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ABSTRACT
We present HybridOS, a set of operating system extensions for
supporting fine-grained reconfigurable accelerators integrated with
general-purpose computing platforms. HybridOS specifically tar-
gets the application integration, data movement and communica-
tion overheads for a CPU/accelerator model when running a com-
modity operating system. HybridOS provides a simple API for ap-
plications and a well-defined hardware interface for reconfigurable
accelerators. The goal is to reduce the difficulty in mapping appli-
cations into a CPU/accelerator model compared to an unrestrained
FPGA platform while achieving whole-application speedups.

HybridOS is integrated into a full Linux distribution running on
the embedded processor of an FPGA. Application-specific acceler-
ators are implemented in the reconfigurable fabric of the FPGA that
are allocated to user applications running on Linux. We have de-
veloped and evaluated four methods for accessing the data buffers
required by hardware-accelerated applications using our prototype.
The results of our work show the feasibility of our system for a
case study, JPEG encoding with two accelerators, and an evalua-
tion of HybridOS for varying data movement requirements that can
be used as a guide for future applications developers.

Categories and Subject Descriptors
D.4.7 [Software]: Operating Systems—Organization and Design

General Terms
Design
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1. INTRODUCTION
We present HybridOS, a set of CPU/accelerator operating system

(OS) extensions that address the need for high-performance com-
puting platforms which can better exploit reconfigurable accelera-
tors by providing consistent interfaces to applications developers.
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Furthermore, we develop and characterize data access methods, the
core of HybridOS, for an architecture model integrating reconfig-
urable accelerators into common applications. We separate the data
access mechanism from the calling mechanism to provide consis-
tency while also allowing for flexibility of implementation. Our
platform supports a commodity desktop- and server-class OS. Hy-
bridOS enables common software methodologies to be employed,
easing applications developers’ transition to CPU/accelerator plat-
forms. The end goal is to provide a framework for applications
developers to target multi-user reconfigurable platforms and have
appropriate data transfer mechanism assigned dynamically.

The CPU/accelerator model need not replace existing parallel
programming models, but instead is a complementary technique
for exploiting data parallelism present in applications. Our model is
complementary to threaded models which aim to separate code into
explicitly parallel tasks, exploiting control independence among
flows of execution. The granularity of parallelism utilized in thread-
ed models is not the granularity of computation that will necessarily
be mapped into accelerators. Instead, we envision multiple data-
parallel kernels mapped into accelerators to be accessed by mul-
tiple threads of execution in an interleaved and space-multiplexed
fashion. However, before hybrid CPU/accelerator models can gain
wide acceptance, protocols and interfaces must be developed to
ease the integration of accelerators with current programming mod-
els. Furthermore, the mechanisms must provide protection between
applications and accelerators, while also protecting the system from
defective or malicious accelerators. HybridOS achieves these goals
by enabling common tool flows and programming models to be
maintained, while extending a widely-used operating system and
computing environment.

We develop a CPU/FPGA prototype that runs the Linux OS to
study data access methods in our CPU/accelerator model. We build
the necessary support into the OS to allow accelerators to be ac-
cessed by user space applications by way of a library call-like inter-
face. The application developer uses an application programming
interface (API) that abstracts away the details of the hardware im-
plementation. Different modes of communication are implemented
to transfer data from the application running on the general-purpose
processor to the accelerators. We refer to the different models for
data transfer as accelerator access methods. HybridOS creates the
abstraction between application and accelerator such that many dif-
ferent modes of operation are possible, while maintaining the same
application interface used to access the accelerator data. We refer
to the encapsulation of the access method and of the computation
method used by the OS as accelerator virtualization. The virtu-
alization of the accelerator resources allows applications to access
the accelerators without the need to understand the structure of the
underlying resources.



We evaluate HybridOS using an accelerator framework that we
have developed. The framework includes embedded memories, bus
interfaces, control logic, and a switchable interconnect for acceler-
ator developers to target. The embedded logic of our framework
would be more efficient than a general reconfigurable platform in
terms of area, cost, speed, and power. Our framework reduces the
mapping complexity experienced by accelerator developers com-
pared to an unrestricted platform at the expense of flexibility. Tar-
geting our accelerator framework allows accelerator developers to
take advantage of the software interfaces we develop as part of the
HybridOS platform. As a result, the accelerator framework en-
hances efficiency and performance, while reducing the complexity
experienced by designers.

As a case study in accelerator development, and to demonstrate
our CPU/FPGA platform, we develop a set of accelerators for JPEG
image encoding. We have characterized our different access meth-
ods to provide the needed insight for data transfer mechanisms to
adapt to changing conditions within the system. For each access
method, our results show the cost of each component of the over-
head associated with accessing accelerators. The results demon-
strate the feasibility of our approach, the need for adaptive data
transfer mappings between applications and associated accelera-
tors, and directions that future research can pursue to advance the
state of CPU/accelerator platforms.

The contribution of this paper is the demonstration and evalua-
tion of HybridOS, protected access methods consituting a set of OS
extensions, targetting a CPU/accelerator model. We extend previ-
ous work in operating system support for reconfigurable systems by
adding data mapping techniques that may be incorporated into the
various reconfigurable resource allocation techniques previously
studied. The entire HybridOS platform provides software and hard-
ware interfaces, decoupling two dissimilar design processes. The
model allows for better use of the reconfigurable resources by al-
lowing the OS to map data access methods to applications dynami-
cally in response to varying workloads. The mapping is made pos-
sible by the virtualization provided by the methods we develop and
characterize. We have developed an accelerator framework that ex-
ploits the commonalities of many accelerators to provide consis-
tent, easy-to-use interfaces, while taking advantage of the benefits
of embedded logic.

