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Abstract
FPGA-based multiprocessor systems are viable solutions for
stream-based embedded applications. They provide a software
abstraction which enables coarse-grained parallel deployment on
an FPGA chip. A widely used model for such a deployment is
the class of Kahn process networks despite their limitation to pure
FIFO communications. In this paper, a new mechanism denoted as
windowed FIFO is introduced, extending the functionality for data
transfer. The new concept allows non-destructive read, reordering,
and skipping of data within a communication channel. We present
the behavior, the software interface and the hardware design of
this mechanism. We introduce our abstraction of WFIFO process
network which is suitable for systematic and automated synthesis
while still inheriting the nice property of Kahn process networks,
i.e. being determinate. Also, we present illuminating examples to
demonstrate the practicality of the outlined approach.

1. Introduction
The class of emerging multimedia and signal processing systems such as mobile-phones and set-top boxes demands high
computing power. Different possibilities exist to meet these
requirements, but multiprocessor architectures have turned out
to be best suited with respect to their high computing power
and low power consumption. Meanwhile, the FPGA technology
available today allows the deployment of such multiprocessor
architectures in a single chip. For instance, the Xilinx’ Embedded
Development Kit (EDK) [1] provides tools and a library of IP
cores for multiprocessor developments on the Virtex [2] family
of FPGAs. This environment integrates on-chip PowerPC cores,
soft MicroBlaze cores, distributed memory, and customizable
peripherals, which helps users to shift their focus from architecture
details towards deploying application-level parallelism.
Kahn process networks (KPN) [3] are widely chosen for
modeling multiprocessor applications at process-level because of
their simple communication and synchronization mechanisms. A
KPN model consists of a set of concurrent processes connected exclusively by point-to-point FIFO channels. Each process follows a
sequential program and uses only FIFOs for data exchange. These
FIFOs have unlimited size and a blocking read semantics that
blocks the reading process as long as there are no data available.
Given these properties, the KPN model is determinate, i.e., the
functional input/output relation is independent of the timing of

the processes. The intrinsic distributed control and distributed
memory of the KPN model match as well the modern FPGA
technique. A dedicated structure as shown in Fig. 1 which fully
reflects the structure of a KPN can be mapped onto a single chip.
In such a dedicated system, each processor has its own bus, and
additional subsystems are used to implement the blocking read
FIFO channels.
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Figure 1. WFIFO example architecture.
Although the KPN architecture offers distributed control and
a simple interface for programming, it also has limitations that
make the implementation of stream-based applications difficult
or inefficient. Three limitations that are of interest for such
applications are addressed in this paper: 1) Reordering: A
KPN communication channel behaves in a strict first-in first-out
manner, which does not allow reading data in an order other than
what they have been written. 2) Non-destructive read: A KPN
communication channel does not allow reading the same data item
more than once. After an item is read, it will be deleted from the
channel and will not exist in the channel anymore. 3) Skipping: It
is not possible to remove an item from a channel without reading
it. Even if the channel contains unwanted data, all of which have
to be read out for accesses of subsequent data.
In this paper, we introduce a novel FPGA-based solution
denoted as windowed FIFO (WFIFO), extending the functionality
for data transfer. The new concept tackles in a particular way the
three limitations mentioned above, allowing non-destructive read,
reordering, and skipping of data within a parameterizable length
window in a communication channel. The contributions of this
work can be summarized as follows:
• We introduce a WFIFO concept of communication for
multiprocessor systems. This includes the definition of the
software API, hardware, and the target architecture.
• We introduce our abstraction of WFIFO process networks
which is applicable to systematic and automated synthesis

while still inheriting the nice property of a KPN, i.e. being
determinate.
• We implement this concept in a VirtexII-Pro FPGA and the
corresponding IP-block is fully compatible with the Xilinx
EDK environment.
• We present illuminating examples to demonstrate the practicality of the outlined approach.

