare to be accommo 
dated as neW instructions. This combines the e?icient and 
structured control path associated With an instruction proces 
sor With the bene?ts of hand-crafted hardWare. The processor 
and its associated opcodes provide a means of optimising 
control paths through optimising the compilers. 
[0018] Critical resources can be increased as demanded by 
the application domain, and eliminated if not used. Instruc 
tion processors provide a structure for these resources to be 
shared e?iciently, and the degree of sharing can be deter 
mined at run time. 

[0019] FIPs enable high-level data structures to be easily 
supported in hardWare and also help preserve current soft 
Ware investments and facilitate the prototyping of novel 
architectures, such as abstract machines for real arithmetic 
and declarative programming [13]. 
[0020] In particular, the PIP approach of the present inven 
tion enables different implementations of a given instruction 
set With different design trade-offs. These implementations 
can also be related by transformation techniques [1 1], Which 
provide a means of verifying non-obvious, but ef?cient, 
implementations. 
[0021] The ef?ciency of an implementation is often highly 
dependent on the style of the processor selected. Specialised 
processor styles, such as the Three Instruction Machine 
(TIM) [13], are designed speci?cally to execute a speci?c 
language. Even processor templates Which are designed for 
more general application, such as the stack-based Java Virtual 
Machine (JV M) or register-based MIPS, are more e?icient 
for different tasks. Hence, for a given application, the selec 
tion of the processor style is an important decision. Issues 
such as the availability of resources, the siZe of the device and 
the speed requirements are effected by the decision. 
[0022] Different styles of processors support different cus 
tomisable instruction formats. These processors also have 
different trade-offs in siZe, speed and ease of hardWare re 
programmability. For example, register-style implementa 
tions of IV M are fast but large, While stack-style implemen 
tations of JVM are sloWer and smaller. A processor library 
containing information for producing different styles of pro 
cessors is used in the generation of customised processors at 
design and run time. 
[0023] It is also possible to generate neW processors and the 
corresponding code by combining different styles of proces 
sors. This alloWs the systematic development of complex 
processors and the corresponding codes by combining sim 
pler processors. 
[0024] Related tools including compilers, assemblers, link 
ers, disassemblers, debuggers, instruction set simulators and 
other facilities are provided for optimising performance, 
reducing siZe, reducing poWer consumption, etc. This opti 
misation can be achieved by, for instance, reducing the fre 
quency of re-con?guration or reducing the Wire congestion in 
the programmable hardWare. 
[0025] The present invention supports optimisation by run 
time customisation. Run-time customisation includes: (a) 
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reducing resource usage by re-programming the hardWare so 
that only the essential elements are present in the hardWare at 
a particular time; (b) optimising performance and usage by 
adapting the programmable hardWare to run-time conditions 
not knoWn at design time; and (c) optimising performance 
and usage by conditionally doWnloading neW code and/ or 
neW hardWare at run time from an external source, such as the 

internet. 

[0026] For a given customisation speci?cation and proces 
sor library, an embodiment of the present invention provides 
means for generating: (a) a plurality of hardWare descriptions 
of a customisable processor, each representing a possible 
customised version of the processor tuned to speci?c run 
time conditions; (b) customised tools for developing and opti 
mising code executable on the hardWare descriptions, and 
information to alloW optimised combination of such code at 
run time; and (c) hardWare and softWare mechanisms for 
selecting hardWare and code to run at a particular instant at 
run time. The selection can be decided by the user at design 
time, or can be in?uenced by run-time conditions. 

[0027] As compared to direct hardWare implementation, 
FIPs have the added overhead of instruction fetch and 
execute. VLIW and EPIC architectures are attempts to reduce 
the ratio of the number of fetches to the number of executions. 
Customising instructions is also a technique to reduce the 
fetch and execute ratio and increase the performance of the 
PIP. The concept of incorporating custom instructions in a 
FIP has been reported [4, 10]. Custom instructions are typi 
cally hand crafted and incorporated during FIP instancing. 
While hand-crafted custom instructions provide for the best 
performance, these instructions are dif?cult to create, and 
require a skilled engineer With goodknoWledge of the system. 
The present invention provides a technique Which automati 
cally creates custom instructions through opcode chaining 
and other optimisations in order to improve. This technique 
can be used both at compile time and at run time. 

