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ABSTRACT services at this level, will be referred to in this papefrasnework

ecutive systemsdue to their ability to manage the execution of

Today's complex leading-edge design processes require the use §iquences of tasks

multiple CAD tools that operate in multiple frameworks making
management of the complete design process difficult. This papeDesign process managemdid is a level of design management
introduces the concept of framework encapsulations: softwargupport above that provided by today’s CAD frameworks. Design
wrappers around complete CAD frameworks that allow the desigrprocess management involves support for, and control of, all
data and flow management services of a framework to be utilizedspects of the solution of design problems - including conceptual
by a common design process management tool. This concept hésr exploratory) design, problem decomposition, backtracking,
been applied to the Minerva Il Design Process Manager, enablingonstraint propagation and management, and design history
Minerva Il to manage the design process across multiple CADmanagement. Design process management can be considered a new

frameworks, and potentially multiple design disciplines. level of abstraction of design management services [1]. Just as the
increasing complexity of VLSI design is driving design tools to
1. INTRODUCTION operate at higher levels of abstraction (e.g., at the behavioral level

stead of at the RTL or gate levels), the increasing complexity of
esign management means design management tools must evolve
) operate at a higher level of abstraction: abstracting away some of
the details of design flow and data management.

In today’s complex design processes, designers require multipl
CAD point tools in order to perform the various tasks that make up
a design process. In “leading-edge” design processes, where “be
of-class” point tools are required, CAD tools may be obtained from
several different sources: commercial CAD tool vendors, in-housea design process manager (i.e., a design process management tool)
development groups and academic research groups. Due to thgoviding such services must be batliscipline and framework
different sources, these tools often operate within disparate CAlhdependentSuch a design process manager is not intended to
framework environments, making it difficult to manage the entirereplace existing CAD frameworks - there is no need to reimplement
design process. This problem is exacerbated by the trend towardge lower level design management services. A design process
multidisciplinary concurrent design, where different parts of amanager should insteadanageand supplementhose lower level
system (e.g., hardware and software, or product and manufacturingervices. These requirements have led to the development of the
processes) are designed in parallel by different groups of designetsncept of dramework encapsulatiom software wrapper around a
using different sets of CAD tools and environments. The aim of thiscomplete CAD framework that enables the framework’s design
work is to realizeunified design process managemetfiat is, management services to be used and managed by a design process
simplified management of the design process across multiple CAlhanagement tool. Just as tool encapsulations allow CAD point
frameworks and potentially across multiple design disciplines. tools to be used within a CAD framework, framework

CAD frameworks can be thought of as design environments Whichencapsulatlons allow complete frameworks to be used from within a

. : : ; design process management tool.
provide design management servicdsarly frameworks provided
design data managemeand design tool managemeservices -  Framework encapsulations have been implemented in a prototype
managing data format translations, tool command lines, and then ool called theMinerva Il Design Process ManageWinerva Il is
to design database services including the management dfased on the Minerva Design Process Planner and Manager,
configurations, libraries and versions. More recent CAD frameworkoriginally developed by Jacome [7],[8]. Minerva Il is a discipline-
systems, both commercial and research (e.g., [14],[16] and [17])ndependent tool which implements some of the design process
have provided further design management services which can b@anagement features described above and, through framework
called design flow managementor design methodology encapsulations, can use the design flow and data management
managemenfl0]. These services provide for the automation of services provided by various CAD frameworks.

sequences of tool executions and for the specification of, an%

enforcement of, repeatable design steps. These sequences Qe r.emainde.r .Of this paper is orgqr)ized as follows. Sectian
! X escribes existing tool interoperability approaches. Section 3

usually represented by directed graphs calflesvs to show the . . -

movement of data between tools. CAD frameworks which providedescr'bes the concept of framework encapsulations and issues
regarding their implementation. Section 4 describes the use of

*Both authors were previously with Carnegie Mellon University. This work framework encapsulations within Minerva Il. Finally, Section 5

was supported in part by the SRC under contract 98-DC-068. summarizes the paper and draws some conclusions.

2. EXISTING TOOL INTEROPERABILITY
APPROACHES

The most closely related previous work in this area is that
concerning tool encapsulations or, more generally, tool
interoperability - the ability of CAD point tools to work together.




