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Abstract

FPGA based VLSI processor arrays provide an enor-
mous computation performance along with the flexibil-
ity of reconfigurable logic. In the future, hybrid pro-
cessors will become available that consist of a RISC
core and configurable logic area on the same die. This
allows for the efficient usage of a VLSI array as a co-
processor to the RISC core. Due to their high perfor-
mance, VLSI array structures require interfaces with a
large bandwidth, even under hard resource constraints
as given in embedded systems. In this work, we present
a generic interface hardware model that can be eas-
ily adapted to various performance and resource con-
straints.
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1 Introduction

VLSI processor arrays form a class of application
specific and thus highly specialized architectures.
For a wide area of applications, e.g., signal pro-
cessing, linear algebra, combinatorial problems,
and network processing, VLSI arrays provide the
best performance since the inherent parallelism of
the algorithm is exploited much better than on stan-
dard CPUs oder DSPs.
On the other hand, the high computation perfor-
mance of these arrays causes a lack of flexibility
when implemented in ASIC- or full custom tech-
nology, resulting in a poor cost-performance trade-
off which makes them too expensive for consumer
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market applications. Flexibility deficiency can be
avoided by reconfigurable, i.e., FPGA based im-
plementations. In [1] we have presented a method-
ology for automatic synthesis of FPGA based
VLSI arrays for computation-intensive loop pro-
grams. This is part of our work on an automated
continuous design flow for FPGA based VLSI ar-
rays.
The massive internal parallelism of VLSI arrays re-
quires for interfaces with a large bandwidth, while
FPGAs cause strong resource limitations with re-
spect to pin count, pad cell performance and mem-
ory elements.

New contribution. In this work, we show how
resources of state-of-the-art FPGAs can efficiently
be used for constructing host interfaces for VLSI
arrays. We propose a generic interface architecture
that can be adapted to various performance and re-
source constraints.

Organization of the Paper. Section 2 gives an
overview of related work. In Section 3, some
general interface requirements of VLSI arrays are
given. We define four types of array ports with dif-
ferent bandwidth requirements. In Section 4, we
present the array interface architecture that consists
of hardware structures for the previously defined
array port types. In Section 5, we focus on the port
type calledrandomtype which requires the most
complicated interface logic and show how this in-
terface type can be optimized. Section 6 summa-
rizes the paper.



2 Related Work

In [1], an automated design flow for mapping
nested loop programs to regular arrays is given.
More detailed information about partitioning, map-
ping theory and algorithm transformation is given
in [4], [5], and [6]. The problem of interface syn-
thesis for processor arrays is also discussed in [3]
but here for the special case of a linear array of pro-
cessing stages. A theoretical analysis of the data
transfer between processor array and global mem-
ory along with an energy estimation is given in [2].
Here a hierarchical memory structure is presumed.
However, an interface architecture is not proposed
in that work.

3 Regular Array Interface Re-
quirements

Throughout this paper, we assume that a regular
array is a linear or two-dimensional array of iden-
tical processor elements (PE) along with a regular
interconnection structure1. Input data can only be
passed to border PEs (BPE) as well as output data
is only available on BPEs.
Depending on the application context where the ar-
ray is embedded, we can distinguish between sev-
eral types of input and output data:

• Inputs of constanttype are once initialized
and hold their value during the whole compu-
tation. Before starting another computation,
the value of the input may be changed. This
is used, e.g., for digital filter coefficients.

• Values ofcyclic type inputs are not constant
but the sequence of values required on this
input is predefined before computation starts.
This type of inputs may be used, e.g., in a ma-
trix multiplier that multiplies two matricesA
and B whereB is constant for a long time.
Thus, the coefficients of B must be passed
cyclic to the array.

• randomtype. These inputs receive arbitrary
data from the array periphery (e.g. a host pro-
cessor), like matrixA of the matrix multiplier.

1The results of this work, however, can generally applied
also to inhomogenous VLSI arrays

• streamtype data is a subtype ofrandombut
with another type of data source. This is
typically used for passing a continuous data
stream to the array like sensor data or au-
dio/video streams.

