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Abstract

A set of automated system level techniques 1s pre-
sented for architectural exploration and optimization
of counter based address generation units in real trme
signal processign systems. The goal is to explore differ-
ent architectural alternatives available when mapping
array references in order to select the most promising
ones in area cost. The techniques are demonstrated on
realistic test-vehicles, showing that architectural deci-
ston at early stages of the design process, can have a
very large tmpact on the resulting area figure.

1 Introduction

The increasing requirements in throughput for
memory intensive signal processing applications and
the use of distributed memory architectures to pro-
vide enough bandwidth in the memory access, im-
pose a tight cycle budget for memory address evalua-
tion. Therefore, address manipulation forms a crucial
component of any architecture which deals with data-
dominated algorithms. In that case, efficient access
to the memories within real-time constraints requires
an optimized mapping of the initial array-indexed ex-
pressions onto hardware. Some architectural deci-
sions can be taken to alleviate this problem. Most
of them are based on the use of specialized, although
still programmable, hardware address generation units
(pAGUs) [1, 2]. These units especially benefit from
methodologies targeted to efficiently reduce indexed
array references to address pointer references for fast
post-modification [3, 4]. However, they are normally
quite costly in terms of area due to the arithmetical
blocks, address register files and/or counters included
to provide enough programmability. In order to cope
with the bandwidth requirements in distributed mem-
ory architectures, a number of such structures are then
needed. As the number of units grows, their cost and
especially the cost associated to the program ROMs
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and associated instruction decoders also grows, reach-
ing a point where the overhead introduced becomes a
dominant factor in the overall data path related design
cost. This is true in terms of area and power [5], as
demonstrated by the large memory management units
(MMUs) which reside on MPEG type designs.

An alternative to this approach is to use many
small application-specific address generation units. In
the most straightforward and usually inefficient case,
this leads to a direct mapping of each individual ar-
ray index reference, onto dedicated hardware, e.g [6].
This strategy can also lead to a large cost overhead
if not executed well, although in this case the over-
head only depends on the overall contribution of the
local cost in the address generators. Furthermore, as
we show in this paper, this overhead can in practice
be significantly reduced by an appropriate architec-
tural style selection (counter/table or custom data-
path based). Moreover, significant further optimiza-
tion by advanced transformations for address equation
merging and multiplexing for both type of architec-
tures [7, 8] are possible while still meeting the timing
constraints imposed.

Most of the work found in literature is concentrated
on bit-level optimizations for counter based architec-
tures [9, 6] with some interactive support for multi-
plexing hardware at that level [10]. However, time-
sharing at the address sequence level which we have
shown [7] to be crucial to reduce the overall cost are
almost not considered for this architecture style. In
this paper, we will improve on our earlier work and
add several new contributions to support efficient ex-
ploration of the large search space when implementing
the original index array references, as a complemen-
tary step to our work in custom data-path address
calculation units [8].

2 Architectural Strategies

Address optimization/sharing is a very error-prone
and tedious task if done manually for real-time mul-
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tidimensional signal processing (RMSP) applications.
Therefore, a formalized methodology has been de-
veloped which is supported by our Address Ex-
pression Optimization and Realization Environment
(ADOPT) by a mix of automated and interactive
tools [8].

2.1 Target Architectural Styles

For address generation, a fixed storage ordering has
to be selected when multi-dimensional signals are pre-
sented. In our environment, we first optimize this
order for in-place cost. Then, an address equa-
tion (AE) for every manifest index expression of a
signal located in a standard linearly addressed RAM
is generated. Typically, in our target application
domain of RMSP, every index expression I; defines
an affine mapping of the iteration space to each di-
mension of the storage space. This leads to an AE
which is a linear expression of the loop iterators:
itl —|—Cl*lt2—|— . .—|—Cn_1*itn—|—00, where CQ, Cz, .. Cn
are constants, and ity,ito, . ..it, represent the loop it-
erators, it; being the innermost iterator.
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Figure 1: Tllustration of counter based (1IAGU) or cus-
tom data-path based (ACU) architectures in ADOPT.
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ADOPT supports two different architectural styles
for the implementation of an AE (see Figure 1). One
possibility is to expand the AE in sequences of ad-
dress values (A;) which are then realized with mod-
ulo/binary counters with the outputs (C;) modified
by custom logic (h()) [9, 11]. In this way, the address
generation process can be formulated by a recurrence
equation: A; = h(Cio1+ M) = g(Ai—y) i = 2.
where M equals the modulus value of the modulo
counter. Therefore, the hardware unit computes ev-
ery next address incrementally, hence resulting in an
incremental Address Generation Unit (1AGU).
This architecture can simplify the hardware realiza-
tion, e.g. because of the simpler control needed, but it
requires implicit expansion of loops, so 1t is mainly in-
tended for loops with limited iterator ranges (< 10%).

