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(57) ABSTRACT 

A platform supporting recon?gurable computing, enabling 
the introduction of recon?gurable hardWare into portable 
devices is described. Dynamic hardware/software multitask 
ing methods for a recon?gurable computing platform includ 
ing recon?gurable hardWare devices such as gate arrays, 
especially FPGA’s, and softWare, such as dedicated hard 
Ware/softWare operating systems and middleWare, adapted 
for supporting the methods, especially multitasking, are 
described. A computing platform, Which is a heterogeneous 
multi-processor platform, containing one or more instruction 
set processors (ISP) and a recon?gurable matrix (for 
instance a gate array, especially an FPGA), adapted for 
(dynamic) hardware/software multitasking is described. 
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SYSTEM AND METHOD FOR 
HARDWARE-SOFTWARE MULTITASKING ON A 
RECONFIGURABLE COMPUTING PLATFORM 

RELATED APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. 
§119(e) from provisional application No. 60/384,881 ?led 
May 31, 2002, Which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates to multitasking computing 
systems and methods adapted for recon?gurable computing 
platforms as Well as recon?gurable hardWare devices and 
softWare, such as operating systems, middleWare, or drivers 
adapted for supporting and executing the methods. 

[0004] 2. Description of the Related Technology 

[0005] NoWadays a lot of applications, like multimedia 
applications are emerging on portable appliances. These 
applications require both the ?exibility of upgradable 
devices (typically softWare based) and a poWerful comput 
ing engine (typically hardWare). This application domain is 
therefore a very good target for recon?gurable computing. 

[0006] Execution of applications on a softWare based 
computing platform is often supported by an operating 
system (OS), that abstracts the hardWare, by providing a 
clear interface to the facilities of the platform. Operating 
systems for a general purpose programmable processor are 
knoWn. The OS can also provide an environment Where 
several tasks can run concurrently, With a minimal of inter 
ference betWeen them, but With support for safe data shar 
ing. In that context, the OS should manage the available 
hardWare resources in a consistent, ef?cient and fair Way. 
Operating systems for combinations of general purpose 
programmable processors, enabling such multitasking, are 
also knoWn. Many contemporary platforms have a general 
purpose OS that abstracts the hardWare. These operating 
systems, hoWever, do not provide any support for incorpo 
rating hard real time properties into tasks. 

[0007] Running of applications on a dedicated hardWare 
device can involve Writing a device driver, alloWing appli 
cations to communicate With this device. Such a-device 
driver-only approach makes an application designer respon 
sible for the execution of the application, instead of the OS. 
Such a device driver is device and application speci?c. 

[0008] In case multiple resources are available on a com 
puting platform, a scheduling problem can be de?ned as 
folloWs. Since the computing resources are limited: hoW to 
decide What task to run and Where, in case there are multiple 
processors or processing engines available. These decisions 
can be based on parameters like task priority, processor 
af?nity. In case of pre-emptive scheduling: hoW can the 
context of the current task be saved, in order for this task to 
continue Whenever additional computing resources are 
assigned to it. The existing Work in the area of runtime 
recon?gurable systems concentrates on managing the time 
evolution of applications that exclusively oWn the recon?g 
urable matrix for a short While. A lot of Work has already 
been done on describing general concepts about scheduling 
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tasks on heterogeneous multi-processor systems, as Well as 
speci?c scheduling techniques. 
[0009] Multi-processor architectures include interconnec 
tion netWorks. Various interconnection netWorks are knoWn 
in the multicomputing World and System-on-Chip. Apacket 
sWitched netWork for instance exists in different ?avors, 
both for the topology (k-ary n-cubes, hypercubes, butter?ies, 
crossbars) and for the type of routing (Wormhole, virtual 
cut-through, mad postman sWitching). Such a concept has 
been introduced in SoC, alloWing to route packets instead of 
Wires. 

SUMMARY OF CERTAIN INVENTIVE 
ASPECTS OF THE INVENTION 

[0010] One aspect of the invention provides an improved 
computing platform, methods of operating the same, soft 
Ware such as an operating system, middleWare and device 
drivers as Well as recon?gurable hardWare devices Which are 
more ?exible in their use of resources. 

[0011] Another aspect of the invention presents in general 
the platform supporting recon?gurable computing, enabling 
the introduction of recon?gurable hardWare into portable 
devices. 

[0012] Another aspect of the invention provides dynamic 
hardWare/softWare multitasking methods for a recon?g 
urable computing platform including recon?gurable hard 
Ware devices such as gate arrays, especially FPGA’s, and 
softWare means, like dedicated hardWare/softWare operating 
systems and middleWare, adapted for supporting the meth 
ods, especially multitasking. 
[0013] It is another aspect of the invention to provide a 
platform, Which is a heterogeneous multi-processor plat 
form, containing one or more instruction set processors 
(ISP) and a recon?gurable matrix (for instance a gate array, 
especially an FPGA), adapted for (dynamic) hardWare/ 
softWare multitasking. 

[0014] It is another aspect of the invention to provide an 
operating system (OS), capable of dealing With the platform, 
by providing a clear interface to the facilities of the platform 
and supporting concurrent task execution. The operating 
system is preferably an application independent system, 
alloWing applications With a plurality of tasks, to commu 
nicate to the heterogeneous platform. Application tasks 
mapped on the recon?gurable matrix are denoted as hard 
Ware tasks (or components) While other tasks are 
denoted softWare (SW) tasks or components, eg for run 
ning on an Instruction Set Processor (ISP). The operating 
system is denoted a HW/SW OS. Facilities for invoking hard 
real time constraints on a SW task are included in the 
operating system. Means for storing state information of a 
task pre-empted on a recon?gurable device is provided. The 
storage and transfer/restoration of state information can be 
managed by a HW/SW OS scheduler. 

