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Abstract — The growing complexity of devices to be designedand ~ What is needed is an approach which also provides the
manufactured, and the need to reduce the time—to—market, stress designer with the possibility to conduct an exploratory activity
the importance of sound dESIgn methodolog|es In this framework |n the early deS|gn phases’ qu|Ck and automatlc generatlon Of
formal s_ynthesis has the advantage o_fincreas?ng the quality both of mathematically correct—by—construction qualitative design
the qle5|gn process and of the reallzeo_l dewces'. The problem Ofalternatives ((1LI2[3]), the generation of explicit
relating the different abstraction levels involved in the extended ost/benefit parameters to support the designer in the choice

design process is solved through the use of logic synthesis tools. Th | . d th f ial
evaluation of the design constraints, characterizing optimal etween alternatives and the presence o 'a commerma
implementations such as area and timing, provide the most framework able to encapsulate the tools applied at different

pragmatic approachtoidentify efficientguidelines applicableinthe levels of abstraction and in different phases of the design
abstract phases of the design flow. The resulting design process so as to support a unified design flow ([4],[5]). To
methodology combining both formal and more traditional design provide a winning strategy, the next generation of design
tools has been tested on a complex device in the area ofenvironments should guarantee satisfying these requirements.
telecommunications. In this paper we describe an innovative design methodology,
viz. a formal approach, which is able to provide such
_ ) o ) capabilities (figure 2). Our goal is to derive a critical
What are the problems vis a vis existing design flows angsessment on benefits and drawbacks provided by the use of
methods? Simulation cannot possibly provide exhausti‘gch a design flow from the users’ point of view.
coverage, the test vectors used are always, of necessity, §he key aspects of this approach are outlined in the
sub-set of the exhaustive aims. There are problems in knowfgglowing sections, but in essence rely on a rigorous initial
if the appropriate test-sets really do cover the anticipatggecification which allows the implementation to be explored
behavior and use of the system being designed. There remain

problems such as bus contention, deriving scheduling
information, the re—use of previous designs and redesign "

which make the engineer’'s task more difficult. Current :
approaches do not always follow the ideal of starting with a Design —> SW development
A

|. INTRODUCTION

specification and there is certainly no mathematical rigougapure Specification \@ %_*

involved in the intermediary stages which lead to arrequireme S o] (5w
implementation. The traditional design flow can be viewed by
code| |stimul results

the following figure 1.
In order to validate the design process, simulation is used to
code

show conformity of the underlying stages of the design with
those higher up in the design hierarchy. The designer is
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restricted by the usual problems caused by ever more lengthy
simulation runs which can only provide a validation, i.e. 8, olore
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sanity check on the design; such simulation does not angy;en
cannot provide verification.
|| Physical E
Layout HW development
T —

Behavioral
Modeling

Design
Entity

32nd ACM/IEEE Design Automation Conference O
Permission to copy without fee al or part of this material is granted, provided . . .
that the copies are not made or distributed for direct commercial advantage, Figure 1. The conventional design flow.
the ACM copyright notice and the title of the publication and its date appear,
and notice is giventhat copying is by permission of the Association for
Computing Machinery. To copy otherwise, or to republish, requiresafee () This research activity is part of PATRICIA (ESPRIT Il n. 5020) and




ments different levels of abstraction.

capture require- the filling of the substantial gap existing between these
Requirements
In a top—down approach to design, the instantiation

Formal - osgm mechanism corresponds to design transformations from the

Specification b more abstract design levels to the implementation oriented
ren B s descriptions of the device. This process is supported by

Behavioral stimul complex automatic or man—controlled transformational

Analysis modules (figure 3) in the design environment. Such interfaces
log access a library of blocks, described in VHDL [14], apt for

P Ss/w logic synthesis. The parametric components of this library are
Formal Synthesig y ;‘V development aligned with the cells formally specified and applied in the
P high—level synthesis process. In this way the initial high—level

Further description is transformed into a structural/behavioral one of

5,’,‘"5;’,?5?;“ Synthesis lower—level. The instantiation process involves various
phases.

[ Perormance [C] e The first step takes care of the environment definition and

Simulation resuly the interface instantiation of the entities. Moreover the range
imulation can be linked and direction of the I/O ports of the components are declared.
Y 10 the previous animation The second step identifies the standard library blocks in the

Physial L . /O netlist. For each of them the corresponding VHDL description
HW development Ly is derived through the instantiation of the parametric elements.

