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ABSTRACT

‘We have developed operating system interfaces for CPU/FPGA hy-
brid systems running standard applications. This hybrid model has
not enjoyed widespread success, partly due to the lack of software
support on the processor. This paper presents a fully functional
system with the GNU/Linux operating system running on a Pow-
erPC processor embedded in a commercial FPGA. Further, this sys-
tem is used to prototype a hybrid processor/accelerator execution
model, implementing the accelerators in the FPGA fabric. This
model of computation combines the flexibility of general purpose
processors with the performance and energy efficiency of tailored
accelerator hardware. The system supports two alternative models
for integrating hardware accelerators with the application running
on the embedded processor. The direct access model provides sim-
ple, low operating system overhead communication between the
CPU and the accelerators, whereas the indirect access model in-
creases reliability and protection at the cost of additional run-time
operating system overhead. Three standard desktop applications
are ported to the system. All showed positive speedup when exe-
cuting with the accelerators. Detailed real hardware measurements
demonstrate the considerations that must be taken into account in
order to achieve speedup when porting applications into our sys-
tem.

Categories and Subject Descriptors: C.1.3 [Computer Systems
Organization]: Processor Architectures—Heterogeneous (hybrid)
systems; C.5.m [Computer Systems Organization]: Computer Sys-
tem Implementation—Miscellaneous

General Terms. Design, Experimentation, Performance

Keywords: FPGA, Interconnects, Operating System Interfaces

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.

Copyright 200X ACM X-XXXXX-XX-X/XX/XX ...$5.00.

1. INTRODUCTION

Trends in hardware suggest that transistor density will continue to
increase, but better usage of the available transistors and better per-
formance per watt is needed. General purpose processors provide
good performance across a large variety of programs, but are of-
ten too power hungry or too slow for many embedded applica-
tions. Specialized circuitry can provide the desired performance
and power efficiency for computation kernels, but is not suitable
for supporting a dynamic mix of common applications. A possible
hybrid model is to supplement a general purpose processor with
accelerators. In such a model, the processor executes sophisticated
applications as well as operating system services while off-loading
compute intensive parts of the application to accelerators for en-
hanced performance and/or power efficiency. FPGA devices that
incorporate general-purpose processor cores, such as the Xilinx
Virtex-II Pro series [19], provide a promising medium for imple-
menting this hybrid model.

However, the work to construct and deploy accelerators in these
hybrid FPGA devices for sophisticated applications that execute
under standard operating systems has been slow to come. The need
has become even more urgent as many video, audio, image and
game applications that require standard operating system services
such as file systems and networking, are now being ported from
desktop Windows and Linux environments to cell phones and mo-
bile media devices. It is extremely desirable that future embed-
ded systems can run these applications while still achieving perfor-
mance and power efficiency goals without significant changes to
the source code.

We present two interface designs in this paper. The first design
provides a direct form of access to the application on the general
purpose processor while the second enables better virtualization
and protection by further leveraging the operating system. Fur-
thermore, we have developed a switchable interconnection network
that simplifies the interactions between reconfigurable accelerators
and the operating system and serves as a vehicle for future devel-
opment. We explore our two interface designs using three appli-
cation examples: H.263 video encoding, MP3 audio processing
and JPEG image compression. We obtained our applications from
open source Linux software repositories. All of these applications
depend upon Linux operating system support, such as file system
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and audio and graphics device drivers. If such support is absent,
a substantial amount of application and system modifications are
necessary just to get the application to function.

This paper is organized as follows: Section 2 describes in detail
our system setup; Section 3 explores a direct method for accessing
accelerators; Section 4 examines a second interface method and
a switchable interconnect framework incorporated into this model;
Section 5 covers related work; Section 6 describes future work; and
Section 7 concludes the paper.

2. THESYSTEM
2.1 Application Design Models

Four different application development models are considered in
the context of the prototype platform: two models familiar to the
reconfigurable computing community and two that we propose for
moving toward the integration of reconfigurable computing with
general purpose applications. Figure 1 shows the abstraction layers
for each of the defined models.

The way of approaching software design on contemporary gen-
eral purpose computing platforms is shown in Figure 1(a). In such
a model, the entire application runs on a general purpose processor
without acceleration but with operating system support. Figure 1(b)
shows one method for developing applications that more fully uti-
lizes the resources of an FPGA with an embedded processor. This
hybrid CPU with accelerator model does not allow for standard user
and commercial applications to run on the processor. Furthermore,
the embedded CPU is frequently relegated to merely data transfer
and minimal control tasks, which under-utilizes the power of the
general purpose processor.