[0015] It is another aspect of the invention to provide an 
abstraction layer, in the form of device driver, betWeen the 
recon?gurable matrix and the operating system (HW/SW 
OS). The application communicates to the HW/SW OS, 
Which in turn communicates With the device driver. The 
device driver deals With the recon?gurable matrix. Essen 
tially there is no direct communication betWeen the appli 
cation and this device driver. The device driver, that 
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abstracts the recon?gurable matrix aWay from the HW/SW 
OS, can handle the problem of Where to place the HW tasks 
in the recon?gurable matrix. 

[0016] A further aspect of the invention is the provision of 
an interconnection netWork on the recon?gurable matrix. 

[0017] Another aspect of the invention provides a method 
for execution of an application or a plurality of applications, 
the execution requiring running substantially simultaneously 
a plurality of tasks (multi-tasking), on the platform. The 
execution method alloWs for dynamically instantiation of 
HW tasks by exploiting partial recon?guration of the recon 
?gurable matrix, for a loW hardWare overhead. The recon 
?gurable matrix can be subdivided into smaller processing 
units or “tiles”. The tiles of the recon?gurable matrix are 
recon?gurable, hence ?ne-grain con?gurability is exploited. 
The tiles may be suitable for a dedicated hardWare task or 
may be a microcontroller. The method opens the Way to a 
neW class of hybrid applications dynamically mixing hard 
Ware and softWare components. 

[0018] It is another aspect of the invention to provide 
means to (re)schedule a task either in hardWare or softWare 
in a recon?gurable system-on-chip, provided With a uniform 
communication scheme, more in particular tools incorpo 
rated Within a suitable object-oriented design environment 
permitting the implementation and management of hard 
Ware/softWare relocatable tasks. The above means enable 
development of applications in a Way that ensures an equiva 
lent behavior for hardWare and softWare implementations to 
alloW run-time relocation and equivalence of states betWeen 
hardWare and softWare for enabling ef?cient heterogeneous 
context sWitches. Full hardWare/softWare multitasking is 
realiZed, in such a Way that the operating system is able to 
spaWn and relocate a task either in hardWare or softWare. 

[0019] Another aspect of the invention provides a method 
of dynamically recon?guring a computing platform in a 
process for executing at least one application on the plat 
form, the platform comprising at least one programmable 
processor and a recon?gurable processing device, the appli 
cation comprising a plurality of tasks, a number of the tasks 
being selectably executable as a softWare task on a program 
mable processor or as a hardWare task on a hardWare device, 
the method comprising: con?guring the recon?gurable 
device so as to be capable of executing a ?rst plurality of 
hardWare tasks; after the con?guring, executing a ?rst set of 
tasks of an application substantially simultaneously on the 
platform, at least tWo of the tasks of the ?rst set being 
substantially simultaneously executed as hardWare tasks of 
the ?rst plurality on the recon?gurable device; interrupting 
the execution of the ?rst set; con?guring the recon?gurable 
device such that at least one neW hardWare task other than 
one of the ?rst plurality of hardWare tasks can be executed; 
executing a second set of the tasks to further execute the 
application, the second set including the neW hardWare task, 
the execution being substantially simultaneously on the 
platform, at least tWo of the tasks of the second set, including 
the neW hardWare task, being substantially simultaneously 
executed as hardWare tasks on the recon?gurable device. 

[0020] The con?guring of the recon?gurable device is 
preferably carried out at run-time of the application. The 
con?guring of the recon?gurable device is preferably trans 
parent to a user running the application. The hardWare tasks 
can be Written in a description language and the hardWare 
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tasks Written in the description language can be automati 
cally converted into a hardWare bitstream description. Pref 
erably, the recon?gurable device, comprises a plurality of 
tiles, each tile being con?gurable in a variety of con?gura 
tions, each of the tile con?gurations being capable of run 
ning a hardWare task and Wherein the con?guring of the 
recon?gurable device such that the at least one neW hard 
Ware task other than the ?rst plurality of hardWare tasks can 
be executed, changes at least one of the tiles from one 
con?guration to another con?guration. 

[0021] The recon?gurable device can comprise a plurality 
of tiles and a communication netWork for providing com 
munication betWeen the tiles, Wherein While the con?guring 
of the recon?gurable device is carried out such that at least 
one neW hardWare component other than the hardWare 
components of the ?rst list can be executed, the communi 
cation netWork remains ?xed. 

[0022] In the method a neW task can be ?rst executed on 
the programmable processor and thereafter, When the con 
?guring is ready, executing the second set of the tasks, 
including the neW task, substantially simultaneously on the 
platform, While at least tWo of the tasks of the second set, 
including the neW task, are substantially simultaneously 
executed as hardWare tasks on the recon?gurable device. 

[0023] Atask is preferably described in a description using 
a description language being represented as a ?rst set of 
objects With a ?rst set of relationships therebetWeen. The 
description or a derivation thereof is then transformed into 
synthesiZable code. 

[0024] In one embodiment of the invention, the applica 
tion can be represented by codes, of Which at least a ?rst part 
is convertible in a ?rst code, obtainable by mapping at least 
part of the application onto a virtual device Which is hard 
Ware recon?gurable. Further at least a second part of the 
code is convertible in a second code obtainable by mapping 
at least part of the application onto a virtual programmable 
processor, the ?rst code comprising con?guration informa 
tion for hardWare recon?guring the virtual device, the hard 
Ware recon?guring being required for enabling execution of 
the application on the virtual device, the second code 
comprising instructions compilable on a virtual program 
mable processor. The ?rst code is transformed into a third 
code, the third code comprising con?guration information 
for hardWare con?guring the hardWare recon?gurable 
device, the hardWare recon?guring being required for 
enabling execution of the application on the hardWare recon 
?gurable device. The second code is transformed into a 
fourth code, the fourth code comprising instructions com 
pilable on the programmable processor. Finally, the appli 
cation With the third and fourth code is executed on the 
device. 