2. Related Work
Discussions on the extension/restriction of the KPN model
have a long history and many publications are available. In [4],
an implementation of a FIFO data-synchronization scheme is
presented that can be used in the functional description and hardware realization for heterogeneous shared-memory multiprocessor
systems. Since the presented approach targets shared-memory
architecture, it not only has to clearly separate synchronization
from data transportation but also cannot benefit from the nice
properties of distributed control and distributed memory offered by
modern FPGA techniques. In [5] which extends the way presented
in [6], bunches of task-level interfaces are summarized for the
structured design and programming of embedded multiprocess
systems where our original idea is from. These interfaces are
available as C/C++ API, which leaves the hardware support issue
still open. Therefore there is no way to synthesize a system that
uses these interfaces into an FPGA chip. In this paper, we give a
more restrict definition and an FPGA-based implementation.
SHIM [7], a synthesizable design flow, uses a restricted KPN
model, the communication of which is synchronous in the sense
that both sending and receiving processes must agree when data
are to be transferred. In [8], an exploration framework is presented to build FPGA multiprocessor systems for stream-oriented
applications, generating homogeneous networks of MicroBlaze
processors interconnected by buses and direct FSL links. [9] generates both homogeneous and heterogeneous FPGA synthesizable
multiprocessor systems based on KPN models as well. All of
these frameworks stick to a strict FIFO communication, therefore
none of them can handle the three limitations mentioned above,
i.e. reordering, non-destructive read, and skipping. Attempt trying
to tackle the out-of-order access and multiplicity (non-destructive
read) is presented in [10]. But the proposed methods either
need special purpose memories or have to calculate a coordinate
for each data item transferred. Even worse, dedicated control
subsystems have to be generated for each communication channel.

• A WFIFO has two access ports, i.e. a read port and a
write port, which support only read and write operations,
respectively.
• An acquire operation to a WFIFO is mandatory before data
transmissions.
• The acquired window can have an arbitrary size smaller
than the size of WFIFO while the acquired read and write
windows cannot overlap.
• Both blocking and non-blocking acquires are supported.
The non-blocking means if the available data/spaces are less
than the acquired window size, an error will return.
• The access to the window can be out-of-order and the read
operation is non-destructive.
• A release operation is as well mandatory for synchronization
after data transmissions.
A functionality abstraction of the WFIFO is shown in Fig. 2.
The gray boxes located at both ports of the FIFO are in some
sense reordering memories which support the new functionalities.
At each port, a logic block controls the access of the reordering
memory. For instance, when the logic of the write port receives
an acquire-write instruction, it enables a write reordering memory.
This memory has a continuous address space and a size as big as
the required window. Subsequent write instructions are directed
to this memory at a position indicated by an offset specified in
the instructions. When a release instruction is received, writing is
disabled and the data in the reordering memory will be merged
to the FIFO without changing their order. Remind that Fig. 2
is only a functionality abstraction. In the WFIFO hardware
implementation, a single memory block is used instead of the
combination of a FIFO and reordering memories.
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Figure 2. Functionality abstraction of the
WFIFO. The reordering memories are indicated in gray.

3. The WFIFO Concept
A windowed FIFO (WFIFO) originates from a normal FIFO
whereas it offers more functionality and flexibility. A normal FIFO
behaves in a strict first-in first-out manner in which data must be
read in the same order as they have been written. In addition, each
data item written to the FIFO must be read exactly once. It is
not possible to read the same item multiple times or to remove an
item from the FIFO without reading it. Unlike a normal FIFO,
the WFIFO supports out-of-order access within a continuous data
segment located at the head or tail of the FIFO. These segments
are called windows, which leads to the name windowed FIFO. The
characteristics of the WFIFO can be summarized as followed:

Based on the window operations, a WFIFO can perform out-oforder access (reordering), non-destructive read and skipping. Outof-order access allows data items to be consumed in an order other
than produced. Both the producer and the consumer can reorder
the data within the acquired windows. Non-destructive read means
that the same data item can be read an unlimited number of times
as long as it is still in the read window. If the consumer does not
read all data within the read window, this can be seen as skipping
of unwanted data. Skipping makes sense if it is not possible for
the producer to know if data will be required by the consumer or
not. A sample application depicting the usefulness of the skipping
is shown in Section 4.2.