[0028] In a preferred embodiment, at run time and for given 
application data, the hardWare and/or softWare mechanisms 
can adopt one or both of a different customised processor or 
a different piece of code containing instructions to deal With 
application data, depending on the user and/ or run-time con 
ditions. The selection can take into account the speed, siZe, 
and poWer consumption of the current and the re-pro 
grammed implementations, and also the re-programming 
time. The compiled code can contain information to enable 
the creation or retrieval of the corresponding customised pro 
cessor. If a piece of compiled code is encountered Where the 
customised processor for its execution does not exist, such 
information Will enable, for instance, the processor to be 
retrieved by loading the same from a netWork source. 

[0029] The present invention also provides for the run-time 
adaptation of FIPs. The run-time adaptability of a FIP system 
alloWs the system to evolve to suit the requirements of the 
user, typically by performing automatic re?nement based on 
instruction usage patterns. 
[0030] The techniques and tools that have been developed 
include: (a) a run-time environment that manages the re 
con?guration of a FIP so as to execute applications as e?i 
ciently as possible; (b) mechanisms for accumulating run 
time metrics and analysing the metrics to alloW the run-time 
environment to request automatic re?nements; and (c) cust 
omisation techniques for automatically customising a FIP to 
an application. 
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[0031] The run-time approach of the present invention is 
one of a modular framework Which is based on FIP templates 
Which capture various instruction processor styles, such as 
stack-based or register-based styles, enhancements Which 
improve functionality and performance, such as processor 
templates Which provide for superscalar and hybrid opera 
tion, compilation strategies involving standard compilers and 
FIP-speci?c compilers, and technology-independent and 
technology-speci?c optimisations, such as techniques for 
e?icient resource sharing in FPGA implementations. 
[0032] Predicting the run-time characteristics of a FIP sys 
tem over a period of time is extremely dif?cult. For instance, 
the Advanced Encryption Standard (AES) [l7] utilises a 
range of block siZes for different situations, and thus the 
processing required is situation dependent. Typically, Where a 
long re-con?guration time is undesirable, one can use a 
generic FIP that supports different AES block siZes moder 
ately ef?ciently Without requiring run-time re-con?guration. 
OtherWise, one can use different FIP implementations Which 
are customised to run different AES modes highly ef?ciently, 
and re-con?gure the PIP as required. 
[0033] In one embodiment the PIP system can be automati 
cally re-con?gured based on instruction usage patterns. For 
instance, different Web sites deploy different encryption 
methods, and frequent visitors to particular Web sites may use 
FIPs optimised for speci?c operations. 
[0034] The present invention provides a FIP run-time adap 
tation system Which provides: (a) a run-time environment 
Which manages the re-con?guration of a FIP so as to execute 
a given application as e?iciently as possible; (b) mechanisms 
for accumulating run-time metrics and analysing the metrics 
to alloW the run-time environment to request automatic 
re?nements; and (c) a customisation system for automatically 
customising a FIP to an application. 

[0035] As set out hereinabove, FIPs provide a Well-de?ned 
control structure Which facilitates varying the degree of shar 
ing for system resources. This alloWs critical resources to be 
increased as demanded by the application domain, and elimi 
nated if not used. FIPs also provide a systematic method for 
supporting customisation by alloWing user-designed hard 
Ware to be accommodated as neW instructions. These design 
time optimisations provide a means of tailoring an instruction 
processor to a particular application or to applications for a 
speci?c domain, such as image processing. 
[0036] Run-time adaptation alloWs for the further ?ne tun 
ing of FIPs to run-time changes by exploiting the upgradabil 
ity of re-programmable hardWare, such as FPGAs. The 
present invention provides a FIP framework Which simpli?es 
re-con?gurability by providing a means of re?ning FIPs at 
both compile time and run time. 
[0037] The ability to adapt a FIP system to the changing 
behaviour of applications is a poWerful feature, but there are 
signi?cant technical requirements to providing a Working 
system. These requirements include: (a) the ability to create a 
plurality of FIP designs at compile time or run time; (b) 
managing the library of FIPs; and (c) ensuring that perfor 
mance of the system is not diminished by providing added 
?exibility. 
[0038] In this regard, an approach is developed Which 
encompasses the folloWing components: (i) a design tool for 
facilitating the creation of customised FIPs at compile time; 
(ii) a scheme for track available FIP designs and machine 
code; (iii) a run-time system for managing the PIP state and 
con?guration; (iv) a metric used to decide if re-con?guration 