The goal of HybridOS is to understand the overheads associ-
ated with data access in a protected, OS-supported CPU/accelerator
model allowing for better performing accelerated applications, there-
by gaining wider acceptance for reconfigurable accelerators on gen-
eral-purpose platforms.

2. SYSTEM MODEL
In this section, we describe the interfaces that both applications

and accelerator developers use to target applications at our plat-
form. The interfaces decouple and simplify the process of integrat-
ing reconfigurable accelerators into common applications. We de-
scribe the library-like interface that encapsulates the applications’
interactions with HybridOS. We introduce the reconfigurable ac-
celerator framework to simplify accelerator/processor integration.
We conclude the section by discussing the implementation of the
interfaces and framework on our CPU/FPGA prototype platform.

2.1 Application Interfaces
Applications access accelerators in our model through a well-

defined API managed by the OS layer. The API is a set of calls
to a shared library subsystem that uses both user-space and kernel-
space components to transfer data and communicate control infor-
mation to accelerators resident in the accelerator framework. The
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Figure 1: Block diagram of the accelerator framework.

HybridOS platform leverages software developers’ familiarity with
library and system call use and the application support of a widely-
used client- and server-class OS.

The application interface of HybridOS enables the OS layer to
perform dynamic resource allocation and virtualize accelerator re-
sources transparently to the user application. When accelerators are
directly accessed by an application the ability to reallocate accel-
erator resources and well-defined portable interfaces are lost, mak-
ing accelerators’ use in a preemptive multi-tasking OS environment
difficult. Dispensing with an OS to avoid the overhead of acceler-
ator access has the drawbacks of system services being lost, pos-
sible loss of protection boundaries, and lost abstraction. The loss
of system services results in increased difficulty for application de-
velopment and debugging. HybridOS is an attempt to avoid these
difficulties.

Applications built for HybridOS can continue to operate in a
multiprocessing environment, while exploiting the data-parallel pro-
cessing capabilities of hardware accelerators. The scheduling and
resource sharing capabilities provided by the OS, critical for mul-
tiprocessing environments, will be lost if no OS is used. Making
the operating system aware of the accelerators allows the acceler-
ator resources to be allocated dynamically to applications, while
still allowing for the system services and multiprocessing capa-
bilities necessary for a CPU/accelerator model to be adopted for
general-purpose computing platforms. HybridOS remains agnostic
to scheduling policy and defining such a policy is not the purpose
of this work.

Virtualization of accelerator resources enables compatibility and
resource sharing. The virtualization of the reconfigurable resources
is similar to the virtualization of physical memory whereby every
process believes that it has full access to the physical resources, but
in reality the processes operate using an abstraction of the physical
resources. For HybridOS, we use in-memory buffers to virtualize
accelerator memory and do copying as necessary, transparently to
the application and accelerator. In this environment memory re-
sources are allocated by virtual memory mechanisms supported by
the OS and processor architecture. As physical can be virtualized,
so too can hardware accelerator resources. Adding support to the
architecture and to the OS allows accelerators to be virtualized, pro-
viding low-overhead access and a simplified programming model
for developers.

2.2 Accelerator Interfaces
We demonstrate a reconfigurable hardware accelerator frame-



work for accelerator developers to target. A block diagram of the
framework is depicted in Figure 1. The accelerator framework sim-
plifies the process of accelerator development by reducing the num-
ber of signals a designer must model on our platform by nearly
80%. The reduction is acheived by defining a less general interface
than the unrestricted bus interface attached to the embedded proces-
sor core of our design. The defined interface allows for accelera-
tors to be chained together and accessed through a defined interface
from the general-purpose processor. The functions provided by the
framework would be implemented as embedded, hardwired logic
in future CPU/accelerator systems, taking advantage of the density,
power efficiency, and speed of fixed logic. Furthermore, the frame-
work interface provides a consistent platform that enables standard
accelerator libraries to be built. As a part of achieving the goal of
reduced complexity when developing CPU/accelerator systems, we
use the framework as a target for the HybridOS platform.

The system interface of the accelerator framework is a set of
control registers and data buffers. Control registers for the DMA
controller and registers to start and stop the accelerators are acces-
sible to the OS layer. A single control register is used for setting up
the interconnect network that chains together the separate accelera-
tors and the processor-accessible buffers. Control registers can also
be mapped into individual accelerators to define various modes of
operation. The data buffers are addressable by the processor and
do not overlap with the address space of system memory. The con-
trol registers and buffers provide a set of primitives, supported by
HybridOS, for accelerator developers to build upon.

Accelerators can be made resident inside an area of reconfig-
urable fabric which we refer to as a reconfigurable frame. The
reconfigurable frame has the input and output stubs necessary for
attaching an accelerator to the accelerator framework. The inter-
accelerator model that the accelerator framework employs is stream-
like and uses a simple accelerator-to-accelerator protocol, with pre-
cise semantics, that allows for streams to pass through a set of
accelerators. Details of the inter-accelerator protocol and access
model are available in [13]. A key feature of the model is that the
accelerator developers need not be concerned with what system in-
terfaces are available and the protocols that govern their usage. Ac-
celerator developers who use our model need only target a simple
stream-like accelerator interface and applications developers can
take advantage of our platform, OS support, embedded framework
resources, and a simplified programming model.

HybridOS arbitrates access to and partitions the resources of the
framework by setting up address mappings and manipulating con-
trol registers transparently to the user application. The consistent
but general interfaces provided by the accelerator framework al-
lows HybridOS to target a broad range of accelerators. Moreover,
HybridOS is able to interface applications run on a general-purpose
CPU with a set of accelerators resident in the framework in a trans-
parent, efficient, and well-supported manner.

