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ABSTRACT

Recent architectural advancements in reconfigurable devices
have exposed the ability to support massive parallelism in-
side of small, low-cost, embedded devices. The massive par-
allelism inside of these reconfigurable devices has promised
to bring an unprecedented level of performance to the em-
bedded systems domain. However, the complexity of pro-
gramming these reconfigurable devices is daunting–too daunt-
ing for the average programmer. This paper presents hthreads.
Hthreads is a computational architecture which aims to bridge
the gap between regular programmers and powerful but com-
plex reconfigurable devices. Hthreads accomplishes this goal
using three layers of abstraction built upon standard recon-
figurable devices: an operating system capable of support-
ing a diverse collection of computational models within a
reconfigurable device, an intermediate form representation
which eases the development of applications on reconfig-
urable devices, and support for high level languages which
are familiar to most programmers.

1. INTRODUCTION

The recent advances in reconfigurable devices have intro-
duced massive computational capabilities into the embedded
systems domain. Additionally, Moore’s Law promises that
the computational capabilities will increase an order of mag-
nitude over the next few years. However, programming sup-
port for these devices is failing to keep pace. Hthreads is a
computational model which aims to align the programming
capabilities of reconfigurable devices to the computational
capabilities of those devices.

The hthreads computational model is a set of cooperat-
ing layers of abstraction which form a bridge from high level
programming languages to low level reconfigurable devices.
The first of these layers is the operating system layer which
provides run-time support to a diverse set of computations.
The intermediate form layer is built on top of this and pro-
vides a common format for describing computations which
run on reconfigurable devices. The last layer is the high level
language support layer which builds upon the intermediate

form to support languages which are easy to use and familiar
to most programmers.

2. OPERATING SYSTEM

The first layer in hthreads is the operating system layer. This
layer provides run-time support to a diverse collection of
computational models which run on reconfigurable devices.
This capability is achieved by defining a standard interface
to which computations must conform in order to participate
in the system. We have chosen to use the thread interface.

The thread interface is a standard interface which sup-
ports monitoring and controlling the execution of compu-
tations in a system. This is done by requiring that critical
tasks be performed by the operating system on behalf of a
computation’s request. Using the information from the re-
quest, the operating system can then make global decisions
about how to correctly control the execution of a system. In
addition, computations are required to carry out any com-
mands that the operating system might issue in response to
a request. For example, suppose a computation in hthreads
needs to access some shared memory. To do this the compu-
tation must first request a semaphore lock from the operating
system. If the semaphore is already locked then the operat-
ing system will inform the requesting computation that it
must halt its execution. In this case the requesting compu-
tation is required to halt its own execution. It is important
to note that the operating system does not halt the compu-
tation but instead tells the computation to halt itself. This
allows hthreads to service requests from computations with-
out needing to know the underlying computational model
used by the computation.

2.1. Design

The thread interface used by hthreads is based around three
major tasks: management, scheduling, and synchronization.
Each of these tasks is designed around a simple request pro-
tocol. The protocol involves three steps. First, a computa-
tion will send a request to the operating system. Second, the
operating system will service the request and return status



information back. Third, the requester will process the re-
turned information and must perform any commands issued
by the operating system.

The first step is performed by issuing a request in the
form of a standard memory read to an address in the op-
erating system’s address range. Any information about the
request is encoded into the address being accessed. A more
detailed description of the request protocol is given in [1].
The second step is then performed by a state machine which
is part of the operating system. This state machine will cal-
culate the correct response to the request and return that
response as the value of the memory location which was
read. The requester will then take the value returned from
the memory read and interpret it according to the semantics
of the requested operation. It is up to each individual thread
to interpret the returned value and take the appropriate ac-
tion.

2.2. Implementation

To implement the three major tasks of the hthreads operat-
ing system (management, scheduling, and synchronization)
we have developed three hardware based state machines us-
ing VHDL. Because each of these state machines are sepa-
rate hardware components each can execute in true parallel
with the others and with the application itself. This provides
coarse-grained parallelism which is needed for high perfor-
mance.

The implementation of all of the hardware based service
providing state machines in the operating system is based
around providing a set of memory mapped virtual registers.
These registers serve as a mechanism by which information
is passed to a state machine through an address during a
memory read operation. We say these registers are virtual
because they have no physical representation in hardware.
The use of virtual registers has allowed the hthreads operat-
ing system to remain simple and efficient while supporting
many different computational models.