[0025] The application can also be de?ned as a set of 
process threads in a description language, the set de?ning a 
representation of the application, at least part of the process 
thread representing a process Which can be carried out on 
either the recon?gurable hardWare device or the program 
mable processor, the description language including a func 
tion that suspends a thread. Then, at least one thread is 
suspended the state information of the thread is stored by 
invoking the function. 

[0026] Another aspect of the invention provides an oper 
ating system of a computing platform, capable of managing 



US 2004/0049672 Al 

the execution of at least one application, comprising a 
plurality of tasks, a number of the tasks being selectably 
executable as a softWare task on a programmable processor 
or as a hardWare task on a hardWare device, on the com 

puting platform comprising at least one programmable pro 
cessor and a recon?gurable device. The operating system 
comprises means for scheduling the tasks and means for 
recon?guring at run-time resources for a hardWare task 
executed on the recon?gurable device. Means for allocating 
resources betWeen the programmable processor and the 
recon?gurable device can also be provided. The operating 
system or another program can comprise means for pre 
empting and relocating tasks betWeen the programmable 
processor and the recon?gurable device and vice versa. 
Means for storing state information can be provided for a 
task executed as a hardWare component, When preempted on 
the recon?gurable device. 

[0027] The tasks can be capable of moving to a preemp 
tion state When receiving a pre-emption request, and means 
for sending a message containing the current state of that 
task can be provided, When the preemption state is reached 
for a task. Also means for restoration of state information on 
the recon?gurable device, When the corresponding task’s 
execution, is re-started can be provided. 

[0028] Further, means for invoking hard real time con 
straints on a task executed as a softWare task can be 

provided. Means for supporting uniform communication, 
alloWing tasks to send/receive messages regardless of 
Whether they are executed as hardWare or as softWare tasks 
can also be provided. The operating system can be adapted 
for handling logical addresses as representations of the 
tasks, and the means for supporting uniform communication 
can comprise means for updating address translation tables, 
enabling translation of the logical addresses into physical 
addresses, representing the location of a task Within the 
recon?gurable device. 

[0029] The operating system can be adapted for operating 
With a platform With a recon?gurable device comprising a 
plurality of tiles, each tile being con?gurable in a variety of 
con?gurations, each of the tile con?gurations being capable 
of running a hardWare component, as Well as means for 
storing the usage of tiles by the hardWare components at any 
moment. The operating system can further comprise means 
for deciding on Which tile a hardWare task is executed. 
Means for adapting the con?gurations of the tiles by per 
forming a partial recon?guration of the recon?gurable 
device Without rerouting can also be provided. The operating 
system may be for execution on the programmable processor 
in real-time mode. The operating system may be adapted to 
co-operate With means for operating system support, the 
means being adapted for execution on the recon?gurable 
device. 

[0030] Another aspect of the invention also provides a 
piece of middleWare softWare, the middle softWare compris 
ing: means of communicating With the operating system 
described above, and means for performing the selection of 
Whether a task Will be selected as softWare or as hardWare 
component. The middleWare softWare may further comprise: 
means for handling a representation of the application as a 
set of communicating threads. The middleWare softWare 
may further comprise: means for automatic code generation 
for a task either as hardWare component or as softWare 

component. 
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[0031] The selection of Whether a task Will be selected as 
softWare or as hardWare component can be based on deter 
mining a trade-off in terms of QoS. 

[0032] Another aspect of the invention also provides a 
device driver, dedicated for a recon?gurable device con?g 
ured to have a plurality of tiles. The device driver can 
comprise means for communicating With an operating sys 
tem, the means for communicating providing the operating 
system With information about the number of tiles and the 
speed of recon?gurability of the recon?gurable device. 

[0033] Another aspect of the invention may provide a 
recon?gurable device comprising a plurality of tiles and a 
communication netWork for providing communication 
betWeen the tiles, as Well as means for message routing over 
the communication netWork. The messaging may be pro 
vided by routing tables. 

[0034] Another aspect of the invention also provides a 
communication netWork, con?gured on a recon?gurable 
device, the recon?guration being con?gured to have a plu 
rality of tiles, the communication netWork providing com 
munication betWeen the tiles. The communication netWork 
can be adapted for supporting packet-sWitched interconnec 
tion netWork, in particular, for supporting message passing 
communication betWeen tasks, executed by the tiles. The 
communication netWork may have multiple time-multi 
plexed virtual channels. The communication netWork can 
have a torus-like 2-D netWork topology, and can be adapted 
for supporting Wormhole routing, for instance. The commu 
nication netWork may comprise a plurality of routers. Inter 
faces, for decoupling the tasks from the netWork may be 
provided. The interfaces may include double port memories. 
The netWork clock rate may be substantially higher than the 
tile clock rate. 

[0035] Another aspect of the invention provides a multi 
tasking recon?gurable device, comprising: a plurality of 
tiles, each tile being con?gurable in a variety of con?gura 
tions, each of the tile con?gurations being capable of run 
ning a hardWare task, each of the tile con?gurations having 
an interface, Wherein the position of the interfaces is con 
stant. The tiles can be separately con?gurable. The input/ 
output topology of each of the con?gurations of a single title 
can be identical. The recon?gurable device may comprise a 
plurality of con?gurable logic blocks (CLB’s); the CLB’s 
being arranged in an array Wherein respective CLB’s are 
placed edge to edge in a tiled arrangement, thereby de?ning 
the tiles. A routing structure for interconnecting the con?g 
urable logic blocks (CLB’s) may be provided. A communi 
cation netWork de?ned on the routing structure for providing 
communication betWeen the tiles can also be provided. The 
communication netWork can comprise a plurality of routers. 
The communication netWork may be implemented in an 
ON-CHIP packet-sWitched interconnection netWork. Each 
of the tiles can de?ne partly a virtual processor. Each of the 
titles may de?ne partly a local memory to Which the virtual 
processor has direct access Without passing the routers or 
routing resources. 