2.3 Implementation Details
We have implemented our CPU/accelerator model on a CPU/

FPGA prototype platform to show its feasibility and to explore the
design space of our model. Figure 2 depicts our system imple-
mented in a Xilinx Virtex-II Pro FPGA [25]. The design uses a
single 32-bit PowerPC405 [24] processor, running at 300 MHz,
supporting the Linux 2.6.18 Kernel. The system memory of the
platform is external DRAM attached to a synthesized memory con-
troller. The accelerator framework is developed in VHDL and is
attached to the 64-bit processor local bus (PLB), both of which are
clocked at 100 MHz. Control information is transmitted to the ac-
celerator framework using a set of 32-bit device control registers
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Figure 2: Block diagram of the CPU/accelerator platform.
Note that the system memory is located off chip.
(DCR), separate from the PLB to allow for concurrent data and
control communication. Peripherals are supported by an on-chip
peripheral bus (OPB) that is bridged to the PLB.

The synthesized VHDL of the accelerator framework maps into
1638 slices of the Virtex-II FPGA. The framework occupies 1735
flip-flops, 3000 4-LUTs, and nine 2 kB block RAMs. The acceler-
ator framework is not highly optimized and is mainly used in this
work as a prototype.

The platform is capable of running standard Linux applications
that are compiled for the PowerPC. The Xilinx CPU/FPGA sys-
tem running Linux serves as the basis for the models and platform
developed in this work.

3. HYBRIDOS ACCESS METHODS
In this section we describe four access methods for applications

to transfer data to accelerators that we have developed. Each method
provides the same interface to the application, allowing for trans-
parent switching between access methods by the runtime. We de-
scribe two methods based on direct memory access (DMA): user-
space buffers with low startup costs and user mapped DMA with
added startup cost, but reduced per-access cost. We will conclude
by examining our cacheable direct mapping and uncacheable di-
rect mapping access methods that can provide efficient bus usage
and reduced copying by mapping accelerator local memories di-
rectly into user-space applications and libraries.

3.1 Example: Character Device Driver Access
As a baseline for comparing the four access methods and to il-

lustrate how it is possible to integrate reconfigurable accelerators
using existing software support, we have developed a simple Linux
device driver. The accelerator-as-a-device model has been used by
commercial products [16]. However, as we will show, the model
has deficiencies when applied to closely-coupled, fine-grained re-
configurable accelerators intended for use with a multitasking op-
erating system. All methods we present follow the same pattern of
executing a setup routine, writing data to a (possibly virtualized)
buffer and then calling the HybridOS runtime, and in doing so,
transfer control of the buffer to the runtime system allowing Hy-
bridOS to initiate the necessary actions to run the accelerator. In a
blocking model, as we will assume here for simplicity, the call re-
turns when the accelerator result is ready. The application can read
and write the buffer as needed except when blocked in a call.

The device driver we have developed is accessed via the ioctl()
system call. Once the application has set up the device interface by
calling the open() system call, it can access the accelerator by
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Figure 3: Timeline of a single call to the accelerator framework.
issuing ioctl() commands. On each call, the application passes
a pointer to an input buffer and a count of data items for the accel-
erator to process. The system call sends the data in the user-space
buffer to the accelerator, retrieves the results, and stores them back
into the same buffer for the user to access. The system call then
returns control of the buffer to the accessing application and wakes
it up.

Figure 3 shows the actions of a single call to the accelerator from
the time the application makes a call to the device driver until the
time where the OS returns control to the application. In this ex-
ample, it is assumed that one data block of 128 bytes is sent to the
accelerator and that one block of equal size is retrieved. The device
driver first copies the data in from the user-space input buffer to the
DMA-capable buffer and flushes the corresponding cache lines out
of the data cache to ensure coherence with the system memory. The
driver performs DMA setup to transfer data into the local memory
of the accelerator. When the accelerator receives the data, the com-
putation begins. The driver can then invalidate the cache region
associated with the result buffer and setup the DMA transfer to ob-
tain the results. When the accelerator completes the processing for
the block, the DMA transfer is performed, moving the results back
into a buffer in system memory. The kernel copies the data back
into the user buffer and returns.

The time spent doing extra copies and the cost of using a prede-
fined system call far eclipses the time spent executing on the accel-
erator. The breakdown for the cost of each component of the device
driver method is discussed in Section 4. When using large data sets,
such as those used by loosely-coupled accelerators, the overhead of
a runtime system constitutes less of the time spent executing; how-
ever, using our access methods, we show that accelerator access
with less overhead is possible, even when smaller transfer sizes are
used, thus enabling finer-grained accelerators.

Each of the four access methods that we have developed uses a
sequence of events similar to what is shown in Figure 3. However,
we aim to reduce the overhead associated with the device driver
model and to provide the transparency lacking in the device driver
model necessary to allow for dynamic remapping of application-to-
accelerator access methods.

3.2 DMA Access Methods
Two of the access methods available to HybridOS interact with

accelerators similar to what is shown for a character device driver
using DMA, but with much lower overhead. A custom system call
is implemented to avoid the additional overhead of using predefined

system calls, such as ioctl() from the previous example. We
first show a method that uses user-allocated buffers to provide data
to HybridOS. Our second DMA-enabled access method provides
even less per-call overhead by directly mapping a DMA-capable
buffer into the application’s virtual address space.