The first state machine that we developed using the vir-
tual register design was the thread management component
of the operating system. This component maintains global
resources, such as thread identifiers and state information, in
the operating system. The thread management component
works in cooperation with the thread scheduling component
to provide most of the functionality in the operating system.
The scheduling component performs all of the scheduling
computations for the operating system. This includes man-
aging a ready-to-run queue and maintaining scheduling state
information for all computations running in the system. The
last component developed was the synchronization compo-
nent which manages all of the synchronization primitives in
the operating system. This includes tracking semaphore sta-
tus information and maintaining waiting queues. One inter-
esting feature of the synchronization primitives in our oper-

ating system is that they are based on the virtual register de-
sign. This is an interesting departure from more traditional
designs which are based on carefully crafted sequences of
instructions inside of a particular instruction set architecture.
These designs require caches and complex coherency pro-
tocols to maintain efficiency. Our design frees itself from
a fixed instruction set and performs efficiently without the
need for caches or complex coherency protocols. More de-
tailed information about the implementation of the hthreads
operating system along with its performance characteristic
can be found in [1, 2]

2.3. Hardware Thread Interface

To ease the use of operating system services in application
hardware we have developed a simple hardware API known
as the hardware thread interface (HWTI). The HWTI is de-
signed as a hardware resident finite state machine just like all
of the other state machines in the operating system. Unlike
the other state machines, however, the HWTI exists as part
of the application hardware on a per thread basis. The HWTI
hides the complexities of communicating correctly with the
service providing components in the hthreads operating sys-
tem. It is capable of correctly forming a service request for
any of the services provided by the operating system and can
correctly interpret return values from the requests.

The HWTI is designed as a finite state machine with two
interfaces. The first interface is the system interface which
maintains five memory-mapped registers. These registers
represent the context of a computation running in the sys-
tem. The identifier register is the first register and it is filled
in by the operating system when the computation is spawned
during execution. The next register is the status register and
it is a read-only register which contains information about
the computation’s state. Its primary purpose is for debug-
ging. The command register is the third register and is used
to inform the computation about some action that it must
take. Typically this register is used to wake the computa-
tion after it has been suspended. The fourth register, the
argument register, is used to pass an argument to the com-
putation when it is spawned. Typically this value will be a
pointer to some memory location which contains more in-
formation. The last register is the result register which is
used to pass a result value from the computation back to the
system. This information can then be given to another com-
putation if needed.

The second interface is the computation interface and it
is also composed of five registers. These registers abstract
away the complexities of interacting with the operating sys-
tem and are only available to the computation (they are not
memory mapped). The first register in the computation in-
terface is the status register which is used to inform the com-
putation about its own status from the operating system’s
perspective. This includes information such as whether the



computation should be executing, whether the computation
should reset itself, or whether the HWTI is performing a
service request on behalf of the computation. The next reg-
ister is the opcode register; it is used by the computation to
indicate what service the HWTI should perform. For exam-
ple, if the computation needs to lock a semaphore then it
would need to set the opcode register to LOCK. Argument
1 and argument 2 are the third and fourth registers in the
interface and they are used to provide additional informa-
tion to the HWTI. For example, the HWTI must know what
semaphore to lock before it can perform the operation. Thus,
the computation must load argument 1 with the number of
the semaphore to lock before loading the opcode register.
The last register, the result register, is used to return infor-
mation back to the computation after the operation has been
performed. For example, if the computation was locking a
semaphore then the result register might be updated to indi-
cate that the lock could not be obtained. A more thorough
description of the HWTI’s state machine can be found in
[3, 1].

3. INTERMEDIATE FORM

The second layer in the system is the intermediate form layer.
This layer provides a bridge between high level languages
and the hthreads operating system. This is accomplished
by divorcing the semantics of a computation from its imple-
mentation strategy. The main benefit of this is that many
high level languages can be supported along with many dif-
ferent implementation strategies without exponentially in-
creasing complexity. Creating such an intermediate form,
however, is a difficult task. Consequently, our initial version
of the hthread’s intermediate form is a more restricted ver-
sion. This version only aims to support the C programming
language along with an implementation strategy based on fi-
nite state machines. We refer to this restricted version of the
intermediate form as the hardware intermediate form (HIF).
The HIF is currently capable of transforming its intermedi-
ate form syntax into a state machine implementation by way
of VHDL.

The HIF is a conglomeration of a RISC-like instruc-
tion set with high level abstractions for control flow. The
RISC-like instruction set provides arithmetic and memory
operations to the intermediate form. These instructions are
standard 3-tuples. The major difference between the HIF
and standard RISC instruction sets is that the HIF does not
use a canonical register set. Instead the HIF makes use of
generic variables. The only restriction on these variables is
that they are always implemented as 32-bit values. The HIF
does not make any distinction between shared memory and
local memory because the HWTI is capable of resolving the
difference during execution. The high level control flow op-
erations supported by the HIF are goto statements, if state-

Source GIMPLE

HIF VHDL
optimizetranslator

gcc

HIF compiler

Fig. 1. Compilation Flow

ments, case statements, and function calls. The function call
model of the HIF supports both efficient tail recursion and
more expensive but more powerful generalized recursion.
The simplicity of the HIF is an artifact of the underlying
support provided by the HWTI. The HWTI abstracts much
of the complexity of the hthread operating system and frees
the HIF to focus on support for the computational model
provided.