The other possible architecture supported by
ADOPT is motivated by the fact that in RMSP

applications, the address expression constitute a di-
rect function of the loop iterators, thus it can be
mapped onto arithmetical operators. The resulting
architecture is a customized Address Calculation
Unit (ACU) realized with custom arithmetic building
blocks selected from a library [8]. Here, use is made of
a lowly multiplexed data-path style and script [12, 13],
optimized for these ACUs, and of algebraic and space-
multiplexing (merging) optimization techniques [14].
For both architectural styles, the resulting hardware
is describe at the RT-level using VHDL modules that
are then synthesized using commercial logic synthesis
tools.

2.2 Architectural Trade-Offs

In ADOPT we have selected a control strategy for
addressing based on the use of distributed local con-
trollers completely decoupled from the system con-
troller with address generators and data-paths syn-
chronized by the system clock [8]. In this way, we
localize the addressing hardware, hence reducing rout-
ing cost overhead. For iAGUs two control lines are
generated from the local controller to obtain the next
memory address, and to provide the initial state. How-
ever, for ACUs the complete set of iterator states has
to be supplied by the local controller. Therefore it
can be identified as a separate component apart from
the actual customized arithmetical operator thus con-
tributing to the individual address unit cost.

Depending on the characteristics of the address se-
quence, sometimes it is the least expensive to imple-
ment the address generator as a combination of a mod-
ulo/binary counter and a few logic gates. This is the
case for memory accesses with a high regularity degree
in their address sequence [7]. Furthermore, the size of
this logic remains almost constant as the the length of
the sequence increases (e.g., a butterfly FFT applica-
tion [7]), and only the area associated to the counter
increase slightly (logarithmically) with respect to the
sequence length. If we compare the cost associated to
the combinational logic in both styles, the area con-
sumption in 1IAGUs can be about one or two orders
of magnitude smaller (typically 0.001 ~ 0.01mm? in a
0.7pum CMOS technology) than the average size occu-
pied by just the arithmetical operator part of an ACU.
Nevertheless, many other address sequences with very
irregular access patterns are much more area ”hun-
gry” (up to lmm? for the same technology), depend-
ing heavily on the sequence length. In this cases, the
same address equation can be very efficiently imple-
mented using an ACU, thus saving up to one order of
magnitude in combinational area. Furthermore, the
arithmetical operator part of the ACU cost only in-
crease slightly (logarithmically) with respect to the



sequence length. The detection of such properties at
the system level is addressed more formally in sec-
tion 4.

Once the best target architecture style has been de-
cided for each AE, further optimization can be done by
merging hardware modules [14], or by sharing different
address equations onto the same hardware unit [7, 8].
In general, merging optimizations do not change the
benefits of performing architectural selection as a first
step. However, it is not yet fully clear whether archi-
tectural decisions taken before time sharing will prop-
erly steer the search towards a global optimium. For
instance, two AEs could be decided to be implemented
as 1AGUs based on some regularity criteria, resulting
that their ACU shared version is less costly than the
1AGU shared one. Nevertheless, architectural explo-
ration can/must be used as method to prune the huge
search space when order(s) of magnitude of difference
between different target styles are present, which is
indeed the motivation for our work.