Direct memory access provides an efficient means to transfer
data to and from accelerators, provided that the DMA setup costs
can be amortized over the execution time of the accelerators to
yield a net gain in performance. Another performance-relevant is-
sue is memory coherence enforced by using uncacheable memory
or caching data buffers followed by the explicit cache flushes we
employ, both of which incur additional overhead that must be ac-
counted for. On our platform, DMA transfers require four memory-
mapped registers to be written specifying the source, destination,
type of transfer, and length. DMA transactions occur in 16 x 64-bit
bursts initiated by the DMA controller (DMAC). Transactions need
not be aligned to 8-byte boundaries, but a small cost is incurred for
writes that are unaligned. Requests that are greater than 128 bytes
are broken into multiple transactions of 128 bytes, with the DMAC
arbitrating for the bus between transactions.

3.2.1 User Space Buffers
The user-space buffer access method is similar to the device

driver model except that a low-cost system call is used and the
library API provided to the user application is implemented such
that it is consistent with our three other access methods. HybridOS
has the further advantage that the user-space buffer method avoids
the cost of maintaining state necessary for standard device drivers.
Another key feature of the user-space buffer access method is that
it does not require any setup prior to use.

A user-space buffer can exist as any contiguous region of the ap-
plication’s virtual address space. When the OS layer is accessed
by the application using a user-space buffer, the data in the buffer
must be first copied by the OS into a DMA-enabled region which
is pinned in memory. The cost associated with the copy is simi-
lar to what is shown for the character device driver method. The
buffer used by the application is allocated in user space, the user-
space buffer method provides a means for accessing accelerators
that requires no OS-level setup. The setup routine is still present to
maintain consistency across models, but is essentially a null oper-
ation. Requiring no setup allows developers to choose accelerators
where the cost of accelerator setup cannot be amortized over the
run of the accelerator.

Table 1 shows the cost of making setup and tear-down system



Table 1: Mapping overhead for user access methods.
Call Overhead

Average Case First Access
Call Cycles Time (µs) Cycles Time (µs)
open() 14 381 47.94 34 472 114.8
mmap() 8 422 28.01 24 487 81.62
munmap() 7 357 24.52 14 467 48.22
close() 4 509 15.03 9 581 31.94
Total 34 699 115.5 83 007 276.7

calls from a user application running on our test platform. In the
character device driver example, both open() and close() sys-
tem calls need to be issued, requiring as many as 44,000 cycles. If
setup were required by all of our access methods, the high startup
costs would reduce the applicability of our interfaces to only those
applications that access the accelerators numerous times or use
large data sets. Instead, we provide a variety of methods that take
advantage of special mappings using setup routines when setup
costs can be tolerated, but also user-space buffers that allow for
accelerator access without the high cost of setup to enable closely-
coupled fine-grained accelerators.

3.2.2 User Mapped DMA Buffers
User mapped DMA buffers avoid the additional copies asso-

ciated with the user space buffer method by mapping a DMA-
capable buffer directly into the application accessing the acceler-
ators. DMA transfers off-load the task of data movement to the
DMA controller, providing an opportunity for increased concur-
rency between accelerators and the general-purpose processor. The
main tradeoffs for reduced overhead are the cost of setting up the
mapping and the need to pin DMA-capable buffers into system
memory for each user mapping. For each new mapping, HybridOS
must allocate a new set of memory pages in pinned physical mem-
ory. When the pages are first accessed, the application will fault-in
the page and suffer the cost of having the OS insert the page table
entry into the translation look-aside buffer (TLB). Our results show
that above a certain number of transactions with the accelerators,
the cost of setting up the initial mappings can be amortized. User
mapped DMA buffers are a viable option when the startup costs
can be made negligible, providing low-overhead data transfers and
opening up greater possibilities for concurrency between the pro-
cessor and the accelerators.

3.3 Accelerator Direct Mapping
Accelerator direct mapping methods attempt to avoid the cost

associated with setting up and executing DMA transfers for small
data sets. These mechanisms map the accelerator local memories
directly into the virtual address space of the calling application.
Both direct mapping methods require a setup routine to create the
mapping, but offer the lowest overhead access method on a per-call
basis. Uncacheable direct mapping writes directly to the accelera-
tor memory, bypassing the cache, thereby avoiding cache pollution.
Cacheable direct mapping writes to the accelerator local memory
using the processor’s data cache as a buffer. The caching provides
more efficient use of the bus by leveraging cache line transfers and
exploits other benefits of caching data such as lower latency when
locality is present.

There are no DMA buffers that must be pinned into memory
for this model and no backing store for the memory hosted by the
accelerator local memories. As a consequence of writing directly
to the local memory of the accelerator, no copies must be made
between user space and kernel space nor from a DMA buffer to

the accelerator local memory. Furthermore, removing the need for
pinned buffers is of greatest benefit to accelerators with potentially
large buffer requirements,e.g., GPUs with 100’s of MB of memory.

Both models have the drawback that only one mapping between
the application and the local buffer can exist at any time. Future
systems could leverage the abstraction we have created for the user-
space application to change the mappings at runtime, allowing mul-
tiple applications to share direct mapped access.

3.3.1 Uncacheable Direct Mapping
Uncacheable direct mapping transfers data directly from the soft-

ware application to the local memories of the accelerator using
standard load and store instructions. Once the mapping is set up
by the HybridOS initialization routine, the application writes data
into the virtually addressed input buffers and then starts execution
of the accelerator by executing an accelerator system call. While
servicing the system call, the OS determines that the mapping is un-
cacheable direct, meaning that all of the input data is already avail-
able in the buffer, and immediately starts the computation. When
the accelerator is finished, the call returns, and the application can
access data directly from the accelerator local memory.