We explore two alternative methods to fully exploit the capabil-
ities of a hybrid CPU and FPGA system. The first method we call
direct access and is illustrated in Figure 1(c). Part of the application
has been synthesized as accelerators in the reconfigurable fabric.
The accelerators are mapped directly to the application, indicated
by the tunnel between the part of the application on the CPU and
the part on the FPGA. This achieves the low overhead of the model
shown in Figure 1(b) while keeping the application in the context
of a widely available, conventional operating system. Figure 1(d)
illustrates further encapsulation of the reconfigurable resources in
our indirect access model. In this model, parts of the application
are isolated and mapped through well-defined interfaces into the
reconfigurable substrate as accelerators that can be accessed in a
fashion similar to library calls. The operating system abstracts and
protects the accelerator resources by providing indirect access via
stubs extending from the different parts of the application into the

First Access Pipelined
Bus Read Write Read Write Arbitration

PLB 21 20 3 3 15
OCM 4 3 2 2 -
DCR 3 3 3 3 -
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operating system. Although the direct access method provides less
virtualization support than the indirect access method, we were able
to perform low level timing optimizations under that method, as is
discussed in Section 3.4.1.

The direct and indirect models enable the application to make
use of all of the services the operating system offers and to take
advantage of the wide array of development, hardware, and soft-
ware library support available under Linux. This work explores the
direct method in Section 3 and the indirect method in Section 4.

2.2 Hardware

We use the Xilinx University Program (XUP) development board
that uses the VP30 Virtex—II Pro [19] FPGA. As shown in Figure 2,
two PowerPC405 CPUs are embedded in the FPGA fabric with
30,816 logic cells. Only one of the processors, running at 300 MHz,
is used for this work. There are 136 hardwired 2 KByte blocks of
dual-ported memory embedded in the reconfigurable fabric. They
are referred to as Block RAM (BRAM). The BRAMs are separate
from the main memory and are capable of running at processor
clock speeds. The platform supports the 64-bit Processor Local
Bus (PLB) at 100 MHz, the 32-bit Data Side On-Chip Memory
bus (OCM), the On-chip Peripheral Bus (OPB), and 32-bit Device
Control Registers (DCR). Not all of the buses are instantiated for
all of the test applications. It is important to note that all buses and
peripherals are implemented in the FPGA fabric.

Trade-offs abound within the context of the XUP infrastructure
(See Table 1). The OCM enables deterministic, low latency access
to small amounts of memory realized as BRAMs and is accessed
by the processor using 32-bit loads and stores. The OCM requires
four cycles for the first load, three cycles for the first store and can
complete a load or store every two cycles after the first. Further-
more, the OCM requires that physical and virtual addresses match,
placing an additional constraint on the bus. The PLB can access
a 32-bit address space allowing for large memories. Furthermore,
the PLB provides high throughput transfers. The PLB can make use
of direct memory access (DMA) with the processor, system mem-
ory and accelerator local buffers. The DCRs are a separate 1/0
facility providing 1024 possible registers synthesized in the FPGA.



The registers are accessed using privileged instructions and take
three processor cycles to complete. Their accesses are not routed
through the memory management unit (MMU) of the PPC405, re-
moving contention issues with other buses. See [12] for an in-depth
study of the trade-offs inherent in these buses. The OPB connects
peripherals to the system. The OPB is inferior to the PLB in every
respect and was not used to interface accelerators.

2.3 Software

The hardware platform runs the GNU/Linux operating system run-
ning on one of the PowerPC405 processors. It is based on the offi-
cial PowerPC port of the Linux 2.4 kernel.

All timing measurements are made using the 64-bit time base
facility of the PowerPC [18] to give cycle accurate measurements.
Each call to the time base is encapsulated by Sync instructions
to ensure that all pending—and possibly costly—bus transactions
have completed prior to taking a time measurement. Inserting syn-
chronization instructions also makes certain that no unrelated in-
structions are allowed to contribute to the measurement. Our mea-
surements show that accessing the time base and synchronization
adds fewer than ten processor cycles (34 ns) to our measurements.

3. DIRECT ACCESSMODEL

I n this model of applications running on a conventional operat-
ing system accessing reconfigurable accelerators, the accelerator
resources are made directly accessible to the applications. The ac-
celerators are accessed with standard load and store instructions. In
the direct access model, the operating system sets up and removes
the necessary mappings, but is otherwise transparent to the applica-
tion. The direct access model is based on memory mapping facil-
ities provided by the Linux kernel and are accessible via standard
libraries.

3.1 Operating System Interface

The operating system interface in the direct access model consists
of a single open()  system call to access the system’s physical ad-
dress space followed by an nmap()  system call to map the accel-
erator’s address space into the virtual address space accessible by
the application, as illustrated in Figure 1(c). The mapping enables
proper virtual-to-physical address translation to access BRAMs,
memory-mapped registers or internal memory of the accelerators
attached to either the OCM or PLB.

The memory mapping approach allows the application to interact
directly with the accelerator using standard load and store instruc-
tions to virtual addresses, reducing software complexity. It also
reduces the overhead of setting up and accessing the accelerator on
a per-call basis.

The region mapped into the application can be accessed by mul-
tiple applications if the nm@p()  call is made and the region is not
subsequently locked. However, preemption by the operating sys-
tem places the burden of synchronization on the application. When
the mapping is made exclusive by locking, only one application can
access the accelerator at a time. If the accelerator is locked, each
application holds the accelerator until it releases access to it with
the unn@p()  system call or the application exits. If any other ap-
plication attempts to map the accelerator while another application
has it mapped, the operating system will cause the rmap() call to
fail. Disallowing sharing in this model renders critical sections un-
necessary and avoids unnecessary overhead if there is a one-to-one
mapping between applications and accelerators.