Finally user—defined modules, for which a behavioral
description is not pre—defined, are identified. In this case the
designer directly provides the VHDL description of the
L N . behavior.

at any apstracted level to gain: insight into partitioning, desigNThe final VHDL representation is simulated to complement
exploration etc. but at an early stage in the design floyhe gnimation of the initial specifications. This phase verifies
enabling the designer to make key decisions at the right tim&a; 4| the added implementation details have not changed the
In addition, the implementation alternatives argoha| pehavior of the device. After a satisfying simulation

mathematically proven to satisfy the original specification asghase, the VHDL structural/behavioral description is fed to the
result of the design process. These facts result in a significgy; synthesis phase producing a low level netlist. A

reduction in the time—to-market parameter. technology mapping and optimization phase for area or timing
concludes this process producing an object oriented data base.
From this point on the consolidated design flow is applied

Re—design steps, caused by errors introduced in the vari@ding the designer in the physical implementation of the
phases of the design activity, are in many cases responsibled@yice.
delays in the production cycle [6]. The introduction of sound Following this path, the exploration of the design space, in
design methodologies ([7],[8],[9],[10],[11]) can substantiallprder to identify the most efficient architectural
improve the quality of the design process and the reliability #hplementation, is guaranteed. The integration of these tools
the manufactured devices. The synergies existing between ifi{@ an industrial design environment (section Ill) supports the
exploitation of formal reasoning in the abstract phases generation of lowevel implementations of the architectural
design and of logic synthesis in the more implementatigiternatives. ~Comparisons based on implementation
oriented steps of the design flow are worth exploring in view ®grameters (area dimension and timing efficiency) that
the improvement of the quality of the design cycle. constitute the final constraints of designs are produced.

Formal synthesis tools operate at very abstract levels,The unified aspects of the design flow are managed through
generating and validating a logic partitioning of the glob4FAD frameworks ([15],[16]). These are environments
specification of the device and producing a netlist involvingXplicitly  developed to allow the integration of
functional macro-blocks. Many implementation aspects agfferent-vendor tools into customized and specialized user
on purpose left unspecified, because this allows a mdggvironments.
efficier_lt handlin_g .Of the ge”.er_a?' characteristics - of t_he [ll. FORMAL SYNTHESIS APPLICATION AND BENEFITS
behavioral description. The definition of lower level details
and constraints is postponed to the subsequent phases of theormal methods have been widely applied in the
design process. On the other side logic synthesis tools opefatst—design verification ([17],[18],[19],[20],[21]) of the
from descriptions represented using a specific subset adrrectness of the implementations versus the initial
VHDL, the de—facto standard hardware description languagpecification. The difference between this technique and the
([12],[23]), in which all the implementation details have beetraditional simulation phase lies in the fact that in the latter a
correctly specified. The application of both techniques requispecial set of test signals must be identified and the final result

Figure 2. The Lambda design flow.

Il. THE REAL ENVIRONMENT



is dependent on this choice (non—-exhaustive validation), wh¢ the designer’s choice, and enhance usability. A formal
in the former all the cases are covered (exhaustive validatiosynthesis process starts with the formalization of the
Formal validation can guarantee the logical equivalence of thpecification of the device. This phase involves:
two representations. Simulation analyzes details much closer the definition of the external interface for the global
to the physical functionality of the device. device;
A complementary approach consists in applying formally® the partitioning of the global specification in an
based synthesis toolsdnsformationalapproach). Due to the architectural description of high level modules;
abstraction of the involved formalisms, the initial phases of the® the definition of formal specifications for the high level
design are the most appropriate for the application of this modules.
methodology. The LAMDBA system [22] is a commercial tool A DSP-like complex ASIC, typical of the telecom
that already satisfies most of the requirements of the userpplication area, has been chosen to test the design flow going
Being an open system, it looks promising for adding the exti®m high—level formal based synthesis down to the physical
features required by the market in the future. The associatedel. The device implements an arithmetic co—processor to
DIALOG interface, equipped with a window for schematigontrol the incoming rate of Asynchronous Transfer Mode
editing, is quite similar to what the user already applies f¢ATM) connections. It applies a specific algorithm and is part
schematic entry. This feature increases users’ acceptar@fea board including other ASICs, memories, an internal bus
following the rule of incremental introduction of innovationand I/O interfaces. The device was completely specified and
into the designers’ community. The interface supports thermally synthesized. Sub—modules of this ASIC are used in
designer in the process of transforming step—wise the initille paper as working test-benches to support with practical
specification into a constrained implementation. Thexamples and figures the proposed approach.
specification language (ML [22]) owns the necessar . .
expressiveness to operate at the required abstraction lev rsThe top level analysis of the device
ML is a functional language provided of a specific semantic The goal of the initial design phase is to define the global
and an enriched syntax most apt to the application of tactics@havior of the component through the definition of its
which the tool is built. An ML animator is used to verify theexternal interface and the identification of the relationship
correctness of the specification before starting thgith the environment. In many cases the global behavior of the
implementation phase. device is usually not consolidated at this stage, and various
The LAMBDA output interface is based on the use ofietails are subject to changes to accommodate requirements
standard description languages including EDIF and VHDL. from the board on which the device will be placed. The
A. Formal specification and synthesis of a complex device specification of other components of the board can also impact
the device under design. As a consequence, the
In LAMBDA/DIALOG a mixed design strategy is applied. specification must be abstract and flexible enough to cope with
Top—down and bottom-up approaches ([3],[23]) are appliegrogressive refinements required by the environment.
Moreover the specification has to be modified in order to
accommodate a more efficient implementation in hardware.
When an algorithmic description of the behavior of the
aligned device is available, the definition of the interface between the
R external environment and the module involves the definition