3.1

WFIFO Process Network Model

A WFIFO process network derives from a KPN, which consists as well of concurrently running sequential processes that
communicate exclusively through point-to-point communication
channels. The difference is that the unbounded FIFO channels
are replaced by bounded WFIFO channels. We will show that
a WFIFO process network with both blocking read and blocking
write semantics is determinate.
L EMMA 1. A WFIFO process network with blocking semantics can be simulated by a KPN with blocking write semantics as
well.
P ROOF. The fundamental difference between a WFIFO process network and a KPN with blocking write semantics is the
replacement of FIFO channels with WFIFO channels. It must be
shown that the windowed semantics can be implemented using
a bounded FIFO channel. Given the property that the read
and write windows do not overlap each other, the segment in
between is strict FIFO semantics. The window mechanism can
be transformed into a software implementation in the connected
local processes. For the write process, when an acquire operation
is invoked, a segment in the local memory with the same size as
the acquired window is allocated. Subsequent write operations are
all redirected to this segment until a release operation is received
where all data within this segment will be written to the FIFO
channel. For the read process, when an acquire is invoked, a
segment in the local memory with the same size as the acquired
window is allocated as well. Meanwhile, data as many as the
acquired window can contain are removed from the FIFO to this
segment. All subsequence read operations are redirected to this
segment, i.e. reading from this piece of local memory, until
a release operation where this segment will be freed. Under
this transformation, a WFIFO process network with blocking
semantics can be realized by a KPN with the same semantics.
L EMMA 2. A KPN with blocking write semantics can be
simulated by a KPN with non-blocking write semantics.
P ROOF. A bounded FIFO implementation of a KPN leads to a
blocking write semantics whereas a non-blocking write semantics
of a KPN implies an unbounded size of FIFO channels. [7]
presents a way how a buffer with rendezvous protocol can be
implemented with unbounded FIFOs. Here a similar proof is
made for bounded FIFOs that is not restricted to the rendezvous
protocol. For any bounded FIFO Fi with size Si in a process
network, a pair of unbounded FIFOs is replaced, where one
(forward) has the same direction as Fi and the other (backward)
goes in the opposite direction. The backward FIFO is set to full
initially, i.e. containing Si data items. The access semantics is
changed as followed: The writing process always reads an item
from the backward FIFO before writing an item to the forward
FIFO. The reading process writes an item to the backward FIFO
immediately after reading an item from the forward channel. This
backward channel mechanism guarantees that there are never more
than Si data items in the forward FIFO, which is tantamount to a
bounded FIFO with size Si . Under this transformation, a bounded
FIFO can be implemented with a pair of unbounded FIFOs with
non-blocking write semantics. Therefore, the lemma holds.
T HEOREM 1. A WFIFO process networks with both blocking
read and blocking write semantics is determinate.

P ROOF. Combining Lemma 1 and Lemma 2, a WFIFO process
network with blocking semantics can be simulated by a KPN,
therefore it inherits the properties of the KPN. The theorem
holds.
C OROLLARY 1. A KPN can be simulated by a WFIFO process
network.
P ROOF. Fixing the window size to 1 data item, a WFIFO
process network is equivalent to a KPN.
From Corollary 1, we can find out that a WFIFO process
network model is an extension of a KPN model where the firstin first-out semantics of a KPN FIFO is relaxed to bounded-size
reordering windows at both ends of the FIFO channel. While
gaining efficiency and flexibility from the bounded-size reordering
windows from the programming point of view, an inevitable side
effect is the artificial deadlock. Although how to decide the size
is difficult in practice, at least the WFIFO model inherits the nice
property of being determinate, i.e. giving correct result if deadlock
does not occur.

