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Abstract

Parallelization of embedded software is often desir-
able for power/performance-related considerations for
computation-intensive applications that frequently occur in
the signal-processing domain. Although hardware support
for parallel computation is increasingly available in embed-
ded processing platforms, there is a distinct lack of effec-
tive software support. One of the most widely known ef-
forts in support of parallel software is the message passing
interface (MPI). However, MPI suffers from several draw-
backs with regards to customization to specialized paral-
lel processing contexts, and performance degradation for
communication-intensive applications. In this paper, we
propose a new interface, the signal passing interface (SPI),
that is targeted toward signal processing applications and
addresses the limitations of MPI for this important domain
of embedded software by integrating relevant properties of
MPI and coarse-grain dataflow modeling. SPI is much eas-
ier and more intuitive to use, and due to its careful special-
ization, more performance-efficient for the targeted appli-
cation domain. We present our preliminary version of SPI,
along with experiments using SPI on a practical face detec-
tion system that demonstrate the capabilities of SPI.

1. Introduction

The use of parallel architectures for applications with
high computational intensity is popular as it leads to bet-
ter performance. Though a variety of work has explored
the hardware aspects of parallel architectures, there is a sig-
nificant lack of adequate software support for these plat-
forms. One of the most important issues with regards to
such systems is communication between processors. The
most widely-known endeavor in this regard is the mes-
sage passing interface (MPI) protocol, which is accepted
by many as the standard for multiprocessor communication
using message passing.

The main advantages of MPI are that it is portable

— MPI has been implemented for almost all distributed
memory architectures — and each implementation is op-
timized for the hardware on which it runs. However,
MPI is designed for general-purpose multiprocessor appli-
cations. Thus, although MPI provides for various features
and various forms of flexibility, MPI-based programs can-
not leverage optimizations obtained by exploiting charac-
teristics specific to certain application domains.

In this work, we propose a new multiprocessor commu-
nication protocol, which we call the signal passing inter-
face (SPI). SPI is specialized for signal processing, which is
an increasingly important application domain for embedded
multiprocessor software. It attempts to overcome the over-
heads incurred by the use of MPI for signal processing ap-
plications by carefully integrating with MPI concepts from
coarse-grain dataflow modeling and useful properties of in-
terprocessor communication (IPC) that arise in this dataflow
context. The resulting integration is a paradigm for mul-
tiprocessor communication that exchanges the general tar-
getability of MPI for increased efficiency in signal process-
ing systems.

In this paper, we present the preliminary version of our
proposed SPI communication interface and implementation
and testing of key features of the interface. We restrict our-
selves to a special class of dataflow graphs called the syn-
chronous dataflow (SDF) [9] model, which is popular in
both commercial and research-oriented DSP design tools.
Also, we use the self-timed execution model as the under-
lying execution model for SDF graphs on multiprocessor
systems. This causes streamlining of communication pat-
terns across processors and leads to the following advan-
tages compared to MPI-based implementations.

e Elimination of ambiguities related to multiple mes-
sages: In an MPI program, the program developer has
to ensure that all message sends are matched by the
correct receive operations, otherwise the program may
lead to race conditions. The deterministic properties
of SDF schedules ensure this ordering inherently, and
thus, the developer does not have to explicitly take care
of such conditions.



e Separation of communication and computation: In
SPI, the communication procedure is implemented as
a call to a specialized communication actor (i.e., a spe-
cialized vertex in the dataflow graph). All details of the
communication procedure are encapsulated within this
actor and do not spill over into the main code. This
actor is implemented in a library in the same fashion
as other dataflow actors are. How the communica-
tion takes place can vary based on the implementation.
Thus, the implementation can use MPI to perform the
communication, or it can use OpenMP if the target is
a shared-memory system, and so on. Also, a dataflow-
based communication library can be used which would
provide higher efficiency. The development of such a
library is a useful direction for future work on SPI.

e Better buffer optimization: MPI does not guarantee to
buffer arbitrarily long messages. This leads to complex
buffering issues. In SPI, this is resolved by the use of
buffer synchronization protocols which provide guar-
antees on buffer sizes and opportunities for buffer size
minimization in conjunction with the assumed SDF
modeling format.

