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Abstract

We intend to study the impact of control logic on the RT-kvel
design space of a class of digital systems. Such an enhance-
ment of the design space is more accurate than several prm”-
OUSIYreported approaches since control logic has a sz”gnijicant
impact on the total cost and petiormance of the circuit. We
present a datapath synthesis j?amework that is hierarchical

in nature; and thus allows the control logic overheads to be
factored in hierarchically as well. We introduce hierarchy
into the system dynamically by identifying regularity; as such,
the proposed method is specijc to the sa”gnallimageprocess-
ing domain of application. The impact of control logic is
studied with respect to two well known mo&ls of FShf’s used
in hierarchical systems - the localized model (where each
hierarchical sub-unit has its own controller) and the central-
ized mo&l (where the FSM’S are all centrally located). We
demonstrate how regukzrt”ty facilitates such a study through
the use of realistic area-delay estimators that lead us to better
understanding of the RT design space.

1 Introduction and Motivation

An important aspect of high-level synthesis is design space
exploration, or the study of various possible designs from
a cost-performance trade-off perspective. At the high level
of abstraction at which such a study has to be made, it is
dMicult to incorporate realistic design data into the cost and
performance figures so that an informed choice can be made.
Ideally, the design space should be based on accurate phys-
ical design details that include the datapath, the controller
and the relevant intexwmection circuitry. As ean be easily
seen, this data cannot be obtained in practice until after the
synthesis process is eomplebz and the best we can do is to
approximate the design space as much as possible to the real-
istic curve. The intent of this paper is to study one aspeet of
this approximation-inclusion of conrrol logic cost and perfor-
mance considerations into the de-sign space- by considering
a partitioning approach to the problem in a way that facili-
tates efficient hierarchical synthesis. The aspect of datapath
synthesis in such a hierarchical framework was studied and
presented in an earliez publication [1]; this paper examines
the issue of hierarchical control synthesis, and thereby the
tradeoffs involved in the design of the complete system.
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Several high-level synthesis techniques base their decisions
regarding the quality of a synthesis subtask (like say a sched-
ule or allocation) by evaluating an area-delay function, the
basis for which is usually a module library consisting of basic
components like adders, multipliers, registem, multiplexer,
ete. Some recent research considers the wiring overhead,
which significantly impacts the cost and perforrnaee of the
tittal design. However, there are not many synthesis sys-
tems that account for the control area overhead, although it
eventually forms a signitiemtt part of the tinal system cost.
As with wiring effects, the reason synthesis systems donot
handle the control overheads is due to the difficulty of in-
corporating such lower level design details into the synthesis
pmces.s. lltis points to the need for a synthesis fi-amework
that ean obtain better approximations of the design space, by
facilitating inclusion of control and wiring areas to a certain
extent. In the current paper, we present an approach that is
based on the use of proven and reliable RT-level areadelay
estimators to assist in high-level decision making.

The general problem of high-level synthesis has been in-
vestigated quite extensively in the pas~ Researchers have
also looked at system partitioning as a means of eombadng
the complexity of the synthesis prcce.ss. One of the Iirst such
systems is reported in BUD [2], which usesfunctional prox-
imity as a melric for partitioning. The system allocates a
generic set of functional units for each clusteq howevex, it
doesnot explore the possibility of sharing the clusters them-
selves. The inherent advantages of an appiicatwn-speci fic
synthesis technique have led several researchers to investigate
synthesis of specific classes of circuits, like mieroproemsora,
DSP systems, ete. DSP system synthesis has been extensively
researched (see for example [3]).

The synthesis of control logic for a given datapath is usu-
ally carried out after the RT structure of the datapath is avail-
abl% this enables derivation of the required control signals.
Decomposition approaches to simplify the synthesis of FSM

controllers have been studied in the past [4]. In [5], differ-
ent controller design styles are studied (like PLA’s, micro-

~-ming, random logic, etc.); controller implementation
based on multiple PM’s (derived from local properties of
functional units) is found to lead to minimal increase in sys-
tem area compared to other design styles. In the current work,
we explore the impact of different eontrollex models on the
design space of the given behavior. By this approach, a part
of the controller effects are factored into the design space
definition, so as to give a more accurate picture of the trade-
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Figure 1: (a) Studying Control and Datapath Tradeoffs (b)
Overview of the Proposed Synthesis System.

offs. In the following sections, we briefly touch upon some

aspects of datapath synthesis that directly influence the con-

troller design and provide distributed FSM models to study

the tradeoffs involved.