3 System Level Optimization

Complex RMSP applications typically require hun-
dreds of different AEs. Exploring all the possible can-
didates up to implementation level becomes clearly
infeasible in terms of design time. Furthermore, if
only one architectural style is assumed for the com-
plete application, e.g. an ACU style, it could happen
that a large part of the area overhead is being misused
as many of the AEs could be much more efficiently
mapped using 1AGUs. Therefore, it is necessary to
have a set of automated system level techniques to ex-
plore the different architectural trade-offs and to pre-
dict the impact of these decisions in an early stage of
the design process.

[**% 2D-DCT KERNEL ***/

for (u=0; u<=7; u++) {
for (v=0; v<=7; v++) {

xtot = 0;

for (x=0; x<=3; x++) {

ytot = 0;

for (y=0; y<=3; y++) {
sum = In[xX][y]+In[7-x][y]+In[x][7-y]+In[7-X][7-VY];
ytot =+ (cst_u_v_x_y * sum;

xtot =+ ytot;
}
}
[*** AUTO- CORRELATI ON KERNEL ***/
for (k=0; k<=63; k++) {
r[KI[K] = 1n[0]*In[k];
for (j=k+1; j<=63; ]++) ) )
rUKI0)] = r[KI[i-1] + In[j-1]*In[j];

Figure 2: Auto-correlation and 2D-DCT kernels used
as test vehicles

Two algorithmic examples are used as test vehicles
for our system level exploration methodology. Figure 2
shows the C-code descriptions of a two dimensional
Discrete Cosine Transform (DCT) kernel extracted

from a videophone? application [15], and of an Auto-
Correlation kernel used in a mobile voice coder appli-
cation [11]. They are relatively small examples so that
they are still suitable for manual exploration and con-
sequently manageable for illustration purposes. How-
ever, the possibilities for area saving are even more sig-
nificant in full applications containing a much larger
number of index expressions, especially in image and
video processing. Therefore, a larger demonstrator
will be discussed briefly in section 5.

3.1 Optimizing Techniques for iAGUs

The accurate selection of a suitable modulo value
for counter based architectures has been one of the
techniques proposed in the literature for improving
area efficiency [9]. This selection is based on the anal-
ysis of the stream of individual address bits and it is
important since the size of the mapping logic block
depends on it. However, we believe that 1t is possi-
ble to achieve better area efficiency when raising the
level of abstraction for analysis from bit to word level.
For this purpose, we have developed within ADOPT
a fully novel optimization technique called sequence
reduction. We base our technique on the observa-
tion that many of the address sequences found in real-
istic applications exhibit (pseudo)periodic behaviors.
Therefore, by detecting such properties and reducing
the original sequence to a primitive one, which is being
repeated (pseudo)periodically, it is possible to exploit
a higher degree of regularity at the bit-level than in
the original one. The reduction of the sequence is
done at the word level which is suitable for our sys-
tem level exploration methodology. The benefit is that
the resulting hardware structure is smaller for two rea-
sons: the counter is smaller, and the reduced sequence
can be more regular; consuming much less mapping
logic. The regularity in the address sequence arises
from the regularity of the loop hierarchy in the source
code where the sequence is generated by loop simula-
tion.

Besides, we also benefit of bit-level optimization
but over the reduced sequence instead of over the
original one. Actually, the algorithm implemented
in our iAGU synthesis tool (an extended version of
HWAG [16]) is similar to the one proposed by Grant
for optimal selection of modulo counters [9]. How-
ever, we concentrate on one modulo counter during
the moduli determination algorithm. This leads to
a significant reduction in CPU time for the analysis,
so that larger sequence lengths can be treated. Opti-
mal bit level assignment and the most efficient logic

2Due to symetry, only the code related to the first quadrant
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block synthesis are left to the subsequent logic synthe-
sis tools.

Given a certain storage order and, e.g. a two level
loop hierarchy, there are four types where sequence
reduction can be applied. These types are shown in
Figure 3 for a simple example. Note that the num-
ber of different reduction types grows as 27!, nl be-
ing the depth of the loop nest where the AE is lo-
cated. Sequence reduction techniques impose the need
to define flexible counter descriptions for both: de-
tection of specific reset states and flexible initializa-
tion schemes. Therefore, the extended HWAG tool
makes use of VHDL to describe such flexible struc-
tures. Later on, they will be synthesized using existing
RTL logic synthesis tools. Note that this implementa-
tion style doesn’t increase the complexity of the global
controller since the 1IAGU itself takes care about the
detection of the specific reset state.

orig. address seq: 0123... 0123...
red. address seq: 0123...

orig. address seq: 0123... 123... 23...
red. address seq: 0123...