Sep. 17,2009 

is a suitable option at a given time; (v) a speci?cation de?ning 
Which run-time statistics are required for re?nement analysis; 
(vi) a monitor for accumulating run-time statistics; and (vii) a 
tool for automatically customising a FIP based on the accu 
mulated run-time statistics. Note that optimisation analysis 
and automatic re?nement steps are optional and are included 
When their overheads can be tolerated. 
[0039] In one aspect the present invention provides a design 
system for generating con?guration information and associ 
ated executable code based on a customisation speci?cation, 
Which includes application information including application 
source code and customisation information including design 
constraints, for implementing an instruction processor using 
re-programmable hardWare, the system comprising: a tem 
plate generator for generating a template for each processor 
style identi?ed as a candidate for implementation; an analyser 
for analysing instruction information for each template and 
determining instruction optimisations; a compiler for com 
piling the application source code to include the instruction 
optimisations and generate executable code; an instantiator 
for analysing architecture information for each template, 
determining architecture optimisations and generating con 
?guration information, preferably domain-speci?c con?gu 
ration information, including the architecture optimisations 
in order to instantiate the parameters for each template; and a 
builder for generating device-speci?c con?guration informa 
tion from the con?guration information including the archi 
tecture optimisations. 
[0040] Preferably, the system further comprises: a selector 
for pro?ling the con?guration information and associated 
code for each candidate implementation, and selecting one or 
more optimal implementations based on predeterminable cri 
teria. 
[0041] Preferably, the application information further 
includes application data. 
[0042] More preferably, the application data includes data 
representative of data to be operated on by the instruction 
processor. 
[0043] Still more preferably, the application data includes 
data representative of a range of run-time conditions. 
[0044] Preferably, the customisation information further 
includes at least one custom instruction. 

[0045] More preferably, each custom instruction can be 
de?ned as mandatory or optional. 
[0046] Preferably, the customisation information further 
identi?es at least one processor style as a candidate for imple 
mentation. 
[0047] Preferably, the system further comprises: a pro?ler 
for pro?ling information in the customisation speci?cation 
and identifying at least one processor style as a candidate for 
implementation. 
[0048] More preferably, the pro?led information includes 
the application source code. 
[0049] Preferably, the pro?ler is con?gured to identify a 
plurality of processor styles as candidates for implementa 
tion. 
[0050] In one embodiment ones of the processor styles are 
identi?ed to execute parts of an application, Whereby the 
application is to be executed by combined ones of the proces 
sor styles. 
[0051] Preferably, the pro?ler is further con?gured to col 
lect pro?ling information for enabling optimisation. 
[0052] Preferably, the pro?ling information includes fre 
quency of groups of opcodes. 
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[0053] Preferably, the pro?ling information includes infor 
mation regarding operation sharing. 
[0054] Preferably, the pro?ling information includes infor 
mation regarding operation parallelisation. 
[0055] In one embodiment the analyser is con?gured to 
utilise the pro?ling information in analysing the instruction 
information, and determine the instruction optimisations 
therefrom. 
[0056] Preferably, the instruction optimisations include 
operation optimisations. 
[0057] More preferably, the operation optimisations 
include operation sharing optimisations. 
[0058] More preferably, the operation optimisations 
include operation parallelisation optimisations. 
[0059] Preferably, the instruction optimisations include 
custom instructions. 