Formal synthesis

Formal

LAMBDA4.2
formal synthesig

) torary | of control signals and data busses. A first logic partitioning of
= | the module identifies a control/computational part and
: memories. The formalization of the overall control flow of the

A | behavior of the component involves the identification of

macro functionalities. The constraints relative to the
parallel/sequential execution are expressed involving internal
control signals and delay elements. Data flow is naturally
described in ML, but control flow is not, due to the functional
nature of the language. This limitation imposes the definition
of a partitioning strategy in blocks and the description of the
control flow in terms of communication/activation protocols.
From this description the specification in ML can be
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] [} efficiently derived. This solution constraints the theoretical
AREA TIMING potentiality of generating formal alternative architectures
analysis/optimizatign analysis/optimizatiof S~ .. .
) T because the initial partitioning phase must always be
pre—defined by the designer.
Comparable gate level The macro functionalities belonging to this top—level netlist

implementations

can be classified in three groups: memory elements and
Figure 3. Tools and interfaces in the applied design flow. registers, control blocks, usually represented as Finite State



Machines (FSMs), and computational blocks. Theompared. The two implementations are characterized by the
specification strategy is different from case to case. Registéast that the components have been differently assembled into
and FSMs are characterized by recursive functionser—defined blocks. Both cases represent hierarchic
representing the states and by a set of functions representiegcriptions of the device with four levels of depth.

the combinational parts. Recursive functions update the value©ne case resulted more compact in terms of the number of
of the internal states and of a subset of the output signals frelementary cells included in the final netlist (236 elementary
previous states and a subset of the input signals. On ttedls vs 330). This effect is due to a refinement in the
contrary, a more traditional functional description is applied &pecification style for control blocks and finite state machines.
describe the computational modules. This result highlights the relevant role of the designer’s

The ML code for the top level specification consists in ahoices in determining the global area overhead for the
term, called ‘’abbreviation’, representing the choseimplementation of the device. Even if the number of cells is
partitioning, the external interface and the internal signals (3@t directly related to the number of equivalent gates
lines of code). After partitioning, when the specification of thappearing in the final implementation (further optimization
macro functionalities and associated blocks are considerpdocedures can reduce dramatically this figure), it gives
the specification amounts to 700 lines of code, includingnyway an idea of the quality of the synthesized device.
almost 150 ML functions, of which 25 are recursive. Foullternative partitioning schema, obtained using the tactics for
datatypes are defined and 4 different types of registers amerging/assembling, can help in exploring the design space in
introduced. order to reach different implementations.

This specification differs considerably from those written
for logic synthesis or simulation. In fact hardware description
languages, such as VHDL, maintain the imperative approach,
and their semantics ([24],[25]) are defined in terms of The activity of the lower level design phase starts from the
simulation, so stressing considerably the timing properties. RTL description provided by LAMBDA in terms of a set of
addition to this, hardware description languages utilize modal$IDL entity declarations and structural architectures. After
(signals, timing properties, asynchronous processes, etc.) tingtantiating the necessary parameters, using an interactive
have been introduced in order to express more naturally thesrface prompting the designer for the missing information
behaviors of hardware components. (i.e. range of busses, and so on), a gate level implementation of