There are two important aspects to tool interoperability: the abilityis likely to be an expensive process, requiring knowledge of the tool
of tools tosharedesign data and the ability tee controlledby a implementation. Tool integration provides great flexibility,
framework executive system. This section considers existinghowever, in that integrated tools and frameworks can communicate
approaches to these aspects of tool interoperability in more detailwith each other at will (via procedural or messaging interfaces).
. . This can lead to improved functionality over encapsulated tools,
2.1 Design Data Sharing _ which may only be able to communicate with a framework at the
The tasks that CAD point tools perform are not independentgiart and finish of execution. Tool integration, however, usually

meaning that design data must be able to be shared between thgsyricts the tool to working within a particular framework.
tools. There are three common methods for sharing data: common

file formats, procedural interfaces and messaging interfaces. 2.2.2 Tool Encapsulation

Common data formats, such as CIF for VLSI layouts, allowed toolsTool encapsulation describes the process whereby a CAD point tool
to interoperate prior to the existence of CAD frameworks. Moreis loosely interfaced with a CAD framework. A layer (or wrapper)

recent standards, such as EDIF 3 0 0 [6] continue to allow tools t@f software (also called a tool encapsulation) between the
work together, now usually within or between CAD frameworks. framework and the tool is developed, perhaps automatically [5].
he software wrapper treats the tool as a black box - working only

CAD tools may also share data via a procedural or programmin ) ) . . L
interface (PI) to an information provider (or server) process. An hrough th(_a tool's defined mterfgces. These mterf_aces will include
the tool input (e.g., data files, command line arguments,

example is the CAD Framework Initiative Design Representation

(CFI-DR) standard [2]. A PI standard allows design tools to interactenVironmem variables and standard input), the tool output (e.g.,

with any information provider that implements the standarddata files, return codes and standard output and error), and

interface routines. Procedural interfaces are also used whenevé?frret'mes intermediate qurmtatlon._t(r)]n t:}he fframeworllz snd_e, the
design data is stored in a proprietary database, e.g., that of goftware wrapper communicates wi € frameéwork using a
commercial CAD framework. The interface may be provided in _predeflned procedural or messaging interface. At a minimum, this

more than one language: typically a C interface is provided, alon nterface will provide hooks so that the tool encapsulation may
with an extension language interface for scripted access ’ btain the data to operate on and return the result to the framework.

The framework may also restrict the language(s) in which the
A similar approach to the Pl is a messaging interface. In this case, goftware wrapper is written by only providing a communication
tool communicates with a whole suite of tools via a standardinterface for a limited set of languages.

messaging architecture (such as ToolTalk from SunSoft [12]) usin . . .

a predefined message dictionary (such as the CFI message set [3%.3 Design Process Management Implications
Messages allow separate processes to work together, but insteadTfe ideas of the tool interoperability approaches discussed above
a tool working with a static information provider (as in the Pl case),can be applied to the problem of making a design process
the tool works with a dynamic suite of tools: any tool may answermanagement tool work with several, independent CAD
requests, and new tools may be added to the system without any éameworks. Whole frameworks could be incorporated into a design
the other tools being modified. process management tool via integration or encapsulation. Most

Standards (common file formats, standard procedural interface$AD frameworks are commercial products without readily
and message dictionaries) may be defined to allow tools to worfvailable source .code, meaning that the only practical approach is
together. On the “leading edge”, however, standards are nctncapsulation, i.e.framework encapsulation Just as tool
necessarily helpful: technology and tool capabilities are advancing"capsulations allow a CAD framework to communicate with a tool
more rapidly than the standardization process; tool vendor nd utilize the tool’s functionality, framework encapsulations allow
perceive no commercial advantage in fully supporting @ design process management tool to communicate with a CAD
interoperability; and some “standards”, such as Verilog and VHDL,framework _and _utlllze its fun_ctlonallty. The concept of framework
are not fully portable due to incompatible implementations. encapsulations is described in the following section.