[0060] In one embodiment the analyser is con?gured to 
identify candidate instruction optimisations, and determine 
implementation of the instruction optimisations based on 
estimations performed by the instantiator. 
[0061] Preferably, Where the estimations from the instan 
tiator provide that the re-programmable hardWare cannot be 
programmed to implement all instructions together during 
run time, the analyser groups combined ones of instructions 
into sets of instructions Which can be implemented by re 
programming of the re-programmable hardWare. 
[0062] In one embodiment the analyser is con?gured to 
determine a plurality of implementations for different run 
time conditions, each having instruction optimisations asso 
ciated With the run-time conditions, and generate decision 
condition information associated With each implementation, 
Which decision condition information enables selection 
betWeen the implementations depending on actual run-time 
conditions. 

[0063] Preferably, Where the instruction optimisations can 
not provide an implementation Which complies With design 
constraints, the analyser is con?gured to invoke the pro?ler to 
re-pro?le the customisation speci?cation based on analysis 
information provided by the analyser. 
[0064] Preferably, the architecture optimisations per 
formed by the instantiator include pipelining. 
[0065] Preferably, the architecture optimisations per 
formed by the instantiator include resource replication. 
[0066] Preferably, the architecture optimisations per 
formed by the instantiator include technology independent 
optimisations. 
[0067] Preferably, the technology independent optimisa 
tions include removal of unused resources. 

[0068] Preferably, the technology independent optimisa 
tions include opcode assignment. 
[0069] Preferably, the technology independent optimisa 
tions include channel communication optimisations. 
[0070] Preferably, the technology independent optimisa 
tions include customisation of data and instruction paths. 
[0071] In one embodiment, Where a plurality of con?gura 
tions of the re-programmable hardWare are required to imple 
ment the instruction processor, the instantiator is con?gured 
to optimise ones of the con?gurations into groups and sched 
ule implementation of the grouped con?gurations. 
[0072] Preferably, the system further comprises: a library 
containing processor de?nitions and associated parameters 
for a plurality of processor styles; and Wherein the template 
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generator is con?gured to generate templates from processor 
de?nitions and associated parameters extracted from the 
library. 
[0073] Preferably, the processor styles include superscalar 
processors. 
[0074] Preferably, the processor styles include hybrid pro 
cessors. 

[0075] In one embodiment the compiler is generated by the 
analyser, and the application source code is annotated With 
customisation information for compilation by the compiler to 
provide an optimised executable code. 
[0076] In another embodiment the compiler is con?gured 
to compile the application source code and re-organise the 
compiled source code to incorporate optimisations to provide 
an optimised executable code. 
[0077] Preferably, the con?guration information and asso 
ciated executable code, and, Where relevant, the decision 
condition information, are deployed in at least one manage 
ment system Which is for managing adaptation and con?gu 
ration of instruction processors implemented using re-pro 
grammable hardWare. 
[0078] Preferably, the con?guration information and asso 
ciated executable code, and, Where relevant, the decision 
condition information, are deployed in at least one library for 
enabling re-programming of re-programmable hardWare. 
[0079] In one embodiment the re-programmable hardWare 
comprises at least one ?eld programmable gate array. 
[0080] In another embodiment the re-programmable hard 
Ware comprises at least one complex programmable logic 
device. 
[0081] Preferably, the instruction processor is fully imple 
mented using the re-programmable hardWare. 
[0082] In another aspect the present invention provides a 
method of generating con?guration information and associ 
ated executable code based on a customisation speci?cation, 
Which includes application information including application 
source code and customisation information including design 
constraints, for implementing an instruction processor using 
re-programmable hardWare, the method comprising the steps 
of: generating a template for each processor style identi?ed as 
a candidate for implementation; analysing instruction infor 
mation for each template and determining instruction optimi 
sations; compiling the application source code to include the 
instruction optimisations and generate executable code; anal 
ysing architecture information for each template and deter 
mining architecture optimisations; generating con?guration 
information, preferably domain-speci?c con?guration infor 
mation, including the architecture optimisations in order to 
instantiate the parameters for each template; and generating 
device-speci?c con?guration information from the con?gu 
ration information including the architecture optimisations. 
[0083] Preferably, the method further comprises the steps 
of: pro?ling the con?guration information and associated 
code for each candidate implementation; and in response 
thereto, selecting one or more optimal implementations based 
on predeterminable criteria. 