[0036] Another aspect of the invention also provides a 
method for recon?guring a recon?urable hardWare device 
having tiles such that a set of hardWare tasks the device is 
capable to run is changed, the method comprising recon?g 
uring one of the tiles from a ?rst con?guration, capable of 
running a ?rst task, into a second different con?guration, 
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capable of running a second different task; the recon?guring 
of the one tile being such that the interface of the second 
con?guration satis?es the interface position constraints. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 represents a block diagram of an embodi 
ment of a hybrid computing platform in accordance With the 
invention. 

[0038] FIGS. 2a and 2b and FIG. 3 shoW representations 
of a state sWitch in accordance With an embodiment of the 
invention. 

[0039] FIG. 4 is a representation of a sWitch betWeen a 
decode running on softWare and hardWare in accordance 
With another embodiment of the invention. 

[0040] FIG. 5 is a representation of an architecture in 
accordance With an embodiment of the invention. 

[0041] FIG. 6 is a representation of a recon?gurable 
device in accordance With an embodiment of the invention. 

[0042] FIGS. 7a and 7b shoW arrangements of routers. 

[0043] FIG. 8 shoWs a process How for ?its on for tWo 
virtual channels in accordance With an embodiment of the 
invention. 

[0044] FIG. 9 is a representation of a net cell in accor 
dance With an embodiment of the invention. 

[0045] FIG. 10 is a representation of data How betWeen 
tWo routers in accordance With an embodiment of the 
invention. 

[0046] FIG. 11 shoWs a representation of an arrangement 
of routers, IP blocks bus macros and block RAMs in 
accordance With an embodiment of the invention. 

[0047] FIG. 12 is a representation of a block diagram of 
a further embodiment in accordance With the invention. 

[0048] FIG. 13 shoWs a How diagram of an algorithm to 
link different computing units in a hierarchical Way in 
accordance With an embodiment of the invention. 

[0049] FIG. 14 shoWs setting up and starting a task in 
accordance With an embodiment of the invention. 

[0050] FIGS. 15a and 15b shoW hoW unused recon?g 
urable hardWare device area can be better uitiliZed in accor 
dance With an embodiment of the invention. 

[0051] FIGS. 16 and 17 shoW a process How in accor 
dance With an embodiment of the invention. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS OF THE INVENTION 

[0052] The invention Will be described With respect to 
particular embodiments and With reference to certain draW 
ings but the invention is not limited thereto but only by the 
claims. The draWings described are only schematic and are 
non-limiting. In the draWings, the siZe of some of the 
elements may be exaggerated and not draWn on scale for 
illustrative purposes. 

[0053] The terms ?rst, second, third and the like in the 
description and in the claims, are used for distinguishing 
betWeen similar elements and not necessarily for describing 
a sequential or chronological order. It is to be understood 
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that the terms so used are interchangeable under appropriate 
circumstances and that the embodiments of the invention 
described herein are capable of operation in other sequences 
than described or illustrated herein. 

[0054] One aspect of the invention relates to an apparatus 
or environment, capable of performing multi-tasking, to 
multi-tasking methods, to an operating system that supports 
the methods and runs on the apparatus or parts of such an 
apparatus. 

[0055] In one embodiment, the apparatus is capable of 
executing at least one application, composed of a plurality of 
tasks. These tasks may execute as threads. At least a number 
of the tasks are selectably executable as softWare compo 
nents or tasks, meaning executable on a programmable 
processor, and as hardWare components or tasks, meaning 
executable on a dedicated datapath or on a micorcontroller 

or similar. 

[0056] In this embodiment, the apparatus comprises a 
plurality of resources, more in particular at least of one 
programmable processor and a recon?gurable hardWare 
device, meaning capable of being recon?gured in various 
datapaths, suited for executing the hardWare components or 
tasks. 

[0057] A recon?gurable hardWare device, comprises typi 
cally a plurality of small con?gurable logic blocks and an 
interconnect structure for interconnecting the con?gurable 
logic blocks. A recon?gurable hardWare device can be a 
logic gate array, eg a Field Programmable Gate Array 
(FPGA). Recon?guring the hardWare device means chang 
ing the con?guration or function of the logic blocks and/or 
the interconnection betWeen the con?gurable logic blocks. 
As the recon?guration Works at the level of these relatively 
small con?gurable logic blocks, this type of recon?gurabil 
ity is denoted ?ne grain recon?gurability. 

[0058] One aspect of the invention relates to a method of 
using such a recon?gurable hardWare device, the method 
being particularly adapted for multi-tasking. Fine grain 
recon?gurability alloWs for changing all con?gurable logic 
blocks and their interconnects but requires a full place-and 
route operation. In one aspect the invented method restricts 
the degree’s of freedom in recon?guring While retaining the 
necessary ?exibility for enabling the hardWare device to 
execute a hardWare component or task. This is realiZed by 
arranging the con?gurable logic blocks in various groups, 
typically in an array, Wherein respective blocks are placed 
edge-to-edge in a tiled arrangement, thereby de?ning so 
called tiles. 

[0059] A tile can thus be de?ned as a plurality of near-by 
or neighboring con?gurable logic blocks. The tile siZe can 
be selected such that a title is con?gurable in a variety of 
con?gurations, each of the title con?gurations being capable 
of running a hardWare component or task. In order to avoid 
full place-and-route operations, each of the tile con?gura 
tions has an interface, With the position of the interfaces 
Within the hardWare device being predetermined. A multi 
tasking method in accordance With an embodiment of the 
invention, executed on an apparatus incorporating a recon 
?gurable hardWare device, recon?gures the hardWare 
device, by selecting con?gurations from the predetermined 
con?gurations of the tiles. Such a method can modify the 
functionality of the hardWare recon?gurable device (hence 
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such that the set of hardware tasks the device is capable to 
run is changed) by recon?guring at least one of the tiles from 
a ?rst con?guration, capable of running a ?rst task, into a 
second (different) con?guration, capable of running a sec 
ond (different) task. Further, the recon?guring of the one tile 
can be such that the interface of the second con?guration 
satis?es the interface position constraints. 