2 Overview of the Proposed Approach

We present in this section an approach to high-level synthesis
of regularly specitied systems (me signal and image processi-
ng circuits) that ties to factor in routing and control logic
areas in order to better approximate the area-time tradeoff
space. The primary premise of our approach is that a sig-
nificant subset of signal and image processing circuits are
characterized by an inherent regularity of their descriptions.
By regularity, we mean that the behavioral data-flow graph
of the system can be abstracted as a collection of families of
femplates, each of which represents a part of the behavior. It
has been demonstrated earlier how this concept of regularity
extraction can be used to perform tasks like system partition-
ing and module generation [6]. Once we are equipped with
a regularity extractor, architectural synthesis can be posed as
a hierarchical problem and all the synthesis sub-tasks (like
design space exploration) can be performed hierarchically.

An overview of the work presented in this paper, in the
context of high-level system synthesis, is given in Fig. l(a).
Hierarchical synthesis of the datapath and the tradeoffs in-
volved (enclosed within rhe dashed box) have been explored
previously [1]; this paper discusses the inclusion of control
logic effects in a hierarchical fashion, studying the tradeoffs
presented and utilizingthisunderstanding to better explore the
system design space. By performing the datapath synthesis
hierarchically (Fig. 1(%)), we demonstrate how the control
logic overhead can be accounted for in a limited way. This,
of course, means that the controller implementation has to be
hierarchical as well; we present an empirical study of this cxm-
cept based on different models of controllers that are included
in the synthesis of the “supergraph”.

The current work makes several important contributions to
the field of synthesis. From a very global perspective, this
is one of the few synthesis techniques that is truly hierar-

chical, in the sense that every synthesis subtask (like design
space exploration, control logic synthesis, module selection)
is performed hierarchically. In addition, it has the follow-
ing primary features that are not present in other synthesis
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Figure 2 (a) AR Filter FlowgrapIu (b) Supergraph Along
With the Automatically Extracted Templates.

approachw

Our approach concentrates on a noveI way of mo&ling
the problem domain. This modeling, or abstraction, is
based on the concept of regularity, and introduces an ad-
ditional level of hierarchy into the design flow. This hier-
archy extensively simplifies several design tasks. Thus
our approach complements existing synthesis systems
that concentrate on developing novel and complicated
algorithms.

Hierarchy also facilitates the incorporation of distributed
FSM models into the design space cnrvq such an effi-
cient way of accounting for control logic overhead is an
important step in bringing the synthesis process closer
to real world issues. As far as the authors’ knowledge
goes, this issue has not been addressed previously at this
level of abstraction.

Through the introduction of hierarchy, the synthesis ap-
proach presented here providw an efficient way of ac-
counting for physical design effects using reliable area-
delay emimators. Such estimators are constructive in
nature and are hence sensitive to the design sizq hier-
archical application of theseestimators servesto reduce
the overall run-time.

Hierarehkal Synthesis Based on Regularity
Extraction

The core of the proposed synthesis approach is the regularity
exttactor, that works on a directed graph representation of any
system and identifies a set of subgraphs t.hz when suitably
replicated, form the complete system. Thns, our objective
is to identify a small set of subcircuits (templates), and their
instance.sin the given system graph. Our proposed method for
regularity extraction is a series of heuristics that first identify
the candidate templates, and based on certain optimMion
cri~ choose a subset of these templates that have matched
with the system subgraphs. The detailed description of the
heuristics used for this purpose has been omitted for reasons
of brevity, and can be found in [6] and [1]. We briefly present
the results of regularity extraction on a well-known DSP filter
example, the auto regressive (AR) filter. The initial datafiow
gmph and the supergraph (along with the supernodes) are
shown in Figs. 2(a) and 2(b).