2.2 Design Tool Control 3. FRAMEWORK ENCAPSULATIONS

In order for a CAD framework executive system to control tool Definition 1: A framework encapsulatiois a software wrapper
invocation, a standard interface to the tool must be provided. There around a CAD framework executive system that provides a
are two methods by which this interface can be provided common interface to the design management services provided

integrationandtool encapsulationThese approaches can together by the CAD framework for use by a design process manager.
be referred to asool incorporation[5]. Tool incorporation allows

CAD frameworks to manage the execution of the tools, abstractin
away the tool invocation details (e.g., filenames and command lin€>"". :
arguments) and simplifying usability by the designer, possiblydeslgn data and flow management services of the frameworks.

including the tool in a design flow. Data sharing, as discussed if19- 1 shows possible interaction between a designer, design
Section 2.1 above, is one aspect of controlling this invocation - arf'0¢€SS Manager, framework encapsulations, framework execuitive

executive system must be able to manage tool input and output. THYStems and CAD point tools.

ramework encapsulations allow design process management
oftware to be independent of CAD frameworks, yet utilize the

two tool incorporation approaches are discussed below. Section 3.1 describes the specific CAD framework design
. management services which need to be provided (through a
2.2.1 Tool Integration framework encapsulation) to a design process manager. Section 3.2

Tool integration describes the process whereby a CAD point tool igjescribes some issues regarding the implementation of framework
tightly connected to a CAD framework. The source code of theencapsulations and Section 3.3 describes the framework
point tool must be modified so as to implement communicationencapsulations which have been implemented.

with the CAD framework. The tool can directly obtain data to . .

operate on, indicate completed results and, if desired, signal ang.1 Required Framework Services

“interesting” events during tool execution. Tool integration is often A design process manager has specific requirements of a CAD
not possible due to source code unavailability and, even if possiblédramework executive system, the most important of which is the



ability to perform tasks (i.e., execute tools and flows) in order to
solve problems. These tasks may be formalized in a design plan [7]:

Definition 2: A design planis a partially ordered sequence of
tasks which can be executed to solve a design problem.

Definition 3: A partially ordered sequence of tasksa set of
tasks in which conditionsiaybe imposed on the order in which
(some of) the tasks must be carried out.

The following sections enumerate the specific services which

framework encapsulation should make available to a design proce
in two categories,
corresponding to the lower level framework services. The specific

manager. The services are considered
of how these requirements are met are discussed in Section 3.2.

3.1.1 Design Flow Management

Definition 4: Design plan generatiois the determination of a
design plan to solve a design problem within a particular frame-
work executive system, i.e., which tasks can be performed by
which tools in what order so as to solve the design problem.

Along with the ability to generate possible plans within a
framework executive system, a framework encapsulation must also
be able to perform design plan execution, using appropriate data
values as arguments. When a framework executive system
ompletes execution of a plan, this must be detected by the

mework encapsulation, and the execution result returned to the
esign process manager.

3.1.2 Design Data Management

Whereas a framework executive system can manage design flows
independently of the datmalues being operated dn a design
process manager may require data values to help control the design

In order to solve design problems, a design process managemepfocess, for example, initiating iteration if a constraint is not met.
tool requires knowledge of what problems a framework executiveror this reason, framework encapsulations need to be able to extract

system is capable of solving and how (in terms of flows or to0lgata values from the encapsulated framework for use by the design
executions) they will be solved. This is resolved on a per-problemprgcess manager.

basis through the process of design plan generation:
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Figure 1. Possible communications over time between a
designer, design process manager (DPM), framework
encapsulations (FE1 and FE2), framework executive systems
(FW1 and FW2) and CAD point tools (T1 and T2). (a) The
designer selects a problem to solve. (b) The problem type is
passed to the framework encapsulations. (c) FE1 and FE2
return possible plans to the DPM which passes them back to the
user. (d) The user selects a plan. (€) The DPM sends an execution
request to the relevant FE (FE2). (f) Assuming this execution
requires data stored in another framework (FW1), FE2
generates a data export request of FW1 via FE1. (g) FW1
returns the data to FE2 via FE1. (h) FE2 imports the data into
FW2. (i) FE2 can then pass an execution request to FW2. (j)
FW2 executes the appropriate tools which make up the design
plan. (k) FW2 records the results of their execution. (I) The
overall plan result is passed back to FE2, the DPM and the
designer. (m) The designer may accept or reject the plan result.