[0060] Another aspect of the invention provides an oper 
ating system, or at least extensions for a traditional operating 
system, for a recon?gurable system, capable of managing 
tasks (of one or more applications) over the different 
resources of an apparatus, having at least one recon?gurable 
hardWare logic device, enabling handling of tasks, execut 
able as hardWare component, also denoted a hardWare task. 
The operating system schedules tasks, both on a program 
mable processor such as an Instruction Set Processor (ISP) 
and on the recon?gurable logic device and supports a 
uniform communication frameWork, Which alloWs tasks to 
send/receive messages, regardless of their execution loca 
tion. 

[0061] Another aspect of the invention provides a middle 
layer system or middleWare running on top of the operating 
system, taking the application as input and deciding on the 
partitioning of the tasks betWeen the recon?gurable hard 
Ware device and the softWare-based programmable proces 
sor. The partitioning is preferably based on quality of service 
considerations. 

[0062] In one embodiment of the invention, a method of 
recon?guring the apparatus provides communication While 
the tasks are executed. Therefore, on the recon?gurable 
hardWare device a communication netWork such as an 

interconnection netWork or arrangement for routing 
resources is de?ned on the routing structure, de?ned for the 
con?gurable logic blocks, for providing communication 
betWeen the tiles. 

[0063] In an embodiment the inter-task communication is 
based on message passing. Messages are transferred from 
one task to another in a common format for both hardWare 
and softWare tasks. Both the operating system and the 
hardWare architecture should therefore support this kind of 
communication. 

[0064] In one embodiment, the operating system provides 
means for updating address translation tables, to be used 
Whenever the operating system schedules a task, represented 
by a logical address, in hardWare. This address translation 
table alloWs the operating system to translate a logical 
address into a physical address and vice versa. The assigned 
physical address is based on the location of the task in the 
interconnection netWork. The operating system can further 
provide a message passing API, Which uses these logical/ 
physical addresses to route the messages. 

[0065] In one embodiment, the operating system is aWare 
of the tile usage at any moment. As a consequence, it can 
spaWn a neW task Without placement overhead by replacing 
the tile content through partial recon?guration of the FPGA. 

[0066] The hardWare architecture can provide the neces 
sary support for message passing. Messages betWeen tasks, 
both scheduled in hardWare, can be routed inside the inter 
connection netWork. Nevertheless, since the operating sys 
tem can control the task placement, it also controls the Way 
the messages are routed inside the netWork, by adjusting the 
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hardWare task routing tables. A packet-sWitched intercon 
nection netWork can be provided to handle hardWare man 
agement issues such as task placement, location indepen 
dence, routing, and inter-task communication. Task 
placement is the problem of positioning a task someWhere in 
the recon?gurable hardWare fabric by executing a placement 
algorithm but With a constraint to ?t the task in the shape of 
a tile. Run-time task placement is therefore enabled and 
greatly facilitated, since every tile has the same siZe and 
same shape. 

[0067] The run-time routing provided by one embodiment 
of the invention can be described as providing connectivity 
betWeen the neWly placed task and the rest of the system. 
The provided communication infrastructure, implemented at 
design-time inside the interconnection netWork, provides the 
neW task With a ?xed communication interface, based on 
routing tables. Once again, the operating system preferably 
does not run any complex algorithm. Its only action is 
updating the routing tables every time a neW task is inserted/ 
removed from the recon?gurable hardWare. 

[0068] In one embodiment, the design of relocatable tasks 
is provided as a common behavior for the HW and the SW 
implementation of a task. One embodiment of the invention 
provides for a uni?ed representation that can be re?ned to 
both hardWare and softWare. Consider a C++ library that 
alloWs uni?ed hardWare/softWare system design, by alloW 
ing a designer to make a representation of an application as 
communicating threads. The objects contain timing infor 
mation, alloWing cycle-true simulation of the system. Once 
the system is designed, automatic code generation for both 
hardWare and softWare is available. This ensures a uniform 
behavior for both implementations in the heterogeneous 
recon?gurable system. 

[0069] Through the use of the foreign language interface 
features, an interface is provided that represents the com 
munication With the other tasks. This interface provides 
functions like send_message and receive_message that Will 
afterWards be expanded to the corresponding hardWare or 
softWare implementation code. This ensures a communica 
tion scheme that is common to both implementations. 

[0070] Methods in accordance With one aspect of the 
invention provide for spatial multitasking in hardWare, in 
contrast to the time-based multitasking. Since the number of 
tiles is limited, the operating is forced to decide at run-time 
on the allocation of resources, in order to achieve maximum 
performance. Consequently, the operating system has means 
to pre-empt and relocate tasks from. the recon?gurable logic 
to the ISP and vice versa. 

[0071] ISP registers and a task memory completely 
describe the state of any task running on the ISP. Conse 
quently, the state of a pre-empted task can be fully saved by 
pushing all the ISP registers onto a task stack. Whenever the 
task gets rescheduled at the ISP, simply popping the register 
values from its stack and initialiZing the registers With these 
values restores its state. This approach is not necessarily 
usable for a hardWare task, since a hardWare device can 
depict its state in a completely different Way. For example, 
state information can be held in several registers, latches and 
internal memory, in a Way that is very speci?c for a given 
task implementation. In a such a design there is no simple, 
universal state representation, as for tasks executing on the 
ISP. Nevertheless, in one embodiment of the invention the 
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operating system extracts and restores the state of a task 
executing in hardWare, since this is a key issue When 
enabling heterogeneous context sWitches. 

[0072] A Way to extract and restore state When dealing 
With tasks executing on the recon?gurable logic can be 
achieved by extracting all status information bits out of the 
read back bitstream. This Way, manipulation of the con?gu 
ration bitstream alloWs re-initialiZing the hardWare task. 
When adopting this methodology to enable heterogeneous 
context sWitches, one embodiment of the invention provides 
a translation layer in the operating system, alloWing it to 
translate an ISP type state into FPGA state bits and vice 
versa. Furthermore, With this technique, the exact position of 
all the con?guration bits in the bitstream must be knoWn. 
HoWever, it is clear that this kind of approach does not 
produce a universally applicable solution for storing/restor 
ing task state. 