Memory mapping from an application running on top of a fully-
fledged operating system enables consistent interfaces with low
overhead to be developed. Application developers can encapsulate
a portion of their application as a function and map it to a reconfig-
urable accelerator. A simple software stub will then be generated
to encapsulate the access to the accelerator. The developer replaces
the function call in the software application with a call to the stub
instead. We present two examples of such access semantics in Sec-
tion 3.3 and Section 3.4.

3.2 LessonsLearned

The data communication overhead between the CPU and the ac-
celerator is critical to performance when using fine-grained accel-
erators, ones that require frequent communication with the rest of
the application. Polling or an interrupt synchronization mechanism
is needed for accelerators with larger granularity, ones that operate
on bigger segments of data. Polling using the PLB will lead to a
bigger overhead, since each read to the PLB costs up to 21 CPU
cycles when there is no contention on the bus and far more should
arbitration be necessary. The impact of arbitration can easily erase
any gains of fine—grained accelerators in our prototype as each ar-
bitration costs fifteen cycles.

The cost of data transfer and synchronization reads would in-
crease on a system where data is streamed from one accelerator to
another using the main system bus. In such an environment, syn-
chronization reads coming from the processor and data transfers
from one accelerator to the other would be in contention for the
bus. As a result, half of the accesses would incur added latency and
could in effect slow down the computation, further underscoring
the importance of prudent accelerator-to-interface mapping.

From a practical point of view, developing hardware accelera-
tors requires understanding a set of bus protocols. Our experience
shows that much of the development time is devoted to dealing with
the interface between the accelerator and the bus. Accelerator de-
velopment is protracted by the use of multiple buses, optimizing
for acceptable performance, and the need to move between differ-
ing platforms. If a restricted view of the system—optimized for
accelerator interactions—is presented to the accelerator designer,
development effort can be reduced greatly.

3.3 Example: Video Encoder

H.263 video encoding [8] achieves high compression ratios by tak-
ing advantage of both spatial and temporal redundancy in the sig-
nal. Spatial compression is achieved through discrete cosine trans-
form (DCT) and quantization, similar to JPEG encoding. Temporal
compression is achieved through motion estimation (ME). The cur-
rent frame of the video is divided into macroblocks, each of which
is a 16 by 16 pixel block. The macroblocks are then compared
against the previous frame to find as close a match as possible by
calculating the sum of the absolute differences (SAD). The differ-
ences between the sample with the smallest SAD in the search area
and the current macroblock is encoded as a motion vector (MV).
Since only the changes from frame to frame are encoded, the en-
coded file size is greatly reduced.

3.3.1 Design

Full-search ME makes up 73% of the total execution time in a soft-
ware implementation of H.263. Consequently, cheaper search algo-
rithms such as diamond-search are normally employed in software.
There are various ME algorithms allowed under the H.263 stan-
dard. The primary difference between each algorithm is the number
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Figure 3. H263 Video Encoder Data Flow

of comparisons against the previous frame performed. Full-search
ME is very expensive in software due to the large number of mem-
ory accesses, branches and subtractions required for computing and
comparing the SAD values. Diamond search is a heuristic that re-
duces the computational cost of motion estimation by examining
only a small subset of the macroblocks in the previous frame. How-
ever, this results in inferior encoding quality as the search could be
trapped in a local minimum. Our experiments demonstrate a typi-
cal increase of 20% in file size for diamond search over full-search
ME.

A version of full-search ME is implemented as a hardware ac-
celerator to demonstrate the potential for coarse-grained accelera-
tion. Every macroblock in the current frame is compared against
a search area, a 31 by 31 pixel area, in the previous frame. The
center of the search area is aligned with the center of the current
macroblock. The current macroblock is compared against all pos-
sible combinations within the search area, shifting pixel by pixel
to search for the best match. This results in 256 comparisons, or
SAD computations, per current macroblock/search area pair. Since
the SAD computations can be performed in parallel, the accelerator
was made with 256 SAD units to realize full parallelization. The
software-only version performs all 256 computations sequentially.

The original Mot i onEsti nat i on() function is replaced with
a new function to perform data marshaling, data transfers, and set-
ting the ready bit on the accelerator to initiate computation—all of
the core computations of ME are now performed on the hardware
accelerator. The software polls a pre-defined address and waits un-
til the accelerator is finished. A single 2 KByte block of BRAM
configured to be 32 bits wide with 512 entries is instantiated to act
as the memory interface between the CPU and accelerator. Archi-
tecturally, the BRAM attached to the OCM is mapped into a range
within the physical address space of the processor at synthesis. The
application then uses the method described in Section 3.1 to obtain
direct access to the accelerator memory.

3.3.2 DataFlow

Figure 3 shows the data flow for the H.263 video encoder when
using the hardware accelerator:

1. The application on the CPU reads the data needed by the
accelerator from main memory. This consists of the mac-
roblock from the current frame (256 bytes) and the search
area from the previous frame (961 bytes).

