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ABSTRACT

This paper aims to devise a data flow model of computation for
signal processing applications in which the operational nodes are
signal/image processing functions such as Pixsum, Edge, Smooth
[12]. These functions are configured during run time from a pool of
reconfigurable FPGAS[4][5][6]. Thus because of the data flow
model of computation, the signal processing functions execute con-
currently. At the same time, these functions by exploiting their
inherent spatial parallelism execute at high speed. There is a two
fold speed up in the execution of image/signal processing applica-
tionsone at the architecture level wherein a node of the dataflow
model executes a digital signal processing (DSP) function rather
than a low level machine operation. The second speed up is due to
the fact that each DSP function is configured to execute in an
FPGA by using maximally the concurrent operations that such a
function permits. Another significant benefit that arises from our
proposed architecture is that by reconfiguring an FPGA for a DSP
function at run time, the reusability of the hardware elements results
in reduced cost of operations. In this paper we provide an outline of
the data flow architecture and its operational aspects.
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INTRODUCTION

Intensive and complex computations are required for
real time execution of signal/image processing algo-
rithms. Such algorithms exhibit spatial parallelism and
are therefore suitable for mapping into array architec-
tures like systolic, SIMD etc. [1], [2], [3]. Speed en-
hancement can be achieved by using dedicated hardware
that exploits the inherent parallelism in the algorithm.
Data flow architecture offers a possible way of exploiting
the concurrency of computations. Here firing or execu-
tion of an instruction/function is asynchronous [7], [8],
[9] and depends on the availability of data from one or
more processing elements (PE) which would have been
fired previously. Thus the execution is very fast. Howev-
er, the conventional data flow model suffers from two
inefficiencies:

1 All the PEs may not be in use at any particular instant
and thus the hardware utilization factor becomes low.

2. The PEs are basically ALUs and perform low level
operations like Add, Sub, Mul etc. and not the functional
level operations like FFT, Cosine Transforms etc..

In this paper we propose a new architecture based on
the data flow principle which uses a common pool of
RPEs available for the execution of image / signal pro-
cessing algorithms

There is a two fold speed up in the execution of
image/signal processing applications- one at the architec-
ture level wherein a node of the dataflow model [10],
[11] executes a digital signal processing (DSP) function
rather than a low level machine operation. The second

speed up is due to the fact that each DSP function exe-
cutes in an FPGA and uses maximally the spatial paral-
lelism that such a function possesses.

Each RPE is configured during run time to carry out a
specific function as required by the algorithm. On the
completion of the execution of the function, the RPE is
returned to the common pool and available for being re-
configured into a new function depending on the require-
ment. Thus the hardware utilization is very high and the
same pool of ‘n” RPEs can be used again and again to
execute different functions. In section II we describe the
proposed architecture and the model of the RPEs that is
required to support the architecture. Section III gives an
overview of the state each PE can have along with the
state transition diagram. The functioning of a PE manager
which manages these transitions with support from the
various blocks in the architecture is also discussed. We
conclude in Section IV by highlighting the possible appli-
cation areas.

PROPOSED ARCHITECTURE

The proposed architecture can be explained with the
help of the block diagram of Figure 1. It consists of two
main blocks — the Processing Unit (PU) and the Activity
Template Storage Unit (ATSU). The Update Unit (UU)
and the Fetch Unit (FU) act as interfaces between the PU
and the ATSU.

The execution of the application algorithm is carried
out by the n RPEs in the PU.
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These elements are implemented using Field Pro-
grammable Gate Array(s) (FPGA) which are reconfigured
for a particular function. This reconfiguration takes place
by downloading the required bits-streams from Configu-
ration Memories (CM).

Each RPE has its own local memory (LM) each of
which stores all the required reconfiguration function files
for the application. The LMs are connected by a global
bus to a Global Data Memory (GDM). An RPE is put into
execution mode when all the input operand vectors re-
quired by the function for which it has been configured
are available in the GDM. This availability of input oper-
ands is as a result of the completion of execution of its
predecessor functions in other RPEs according to the data
flow graph. When an RPE finishes execution of a func-
tion, it stores the result vector in the GDM, outputs the
result packet to the UU for transmission to the ATSU and
then makes itself available for possible reconfiguration
into another function as required by the data flow model
of the application algorithm. The overall management of
the RPE s is carried out by the PE manager in the PU. The
“result packet” transmitted to the UU has the following
structure.