Once the distinct template types in the circuit are identi-
fied, we pose the traditional synthesis problem hierarchically.
This cmcept has been employed (in a different sense) pre-
viously, for example, in [7]. Our scheme differs from the
previous works in that we propose a hierarchical design space
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exploration on a small number of subgraphs of the system,
viz., the distinct templates identified above. By exploring the
design space of each template type, we obtain several possi-
ble implementations for each; and can use this information to
examine the scheduling alternatives for the compiete graph.
Assuming a library of basic modules (like adders, multipliers,
etc.), we Iirst construct the area-time characteristic for each
distinct templa@ details are given in [1]. By retaining the ti-
nai solutions obtained in a branch-and-bound search, we have
a series of solutions which form the A-T characteristic of the
template under question.

For a better estimate of the A-T curve of each template,
it is essential that we derive an RT-level structure of each
control-step assignment, so that the library based on these
template implementations includes routing area and delay es-
timates (making it more realistic when used for synthesis of
supergraph). Since the templates are typically small in size
(3-5 behavioral nodes), it is easy to obtain rdl the possible
RT datapaths. A simple greedy heuristic is employed for this

PIMP*. dews C+Mbe fo~d in [61. The ~mple~ Q*
can now be input to design estimators like LASTITELE [8] so
as to get an estimate of their area and delay. The total delay of
each &tapath, and the estimated cycle time for its operation
are also obtained from the estimators.

With thisinfortnationon hand, we can now move on to syn-
thesizing the supergraph. This prwess is similar to the one
described earlier for the templates, except that the library used
now is the one derived by synthesizing the various possible
datapaths for the templates. A final area-time tradeoff curve
for theAR filter, obtained by synthesizing some candidate dat-
apaths for the supergraph, is shown in Fig. 3. For comparison,
a similar curve obtained on the flat flow graph (ie., without
going through the regularity extraction and hence hierarchical
synthesis) is also included. It can be easily seen that within
experimental error, the hierarchical approach doesn’t result
in a significant area or performance penalt~ in fac~ the high
performance end of the design space is better explored in the
hierarchical case, demonstmting that redundant use of hard-
ware (caused by templates) is beneficial for high-performance
systems.

Having examined the issue of hierarchical datapath syn-
thesis, we move on to the control logic implementation. In
doing so, we seek to factor in this important overhead into the
template library, so that the supergraph synthesis may benefit
from abetter approximation for its module selection.

4 Implementing Control Logic Models

4.1 Motivation

In a hierarchical implementation framework discussed in pre-

vious .xxtions, a central control logic that supervises the whole
system can be replaced by a distributed model that is simpler
to synthesize. An important motivation for such an excercise
is that it allows control effects to be considered in the synthesis
of supcrgraph, just as the routing effects have been factored in
into each of the templates synthesized above. In other words,

the module selection and the synthesis of the supergraph is
based on “super functional units” that have routing and con-
trol logic overheads incorporated into them. Evidently, this
makes the design space of the system a better approximation
than when synthesis is carried out on a flat data-flow repre-
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Figure 3: Final A-T curve for the AR filter, comparing flat
and hierarchical cases. The Y-axis is Delay, in microsec.

sentation. This section is devoted to hierarchical controller
design, by examining the various possible approaches to dis-
tributed FSM modelling.

A good formalism for distributed control synthesis was

provided in [9] : each functional block is made up of compu-
tation units and interconnection units. The synthesis of asyn-
chronous interface units is the m&n thrust of their approach.
However, this system works off a structural representation of
the drttapath. The fact that FSMS that are smaller in size can
be much easily synthesized has been exploited in [4] to de-
rive a decomposition method that works on smaller equivalent
FSMS of a larger problem.

In the hierarchical framework being discussed here, FSMS
can also be modelled hierarchically, with smaller FSM’S for
the templates being used to form theFSM of the supergraphs.
Each distinct datapath that is synthesized will have a seperate
FSM corresponding to it. Let us assume that the flat data-
flow graph has N nodes, in which regularity extraction has
identified t templates, each of average size k nodes. If we
assume that only two instances of the template datapaths are
used in the final implementation, then we see that only two
different state machines Ml and Mz need to be designed. An
example state machine is shown in Fig. 4(a), which has at
most k states corresponding to the k nodes in the templates
(assuming worst case and no conditional branches). This
machine could be a simple Moore machine (in which output
is a function of the state at time C the influence of the input
on the output is only through the state). The operation of
the Moore machine can be initiated by a start signal and
whose exit would be indicated by art end signal. In the figure,
‘start’ and ‘end’ states are not shown for convenience. Upon
receiving some specified input, state S3 makes a transition
to state S..d, generating an output signal ‘end’. Now, the t
nodes of the supergraph could give rise to t“superstars” (Fig.