2. The application on the CPU writes the data for the acceler-
ator into the BRAM that has been memory mapped into the
application’s virtual address space. The application tells the
accelerator to begin.
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Overhead
Accelerator Action cycles  puseconds
open System Call 34,000 113.3
mmap System Call 24,000 80.0
Data Marshaling+Write 90,600 302
Initiation 180 0.600
Accelerator Computation 5,400 18
Read From Accelerator 300 1
Total time per call
Full Search (HW) 96,480 322
Diamond Search (SW) 174,911 583
Full Search (SW) 639,925 2,133

Table 2. Mti onEsti nati on() Transaction Times
3. The accelerator reads and writes to the BRAM while per-
forming its computations.

4. The accelerator signals to the application on the CPU that it
is finished with its computations. The data is read from the
BRAM and put back into main memory.

3.3.3 Reaults

We use the time base facility for all measurements, as detailed in
Section 2.3. Table 2 shows the breakdown of the time spent using
the ME accelerator and how much time ME takes in software. The
accelerator implementation of full-search ME speeds up execution
by 6.6x. It is even 1.8x faster than diamond search in software.
open() and nmap() are called once at the beginning of the ap-
plication, thus they are overheads that are easily amortized. A lot
of time is spent marshaling and transferring the data from the CPU
to the accelerator due to the large amount of data involved. This
cost is incurred on every invocation of the accelerator. Figure 4
shows the breakdown in terms of percentages. 93.73% of the time
is spent marshaling and transferring the data from main memory to
BRAM on the accelerator, 6.06% is spent waiting for the accelera-
tor to complete computation, and 0.21% is spent reading the motion
vector and SAD values back to the CPU. However, the ratio of data
transferred to and computation performed on the accelerator can be
improved. One possibility is to leverage the overlap of the search
areas for different macroblocks. Currently the entire search area is
sent anew with each macroblock.



3.4 Example: Audio Processing

Madplay [14] is an MP3 player application available on the Linux
platform. It decodes an input file and sends the output to the audio
hardware, which expects audio samples of 16 or 24 bits. However,
the representation of audio samples frequently grows beyond these
bit widths while undergoing processing. Consequently, the samples
need to be truncated. Unfortunately, truncation introduces error
into the signal. Dithering before truncation reduces the error by
adding random noise to each sample.

34.1 Design

The main portion of madplay consists of two nested loops. The
outer loop reads a block of data from disk and decodes it to produce
1192 samples per channel. There are two channels, left and right.
The inner loop processes all of the samples, from both channels, by
performing dithering and then truncation.

Dithering takes one input sample and produces an output sam-
ple while maintaining previous samples necessary for computation.
Dithering can perform better on hardware than software due to the
inherent parallelism of its algorithm, where several intermediate
data can be produced in parallel. The dithering accelerator consists
of two dithering blocks that operate at 25 MHz, each with a 32-bit
input register and a 16-bit output register. The two dithering blocks
represent the left and right channels in audio. The accelerator inter-
faces with the processor by means of three memory-mapped regis-
ters. The registers consist of two 32-bit input registers and a single
32-bit output register that merges the output from the two internal
dithering blocks. The CPU writes to the input registers one at a
time and then performs a single read to retrieve the output.

Madplay maps the dithering accelerator into its virtual address
space by using the method described in Section 3.1. Each call to
the software dithering has been replaced with two standard stores
to the input registers and a single read from the output register.

Even though we leveraged the interface support in mapping the
dithering accelerator into the virtual address of the application, we
were also able to take advantage of certain timing characteristics in
the hardware. By taking into account the intricacies of communi-
cating over the PLB bus, we were able to completely overlap the
communication between the CPU and the accelerator with the exe-
cution of the accelerator itself, provided the execution time is short
enough. This also allowed us to avoid introducing synchroniza-
tions. Our experiments using the time base show that in the best
case scenario, i.e., no arbitration, reads and writes to the accelera-
tor take 21 and 20 CPU cycles, respectively. However, these are the
delays as seen by the CPU. The accelerator actually sees the write
sooner because there is an acknowledgment from the PLB bus back
to the CPU. The accelerator also sees the read some cycles after it
is issued by the CPU before the result is taken back. Therefore,
there is at least an 18 cycle window between when the accelerator
receives the write and the read request even if the two instructions
are issued back-to-back. Since the dithering accelerator takes 12
CPU cycles to complete, its execution time is always completely
masked by the communication time, even if arbitration lengthens
the communication time. As long as the dithering accelerator is not
shared, its design ensures that the output remains valid until read
by the CPU.

3.4.2 DataFlow

The call to the software dithering routine has been substituted by
two stores to the accelerator input registers and one read from the
output register. This value is then written into the application output
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Figure 5. Dithering Data Flow

buffer by the processor. Figure 5 shows the data flow for madplay
when the hardware accelerator is used:

1. One sample per channel is read from the main memory by
the processor.

2. The application writes both samples into the accelerator and
gets the result back.

3. The processor does some post-processing and stores the re-
sult into the main memory.

3.4.3 Results

On the reference platform, the software dithering takes 50 CPU cy-
cles per channel, whereas the hardware implementation takes 12
CPU cycles, resulting in an achieved speed-up of about 4.1x for
dithering execution. However, there is a lot of data movement in-
volved in using the accelerator, as indicated by steps (1) through (3)
in Section 3.4.2. If the data movement is taking into consideration,
the achieved speed-up becomes 1.42x for dithering.