< Result Packet > := < Result Data Pointer >
<Size><{Destination Template Address in ATSU} Im >

The ATSU is a memory in which is stored information
regarding the various signal/image processing functions in
data structures represented by a common template
(Fig. 2). In BNF notation, a template can be represented as

< Template in ATSU > := < Function> <{ operand da-
ta } 11> <{destination template address} 1k > <output data
pointer> <no. of elements of output data>

< operand data > := < operand data pointer > < no. of
elements of operand data>

Function

number of operand vectors (/)
operand data pointer(# 1) T
number of elements (# 1)

operand data pointer (# /) T
number of elements (#/)

number of destination templates (k)
destination template pointer(# 1)

destination template pointer (# k)
output data pointer

Each template in the ATSU represents a distinct
function in the data flow graph and its first field de-
picts that function. Next it has a minimum of one field
to a maximum of ‘I’ fields of operand data, each field
representing a pointer to an array in the GDM and the
number of elements in each array. The template has
further one field indicating the number of destination
templates ‘k’ to which its output data should be passed
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on. The addresses of these ‘k’ templates in the ATSU
are next. The last two fields represent the starting address
of the GDM into which the function output vector is writ-
ten and the number of elements of the output vector respec-
tively.
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Figure 2. Model of RPE

It is clear from the above that it is the contents of the
ATSU that describe the data flow model of the applica-
tion algorithm to be executed in the PU. To each operand
data pointer is appended a tag bit T, which are initially
cleared. As and when an input operand becomes availa-
ble from an executing RPE, the result packet indicates so
to the UU which in turn sets the tag bit to 1. When all
the tag bits of a particular template become 1, the tem-
plate is ready for execution and indicates so to the UU.
The UU then sends the following packet to an input buffer
(IB) in the PU.

<IB Packet> : = <Function> <address of corresponding
template in ATSU>.

At any point in time the IB maintains a queue of
“ready to execute” functions along with the addresses
of the functions’ templates in the ATSU. Since the num-
ber of PEs is n, we restrict the size of the IB queue also to
n as this would not affect the performance in any signifi-
cant way.

It may be instructive to note that when more than n
functions become ready for execution, they are kept pend-
ing in the ATSU and are transferred to the IB only when
the latter’s size falls below n due to the allocation of one
or more functions to the PE s which have become free
for allocation as determined by the PE manager. The tag
bits of a template in the ATSU are cleared as soon as the
function represented by the template is moved into the IB.

A state table in the PU maintains the states of the n
RPEs i.e. whether these are in the running, idle or recon-
figuration mode. The PE manager with the help of this
state table and the IB determines whether a particular
PE can be set to either execution mode or reconfigura-
tion mode. The model of an RPE is illustrated in Fig 3
and explained below.

The address bus common to all CMs carries the ad-
dresses of the locations from which are retrieved a se-
ries of configuration bytes via dedicated data buses. The
chip select bar (CS) of an RPE determines the RPE which
accepts the addresses from the common address bus.
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The configuration bytes are then stored internally in
the RPE and help reconfigure the RPE to execute a dif-
ferent function. These operations on the RPE are con-
trolled by the PE manager with the help of the signal
Execute/Program. The status output signals “Status1” and
“Satus2” indicate to the PE manager the status of an RPE
as given in Table 1. When a function in the IB has been
allotted to an RPE for execution, a request is sent by the
IB to the FU to fetch the corresponding template from
the ATSU. The FU obtains the template from the ATSU
and puts it in the Operation Transfer Block (OTB) for
formation of the result packet. Since the number of exe-
cuting RPEs can be at most n, the size of the OTB should
also be n.

FUNCTIONING OF THE PE MANAGER

The PE manager, which manages the n RPEs and their
state transitions, consists of essentially two processes,
Process 1 and Process 2. Process 1 uses the IB and a state
table to manage the state transitions while Process 2 uses
the output status lines status 1 and status 2 of the RPEs.

Table 1
Status Outputs of an RPE
Status Output Lines
Status | Status 2 State of the RPE
0 0 Idle/Execution complete
0 1 Under configuration
1 0 Configuration complete/ Ready
1 | Executing

A state table as depicted in Table II maintains a rec-
ord of the n RPEs, their current states and the functions
allotted to them.

Table II
State Table i

RPE STATE
1 S.i€{1,2345)

FUNCTION
fi,j € {1,2,...2} when S;: i €
{2.3,4,5}) and fj is undefined
when S;: i=1.
z = number of
templates in ATSU
2 N .

function

n ) D)

Each entry in the state table corresponds to an RPE
and is identified by its RPE number. Each RPE can be in
one of the five state, S;, S,, S3, S; and Ss, where;

S; => yet to be configured
S, => under configuration
S; => configuration complete / ready S4 => executing
S5 => execution complete.