[0084] Preferably, the application information further 
includes application data. 
[0085] More preferably, the application data includes data 
representative of data to be operated on by the instruction 
processor. 
[0086] Still more preferably, the application data includes 
data representative of a range of run-time conditions. 
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[0087] Preferably, the customisation information further 
includes at least one custom instruction. 
[0088] More preferably, each custom instruction can be 
de?ned as mandatory or optional. 
[0089] Preferably, the customisation information further 
identi?es at least one processor style as a candidate for imple 
mentation. 
[0090] Preferably, the method further comprises the steps 
of: pro?ling information in the customisation speci?cation; 
and identifying at least one processor style as a candidate for 
implementation. 
[0091] More preferably, the pro?led information includes 
the application source code. 
[0092] Preferably, a plurality of processor styles are iden 
ti?ed as candidates for implementation in the customisation 
speci?cation pro?ling step. 
[0093] In one embodiment ones of the processor styles are 
identi?ed to execute parts of an application, Whereby the 
application is to be executed by combined ones of the proces 
sor styles. 
[0094] Preferably, pro?ling information for enabling opti 
misation is collected in the customisation speci?cation pro 
?ling step. 
[0095] Preferably, the pro?ling information includes fre 
quency of groups of opcodes. 
[0096] Preferably, the pro?ling information includes infor 
mation regarding operation sharing. 
[0097] Preferably, the pro?ling information includes infor 
mation regarding operation parallelisation. 
[0098] In one embodiment the instruction information 
analysis step comprises the steps of: utilising the pro?ling 
information in analysing the instruction information; and 
determining the instruction optimisations therefrom. 
[0099] Preferably, the instruction optimisations include 
operation optimisations. 
[0100] More preferably, the operation optimisations 
include operation sharing optimisations. 
[0101] More preferably, the operation optimisations 
include operation parallelisation optimisations. 
[0102] Preferably, the instruction optimisations include 
custom instructions. 
[0103] In one embodiment the instruction information 
analysis step comprises the steps of: identifying candidate 
instruction optimisations; and determining implementation 
of the instruction optimisations based on estimations per 
formed based on instantiation of the candidate instruction 
optimisations. 
[0104] Preferably, Where the estimations provide that the 
re-programmable hardWare cannot be programmed to imple 
ment all instructions together during run time, the instruction 
information analysis step comprises the step of: grouping 
combined ones of instructions into sets of instructions Which 
can be implemented by re-programming of the re-program 
mable hardWare. 
[0105] In one embodiment the instruction information 
analysis step comprises the steps of: determining a plurality 
of implementations for different run-time conditions, each 
having instruction optimisations associated With the run-time 
conditions; and generating decision condition information 
associated With each implementation, Which decision condi 
tion information enables selection betWeen the implementa 
tions depending on actual run-time conditions. 
[0106] In one embodiment, Where the instruction optimi 
sations cannot provide an implementation Which complies 
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With design constraints, the instruction information analysis 
step comprises the step of: invoking the customisation speci 
?cation pro?ling step to re-pro?le the customisation speci? 
cation based on analysis information provided by the instruc 
tion information analysis step. 
[0107] Preferably, the architecture optimisations include 
pipelining. 
[0108] Preferably, the architecture optimisations include 
resource replication. 
[0109] Preferably, the architecture optimisations include 
technology independent optimisations. 
[0110] More preferably, the technology independent opti 
misations include removal of unused resources. 
[0111] More preferably, the technology independent opti 
misations include opcode assignment. 
[0112] More preferably, the technology independent opti 
misations include channel communication optimisations. 
[0113] More preferably, the technology independent opti 
misations include customisation of data and instruction paths. 
[0114] In one embodiment, Where a plurality of con?gura 
tions of the re-programmable hardWare are required to imple 
ment the instruction processor, the instantiation step com 
prises the steps of: optimising ones of the con?gurations into 
groups; and scheduling implementation of the grouped con 
?gurations. 
[0115] Preferably, each template is generated from proces 
sor de?nitions and associated parameters extracted from a 
library containing processor de?nitions and associated 
parameters for a plurality of processor styles. 
[0116] Preferably, the processor styles include superscalar 
processors. 
[0117] Preferably, the processor styles include hybrid pro 
cessors. 