Because tools from multiple CAD frameworks often need to be
used in the solution of a design problem, data transfer between
CAD frameworks must be supported. This necessitates a data
import/export mechanism.

3.2 Implementation Issues

There are a number of issues regarding the implementation of the
above services within framework encapsulations. These issues are
discussed below.

3.2.1 Design Plan Generation

For a framework encapsulation to determine whether a framework
executive system can solve a certain problem it must determine
whether it can generate (or has stored) a design plan that solves that
problem. To do this, a framework encapsulation needs specific
information about the problem to be solved, hamely, dbgctive

of the problem (e.g., placement at the layout level of abstraction),
the type of artifactbeing operated on (e.g., operational amplifier),
the input data types(e.g., transistor level description, process
technology) and theequired output data typg®.g., layout). In the
parlance of Minerva I, this information is considered a “problem
type” and is described in detail in [13].

There are several approaches a framework encapsulation could take
to design plan generation. One would be for the framework
encapsulation to contain complete knowledge of all of the plans that
a framework executive system is capable of performing (or those
that are supported) along with which tools can perform which tasks
in each plan. Such a framework encapsulation would require
maintenance to update possible plans every time a change is made
to the CAD framework, e.g., a new tool is added.

Another design plan generation approach would be to dynamically
build plans in response to information about the problem to be
solved. Design plan generation in this context bears some
relationship to planning in the artificial intelligence sense [9] -
deriving a sequence of actions to change the state of a system. Al
planning technology may serve as an implementation technology
for plan generation within a framework encapsulation, although in
most cases, simple algorithmic approaches would suffice.

1 Executive systems must know meta-data about the data, e.g., the type and
location of the data, and the name of the tool which created the data. It is
the data (values) themselves that are not needed by the executive system.



(a) reasons, e.g., tool failure or data incompatibility. Minerva Il returns
T1 |~ 1 T2 |~ | notification of a failure but may not be able to provide the reason -
this depends on the capabilities of the executive system. In some

©[ T1 = T2 ] cases, a designer may have to investigate the failure at a lower level
in the design management hierarchy, e.g., examining tool execution

Legend: log files.

Figure 2. CAD framework flow representations. (a) Bipartite Output data from a successful design plan execution is typically
flow graph, showing data “flowing into” tools which produce stored in a file or a CAD framework database. The framework
data. (b) Task graph [14], showing tools and data as encapsulation is responsible for returning this data to the design
dependencies of data to be created. (c) Tool flow, where data is process manager. In some cases the actual data may be returned
implicit, as used by some commercial frameworks. (e.g., simple strings and numerical values), whereas in other cases,
a pointer to the data (e.g., filename or database object-id) is
Other approaches to design plan generation could fall betweefeturned.
these two extremes. For example, a framework encapsulation m .
store a set of plan-templates, which are filled in by querying thg-2-4 Data Value Extraction
framework for the tools that are available to perform the tasks thabata value extractionrefers to a framework encapsulation
make up each plan. It has the advantage over the first approach thefetaining data from a CAD framework for use by the design
maintenance is only needed when the tasks that the framework cgifocess manager inontrolling the design process. As outlined
perform are changed and not when new tools are added. above, execution result return is one form of data value extraction.
The output from plan generation is a series of plans, each of whicOur approach \-Ni” not consider any o_ther form of data valu_e
should be capable of solving the problem (Multip;le frameworkI%xtractlon. This is based on the assumption that data values Wlthln.a
encapsulations may return plans aﬁd each frameworCAD framework are creqted as the result Qf some task, and tha.t if
’ Ifhls task (or a data value it created) was of importance to the design

_encapsulation may return more than one plan if desired.) Each pl rocess it would be managed by the design process manager.
is a sequence of tasks that can be represented as a flow or flowsto

capture the ordering constraints within the plan. CAD frameworksData value extraction should not be confused with data import and
use many different flow representations - some examples are shov@xport, which refer to data transfer for the purpose of making data
in Fig. 2. Framework encapsulations are responsible for mappingvailable for use by other CAD frameworks. Data import and export
between the representation used by the framework and that used lye discussed in the following section.