On the other side the advantages involved in the usethk device is generated through logic synthesis. At this stage
formal-based tools in the first phases of the design flow aigures of merit are available to quantify the compliance of the
quite evident. Approaches based on interfacing VHDL to Mbbtained implementation to the environmental constraints. In
have been considered to solve the problem of havimgis way qualitative back—annotations are defined going from
simultaneously a visible user—friendly and hardware orientelde lower levels towards the upper and more abstract levels of
language for designers and a good internal logic representatine design flow. The final goal is to derive an automatic
language for formal manipulation. In a recent approach [2Ghplementation through synthesis that is comparable, in terms
the full VHDL language has been considered with only a fegf physical constraints, with the one optimized 'by hand’ by
restrictions. The result of the translation phase is not only @#fe designer (in the following referenced as Imp_0),
ML program but also a file that contains rules allowing theharacterized by an area of 8192 equivalent gates and a clock
automatic simplification in LAMBDA of the generatedperiod of 51.44 nsec.
description. An alternative approach consists in introducing Only a qualitative comparison of these figures is possible
specific graphical tools (i.e. timing diagrams editors, spesecause of the different implementation technologies (CMOS
charts editors, etc.) that simplify the designer’s specification2um and 0.8im "Sea of Gates”) and the different number of
effort and in linking them to a formal based environment whichiccesses to RAM for a read/write operation on a 64 bits word (4
allows to check the correctness of their definition ([27],[28lwords of 16 bits are read/write one after the other).

[29]). L : . .
A. Alternative implementations exploring the design
C. Alternative, formally derived implementations of the devi@nvironment

IV. DESIGN CONSTRAINTSAND FEEDBACKS TO THE
SPECIFICATION PHASE

In the formal synthesis phase the designer proceeds to deriv&he first synthesis in LAMBDA (L_impl) refers to an
a hierarchical implementation of the device starting from thechitecture of the device including instances of all the three
previously described specification. The top—down approachdgferent classes of modules considered in the previous
mainly used during the first steps of the synthesis. Functiossction: control blocks (finite state machines), memory
included in the specification are instantiated as Black Boxeslements (registers and register files) and computational
in order to identify and introduce different hierarchic levelsblocks operating in synchronous mode. The modules are here
The bottom—-up approach is useful to assemble and memmstrained by a start/end communication protocol for mutual
pre—existing modules in order to derive different partitioningctivation/deactivation. The specifications of the FSM blocks
solutions to improve area overhead and timing properties. follow a classical style (different actions are performed

The results of two alternative formal synthesis processascording to the value of an internal state and the input
applied to the ASIC described in section Ill,A have beepatterns). Their implementations are characterized by a



register for storing the internal states and combinational blockdditional logic included at the top level of the module uses the
to implement the evaluation part. The specification of thest of the total area (30%).

computational block follows a functional approach, A closer analysis of the top level of the computational
implementing a hierarchy of functions at different levels ofmodule shows the presence of delay components, introduced
detail. The synthesis of this module follows the schema dfiring the formal synthesis phase for synchronization
instantiating different blocks for every different functionapurposes. The assumption is that they balance the delay
level and identifying basic blocks for each functional operatgsroperty associated to every computational block of the netlist
Specific delay properties are associated to each operatioalldwing data to reach synchronously the following block.
block, representing the computational timing effort of th&@hese components are logic synthesized as arrays of latches (in
function. These delay properties are relevant because they @se of delay equal to one clock step) and arrays of FIFOs (in
propagated upwards till the top—level, and generate the glolake of delay greater than one clock step). The delay property

timing property of the device. associated to the operational blocks were based on the
computational complexity of the functionality and not on
Registery Counter [FSMs | Comput. | ASIC realistic implementation aspects. As a consequence, the
module |  tot. resulting memory elementsntroduced can effectively

L impl | 5212 527 527 26560 | 33023 generate the observed area explosion (30% of total).
To remove this arbitrary overhead, synchronization
Implopt. | 5052 513 418 26362 | 32641 components are to be minimized, i.e. the formal synthesis of
L_imp2 | 4097 212 394 4712 | 9705 computational modules must be performed reducing as much
Imp2opt. | 4095 510 >80 2697 | 9571 as possible the number of delay components in the netlist. To
: do so, no delay properties are associated to the computational
Tablel. Synthesis results in eq. gates for the main modufd§cks belonging to the lower levels. In this way a reduced
of the ASIC for alternative implementations. number of synchronization components is added. This action
is legal because it has no impact of the semantic of the