For array outputs, onlyrandomandstreamtypes
are required. Due to FPGA resource limita-
tions and the enormous bandwidth requirements of
VLSI arrays, the complete array inputs cannot be
supplied with input data from a host processor in
each iteration period (for a definition ofiteration
period refer to Section 5.1). Our interface pro-
posal which is presented in the next section offers
a method for reducing the required maximum in-
terface bandwidth.
Data of typeconstantand cyclic can be stored
in an appropriate memory structure on the FPGA
chip during an initialization phase.Randomand
streamtype data must be passed to the array dur-
ing run time from some data source outside the
FPGA, e.g., a standard processor or a sensor group.
Since the bandwidth requirements are the highest
for these data types, we focus on the bandwidth
minimization in Section 5.
All optimizations are done under the assumption
that the interface circuitry operates on the same
clock frequency as the processor array.

4 Interface Architecture

This section gives an overview of the array inter-
face architecture. For each port type introduced
in Section 3, we propose an interface logic. The
structure of the complete array interface depends
on the number of array input and output ports of
each type. The modular design of the interface al-
lows for an easy adaption to various arrays.

4.1 Port Types

Constant and cycling. Data words of typecon-
stantare stored in registers that are loaded during
an initialization phase prior to the first computa-
tion of the array. Data words of typecycling are
stored in a feed back FIFO memory also initial-
ized before the first computation starts. Since this
initialization phase is not time critical, all registers
and FIFOs can be loaded via a serial bus. The ar-
chitecture is shown in Fig. 1 The address decoder
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Figure 1: Interface structure for constant type and
cycling type inputs

generates appropriate control signals for all regis-
ters, FIFOs, and multiplexers according to the host
address. Registers and FIFOs can be mapped into
the host processor’s address space or connected to
an output channel of the host. In this case, the ad-
dress decoder generates the control signals from an
internal counter state instead of the host address.
Depending on the amount ofcycling type data,
FIFO buffers require a large area. On certain
FPGA types, however, FIFOs can be implemented
very efficiently by using LUT memories or ded-
icated block RAMs for FIFO buffers instead of
flipflops.[10]

Random. Each BPE reads each of its inputs once
per iteration period, thus, eachrandomtype input
must be provided with a data word once per itera-
tion period. We use a dual port memory (DPRAM)
for buffering the host data before passed to the
BPE. State-of-the-art FPGAs provide on-chip ded-
icated block memory elements that can be config-
ured as DPRAMs of various depths and widths [7].
Even the input and output data width may be dif-
ferent which allows for one port to match the host
interface bus width and the other port to match the
required array input width. In most cases, how-
ever, the number of data words read by the ar-
ray in parallel is larger than realistic DPRAM port
widths. Thus, we have to provide the array input
data words serially and use additional buffer regis-
ters. The resulting architecture is shown in Fig. 2.
In Section 5, we analyze the minimum required
DPRAM port width for a given array and show
how to optimize the required number of buffer reg-
isters.
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Figure 2: DPRAM based interface structure for
random type input data

Stream. Input data words of type stream must
also be passed to the array once per iteration pe-
riod but are not provided by a host system but e.g.
a sensor group. If the number ofstreamtype in-
puts is small, the data words can be passed directly
to the array via a FIFO buffer avoiding the bottle-
neck of the host interface.

Array Outputs. For array outputs, onlyrandom
andstreamtypes are used. The same architecture
as for inputs can be used.

4.2 FPGA Interface

Ports of random and stream type may require
large transfer rates to the external data source/sink.
Generally, FPGA pins are subject to hard limi-
tations with respect to transfer rates. FPGAs of
the newest generation, however, support LVDS in-
terfaces (Low Voltage Differential Signaling, [8])
which provide transfer rates up to 622 Mbit/sec on
a serial line. As shown in [9], transfer rates of
more than 1.2GByte/sec from/to a Xilinx Virtex-E
FPGA can be obtained.

5 Bandwidth Optimization

In this section, we focus on the bandwidth opti-
mization forrandomtype inputs. Our goals are:

• Determine a lower bound for the required
DPRAM port width

• Minimize the DPRAM port width



• Minimize the number of additionally required
registers.