Although our development of SPI is motivated by prop-
erties of signal processing applications, any application that
can be represented as an SDF graph and is amenable to self-
timed scheduling can be implemented on a multiprocessor
system using SPI.

2. Related Work

With an increasing shift towards heterogeneous hard-
ware/software platforms, the need for improved parallel
software has been increasing. To this end, the most popular
programming paradigm supported by most multiprocessor
machines has been the message passing interface (MPI) [6].
And though various APIs for such platforms are becoming
available (even commercially) such as OpenMAX which
provides abstraction for specialized routines used in com-
puter graphics and related applications, the focus on ef-
fective multiprocessor communication interfaces is lacking.
Due to various drawbacks in MPI alternative protocols have
been proposed such as message passing using the paral-
lel vector machine (PVM) [13], extensions to the C lan-
guage in unified parallel C (UPC) [3], and in recent years,
OpenMP [4] for shared memory architectures. However, all
of these software techniques target general-purpose appli-
cations and are not tuned towards the signal processing do-
main. Various attempts to adapt MPI to object-oriented en-
vironments such as Java have also emerged (e.g., Jace [1]).

In the domain of signal processing, two well-known
modeling paradigms are dataflow graphs and Kahn Process

Networks (KPN)[7] (relationships among dataflow model-
ing, KPNs, and signal processing design tools are discussed
in [10]). However, since our work exploits properties of
SDF that are not present in general KPN specifications, our
preliminary version of SPI is not applicable to general KPN
representations. Some tools that employ KPNs actually use
restricted forms of KPNs that are more amenable to for-
mal analysis [5] and a promising direction for further study
is exploring the integration of SPI with such tools. Multi-
processor implementation of dataflow graphs has been ex-
plored extensively [12]. Most of these efforts have concen-
trated on efficient scheduling of tasks under different mod-
els and constraints, including many approaches that take
into account costs associated with IPC and synchroniza-
tion. There is a distinct lack, however, of approaches to
the streamlining and standardizing of communication pro-
tocols in this domain, and of systematically relating the
advances in scheduling-related optimizations to lower-level
programming support that can fully exploit these optimiza-
tions. This paper addresses this practical gap in the applica-
tion of dataflow graph theory to multiprocessor signal pro-
cessing systems, with focus on distributed memory systems.

3. Dataflow-based Modeling of Signal Process-
ing Systems

The format of coarse-grain dataflow graphs is one of the
most natural and intuitive modeling paradigms for signal
processing systems [9, 12]. In dataflow, a program is rep-
resented as a directed graph in which the nodes (called ac-
tors) correspond to computational modules, and data (called
tokens) is passed between actors through FIFO queues that
correspond to the edges of the graph. Actors can fire (per-
form their respective computations) when sufficient data is
available on their input edges. When dataflow is applied
to represent signal processing applications, actors can have
arbitrary complexity. Typical signal processing actors are fi-
nite and infinite impulse response filters, fast Fourier trans-
form computations and decimators.

When dataflow is used to model signal processing ap-
plications for parallel computation, four important classes
of multiprocessor implementation can be realized: fully
static, self-timed, static assignment and fully dynamic
methods [8]. Among these classes, the self-timed method
is often the most attractive option for embedded multipro-
cessors due to its ability to exploit the relatively high de-
gree of compile-time predictability in signal processing ap-
plications, while also being robust with regards to actor ex-
ecution times that are not exactly known or that may ex-
hibit occasional variations [12]. For this reason, we target
our initial version of the SPI methodology to the self-timed
scheduling model, although adaptations of the methodology
to other scheduling models is feasible, and is an interesting



topic for further investigation.