The current implementation of the HIF compiler is still
under development. This version, however, is capable of
translating most of the intermediate form into VHDL state
machines. These state machines can then be synthesized
using standard tools and executed inside of reconfigurable
fabric.

4. HIGH LEVEL LANGUAGES

The last layer is support for high level languages. This layer
builds upon the intermediate form layer and completes the
bridge between typical programmers and reconfigurable de-
vices. This is done by transforming high level languages
into the intermediate form. This intermediate form is then
transformed into VHDL which is then synthesized using
standard tools. Ideally this layer would include many dif-
ferent high level languages. Supporting many high level
languages is an arduous task and for this reason we have
concentrated our initial development on only a single high
level language, the C programming language.

The design of our high level language translator is based
around C code which uses the hthreads libraries along with
GCC’s GIMPLE intermediate form [4]. It is important to
note that the hthreads libraries are not special additions to
the C programming language but are standard C libraries.
Figure 1 shows the overall compilation flow of hthreads.
Compilation starts with standard C source code. This is
translated into the GIMPLE intermediate form by GCC’s
frontend. Once in this form, GCC will apply many semantic-
preserving optimizations to the code. After this is complete,
our translator transforms the GIMPLE intermediate form
into the HIF. The HIF compiler is then capable of transform-
ing the HIF into VHDL for synthesis. One interesting fea-
ture of the compilation flow is that GIMPLE is a common in-
termediate form used by all GCC-supported language. Thus,
this compiler flow should be able to easily support any lan-



1 typedef struct { int x,y,a,r; } mac_t;
2 void* multi_acc( void *arg ) {
3 mac_t *mac = (mac_t*)arg;
4 mac->r = mac->x * mac->y + mac->a;
5 return arg; }

Fig. 2. Multiply Accumulate in C

guage which uses the GIMPLE intermediate form, though
we are focusing our efforts only on supporting the GIMPLE
features which the C frontend uses.

The initial implementation of the C to HIF translator is
currently being developed. The current version, however,
is capable of transforming many features from the C pro-
gramming language into HIF. Once in its HIF form, these
features can eventually become hardware by way of the HIF
compiler.

5. EXAMPLE

To demonstrate the hthreads compilation flow consider the
source code show in figure 2. This source code contains
only a single function, multi acc. The HIF translation of
this function is shown in figure 3. This HIF shown is output
from the current version of the HIF compiler. Note that the
simplicity of this example is intentional and that the hthreads
compiler is capable of handling code which is much more
complex.

A function of one argument named multi acc is de-
clared on the first line of the HIF. This corresponds to the
function definition on line 2 of the source code. Line 2 in
the HIF reads in the function’s argument and assigns it to
the variable hif arg. The third line then renames this ar-
gument to hif mac and corresponds to line 3 in the source
code. Lines 4 through 9 are a result of line 4 in the source
code. These lines read in two values from memory and mul-
tiply them. They then read in a third value from memory and
add this value to the multiplication. Line 9 in the HIF stores
the results to memory. The last line in the HIF returns the
result of the function and corresponds to line 5 in the source
code.

There are several features of the HIF translator which are
important. First, the HIF translator is capable of translating
C into HIF without any need of special syntax or language
augmentations. Second, the generated state machine runs in
true parallel with any other computations which are execut-
ing. This provides coarse-grained parallelism in the system
and frees the translator and compiler from needing to extract
the maximum level of instruction level parallelism from the
source code.

1 function multi_acc 1
2 readarg hif_arg 0
3 hif_mac <- hif_arg
4 read x hif_mac 0
5 read y hif_mac 4
6 tmp1 <- mul x y
7 read a hif_mac 8
8 tmp2 <- add tmp1 a
9 write hif_mac 12 tmp2
10 return hif_arg

Fig. 3. Multiply Accumulate in HIF

6. CONCLUSION

This paper has presented the goals, the design, and the im-
plementations of the unified computational model known as
hthreads. Hthreads has the lofty goals of raising the pro-
gramming capabilities of massively parallel reconfigurable
devices to be in alignment with the computational capabil-
ities of those devices. The paper has presented the three
layers of abstraction which are provided on top of standard
reconfigurable devices.

The development of all three of these layers is ongoing
but initial versions of each layer have already been com-
pleted. Once fully completed, this system will be capable
of bringing high level programming support to the reconfig-
urable systems domain.
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