Uncacheable direct mappings avoid extra copies, avoid cache
pollution, remove the cost associated with DMA setup, and re-
move the need for explicit cache coherence mechanisms. How-
ever, uncacheable direct mappings do not efficiently use the bus
and may force computations to stall waiting for writes to the accel-
erator local memory to complete. The cost of not caching becomes
performance-limiting for transfers greater than a few words due to
inefficient bus utilization. For instance, uncached writes limit each
transfer to be at most 32 bits while the system bus that attaches the
processor to the accelerator is a 64-bit bus, leaving the system bus
only half-utilized when uncacheable mappings are employed. Fur-
thermore, each write will require arbitration for the bus, reducing
performance if multiple bus masters exist. Write combining could
alleviate the low utilization of the bus, but still does not provide the
caching benefits of our cached direct mapping method.

The benefit of not caching the accelerator input buffers is that do-
ing so avoids cache pollution associated with other methods. The
data-parallel kernels that are amenable to implementation as recon-
figurable accelerators are often streaming in nature. Streaming ap-
plications [12] produce data sets that are read, manipulated by a set
of functional units, and then produce a result. Much of the locality
a CPU data cache is meant to exploit is lost in such a model since
once an input to the accelerator is produced, the processor will not
access it again. Not caching inputs to streaming accelerators allows
the cache to be put to more effective use to achieve better perfor-
mance.

3.3.2 Cacheable Direct Mapping
Cacheable direct mappings use the CPU data cache to leverage

existing prefetchers when streaming and locality when there exists
persistent data shared between accelerator and CPU. Blocks of data
to be written to the accelerator local memory are allowed to reside
in the cache. When the application issues the start command to
the accelerator, the only additional step is to flush the cache lines
that may not have written back to the accelerator local memory.
The benefits of the cacheable direct mapping are more efficient use
of physical memory, increased bus utilization over uncached direct
mapping, and no copy overhead associated with DMA-based meth-
ods.

Better bus utilization in the cacheable direct mapped method
comes from two factors: overlapped communication and compu-
tation and burst transfers for cache lines. Writing to the cache takes



many fewer cycles than writing directly to memory due to the in-
order pipline and uncacheable store policy of our processor. The
reduced write time allows for fewer cycles wasted spent waiting
for writes to complete. With the data in the cache, the cache con-
troller is able to combine the writes and flush the data back to the
accelerator local memory in parallel with computation, increasing
concurrency. In the best case, all the data generated during the
computation phase will have been written back prior to starting the
accelerator, rendering the explicit flush a null operation. In a fash-
ion similar to write-combining on contemporary microprocessors,
the bus will be able to make use of full-width bursts between the
cache and the accelerator local memory that are not possible when
issuing single, uncacheable loads and stores. For cache-coherent
multicore processors we avoid unnecessary cache probing, which
could otherwise reduce performance, and we avoid the complex-
ity of participating in the cache coherence protocol. Both probing
and protocol participation would be required if the accelerator local
memory were kept coherent.

The major drawbacks to using direct access are coherence con-
cerns, cache pollution, and the need for one-to-one mappings be-
tween user-space buffers and the local memories of the accelerator.
Our current prototype platform does not provide support for cache
coherence using the system bus. The accelerator library must there-
fore ensure that the data in the CPU cache is coherent with the data
that the accelerator will access from the accelerator local memory.
In our implementation, we explicitly flush the cache lines corre-
sponding to the accelerator local memory and add a synchroniza-
tion barrier prior to allowing the accelerator to begin. Cache pol-
lution is a valid concern for streaming applications that may trig-
ger many writebacks to cache-allocated accelerator data; that is,
data that may never be read again. We avoid total cache pollution
by mapping a fixed-sized region of accelerator memory into the
cache to create a cacheable accelerator memory window. The case
where multiple buffers need to map into the same local memory
is beyond the scope of this work, but the virtualization provided
by our CPU/accelerator interface allows for the mapping method
to be altered. The virtualization allows a method that does not re-
quire one-to-one mappings to be used and the data for the acceler-
ator buffered. Although concerns exist with using cacheable direct
mappings, our results demonstrate that for certain workloads, they
are the most appropriate mechanism.

We use the same mechanism already presented for the acceler-
ator input buffer to handle the accelerator result buffer. Thus far
we have focused on writing data to the accelerator local mem-
ory through the cache; however, once the accelerator is finished,
a mechanism must exist such that results can be read by the pro-
cessor. To do so, the application accesses the result buffer using
normal load instructions, but instead of going out to the accelerator
local memory on each access, the first access triggers the corre-
sponding cache line to be transferred into the processor data cache.
The cache line transfer provides faster access to subsequent data
while at the same time not affecting the latency of the critical word.
Moreover, the data can now be cached, allowing for faster accesses
when result data is repeatedly accessed after the accelerated com-
putation completes.

3.4 Summary
Four access methods for transferring data between software ap-

plications and accelerators are presented. The methods implemented
are encapsulated in a library call API that accesses the reconfig-
urable accelerator HybridOS platform. The device driver model for
accessing hardware devices is described to demonstrate the lack of
accelerator-specific OS support available to accelerator developers

and serves as a baseline for performance comparisons. The user-
space buffer access method provides a custom-tailored accelerator
system call along with runtime support that requires no set up prior
to use. The user-space mapped DMA buffer method provides the
same benefits of the user-space buffer method, but also reduces un-
needed copies at the expense of requiring initialization prior to use.
Uncacheable direct mappings provide a very low-overhead mecha-
nism for accessing accelerators, but provide low bus efficiency. For
slightly more overhead, bus efficiency is greatly improved by our
cacheable direct mapping model.

4. EXPERIMENTAL RESULTS
In this section the accelerator access methods are evaluated. We

first explore the overhead for our various access methods using
JPEG image compression as an example. Next we provide general
results to show that for different data sets, different access meth-
ods are optimal. A discussion of the results and the utility of those
results for future hybrid system builders concludes the section.