5.1 Linear Mapping and Scheduling

The mapping of nodes of regular dependence
graphs to processor elementsp is described in de-
tail in [1], here we only give a short summary. In-
dex vectors are denoted withI and the domain of
all index vectors is the index spaceI . The map-
ping is performed by a linear mapping function
T = (Q λ)T, whereλ is a schedule vector andQ
is a matrix that must fulfillQu = 0 whereu is a
projection vector. This leads to

(
p
t

)
=

(
Q
λ

)
I = TI (1)

I is the index vector of an quantified equation,T is
the transformation matrix,p the PE that the index
vectorI is mapped to, andt the time step when the
computation of the quantified equation atI starts.
Generally, the computation of an indexed equa-
tion requires more than one time step. The time
between the startings of two subsequent computa-
tions on the same PE is callediteration periodP
and can be expressed asP = |λu|. We consider
only homogeneous algorithms here, soP is equal
for all PEs.
As shown in [1], the computation of an indexed
equation can be decomposed into a number of
atomic arithmetic operations performed on the re-
sources of a PE. Besides the schedule vectorλ we
also specify a start timeγ for each atomic operation
that denotes the number of time steps from the be-
ginning of the iteration period until the operation
starts.γ denotes the start time of anoperation, but
here the time steps where input data of a PE must
be available is more interesting.

Definition 5.1 (ω-steps) Leta0,a1, · · · ,an−1 the
inputs of a PE. Thenω(ai),(0≤ i ≤ n−1) denote
the number of time steps from the beginning of the
iteration period until inputai is read by the PE.

For an operationop that depends directly on the
PE inputsai , · · · ,a j and that starts atγ(op), obvi-
ously holdsω(ai), · · · ,ω(a j) = γ(op), since all in-
put data are read exactly whenopstarts.

5.2 Definition of Border PE

A crucial parameter for the interface design is the
number of BPEs in the array. We formally de-
fine the subsetsBP E in andBP Eout of the proces-
sor spaceP . BP E in (input border processor ele-
ments) is the set of PE where index vectorsI ∈ I
are mapped to that have a data dependency to an-
other index vectorJ /∈ I outside the index space.
Let D(I) the set of dependence vectors of all in-
dexed equations computed at index pointI .

BP E in = {p∈ P |∃I ∈ I ,∃t ∈ N : (p t)T = TI

∧ ∃d ∈D(I) : I −d = J,J /∈ I}
T is the linear mapping as defined in Section 5.1.
The definition ofBP Eout (output border processor
elements) is more complicated since for the array
outputs no dependence vectors exist. However,
BP Eout is not considered here and we useBP E
andBP E in synonymously.

According to this definition, the BPEs do not
necessarily need to be located at the border of the
processor array. Depending on the index space
I and the mappingT, any PE in the array may
be a BPE resulting in an irregular wiring as well
as a large number of array inputs. This should
be avoided by appropriate index space transforma-
tions to I before mapping. Here, we assume all
BPEs are located at the array borders:

∀p∈ BP E : ∃e∈ E : p+e /∈ P ∨ p−e /∈ P (2)

where E is the set of unit vectors (i.e. E =
{(0 1)T,(1 0)T} for a processor array of dimension
d = 2).

5.3 Bandwidth Bounds

Without loss of generality, we make the following
assumptions for the rest of the paper:

• We have only one type of BPE, i.e., all BPEs
have the same inputs (which is the case for
homogeneous arrays)

• The first iteration intervals of all BPEs over-
lap, i.e. all BPEs start the first computation
within one iteration interval

• All array inputs have the same bit width
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Figure 3: First iteration intervals of three BPEs.

Example 5.1 Consider Fig. 3. We haveBP E =
{p0, p1, p2}. Each BPE has the inputsA, B, andC.
The grey boxes mark theω-steps when the inputs
are read:ω(B) = ω(C) = 0,ω(A) = 4. The length
of the iteration period isP = 10.
At t = t1, three data words are read in parallel,
while in other time steps no inputs are read. This
results in an unbalanced interface bandwidth with
peaks at certain time steps.

The DPRAM output bus widthb must be suf-
ficient to serve the bandwidth peaks (i.e. 3 data
words in Example 5.1:bmax = 3). Our goal is
to avoid the bandwidth peaks by distributing the
ω-steps uniformly over the whole iteration period,
which consequently facilitates a reduction of the
DPRAM output bus width.
LetB= |BP E | the number of BPEs andk the num-
ber of inputs of each BPE. Each input is read once
per iteration periodP which leads to a minimum
bus width of

bmin = dkB
P
e (3)

data words which is achieved when theω-steps are
distributed uniformly overP. In Example 5.1 we
havebmin = 1.