In self-timed scheduling for multiprocessor signal pro-
cessing systems, each actor is assigned at compile-time
to execute on a unique processor, and all such actor-to-
processor assignments are fixed throughout the execution
of the system. Furthermore, for each processor, the order
of execution across all actors that are assigned to that pro-
cessor is fixed at compile-time. However, unlike fully-static
scheduling, self-timed scheduling does not fix the times at
which actors will execute; the exact time at which an in-
vocation of an actor will begin is determined, in general,
by both the execution order of the corresponding processor,
and the simple synchronization operations that must be car-
ried out across processors.

4. The Signal Passing Interface
4.1. Overview of the Interface

The FIFO buffers, associated with edges in a dataflow
graph, queue fokens that are passed from the output of one
actor to the input of another. When an actor is executed, it
consumes a certain number of tokens from each of its in-
puts, and produces a certain number of tokens on its out-
puts. The SDF model is a restricted form of dataflow in
which the number of tokens consumed/produced by an actor
on each input/output port is constant. For a given dataflow
graph, SPI inserts a pair of special actors (called SPI actors)
for sending and receiving associated IPC data whenever an
edge exists between actors that are assigned to two differ-
ent processors. We call an edge whose incident actors are
mapped to the same processor an intraprocessor edge, and
an edge whose incident actors are mapped to different pro-
cessors an interprocessor edge. Thus, a multiprocessor im-
plementation of a dataflow graph through SPI involves in-
troducing special SPI actors into the graph after partitioning
and allocating them to different processors. To realize this
practically, two forms of edge implementations are defined
for every edge; one is the intraprocessor edge implementa-
tion that is implemented as a function call that writes to the
(local) edge, while the other is the interprocessor edge im-
plementation, which involves a call to the special SPI actor
that takes care of the necessary IPC functionality.

In the serial code, the interprocessor edges are masked
for convenient schedule-based selection. For a multiproces-
sor implementation, once the partitioning and scheduling of
actors on the different processors is complete, the interpro-
cessor edges are unmasked and the intraprocessor edges are
masked accordingly. This enables the actors from the orig-
inal graph to function independently of the number of pro-
cessors, schedule, and memory architecture (e.g., whether it
is based on shared or distributed memory). It is also a con-
venient method to explore different multiprocessor sched-
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Figure 1. Model for implementing the SDF
graph on left on a 2-processor system and
the new SDF graph.

ules — lack of information of both types of edges may lead
to exclusion of optimization choices when partitioning and
scheduling is done. It can also be used conveniently by both
automatic code generation tools as well as parallel code that
is written by hand with the aid of dataflow graph modeling.
The experiments in this paper were carried out in the latter
implementation context (human-derived parallel programs).

The static properties of SDF together with self-timed
scheduling provide important opportunities for streamlining
of interprocessor communication. This leads to the follow-
ing differences between SPI and MPI implementations:

e In MPI, a send message contains the destination ac-
tor. In SPI, instead, the message contains the ID of the
corresponding edge of the graph.

o In SPI, there is no need to specify the size of the buffer
as in MPI. Once a valid schedule is generated for the
graph, all the edge buffer sizes are known, and hence
the edge ID can be used to determine the buffer size.
Although buffer overflow conditions may occur if one
of the processors produces data at a faster rate than the
consumer processor consumes it, these conditions can
systematically be eliminated in SPI by buffer synchro-
nization protocols discussed below

e SPI allows only non-blocking calls. Any buffer over-
writing or race conditions are avoided by the self-timed
execution model that enforces 1) any actor can begin
execution only after all its input edges have sufficient
data, and 2) each actor is implemented on one proces-
sor only and not distributed across multiple processors.