Example: for (i=0; i<=N; i++) Example: for (i=0; i<=N; i++)

for (j=0; j<=N; j++) for (j=i+1; j<=N; j++)
Type | &alj] Type I &alj-1]

orig. addressseq: 0 01 012 0123 ..[ orig. addressseq: 0123... 012... 01...
red. address seq: 0123... red. address seq: 0123...

Example: for (i=0; i<=N; i++) Example: for (i=0; i<=N; i++)

for (j=0; j<=i; j++) for (j=0; j<=N-i; j++)
Type lll &alj] Type IV &alj]

Figure 3: Types of reducible sequences for sequence
reduction

Table 1 shows synthesis results for both test vehi-
cles containing the index expressions where sequence
reduction could be applied®. The area figures are
in mm? and the target technology is 0.7um CMOS
standard cell. The reduction types are given between
brackets in the Length column. The overall area sav-
ings obtained using sequence reduction are clearly
demonstrated for both applications (59% for the 2D-
DCT and 27% for the Auto-correlation). For the 2D-
DCT the saving is mostly obtained due to a reduc-
tion in the counter bitwidth and not in the mapping
logic since the original sequence is already very reg-
ular. However, for the Auto-correlation the overall
saving 1s mostly obtained in the mapping logic, since
by reducing two of the address sequences of the ap-
plication (In[j] and In[j-1]) we can convert them into
two periodic and highly regular sequences, thus con-
siderably reducing the need for mapping logic. In this
case, the effect on the counter is not so visible since al-
though the reduced sequence is much shorter than the

3Results for indexed accesses In[7-x][y], In[x][7-y], In[7-x][7-V]
and In[j-1] are not shown since they are identical to In[x][y] and
In[j] respectively.

original one (64 instead of 2016 addresses), also more
logic is required in order to implement the checking
of the reset state and its associated increment. This
shows the dual effect of sequence reduction techniques.

Expression Before /After Seq.Reduction
Length | Counter | Logic | Total
2D-DCT
XY 1024716 (1) | .05/.02 | .00/.00 | .05/.02
all address — .20/.07 | .01/.01 | .21/.08
Auto-Correlation
[l 2016763 (1) | .05/.06 | .65/.01 | .70/.07
all address — .30/.30 | 2.3/1.6 | 2.6/1.9

Table 1: Area savings using sequence reduction tech-
niques for the test vehicles.

4 Architectural Selection

This subsection describes the basic considerations
and practice of how to select an appropriate target
architecture for a given AE. We will show for both
test-vehicles that the selection of the right architec-
tural style for each AE can be crucial for arriving at
area efficient solutions. In order to avoid an exhaus-
tive search up to the implementation level, the choice
should be guided very early in the exploration. For
this purpose we define a set of heuristics based on two
types of measures: a regularity measure [7] (Regul),
and a sequence reduction measure (Reduc). The reg-
ularity measure is used to project the need of logic in
the mapping between counter and address bits. The
Reduc measure 1s used to measure the possibilities of
sequence reduction for the AE under analysis. These
numbers, Regqul and Reduc must be computed for each
address sequence, by first selecting the Reduc number,
and over the resulting reduced sequence, the Regul
number. In practice this can happen very fast. Note
that the Reduc measure is produced already after se-
quence reduction analysis (see section 3.1).