5.4 Definitions

In this section, we define functions and matrices
that are used for the optimization algorithm given
in Section 5.5.
We define a functionτ : BP E 7→ N whereτ(p) is
the time step when the first iteration period starts
on p:

τ(p) = min{t ∈ N|∃I ∈ I : TI = (p, t)T} (4)

T is again the mapping function. We sort all BPEs
in ascending order with respect toτ:

∀pi , p j ∈ BP E :

i < j ⇒ τ(pi)≤ τ(p j), 0≤ i, j ≤ B−1

with B= |BP E |. Without loss of generality we as-
sumeτ(p0) = 0. If k is the number of the inputs of
each BPE, we arrange the inputsa0,a1, · · ·ak−1 of
a BPE in an arbitrary but fixed order.
Now we define a functionω̃ : N2 7→ N, where
ω̃(i, j) is the time step when inputa j of BPE pi

is read, modulo the iteration periodP:

ω̃(i, j) = (ω(a j)+ τ(pi))modP (5)

Note thatω̃ denotes absolute time steps and not
time steps from the beginning of an iteration pe-
riod asω does.
With ω̃ we construct a matrix∆ = (δi, j) ∈
{0,1}P×kB which is the basic structure for our
bandwidth optimization:

δi, j =





1 : j = ω̃(b i
kc, i mod k)

0 : else

0 ≤ i < kP, 0 ≤ j < P

Each column in∆ denotes a time step in the it-
eration period ofp0 and each line represents one
input of one BPE. (Note that the indexing of the
matrix elements starts at(0,0)).

Example 5.2 Consider again Example 5.1. We
have τ(p0) = 0, τ(p1) = 4, and τ(p2) = 8. We
sort the PE inputs asa0 = A, a1=B, and a2 = C.
Eq. 5 leads toω̃(0,0) = 4, ω̃(0,1) = ω̃(0,2) = 0,
ω̃(1,0) = 8, ω̃(1,1) = ω̃(1,2)= 4, ω̃(2,0) = 2, and
ω̃(2,1) = ω̃(2,2) = 8.
The∆-Matrix is

∆ =




0 0 0 0 1 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1 0




∆ can be derived from Figure 3 by wrapping
around at the dashed line (t = P−1) and writing a
’1’ for the grey boxes.



The 1’s in∆ mark the time steps when the array
inputs are read.

For minimizing the DPRAM bus width, we use
additional buffer registers. On the other hand,
buffer registers are not required on every array
input since the DPRAM output latches can also
be used for buffering. TotallykB− bmin addi-
tional buffers are required at most. All additional
registers must be loaded not later than one clock
cycle before read, i.e., the DPRAM output data
must be available one clock cycle earlier except for
those array inputs that use the DPRAM latches for
buffering. This is reflected in∆ by selecting a col-
umn j with at leastbmin 1’s and taggingbmin lines
that have a1 in column j. All other line vectors
must be rotated left by one. We formally define the
line rotation as follows:

rot(∆, l ,d) = ∆̃, δ̃i, j =





δi,( j+d)modP: i = l

δi, j : i 6= l

0 ≤ i < kP, 0 ≤ j < P

The functionrot(∆, l ,d) provides a matrix̃∆ which
is equal to∆ but with line l rotated to left byd.

Example 5.3 (Consider Example 5.2).bmin = 1.
We tag line0 and transform all other lines by
rot(∆, i,1)(i = 1, · · · ,kP−1):

∆ =




(∗) 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 1 0 0
0 0 0 1 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0 0




The tag (*) in line 0 denotes that no additional in-
put buffer is used at inputa0 of p0 (because the
DPRAM output latch is used here). The 1’s in the
other lines denote that the content of the corres-
ponding input buffer will be used in the next time
step.

5.5 Optimization Algorithm

The 1’s in∆ represent thelatest time steps when
the buffer registers must be loaded. Bandwidth
peaks occur in these time steps where the sum of
elements in the corresponding∆-column is higher
thanbmin (columns 3, 7, and 9 in Example 5.3).