[0073] In one embodiment, the invention provides a high 
level abstraction of the task state information. In this Way the 
operating system is able to dynamically reschedule a task 
from the ISP to the recon?gurable logic and vice versa. 

[0074] One embodiment of the invention enables recon 
?gurable computing, eg the ability to execute a variety of 
computational functions on the same computing platform, 
by changing the computation capabilities of the platform, in 
a dynamic Way, meaning at run-time. When executing an 
application the recon?gurable platform functions hoWever 
as if it Were a ?xed hardWare programmable processor, ie 
the recon?guration remains transparent to a user of the 
system. 

[0075] Another aspect of the invention exploits the ?ne 
grain architecture of the platform, meaning the ability to 
change the function of each of the logic blocks on the one 
hand but introduces a coarse grain onto the platform for 
enabling the run-time approach, eg by recon?guring groups 
of logic blocks or tiles of the recon?gurable device. 

[0076] Another aspect of the invention exploits the recon 
?guration properties of the platform, more in particular the 
partial recon?guration capabilities While avoiding rerouting. 
This is done by imposing restrictions in the con?gurations 
alloWed on the platform. The restriction invokes the pres 
ence of computing blocks larger than the logic blocks of 
Which the platform comprises but smaller than the platform 
itself. The computing blocks are communicating via an 
interconnection netWork. The netWork can also partly com 
prise logic blocks. 

[0077] Another aspect of the invention provides an oper 
ating system performing the scheduling control for multi 
tasking, dynamic task creation and deletion and task sWap 
ping. A communication semantic, called message passing, 
suited for both HW and SW tasks, is presented. The message 
passing can be used instead of ?xed Wiring. Decisions on a 
netWork topology and routing strategy, keeping the commu 
nication overhead in terms of area (eg the routing control 
ler) and timing loW, are also provided. In one embodiment 
of the invention, the netWork is preferably designed in order 
to prevent deadlocks and guarantee communication Within a 
given time frame, although no ?xed route/Wire is available. 
Important for alloWing task and the involved context sWitch 
ing in such a HW/SW multitasking platform is the capability 
of having a uniform state representation, for both a HW and 
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SW task. By providing a high-level description of a task, the 
description being capable of being mapped to both a HW or 
SW task, alloWs the indication by the task developer to 
indicate the important state variables. The operating system 
has means for saving/accessing the state of a task When a 
task sWapping is performed. Method for transforming high 
level task descriptions, for instance using single threaded 
code, like in C or C++, into multi-threaded descriptions, like 
dynamic data?oW models, are suitable. 

[0078] In an embodiment of the invention, at a ?rst stage, 
the application is represented by a functional model as 
shoWn in FIG. 16. This functional model 61 is optionally 
partitioned at into tWo sub-models 62, 63. The partitioning 
can be done at run time. One optional sub-model 62 
describes the application softWare part. The other model 63 
describes the application hardWare part. An application 
source code 64 of an application softWare part is then 
run-time precompiled (e.g. on-the-?y compiling) 66 into a 
softWare bytecode 68 by a softWare virtual machine pre 
compiler. The precompiler operates at run time, eg on-the 
?y compiling. The hardWare sub-model 63 is Written in a 
description language and is fed into an automatic hardWare 
code generation environment such as described in US. Pat. 
No. 6,233, 540. The hardWare sub model 63 is transformed 
at run time into a structural register transfer level (RTL) 
hardWare description 65. The hardWare design environment 
can be depicted as a hardWare virtual machine precompiler 
67 (eg for run-time compiling, such as on-the-?y compil 
ing), generating abstract hardWare bytecode as described in 
EP 1,168,168 Which is incorporated herein by reference. 

[0079] The softWare bytecode 68 is interpreted by the 
softWare virtual machine (SVM) 69, and turned into native 
application softWare code 70 that runs on the native CPU of 
a programmable processor 71, eg an ISP as shoWn in FIG. 
17. On the other hand, the hardWare bytecode 72 is inter 
preted by the hardWare virtual machine (HVM) 73, and 
turned into native FPGA bitstreams 74 that Will con?gure 
the native FPGA 75. 

[0080] In one embodiment of the invention, the methods 
and apparatus can be applied, for instance, to multimedia 
applications, eg on portable devices like a personal digital 
assistant (PDA) or a mobile phone, MP3 players, MPEG 
players, games and broWsers. To achieve Quality of Service 
(QoS) required for these applications, one embodiment of 
the invention not only provides the ?exibility of a program 
mable processor, as Well as an improved computation poWer 
for a speci?c application domain but also alloWs improved 
?exibility, eg by use of a recon?gurable hardWare device. 

[0081] Another aspect of the invention is therefore a 
general-purpose computing platform that alloWs different 
applications to run, like multimedia applications, and that 
offers enough ?exibility to doWnload and execute future 
applications. This platform can be poWerful, ?exible, energy 
conscious and inexpensive. The recon?gurable platform is 
provided With a softWare environment that alloWs the same 
ease-of-programming as a general-purpose processor plat 
form today. The invented platform is a combination of an 
instruction-set processor (ISP) With a recon?gurable hard 
Ware device. The introduction of the recon?gurable hard 
Ware device provides loW poWer consumption for high 
computation poWer by its hardWare characteristics on the 
one hand, and ?exibility by its recon?guration aspects on the 
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other hand. The platform supports true hardWare/softWare 
multitasking. At least one of the tasks can be run either on 
the ISP or on the recon?gurable hardWare. An operating 
system manages the applications by distributing the different 
tasks on the available resources. The provided platform is 
thus a heterogeneous multi-processor platform, containing 
one or more instruction set processors (ISP) and one or more 