We propose that the transitions among the states in an
RPE is carried out as per the state transition diagram
shown in Figure 3.

Figure 3. State Transition Diagram of an RPE

Thus initially at start up all RPEs are in S1 and make a
transition to S2 as per the requirements of the algorithm.
It is assumed that at start up the IB is filled with the func-
tions which exists at the first level in the data flow graph.
The corresponding entries in the state table are updated to
S1.

The state table also includes the function which is un-
der execution or under configuration in a particular RPE.
It is instructive to note that when an RPE is in state 1 (as
at initial start up), no function has yet been allotted to it
and therefore a state table does not have a defined entry in
its function column. The function that can exist in a state
table can be any one of the function templates that exist in
the ATSU. The IB is a first in first out (FIFO) buffer
where the functions get queued in the order of their arrival
from the UU and are serviced by the PE manager starting
with the function at the queue head and ending with that
at the queue tail according to Process 1 shown below.

Process 1 :
Do until IB queue tail
'{ take function (h) from queue head;
search state table associatively with key, = < func-
tion(h) >
<{S5Ss} >
if at least one match exists, do the following for one of
the table entries where match occurs

i) issue “Execute” command to the RPE ;

i) update the state entry in the state table for the corresponding RPE to S;

i) delete function (h) from queue and increment queue head pointer;

I 11

else

:f]{ search state table associatively with key, = < { §, \ Ss | > if at least one match do the following
A

i) issue “configure” (program) command to the RPE;

ii) update the corresponding state table entry to S;
iii) generate signals on the address bus of the CMs corresponding to function (h);
iv) activate the CS signal to the corresponding RPE;
v) increment queue head pointer;
} 121
else

"{ increment queue head pointer}

It can be seen that Process 1 causes the following
state transitions in Figure 4, S; — S,,S; = S4, S5 — S,
and S5 — S,. The transitions S, — S; and S; — Ss
require the examination of the 2 status output lines, sta-
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tus 1 and status 2 for each of the n RPEs and is carried
out by Process 2 as follows.
Process2: Do fori=1........ n.
{ Read status bits : status 1, status 2,
switch (status 11, status 2i)
{ case status li= 0, status 2i = 0:
update state table enter to S5; issue reconfigure command
to RPE; break;
case status 1; = 1, status 2; = 0:
update state table entry to S2; issue execute command to
RPE break;
default:
break
}

Theorem 1
Process 1 and Process 2 can run concurrently.

Proof. Process 1 reads the IB and state table and caus-
es the following state transitions S; — S,, S; — Sy,
Ss — S,, S5 — S, by writing into the state table and
issuing either “configure” or “execute” command to the
RPEs. Process 2 reads the status pins of the RPEs and
causes the following state transitions S, — S;and Sy — Ss
by writing into the state table. It can be seen that the two
processes cause state transitions which are distinct from
each other. It is shown below that logically there cannot
be any conflict between the two processes when they exe-
cute concurrently. Logical conflict between the two pro-
cesses can arise in either of the following two situations:

1. Two processes attempt to write two different data

in the same location at the same time.

2. One process reads from while another process

writes into the same location at the same time.

In our design, Process 1 writes into a location indi-
cating states S;, S; or S5 whereas Process 2 may at the
same time write into a location representing states S, or
S4. Therefore the two processes can never attempt to
write into same location at the same time.

In the case of a simultancous read and write, a conflict
can arise if the write is a multi field write and the outcome
of the read is erroneously affected if the read operation
completes before the multi field write is completed. But in
our proposed design the outcome of the read by Process 1
depends on the reading of one field only viz. the status
field and the Process 2 also writes only one field. There-
fore there is no logical conflict in the case also.

However it is possible that when Process 2 updates the
state table, Process 1 tries to read it. But this problem can
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be solved by providing a hardware lock mechanism,
which prevents such simultaneous access. This can utmost
delay the execution of one of the processes for the dura-
tion of the locking but cannot cause any logical error.

CONCLUSION

In this paper we have outlined an architecture suitable
for executing algorithms which possess parallelism and
which need to be executed in high speed real time appli-
cations. Emerging areas such as video and image pro-
cessing for 3G mobile and security applications are likely
to benefit by applying our proposed architecture.
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