The following algorithm avoids the bandwidth
peaks by shifting the time steps where the buffers
are loaded to earlier time steps. The idea is to
create another Matrix∆∗ ∈ {0,1}P×kB that assigns
each input buffer a new load-time step such that

Σ(∆∗, i)≤ bmin ∀i = 0, · · · ,P−1

whereΣ(∆∗, i) is the sum of the elements of column
i of matrix ∆∗. Each1 in ∆∗ denotes a time step
when a buffer is loaded and each1 in ∆ denotes the
last time step the buffer is used. Thus,∆ and∆∗
define an allocation interval for each buffer. Our
algorithm keeps these intervals as short as possi-
ble in order to allow for resource sharing of buffers
with non-overlapping allocation intervals.
In the following algorithm,updateΣ() computes
Σ(∆∗, j) for all j = 0, · · · ,P−1 andtagged (i)re-
turns true iff line i of∆ is tagged.

1 ∆∗ = ∆;
2 updateΣ();
3 for j = P−1 downto 0
4 { k=0;
5 while (Σ(∆∗, j) > bmin)
6 { while (Σ(∆∗, t)≥ bmin) t = (t−1)modP;
7 while (δ∗k, j = 0 ∨ tagged(k)) k = k+1;
8 δ∗k,t = 1; δ∗k, j = 0;
9 Σ(∆∗, j) = Σ(∆∗, j)−1; Σ(t) = Σ(t)+1;
10 }
11 }

Figure 4: Algorithm for computation of∆∗

The for loop in line 3 processes all columnsj of
∆∗. While Σ(∆∗, j) is greater thanbmin, in line 6
another columnt is searched withΣ(∆∗, t) smaller
thanbmin. Then, in line 7, a non-tagged line vec-
tor k of ∆ is chosen that has a 1 in columnj. This
1 is moved to columnt (line 8) andΣ(∆∗, j) and
Σ(∆∗, t) are updated (line 9). The loop is repeated
until Σ(∆∗, j) is less or equal tobmin.
It should be noted that all operations concerning
the column index are performed modulo P. This
is admissible since∆∗ describes a cyclic schedule
and the time step when a register is loaded can be
moved into the previous iteration period.

Example 5.4 The following matrix results from
the algorithm in Fig. 4 is applied to the matrix in



Example 5.3:

∆∗ =




0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0 0 0
0 0 1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 1 0 0




Obviously, each sum of column elements is less or
equal to bmin = 1. Line 0 remained unchanged
since it was tagged in the original matrix∆.

5.6 Buffer Register Minimization

As shown in Section 5.4, the number of additional
buffer registers can be decreased by exactlybmin

if the DPRAM output latches are used for buffer-
ing. The number of buffer registers can further be
optimized if we find non-overlapping allocation in-
tervals for the buffers.
The non-tagged lines of∆ and ∆∗ define alloca-
tion intervals of the buffer registers. We define
a setV = {I0, I1, · · · , IkB−bmin−1} that contains all
kB−bmin allocation intervals. Furthermore, we de-
fine the setsZ0,Z1, · · · ,Zn(n ≤ kB− bmin) where
each setZi contains the intervals that are disjunct
and thus can be mapped to the same buffer register.
The algorithm given in Fig. 5 generates theZi-sets.

1 k = 0;
2 whileV 6= /0
3 { Zk = /0;
4 chooseIi ∈V;
5 V = V−{Ii};
6 Zk = Zk∪{Ii};
7 for all I j ∈V
8 if Ii ∩ I j = /0
9 {V = V−{I j};
10 Zk = Zk∪{I j};
11 }
12 k = k+1;
13 }
Figure 5: Algorithm for computation of the setsZi

The matrices∆ and∆∗ and theZ-sets are now
used for constructing a controller that generates the
write-enable signals for all input buffers as well as
the read addresses for the DPRAM.

6 Conclusion

VLSI processor arrays require a large interface
bandwidth which often cannot be provided under
hard resource constraints. We have presented a
generic modular interface architecture for FPGA-
implementations of regular processor arrays. For
different types of array ports we have proposed an
interface structure that matches the bandwidth re-
quirements of this port type. Moreover, we have
shown how the interface architecture can be opti-
mized with respect to the required bus width and
the number of buffer registers.
The proposed architecture is intended to be gener-
ated as part of our automated design flow for FPGA
based VLSI processor arrays.
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