4.1 JPEG Case Study
We have integrated hardware accelerators with a commonly used

integer-based JPEG encoding library [15]. Our motivating applica-
tion is a JPEG encoder test application built on top of the hardware-
accelerated library. We have built a quantizer accelerator and a 2D
discrete cosine transform (DCT) accelerator into our framework.
The interconnect is set up such that the results of the DCT accelera-
tor flow directly into the input of the quantizer via the in-framework
interconnect. In the best case, on a per-call basis, the hardware-
accelerated version of DCT and quantization provides a speedup
of 1.85x over software execution when taking into account data
movement and call overhead, while maintaining protection bound-
aries set by the OS.

Minimal changes must be made to the source to enable accelera-
tor access in our model. Library call wrappers are used to integrate
the hardware accelerators, resident in the accelerator framework,
into the JPEG encoder application. Two source code changes must
be made to the JPEG encoder to access the accelerators. First, the
call to DCT and quantization in the original code is replaced with
a call to our accelerator library, resulting in no additional lines of
C source code. Second, a call to initialize the desired mapping is
added to the initialization code of the JPEG encoder. The initial-
ization routine adds a single line of C code to the application. The
encoder is now able to use the accelerators for DCT and quantiza-
tion with minimal changes having been made to the source code of
the original application.

The augmented version of the JPEG encoder application, which
integrates two hardware accelerators, is used to study the overhead
associated with accelerator accesses. The accelerated call takes as
input a single 8x8 pixel region called a macroblock. Each pixel is
represented by a 16-bit signed integer. The pixels are packed into
a contiguous 128-byte region of memory for all access methods.
The accelerator produces a quantized 8x8 matrix of 16-bit signed
integer coefficients as a result of its computation.

Through major refactoring of the source, the original application
could be accelerated by reconfigurable accelerators to a greater de-
gree. However, we choose not to modify the application thereby
demonstrating the ability of HybridOS to provide speedup for fine-
grained accelerators while not increasing the burden on software
developers. The HybridOS interface aims to avoid having develop-
ers change the architecture of their software applications to accom-
modate reconfigurable accelerators. The streaming nature of the
application is suppressed to study our model’s ability to accelerate
applications of finer granularity.



Figure 4: A single call to DCT and Quantizer using each access method.
There are eight possible operations that constitute a single trans-

action with the accelerator framework in our implementation of
HybridOS, but not all are necessary for each method, e.g., DMA
setup is unnecessary for direct mappings. Polling is the time re-
quired for the accelerators to process a single macroblock when
not considering any data movement overhead. The buffer fill is the
time spent writing data from its source in the original code to the
accelerator input buffer in the virtual address space of the applica-
tion. The cache coherence component is the time spent flushing the
cache lines of the macroblock explicitly from the CPU data cache
using the PowerPC dcbf instruction. DMA transfers is the time
from when the DMA transaction is initiated until the DMA sta-
tus register, which is polled, signals the completion of the DMA
transaction. DMA setup is the time required to set the four DMAC
control registers. Kernel-to-user copying is the time required to
perform the Linux copy calls to move data from a user-space buffer
to a statically-allocated one inside the kernel. Call overhead is the
time spent going into the kernel and any other time that is not ac-
counted for in the above sections.

The results represent the arithmetic mean of 11,900 accelerator
accesses when encoding a 1.4 MB reference image. Measurements
were taken on our test platform to determine the overhead of each
component of the JPEG quantizer and DCT call using each of our
four access methods. Figure 4 depicts the results of these mea-
surements along with the time for the device driver implementation
included for comparison. All timing measurements are taken using
the 64-bit timebase of the PowerPC with synchronization instruc-
tions inserted to ensure accurate timing results.

We now highlight some of the key insights gained from the re-
sults presented in Figure 4. The device driver method is the highest-
overhead access method demonstrating that our low-overhead sys-
tem call interface provides net benefit over using the character de-
vice driver library code when only considering performance. Much
of the overhead associated with all five methods is due to context
switch overhead and the associated cache and TLB misses shown
by the top section of each bar. For the access methods that re-
quire them, polling while waiting on accelerator completion, cache
coherence actions, DMA setup, and DMA transfers are the same.
Kernel-to-user copying overhead incurred by the user-space buffer
method represents the non-trivial direct cost for ad hoc protection
checking. The protection checking is the overhead that is avoided

through the use of pre-mapped DMA buffers or direct mapping.
The time required to write data into the accelerator input buffer

and subsequently read data out of the accelerator result buffer from
user space is the source of the greatest variability across access
methods. The variability of the buffer reads and fills is due to
the use of varying levels of indirection. The application is always
filling and reading the same virtually-addressed buffer for all four
methods; however, those buffers reside in different places in phys-
ical memory. For the device driver and user space driver methods,
the input and results buffers are both in the application’s heap area.
The benefit of this type of allocation is that the corresponding pages
of the buffer share data with other often accessed variables, poten-
tially avoiding TLB misses1.

The results show that the lowest fill and read times are for the de-
vice driver and user-space buffer access methods, but these access
methods require additional copies that negate any benefit. The user
mapped DMA buffer method avoids the additional copies, but at the
cost of having potentially higher TLB miss rates as the correspond-
ing page may only be accessed when the buffer is accessed. The
uncacheable direct mapping has the worst performance of all four
methods we develop and by far the worst read and write times. The
poor performance of uncacheable direct mappings is to be expected
due to the poor bus utilization and long-latency write operations.
Uncacheable accesses would have even worse performance if each
of the data elements were word-aligned such that each 32-bit read
and write only contained a single pixel instead of two packed into
a single word. The cacheable direct mapping yields the best per-
formance for JPEG encoding due to low buffer fill and read times,
avoiding extra copies, and obviating the need for DMA setup. One
additional benefit of caching the results comes from reads to the
result buffer pulling the entire eight-word cache line into the pro-
cessor cache on the first access. A cache line transfer results in
low-latency cache hits for the remaining words on the cache line.