3.2

WFIFO Software API

Writing to and reading from a WFIFO are two independent
transactions which both follow a protocol. The protocol is defined
by three subsequent steps. The enumeration below shows these
steps for the write port of the WFIFO.
• Acquire a write window:
WFIFO ACQUIRE WRITE(port, size)
WFIFO ACQUIRE WRITE NONBLK(port, size)
The acquire-write instruction allocates a window of the
size at the write port of the WFIFO. The port number
identifies the WFIFO in case there is more than one WFIFO
connected to the same processor. There are two versions
of the acquire instruction, a blocking and a non-blocking
one. Both versions execute the acquiring in case there is
enough memory available. If there is not enough memory
space, the blocking version blocks the calling process until
enough memory space is available. The non-blocking
instruction returns in any case, and signals with the return
value if acquiring is successful or not, which is orthogonal
to the non-blocking write semantics of a KPN where infinite
memory is assumed. The acquire instruction is followed by
step two or step three. Acquiring can only be executed if
there is no write window at the write port.
• Write data:
WFIFO WRITE(port, offset, data)
The write instruction writes the data to the write window
at the position indicated by the offset. The instruction can
be repeated an unlimited number of times. It is possible to
write the same offset position more than once, which results
in overwriting the old value. If an offset position is never
written, its value is undefined. The write instruction can be
followed by the next write instruction or by step three.
• Release the write window:
WFIFO RELEASE WRITE(port)
The release instruction terminates the writing phase and
shifts the content of the window to an internal FIFO, from
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where it can later be read. After releasing, no further writing
to the window is possible. Before more data can be written
to the channel, a new write window must be acquired.
The protocol for the read port is very similar. It also offers two
acquiring functions — a blocking and a non-blocking one. The
acquiring can be executed successfully if there are enough data in a
WFIFO buffer for the read window. After acquiring succeeds, data
can be read from the window. The release instruction is equivalent
to deleting the data of the acquired size from the channel.

3.3

WFIFO Hardware Design

Using the Xilinx Embedded Development Kit (EDK) 7.1i [1],
our WFIFO IP is implemented on a ML300 Evaluation board
where a Virtex-II Pro FPGA chip (xc2vp7-ff672-6) [2] is integrated. The EDK offers two types of processor IP, i.e. MicroBlaze
soft IP (MB) and IBM PowerPC 405 core (PPC), and three types
of bus, i.e. On-Chip Peripheral Bus (OPB), Local Memory Bus
(LMB) and Processor Local Bus (PLB). The OPB can serve both
types of processors while the high speed PLB serves only the PPC.
An overview of the WFIFO architecture is given in Fig. 3. In
order to construct the WFIFO IP generic enough for heterogeneous
architecture, two modified Intellectual Property Interface (IPIF)
are integrated inside that offers by Xilinx EDK a standardized IP
interface at one side and a specific bus interface at the other side.
With such a design it is possible to connect the same IP to different
types of buses by means of different IPIF implementations. The
WFIFO memory is implemented with a dual-port BlockRAM
(BRAM) which is an on-chip parameterizable memory module
available on all newer Xilinx FPGAs. The access of the BRAM
is controlled by a state machine which is the heart of the WFIFO
implementation.
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Figure 4. WFIFO state machine architecture.
up to 173.6 MHz limited by the IPIF component in the EDK. In
order to support future automated system generation, the WFIFO
IP is designed as a separate component fully compatible to Xilinx
EDK environment and is parameterizable in terms of the BRAM
size and the window width. Because of the space limit, we do not
list all the details. The detailed statements and timing diagrams
are described in [11].