[0118] In one embodiment the compiler utilised in compil 
ing the application source code is generated in the instruction 
information analysis step, and the compiling step comprises 
the steps of: annotating the application source code With 
customisation information; and compiling the annotated 
source code to provide an optimised executable code. 
[0119] In another embodiment the compiling step com 
prises the steps of: compiling the application source code; and 
re-organising the compiled source code to incorporate opti 
misations to provide an optimised executable code. 
[0120] Preferably, the method further comprises the step 
of: deploying the con?guration information and associated 
executable code, and, Where relevant, the decision condition 
information, in at least one management system Which is for 
managing adaptation and con?guration of instruction proces 
sors implemented using re-programmable hardWare. 
[0121] Preferably, the method further comprises the step 
of: deploying the con?guration information and associated 
executable code, and, Where relevant, the decision condition 
information, in at least one library for enabling re-program 
ming of re-programmable hardWare. 
[0122] In one embodiment the re-programmable hardWare 
comprises at least one ?eld programmable gate array. 
[0123] In another embodiment the re-programmable hard 
Ware comprises at least one complex programmable logic 
device. 
[0124] Preferably, the instruction processor is fully imple 
mented using the re-programmable hardWare. 
[0125] In a further aspect the present invention provides a 
management system for managing run-time re-con?guration 
of an instruction processor implemented using re-program 
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mable hardware, comprising: a con?guration library contain 
ing con?guration information for a plurality of instruction 
processor implementations; a code library for containing 
associated executable code for the implementations; a loader 
for loading application data and, as required, con?guration 
information and associated executable code into re-program 
mable hardWare for implementation and execution of an 
instruction processor; a loader controller for signalling the 
loader to load application data and, as required, con?guration 
information and associated executable code, and execute the 
executable code; a run-time monitor for obtaining run-time 
statistics relating to operation of the instruction processor 
during execution; an optimisation determiner con?gured to 
receive the run-time statistics, and being operable to instruct 
the loader to load neW con?guration information and associ 
ated executable code for a neW implementation into the re 
programmable hardWare; and an optimisation instructor for 
invoking the optimisation determiner. 
[0126] Preferably, the system comprises: a run-time man 
ager including the loader controller, the run-time monitor and 
the optimisation instructor. 
[0127] In one embodiment the optimisation instructor is 
con?gured automatically to invoke the optimisation deter 
miner on a predeterminable event. 

[0128] Preferably, the event is an instruction in the execut 
able code. 
[0129] In one embodiment the optimisation instructor is 
con?gured to be invoked by an external agent. 
[0130] Preferably, the optimisation instructor is con?gured 
to be invoked in response to an actuation instruction from an 
external agent. 
[0131] Preferably, the optimisation determiner is con?g 
ured to instruct the loader controller to signal the loader to 
load the neW con?guration information and associated 
executable code into the re-programmable hardWare on invo 
cation of the optimisation instructor by the external agent. 
[0132] Preferably, the actuation instruction identi?es the 
implementation to be implemented using the re-program 
mable hardWare. 
[0133] Preferably, the con?guration information and asso 
ciated executable code for a neW implementation are loaded 
into the respective ones of the con?guration library and the 
code library prior to invocation of the optimisation instructor 
by an external agent, such that the con?guration information 
and associated executable code for that implementation can 
be loaded into the re-programmable hardWare on invocation 
of the optimisation instructor by the external agent. 
[0134] Preferably, the system further comprises: a decision 
condition library for containing associated decision condition 
information for at least ones of the implementations; and 
Wherein the loader is con?gured to provide the optimisation 
determiner With decision condition information for a plurality 
of other implementations for various run-time conditions of 
the implementation loaded in the re-programmable hardWare, 
and the optimisation determiner is con?gured to pro?le the 
decision condition information for the other implementa 
tions, determine Whether the decision condition information 
for any of the other implementations more closely ?ts the 
run-time statistics, and, Where the decision condition infor 
mation for one of the other implementations more closely ?ts 
the run-time statistics, instruct the loader controller to signal 
the loader to load the con?guration information and associ 
ated executable code for that implementation into the re 
programmable hardWare. 
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[0135] Preferably, the system further comprises: an adapter 
for generating one or more neW implementations optimised to 
the run-time statistics; and Wherein the optimisation deter 
miner is con?gured to instruct the adapter to generate the one 
or more neW implementations. 