the design process manager (which is a bipartite flow graph

(Fig. 2(a)) in the case of Minerva II). 3.2.5 Data Import and Export

Each plan may also have choices associated with elements in trg%a tool from one framework executive system is to access the data
flow, for example, multiple tools may be available to perform some ntained within a different framework executive system, then the

task, or multiple data instances may be available for some inpu wning framework must be able to export dat_a (via its framework
(e.g., tool configuration options). Before plan execution, specific ncapsulation) to the other framework - which must be able to

instances of such items would need to be chosen. import it

. . The framework executive systems could be running on separate
3.2.2 Design Plan Execution hosts, necessitating network communication. The simplest data
Once design plans are generated by framework encapsulationisnport/export mechanism (and the one used in Minerva ll) is to use
selected plans must then be executed. The design process manafies in a shared file-system such as AFS or NFS. If the design data
will pass the selected design plans (and associated tool and datd interest is not already available as a shared file (e.g., it is stored
choices) to the relevant framework encapsulation for executionwithin a CAD framework database), then the framework
Each unique combination of a design plan with selected tool anencapsulation is responsible for converting the database-stored data
data items is considered by the design process manager to beirgo a file with a common format that may be imported by the other
separate solution alternative; however, the underlying frameworframework encapsulation.

encapsulation need not execute them that way. Plans which ha\llg . .
tasks in common may share the result of a single task execution. .3 Framework EncapSU|at|0n Implementatlons

framework encapsulation is also free to execute all tasks in alfSeveral CAD frameworks have been encapsulated into the Minerva

design plans, even if some tasks are shared between plans. !I[hDGSiinp(;OCGSS Manager using the method described above.
ese include:

3.2.3 Executlo_n Result Retur_n .+ the Hercules Task Manager [14], configured to perform tasks in
Upon the completion of plan execution, the result of the execution  the area of analog integrated circuit design;

must be returned from the framework encapsulation to the desigd  ine Hercules Task Manager, configured to perform software
process manager. There are two aspects to the execution result: the development tasks; and '
completion status and the output data. « the Cadence Desidn Framework I

The completion status specifies whether the plan was executeflithough these framework encapsulations are limited in terms of
successfully. “Success”, in this case, does not necessarily mean thiie number of tasks encapsulatethey illustrate that the concept
the output data is correct or useful; it means that CAD toolsapplies to the frameworks of different types.

performing the tasks in the plan did not return ertors the case of
an editing task, for example, it means the editor quit successfully 2 of course, a check for syntactical, or other, correctness could be a task
it does not mean that the edited data meets particular requirementswithin a design plan, or could be part of a tool encapsulation itself.

or is even syntactically correctPlan failure may occur for several Description of gaskbeing encapsulated refers to a task which is able to be
returned to a design process manager in a generated plan. A framework en-

capsulation need not allow all tasks which a framework can perform to be
1 on UNIX systems, this can be interpreted as a tool exit status of 0. available for plan generation.



The major cost in constructing a framework encapsulation is in
implementing the communication mechanism between the|=
framework encapsulation and the CAD framework. For the | Prettemtame: JUnnamedproblem

Description: Synthesize Opamp at the Layout level, from an unnamed input set

frameworks above, this effort was on the order of one week. ONce | pjs;

Choose plan(s) to execute =10

this mechanism is built, and one task within a framework has been| _ Framyor ercesdacdemo-dat e
. . . . an: Place an oute

encapsulated, it is relatively simple to encapsulate further tasks. —

Similarly, once one data import or export function has been [t - | o — A e LB
.. . . . & acer lacement o uto

encapsulated, it is relatively simple to encapsulate others. Once thit b g choose i Gencrsca B C11 ., I

is completed, it may be possible to automate the framework <A

encapsulation process using a simple configuration file as input. P —

an: Place ans oute
The frameworks are programmed, or interfaced to, using different Placer
extension languages: Hercules can be controlled using Tcl [11], anc| | [ moree W B0 s Hee (momus lacement)

CMU’s
Anagram

provided Layout

the Cadence Design Framework Il with SKILL [4]. The framework
encapsulation for each of the frameworks is written in Tcl along
with the extension language for that framework. For example, the ‘ = = ‘
Cadence Design Framework Il framework encapsulation consists oil - — -
Tcl routines which, when called, generate SKILL code to be sent tcFigure 3. Minerva Il Plan Validation window. The one returned

a Cadence UNIX process. Framework encapsulations arPlan has been duplicated using the “Duplicate Plan” button so
implemented as T@ackagesvhich can be dynamically loaded into that both tool choices may be made (i.e., two plans executed).