new #fent bits _ #regular_bits

Reduc=1— =— (1
caue #address_bits (1)

orig_Fcnt_bits’ Regul

As the purpose of the regularity measure (Regul)
is to project the need of logic to implement the map-
ping function (in case of iAGUs), a simple regularity
heuristic 1s then expressed as the fraction of address
bits generated directly by some of the counter bits
(no logic needed) with respect to the total number
of address bits [7]. A value of 1.0 of Regul indicates
that all address bits can be generated directly by the
counter bits. A value of 0.0 indicates a need of spe-
cial logic to generate each address bit. This is indeed
the worst case, although no information is given about
the amount of logic needed. In order to obtain at the
system level the proportion of counter bits that actu-
ally need mapping, we have implemented a very fast



and simplified version of the algorithm proposed by
Grant. In [9] the intention was to reduce the amount of
mapping logic by finding optimal assignments between
counter and address bits. The first simplification we
assume for our estimate 1s to take as a reference the se-
quence generated by a binary counter. Then we check
whether any stream of individual address bits fits into
any bit-stream of a binary counter. The second simpli-
fication is that we don’t proceed in looking for XOR-ed
combinations of counter bits since this process takes
too much CPU time. Instead, the Reduc measure is
used to express the fraction of counter bits that are
saved by sequence reduction with respect to the num-
ber of counter bits needed to implement the original
sequence (see equation 1).

A set of rules based on design considerations for the
correct interpretation of the measures are given below:

1. If the Regul measure is high enough, typically
> 0.3, then the selected AE 1s a good candidate
to be implemented by means of an 1AGU, irre-
spective of the vale of Reduc. Indeed, address
sequences having ~30% of regularity at the bit
level do not require much logic for mapping the
non-regular bits. Note that we are not dealing
with fully random scalar-level allocation schemes
that might lead to non-linear address spaces and
thus very random memory access references.

1. Clearly, values of Regul ~ 0.0 indicates that the
ACU style is preferred, because the address se-
quence is already quite irregular.

1. When the sequence can be reduced drastically
(Redue > 0.5), and the resulting sequence length
is small, then 1t is recommended to implement it
using an 1AGU, even if the Regul number is low
(typically < 0.1 ~ 0.2).

1v. Special care has to be taken when some address
equations (AE;) have already been decided to be
implemented using ACUs. If the current regular
AE; is belonging to the same loop scope as AE;,
and AE; is simple enough (e.g., containing just
one iterator in its expression: AE;=C; it + Cy),
then the preferred target architecture is an ACU
even for very regular access. The reason is that
the local controller needed to feed AE; 1s much
costly than its data-path and it can be reused
from AE;.

The need for the rules is motivated by the fact
that we can now explore directly at the system level
whether a certain AE can be efficiently mapped onto
an 1AGU. Note though that no information is avail-
able yet about the real cost difference between both
target styles. For ACUs, it would be only feasible to
obtain an estimate of its associated cost if part of the

synthesis trajectory is performed. The same applies
to 1AGUs, where an estimation of the cost of the PLA
could be developed by examining the minimum num-
ber of minterms of its associated table, but this would
imply to perform part of the logic synthesis trajectory
which takes too much CPU time.

5 Exploration results

In this section, we illustrate the benefits of architec-
tural selection for hardware addressing. Experiments
over both examples were targeted to compare area
costs for architectural styles and to check the accu-
racy of the measures and rules. The Regul and Reduc
numbers have been computed for every sequence of
both test vehicles in Figure 2. Table 2 shows the rule
(between brackets) applied in each case as well as the
area consumption for each target architecture. The
1AGU area figures are given after sequence reduction.
A clear match (shown in bold) can be seen between
the choice suggested by the rules and the actual cost
for both styles after detailed realization. Hence, our
rules can be used to decide the choice.

Expression Measures ACU IAGU
regul /reduc ctl/asu | Tot cnt/pla | Tot
2D-DCT
NI 1.0/60 () || .05/.00 | .05 || .02/.00 | .02
In[7-x1[y 67/60 (1) || .05/.00 | .05 || .02/.00 | .02
In[X[7-y 60/.60 (1) || .05/.00 | .05 || .02/.00 | .02
In[7-<][7-y] || .33/.60 (i) || .05/.00 | .05 || .02/.00 | .02
Auto-Correlation
TTKITK] 1.0/.00 () || .03/.01 | .04 || .03/.01 | .04
Tn[k] 1.0/.00 (1) || .03/02 | .05 || .03/.00 | .03
k[T 100/.00 (i) || .07/.01 | .08 || .05/.78 | .83
f[KI[-1] 100/.00 (i) || .07/.01 | .08 || .05/.78 | .83
il 1.0/.45 () || .07/.00 | .07 || .06/.01 | .07
Tn[-i] 1.0/.45 (w) || .07/.00 | .07 || .06/.01 | .07

Table 2: Area costs and Reduc and Regul measures
for the different index expressions.