[0136] In one embodiment the adapter is con?gured to load 
the con?guration information and associated executable code 
for each neW implementation into respective ones of the con 
?guration library and the code library. 
[0137] In another embodiment the adapter is con?gured to 
load the con?guration information, associated executable 
code and associated decision condition information for each 
neW implementation into respective ones of the con?guration 
library, the code library and the decision condition library. 
[0138] Preferably, the optimisation determiner is con?g 
ured to instruct the loader to load the con?guration informa 
tion and associated executable code for a neW implementation 
into the re-programmable hardWare on satisfaction of prede 
terminable criteria. 
[0139] More preferably, the optimisation determiner is 
con?gured to instruct the loader to load the con?guration 
information and associated executable code for a neW imple 
mentation into the re-programmable hardWare Where a re 
con?guration ratio R>l, the re-con?guration ratio R being 
given by the function: 

Where: CSWJ is the number of clock cycles to implement a 
softWare function f( ); 

[0140] TSW is the cycle time for each clock cycle in the 
clock cycle number CSWJ; 

[0141] CCU is the number of clock cycles to implement a 
custom instruction; 

[0142] Tcl- is the cycle time for each clock cycle in the 
clock cycle number CC”; and 

[0143] T, is the time required for re-con?guration of the 
re-programmable hardWare. 

[0144] In one embodiment the adapter is con?gured to 
operate on line. 
[0145] In another embodiment the adapter is con?gured to 
operate off line. 
[0146] Preferably, the adapter comprises: an analyser for 
analysing instruction information based on the run-time sta 
tistics and determining instruction optimisations; a compiler 
for compiling the application source code to include the 
instruction optimisations and generate executable code; an 
instantiator for analysing architecture information based on 
the run-time statistics, determining architecture optimisa 
tions and generating con?guration information, preferably 
domain-speci?c con?guration information, including the 
architecture optimisations; and a builder for generating 
device-speci?c con?guration information from the con?gu 
ration information including the architecture optimisations. 
[0147] Preferably, the adapter further comprises: a selector 
for pro?ling the con?guration information and associated 
code for each candidate implementation, and selecting one or 
more optimal implementations based on predeterminable cri 
teria. 



US 2009/0235241 A1 

[0148] Preferably, the adapter further comprises: a pro?ler 
for pro?ling information in a customisation speci?cation and 
the run-time statistics, and identifying at least one processor 
style as a candidate for implementation; and a template gen 
erator for generating a template for each processor style iden 
ti?ed as a candidate for implementation. 
[0149] Preferably, the pro?led information includes the 
application source code. 
[0150] Preferably, the pro?ler is con?gured to identify a 
plurality of processor styles as candidates for implementa 
tion. 
[0151] More preferably, ones of the processor styles are 
identi?ed to execute parts of an application, Whereby the 
application is to be executed by combined ones of the proces 
sor styles. 
[0152] Preferably, the pro?ler is further con?gured to col 
lect pro?ling information for enabling optimisation. 
[0153] More preferably, the pro?ling information includes 
frequency of groups of opcodes. 
[0154] More preferably, the pro?ling information includes 
information regarding operation sharing. 
[0155] More preferably, the pro?ling information includes 
information regarding operation parallelisation. 
[0156] Preferably, the analyser is con?gured to utilise the 
pro?ling information in analysing the instruction informa 
tion, and determine the instruction optimisations therefrom. 
[0157] Preferably, the instruction optimisations include 
operation optimisations. 
[0158] More preferably, the operation optimisations 
include operation sharing optimisations. 
[0159] More preferably, the operation optimisations 
include operation parallelisation optimisations. 
[0160] Preferably, the instruction optimisations include 
custom instructions. 
[0161] In one embodiment custom instructions are identi 
?ed as candidates for optimisation based on frequency of use. 
[0162] In another embodiment custom instructions are 
identi?ed as candidates for optimisation based on a decision 
function D, Where the decision function D is given by: 