recon?gurable matrices (for instance a logic gate array, 
especially an FPGA). 
[0082] It is another aspect of the invention to provide an 
operating system (OS), capable of dealing With the platform, 
by providing a clear interface to the facilities of the platform 
and to support concurrent task execution. In one embodi 
ment, the operating system is an application independent 
system, alloWing applications With a plurality of tasks, to 
communicate With the HW/SW platform. Application tasks 
mapped on the recon?gurable matrix are denoted hardWare 
(HW) tasks While other tasks are denoted softWare (SW) 
tasks. The operating system is denoted a HW/SW OS. 
Facilities for invoking hard real time constraints on a SW 
task are included in the operating system. A technique for 
storing state information of a task pre-empted on a recon 
?gurable device is introduced. The storage and transfer/ 
restoration of state information is managed by the HW/SW 
OS scheduler. The OS alloWs incorporation of a recon?g 
urable matrix as a system resource. The OS provides for 
architecture independence, meaning that it does not matter 
for the OS Whether the recon?gurable matrix is an attached 
resource, an embedded resource or completely integrated 
With the ISP. Further abstraction is provided, meaning that a 
virtual processor is abstracted in an ef?cient Way, so that the 
execution details are hidden to the application (and pro 
grammer). Further means for scheduling, thus deciding hoW 
to perform true multitasking on the recon?gurable matrix, is 
provided. Communication means for setting up multi-pur 
pose, ef?cient communication betWeen the recon?gurable 
resource and the rest of the system components is provided. 
Creation of a HW/SW OS capable of handling all the 
hardWare design differences of the existing and future plat 
forms is extremely dif?cult. The recon?gurable matrix might 
be an attached resource (meaning, it might not alWays be 
present e.g. Ipaq Expansion Pack), and it could be an 
embedded resource, or even integrated With the ISP. The 
scheduling means performs scheduling of tasks on a hetero 
geneous multi-processor platform. In general, solving the 
scheduling issue, means solving the folloWing problems: 
Since the computing resources are limited: hoW to decide 
What task to run and Where, in case there are multiple 
processors are available. These decisions can be based on 
parameters like task priority, processor af?nity,etc. In case of 
pre-emptive scheduling, the context of the current task can 
be saved, in order for this task to continue Whenever 
additional computing resources are assigned to it. The 
applications run on the platform concerns multiple, possibly 
independent, tasks running in parallel on the recon?gurable 
matrix. 

[0083] Another aspect of the invention makes a distinction 
betWeen the folloWing tasks: softWare only tasks: they 
need an ISP to run, (ii) HardWare only tasks: can only be 
executed on a recon?gurable matrix and (iii) HardWare/ 
SoftWare tasks: this is a special kind of task that can be 
executed either on an ISP or a recon?gurable matrix. This 
also implies that both representations (ISP and recon?g 
urable matrix) are available on the platform. Tasks that can 
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run either in hardWare or in softWare are the most ?exible 
kind of tasks: based on a set of parameter values, the OS 
scheduling system Will decide What task Will be run on What 
processor. This Way the recon?gurable matrix Will be ?lled 
With hardWare capable tasks. In case not all hardWare/ 
softWare capable tasks are assigned to the recon?gurable 
matrix and if there is some spare computing poWer on the 
ISP, these unassigned tasks can be executed by the ISP. 

[0084] In order to preserve the behaviour of the HW/SW 
task as much as possible (With respect to running the task in 
HW) When executing this task on the ISP, it is executed as 
a softWare task With hard real time properties. Furthermore, 
this softWare task is controlled by the same API, as When the 
task runs in hardWare. This also simpli?es sWitching such a 
task from hardWare execution to softWare execution and vice 
versa. Context sWitching, When considering ISP’s, means 
that the OS pre-empts the currently running task and stores 
its context. The context of such a task is fully described by 
the ISP’s registers. SWitching to the neW task (for Whatever 
reason), is done by simply loading its saved context into the 
ISP’s registers and continuing execution at the point it Was 
pre-empted. When pre-empting a task on a recon?gurable 
matrix, storing the context is done in a different Way. The 
state of a hardWare task is de?ned by several registers, 
placed all over the IP block. One possible Way of extracting 
the state of the task running in hardWare is to ?lter out all the 
relevant status information bits from the readback bitstream. 
Restoring the context, in that sense, implies setting the state 
of each single register in the con?guration bitstream. 

[0085] In an alternative approach, as soon as a hardWare 
task running on the hardWare device receives a pre-emption 
request from the scheduler, it moves from the sWitching 
point to a pre-emption state and sends a message containing 
its current state. This state information can be used to start 
a softWare program running on the ISP and continue at the 
pre-emption point of the hardWare task, or to restore the 
context of hardWare task at the next hardWare context 
sWitch. This means, of course, that the amount and form of 
the state information that needs to be transferred at pre 
emption is task dependent or could be sWitching point 
dependant. The storage and transfer/restoration of state 
information is managed by the HW/SW OS scheduler. This 
technique can also be applied When context sWitching is 
initiated by the hardWare task itself. Further the hardWare 
device, eg an FPGA, can incorporate architectural support 
for the HW/SW OS. For this purpose a kind of memory 
controller/programmer is provided. This takes care of sav 
ing/reloading context and con?guration of the IP tiles. 
Suppose all tasks are partitioned, but a neW HW/SW task 
comes in. Although it should be executed in HW, the 
HW/SW OS can decide to start it in SW in order to minimiZe 
execution latency and, as soon as the recon?guration is 
?nished, sWitch the task from SW to HW. 