The benefit of architectural exploration can be also
obtained even for already optimized designs by merg-
ing techniques. In this context, we performed new ex-
periments merging the counters and local controllers
of those AEs that belongs to the same loop scope.
For the 2D-DCT kernel the selected architecture was
counter based (see Table 2) and the overall cost was
0.08 mm?, 2.5 times less than using only ACUs.
However, the Auto-correlation kernel leads to a mixed
architecture, although very close in cost to an ACU
based one, consuming 0.37 mm? (0.39 for an only-
ACU case) which is about 4 times less than usign
only 1AGUs. Therefore, for both applications the rules
steered very accurately the selection process even after
merging.

Nevertheless, the relative figures are only important




here as the absolute figures are much larger in full ap-
plications. To illustrate this, a set of experiments over
a larger application was performed. In this case, we
selected index expressions for one of the two arrays
present in full-search 2D Motion Estimation kernel.
The algorithm is part of a video encoder application
targeted to realistics frame sizes of 256x256 pixels,
with a 23x23 pixels neighborhood size, and using a

DCT block of 8x8 pixels.

Access Measures ACU IAGU
regul/size | secs || ctl/asu cnt/pla
A 269 || .35/64 () 0.1 || .04/.02 || .03/.01
A3 .29/68 () 0.1 || .04/.02 || .03/.01
A_115 || .18/448 (W) 0.2 || .06/.03 | .04/.24
A7 18/476 (i) 0.2 || .06/.03 || .04/.24
A_151 || .12/448 (W) 0.2 || .06/.08 || .04/.35
A53 12/476 (i) 0.2 || .06/.08 || .04/.35
[ A=239 ] .35/1024 (i) [ 0.4 | .07/.02 ]| .05/.01 |
A3 18/4352 (i) | 0.9 || 07/12 || 07/.19
A_133 .12/3136 (ii) 0.7 .07/.10 .06/2.1
A35 12/3332 (ii) | 0.7 || 07/.10 || 06/23
A_101 .12/4096 (ii) 0.8 .07/.13 .06/.51
A_183 .18/7168 (ii) 1.3 .09/.03 .06/3.8
A219 .12/7168 (ii) 1.3 .09/.09 .06/6.7

Table 3: Area costs and measures for the different in-
dex expressions for the Motion Estimation application

Table 3 shows the results after architectural explo-
ration for this application. The first column displays
the regularity* values for each AE, the size of the se-
quence, and the rule (between brackets) applied for ar-
chitectural selection. Also, the time spent on the com-
putation of the measures using a HP-715/50 worksta-
tion are displayed. CPU numbers clearly demonstrate
that the proposed measures are very suited for archi-
tectural exploration since they are suficiently small
and their dependency with the size of the address se-
quence remains linear. Finally, the area figures for the
two types of architectures are also shown. The Table
is clustered in 5 groups of AEs with approximately the
same sequence length. Inside each cluster the AEs are
sorted according to the Regul values, listing first those
AEs with higher values. Note that the heuristic allows
to make the right decisions even for AEs of different
sizes, as demonstrated by accesses: A_219, A_73 and

A_239.

6 Conclusions

In this paper, we exploit regularity properties at
the bit level and (pseudo)periodic properties at the
sequence level to significantly reduce area cost for
counter based address realization architectures. More-
over, we define a set of easy computed system level

4 This application does not contain (pseudo)periodic memory
accesses references, therefore Reduc = 0.0 for all entries.

criteria for a quick selection of the best suited tar-
get architecture (data-path or counter based) which
is based on two types of measures. This is essential
due to the huge search space present in hardware ad-
dress generation. The principles are demonstrated on
two small but realistic test-vehicles, obtaining signifi-
cant reduction on area overhead. Also, very promising
results are indicated for larger applications too.
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