The number of CPU cycles spent on each of the previously de-
scribed stages has been measured using the time base register of the
PowerPC as described in Section 2.3. Figure 4 shows these results
as a percentage of the total time for a single call to the dithering
accelerator. The computation time in the accelerator does not ap-
pear in the figure since it happens in parallel with the data transfer.
Each input is processed while the acknowledgment for the store is
sent back to the processor. The communication time from the CPU
to the accelerator takes 82% of the total time, whereas getting the
input from the accelerator is 18%.

4. INDIRECT ACCESSMODEL

We have implemented a method for interfacing reconfigurable ac-
celerators with embedded processors in a consistent and easily de-
buggable fashion using the indirect access model as depicted in
Figure 1(d). Currently, every time an accelerator is implemented
on a new platform, the system designer must learn the intricacies of
a bus. Moreover, the designer must be concerned with application
integration and debugging in a heterogeneous system. Doing so re-
quires both extensive software development and hardware design
skills. Accelerator integration is further exacerbated by unavail-
able, or inaccurate models of the system. Accelerators interacting
with the operating system and user applications raises the complex-
ity that must be navigated by the system designer. In an effort to
reduce the burden on application developers and accelerator de-
signers we have implemented a switchable interconnect interfaced
with user applications using the indirect access model developed.
Figure 6 depicts a high-level view of our system. We give JPEG
compression running on our FPGA-based platform as an example.
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4.1 Operating System Interface

Accessing the hardware directly enables the development of an ef-
ficient access model without the recurring overhead incurred by
adding an abstraction layer. However, there are many caveats to
such a design. Direct mapping of device resources into an applica-
tion can limit concurrency. In such a model only a single applica-
tion can access the device, blocking access to it for an indeterminate
amount of time. Moreover, the nature of direct mapping does not
provide a mechanism to protect user applications from each other
nor the system from the applications. The indirect access model
forces each call to the accelerator to go through the operating sys-
tem providing a layer of protection. Furthermore, such an access
model allows for more fine-grained resource management.

The accelerators are interfaced with the application through a
Linux character device driver. A device driver interface is neces-
sary for DMA and access to protected resources such as the DCRs
on our platform. The application obtains access and resets the
accelerator by first issuing an open()  system call. The call to
the hardware accelerated function in the software—only version is
replaced by an ioctl () system call. When the application no
longer requires the accelerator, the application calls the driver im-
plementation of cl ose() to free the accelerator. Concurrent ac-
cess to the device is controlled at the granularity of an i octl ()
call, i.e., multiple applications can have the accelerator open con-
currently and will block when attempting to access the busy accel-
erator.

When the application makes an i octl () call, it includes a user
space pointer to an array of independent, related data values that are
processed by the accelerator, or blocks, and the number of blocks
in the array. The device driver then processes the blocks, executing

them on the accelerator. The call returns control to the calling appli-
cation upon completion of the last block. Processing blocks inside
the system call begins by copying the data of a single block from
the user array into a statically allocated DM A—capable buffer inside
the driver. The buffer is then explicitly flushed from the cache to
ensure coherence with the system memory via the PLB. DMA con-
trol registers are set up for the transfer and the data movement is
completed. Once all of the data is moved from the buffer in system
memory via the DMA controller into the local input buffer of the
accelerator, the driver starts the execution of the accelerator. DCRs
are used by the accelerators to communicate control and status in-
formation. The driver polls on a DCR, waiting for the accelerator to
complete. When the accelerator is finished, the data is placed into
an output buffer and the driver is allowed to proceed. The driver
invalidates entries in the cache to ensure coherence before setting
up a DMA transfer from the accelerator input buffer to the system
memory. The result data is then copied from the DMA buffer to the
user space buffer that originally contained the block. The accelera-
tor continues to process blocks of data in this manner and when all
have completed, the system call returns to the application.

4.2 Accelerator Interconnect Framework

To provide interfaces for accelerator developers, we present a switch-
able accelerator interconnect network, a framework providing the
components necessary for mapping the data flow of accelerators
into a simple interface. When combining our framework with the
indirect method of accelerator access, our switchable interconnect
network provides interface consistency and simplifies development.
In contrast, by directly mapping hardware resources, every new
application must develop a hardware interface, breaking compat-
ibility and exacerbating the already difficult task of debugging in
a heterogeneous environment. Moreover, redeveloping the inter-
connections in the reconfigurable logic for each accelerator fails to
take advantage of the commonality. Parts of the design that do not
change between accelerators (e.g., the switchable interconnect pre-
sented here) can be implemented in faster, denser embedded logic
in the FPGA as multipliers and BRAMs are today.