The JPEG encoding case study provides a concrete example of
our access models at work, the virtualization they provide, and the
viability of such a model for incorporating hardware accelerators

1The TLB replacement strategy does not favor more recently ac-
cessed page table entries and therefore does not provide as much
gain on our platform as is possible, but the gain could be substan-
tial on other platforms.



into applications run on general-purpose processors. We exam-
ine the overheads associated with each method for accelerators that
process a small, fixed amount of data per transaction. We will re-
turn to the broader implications of these results after investigating
accelerator access methods when considering a variety of transfer
sizes.

4.2 Data Transfer Overhead
Each of the access methods we describe provides benefit to a

class of workloads. The JPEG example provides a single point in
this design space using our platform; however, the JPEG example
does not provide the information necessary to make general state-
ments about the appropriateness of the access methods for different
applications, or even JPEG using different transfer sizes per accel-
erator transaction. We measure the time required to transfer data
sets of varying size between the application running on the general-
purpose processor and the accelerator framework in our model to
provide the information necessary to best match an application with
the corresponding optimal access method.

Figure 5 shows the number of processor cycles per transaction
with the accelerator framework for each of our four methods. The
results capture the cost associated with call overhead and data trans-
fers by setting the accelerator execution time to zero. Three distinct
regions are highlighted in the figure showing where uncacheable
direct mapping, cacheable direct mapping, and user mapped DMA
are the optimal transfer method from left to right, respectively. A
small price is paid for unaligned DMA transactions using our setup
resulting in the oscillation seen in the figure for the DMA access
methods. For all transactions with the accelerator local memory
exceeding 160 bytes in length, user mapped DMA is the lowest-
overhead access method on a per-call basis; however, possible start-
up costs must be considered when assessing the best solution for a
particular application. We discuss the trade offs below.

Uncacheable and cacheable direct mapping methods are the pre-
ferred methods for small data transfers. The uncacheable method
allows for data to be written directly to the local memory of the ac-
celerator framework, thus avoiding cache coherence actions, DMA
setup, and DMA transfer overhead. However, such a method is
inefficient for larger transfers and, even for a small number of trans-
fers, has a high per-byte cost due to the system call overhead. Cache-
able direct mappings provide better per-byte transfer costs above
16 bytes by having better bus utilization. Our current platform re-
quires explicit cache management instructions to be issued due to
lack of cache coherence support in the architecture. Therefore, the
advantage of better bus utilization is not reaped until the flush cost
can be amortized. Up to a certain transfer size, direct mapping is
the optimal choice for accelerator access; however, for larger data
transfers, other methods must be explored.

DMA approaches are shown to be better for larger data trans-
fers, overlapping computation and communication. For transac-
tions with data transfers greater than 160 bytes, user mapped DMA
is the optimal choice of data access method. The cost associated
with DMA setup, cache coherence actions, and the additional copy
from a DMA-capable buffer to the local storage of the accelerator
framework is overcome with larger transfer sizes. An added ben-
efit of a DMA-based approach is the opportunity to overlap more
computation with the transfer of data from the DMA buffer to the
accelerator local memory. User mapped DMA provides the lowest
overhead for applications with a given transfer profile, overhead
that continues to become a smaller fraction of overall access cost
as the transfer per transaction size is increased.

For no transaction size in the figure does the user space DMA
access method have the lowest overhead. The user space DMA ac-

cess method is still an optimal method for certain workloads, how-
ever, since it has no initial startup cost associated with it. While the
other three access methods shown in the figure have lower per-call
overhead, the figure does not reflect the high cost associated with
setting up a mapping. As Table 1 shows, the memory mapping nec-
essary inside the library API initialization call of our model has an
overhead on the order of tens of thousands of processor cycles. For
accelerator accesses that will only be used a few number of times
and cannot amortize the cost of initialization and unmapping, user
space DMA offers a viable solution as it requires low initial setup
cost.

4.3 Discussion
A key concern for software developers is finding an efficient way

to represent internal data structures that can be easily transfered to
the accelerators for processing. The process of aggregating the data
needed for a transaction prior to relinquishing control to the accel-
erator is referred to as data marshaling. In the JPEG case study we
present, data is always accessed in linear blocks. For cases where
the input to the accelerator must be extracted from larger data struc-
tures or accessed via pointer-based data structures, extra data copies
and pointer dereferencing would be required. As another example,
we pack two 16-bit values per transfer for the uncacheable direct
mapping to provide best-case speedup. However, if the marshaling
is not performed, writes could be as small as one byte per trans-
fer resulting in at best only one-eighth of the bus bandwidth being
utilized. Answering the questions of how data should be laid out
and what architecture support should be available to achieve opti-
mal performance for applications run on our hybrid system is left
for future work.

Direct mapping can be extended to allow applications to have
more control over accelerator actions and reduce overhead. The
system call interface developed in this work results in an overhead
that can be removed by mapping control registers into the appli-
cation’s virtual address space. The tradeoffs for suffering a small
performance degradation by using a system call interface instead
of directly mapping all accelerator resources into the application
are the opportunity for virtualization by handing off control deci-
sions to HybridOS, well-defined security boundaries to protect the
system and accelerators from malicious or defective entities, and
a simplified access model. It is possible to allow more control to
be put into the user space library code and still maintain protec-
tion boundaries by adding greater complexity to the design, but is
left for future work. Nevertheless, the encapsulation and abstrac-
tion provided by the library call interface enables our programming
model to remain consistent even as the spectrum of abstraction lev-
els is explored. The access methods explored here also remain in-
tact as the responsibility for accelerator interactions shifts between
user space and kernel space.