Fl 

Where: CSWJ is the number of clock cycles to implement a 
softWare function f( ); 

[0163] TSW is the cycle time for each clock cycle in the 
clock cycle number CSWJ; 

[0164] CCU is the number of clock cycles to implement a 
custom instruction; 

[0165] T61- is the cycle time for each clock cycle in the 
clock cycle number CC”; 

[0166] Fj is the number of times a procedure is called; 
and 

[0167] Sj is a binary selection variable, denoting Whether 
the custom instruction is implemented. 

[0168] In one embodiment the analyser is con?gured to 
identify candidate instruction optimisations, and determine 
implementation of the instruction optimisations based on 
estimations performed by the instantiator. 
[0169] Preferably, Where the estimations from the instan 
tiator provide that the re-programmable hardWare cannot be 
programmed to implement all instructions together during 
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run time, the analyser groups combined ones of instructions 
into sets of instructions Which can be implemented by re 
programming of the re-programmable hardWare. 
[0170] In one embodiment the analyser is con?gured to 
determine a plurality of implementations for different run 
time conditions, each having instruction optimisations asso 
ciated With the run-time conditions, and generate decision 
condition information associated With each implementation, 
Which decision condition information enables selection 
betWeen the implementations depending on actual run-time 
conditions. 
[0171] Preferably, Where the instruction optimisations can 
not provide an implementation Which complies With design 
constraints, the analyser is con?gured to invoke the pro?ler to 
re-pro?le the customisation speci?cation based on analysis 
information provided by the analyser. 
[0172] Preferably, the architecture optimisations per 
formed by the instantiator include pipelining. 
[0173] Preferably, the architecture optimisations per 
formed by the instantiator include resource replication. 
[0174] Preferably, the architecture optimisations per 
formed by the instantiator include technology independent 
optimisations. 
[0175] More preferably, the technology independent opti 
misations include removal of unused resources. 
[0176] More preferably, the technology independent opti 
misations include opcode assignment. 
[0177] More preferably, the technology independent opti 
misations include channel communication optimisations. 
[0178] More preferably, the technology independent opti 
misations include customisation of data and instruction paths. 
[0179] Preferably, Where a plurality of con?gurations of the 
re-programmable hardWare are required to implement the 
instruction processor, the instantiator is con?gured to opti 
mise ones of the con?gurations into groups and schedule 
implementation of the grouped con?gurations. 
[0180] Preferably, the adapter further comprises: a library 
containing processor de?nitions and associated parameters 
for a plurality of processor styles; and Wherein the template 
generator is con?gured to generate templates from processor 
de?nitions and associated parameters extracted from the 
library. 
[0181] Preferably, the processor styles include superscalar 
processors. 
[0182] Preferably, the processor styles include hybrid pro 
cessors. 

[0183] In one embodiment the compiler is generated by the 
analyser, and the application source code is annotated With 
customisation information for compilation by the compiler to 
provide an optimised executable code. 
[0184] In another embodiment the compiler is con?gured 
to compile the application source code and re-organise the 
compiled source code to incorporate optimisations to provide 
an optimised executable code. 
[0185] In one embodiment the re-programmable hardWare 
comprises at least one ?eld programmable gate array. 
[0186] In another embodiment the re-programmable hard 
Ware comprises at least one complex programmable logic 
device. 
[0187] Preferably, the instruction processor is fully imple 
mented using the re-programmable hardWare. 
[0188] In a yet further aspect the present invention provides 
a method of managing run-time re-con?guration of an 
instruction processor implemented in re-programmable hard 




