The development platform as described in Section 2.2 allows for
a wide range of choices regarding how accelerators are interfaced
with the system. Due to the medium—sized data transfer bursts pos-
sible with our examples the PLB is chosen as the system interface
for the accelerators as shown in Figure 7. By placing the accelera-
tors on the PLB, burst-oriented DMA transfers are enabled between
system memory and the accelerators’ input and output buffers as
depicted in Figure 6. In future systems, the abstraction provided
by the framework will allow designers to explore different buses
without constantly rebuilding their accelerators. Control signals are
exchanged with the accelerator framework using Device Control
Registers which are independent of the PLB bus. Choosing DCRs
avoids contention for the bus between the processor and the ac-
celerator control registers as would be the case if memory-mapped
registers were used.

The accelerator input and output buffers are instantiated as two
fixed—logic BRAMsS constituting independent banks for input and
output. Data movement of blocks between system memory and
accelerator input and output buffers is handled via DMA transfers.
Providing larger internal buffers, added accelerator control, and ex-
posing more parallelism in the application would allow for multiple
blocks to be sent per transfer, amortizing the startup cost (Table 3
lines 1, 2, and 5) of a DMA transaction across more execution on
the accelerator framework.

All components of the accelerator interconnect framework have
been implemented as library components available to accelerator



Overhead

Action cycles  puseconds
System Call Overhead 1,853 6.18
DMA Setup 549 1.83
DMA Transfers 448 1.49
Accelerator Execution 987 3.29
Cache Coherence 348 1.16
Data Copies 1060 3.53
Total Time 5,244 17.5

Table 3. JPEG System Call Breakdown for a Single Macroblock

design. Each accelerator is connected to the switchable network
via a set of well-defined interfaces for moving data into and out of
the individual accelerators. The goal is to provide a reduced com-
plexity interface that removes the burden of bus interfacing, DMA
transfers, and flow control between multiple accelerators working
in concert. Furthermore, providing a constrained view of the sys-
tem enables future technologies (i.e., compilers) to more easily map
portions of a software application into reconfigurable accelerators
running on the switchable interconnect network.

We define a reconfigurable frame as the predefined area of recon-
figurable fabric that can be configured as a single accelerator entity.
Each frame consists of a set of input and output signals that include:
a data bus in each direction, an address bus identifying the current
value entering or exiting the accelerator, handshaking to convey to
the subsequent accelerator that data is available, and back-pressure
assertion when the current accelerator must stall. The use of hand-
shaking, an asynchronous interface, allows for different stages to
take variable amounts of time and allows for the removal of cen-
tralized control logic from the accelerator framework. All data in
the network flows in one direction from input to output. Besides
providing a consistent interface so that accelerators can be plugged
into and out of the switchable network easily, the onerous task of
debugging is simplified. The accelerator developer need only be
cognizant of the reduced complexity interface to the switchable net-
work and not with the timing of memory movement and application
interfacing.

A long term goal of this project is to enable dynamic reconfigu-
ration of accelerators to match the changing needs of the applica-
tions running on the system. An opportunity to adapt the hardware
accelerators on-the-fly is partial runtime reconfiguration [4]. How-
ever, partial runtime reconfiguration is a slow process compared to
accelerator execution and operating system context switch times.
Having a switchable network allows for fast switching between res-
ident accelerators. An example is one user encoding a JPEG image
while another is compressing an audio file. As the system shares
the processor resources between the two applications, it may also
be advantageous to share reconfigurable resources. By having both
accelerators for JPEG and for dithering resident in the switchable
interconnect framework, the operating system can time multiplex
the accelerator resources with the granularity of a few cycles. If
runtime reconfiguration were used as the only means of sharing
the reconfigurable resources, many microseconds would be wasted
during accelerator swapping. A further benefit of a switchable net-
work for interconnecting reconfigurable frames is the electrical iso-
lation needed to enable runtime reconfiguration.

4.3 Example: JPEG Encoder

JPEG image compression has been accelerated by instrumenting
discrete cosine transform (DCT) and quantization in the FPGA
fabric using the indirect mapping operating system interface and

the switchable interconnect framework. JPEG image compression
provides numerous opportunities for acceleration in FPGA-based
logic due to its inherent medium-grained and coarse-grained par-
allelism. The conversion of an uncompressed image to a JPEG
compressed image is performed on 8x8 pixel blocks called mac-
roblocks. The original image is partitioned into macroblocks that
can be processed in parallel. Each macroblock is converted from
RGB color to YUV color, representing luminance and two chromi-
nance channels. A 2—-dimensional DCT is then performed on each
of the macroblocks for each of the channels. Quantization is then
applied to the transformed macroblock. All the macroblocks are
then sequentially compressed in two steps: run-length encoding
(RLE) and Huffman coding yielding the final, compressed image.
As motivating examples, we have chosen DCT and quantization as
components of JPEG to accelerate using the platform described in
Section 2.2.