3.4

Target System Synthesis

Synthesizing a WFIFO system starts with modeling the application behavior as a WFIFO process network. This resembles
with modeling an application with KPN with the exception that
normal FIFO channels are replaced by WFIFO channels. The
application model includes the source code for the concurrent
processes and the topology of the underlying process network.
For the communication between the processes, WFIFO channels
are used which are accessed using the WFIFO software API.
Fig. 5 shows a topology of a WFIFO process network with three
processes and sample source codes of the processes P1 and P2 are
given in Listing 2.
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Figure 3. WFIFO architecture overview.
The architecture of the state machine is shown in Fig. 4. For
efficiency reasons, the design implements two synchronized state
machines. One state machine is connected to the write port and
handles all write commands, while the other one does the same
for the read port. Synchronization is achieved over a set of shared
states. The reason for this design rather than a single state machine
is that the implementation with the single state machine has to
encode not only all possible read and write states but also all
possible combinations of them.
Using the built-in synthesis tool within EDK 7.1i, the size of
the WFIFO IP in terms of the Configurable Logic Blocks (CLB)
– a.k.a. Slice, is 377, which is less than 1% of the total CLB
(4928) available on the chip. In the pipeline mode 2, write and
read operations take 5 and 6 clock cycles respectively, which is
acceptable comparing to 2 cycles for both read and write afforded
by the high-speed, dedicated point-to-point first-in first-out Fast
Simplex Link (FSL) in the EDK library. The IP works can work
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Figure 5. Example WFIFO process network
with P1 as data source and P3 as data sink.
The second step is to build a target architecture. To reduce
the complexity, the target architecture has a dedicated structure
and is assembled from two building blocks shown in Fig. 6, one
computation component and one communication component. The
communication component is the WFIFO IP. The computation
component combines a processor core, a bus and a piece of
memory for instruction and data memory. WFIFOs are connected
with the processors over a bus. WFIFO software API translates
WFIFO instructions into bus transactions. The port numbers are
used to the bus address calculation of the WFIFO. This translation
from port number to bus address can be done at compile time.
To build a WFIFO system, a WFIFO process network needs
to be mapped onto a target architecture, i.e., for each computation
component onto which WFIFO processes are mapped as well as
for each communication component onto which a WFIFO channel
is mapped. In the current stage, we only consider a one-toone mapping, i.e. mapping a WFIFO process to a computation
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Figure 6. Building blocks for the WFIFO
architecture. Mem is the instruction and local
data memory of processor P1.
component. No mapping is required for WFIFO channels because
each channel is mapped onto exactly one WFIFO hardware IP,
the connections of which are well defined by the topology of the
process network and the mapping of the processes. Fig. 1 depicts
a resulting WFIFO system by a one-to-one mapping of the process
network shown in Fig. 5.

4. Application Examples
In this section, we present illuminating application examples to
demonstrate the practicality of the outlined approach.

4.1

Reordering and multiple read are common tasks in signal
processing algorithms. A simple producer-consumer example is
shown in this section. The original sequential code is in Listing 1
where the producer generates a two-dimensional array in the
column order and the consumer read the array in the row order.
Moreover, the consumer will read the second row of the array
twice.







/ / P2 : c o n s u m e r
while ( true ) {
f o r ( j = 0 ; j <2;
p r o c e s s (A [ 0 ] [
p r o c e s s (A [ 1 ] [
p r o c e s s (A [ 0 ] [
p r o c e s s (A [ 1 ] [
}
...
}

/ / P2 : c o n s u m e r
while ( true ) {
WFIFO ACQUIRE READ ( 0 ,
WFIFO READ ( 0 , 0 , tmp ) ;
WFIFO READ ( 0 , 3 , tmp ) ;
WFIFO READ ( 0 , 1 , tmp ) ;
WFIFO READ ( 0 , 4 , tmp ) ;
WFIFO READ ( 0 , 1 , tmp ) ;
WFIFO READ ( 0 , 4 , tmp ) ;
WFIFO READ ( 0 , 2 , tmp ) ;
WFIFO READ ( 0 , 5 , tmp ) ;
WFIFO RELEASE READ ( 0 ) ;
...
}

6);
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;
p r o c e s s ( tmp ) ;





Listing 2. The corresponding WFIFO code for
this simple reordering producer-consumer
example.

Reordering and Multiple Read

/ / P1 : p r o d u c e r
while ( true ) {
f o r ( i = 0 ; i <2; i ++) {
f o r ( j = 0 ; j <3; j ++) {
A[ i ] [ j ]= n e x t V a l u e ( ) ;
}
}
...
}



/ / P1 : p r o d u c e r
while ( true ) {
WFIFO ACQUIRE WRITE ( 0 , 6 ) ;
f o r ( i = 0 ; i <6; i ++) {
WFIFO WRITE ( 0 , i , n e x t V a l u e ( ) ) ;
}
WFIFO RELEASE WRITE ( 0 ) ;
...
}

WFIFO

j ++) {
j ]);
j ]);
j +1]);
j +1]);