Figure 1 shows an example of the implementation of a
sample SDF graph on two processors, and the resulting new
dataflow graph. The edge buffers for the actors of the in-
terprocessor edges are shared with the respective SPI actors
within a processor. After an actor A finishes execution, it



writes its output data to each output edge FIFO buffer e if
the actor C' that consumes data from e is implemented on
the same processor. If actor C'is implemented on a different
processor, actor A writes to the edge shared between it and
the corresponding SPI actor. The SPI actor is then invoked
which initiates a send call to actor C'. Completion of a send
implies acknowledgement that the message has reached the
receiving processor. If an acknowledgment is not received
within a fixed time period, a re-send is performed.

We define two protocols to manage buffers for SPI based
on several related factors. These protocols build on the ex-
isting BBS (bounded buffer synchronization) and UBS (un-
bounded buffer synchronization) protocols for synchroniza-
tion in statically-scheduled, shared memory multiprocessor
systems [2]. For certain edges, called feedback edges, it can
be ensured from analysis of the self-timed schedule and an
associated intermediate representation called the synchro-
nization graph that the buffer size cannot exceed a fixed
value, and using a buffer of this size will always prevent
overflow [2]. Intuitively, a feedback edge is an IPC edge
that is contained in one or more directed cycles of the syn-
chronization graph. In such cases the efficient BBS protocol
is applicable, while if an edge is not a feedback edge, or if it
is a feedback edge but a buffer of the required size cannot be
allocated, then the less efficient UBS protocol is employed.

To these considerations, we add the communication reli-
ability factor and define a new set of protocols and associ-
ated software interfaces. Therefore, in our case, buffer over-
flow on an IPC buffer can occur due to any or a combination
of the following reasons: (a) a producer actor consistently
fills up the buffer (e.g., because it is on a faster or less-
loaded processor) faster than the corresponding consumer
actor can consume the data; (b) the varying communication
time of the channel; and (c) multiple sends due to an un-
reliable communication channel. When we say that buffer
overflow does not happen, it implies that none of the above
conditions will occur. In both protocols we assume that two
copies of the edge FIFO buffer are maintained — one in the
sender SPI actor’s memory and another in the receiver SPI
actor’s memory with a statically determined upper limit. Let
S, and R, be actors in the original dataflow graph, while S
and R be the corresponding special interprocessor commu-
nication actors that are inserted by SPI based on the given
self-timed schedule. A read (rd) and write (wr) pointer are
maintained by both the sender and the receiver.

4.2. SPI-BBS and SPI-UBS Protocols

If it can be guaranteed that a buffer will not exceed a
predetermined size, then the SPI-BBS protocol is used. Let
the maximum buffer size on both S and R be By,. Then
S, writes a token to the buffer, and increments the write
pointer as wr = (wr + 1)modBy,. Once the number of

tokens written into the write buffer is equal to the produc-
tion rate of the corresponding actor, S sends a message
(non-blocking send) to R containing the new data tokens.
When S receives an acknowledgment for the send message,
it modifies the read pointer. Upon receiving the message, R
modifies its buffer, sets the write pointer accordingly, and
sends an acknowledgement to S. R, reads a token when
rd # wr. After reading a token, R, modifies the read
pointer as rd = (rd + 1)modBypy,.

The SPI-UBS Protocol is used when it cannot be guaran-
teed statically that an IPC buffer will not overflow through
any admissible sequence of send/receive operations on the
buffer. In this protocol, an additional counter of unread
tokens (ur) is maintained. Let the buffer size on both .S
and R be B,;,. Before S, writes to the buffer it checks if
ur # Byp. If yes, it writes to the buffer and increments
the write pointer as in SPI-BBS, and also increments the
count ur. Then S sends a message (non-blocking send) to
R from offset 7d. When S receives an acknowledgment for
the send message, it modifies the read pointer and decre-
ments the count of ur. Upon receiving the message, R
checks if ur # By. If yes, it modifies its buffer, sets
the write pointer accordingly and increments the value of
ur. However, R does not send an acknowledgement to .S
immediately. R, reads a token when ur # 0. It reads
the token from offset rd and modifies the read pointer as
rd = (rd + 1)modB,;,. The value of the count ur is decre-
mented and acknowledgement for the send from S is sent.