4(b)). Each superstate is made up of either machine Ml or
Mz. The supcrgraph FSM is fairly simple, since it has to only
keep track of the start and end signals of each of the smaller
machines. Once again, the final transition from SS3 occurs
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Figure 4: Concept of Hierarchical FSM’X (a) A Template
FSM (b) A Simple ‘Super’ State Machine built from Template
FSM’S.

after receiving the ‘end’ signal of SS2, and generates a ‘global
end’. Since the complexity of FSM synthesis is sensitive
to the size of the specification, it is evident that the two-
step procedure based on extracting regularity is much simpler
compared to the one-step procedure on flat flow graphs.

4.2 Implementing FSM Models

The traditional way of implementing a control logic involves
deriving all the contrcd signals necessary for proper opera-
tion of the RT datapath and synthesizing the suitable logic
by performing well known procedures like state encoding,
state minimization, logic optimization, etc. In the hierarchi-
cal framework proposed here, each of the datapaths derived
for the templates are considerably smaller, thus the FSM syn-

thesis problem becomes simplified. However, it is necessmy

to precisely define the implementation models of such dis-
tributed FSM’S. The most common model is the centralized

controller @lg. 5(a)), in which the FSM corresponding to
the complete datapath is derived and is located centrally with
control signals suitably feeding the datapath.

Two seperate models of distributed FSMS used in this re-
search are shown in Figs. 5(b) and 5(c). In the former case,
the control logic, derived separately for each FSM, is phys-
ically located on the template. Thus, the routing needed for
control signrds of the template datapath is localized to the
template itself. However, since there is no sharing of hard-
ware modules across templates, this scheme could often need
more functional units than the necewary minimum. Mf and
kf~ represent FSM’S derived for similar templates, but they
have to be located separately nevertheless, thus foregoing any
possible sharing. A slightly different model is shown in Fig.
5(c), where the FSMS derivtxi for each template are all placed
at a central location. This scheme facilitates sharing of hard-
ware constituting the FSMS [4]. However, the amount of
routing needed in this case to properly distribute the control
signals to the datapath could be significantly more than in
the previous model. FSM’S shown with simikw shading in
this figure can be potentially shared, thus reducing the hard-
ware requirement. Note that in both cases, a simple global
controller for the supergraph has to be derived and imple-
mented. We will refer to the three models shown in Fig. 5
as jlat and physically centralized (FPC), logically localized
and physically distributed (LLPD) and logically localized and

physically centralized (UPC) models respectively. In Sec-
tion 6 we present an empirical evaluation of these models
based on experimental study.

(a) (b) (c)

Figure 5: Three Models of Control Logic (a) Flat datap-
ath with Con@ol; (b) Logically Locali*, and (c) Logically
Localized and Physically Centralized. In (c), FSMS Whh
Similar Shading are Shared.

5 Architectural Synthesis of the System
Graph

The objective of the system graph scheduling and allocation
prowxiure is to allocate the operator nodes to “super” control
steps and choose a suitable set of modules from the library to
implement them. This has to be based on certain optimization
triter@ and we define the following for our purposex

1.

2.

minimize the maximum jinishing time, ie., minimize
VUZX(T.), where x is an exit point in the flow-grapm
and

minimize the maximum dispersion in the completion
times of the slowest and fas~t modules in any control

step, ie., minimize max(T~ – T{), Vj, where j is any
control step.