Listing 1. A sequential code for a simple
reordering producer-consumer example.
To rewrite this piece of sequential code into a KPN becomes
complicate. In the case of out-of-order access, either the producer
or the consumer has to rearrange the execution order of its code. In
the case of multiple accesses of a data item, either the producer has
to send the data item again or the consumer has to store the data
item somewhere in its local memory. All of these ad-hoc solutions
are a bit involved from the programming point of view.
Using a WFIFO, the code as shown in Listing 2 becomes
straightforward. The consumer first acquires a read window from
the WFIFO, then it can read the array in arbitrary order no matter
in what kind of order the producer generates the array. Meanwhile,
the consumer reads 8 data items within the acquired window from
the WFIFO although the producer only writes 6 data items. In
addition, the storage of the array shifts from the local memory of
the process to the WFIFO, which can reduce the local memory size
of the process as a side effect.

4.2

Skipping

A possible application for the WFIFO concept is in the image
filtering, where an image is divided into slides or macroblocks then
processed by a multiprocessor architecture in parallel. For such an
application it is typical that at a certain point of the processing,
information from the neighboring processors is required. For this
type of data exchange, WFIFOs can be applied. Instead of an
image processing algorithm, we discuss here a parallelization of
the game of life [12] which has similar requirements but is less
complex.
The “world” for the game of life is made of a rectangular
array of cells which are either dead or alive. The state of a cell
in the next cycle depends on its actual state and on the states of
its eight immediate neighbors. A live cell with more than three
live neighbors dies. A dead cell with exactly three live neighbors
becomes alive, otherwise it remains dead.
The game of life can be parallelized by segmenting the world
into horizontal slides. Each processor computes the next states
for one such slide. For the cells at the boundaries of a slide, the
processor requires cell states from the neighbor to make a decision
for the next cycle. There are conditions where a processor can
make such a decision without knowing the state of the cells from
neighbor slide. Fig. 7 shows two such situations where the states
of the cells from neighbor are not required. The key point here is
that only the consumer of the data can decide if it requires the data
or not while the producer cannot and has to send the data all along.
With a channel that does not allow skipping, all states of the cells
next to the boundaries of the tile must be written to the channel
and they must be read by the neighbor processor. With a WFIFO
buffer, only writing is mandatory. After acquiring a read window,
the reading processor is free to decide whether it reads the data or
not.
We built a two-processor system, trying to simulate a 14 × 24
world, the initial state of which is shown in Fig. 8. We split
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the world into two equivalent slides, the upper and lower part
corresponding to the figure, each of which will be separately
processed by a MicroBlaze processor. In each cycle, the two
processors exchange the states of the neighboring two lines in
their own slides to compute the states of the joint boundary lines
for the next cycle. We run the system for one hundred iterations
where 5% of the total reads from the WFIFO connecting to the
adjacent processor is avoided. The unused data in the WFIFO has
just simply been skipped. It is also easy to observe the amount of
skipping read increases as the live cells at the boundary increased.
Consider an extreme case where cells at the four rows along the
boundary are all alive, the skipping read can reach 15%.
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Figure 8. Initial state of the experiment.
The achievement from this simple application seems trivial
because a data item to be read is only 1 byte. When data items
are however at the block/macroblock level of images, the skipping
functionality can reduce enormous amount of data transmissions
and I/O operations.

5. Conclusion and Future Work
In this paper, We introduce the WFIFO mechanism and present
the model, the software interface, and the hardware implementation of this mechanism. Without loosing favorable properties of
the traditional KPN model, the WFIFO offers additional Reordering, non-destructive read, and skipping mechanisms. Although
leaving the usage of these three mechanisms into the hands
of the designers might cause uncertainty, the WFIFO however
simplifies the implementation of applications and makes this
concept applicable for a wider range of problems.
In the future, we plan to integrate this work into the ESPAM [9]
design flow in order to achieve automated generation of both
heterogeneous and homogeneous systems. We will also try
to automate the parameters of the IP with respect to concrete
applications and conduct sophisticated case studies, e.g. packets
transmission in VoIP, as a reviewer suggested.
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