4.3.1 Design

We have chosen to accelerate the Independent JPEG Group’s lib-
jpeg implementation of a JPEG compression utility—cjpeg [7]. In
the context of cjpeg, DCT and quantization serve as examples of
medium-grained to coarse-grained accelerators. The minimum block
size of a transaction with either accelerator is the 64 elements con-
stituting a single macroblock. Each element is composed of two
bytes resulting in a minimum transfer to or from the accelerator
of 128 bytes of data. An additional motive for choosing DCT
and quantization to implement as accelerators is their data flow
relationship—each macroblock must first be transformed and then
quantized. In cjpeg on a 1.4 megabyte test image using integer-only
arithmetic and default quality setting, 27 percent of the processing
time was found to be spent in quantization and DCT. If both DCT
and quantize are implemented in hardware and connected, the re-
sults of DCT can be pipelined directly into the quantizer. Connect-
ing two accelerators end-to-end saves a costly bus transfer further
increasing performance.

To illustrate the switchable interconnect network, an example
of JPEG using separate DCT and quantizer accelerators is imple-
mented and integrated with the framework as shown in Figure 6.
A macroblock is computed within the JPEG encoder software and
is available in a 64-entry array of 16-bit values. The application
delivers this block to the accelerator through the operating system
interface as a pointer to the user level buffer. The call to the ker-
nel replaces the original DCT function call. A system call is then
made, moving the data from the system memory to the accelera-
tor input buffer via a DMA transaction. The only changes made to
the original software version of cjpeg are that the loop performing
quantization is removed and the call to a software DCT routine is
replaced by anioctl () system call to our driver interface.

4.3.2 DataFlow

The data flow through the accelerators begins when the driver:

1. sets a control register with the configuration of the intercon-
nects for the given block,

2. copies the input user array into a system DMA buffer and in-
vokes DMA to transfer the input data to the accelerator input
buffer and

3. sets another register signaling that the accelerators a mac-
roblock is available in the input buffer.



A simple state machine that is internal to the active accelerator
starts the flow of data by communicating with the local storage (i.e.,
the input buffer) and obeying the interface protocol. The acceler-
ators were developed using the Xilinx DCT and divider cores that
are fully pipelined accepting one sample (of the 64 total) each cy-
cle. The accelerators run at the PLB clock frequency of 100 MHz
to avoid crossing clock domains and added place and route effort
but are capable of much higher speeds. The DCT and quantizer are
fully pipelined but have many cycles of latency between final input
and initial output. Handshaking occurs between the quantizer and
the DCT to synchronize the hand off of coefficients to be quantized
when new data is available from DCT. The quantizer writes the re-
sults in row-major order into the output buffer. When all 64 results
are complete, the accelerator toggles a bit in the control register that
the driver is polling. The driver then sets up the DMA transfer back
to system memory, completing the transaction with the accelerator.
The driver returns to the application. The application now has the
transformed and quantized data available in the same buffer passed
to the system. Application execution continues unaltered.

4.3.3 Results

In the original software version of cjpeg, DCT and quantization
take 8,310 processor cycles per macroblock. Table 3 shows the
time to complete DCT and quantization using the hardware accel-
erator. In hardware, DCT and quantization take 987 cycles, yield-
ing a speed-up of 8.42x. When the overheads of the indirect ac-
cess method and switchable interconnect framework (Figure 4) are
taken into account, the speed up is 1.58x for a single DCT/ quanti-
zation call.

When the indirect access method is used with the switchable in-
terconnect network, there is a fixed cost for making the system call
that limits potential speed-up. A lighter-weight system call could
be implemented to reduce the overhead from 35% of the call but
would still be of the same order of magnitude and thus limiting.
However, the remaining contributers to call overhead can be re-
duced in an effort to achieve better performance. Furthermore,
implementing multiple pipelines in hardware and exposing more
parallelism to the accelerator further mitigates the cost of the call
overhead.

The cost of setting up DMA transfers constitutes 10% of the call
time. The per block cost could be reduced by increasing the size
of the data blocks sent to the accelerator. In the case of JPEG this
would mean sending an array of macroblocks as opposed to pro-
cessing a single macroblock with each call. Further alterations to
cjpeg would be necessary to expose the parallelism required to send
a large number of macroblocks to the accelerator during each sys-
tem call.

Transferring a macroblock from the system memory to the input
buffer and back to the system memory from the output buffer of
the accelerator takes 9% of the call time. The data transfer time
can be overlapped with processor execution further increasing con-
currency, as DMA does not require CPU supervision once initi-
ated. The data copying needed to move data into DMA enabled re-
gions and to guaranty protection can be avoided by using user space
DMA buffers. The application data arrays that hold the accelera-
tor input can be marked uncachable. If the processor is not going
to make use of the input data again soon (or in the case of JPEG,
never again), marking the region uncachable will remove the 20%
of the overhead attributable to coherence and redistribute it in the
form of word transactions across the PLB instead of possibly more
efficient cache line flushes.

5. RELATED WORK

Previous hybrid platforms have tightly incorporated reconfigurable
logic with a microprocessor [2, 6, 15]. The tight integration comes
from augmenting the instruction set architecture (ISA) and microar-
chitecture of the processor to access the accelerators via special
purpose instructions inserted into the application. The model pre-
sented here takes a less tightly-coupled approach and does not seek
to alter existing ISAs. By adopting the DLL model and not alter-
ing the ISA, we retain the portability of the applications across the
general purpose processor family.