Some optimization steps have been subsequently appliedSpgcification. Further improvements can be obtained
the logic synthesis tool in order to minimize the area and tR@timizing the VHDL functional library. The behavior of the
timing. Area is expressed by the number of resultingPrary elements must be written avoiding as much as possible
equivalent gates of the final implementation. The timin§ne use of statements that involve a complex hardware
property is expressed by the clock phase generated, i.e. ifRglementation after the logic synthesis phase. Applying these
maximum delay associated to all the combinational sub—nétdidelines, L_imp2 was obtained (final two raws of Table 1).
included between sequential elements. The first row in Tabld' e area is considerably reduced. The timing value on the
contains the number of equivalent gates resulting from the fig@ntrary increased up to 152 nsec.
mapping of the circuit L_impl in the chosen technolog
(H4CP3 MOTOROLA — CMOS 0.&am "Sea of gates”)
subdivided by modules. The second row contains the values ofrhe resulting clock period characterizing L_imp1 is much
the same parameters after a first area optimization phase. figher than that of Imp_0, so undermining the obtained
timing value corresponding to this implementation was equsblution. Further guidelines were identified with the goal of
to 102 nsec. decreasing this parameter, without increasing the area. The

The first remark concerns the value of the resulting areamputational module resulted the most critical one in terms
(about 4 times larger than that of Imp_0). The areaf physical constraints. So the design efforts were focused
optimization process of the synthesis tool is not able to reduminly on this module. The alternative implementations differ
significantly this parameter. The timing parameter (clockiainly in two aspects: different design strategies, including
phase) is also not satisfactory, even if a significaMarying degrees of component re-use, and different
improvement was obtained in the optimization on the criticgiranularity for computations. Every different implementation
block (computational module) from 102 to 67 nsec. On thie represented by a point in a bi—-dimensional space (figure 4),
contrary the two control blocks based on FSM representationhose axes are the area dimension (number of equivalent
are efficiently implemented, and the registers and memoggates) and the timing value (the clock phase in nanoseconds).
blocks (including the internal counter) don’t represent Bmplementations related to the same synthesis strategy have
bottleneck neither from the area point of view (16.8% of thieeen connected with dashed lines. This diagram shows clearly
complete device) nor from the timing aspects. Ththat there exists a circumscribed area including most of the
computation block is the most critical. Its dimension (80% afbtained implementations (dashed area in figure 4). Most of
the total area) is not justified by the complexity of théheses cases are comparable with Imp_0 even if none of them is
algorithm. The first sub—module, that computes an additionore efficient in both area and timing. Implementation
and a comparison, requires an area comparable with that ofthénp7, for instance, has an area dimension 4.54% and a
RegFile. The second sub—module, where two subtractions, ahack phase 16.12% greater than Imp_0. In most cases area and
multiplication and one complex shift operation ardiming show an opposite trend: the "best” area implementation
implemented, requires the 43% of the global are. THe& imp5) requires a timing value greater than other

B. Results and figures of merit
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Figure 6. Comparison of the obtained implementations
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implementations; and, on the other way, the best timing
(10]

implementation (L_imp3) requires the largest area.
These results show that it is not possible to identify a uniqﬁq]
synthesis strategy leading to@solute optimasolution. The
area and timing constraints are the milestones that allow the]
identification of an optimal circuit implementation in[13]
compliance with the system level design requirements.
this reason these two parameters must be kept under congg|
even at the highest levels of specification and partitioning. Tis]
described pragmatical guidelines allow the designer to keEpl
trace of low level constraints when operating at an abstr fé]
level so enhancing the final quality of the implementations,
which is the ultimate goal of any industrial design flow.
19
V. CONCLUSIONS {20%
In this paper we have described the prototype of an
innovative design methodology with associated too
supporting both formal reasoning and standard desi 1
techniques in a unified design flow. This new approach can %3]
applied to the design of complex ASICs, to increase the global
quality of the produced devices coupled with a decreased
time—to—market. From this research activity suggestions hal\ég]
been collected to make the tools more user—friendly and more
accepted to the users’ community. [25]
Based on the design experience of a meaningful example
figures of merit have been provided in order to prove tH /
advantages of quantitative evaluation means. Theyy
complement the qualitative, and somehow subjective, analysis
which can be applied in the high level design phase. Desifl
guidelines have been suggested, based on the outcome of the
experimental results. Limitations of the approach are related;$g,
complexity. An engineering phase on the tools must precede

the successful application of this methodology to different
classes of designs of increasing complexity.
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