a Tcl interpreter, such as one of the Tcl interpreters within theA ioned earlier. the fl . d by Mi i
Minerva Il design process manager. s mentioned earlier, the flow representation used by Minerva Il is

a traditional bipartite flow representation. The displayed flow is a
4. MINERVA II mapping from the representation _used by the e_ncapsulated
. . . T framework. For example, the plan in Fig. 3 (there really is only one,
The Minerva Il Design Process Manager is a discipline andyhich has been duplicated) was generated by the framework
framework independent software tool providing design procesgncapsylation for the Hercules Task Manager. The Hercules task

management capabilities serving multiple designers working withy a5 representation of that same flow is shown in Fig. 4.
multiple CAD frameworks, possibly in multiple design disciplines.

Minerva Il is configured to manage the solution of problems in a4.3 Plan Execution

particular discipline by a description written in DDDID€SIgN  pjan execution takes place within the encapsulated CAD framework
Discipline DescriptionL anguage [15]). In this section we briefly executive systems. The tools executed as part of the plan may or
describe how Minerva Il interacts with framework encapsulatlonsmay not be interactive. If user interaction is required, it is the
and designefs The main events in this interaction are plan framework encapsulation’s responsibility to ensure that the tool

generation, plan validation, plan execution, and result validationgjsp|ay is correct, as it is possible for the tool to be executing on a
These are shown in the communication sequence of Fig. 1 and afgmote host.

described in the following sections, followed by a discussion of the
advantages and limitations of Minerva II. 4.4 Execution Result Validation

: A plan execution can have two possible outconfi@iure, meaning
4.1 Plan Generatlon . . that the tool execution failed, e.g., the tool returned an error status;
Plan generation occurs within all of the framework encapsulationg,ngsyccessmeaning that a new object version is to be created with
loaded into the Minerva Il server. Each is passed information aboufe,y properties generated as part of the execution. The results of a
the type of problem that is being addressed so that any plans whighan execution through a framework encapsulation are presented to

address that problem type may be returned, usually within & gesigner as a new object version that has been created (Fig. 5).
fraction of a second. These plans are then subject to validationfpe designer may then accept or reject the result.

selection by the designer before execution.

I 4.5 Advantages and Limitations
4.2 P|§.I”l .Va|ldatIOI”I. o . Framework encapsulations allow for unified design process
Plan validation (or selection) within Minerva Il is performed by the management by a design process manager such as Minerva II.
designer in a window like that shown in Fig. 3. Each plan is labelled|jnified design process management has several advantages over

with the name of the framework (encapsulation) which generated ifragitional approaches. Designers are able to focus upon the design
and the textual description of the plan. Also shown is a graphical

representation of the flow to be executed by the framework if this 4 Hercules (task: <unnameds) | | =
plan is selected. This flow may have associated choices to be made

e.g., tools to be placed in particular nodes of the flow. These
choices are presented in the listboxes to the right of each flow. Plan
are selected by checking the button on the left of the plan. Any
number of plans may be selected for execution. Where multiple
options are given for a plan and it is desired to execute the plan
more than once with different options, the plan may be duplicated
(using the “Duplicate Plan” button shown in Fig. 3) and different
options chosen. After suitable plans (and options) have been
selected, these are returned to the respective framework
encapsulations for execution.

b (Choose) jll(Generated
optional) )

Task Edit Mode Special

Figure 4. Hercules Task Manager representation of the design
1 Further details may be found in [13] and [15]. flow shown in Fig. 3.




management services for use by a design process management tool.
These aspects include design plan generation, design plan execution
with result return, and data import and export.

4| Execution Result: Property Values \ 5 |J|
Domain: Opamp

Object name: Unnamed object

Version number: 1.0.1

To illustrate the applicability of this approach, framework
encapsulations have been applied to a design process management
tool called Minerva Il. Framework encapsulations of the Hercules
Task Manager and the Cadence Design Framework Il allow
Minerva Il to control the design process at a high level - managing
tool interoperability across multiple CAD frameworks and
simplifying design management.
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