It should be mentioned here that we haven’t included cost
(measured typically in terms of area) in the objectives above
because the methodology emphasizes reliance on physical
design details (through estimators), and there is no easy way
of incorporating layout effects like wiring in a mathematical
form. Thus, this formulation is intended to obtain a set of can-
didate solutions that can be analyzed for their area and delay.
Several sophisticated techniques can be proposed for solv-
ing the above min-max problem. We use a straightforward

-Y heuristic [11 as a tirst cut approach, which we found
to be effective in generating good solutions. For register al-
location and minimization, we use REAL [10], an algorithm
based on the well known left-edge heuristic. while a variant of
the algorithm reported in [11] is used to improve interconnect
sharing, where an attempt is made to share patterns rather than
individual operators. The FSM for the supergraph is synthe-
sized using well-known standard procedures. An estimate of
the area and delay of the resulting RT netlist is made using
LAST/I’ELE. This procedure repeated for all the schedules
obtained above gives an estimated A-T curve of the system
being synthesized.

6 Experimental Results and Discussion

We have implemented the heuristics described above in C on
a Stm/Spare workstation, and have used a few typical signrd
processing systems (like digitat filters) to test the proposed
synthesis framework. The synthesis procedures were based
on a basic module library that consisted of multiple instances
of adders, multipliers, etc. These figures were obtained from
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actual layouts of the respective functional units using 4 micron
CMOS technology. We employed a bit-slice layout style for
the &tapath components, except for the multiplier which used
a macro-style layout. The control synthesis was carried out
by encoding each controller as a set of boolean equations and
then optimizing the logic using MIS-II package available in
the Octtools suite.

The two distributed models of control logic described in
Section 4 were used to study the relative impact of these
controllers. After synthesizing the individual data@ha cor-
responding to the templates, the boolean equations for each
of the controllers were derived. For the LLPD model (Fig.
5(b)), the templates, enhanced with thecontrollem,are input to
LAST/I’ELE to estimate their area and delay. Before edmat-
ing the area and delay of the completed designs, we synthesize
the control logic for the supergraph as well. The final result
is a collection of designs, with control logic and routing over-
heads partly accounted for in the synthesis decision-making
process. For theLLFC model (Fig. 5(c)), a similar procedure
was adopted to give a set of designs that could be compared.
This experiment was done for two well known I-II-S examples,
the AR filter and the elliptical Iilter. In Fig. 6(a), the curves
for the AR ~ter that compare the area and performance in the

three cases depicted in Fig. 5 are shown; Fig. 6(b) shows sim-
ilar comparison for the elliptic filter example. It is clear from
these curves, that within bounds of experimental error, the
two distributed control models have approximately the same
penalty in area and performance compared to the controller
model of the flat datapath. However, for an extremely regular
structure like the AR tilter, the model shown in Fig. 5(b) (the
LLPD model) seems to have a slight advantage in most cases
over the other model in Fig, 5(c).

We further analyzed the curves of Fig. 6 to understand
the impact of routing on the total area Figs. 7(a) and (b)
show the datapath and control areas for the AR filter and the
elliptic tllter without the routing overhead. Once again, the
flat datapath and the two distributed controller models are
compared. The results show convincingly that any advantage
one model would have over the other arises essentially from
the area consumed by routing. In other words, the control
logic area itself, as evident from Fig. 7, adds approximately
similar overhead in all the three models considerd, however,
the difference in control areas is more evident in theme of AR
filter, which is inherently more regular than the elliptic filter.
It is important to note that the hierarchical (dampath as well
as control) models enable us to explore the high-performance
de-sign .sprce, whereas the flat synthesis procedure handles the
low-performance design space better. This can be explained
by the increased redundancy in the datapath functional units
(in the hierarchical case), the localizing of routing overhead

in both the distributed models, etc., which contribute to lesser

signal delays.

7 Conclusions

The proposed synthesis method exploits some inherent prop-
erties of the behavioral flow graphs of DSP systems to perform
the synthesis tasks hierarchically. This hierarchy causes ordy
a portion of the actual design space to be exploti, however,
it also allows us to incorporate physical design and controller
effects into synthesis by reducing the problem size. We pro-
pose to continue this research by obtaining better formalisms
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Figure 6 Comparison of Datapath and Control Areas for AR
filter and Elliptic Filter, Using the Control Models Depicted
in Fig. 5. The Graphs Include the Datapath Areas (Generated
byl?lat or Hierarchical Means) along with Respective Control
and Routing Overheads. The Y-axis is Delay, in microsec.
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for the hierarchical control synthesis problem; and by devel-
oping better and faster algorithms to enable handling of bigger
problems.
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