In case of the receiver buffer being full, the receiver does
not send an acknowledgement which causes the sender to
re-send again. For the extreme case when the unreliability
of the communication medium causes loss of acknowledge-
ment from the receiver, special care has to be taken. For
such cases, a tag may be used that flips between 1 and 0 for
alternate messages. Then R checks the tag to ensure receipt
of the correct message: if the tag is the same as the earlier
message then the current message is due to a re-send and is
not written into the buffer, instead an acknowledgment for
the message is sent.

5. Implementation and Results

In this section, we describe an initial implementation of
the SPI framework, and present experimental results ob-
served from this implementation with a face detection ap-
plication as a test bench. The underlying communication
layer used is MPI. The current SPI library implements three
functions for interprocessor communication — SPI _init,
SPI _send and SPI _receive which are sufficient to provide
communication and synchronization functionality for any
multiprocessor implementation:

o SPI_init(schedule): Here, schedule is the multipro-
cessor schedule for the SDF graph. In this function
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Figure 2. The flow of the face detection algo-
rithm used in our experiments.

initialization of parameters and buffer sizes for SPI is
done. Also, assignment of buffer sizes for each inter-
processor edge is performed and stored. The BBS or
UBS protocol setting for the edges are done as well.

o SPI_send(data, datatype, edge_id): Here, data de-
notes a buffer that stores the data to be sent, datatype
denotes the type of data, and edge_id denotes the ID of
the interprocessor edge. This function for the current

implementation contains a call to a non-blocking send
of MPI.

o SPI _receive(data, datatype, edge_id): Here, data
denotes a buffer that stores the data to be received.
The rest of the arguments are same as in SPI_send.
In this function, instead of a non-blocking send, a non-
blocking MPI receive function call is done.

5.1. Implementation Details

Image processing applications such as face detection are
good candidates for parallelization as they are computation-
intensive, and at the same time, inherently parallelizable. In
this work, a shape-based approach proposed by Moon et
al. [11] is used. Figure 2 shows the complete flow of the
employed face detection algorithm. At the implementation
level, this reduces to finding out correlations between a set
of ellipse-shaped masks with the image in which a face is
to be detected. Profiling results show that this operation
(mask correlation) is computationally the most expensive
operation. However, this operation is parallelizable. The
mask set can be divided into subsets and each subset can be
handled by a single processor independent from the rest. A
coarse-grain dataflow model of the resulting face detection
system is shown in Figure 3 for the case of 3 processors for
mask correlation. Besides using multiple processors for the
correlation operation, we use a separate processor to handle
the required I/O operations.

Once the actor assignment is completed, SPI-based par-
allel code can be derived by unmasking the function call to

Output
Image

RI: Reads Image / and downsamples it BM;: Creates the mask set for P,

PE;: Computes correlation for mask set BM, and Image /to find local best match
FR: Find the best match among all local matches and mark outline

Figure 3. SDF graph of the face detection sys-
tem for 3-processor parallelization.

the SPI actor for every edge, if the edge is an interproces-
sor edge. We use the SPI-UBS protocol, since fixed buffer
sizes cannot be guaranteed for any of the edges of the given
dataflow graph. We assume reliable communication, since
the actual communication in our experiments is performed
using MPI, which assumes reliable communication. Ex-
perimentation with the unreliable communication aspects of
SPI is a topic for further work.

5.2. Results

Three versions of multiprocessor implementation of the
face detection system were developed — Version 1 uses ba-
sic MPI ; this version kept the communication code simple
but did not use non-blocking calls everywhere, Version 2
uses non-blocking calls only but with more lengthy com-
munication code being nested within the computation code,
and Version 3 is the SPI implementation. The targeted mul-
tiprocessor platform consisted of a combination of IBM
Netfinity and Dell Poweredge hardware nodes: each node
was a dual-processor PIII-550 (2xPIII-550Mhz) with 1GB
memory and 2x18GB of disk capacity. Each node had a
1Gigabit link to the other nodes. Two test benches involv-
ing 126 and 114 masks, each of size 121x191 and 127x183
pixels, and image of size 128x192 pixels were used.