Data movement is the critical bottleneck of many accelerators
and we have incorporated the following ideas into our platform. In
[9], the authors investigate tight integration of accelerators while
emphasizing the need for fast, coherent memory interfaces. Recent
work using the same hardware platform has investigated various
bus interfaces available on the Virtex—II Pro using a single moti-
vating example [12]. In [12], hardware interfaces in the context
of free-standing applications and the trade-offs involved in attach-
ing hardware accelerators to the system buses are investigated. The
system does not have operating system support nor can it run stan-
dard applications.

A more radical approach to system integration and computability
is the streaming computation model [3]. By providing a consistent
interface, the developers no longer need to worry about being tied
to a particular platform. Larger degrees of abstraction are provided
to the hardware and software developers, expediting development
in a heterogeneous system. Operating system level interfaces and
integration into software applications such that they remain com-
patible is not a priority of the streaming computation work to date.

Studies integrating hardware accelerators into the operating sys-
tem and standard applications are less mature. Past efforts have in-
vestigated scheduling and resource sharing for reconfigurable plat-
forms by application [5]. However, the interfaces utilized by user
applications are not discussed. There are several proposals to ex-
tend thread abstraction to expose hardware accelerators to user ap-
plications [1, 11, 16, 17]. These systems impose an underlying
programming model where one or more software threads are im-
plemented into the logic (hardware thread). In order for the soft-
ware and the logic to communicate with each other, synchroniza-
tion mechanisms such as semaphores have to be implemented into
the reconfigurable logic [10]. The interface between the accelera-
tors and the operating system is a piece of logic commonly called
the hardware thread interface that is implemented by each accel-
erator. Supporting additional features, such as message passing,
into hardware threads adds more complexity to both hardware and
software threads [13]. These works may become necessary as we
explore interfacing accelerators into multi-threaded applications.

6. FUTURE WORK

This work represents the beginning of a two—pronged approach to
developing future heterogeneous reconfigurable platforms with ef-
forts focused on operating system interfaces and novel reconfig-
urable platforms. The first major thrust of future work is operat-
ing system interfaces advances for reconfigurable accelerators. Our
second line of future research is to develop models that reflect ad-
vances in system interfaces and computer microarchitectures for
use in our framework and in our interface models.

Protection boundaries must be maintained. Users need protec-
tion from each other and the system from malicious or faulty ac-
celerators. Operating system interfaces and the development of our
framework are key to investigating the protection model necessary



for integrating reconfigurable accelerators into contemporary sys-
tems.

We are developing operating system interfaces that allow for vir-
tualization of the reconfigurable resources by providing both hard-
ware and software implementations of the accelerator. Virtualiza-
tion allows the operating system, guided by system policies, to
share reconfigurable resources efficiently between processes while
providing a consistent interface to the user.

Going forward we must investigate the trade-offs possible when
integrating our accelerator framework with contemporary proces-
sors. Synthesized FPGA logic provides a rich prototyping platform,
but routing the signal necessary for a reconfigurable interconnect
network represents a challenge. We envision an accelerator net-
work, bus interfaces, and protection mechanisms built into the pro-
cessor/reconfigurable logic hybrid CPU. We connect a small num-
ber of accelerators, but for future systems where many accelerators
are available, a more rich set of interconnections will be needed.
To that end, appropriate topologies for future reconfigurable accel-
erator networks is a focus of our future research.

Finally, the new model of accessing reconfigurable hardware ac-
celerators through a library call interface requires a method for soft-
ware developer to target reconfigurable platforms. The ultimate
goal is to automatically identify sections of code suitable for accel-
eration at compile time either through profile data, code analysis,
or programmer notation.

7. CONCLUSION

In this work two operating system interface models are developed
for reconfigurable accelerators. We use these interfaces for appli-
cations running on the embedded PowerPC processor of a Virtex—
II Pro FPGA. The direct access model provides only the support
needed to expose the accelerator directly to the application. The
indirect access model further encapsulates the accelerators, pro-
viding greater operating system control at the expense of added
overhead. A reconfigurable interconnect network has also been
presented with the goals of easing development and debugging of
applications accelerated with reconfigurable hardware. The frame-
work provides a consistent interface, protection mechanisms, and
reduced debugging complexity for both applications developers and
hardware designers. We have provided three applications capable
of being run on conventional computing systems and instrumented
them within the context of our prototype platform.

As more die area becomes available to processor designers and
the performance limits of power hungry, out of order superscalar
microarchitectures are reached, parallelism must be exploited to
achieve future performance gains. Simply adding more cores to a
chip has been one venue explored in commercial designs, but such
a philosophy does not immediately yield increased performance.
Integrating hardware accelerators for heavily used sections of code
can provide speed-up without the added complexity, cost and in-
creased power budget of added cores. This work is an effort to
motivate and enable fine-grained reconfigurable hardware acceler-
ators to be integrated into a broader range of applications by utiliz-
ing a reconfigurable interconnect network and well-defined hard-
ware/software interfaces.

The OS interface implementation is available from the UIUC
GSRC Soft System Research web site at:
http://www.crhc.uiuc.edu/IMPACT/gsrc
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