[0086] To create a true hardWare/softWare multitasking 
environment, an operating system is provided by one aspect 
of the invention that manages the different applications 
running on the platform. The main function of the operating 
system is to manage tasks. An application running on the 
platform Will contain a combination of tasks. Each of these 
tasks isq to run on one of the available resources. When a 

neW task is started or an old task is deleted, some of the 
existing tasks might have to be rescheduled onto another 
resource (eg to provide more computational poWer to the 
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neW task or to decrease the power consumption). In accor 
dance With an aspect of the invention, the task creation and 
deletion consist in the usual task handling for a softWare 
task, and in recon?guring the FPGA for a hardWare task. The 
operating system preferably keeps track of the available 
resources, meaning location of all the tasks running. For 
example, the OS can keep track of Which tile of an FPGA is 
being used to execute a task. Task rescheduling is also 
provided by one embodiment of the invention. State equiva 
lence is identi?ed betWeen a softWare task and a hardWare 
task. Indeed, When a task is rescheduled from hardWare to 
softWare or vice-versa, the state information is transferred in 
order to resume the task Where it has stopped. 

[0087] In one embodiment, the operating system handles 
communication betWeen the tasks. Three possible cases are 
envisaged: communication betWeen tWo hardWare tasks, 
communication betWeen a hardWare task and a softWare task 
and communication betWeen tWo softWare tasks. Apreferred 
communication scheme is message passing. The communi 
cation betWeen hardWare tasks is preferably handled by an 
interconnection netWork. The operating system updates at 
run-time the routing tables of the tasks, and the netWork 
drives the messages to the correct destination. For hardWare 
softWare communication, the hardWare block uses a speci?c 
address in its routing table that corresponds to the operating 
system. The messages betWeen the ISP and the FPGA are 
stored in buffers. For softWare-softWare communication, the 
same scheme, e.g. message passing, is used in order to have 
a uni?ed representation of the communication betWeen 
tasks, no matter Where the tasks are located. In order to 
guarantee some QoS in the system, real-time services should 
be provided by the operating system. The communication 
Will indeed generate interrupts that should be handled fast 
enough (especially in the case of multimedia streams). 

[0088] The operating system softWare can be supplied as 
a computer program product Which includes code segments 
Which When executed on a computing device execute meth 
ods in accordance With one aspect of the invention. One 
embodiment of the invention also includes a data carrier 
storing the operating system computer program product and 
being machine readable to install and execute the operating 
system When loaded into a computing device. 

[0089] It is a further aspect of the invention to provide an 
abstraction layer, in the form of a device driver, betWeen the 
recon?gurable matrix and the operating system (HW/SW 
OS). The application running on the computing platform 
communicates With the HW/SW OS, Which in turn commu 
nicates With the device driver. Essentially no direct commu 
nication betWeen the application and this device driver needs 
to exist. The device driver, that abstracts the recon?gurable 
matrix aWay from the HW/SW OS, handles the problem of 
Where to place the HW tasks in the recon?gurable matrix. 
This device driver provides a uniform Way to communicate 
With the recon?gurable hardWare device. The abstraction 
layer is such that it Works for a pre-routed netWork (ICN) on 
the recon?gurable device, eg an FPGA, and other runtime 
recon?gurable architectures, that have a different task plac 
ing mechanism, as long as a device driver With the suitable 
API is provided. The API informs the HW/SW OS of the 
parameters of the underlying HW: this includes the number 
of IP tiles (hoW many tasks can be run in parallel), the 
recon?guration speed/latency, the communication speed/ 
latency). 
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[0090] The driver softWare can be supplied as a computer 
program product Which includes code segments Which When 
executed on a computing device execute methods in accor 
dance With one aspect of the invention. One embodiment of 
the invention also includes a data carrier storing the driver 
computer program product and being machine readable to 
execute the driver When loaded into a computing device. 

[0091] In one embodiment of the invention, a middleWare 
softWare is provided Which has means for communicating 
With the operating system, the middleWare softWare having 
means for performing the selection of Whether a task Will be 
selected as softWare or as hardWare component. In this Way 
a conventional operating system can be used Which is 
enhanced by means of the middleWare softWare to carry out 
methods in accordance With one aspect of the invention. The 
middleWare can have means for handling a representation of 
the application running on the computing platform as a set 
of communicating threads. The middleWare softWare may 
also assume the role of generating automatic code for a task 
either as hardWare component or as softWare component. 
The selection of Whether a task Will be executed as a 
softWare or as a hardWare component can be based on 
determining a trade-off in terms of QoS for the execution of 
the application. 

[0092] The middleWare softWare can be supplied as a 
computer program product Which includes code segments 
Which When executed on a computing device execute meth 
ods in accordance With one aspect of the invention. One 
embodiment of the invention also includes a data carrier 
storing the middleWare computer program product and being 
machine readable to execute the middleWare When loaded 
into a computing device. 

[0093] The middleWare layer has to ful?l tWo functions: 
platform abstraction and QoS-aWare rescheduling of task. 
The user has access to real-time updates of services. For 
example, using a Wireless netWorked device, the user doWn 
loads neW services from service providers. A typical 
example is an applet that a user doWnloads While broWsing 
the Internet. This applet is coded in a platform-abstracted 
Way, e. g. using the JAVATM frameWork. The code is then run 
on a JAVA virtual machine, e.g. running on a programmable 
processor. The JAVA virtual machine interprets the byte 
codes of the applet. Applying the same concept to the 
heterogeneous platform in accordance With one aspect of the 
invention, a virtual machine is provided that can run applets 
on hardWare as Well as on softWare. A suitable hardWare 

virtual machine is disclosed in US. Pat. No. 6,233,540 
Which is incorporated herein by reference in its entirety. A 
combination of a hardWare and a softWare virtual machine is 
provided to have one unique machine that can, from a single 
bytecode, spaWn tasks both in hardWare and in softWare. 

[0094] This approach also alleviates the problem of the 
design entry for the platform. The application is split into 
tasks and each task or some of the tasks can be run in 
hardWare or softWare. But a softWare task is usually an 
object ?le, While the hardWare task is represented by a 
bitstream. Therefore, the level of abstraction is raised. Three 
embodiments of the invention relate to this issue. In a ?rst 
embodiment, several implementations With different hard 
Ware/softWare partitioning for an application are used, gen 
erated at design time; the different implementations provid 
ing different performances and for each application one of 
