Comparison of performance (of individual processors)
for the three implementations are illustrated in Table 1. As
can be observed from this comparison, the SPI version per-
forms significantly better than the first MPI version for all
of the cases. Furthermore, the SPI version performs as well
as the second MPI version, but produces smaller and sim-
pler communication code compared to MPI, as illustrated
in Figure 4. Comparing the MPI Version 1 (blocking calls
only) and SPI code segments in this figure, we observe that
the SPI implementation leads to better performance in terms
of smaller communication header size. Also, the MPI Ver-
sion 2 (non-blocking calls only) and SPI code segments in
the same figure highlight that the SPI implementation uses
fewer communication library calls than the MPI version in
order to achieve comparable performance.



Table 1. Execution times for MPI and SPI im-
plementations for 6 processors.

processor ID Testbench 1(secs) Testbench 2(secs)
MPI(1) | MPI(2) SPI MPI(1) | MPI(2) SPL
0 1.55 1.55 1.54 1.419 1.379 1.38
1 1.46 1.44 1.43 1.337 1.295 1.296
2 1.41 1.36 1.36 1.346 1.297 1.296
3 1.48 1.44 1.43 1.346 1.293 1.29
4 1.48 1.44 1.43 1.356 1.296 1.296
5 1.42 1.37 1.37 1.351 1.311 1.31
MPI Version1 MPI Version2 SPI Version

ifP0)
Intial functions
fori=1:3

MPI_Send(image, image_size,
MPI_INT, processorid, 0,
MPI_COMM_WORLD)
MPI_Recv(resuits, result_size,

&MPI_Status)

P0)
Intial functions

fori=1:3

MPI_ISend{image, image_size,
&MPI_Request)

MPI_IRecv(results[i], result_size,

MPLINT, 1,0, MPI_COMM_WCSRLD,K—;.MPI_INT, i, 0, MPI_COMM_WORLD,

&MPI_Request[i])

MPI_INT, i, 0, MPI_COMM_WORLD,

ifPO)
Intial functions
fori=1:3
SPI_Send(image, edge id, SPI_INT)
SPI_Recv(results, edge id, SPI_INT)
rend for
Find best result
endif

end for end for
Find best result fori=1:3
end if ~MPLWai!(&MPLRequest{l])

end for

Find best result

end if

Figure 4. Abridged code showing communi-
cation code for 3 implementations of the face
detection system

Thus, SPI provides an interface that leads to simple com-
munication code with performance that is comparable to op-
timized MPI code. It resolves the issues of multiple sends
and buffer management as well, thereby overcoming some
of the drawbacks of MPI without affecting its advantages.
In addition, SPI is retargetable: the actual communication
layer can be implemented using other communication in-
terfaces, such as OpenMP. An SPI communication library
that implements the SPI communication primitives indepen-
dently would provide for standalone operation, further effi-
ciency improvement, and performance optimization, and is
an important direction for future work.

6. Conclusions

In this paper, we presented the preliminary version of
the signal passing interface (SPI), a new paradigm for im-
plementing signal processing software on embedded multi-
processors. SPI achieves significant streamlining and as-
sociated advantages by integrating with the MPI frame-
work properties of dataflow graph modeling, synchronous
dataflow analysis, and self-timed scheduling. In our pro-
posed SPI framework, protocols for interprocessor commu-
nication and efficient buffer management have been defined.

Experiments with a face detection application have been
conducted to demonstrate the capabilities of SPI. Our ex-
periments showed that this application can be parallelized
using the SPI framework in a simple and efficient manner.
Future work includes implementation of an independent SPI
library that supports the SPI communication primitives, and
exploration of other optimization possibilities in the context
of SPIL.
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