As hybrid system workloads vary at runtime, so too must the
way the hybrid applications access the accelerator resources. We
have shown that for different transfer sizes and potential number
of accesses per setup, different access methods must be utilized for
the best performance to be achieved. Each access method has an
array of tradeoffs that further complicates the assignment of appli-
cations to access methods. For general-purpose applications to be
built upon hybrid systems, there must be a means to allow for dy-
namic adaptation that takes into account the access method trade-
offs. Without the possibility of dynamically mapping between ap-
plications and accelerator access methods, multiprogramming work-
loads will be unable to efficiently and effectively utilize hybrid sys-
tems. We present a set of application and accelerator interfaces that
are used by HybridOS that we have developed along with a charac-



Figure 5: Per-byte transfer cost for the access methods.
terization of the methods that can be used as the basis for realizing
a high-performance adaptive hybrid system.

5. RELATED WORK
HybridOS presents a set of techniques that can be used on a wide

array of hardware platforms that incorporate general-purpose CPUs
with coprocessors. Previous work has investigated an array of hy-
brid CPU/accelerator systems [5–7, 9, 10, 18, 19, 23]. Furthermore,
many devices that integrate a CPU with the reconfigurable fabric of
an FPGA are available commercially [1, 25].

Methods for providing access to data have been investigated for
CPU/accelerator architectures. SCORE [7] uses the concept of a
configurable memory block to link applications and accelerators
physically and stream buffers as a mechanism to convey data log-
ically. OneChip-98 [11] provides a mechanism for ensuring con-
sistency of data shared by the accelerator and the general-purpose
processor. Although both techniques could be used to implement
the low-level memory architecture of a system running HybridOS,
HybridOS is meant to provide a greater degree of abstraction to
such memory access techniques to allow for remappings to be done
transparently to the accelerated application. HybridOS also pro-
vides a different data access model than what stream buffers pro-
vide, allowing for irregular access and persistent data that may not
be consumed in FIFO order as with streams.

Previous work has investigated the allocation of reconfigurable
resources to hardware threads [8]. HybridOS is not in itself a re-
configurable resource allocation mechanism, but a set of techniques
that allow for transparent remapping of the data resources used
across software and hardware threads of execution. Providing a
consistent interface to applications by leveraging virtual memory
for reconfigurable devices [20] is adapted for use in HybridOS.
Furthermore, a consistent view of system resources that does not
deviate greatly from current practices has the benefit of support for
existing tools and development techniques. An example of a simi-
lar model used to map applications to a CPU/acceleratorsystem are
presented in [14].

Threaded models for reconfigurable systems [2,3] provide a way
to encapsulate the state of reconfigurable accelerators and their ex-
ecution over time. Previous work has focused on reconfigurable
resource allocation and scheduling for multi-user machines [22].
HybridOS extends resource allocation to the memory that hosts

data accessed by the reconfigurable accelerator. HybridOS is meant
to provide a consistent view of the data accessed by the software
running on the general-purpose CPU and does not impose require-
ments on how the hardware task is executed. We leave investigation
of how HybridOS could be adapted for use in a thread model to fu-
ture work.

Using a platform similar to the one HybridOS is based upon,
Noseworthy [17] investigates a variety of configurations demon-
strating the need to map applications to appropriate interconnects
and memories on reconfigurable platforms. In the high-performance
computing arena there are examples of user-level access mecha-
nisms to provide low-latency access to shared resources. Blumrich
et al. have investigated virtualization of device memories and pro-
tected user-level interfaces in the context of high-speed network
devices [4]. Welsh et al. look at hosting of device memory in [21].
Memory access considerations specific to hybrid system design are
investigated in [11]. HybridOS builds on these previous works by
providing the means to do resource remapping transparently to the
application while still maintaining the protection guarantees of an
OS managed design.

6. CONCLUSION
We present HybridOS and its data transfer mechanisms in the

context of a protected interface model for reconfigurable acceler-
ators attached to general-purpose CPUs. We utilize an accelera-
tor framework that integrates reconfigurable hardware accelerators
into common applications with OS support. The complete Hybri-
dOS platform decouples hardware and software design to reduce
complexity and to enable the adoption of hybrid CPU/accelerator
architectures and programing models. We provide both interfaces
to the HybridOS runtime for applications, using a library call ap-
proach, and interfaces for the accelerator to plug into our hybrid
CPU/accelerator model, using our accelerator framework. Our ac-
celerator model allows for reduced complexity by providing an
access model for accelerators with which software developers are
comfortable.

We explore different accelerator access methods for transferring
data between applications running on the general-purpose proces-
sor and the reconfigurable accelerators. We have found that the
most effective access method depends on data transfer size and the
number of times the application will use an accelerator. It is our



goal to take the insights gained from this study of the access meth-
ods on our platform to enable transparent, dynamic allocation of
accelerator resources to applications, thereby allowing HybridOS
to allocate the most effective access method at runtime.

The characterization of data access in our hybrid CPU/accelerator
HybridOS model will allow for the wider acceptance of recon-
figurable accelerator architectures by enabling a consistent library
API that adapts to dynamic workloads. Having a set of application
interfaces and an accelerator framework that decouple the process
of application development from accelerator development is key to
the future success of CPU/accelerator systems. Our study of the
overhead associated with a variety of data access methods provides
the insight necessary for developing effective CPU/accelerator sys-
tems. Furthermore, the framework, our HybridOS interfaces, and
most importantly, our experimental results provide the basis for
systems that incorporate reconfigurable accelerators with a general-
purpose processor.
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